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ABSTRACT
This dissertation describes studies exploring the coordination chemistry and reactivity
of molybdenum complexes bearing a flexible and redox non-innocent para-terphenyl
diphosphine ligand. Within this context, transformations relevant to energy storage and
conversion, fundamental structure function studies, and unusual group transfer reactivity
are presented.

Chapter 2 accounts the ability of Mo para-terphenyl diphosphine complexes to catalyze
extensive ammonia borane dehydrogenation, releasing greater than two equiv. of
hydrogen (H»). Initially believed to be a frontrunner as a high energy density H, storage
medium, AB is a Lewis acid/base adduct that features both hydridic B-H bond and
protic N—H bonds. As a highly reactive molecule, the controlled dehydrogenation of AB,
accessing =2 of the 3 stored equiv. of Hy, is uncommon. We disclose a catalytic system,
utilizing an earth-abundant metal, that is capable of such reactivity. The mechanism by
which the catalysis proceeds is dependent on the oxidation state of the precatalyst, with
Mo" proceeding through a I1/1V cycle and Mo’ proceeding through a 0/1I cycle. Several
Mo hydride complexes were characterized in conjunction with this work. Importantly,
the ability of the para-terphenyl diphosphine ancillary ligand to support a range of Mo
oxidation states and coordination numbers was established, a feature that provides a
foundation for the work presented in subsequent chapters.

In Chapter 3, new features of the para-terphenyl diphosphine ligand were discovered,
namely facilitation of electron loading that subsuequently leads to small molecule
functionalization and cleavage. From the Mo dicarbonyl complex described in Chapter 2,
stepwise reduction affords Mo’, Mo™, and Mo™ compounds, all of which were

characterized both structurally and by a variety of spectroscopies. The latter two



xii
complexes were demonstrated to react with silyl electrophiles, instigating deoxygenative
reductive coupling of the bound CO ligands to a metal-free C,O; fragment. This
remarkable four-electron process was studied in detail, characterizing twelve different
reaction intermediates, including rare examples of bis(siloxy)carbyne, terminal carbide,
and mixed dicarbyne motifs. The cleavage of a bound carbon monoxide (CO), subsequent
coupling, and spontaneous product release was an unprecendented sequence of chemical
transformations, the detailed mechanistic study of which provides valuable precedent for
catalyses for the conversion of C; oxygenates to multicarbon products.

Chapter 4 discusses continuations of this work in an attempt to model Fischer-Tropsch
catalysis with higher fidelity. To this end, the silyl electrophiles used in the fundamental
studies in Chapter 3 needed to be replaced with protons. Addition of protons to the
super-reduced Mo complexes resulted in formal arene hydrogenation; no evidence for C—
O functionalization was obtained. These diene-linked complexes; however, provided an
opportunity to explore how the nature of the basal n-system effects CO catenation
chemistry and ultimately led to the preparation of a Mo-bound C;Os unit derived entirely
from CO. Reactivity with protons was likewise explored for downstream intermediates.
Carbide protonation yields a stable methylidyne carbonyl complex, that, upon treatment
with hydride, forms a methylidene. Comparison to a silyl-bearing model system suggests
that subsequent carbene carbonylation affords enthenone.

Chapter 5 and 6 focus on the synthesis and reactivity of Mo(IV) terminal pnictogen
complexes isoelectronic to the carbyne and carbide complexes prepared in Chapters 3
and 4. Chapter 5 describes successful N—C bond formation through N~ transfer to CO
from a Mo" anionic nitride precursor. In Chapter 6, the first example of a terminal

transition metal phosphide with d-electrons was prepared via a 4 e oxidative group



xiii
transfer. This species can undergo a single-electron oxidation, providing, at low
temperatures, an unstable Mo(V) phosphide cation that studied extensively by CW and
pulse EPR techniques. Upon warming, P-P bond formation is evidenced by chemical
trapping and characterization of coupling byproducts. Related phosphinidene (Mo=PR),
phosphide (Mo-PR), and dinuclear p-phosphido compounds are also reported. In a
collaboration with Mr. Yohei Ueda and Dr. Masa Hirahara these complexes were explored
for proton reduction reactivity. Isotopic labeling suggests formation of a dinuclear p-
phosphinidene upon treatment with acid, and a bimetallic hydride p-phosphide was
accessed from reaction with hydride.

The final chapters of this dissertation are focused on the reduction of carbon dioxide
(COy). Chapter 7 presents a fundamental study involving Lewis acid (LA) aditives, that
demonstrates the importance of kinetic stabilization, and not just thermodynamic
activation, in productive small molecule functionalization chemistry. Upon addition of
LLAs, well-defined adducts are formed with Mo-bound CO,. Protonation tesults in C—-O
bond cleavage, utilizing two elctrons from the metal center to reduce CO, to CO and
H>O. Though the degree of CO; activation trends well as a function of Lewis acidity, the
residence time of the bound CO., reported via the rate of CO; self-exchange, is shown to
correlate to the degree of C—O scission. Chapter 8 looks at CO2 reactivity with E—H
bonds, describing first stoichiometric reactivity with silanes. In this system, CO; is
reduced to CO and silanol; mechanistic studies suggest a pathway that involves oxygen
atom transfer to silane from a transiet Mo oxo. In a collaboration with Dr. Naoki Shida,
CO: hydrogenation was explored, with demonstration of bidirectional catalysis in
addition to detailed studies investigating the elementary steps of both formate formation

and formic acid dehydrogenation.
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CHAPTER 1

General Introduction



“Simplicity is the ultimate sophistication”
~Clare Boothe Luce

Simple small molecules, such as CO,, CO, N, H, CHi and O, provide the
underpinnings for numerous chemistries practiced on tremendous global scales—indeed
in that sense, they prove to be anything but “small” and “simple.” From biological
processes like photosynthesis and cellular respiration, responsible for the oxygen we
breathe and the energy that powers our cells, to large-scale industrial processes such as
Haber-Bosch and Fischer-Tropsch, that feed our planet and fuel our cars, these molecules
are integral feedstocks and reagents. Significant effort in chemical research is devoted to
harnessing the reactivity of these species; control of their chemistry has the potential to
address many concerns threatening societal sustainability.'

Though plentiful, many small molecules are inert. They feature strong chemical bonds,
the manipulation of which is both kinetically unfavorable and thermodynamically

demanding.2

Moreover, the chemistries of these molecules frequently require the
controlled transfer of multiple redox equivalents, in concert with the transfer of multiple
protons.'™ This presents a litany of challenges we face as organometallic chemists
pursuing small molecule activation: 1) How can we engineer metal complexes capable of
binding and activating these molecules? ii) How can we engender the types of reactivity
we desire? iii)) How can we control said reactivity and make it selective for the product(s)
of interest?

Looking at these problems, it is apparent that Nature has the advantage. Through
complex protein architectures, channels usher reagents in and products out of intricately
designed active sites in which multiple metal centers are poised to distribute redox
loading, activate substrates, and control reactivity. Management of proton delivery,
through proximal basic moieties, and environmental conditions, through

hydrophobicity/phillicity, adds an additional level of regulation. In this sense, it is not

surprising that biological machinery is capable of such remarkable transformations #or is
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it unexpected that many enzyme active sites prove unreactive once removed from their
parent protein.

Attempted mimicry of biological systems has resulted in ever-increasing complexity in
molecular organometallic chemistry. Ligand scaffolds premeditated to include hydrogen
bonding networks,” undergo redox reactivity in concert with the supported metal center,’
and coordinate multiple metals in close proximity (both homo- and hetero-multimetallic)’
are all topical. These designs allow for the stabilization of unique motifs, the transfer of
multiple protons and electrons, and achievement of unprecedented reactivity. The idea of
devising and assembling a secondary coordination sphere in homogenous metal
complexes is now commonplace.

This dissertation describes small molecule activation chemistry at a series of para-
terphenyl diphosphine supported Mo complexes. These compounds demonstrate that
arenes are capable of imbuing a number of desirable ligand properties, including hemi-
lability, redox non-innocence, and electronic variability.® Though metal-arene interactions
have been a known entity in organometallic chemistry since the synthesis of
bis(benzene)chromium,’ very few studies have investigated the nuances of chelation
enforced metal-arene binding. Prior to work from our group, literature precedent had
shown that arene ligands could act as hemilabile donors capable of unmasking
coordinatively unsaturated reactive metal fragments, '’ stabilizing reaction intermediates, "'
and even altering reactivity (Figure 1.1.)."* In this sense, incorporation of an arene donor
in a ligand platform seems alluring.

Initially intended to support multiple metal centers between a rigid aromatic spacer, "
the para-terphenyl diphosphine ligand’s wide bite angle was found to likewise be viable
for supporting monometallic species, giving rise to an atypical “pincer-like” chelate with
a central arene m-system in lieu of an anionic donor. This work focusses on the chemistry

of Mo complexes in this coordination environment. Early studies (Chapter 2) disclose
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Figure 1.1. Prior examples of M-arene interactions observed in solution (a) “* and the

solid-state (b)'".

Mo-arene interaction changes as a function of metal oxidation state and coordination
number in the greater context of H, storage. Both n*> and 7° metal-arene binding is
observed, evidenced by solution NMR spectroscopy and demonstrated in the solid-state
via metrical perturbations of the central ring. This flexible binding provides access to Mo
complexes with one to three additional donors, spanning four formal oxidations states
(from +4 to 0). Subsequent work expands the accessible redox-state range from Mo(V)
to Mo(-1II)! The latter Chapters of this thesis describe how these electrons (Chapters 3
and 5) and holes (Chapter 6, Appendix A) afford access to unusual molecular motifs and,
perhaps more importantly, imparts them with atypical reactivity. Some work has been
conducted looking at how variations of the basal n-system effect reactivity (Chapter 4),
but clearly significantly more work in this area remains to be done.

The protean behavior of arene donors must be, in no small part, attributed to the
electronics of metal-arene binding.* Complexes with hapticities ranging from 7’ to n°have
been well-characterized; not only does this reveal (or occupy) coordination sites at the
metal, but the electronic structure of these binding modes varies markedly. Contrast, for
instance, an n” and an 7® metal-arene interaction (Figure 1.2.). In the former, an occupied
C—C n-bonding orbital acts as a o-donor and a n* orbital of the same C—C bond is a =n-

acceptor. This allows for favorable “push-pull” interactions with trans coordinated =n-
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basic ligands, as is observed in Mo(IV) and Mo(V) terminal pnictogen complexes. In an
n° binding mode, the arene serves primarily as a §-acid, with the metal-based orbitals
being energetically well-matched to arene m-system antibonding configurations with &-
symmetry with respect to the metal. Notably, if the frame of reference is held constant,
the metal d-orbitals that interact with the arene change as a function of binding mode—

d(yz) for n* and d(xy)/d(x*-y?) for n°.

1% o-base
1%, o-base
) &

0o 08 om
6 e P
112, n-acid %% La u

1%, s-acid

Figure 1.2. Qualitative (a) and calculated (b) orbital depictions of n* and n° metal-arene
interactions. The DFT structures depict a Mo(IV) phosphide complex (b, left) and the
two-electron reduced nitrogen congener (b, right).

Another beneficial feature discovered for the central arene is its role as an electron
reservoir. The cleavage of small molecule substrates (such as N, (6e7), CO (6¢’), and O,
(4e)) requires multiple redox equivalents, making these transformations challenging to
enact at a single metal center. Stepwise addition of electrons is possible, but can require
traversing through high energy intermediates. We found that at sufficiently reducing
potentials, the metal-arene interaction allows for significant delocalization of reducing
equivalents into the ring, adopting cyclohexyldienyldianionic character." This storage of
charge facilitates the complete cleavage of CO to a rare example of a terminal transition
metal carbide (Chapter 3). In conjunction with redox non-innocence, the elasticity of the
arene ligand, able to support both low-valent Mo complexes capable of CO activation (n°

binding or reduced arene), and high-valent Mo complexes resulting from C—-O cleavage
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(n® or 0’ binding), is paramount to the observed reactivity—deoxygenation and coupling
of two molecules of CO to a metal-free oxyacetylene fragment.

It would be remiss of me not to mention projects that were conducted in the group in
concert with the pursuit of this thesis research, many of which instigated ideas that are
borne out in the present work. Expanding on these concepts of ligand non-innocence,
functionalization of the central benezene to a motif prone to proton coupled electron
transfer, such as catechol' and para-hydroquinone,'® was achieved by Dr. Justin Henthorn
and Dr. Kyle Horak (Figure 1.3.). Their exploration of these modified arenes as a source
of electrons and protons for small molecule reduction is intimately related to concepts
conveyed throughout this dissertation. From the catechol diphosphine scaffold,
installation of a proximal Lewis acid was studied by Dr. Sibo Lin and Dr. Henthorn. '
Cooperative small molecule activation, a concept that was very influential to work
presented here (Chapter 7), was established by these coworkers. Insightful discussions
about the similarities and, often more critically, the differences of these systems were

pivotal to gaining an understanding of the chemistry of P-arene-P chelates.

ip 'Pr
/ _iPr
\[Pd]’P -2 H*, -

O v

Figure 1.3. Teraryl diphosphine ligands bearing functionalized redox-active central arene
motifs.

Opverall, this work establishes the versatility of metal-arene interactions in the chemical

transformations of small molecules, including binding and activation (Hz, Chapter 2; CO,
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Chapter 3; CO,, Chapter 7), cleavage (CO, Chapter 3; CO,, Chapters 7 and 8), and group
transfer of the resulting fragments (Chapters 3, 4, 5, 6, 8). The arene interactions provide
sufficient reactivity to enact these challenging multi-electron transformations, while
simultaneously conveying appropriate stability to observe and characterize reactive

intermediates.
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CHAPTER 2

Molybdenum Catalyzed Ammonia Borane Dehydrogenation: Oxidation State

Specific Mechanisms

This work was published in part as:

J. Am. Chem. Soc. 2014, 136, 11272.
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ABSTRACT
cat.
[M0], [Mo"], or [Mo'"V] ,
NH3;BH; » 2.0 to 2.5 equiv. H, + B-N Byproducts
. N , , H H _ H . BPhy
'Pr 12 /’Rr Pr \ - Pr ~'Pr H\I \\\H /’ r
Pr—| __p-Pr Pr—} __p-Pr Pr—} __p-Pr
P— Mo —P. P— Mo —P. P— Mo —P.

Though numerous catalysts for the dehydrogenation of ammonia borane (AB) are
known, those that release greater than 2 equivalents (equiv.) of H; are uncommon. Herein,
we report the synthesis of Mo complexes supported by a para-terphenyl diphosphine
ligand, displaying metal-arene interactions. Both a Mo’ N, complex and a Mo"
bis(acetonitrile) complex exhibit high levels of AB dehydrogenation, releasing over 2.0
equiv. of H,. The reaction rate, extent of dehydrogenation and reaction mechanism vary
as a function of the precatalyst oxidation state. Several Mo hydrides (Mo" (H),, [Mo"(H)]",

and [Mo"(H);]") relevant to AB chemistry were characterized.



13

GENERAL INTRODUCTION
There has been significant interest in transitioning from petroleum-based fuels to a
“hydrogen economy,” with respect to both green energy and increased energy security.' A
limitation to the implementation of hydrogen (H) in transportation is its low energy density
and complications atising from compressed gas storage.'™ Numerous forms of chemical H,

® t6 metal organic frameworks® have been explored. A forerunner

storage from metal hydrides
in this field is ammonia borane (AB, NH;BH:;), a compound with a substantial gravimetric
storage capability of 19.6 wt % H, when dehydrogenated through the third equivalent (equiv.).*
AB shows promise for reversible H, storage, with work towards efficient regeneration
ongoing,’

Vatious AB dehydrogenation catalysts, including frustrated Lewis pairs® and ionic liquids,’
have been investigated. Metal-based catalysts show the most potential for controlling both the
rate and extent of H; release,” and have demonstrated high activities in the cases of Ir,” Ru,’
and Pd." Extensive H; release is less common due to NH,BH; oligomerization,'" but examples
are known for Ni (ca. 2.7 equiv.),” Fe (ca. 1.7 equiv.),” Pd (ca. 2.0 equiv.)," Rh (ca. 2.0 equiv.),"
and Ru (ca. 2.3 equiv.) (Table 2.1.)." These catalysts either employ expensive metals (Ru'® and
Pd") or suffer from instability (Pd," Fe,"” and Ni'®). We report here the first examples of AB
dehydrogenation catalysts based on Mo, an abundant and inexpensive metal. Our systems have

demonstrated distinct behavior dependent on oxidation state, with isolated Mo", Mo", and

Mo complexes capable of releasing over 2 equiv. of H, from AB under moderate conditions.
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RESULTS AND DISCUSSION

Transition metal complexes supported by para-terphenyl diphosphine 1 (Scheme 2.1) have
been studied for new types of reactivity.” Mo complexes ligated by diphosphine 1 were
targeted to take advantage of the pendant arene acting as a versatile and hemilabile ligand for
supporting different metal oxidation states and binding modes. Heating 1 in the presence of
Mo(CO);3(MeCN);, cleanly afforded the Mo para-terphenyl diphosphine complex 2 (Scheme
2.1). Through single crystal X-ray diffraction (XRD) analysis, n*-arene binding was observed

with partial disruption of aromaticity in the central ring (Figure 2.1).
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Scheme 2.1. Synthesis of Mo para-Terphenyl Diphosphine Complexes

Targeting open Mo coordination sites, decarbonylation was pursued. Oxidation of 2 with
two equivalents of silver trifluoromethanesulfonate liberated one of the carbonyl ligands,

increasing the hapticity of the Mo-arene interaction and maintaining an 18-electron
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configuration at the metal. Dicarbonyl 3 exhibits a uniform elongation of the arene C-C
bonds in the solid state (Figure 2.1), consistent with n°-binding. Irradiation of 3 with UV light
at -78 °C in the presence of acetonitrile afforded a deep purple complex lacking C-O
stretching bands in the IR spectrum. XRD confirmed complete decarbonylation to the n°-
bis(acetonitrile) complex 4 (Figure 2.1). Stirring 4 vigorously over Mg” under an N, atmosphere
afforded the Mo’ dinitrogen complex, 5 (Scheme 2.1). The same species can be accessed upon
treatment of 4 with LiHBEt;, albeit in lower yield. The '"H NMR spectrum displayed two
central arene signals at 4.3 and 4.0 ppm, suggesting a pseudo-C; symmetric structure in solution,
similar to the solid-state. The average C—C distances (A) in 5 (2.254(1)) are shorter than in 3
(2.378(2)) and 4 (2.312(2)), consistent with increased 8-backbonding from Mo" compared to
Mo" (Figure 2.1)." The N-N IR stretching frequency, 2020 cm’, is similar to previously
characterized (CsHsMe)Mo(PPh3):N; (2000 cm™).” Compounds 2-5 demonstrate the ability of

diphosphine 1 to support Mo in multiple binding modes and oxidation states.
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Figure 2.1. Solid-state structures of 2-5 and 7-8. Selected bond distances are reported in A.
Solvent molecules counteranions, and select hydrogen atoms are omitted for clarity.

With precedent for base-metal catalysts effecting extensive H. release,'” the reactivity of
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complex 5 with AB was tested. Addition of 1 equiv. of AB led to partial conversion to a new
species over several hours at room temperature. Although X-ray quality crystals have not been
obtained, the 'H NMR spectrum for this compound displays a single central arene signal at
4.81 ppm, indicating pseudo-Cy, symmetry, and a triplet at -4.10 ppm integrating to two
protons, consistent with a Mo dihydride, 6. Complex 6 was independently synthesized via
addition of H, to complex 5. Under excess N, 6 quantitatively reverts to 5, suggesting 6 as an
intermediate in the LIHBEt; induced formation of 5 from 4. The Ti(min) (78 ms, 233 K, C;Ds,
500MHz; Figure 2.4) of 6 is inconsistent with a dihydrogen complex (Ti(min) ¢z 20 ms), but
is shorter than a typical dihydride relaxation, suggesting intermediate character.”’ The hydride-
deuteride isotopolog, 6-HD, displays coupling (Jup=10.75 Hz, Figure 2.5) consistent with an
H-D distance of 1.25% to 1.36% A, further supporting this assignment. The Mo center in 6 is
more electron rich than that of a similar Mo-dihydrogen complex bearing arene and CO
ligands,”™ facilitating conversion toward a dihydride structure.

Extending this stoichiometric reaction to a catalytic system, a 0.25 M AB solution in diglyme
was treated with 5 mol % 5 at 70 °C and gas evolution was monitored via eudiometery (Figure
2.11). This system produced 2.5 equiv. of H, within 15 h, with the first 2 equiv. liberated in 6.5
h (Figure 2.2). Such extensive H release, 2.5 equiv,, is rare.'” Dehydrogenation attempts with
Mo’ powder showed no change from the uncatalyzed control and in the presence of elemental
mercury, catalysis still proceeds (Figure 2.11),” consistent with homogeneous catalysis.**
Analysis of the final reaction mixture by "B NMR spectroscopy showed a broad signal at 30

"% in agreement with production of >2 equiv. of

ppm corresponding to polyborazylene (PB),
H..

Other Mo’ complexes were tested for AB dehydrogenation activity for comparison (Table
2.1.). Bis(dinitrogen) complex 9 proved ineffective, releasing less H than the control and
instead forming the stable tetrahydride complex Mo(dppe)>(H)+** The pu-N. dimer, 10,7
showed similar dehydrogenation activity to 5, though ultimately provided less H» (Figure 2.13).

Reports
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Figure 2.2. Eudiometry of AB dehydrogenation catalyzed by 4, 5, and 11. Mo’ powder and
catalyst-free controls are included for reference.

of efficient dehydrogenative coupling of amino boranes by group 6 metal carbonyls under
thermo- or photolytic conditions®™ prompted the investigation of tricarbonyl 11, which
demonstrated a similar initial rate of AB dehydrogenation to 5, but yielded less H, (Figure
2.2). Overall, precatalyst 5 is superior to other Mo species in terms of rate and extent of AB
dehydrogenation (Table 2.1).

For comparison, catalytic trials were performed with Mo" compound 4 under the
aforementioned conditions, resulting in the release of 2 equiv. of H; in 8.5 h (Figure 2.2).
Though complex 4 provided less extensive H» release, the initial rate was significantly faster
than that of 5. Similar to 5, addition of elemental mercury had no effect on the rate of
dehydrogenation (Figure 2.11). The Mo oxidation state (Mo vs. Mo") significantly affects the
efficacy of the dehydrogenation catalysis, a phenomenon also observed for Fe-based systems."

Interest in the disparate rate and extent of Hy release catalyzed by 4 and 5 prompted a closer
investigation of their respective reactivity. Monitoring stoichiometric reactions of 4 with AB
at 70 °C by °'P NMR spectroscopy showed the formation of a single new species with a peak
at 92 ppm. 'H NMR spectroscopy displayed two central arene signals suggesting pseudo-C;
symmetry and a triplet with a relative integration of one at -0.5 ppm, consistent with a Mo
monohydride (Scheme 2.1). XRD analysis confirmed the structure as a cationic Mo" hydride,

7, with an acetonitrile ligand completing the metal coordination sphere (Figure 2.1).
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Table 2.1. Mo-based homogeneous precatalysts for AB dehydrogenation in comparison to
precatalysts reported to release 22.0 equiv. of Ho.

[cat]
NH3BH3 X Hs, + B-N Byproducts
“MeCN NCMe 20Tf
Pr. $2 P R, N2
'Pr\P_Mo__P,’Pr Pr~p__Mo—p-Pr P//, \\p
AN [ ‘
th R,
4 9
X =2.0 equiv. X = 2.5 equiv. X =0.4 equiv.
5mol%, 70 °C, 9 h 5 mol%, 70 °C, 17 h 5mol%, 70 °C, 6 h
N )
e (Bu)P Ph Ph
|/ (B / ,° n-N N
Mo—N=N—Mo—N MO, & —ni— b
/ Ny \ )\ ‘co N N-N
\
P(BY), ; co Ph Ph
(‘Bu),P
N
2 10 1 1213
X =2.2 equiv. X =1.9 equiv. X = 2.8 equiv.
5 mol%, 70 °C, 16 h 5mol%, 70 °C, 10 h 10 mol%, 60 °C, 4 h

Ph" Ry—H~gPh “Pn SOV R \NCMe

Me oTf
2BF
Ph_OH_Ph (\/> MeCN NCMe |~ *
Phdiph mPh I~ ——Rh i<l \:

oc” » 4> | ‘NoMe
CcoO oC co \ /N NCMe
131% 145 1514 16"
X = 2.0 equiv. X = 2.3 equiv. X =2.0equiv. X =2.0equiv.
5 mol%, 70 °C 2 mol%, 70 °C 1.2 mol%, 45 °C 3 mol%, 25 °C
2h 6 h 48 h 60 s

Treatment of 7 with AB resulted in partial conversion to another species (Scheme 2.1). The
"H NMR spectrum of the mixture showed a new hydridic triplet at -4.6 ppm, integrating to
three protons with respect to a single central arene peak at 5.6 ppm, suggesting a more oxidized
and symmetric complex: a Mo'" trihydride cation, 8. Selective 'H decoupling of the *'P NMR
spectrum and independent synthesis via treating 7 with H, further supported this assignment.
The hydridic resonance of 8 has a Ti(min) of 235 ms at 223 K (CD,Cl,, 500 MHz; Figure 2.4),
on the order of reported Mo(H); complexes, indicating classical trihydride character.”’®*"™
Precipitation in the absence of acetonitrile allows for the isolation of 8. Acetonitrile promotes
H: loss and the formation of 7, with an equilibrium constant (K. of 0.3 at 25 °C, as

determined from solution concentrations.

Both hydrides 7 and 8 were observed in catalytic AB dehydrogenation by 4, within 20
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minutes, via >'P NMR spectroscopy. Consumption of AB was observed in the "B NMR
spectrum concurrent with initial appearance of new signals at -20 and -12 ppm (B-
(cyclodiborazanyl)aminoborohydride, BCDB, Figure 2.7)" followed by two resonances near
30 ppm appearing after 45 min (borazine and PB).**>*' These observations suggest generation
of NH,BH; as a dehydrogenation intermediate on the way to borazine and PB.""* The
formation of NH2BH, was corroborated by cyclohexene trapping (Figure 2.7). Catalysis in the
presence of excess cyclohexene afforded a major peak by "B NMR spectroscopy at 47 ppm,
assigned to the hydroborylation product."

The terminus of activation was investigated using substituted amine-borane adducts.”
Compound 4 reacts with NMe;BHj; to form 7 (Scheme 2.2) and not with Et;BNH;, suggesting
B—H activation as an initial step. This is reminiscent of the reaction of 4 with LiHBEt;
(Scheme 2.1). Reactions of the isolated monohydride with these AB analogs at 70 °C showed
no change after 12 h even in the presence of excess substrate, providing no insight as to the
site of reactivity with AB. Analogous experiments with 8 (Scheme 2.2) show reaction with
Et:BNH3, but not NMe;BHs, in agreement with protic N—H hydrogens reacting with Mo"—
H moieties. Catalytic trials with 4, 7, and 8 show that all are kinetically competent. Monitoring
the rate of AB consumption by "B NMR showed first-order kinetics through three half-lives.
Isotope effects of 1.7, 1.6, and 3.3 were determined for NDs;BH;, NH;BDs, and ND;BDs,
respectively (Figure 2.22). Though this may be consistent with H, evolution as the rate
determining step, the observed equilibrium between 8 and Hz and potential H/D scrambling
complicate the interpretation of these data. A mechanism consistent with the present findings
involves initiation from precatalyst 4 to generate Mo"-monohydride 7. Reaction of 7 with AB
leads to Mo"'-trihydride 8 and NH,BH; which can undergo further dehydrogenation events."'
Subsequently, activation of AB can occur directly at the N terminus with subsequent release

of H> or via initial H; release followed by reaction with AB.
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Scheme 2.2. Proposed mechanism for Mo"-initiated catalytic AB dehydrogenation.

Similar studies of the catalytic behavior of 5 demonstrated the formation of 6 and
disappearance of 5 within minutes. The "'B NMR spectrum showed the consumption of AB
and the appearance of the intermediate BCDB. Borazine and PB were observed, in accordance
with dehydrogenation past one equivalent. Unlike complex 4, precatalyst 5 reacts with
Et;:BNHj;, albeit not cleanly. Complex 6, isolated under argon, did not react with either
terminus blocked substrate but did demonstrate AB dehydrogenation catalysis. Kinetics of
cycle consistent with these results involves reaction of 5 with AB via oxidative addition of an
N-H bond (Scheme 2.3). Dihydride 6 may be accessible via 3-hydride elimination, releasing
NH,BH,. Complex 6 could eliminate Hs followed by reaction with AB. Alternatively, 6 may
react with AB directly and release H,. In both instances, one equiv. of H, is generated in an
on-metal process, with the remainder derived from dehydrooligomerization of NH,BHo..
Although NH,BH; is generated from both 4 and 5, the difference in dehydrogenation extent

is presently not well understood. It may be due to further metal-based reactivity of AB
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dehydrogenation products, in accordance with disparate byproduct distributions.

Multiple Mo
N.R. NMe3BH3 pr N, P

i b ’pr NH3BEt; Species
IPr\P Mo—P. J-iPr
UA\Y
7 \\\
//Il_ \\_\ O
NHBH;

_N2 +N2v _H2
+Hj, -Nj

m N.R.
NH3BH /\/
303 NH3BEt,

NHQBH3 H
Pr S /’Pr Pr 5 /’Pr
IPF\}:)_MO__PJPF ’Pr\};,_Mo__PJPr

NMG3BH3
-m H2
NH,BH, ——3> PB .

+n NH28H2

Scheme 2.3. Proposed mechanism for Mo'-initiated catalytic AB dehydrogenation.
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CONCLUSION
In summary, a series of Mo complexes have been shown to effectively catalyze
the extensive dehydrogenation of AB, releasing ca. 2 equiv. of Hzin four cases. The Mo"
compound 5 is a rare example of a transition metal precatalyst capable of dehydrogenating
AB through 2.5 equiv. of Ha. These well-defined systems supported by the para-terphenyl
diphosphine ligand, 1, have been studied mechanistically and exhibit different reaction
pathways as a function of metal oxidation state. A series of isolated Mo-hydrides
(Mo"(H)z, [Mo"(H)]*, and [Mo"(H);]") were found to support catalysis for the
dehydrogenation of AB. Elucidation of the respective mechanisms and investigation of

additional Mo-based AB dehydrogenation catalysts is ongoing.
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EXPERIMENTAL SECTION
General Considerations
Unless otherwise specified, all operations were carried out in an MBraun drybox under
a nitrogen atmosphere or using standard Schlenk and vacuum line techniques. Solvents
for air- and moisture-sensitive reactions were dried over sodium benzophenone ketyl,
calcium hydride, or by the method of Grubbs.’® Deuterated solvents were purchased from
Cambridge Isotope Laboratories and vacuum transferred from sodium benzophenone
ketyl (C¢D¢) or calcium hydride (CDsCN and CD,Cly). All solvents, once dried and
degassed, were stored under inert atmosphere over 4 A molecular sieves. Ammonia
borane and all amino-borane analogs were sublimed prior to use and stored at -35 °C
unless noted otherwise. Magnesium turnings were oven dried prior to use. All other
compounds were used as received. Diphosphine 1,"* Mo(CO)3;(MeCN)s, 9,* 10,> 11,%
ND;BH;, NH;BD;, ND;BD;'"? and NH;BEt;* were prepared and purified according to
literature procedures. Mo(CO)s was purchased from Strem Chemicals, Inc. Diethylene
glycol dimethyl ether (diglyme) was purchased from TCI America. Silver
trifluoromethanesulfonate (triflate) was purchased from Alfa Aesar. Magnesium turnings
were purchased from Fischer Scientific. Ammonia borane, LiHBEt; (Superhydride),
sodium tetraphenyl borate, dimethylamine borane, and trimethylamine borane were all
purchased from Sigma Aldrich. H, and D> gases were purchased from American Air
Liquide and Cambridge Isotope Laboratories, respectively. HD was prepared according
to a previously reported procedure™ and purified via passage through a -196 °C cold trap
prior to use. 'H, PC, and *'P NMR spectra were recorded on Varian Mercury 300 MHz,
Varian 400 MHz, or Varian INOVA-500 spectrometers with shifts reported in parts per
million (ppm). ''B NMR spectra were recorded for samples prepared in quartz NMR
tubes, using a Varian 400 MHz spectrometer equipped with a quartz probe insert. 'H and
PC{'H} NMR spectra are referenced to residual solvent peaks.” *'P and "B chemical

shifts are referenced to external 85% H;PO, (0 ppm) and NaBPhy (-7.26 ppm) standards,



24
respectively. IR spectra were obtained as solution samples using a CaF, window cell on a
Thermo Scientific Nicolet 6700 FT-IR spectrometer. Photolyses were conducted using
an Oriel Instruments arc lamp housing and a Newport Corporation 200 W Hg/Xe arc
lamp set to a current of 8 A. During irradiation, samples were cooled with a dry
ice/acetone bath. Elemental analysis was conducted by Robertson Microlit Laboratories,

Inc. (Ledgewood, NJ).

Synthesis of 2

iPr . CcO .
) Pr | co Pr
P-Pr Pr_} 7 -Pr
MO(CO)3(MeCN P /IIVI\O—P
i J—
Pr P\i
Pr
1 2

Addition of Mo(CO)3;(MeCN); (1.43 g, 4.75 mmol) to a clear solution of 1 (2.05 g, 4.32
mmol) in toluene (50 mL) resulted in a yellow/green heterogeneous mixture. Following
heating to 100 °C and stirring for 12 h, the mixture became a deep orange homogenous
solution. The volatiles were removed 7z vacuo. The resulting orange solids were collected
and washed with cold hexanes (2 x 15 mlL). Residual volatiles were removed under
reduced pressure to yield 2 (2.54 g, 3.81 mmol, 88 %). X-ray quality crystals were grown
from vapor diffusion of pentane into a saturated THF solution of 2. '"H NMR (500 MHz,
CD:Cly, 25 °C) 8: 7.86 (m, 2H, aryl-H), 7.53 (m, 6H, aryl-H), 6.52 (br s, 4H, central arene-
H), 2.75 (bt s, 4H, CH(CH3)2), and 1.09-1.23 (br s, 24H, CH(CHs),). "C{'H} NMR (101
MHz, CD:Cl,, 25 °C) &: 221.15 (t, ] = 10.19 Hz, Mo-CO), 213.75 (t, ] = 8.87 Hz, Mo-
CO), 148.80 (t, ] = 6.90 Hz, aryl-C), 139.99 (t, ] = 2.74, central arene-C), 131.23 (s, aryl-
CH), 131.02 (t, ] = 9.41 Hz, aryl-C), 129.90 (s, aryl-CH), 129.35 (s, aryl-CH), 128.34 (s,
aryl-CH), 33.83 (br s, CH(CHs),), 19.88 (s, CH(CHs),), and 19.43 (s, CH(CH5),). *'P{'H}
NMR (121 MHz, CsDs, 25 °C) 8: 51.01. IR (CaF, window, CsHg, cm™) veo: 2298.5, 2192.8.

Anal. Calcd. for 2 C33H40MoOsP; (%): C, 61.68; H, 6.27. Found: C, 61.43; H, 5.99.
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Synthesis of 3
) CcO ) ) 20Tf
) ’Pr\ |/ /’Pr 'Pr OQ CO ’ r
i i i
Pr\P —Mo—P_ 2 AgOTf Pr\P MO'—‘P’ Pr
VAR /R
2

To a rapidly stirring solution of 2 (1.17 g, 1.82 mmol) in THF (50 mL), a solution of
AgOTf (1.00 g, 3.83 mmol) in THF (35 mL) was added dropwise. With each drop, an
immediate darkening of the solution was observed. Complete addition of the silver
solution led to a petsistent purple/brown mixture, which was stirred at room temperature
for 3 h. The volatiles were removed under reduced pressure to yield green/brown solids.
These solids were collected on a fritted glass funnel and washed with THF (3 x 10 mL).
The solid residue was extracted into MeCN (30 mL), filtered through Celite, and the
resulting yellow solution was dried 7z vacuo. The yellow solids were dissolved in minimal
MeCN and filtered through celite once more.” Et;O was added to the filtrate which was
then cooled to -35 °C. The precipitate was collected via vacuum filtration, providing 3
(1.16 g, 1.26 mmol, 69 %) as yellow microcrystals. X-ray quality crystals were obtained
from vapor diffusion of diethyl ether into a saturated MeCN solution of 3. "H NMR (300
MHz, CDsCN, 25 °C) 8: 7.93 (m, 2H, aryl-H), 7.83 (m, 6H, aryl-H), 7.15 (s, 4H, central
arene-H), 3.35 (m, 4H, CH(CH3),), and 1.29-1.44 (m, 24H, CH(CH;),). "C{'H} NMR
(101 MHz, CDsCN, 25 °C) &: 219.03 (s, Mo-CO), 141.32 (dd, | = 7.58, 5.79, aryl-C),
137.69 (t, ] = 3.93 Hz, central arene-C), 134.64 (s, aryl-CH), 133.93 (dd, | = 47.74, 8.22,
aryl-C), 133.83 (s, aryl-CH), 132.12 (t, ] = 3.07 Hz, aryl-CH), 128.58 (t, /] = 5.70 Hz, aryl-
CH), 122.07 (q, ] = 320.73 Hz, F5CSOys), 104.72 (s, central arene-CH), 28.97 (q, ] = 11.67

Hz, CH(CH,),), 18.47 (s, CH(CHS,),), and 18.07 (s, CH(CH,),). *'P{'"H} NMR (121 MHz,

* Omission of this second filtration step resulted in a less-soluble yellow/orange impurity
noticed when employing 3 in the preparation of 4.
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CD;CN, 25 °C) 8: 75.05. IR (CaF» window, CsHs, cm™) vco: 2025.2, 1986.4. Anal. Calcd.

for 3 CssHsoFsMoOsP»S: (%): C, 44.74; H, 4.42. Found: C, 44.65; H, 4.49.

Synthesis of 4
MeCN NCMe
pr 0% SO ey 20Tt iy 2ot
’Pr\P MO_P, Pr _hv,-78°C "F>r\;D Mo B Pr

ZA\N

A bright yellow acetomtrlle (20 mL) solution of 3 (533 mg, 0.583 mmol) was transferred
to a quartz Schlenk tube, charged with a stir bar. The tube was degassed via three freeze-
pump-thaw cycles and then, while stirring, irradiated with a 200 W Hg/Xe lamp at -78 °C
for 2 h. The evolution of bubbles was observed and the solution steadily darkened to
deep red. The flask was degassed as above and photolysis continued. With continued
irradiation, the solution darkened to a deep purple color that glowed intensely under the
UV light. This degas/irradiation process was continued until aliquots of the solution
showed no presence of 3 or the putative monocarbonyl species by P NMR (75.05 and
68.62 ppm, respectively). The total irradiation time was dependent on lamp age, frequency
of degassing, and solution concentration, varying from 12 h to several days. Upon
complete conversion, volatiles were removed under reduced pressure, providing deep
purple solids. These solids were collected on a fritted funnel and washed with THF until
the filtrate was colorless. The purple microcrystalline product was collected (528 mg,
0.565 mmol, 97 %). Crystals suitable for X-ray diffraction were obtained from vapor
diffusion of Et,O into a saturated MeCN solution of 4. "H NMR (300 MHz, CD5CN, 25
°C) 8:7.62-7.72 (m, 6H, aryl-H), 7.51-7.52 (m, 2H, aryl-H), 5.59 (t, 4H, | = 2.2 Hz, central
arene-H), 2.86-2.93 (m, 4H, CH(CH3)2), 2.72 (m, 6H, NC(CH3)), and 1.25-1.31 (m, 24H,
CH(CHs)z). "C{'H} NMR (126 MHz, CD5CN, 25 °C) &: 145.36 (t, ] = 10.51 Hz, aryl-C),
143.35 (s, NCCH3), 133.44 (s, aryl-CH), 132.35 (s, aryl-CH), 130.60 (dd, | = 62.25, 23.73,

aryl-C), 130.57 (s, aryl-CH), 127.48 (s, aryl-CH), 123.39 (s, Mo- CNCHS>), 122.15 (q, ] =
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318.51, F3CSOy), 120.50 (s, central arene-C), 88.90 (s, central arene-CH), 25.74 (¢, | =
9.77 Hz, CH(CHs)»), 18.67 (s, CH(CH3)»), 17.86 (s, CH(CHs)2), 7.03 (s, Mo-NCCH3) and
6.52 (m, Mo-NCCHa). "'"P{'H} NMR (121 MHz, CD;CN, 25 °C) &: 63.35. Anal. Calcd.
for 4 CssHasFsMoN2OgP,S, (%): C, 46.06; H, 4.94; N, 2.98. Found: C, 45.09; H, 4.77; N,
3.25.

Synthesis of 5

MeCN NCMe 20Tf
Pr. \ 3 Pr. ’;‘2 ’Pr
ij
'Pr\P—Mo——P’ Pr XS Mg Plr\P—Mo—P’

A\

m \\\ //I \\\

A deep purple solution of 4 (225 mg, 0.241 mmol) in MeCN (4 mL) was portioned into
four 20 mL scintillation vials, each charged with a stir bar and an excess of magnesium
turnings (3-5 g/vial). The solution was stirred at room temperature for 8 h, during which
time it lightened to a green/brown heterogeneous mixture. The mixtures were filtered
through celite. Each vial was rinsed with MeCN (2 x 1.5 mL) and each rinse was likewise
filtered. The insoluble material was extracted in benzene and dried z# vacuo, providing a
brown/green residue. This residue was extracted with benzene and filtered through celite
once more. The brown filtrate solution was lyophilized, yielding 5 as a red/brown powder
(108 mg, 0.184 mmol, 76 %). X-ray quality crystals were grown by either vapor diffusion
of pentane into a saturated toluene solution of 5 at -35 °C or by chilling a saturated

hexanes solution of 5 (-35 °C).

MeCN NCMe 20Tf ‘
Pr. g Pr,

i \ Y
IPF\P_MO___P/ Pr 2 LIHBEt3 ’PF\P_MO__P— Pr

[ i

/II \\\ 1N
171 \
Q / r ‘— \ MeCN Q G r_-\r >
SERW
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In an alternate synthesis, a 20 mL scintillation vial was charged with 4 (370 mg, 0.396
mmol), MeCN (15 mL), and a stir bar. Stirring was initiated, and 1.0 M LiHBEt; in THF
(0.80 mlL, 0.792 mmol) was added to the purple solution dropwise. An immediate color
change to reddish-brown was observed. Stirring continued for 12 h, furnishing a
green/brown suspension. Volatiles were removed under reduced pressure affording
brown solids. The solids were extracted with benzene (10 mL) and filtered. The filtrate
was lyophilized, giving 5 as a red/brown powder (63 mg, 0.107 mmol, 27 %). 'H NMR
(300 MHz, C¢Dg, 25 °C) 8: 7.48-7.50 (m, 2H, aryl-H), 7.23-7.27 (m, 2H, aryl-H), 7.02-7.09
(m, 4H, aryl-H), 4.26 (s, 2H, central arene-H), 3.99 (s, 2H, central arene-H), 2.38-2.50 (m,
2H, CH(CHj3)2), 2.20-2.31 (m, 2H, CH(CH;),), and 0.94-1.27 (m, 24H, CH(CHs),).
PC{'H} NMR (101 MHz, C¢Ds, 25 °C) 8: 150.23-150.84 (m, aryl-C), 130.50 (s, aryl-CH),
128.21 (s, aryl-CH), 126.62 (s, aryl-CH), 126.06 (s, central arene-C), 97.47 (s, central arene-
C), 82.04 (s, central arene-CH), 75.29 (s, central arene-CH), 29.71 (br t, | = 06.20,
CH(CHz3)2), 28.17 (br t, ] = 5.33, CH(CHs),), 21.14 (br t, | = 5.06, CH(CH3),), 19.85 (br
t, ] = 4.31, CH(CH3)2), 19.59 (s, CH(CHs3)2), and 19.16 (s, CH(CH3),). >'P{'H} NMR (121
MHz, CsDs, 25 °C) 8: 76.72. IR (CaF, window, C¢Hs, cm™) van: 2020.2. Anal. Calcd. for

5 Cs0HyMoN,P, (%): C, 61.43; H, 6.87; N, 4.78. Found: C, 61.40; H, 6.67; N, 3.68.

Synthesis of 6
Pr. N2 [Pr Pr. H\ H [Pr
Pr—p_ Mo—P"Pr _tatmH,  Pr—p_ —Nio—PPr

//l \\\ CGD6 /ﬂ ‘t\\
/ T T \ / \
N J \

A J. Young NMR tube was charged with a brown/red solution of 5 (20 mg, 0.034 mmol)
in C¢Ds (0.7 mL). The solution was degassed via three freeze-pump-thaw cycles. The
headspace was backfilled with H» gas, enacting an immediate reddening of the solution.
The NMR tube was mechanically rotated for 15 min, providing a red solution of 6.

Isolation and recrystallization of 6 is hampered by its conversion back to 5 in the presence
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of No. 'H NMR (300 MHz, C¢Ds, 25 °C) 8: 7.44-7.48 (m, 2H, aryl-H), 6.97-7.11 (m, 6H,
aryl-H), 4.81 (t, 4H, | = 3.17 Hz, central arene-H), 2.12-2.24 (m, 4H, CH(CH,),), 1.23-
1.30 (m, 12H, CH(CHj3)2), 0.92-0.99 (m, 12H, CH(CHs),), and -4.10 (t, 1H, | = 35.8 Hz,
Mo-H). "C{'"H} NMR (126 MHz, C¢Ds, 25 °C) 8: 150.20-150.55 (m, atryl-C), 147.38-
147.73 (m, aryl-C), 128.34 (s, aryl-CH), 126.45 (s, aryl-CH), 94.38 (s, central arene-C),
74.40 (s, central arene-CH), 75.29 (s, central arene-CH), 30.05 (t, ] = 9.71, CH(CH;)»),
20.27 (s, CH(CH3)2), and 19.49 (s, CH(CHs),).'P{'H} NMR (121 MHz, C¢Ds, 25 °C) &:

89.70.

Synthesis of 6-HD

The hydride-deuteride isotopolog can be prepared analogously utilizing H-D gas rather
than H, gas. This gave rise to a 3:5:2 mixture of 6-H2:6-HD:6-D.. Integration of the
hydridic resonances is omitted. "H NMR (400 MHz, C¢Ds, 25 °C) 8: 7.45-7.47 (m, 2H,
aryl-H), 7.16-7.06 (m, 2H, aryl-H), 6.96-7.02 (m, 2H, aryl-H), 4.81 (br t, 4H, ] = 2.52 Hz,
central arene-H), 2.12-2.24 (m, 4H, CH(CHs),), 1.24-1.30 (m, 12H, CH(CHj3)2), 0.93-0.98
(m, 12H, CH(CH.),), -4.10 (t, ] = 33.9 Hz, 6-Hz Mo-H), -4.12 (tt, Jup = 10.8 Hz, Jup =
34.0 Hz, 6-HD Mo-H). *'P{'H} NMR (162 MHz, CsDs, 25 °C) 8: 89.70 (s, 6-Hs), 89.44

(t, Jor = 4.3 Hz, 6-HD), and 89.04 (q, Jo» = 4.4 Hz, 6-D).

Synthesis of 7
MeCN NCMe |20Tf H NCMe BPh
i S i i = i
Pr \ /Pr NH4BHs Pr \ /Pr

Pr~p__Mo—p-Pr Pr—p— Mo—p-"Pr

AN 10 NaBPhy AN
Q G O THF, 70 °C O & O
4 7
To a Schlenk tube charged with 4 (142 mg, 0.152 mmol), NaBPh, (107 mg, 0.313 mmol),

and a stir bar, a THF (7 mL) solution of AB (5.0 mg, 0.162 mmol) in was added. The

purple/brown suspension was heated to 70 °C with stirring for 4 h, providing a
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homogeneous orange solution. Volatiles were removed 77 vacuo, furnishing an orange
powder. DCM (3 mL) was added and the powder was filtered through a Celite plug.
Volatiles were again removed and the resulting residue was crystallized via pentane vapor
diffusion into a concentrated THF solution. Generally additional recrystallizations were
conducted to fully remove the B-N reaction byproducts, providing pure 7 as X-ray quality
red/orange blades (89 mg, 0.097 mmol, 64 %). 'H NMR (400 MHz, CD,Cl, 25 °C) &:
7.30-7.56 (m, 8H, aryl-H), 7.01 (br s, 8H, B-C¢Hs), 7.01 (br s, 8H, B-CcHs), 6.86 (br s, 4H,
B-C¢Hs), 5.20 (br s, 2H, central arene-H), 4.26-4.23 (m, 2H, central arene-H), 2.66-2.79
(m, 2H, CH(CHs),), 2.54-2.67 (m, 2H, CH(CHs),), 1.93 (s, 3H, NCCH3;), 1.19-1.37 (m,
12H, CH(CHs),), 0.94-1.02 (m, 12H, CH(CH3)2), and -0.56 (t, 1H, ] = 76.74 Mo-H).
PC{'H} NMR (101 MHz, CD:Cl,, 25 °C) 8: 163.69-165.16 (q, ] = 49.90 Hz, B-C), 147.43
(d, ] = 25.04 Hz, aryl-C), 141.01 (d, ] = 29.00, aryl-C), 136.25 (s, B-CsHs), 131.25 (s, aryl-
CH), 130.73 (s, aryl-CH), 128.54 (br d, | = 4.33 Hz, aryl-CH), 127.61 (d, ] = 12.21, aryl-
CH), 126.07 (s, B-CsHs), 124.93 (s, Mo-CNCH3), 122.14 (s, B-CsHs), 106.54 (s, central
arene-C), 80.32 (s, central arene-CH), 30.83 (d, | = 30.01 Hz, CH(CH3)2), 26.61 (d, | =
23.60, CH(CHs)2), 20.18 (s, CH(CHs)2), 19.35 (s, CH(CH3),), 18.92 (s, CH(CH3),), 18.20
(s, CH(CH3),), and 4.65 (s, Mo-CNCHj3). *'P{'H} NMR (162 MHz, CD,Cl, 25 °C) &:
91.47. Anal. Calcd. for 7-DCM CsHeBCL.MoNP; (%): C, 68.14; H, 6.62; N, 1.39. Found:

C, 68.57; H, 6.70; N, 1.93.

Synthesis of 8
~ H NCMe BPhs ‘ BPhy
_Pr. \5 ’Pr Pr H | H ’Pr
Pr—p—io—P_P Pr—p i —pPr
AN > NMezHBHs AN
141 — Iyl —\
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THF, 70 °C

THF (5 mL) was added to a thick-walled Schlenk tube charged with 7 (102 mg, 0.110

mmol), MexNHBH; (53 mg, 0.832 mmol), and a stir bar. The solution was degassed by a
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single freeze-pump-thaw cycle. The orange homogeneous solution was frozen and the
headspace was backfilled with ¢z 4 atm of H, gas. Once at room temperature, the flask
was placed in a 70 °C oil bath for 16 h with stirring. During this time, a color change to
pale yellow was observed. Pentane (50 mL) was carefully added via cannula,” causing the
precipitation of pale yellow solids. The solids were collected via vacuum filtration and
washed with Et;O (2 x 5 mL). The remaining solids were extracted with DCM (2 x 3 mL),
giving a vibrant yellow filtrate. Volatiles were removed 77 vacuo, giving a mixture of yellow
and white solids. Crystallization via pentane vapor diffusion into a concentrated THF
solution removed the B-N reaction byproducts, providing pure 8 as X-ray quality
crystalline yellow plates. 'H NMR (300 MHz, CDCl,, 25 °C) &: 7.37-7.59 (m, 8H, aryl-
H), 7.32 (br s, 8H, B-aryl-H), 7.01 (br t, 8 H, ] = 6.50, B-aryl-H), 6.68 (br t, 4H, | = 6.60,
B-aryl-H), 5.56 (s, 4H, central arene-H), 2.43-2.54 (m, 4H, CH(CH3),), 1.24-1.31 (m, 12H,
CH(CHs)2), 0.97-1.03 (m, 12H, CH(CH3),), and -4.64 (t, 3H, ] = 29.72 Mo-H). "C{'H}
NMR (101 MHz, CD:Cl,, 25 °C) &: 165.13-166.61 (q, /] = 49.44 Hz, B-C), 143.89 (br d, |
= 4.19 Hz, aryl-C), 143.65 (d, ] = 15.99 Hz, aryl-C), 137.82 (s, B-C¢Hs), 133.34 (s, aryl-
CH), 132.33 (br s, central arene-C), 131.84 (s, aryl-CH), 131.70 (br s, aryl-CH), 127.96-
128.08 (m, aryl-CH), 127.51 (s, B-CsHs), 123.63 (s, B-CsHs), 91.16 (s, central arene-CH),
31.97 (d, J = 32.95, CH(CHs),), 20.90 (s, CH(CH3),), and 20.53 (s, CH(CHa),). >'P{'H}

NMR (121 MHz, CD,Cl,, 25 °C) &: 97.70.

Reaction of 8 with D,

A mixture of the isotopologs can be prepared via addition of 7 equiv. of D> (as measured
by calibrated gas bulb) to a degassed CD:Cl, solution of 8. Unlike the dihydride 6, the
isotopologs of 8 are not resolved in the *’P{'H} NMR and as such, their relative ratio is

unknown. Integration of the hydridic resonances is omitted. "H NMR (400 MHz, CDCl,

* CAUTION: Pressure builds up over the course of the reaction.
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25 °C) 8: 7.39-7.59 (m, 8H, aryl-H), 7.31 (bt s, 8H, B-aryl-H), 7.00 (br t, 8 H, ] = 6.50, B-
aryl-H), 6.86 (br t, 4H, | = 6.82, B-aryl-H), 5.56 (s, 4H, central arene-H), 2.43-2.54 (m,
4H, CH(CHs)2), 1.26-1.30 (m, 12H, CH(CH:),), 0.99-1.02 (m, 12H, CH(CH:),), and -4.76
to -4.57 (tm, Jup = 34.77, Mo-H). > P{'"H} NMR (162 MHz, CDCl,, 25 °C) 8: 96.64-96.80

(m).

Reactivity with AB Analogs

In a typical reaction, the Mo complex under investigation (4-8, 0.025 mmol) and the AB
analog (NH:;BEt; or NMe;BH;, 0.125 mmol) were dissolved in THF. The resulting
solution was transferred to a quartz J. Young NMR tube. In the case of precatalyst 4,
NaBPh4 (17 mg, 0.050 mmol) was also added to the reaction mixture to aid in solubilizing
the dication. The reactions were heated to 70 °C and monitored via P NMR

spectroscopy.

Time Resolved AB Debydrogenation Experiments

In a typical reaction, a solution of catalyst (4 or 8, 0.010 mmol) and AB (2.3 mg, 0.075
mmol) in diglyme (0.500 mL) was transferred to quartz J. Young NMR tube. NaBPh4 (6.8
mg, 0.020 mmol) was added in reactions with 4 to aid in solubilizing the dication as well
as acting as an internal standard for ''B NMR experiments. The reactions were placed in
a Varian 400 MHz NMR spectrometer preheated to 70 °C. Successive ''B and *'P{'H}

NMR spectra were recorded. See figures 2.7-2.8.

NH:BH; Trapping Experiments

In a typical reaction, a quartz J. Young NMR tube was charged with precatalyst (4 or 5,
0.020 mmol), AB (1.2 mg, 0.040 mmol), and diglyme (0.5 mL). Cyclohexene (61 uL, 0.600
mmol) was added via microsyringe and the tube was sealed and placed in a Varian 400
MHz NMR spectrometer preheated to 70 °C. Successive ''B and *'P{'"H} NMR spectra

were recorded. See figures 2.9-2.10.
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Eudiometric Measurement Details

In a typical run, a 2 mL Schlenk tube was charged with precatalyst (0.0125 mmol), AB
(7.7 mg, 0.250 mmol), diglyme (1 mL) and a stir bar. The Schlenk tube was sealed and
attached to the eudiometer depicted in Figure 2.3. The tubing attached to the Schlenk
tube was evacuated and backfilled with N> (x3). Under positive N, pressure, the flask was
opened to the burette, causing immediate bubbling. Once the pressure had equilibrated,
the Schlenk tube was quickly opened and closed to alleviate positive pressure remaining
from the drybox. Once bubbling stopped, the initial volume was recorded. The Schlenk
tube was submerged in a 70 °C oil bath, with stirring, and opened. Gas evolution was
monitored over time.

Precatalysts 5, 9, and 11, formed homogeneous solutions under the above described
conditions. Complex 4 proved only slightly soluble in diglyme, but rapidly formed a
homogeneous red/orange solution upon heating the in the presence of AB. In case of 4,
5, and 11, homogeneity was maintained until the majority of the H», had been liberated, at
which point the forming solids were assumed to be dehydrogenation byproducts (namely
PB). Experiments utilizing complex 9 remained homogeneous throughout the 6.5 h
experiment. Diglyme solutions of complex 10 appeared to remain homogeneous, but at
the employed concentrations, the deep green solution proved too darkly colored to be
certain.

For catalyst reusability reactions, following a run set up as described above, the 3-way
valve was used to place the reaction vessel under positive N, pressure. The Teflon tap
was removed and additional dry AB was added with a backflow of N,. The Schlenk tube
was sealed, the pressure in the eudiometer allowed to equalize, and H: evolution
measurement resumed.

Catalyst reuse was first explored using conditions analogous to those employed for

single-use dehydrogenation measurements. In a typical run, a 2 mL Schlenk tube was

charged with precatalyst (0.017 mmol), AB (10.5 mg, 1.62 mmol), diglyme (1.00 mL) and
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a stir bar. The Schlenk tube was sealed and attached to the eudiometer as described above.
The Schlenk tube was submerged in a 70 °C oil bath, with stirring, and opened. Gas
evolution was monitored over time. Every 4 h (for complex 4) or 6 h (for complex 5), an
additional charge of AB (10.5 mg, 1.62 mmol) was added with N, counter pressure.
Turnover number was calculated from the moles of H, produced and system weight

percent hydrogen was determined according to the following formula: '

( Theor. Wt. Yield H, > < Tot. H, Collected
%
Wt. AB + Wt. Diglyme + Wt. Precatalyst Theor. H, Content

) +100% = System Wt. % H,

In an attempt to increase the system weight percent, conditions similar to those reported
by Williams and coworkers were used.” In a typical reaction, a 2 mL Schlenk tube was
charged with precatalyst (0.0017 mmol), AB (50.0 mg, 1.62 mmol), diglyme (0.100 mL)
and a stir bar, providing a slurry comprised of ¢cz. 16 M AB. The Schlenk tube was sealed
and attached to the eudiometer as described above. The Schlenk tube was submerged in
a 70 °C oil bath, with stirring, and opened. Gas evolution was monitored over time. Every
6 h, an additional charge of 50 mg of AB and 0.100 mL of diglyme was added with N
counter pressure. Turnover number and system weight percent hydrogen were calculated
as before.

The effect of HoO and methanol on dehydrogenation catalysis was determined as
follows. In a typical reaction, a 2 mL Schlenk tube was charged with precatalyst (0.017
mmol), AB (10.5 mg, 1.62 mmol), diglyme (1.00 mL) and a stir bar. The Schlenk tube was
sealed and attached to the eudiometer as described above. With a backflow on N, the
Teflon pin was removed and replaced with a rubber septum. Degassed H.O or MeOH (2
pL) was added via microsyringe. The septum was removed and the Teflon pin replaced.
The 3-way valve was turned to connect the reaction vessel and the upturned burette and

following pressure equilibration, the Schlenk tube was submerged in a 70 °C oil bath, with

stirring, and opened. Gas evolution was monitored over time. Alternatively, unpurified
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(benchtop) AB was used in lieu of sublimed AB in the absence of added water as described

above.

Mineral oil
filled buret
(purged with
N, prior to use)

To Schlenk Line

X

Tygon tubing to
teflon cannula

Sealed with a septum

(for additions) or glass
stopper (for duration C{'j-
of reaction) [

Tygon tubing

&) Septum pierced with
several 16 gauge needles
(allows for mineral oil
flow to equalize pressure)

Figure 2.3. Schematic for the ecudiometer apparatus used for ammonia borane
dehydrogenation reactions. Note that rather than a 2-neck round bottom flask as depicted
above, a Teflon valve Schlenk tube was used for all reported reactions.

Reaction Kinetics Measurements

In a typical reaction, a quartz J. Young NMR tube was charged with precatalyst (4 or 5,
0.009 mmol), AB (5.6 mg, 0.180 mmol), NaBPh, (30.8 mg, 0.09 mmol) and diglyme (0.5
mL). Tube was sealed” and placed in a Varian 400 MHz NMR spectrometer preheated to
70 °C. "B NMR spectra were recorded as an array utilizing the pre-acquisition delay
mechanism in Agilent’s Vnmr] software. Relative AB concentration was determined via

integration of the AB resonance with respect to NaBPh,.

* CAUTION: Pressure builds up over the course of the reaction.
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Figure 2.4. Plots of Ti vs. T for 6 (left) and 8 (right).
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Figure 2.5. Partial 'H (top left, 400 MHz, CcDy), 'H{*'P} (bottom left, 400 MHz, CsDy),
and *'P{'H} (right, 162 MHz, C{Ds) NMR spectra of a mixture of 6, 6-HD, and 6-D».
The observed Jup of 10.7 Hz is consistent with a contracted Mo dihydride complex.*
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Figure 2.6. Partial 'H (left, 400 MHz, CD,Cl,) and 'P{'H} (right, 162 MHz, CD.CL)
NMR spectra of 8 following treatment with ca. 7 equiv. of D,. Unresolved isotopologue
resonances have been reported for other classical Mo trihydride complexes.”’
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Figure 2.7. "B (left) and *'P{'H} (right) NMR spectra (128 and 162 MHz respectively,
diglyme) of AB dehydrogenation by 4. In the ''B NMR spectra, the internal NaBPH,
standard (4) and AB (C) were initially observed. Over 45 mins, AB was consumed with
concomitant generation of BCDB (B, inset). The *'P{'H} NMR spectrum shows
formation of 8 and 7 from 4, even prior to heating.
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Figure 2.8. "B (left) and *'P{'H} (right) NMR spectra (128 and 162 MHz respectively,
diglyme) of AB dehydrogenation by 8. In the ''B NMR spectra, borazine (A) and PB (B)
grow in with time. The formation of BCBD (D) is observed with the concomitant
consumption of AB (E). A resonance for the BPhy counterion of 8 is also observed. The
'P{'H} NMR spectrum shows formation of several species (see inset), with the most
prominent starting to form prior to heating.
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Figure 2.9. "B (left) and *'P (right) NMR spectra (128 and 162 MHz respectively,
diglyme) of AB dehydrogenation by 4 in the presence of cyclohexene and the internal
standard NaBPh, (B). The formation of the hydroborylation product H.NB(Cy). (A) is
observed, along with consumption of AB (D). Some BCDB (C) was also generated. The
selectively coupled P NMR spectrum (top left) shows that 4 is consumed completely
within 10 m, furnishing 7 (doublet) and 8 (quartet). Subsequent *'P NMR spectra wete
proton decoupled to increase the signal to noise ratio.
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Figure 2.10. ''B (left) and *'P{'H} (right) NMR spectra (128 and 162 MHz respectively,
diglyme) of AB dehydrogenation by 5 in the presence of cyclohexene. The formation of
the hydroborylation product HoNB(Cy), (A) is observed, along with consumption of AB
(F). Some BCDB (D), borazine (B), and PB (C) were also generated. The *'P{'"H} NMR
shows that 5 is consumed completely within 5 m, and 6 is the major species throughout
the reaction.
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Figure 2.11. Hydrogen evolution measurements for 4 (left) and 5 (right). Addition of
elemental mercury was observed to have no effect on the rate of catalysis (black x’s).
Mercury addition did lessen the extent of dehydrogenation catalysis from precatalyst 5.
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Figure 2.12. Eudiometric measurements displaying the kinetic competence of 4, 7, and 8.
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Figure 2.13. Hydrogen evolution profiles for Mo catalyzed AB dehydrogenation. Control
reactions with AB in the absence of a catalyst and in the presence of Mo powder are included
for reference.
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Reusability Reactions from Precatalyst 4
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Figure 2.14. Multiple substrate additions to the reaction of AB with 5 mol % 4. No decrease
in the rate or extent of catalysis is observed over four squential cz. 4 hour experiments. A total
of 2.0 equiv. of H, per AB molecule were released, indicating 274 turnovers. This corresponds
to the liberation of 0.80 system wt. % H. (out of a possible 1.18 %).

Reusability Reactions from Precatalyst 5
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Figure 2.15. Multiple substrate additions to the reaction of AB with 5 mol % 5. A slight
decrease in the extent of catalysis is observed for the second and third addition. A total of 1.8
equiv. of H, per AB molecule were released, indicating 143 turnovers. This corresponds to the
liberation of 0.52 system wt. % Ho (out of a possible 0.88 %).
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Thermal Control for Catalyst Reusability Experiments
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Figure 2.16. Multiple substrate additions to the thermal control reaction of heating ¢a. 0.25 M
AB solutions in diglyme. No decrease in the rate or extent of catalysis is observed over four
squential cz. 4 hour experiments. A total of 1.25 equiv. of H, per AB was collected, a significant
decrease from the catalyzed systems (2.04 equiv. for 4 and 1.78 equiv. for 5, respectively).

During the control, the marked difference in the rate of dehydrogenation observed between
the first and latter two additions of AB is attributed to the second-order decomposition

% As the concentration of AB inceases with

process for thermal dehydrogenation.
subsequent substrate additions, thermal dehydrogenation becomes more kinetically viable,
leading to rapid H release in the third and fourth runs.

The system weight percent H, released from the above systems is low in comparison to
reported values;'”>"™* however, this is largely a manifestation of the concentration of AB in
solution. The majority (93 %) of the system weight can be attributed to the solvent. To attempt

to increase system weight percent H,, dehydrogenation was attempted at higher AB

concentrations and lower catalyst loadings.
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Figure 2.17. Multiple substrate additions to 0.1 mol % 4 in a ca. 16 M slurry of AB. The
thermal control (identical conditions sans catalyst) is overlayed in red. Although a slight
deviation between the catalyzed run and the control is observed for the first addition, no
difference is observed following the second addition. Notably, this system achieves 4.4 wt. %
Ho release. The similarity of the catalyzed and control experiments eliminates the ability to
attribute dehydrogenation activity to 4 under these conditions.

Reusability of Precatalyst 5 in a Concentrated AB Slurry
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Figure 2.18. Multiple substrate additions to 0.1 mol % 5 in a ca. 16 M slurry of AB. The
thermal control (identical conditions sans catalyst) is overlayed in red. Only a slight deviation
between the catalyzed run and the control is observed. Notably, this system achieves 4.5 wt.
% Ho release. The similarity of the catalyzed and control experiments eliminates the ability to
attribute dehydrogenation activity to 5 under these conditions.

Under concentrated AB conditions, little difference was observed between catalyzed
and uncatalyzed experiments. This is attributable to thermal dehydrogenation processes

dominating at high [AB]. With low catalyst loading (0.1 mol %), these conditions fail to
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lend insight into the role of the catalyst but further optimization of the catalyzed systems
for both precataylsts 4 and 5 is underway. Corroborating the concentration dependence
of thermally induced, solution state AB dehydrogenation, rapid H: release is observed
even after the first substrate addition under these more concentrated conditions. The
increase from 1.5 equiv. to 2.0 equiv. released in control runs 1 and 2 is attributed to the
presence of reactive dehydrogenation intermediates and improved stirring resulting from
doubling the volume of diglyme. Presumably, solid-state thermal dehydrogenation is also

playing a role in these slurry reactions.”

Effects of HZO and MeOH on AB Dehydrogenation by Precatalyst 4
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Figure 2.19. Hydrogen evolution profiles for reactions of precatalyst 4 with dry AB (A), AB
and water (B-D), and AB and methanol (E). Control reactions with dry AB (F) and AB with
water added (G) are included for comparison.

A significant disparity in the rate and extent of hydrogen evolution was observed when using
sublimed AB (A) and unpurified AB (B). This rate increase was attributed to water, as sublimed
AB that was later exposed to air showed a similar H, evolution profile to unpurified AB (C).
Addition of 50 mol % H»O to dehydrogenation experiements resulted in a significant rate
increase, releasing over 2 equiv. of H, in 1 h (D). A similar effect was observed with the
addition of 20 mol % methanol, again resulting in a significant increase to the rate and extent

of dehydrogenation. Addition of 50 mol % H>O to an AB solution lacking catalyst also leads
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to a greater extent of Ha release (G). Though hydrolysis®™* and acid catalysis'™*”

are
established methods for the dehydrogenation of AB, the resulting B—O bonds likely preclude
facile recyclability and therefore these systems were not studied further. Though little effect
was observed for the source of AB utilized with precatalyst 5, reported experiments use

rigorously purified AB unless stated otherwise. Control experiments (with AB and 4) were run

on each batch of substrate to ensure consistency.

Effect of H20 on AB Dehydrogenation by Precatalyst 5
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Figure 2.20. Hydrogen evolution profiles for reactions of precatalyst 5 with dry AB (I) and
AB and water (II). Control reactions with dry AB (III) and AB with water added (IV) are
included for comparison.
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"B NMR Kinetics for AB Dehydrogenation by 4
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Figure 2.21. Relative concentration vs. time plots for reactions of AB isotopologs with
catalytic 4 as monitored by "B NMR spectroscopy.
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Figure 2.22. Log plot of [AB] vs. time with catalytic 4
spectroscopy. Isotope effects were calculated from the ratios of the respective slopes and are
reported in the inset.

as monitored by "B NMR
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"B NMR Kinetics for AB Dehydrogenation by 5 and 6
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Figure 2.23. Relative concentration vs. time plots for reactions of AB with catalytic 5 and 6
as monitored by "B NMR spectroscopy.

Analysis of the dehydrogenation kinetics for 5 showed neither first- nor second-order
behavior. The possibility of the equilibrium between 5 and 6 ([H:| increases with time)
affecting the rate of the reaction was ruled out via measuring kinetics from isolated 6 (red
squares). Addition of 1 atm of H, to precatalyst 5 prior to heating demonstrated psexdo-first-
order kinetics. This is consistent with product (H,) inhibition, but further experimentation is
required to confirm this hypothesis.

Crystallographic Information

CCDC deposition numbers 804890, 1008197, 1008330-1008331, and 1008356-1008357
contain the supplementary crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif.

Refinement Details—In each case, crystals were mounted on a glass fiber or nylon loop
using Paratone oil, then placed on the diffractometer under a nitrogen stream. Low

temperature (100 K) X-ray data were obtained on a Bruker APEXII CCD based
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diffractometer (Mo sealed X-ray tube, K, = 0.71073 A) or a Bruker SMART CCD based
diffractometer (Mo sealed X-ray tube, K, = 0.71073 A). All diffractometer manipulations,
including data collection, integration, and scaling were carried out using the Bruker APEXII
software.”” Absorption corrections were applied using SADABS." Space groups were
determined on the basis of systematic absences and intensity statistics and the structures were
solved by direct methods using XS* or by intrinsic phasing using XT (incorporated into
SHELXTL) and refined by full-matrix least squares on F°. All non-hydrogen and hydride
atoms were refined using anisotropic displacement parameters. Non-hydride hydrogen atoms
were placed in the idealized positions and refined using a riding model. The structure was
refined (weighed least squates refinement on F?) to convergence. Graphical representation of
structures with 50% probability thermal ellipsoids was generated using Diamond visualization

software.®



Table 2.2. Crystal and refinement data for complexes 2-5 and 7-8.
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2 3 4 5 7 8
CCDC Number 804890 1008197 1008330 1008356 1008331 1008357
Empirical formula Cs3HioM0O3P2  C3qHaoFsM0OsP2S2 Cas.67Ha6F6MON2.3306P2S2  CzoHa0MON2P: CssHssBMONP; CssH7:BM0OP;
Formula weight 642.53 912.66 951.42 586.52 919.77 952.83
T (K) 100 100 100 100 100 100
a, A 12.9284(7) 12.7866(6) 32.0444(10) 8.9892(3) 12.7883(6) 11.1314(5)
b, A 12.6055(6) 16.4447(7) 32.0444(10) 23.8655(7) 16.1757(7) 17.1403(8)
c, A 19.2797(9) 17.5292(7) 21.1665(9) 12.7797(4) 23.2443(10) 26.9594(12)
a, ° 90 90 90 90 90 90
B,° 100.020(2) 91.785(2) 90 94.7145(16) 101.250(2) 94.544(2)
v, ° 90 90 120 90 90 90
Volume, A3 3094.1(3) 3684.1(3) 18822.7(14) 2732.37(15) 4715.9(4) 5127.6(4)
Z 4 4 18 4 4 4
Crystal system Monoclinic Monoclinic Trigonal Monoclinic Monoclinic Monoclinic
Space group P 2i/c P 2i/n R3c P 2i/c P 2i/c P 2i/c
dealc, g/cm?® 1.379 1.645 1511 1.426 1.295 1.234
0 range, ° 2.44 t0 30.54 1.698 to 45.424 2.059 to 43.500 1.707 to 45.535 1.544 to 39.298 1.409 to 45.385
g, mm? 0.559 0.637 0.563 0.619 0.384 0.357
Abs. Correction Semi-empirical Semi-empirical Semi-empirical Semi-empirical Semi-empirical Semi-empirical
GOF 1.631 1.130 1.056 1.111 1.120 1.092
R1,2WR2® [I>2 o(I)] 0.0313, 0.0313 0.0464, 0.1251 0.0371, 0.0855 0.0493, 0.0951 0.0731, 0.1417 0.0448, 0.1007
Diffractometer APEXII APEXII APEXII SMART APEXII APEXII

*Ru = Y[[Fol - [Fell/[Fol. ® WR2 = [X[w(Fo*Fc?)?)/X[W(Fo’)]>.
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N \
Figure 2.25. Structural drawing of 3 with 50% probability ellipsoids. Outer-sphere triflate
ions and hydrogen atoms are omitted for clarity.

Special refinement details for 3— The crystal was twinned by a 180 degree rotation about
the a axis. An HKLF 5 file was generated with the TwinRotMat option in PLATON. The twin

ratio refined to 0.82:0.18.
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&)
Figure 2.26. Structural drawing of 4 with 50% probability ellipsoids. Co-crystallized
acetonitrile, outer-sphere triflate ions and hydrogen atoms are omitted for clarity.

Figure 2.27. Structural drawing of 5 with 50% probability ellipsoids. Hydrogen atoms are
omitted for clarity.
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()
- G

Figure 2.28. Structural drawing of 7 with 50% probability ellipsoids. Outer-sphere
tetraphenylborate molecule and hydrogen atoms (except for the hydride) are excluded for

clarity.
Special refinement details for 7—The ligand isopropyl groups were positionally disordered

and satisfactorilly modeled as approximately a 70:30 mixture using “PART” cards in SHELX.

Figure 2.29. Structural drawing of 8 with 50% probability ellipsoids. A co-crystallized THF
molecule and hydrogen atoms (except the hydrides) are omitted for clarity.
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CHAPTER 3

Four-Electron Deoxygenative Reductive Coupling of Carbon Monoxide at a

Single Metal Site

This work was published in part as:
Nature 2016, 529, 72.
&

J. Am. Chem. Soc. 2016, 138, 16466
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C-C Bond Formation
The conversion of carbon dioxide (CO.) to synthetic fuels is of significant interest in the

context of renewable energy. While homogeneous and heterogeneous catalysts convert
CO; to carbon monoxide (CO) and other C; products, deoxygenative coupling of CO to
value-added Cs: products is challenging and mechanistically poorly understood. Herein,
we describe mechanistic investigations of a previously reported system for the four-
electron coupling of CO. A molybdenum dicarbonyl moiety has been characterized
spanning six formal oxidation states by leveraging the coordinative flexibility and redox
noninnocence of a terphenyl diphosphine ligand scaffold. Metal-arene interactions allow
the ligand core to act as an electron reservoir, supporting di- and trianionic complexes.
Treating these highly reduced compounds with silyl electrophiles ultimately releases a
four-electron reduced C,O; fragment resulting from C—O bond cleavage and C-C
coupling. The formation of a bis(siloxycarbyne) complex precedes C—O bond cleavage.
At -78 °C, over days, C—C coupling is observed without C—O cleavage. This two-electron
reduced C;O: coupling product was isolated, and its reactivity is consistent with

irreversible formation. However, upon warming to 0 °C, C-O cleavage is observed from
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the dicarbyne complex; kinetics and isotopic labeling are most consistent with a
mechanism involving siloxide loss as the elementary step. Both independent synthesis and
low temperature spectroscopic studies support carbide intermediacy in the CO
deoxygenative coupling pathway, the first demonstration of such a functionality in a
homogenous CO coupling reaction. The kinetic product of C—O bond scission displays a
silylcarbyne coordinated ¢zs with respect to the central arene moiety, suggesting that this
is the position of the carbide ligand directly following C—O cleavage. The thermodynamic
product displays a silylcarbyne #rans versus the central arene. Reduction of Mo(IV) CO
adducts of carbide and silylcarbyne species at -78 °C allowed for the observation of
reduced silylcarbyne/CO and mixed silylcarbyne/siloxycarbyne complexes. Upon
warming, both of these silylcarbynes undergo C—C bond formation, releasing the organic
fragments and demonstrating that the multiple bonded terminal Mo=C moiety is an
intermediate on the path to deoxygenated, C—C coupled products. The electronic
structures of Mo carbide and carbyne species were investigated computationally. Overall,
the present studies provide detailed insight into the mechanism by which CO is cleaved

and coupled at a single metal site.
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GENERAL INTRODUCTION

Utilization of oxygenated C; feedstocks for the generation of liquid fuels is of interest in
the context of environmental concerns regarding the rise of atmospheric carbon dioxide
(CO») levels and geopolitical constraints on the availability of reduced carbon reserves.'
Mimicking photosynthetic carbon fixation, electrocatalytic reduction of COsto multicarbon
products, using reducing equivalents generated from solar energy, has the potential to convert
an inexpensive and abundant precursor into high energy density hydrocarbons.” Formation of
deoxygenated Cs; products from CO; is rare, and occurs via initial conversion to carbon
monoxide (CO).” While many homo- and heterogeneous catalysts convert CO» to CO, the
mechanism of which is currently a topic of significant interest,”> examples of deoxygenative
coupling of CO to C; products are sparse and their mechanism is largely unknown.

The molybdenum and vanadium homologs of nitrogenase are capable of CO catenation to
hydrocarbons at ambient temperature and pressure, utilizing ATP hydrolysis, electrons from
dithionite, and protons.* Ethylene is the major carbon-containing product of these reactions,
with trace formation of higher alkanes (up to Cs). Though the mechanism of CO coupling in
nitrogenases has been studied both experimentally’ and i silico,’ insight remains limited, and
just recently has binding of CO to the molybdenum congener been characterized structurally.”

Electrocatalytic reduction of CO to Cs: species has been developed, but is restricted to Cu
catalysts.® In this case, monodeoxygenation is primarily observed; methanol formation
accounts for the majority of the converted CO. Industrially, Fisher-Tropsch chemistry uses Ha
as the source of electrons and protons to catalyze CO coupling at high temperatures and
pressures on a vatiety of metal surfaces.” Detection of surface-bound species in these
heterogeneous systems is challenging, but both electrocatalytic and Fischer-Tropsch coupling
chemistries are proposed to occur via adsorbed C; intermediates.”*”

Molecular systems have been studied extensively for mechanistic insight into the elementary
steps of CO coupling chemistry. For decades, the alkali metal mediated reduction of CO to

dianionic salts—croconate, rhodizonate,'’ and ethynediolate''—has been known, but relatively
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few transition metal complexes mediate direct CO reductive coupling. Early investigations of
the reduction of chromium hexacarbonyl to the pentacarbonyl dianion proceeded without the
liberation of gas; the CO is instead coupled to give disodium ethynediolate.”” Though it is
uncertain if this process is indeed metal-mediated,” bound acetylenediolate fragments have
been invoked as intermediates in the multi-electron reduction of several homoleptic metal
carbonyls."” "

The reaction of electrophiles with reduced metal carbonyl complexes has proven an apt
strategy for enacting C—C coupling. Bimolecular catenation of four CO molecules results
when NaFe(CO); is treated with Mes;SiBr, providing a tetrakis(trimethylsiloxy)-
metallacyclopentane moiety supported by two Fe centers."” The addition of silyl chlorides to
monoanionic dicarbonyl complexes of group 5 metals results in the formation of bound
bis(siloxy)acetylene units (Chart 3.1., a).'° Importantly, the cs-bis(siloxy)ethylene can be
liberated with addition of an overpressure of hydrogen gas (100 psi) or hydrogenation
catalysts."™'* More recently, the proposed precursor to C—C coupling in these systems, a
silylated dicarbyne complex,'™ has been synthesized and structurally characterized on a
bis(phosphino)borane supported iron center (Chart 3.1., b)."” This dicarbyne releases the four-
electron reduced, C—C coupled olefinic fragment rapidly, under mild conditions (1 atm H»).

Iron and rhodium complexes are known to enact CO catenation without the addition of
electrophiles or strong reductants. Under an atmosphere of CO, a high-spin Fe trispyrrolide
anion undergoes concomitant oxidative fragmentation of the ligand and coupling of two CO
molecules to an oxalyl-pyrole motif." Porphyrin supported Rh complexes couple bound CO
through a 17-electron metalloorganic radical to a related diketone product, the bridging 1,2-
ethanedionyl linkage." In this system, the bent CO ligand, with significant radical character on
C, facilitates one-electron reactivity at the carbonyl carbon.”

Under reducing conditions, oxophilic metal centers have been shown to reduce, couple, and



Chart 3.1. Select examples reporting reductive CO functionalization.

1) CO Coupling Without Deoxygenation

61

s N/ . ~\
a) /vl b)  Kb-15-c-5),1, SiMes
= o
il o il II H
\p M‘\\\C 2 R;SiCl [P’/l,, \\\\P PrZP C Przp\ﬁ 1 atm H SiMe;
= / iPr, Fe—CO 2Me3S|OTf Pryp . Fex Hy "~¢c”
_r” | -NaCI // \\ P PT Rc—0o— 5 I
\ A f ¢ L b\
Q_p— N -2 KOTf g \im C.
o o) € H O
AN Me;Si SiMe; SiMe;
M =V, Nb, Ta --R = alkyl, Ph
A AN J/
(d) [K(b-15-c-5)2]2\
2) CO Deoxygenation Without Coupling 9 1. 6 NafHg =
c) ) R, M|° R2. 'BuC(0)CI R ||L R
('Bu)gsio\(:l Q osi(Bu), o /OSi('BU)s N~ '”ﬁR 3.5.6 Na’, T/ \""N R
=z s -co \ cl N N~
WEV{I \}w:c_w"‘“ Ar | Ar MeCN Ar | Ar
. - /l (\:I\ (‘Bu)3Si0“ / \\Cl Ar 4. K(CH)Ph Ar
\( Bu);Si0 g 0Si('Bu); (‘Bu);Si0 0Si(Bu)3 )| R = C(CD3)y(CH) - Ar = 3,5-C5HsMe, )
'd N\
3) CO Coupling Driven by Strong M-O Bond f)
Formation ) S
iPrySi 3
'd N\ .
/R R ) "SPIr ¢
‘\\\ R \ 3
/\N: /\N\:N N 2 iprsi U—o ﬂ» 0\
( §  xsco <( \s | S £ G siPr
2 _ _ :_ e _ T ol \0
N U N—U—0-C=Cc—0—U—N R .
| | ::'\ )) Si /UL-- Si'Pr;
N\ AN NN Pry
. R N ~
R = SiMe, R' K
A /\ J/
'd o N\
B
g) 0 ('Bu);SiO, Fgpiariy
('Bu);Si0O—T. wOSi(Bu); €O 1 T” + Ya—c=c—75 (B
u iI0—Ta. ar i(t a—C=C—1la
: “Nosi(Bu), ’ (‘Bu) sio” "OSIBu); ) (‘Bu);sio” § \
3 0Si('Bu); 39§ 0Si(Bu),
t
L (‘Bu);SiO )
'd N\
h)
o, °
K oy w ZI' mllo/ Zr HHIO/
’/ 2 3 v (o 7
c C=CH,
(. J/
4 N\
i Cp! Cp' cp' o
i) l 2¢co \ cp 2¢co G
Y. _Y——0 ~o—
NG . e \ . | o7 |
o /T /NN SR ”\ > o\
Y=TH - B H Yy H Y H—) Hy H < So
SN\ NT ] e N I\ Y \Y -t
Cp \'/ _H c=C cp’ O \ c=C Y~ cpr
H\/—~ Cp' |
Y / \ / \ Cp'
| . ) H H H H P
Cp' Cp' = C5Me,SiMe;
J

A

Different strategies have been employed to reduce CO with transition and rare earth metals,

ranging from electrophilic functionalization (a

' b", and d*') to leveraging

formation of

strong M—O bonds (c*, e”, £, g, h*, and i”'). Reductive catenation of CO to hydrocarbons
can be envisioned to proceed through elementary steps established by these systems, namely:
7) C-O bond cleavage (c, d, h, and i), 77) C—C bond formation (a, b, e, f, g, h, and i), and 7)

Organic product release (b, e,

h, and i).
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deoxygenate CO, driven by the strength of the metal-O interaction. Zirconocene dicarbonyl
complexes react with dihydrogen to form a methoxide hydride adduct.”® Subsequent
protonolysis with HCI results in stoichiometric methanol formation. Three-coordinate Ta
complexes, bearing bulky silox ligands, cleave CO to generate a monomeric Ta(V) oxo and an
acetylide bridged dimer, in a two to one stoichiometry, both completely cleaving the C—O bond
of CO and demonstrating C—C coupling (Chart 3.1., 2).>* A related complex, bearing a W=W
bond, utilizes the electrons in the M—M bond and the stability of the W oxo to cleave CO to
a bridging carbide (Chart 3.1., ¢).”

Highly-reducing low-valent lanthanide complexes perform the reductive homologation of
CO, with the resulting organic oxygenates stabilized by L.n—O bonds.”” U(IIl) complexes
provide electrons for the reductive oligomerization of CO to the deltate and squarate dianions
(Chart 3.1., £).**”' In the presence of CO and Ha, these complexes generate a methoxide ligand
that can be liberated upon treatment with Me;SiOTf (OTf = trifluoromethanesulfonate).”
Under a limiting stoichiometry of CO, in the absence of hydrogen, an yne diolate complex is
formed, bridging two U centers”™ A related U(III) system forms this bridging
dihydroxyacetylene and further demonstrates release of the free organic upon treatment with
silyl iodides, facilitating a synthetic cycle for the formation of C,O; building blocks from CO
(Chart 3.1, €).”

Insertion of CO into early transition metal hydride bonds is a complementary reduction
strategy, forming both C—H bonds and stable M—O interactions.”® CO addition to a solution
of a binuclear Ta hydride complex affords a bridging formyl motif that undergoes C—O bond
cleavage when treated with phosphine.” A ditantalum hydride anion mediates the head-to-
head catenation of six CO molecules, providing a [CsOg]* unit supported by four Ta centers.™
Dizirconium hydrides bearing similar aryloxide ligands facilitate a synthetic cycle for the
formation of a phenylallene fragment in which two of the carbon atoms are derived from CO
(Chart 3.1., h).” This remarkable system accomplishes C—O bond cleavage, C—C bond

formation, and allene release between two metal centers. Hydride reduction of CO ligands to
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bridging acetylenes™ and ethylene” (Chart 3.1., i) is likewise known for multinuclear clusters.

Carbonyl insertion is not unique to early transition metal hydrides. CpMoMe(CO); reacts
with an external source of hydride to initially form an anionic formyl complex that rearranges
to the hydrido acyl species.” Addition of benzyl bromide liberates acetaldehyde. Sequential
Lewis acid-assisted metal-formyl generation, activation, and alkyl insertion have been
demonstrated on thenium,” achieving a complex C~C bond forming reaction in a single step.
However, this transformation does not induce deoxygenation of the CO moieties, and the
resulting Lewis-acid-oxygen interaction proves too stable, prohibiting further reactivity.

Many mechanistic proposals for the Fischer-Tropsch process invoke C—O bond cleavage
priot to C—C coupling.” Complete bond breaking transformations of diatomic small molecule
substrates at a single metal center present a significant challenge in homogeneous model
chemistry, as four or more electrons are often required (eg dinitrogen (N>), six electrons;
dioxygen, four electrons; CO, six electrons). A handful of molecular complexes bearing

22,39

bridging and terminal carbides”* have been synthesized from CO (Chart 3.1., d),

overcoming the strong C=O triple bond (257 kcal/mol).* Elaboration of these carbides with

electrophiles provides alkylidynes,”**

motifs that have been shown to undergo C—C bond
formation with CO ligands.*

Although several modes of activation, cleavage, and coupling of CO have been
demonstrated (Chart 3.1.), never before have these steps, C—O scission, C—C coupling, and
product release, been concatenated to generate free C,O; fragments. Taking this into
consideration, the nature of the envisioned intermediates in deoxygenative CO coupling
scheme varies significantly. Prior to C—O cleavage, reduced, electron rich metal centers prone
to activate CO are necessary. Following cleavage, the products and logical coupling precursors
are more oxidized complexes bearing metal-ligand multiple bonds. To facilitate access to this
broad range of potential intermediates, a labile ligand set with the propensity for diverse

binding modes was employed. The terphenyl-diphosphine ligand architecture has been

demonstrated to undergo changes in central arene coordination mode as a function of the
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oxidation state and primary coordination sphere of the metal”®. Furthermore, the
requirement for numerous reducing equivalents can be satisfied by storage in the arene” in
concert with oxidation state changes at the metal. Herein, we describe the four-electron
deoxygenative coupling of two CO ligands to a C;O; product. Additionally, detailed
mechanistic insight into the C—O bond cleavage and C—C bond formation steps is provided,
interrogating the elementary steps of this complex multi-electron reaction sequence.
Additionally, structural, computational, and reactivity studies are used to evaluate the
advantageous design elements of the supporting ligand for the observed chemistry, as well as

its limitations.
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RESULTS AND DISCUSSION
Mo Dicarbony! Complexes Spanning Six Formal Oxidation States
The Mo"-dicarbonyl complex, 1,” discussed in chapter 2 of this dissertation, can be reduced
in a stepwise fashion with KCs, K’, or K[C10Hj] to generate formal Mo (2), Mo™ (3), and Mo’
""" (4) species (Scheme 3.1.). The change in ligand binding mode in the solid state upon electron
loading is notable (Figure 3.1.). Compound 1 displays coordination of both phosphine arms
and an n’-arene interaction corresponding to a formal 18 e count.”” Upon two-electron
reduction, one phosphine arm dissociates, maintaining the 8-acidic n* metal arene interaction
and the 18 e count.* The M—C and C-O bond distances for these complexes, at 2.004(1) and
1.140(2) for 1 and 1.969(1) and 1.164(1) for 2, respectively, show a slight increase in Mo to CO
backbonding upon reduction. The Mo-arene interaction strengthens, as manifested by both

slightly shorter Mo—Cixene bonds and elongated C—C contacts around the ring;
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Scheme 3.1. Stepwise reduction of para-terphenyl diphosphine supported Mo dicarbonyl
complexes.

Further reduction to 3 leads to the formation of a potassium bridged dinuclear cluster—
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Figure 3.1. X-ray crystal structures of 2, 3, and 4. Anisotropic displacement ellipsoids are
represented at the 50% probability level. Co-crystallized solvent molecules, K-bound THF
molecules, and hydrogen atoms are omitted for clarity.

two Mo(CO), units are bridged by four potassium ions. The potassium cations display
interactions with the carbonyl ligands, the dangling phosphine arm, the central arenes of the
terphenyl backbone, and solvating THF molecules. Significant distortion of the central arene
from planarity is observed, with an angle of 46.2° between the Ci—Co—Cs—Cg and Co—Cs—Cy—
Cs planes. This deplanarization, as well as localization of short C—C contacts between C; and
C> (1.395(3) A) and Cy and Cs (1.365(3) A), is consistent with partial cyclohexadienyldianionic

character.”® Notably, the dianion shows Mo—CO (1.915(2) A) and C-O (1.210(3) A) bond
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metrics that are significantly contracted and elongated, respectively, from the neutral species.
These structural parameters indicate further activation of the CO ligands by n-backbonding,

Trianion 4 likewise adopts a polynuclear structure—a MoyKj, tetramer—in the solid state.
Two disparate K;Mo(CO), subunits are observed. One is quite similar in structure to dianion
3, with an " metal-arene interaction, a deplanatization of the central arene ring of 43.7°, and
short Mo—C (1.903(6) A) and long C-O (1.226(7) A) contacts. The second subunit has
antifacial phosphines, one coordinating Mo and the other K, on opposite faces of the central
ring (Figure 3.42.). This arene ring, which interacts with Mo in an 7’ fashion and displays two
cation-m interactions with the K counter ions,* is more planar (£(Ci—Co—Cs)(C1—C5~Cys—Cg) =
34.8°). Contrasting the metal-arene interactions in 3 and 4-n, the n>-bound subunit of 4
displays single long (Cs—C,) and short (Cs—Cs) contacts. The Mo center is poised closer to the
ting carbons which have metrics most consistent with delocalized M-allyl character.”” The Mo—
C and C-O distances are comparable in both the 1’ and n*-bound components.

The increased C—O bond activation observed in the solid state is also borne out in solution.
PCO enriched isotopologs were prepared and showed a significant downfield shift of the
labeled resonances in the “C{'H} nuclear magnetic resonance (NMR) spectra upon
reduction—219.0, 228.5, and 263.8/245.7 ppm for 1-BC, 2-*C, and 3-"C, respectively.48 The
’'P NMR resonance corresponding to the Mo-bound phosphine arm(s) similarly moves
downfield upon reduction, 75.1 to 92.3 to 104.6 ppm.

Infrared (IR) spectroscopy corroborated increased activation of the CO ligands in the more
reduced complexes (Figure 3.2.). The IR spectrum of dication 1 showed two stretches at 2044
and 1989 cm™. Reduction to 2 attenuated the CO stretching frequencies to 1887 and 1832 cm™
'. Further reduction redshifts the frequencies by over 200 cm™—to 1657 and 1570 cm™—
stretches that now resemble those of C—O double bonds. Even at these low frequencies, these
resonances can be unequivocally assigned to the carbonyl ligands; the signals for 3-2C at 1621
and 1534 cm™ differ from those of 3 by the values calculated applying a simple reduced mass

oscillator model. This is likewise the case for the 1/1-BC and 2/2-BC isotopolog pairs. The IR
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stretches for 4 could not be confidently assigned, even with isotopic labeling; the features in
the IR spectrum were below 1550 cm™ and were undiscernible from supporting phosphine

ligand stretches near 1450 cm’.
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Figure 3.2. ATR IR Spectra of 1, 1-*CO, 2, 2-"CO, 3, and 3-®CO, showing increased
Mo—-CO backbonding upon sequential reduction. The difference in the stretching
frequency of the *C and "C isotopologs matches well with values calculated using the
respective reduced masses. The CO stretches for 4 and 4-"CO were intractable,
overlapping with ligand stretches near 1450 cm™.

Reactions of Polyanionic Mo Carbonyl Complexes with Silyl Electrophiles

Given the strong CO activation, electrophilic functionalization was explored. Under an
N atmosphere, treatment of 4 with excess Pr;SiCl leads to the formation of the reported
N. complex 5 as the major metal containing product (75% by *'P{'H} NMR

spectroscopy), in addition to partial oxidation to 2 (Scheme 3.1.). Comparison to
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authentic samples confirmed (P138i).0 (GC/MS) and the C,O; fragment 6a ("C{'H}
NMR spectroscopy) as the organic byproducts in the transformation of 4 to 5 (Figure
3.10.). This remarkable reaction encompasses a trianionic metal complex demonstrating
a high degree of CO activation, cleavage of the strong C—O bond, formation of a C=C
bond, and spontaneous release of the coupling product from the metal center. These
features distinguish the present system from reported examples of transition metal
mediated CO coupling which lead to two electron reduced products or prove resilient to

dissociation of the formed organic fragment from the metal center.

(iPr3Si)20 +
K K _0O-C=C-SiPry
) M -
SIPrs  6a #aSineeS”
2 “0s, . SiMe,
S K _Pr 'i‘z /P, _
Pr Mo i\ /PT ’Pr\\P_MO__P/’Pr Me;SiCl T -KClI
LAY
KO,
\\\C\
4 'PrySiCl, Ny, [75%]
-3 KCl 2 KCs, -KCl
8
3 KCs T [>95%]
?iMe:;

. C .

prCl g e

\ "Mo—P/-"PI'
N,

-(Me3Si)20

Scheme 3.2. Deoxygenative coupling of CO to a C,O; fragment.

Balancing this reaction, however, reveals that an additional reducing equivalent is
required beyond the three stored in complex 4. The generation of 2 suggests that 4 may

be acting as a sacrificial reductant. Addition of Pr3SiCl to the less reduced compound 3
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lowers the yield of coupling products (50% by *'P{'H} NMR spectroscopy) and increases
observed oxidation to 2, consistent with this hypothesis. Performing the reaction in the
presence of an additional electron in the form of K|[CoHs] leads to >90% conversion of
4 to 5 as measured by NMR spectroscopy, with no oxidation to 2 and instead minor
decomposition to free phosphine accounting for the remaining material.

Anticipating that a smaller silyl electrophile may allow for the observation of reaction
intermediates, a thawing tetrahydrofuran solution of dianion 3 was treated with excess
MesSiCl. The silylcarbyne complex 8 was formed cleanly (Scheme 3.2.), suggested by an
alkylidyne resonance at 355.9 ppm in the "C{'"H} NMR spectrum and confirmed by single
crystal XRD (Figure 3.6., left). To support the higher oxidation state Mo center in 8, the
ligand adapts a pseudo-square pyramidal coordination environment with no metal-arene
interaction. (MesSi)>O was observed in the reaction mixture by “C{'H} NMR
spectroscopy, accounting for the cleaved O atom. The formation of 8 from 3 represents
a complete scission of the C=0O bond, a six-electron transformation. This conversion is
accomplished in high yield, without additional reducing equivalents, due to the ability of

the supporting ligand to facilitate the storage of multiple electrons.

SiMG3
Pr |(|:|‘\\\\ I ipr Pr \\ / /"Pr
'Pr-\P—Ma—P ‘pr - ["BUNIIFI _ ipy -P—Mo—P—'Pr
e

7

+ Me;SiCl ‘
thawing to 23 °C, THF

Scheme 3.3. Trimethylsilyl alkylidyne desilylation to terminal carbide 7 and subsequent
resilylation to carbyne 8.
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Formation of deoxygenated 7 suggests an intermediate terminal Mo carbide complex,
8, generated after loss of silyl ether. To probe the viability of this proposal, 8 was targeted
by independent synthesis (Scheme 3.3.). Low temperature (-20 °C) desilylation of 7 with
"BusNF results in clean conversion to a new complex with a peak in the "C{'"H} NMR
spectrum at 546.2 ppm (Figure 3.3.). This chemical shift is diagnostic for terminal carbide

20,28

species™ " and indicates that such moiety is accessible in the present system, even though

examples of neutral metal carbides are exceedingly rare”"

and unprecedented for Mo.
Treatment of 8 with Me;SiCl leads to the formation of 7 upon warming, demonstrating

the feasibility of the carbide as an intermediate in the mechanism of the formation of 7

from 3 (Scheme 3.3.).

A
B
r—rTTr-Tr T T T T T T T T T T
‘46.5 546.3 546.1 545.9 233.5 233.3 233.1 232.
f1 (ppm) f1 (ppm)

Figure 3.3. NMR spectroscopic data for terminal carbide complex 7. (Top) A highly
downfield shifted resonance in the "C{'H} NMR spectrum (100 MHz, 25 °C, THF-d)
of 8 indicated a terminal carbide moiety. (Bottom) Spectral simulation agrees with the
resolved “Jcc and *Jpc coupling observed experimentally.
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Recognizing that silylcarbyne 8 incorporates both C-Si and C-O linkages, we
looked to explore C—C bond formation from this species. Treatment with two equivalents
of Na[CioHjs| in the presence of N, leads to quantitative formation of 5 and an unbound
C,O; fragment (6b, Scheme 3.2.). Subsequent addition of MesSiCl provides
bis(trimethylsilyl)ketene 6¢. This sequence demonstrates the ability of 7 to undergo
reductive C—C coupling followed by dissociation of the partially deoxygenated C, unit
from Mo when provided with extra electrons. An additional reducing equivalent is pre-
loaded in the system when starting from the trianion 4, resulting directly in coupling

chemistry.
Variable Temperature NMR Studies of Electrophilic Quenching

With a feasible reaction pathway pieced together (Scheme 3.2.), additional mechanistic
information was sought via VI NMR spectroscopic studies. Reactions of dianion 3 with both
small and large silyl electrophiles were monitored at low temperature in an attempt to
spectroscopically characterize reaction intermediates. A solution of “CO enriched dianion 3
(3-PC) was treated with four equiv. of Pr;SiCl at -78 °C (Scheme 3.4.). No reaction was
observed at this temperature by *'P{'H} or "C{'H} NMR spectroscopy. Warming the sample
to -30 °C resulted in the appearance of carbide 7-"C, as a minor species, as indicated by the
characteristic low-field carbidic resonance at 547.2 ppm in the "C{'H} NMR spectrum (Figure
3.12.). Concomitant formation of oxyacetylene 6a, dinitrogen adduct 5, and dicarbonyl 2-"C
were observed by coupling doublets at 108.3 and 25.2 ppm ('J(C,C) = 167.7 Hz) in the "C{'H}
NMR spectrum, a *'P{'H} resonance at 76.4 ppm, and by "C{'H} (229.9 ppm, d, °’J(P,C) =
11.1 Hz) and *'P{'H} (95.9 ppm, t, ’J(P,C) = 11.2 Hz) NMR spectroscopy, respectively. Further
warming of the solution resulted in complete conversion to the Mo(0)-N2 complex 5, oxidized

dicarbonyl 2-"C—in a ¢a. 1:2 ratio (by *'P{'H} NMR)—and the C.O: organic fragment, 6a.
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These data support the intermediacy of carbide 7 in the reaction sequence. No other
intermediates were detected.

The observed reactivity is consistent with multiple reaction pathways from dianion 3-"C

(Scheme 3.4.). Productive CO reduction chemistry involves carbonyl silylation and C—O bond

cleavage, providing carbide 7-"C and (Pr3Si)O. The intermediate Mo(IV) complex 7-°C is

o
. . . B C .
4 'Pr;3SiCl 'Pr °C 'Pr
. D /%
-30 °C ’Pr—\P—\M{)—P—’Pr

—> II \‘
e OO0
-("Pr4Si),0

7

Productlve

Unproductlve \
Pr

_0-C=C- Sl'Prﬂ 4/

S|’Pr3 6a

2, [33%+33%] P~ipy 5, [33%]
ipr

Scheme 3.4. 'Pr;SiCl addition to dianion 3. Product distribution, as determined by
J'P{'H} NMR spectroscopy, is shown in brackets.

envisioned to react with an equimolar amount of 3-C, which serves as a sacrificial two-
electron reductant. This two-electron oxidation of 3-"C leads to Mo(0) dicarbonyl complex
2-PC. Reduction of 7-"C by two electrons coupled with silylation forms the C2O1 species, 6a-
BC, and Mo(0)-N, complex 5. The four electrons required for the conversion of two molecules
of CO to 6a-"C are provided by two equivalents of dianion 3-"C, forming equimolar amounts
of the Mo(0) complexes 5 and 2-"C (depicted in blue in Scheme 3.4.).

The product ratio of 2 and 5 suggests additional unproductive redox chemistry from
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dianion 3-"C, likely involving reduction of electrophile (depicted in red in Scheme 3.4.).
Though the same products are observed when either dianion 3-C or trianion 4-"C is
treated with P1;SiCl at low temperature, the latter reacts quantitatively (in reducing
equivalents) toward CO deoxygenative coupling chemistry to form the desired products
5 and 6a (75% conversion, by *'P{'H} NMR).*”” The quantitative reactivity of trianion 4-
BC suggests that fully pre-loading the complex with electrons promotes C—O reduction
chemistry and disfavors unproductive outer-sphere redox, an important feature for

designing highly selective systems.
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Scheme 3.5. Me;SiCl addition to dianion 3.

The addition of the smaller silyl electrophile, MesSiCl, to dianion 3-"C was likewise
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investigated via low temperature NMR spectroscopy. Thawing a frozen THF solution of
3-C and MesSiCl to -80 °C resulted in the observation of a triplet at 63.8 ppm (°J(C,P)
= 17.32 Hz) in the *'P{'H} NMR spectrum, consistent with a Mo diphosphine complex
with the two phosphine arms related by symmetry, indicating that the free phosphine arm
in 3-"C rebinds the Mo center following silyl chloride addition. Two broad resonances,
285.8 and 275.8 ppm, were present in the "C{'H} NMR spectrum (Figure 3.4.). These

downfield shifted signals are similar to reported siloxycarbyne complexes,'*

suggesting
formation of dicarbyne 9-"C (Scheme 3.5.).”” Though, to the best of our knowledge,
bis(siloxycarbyne) complexes have not been reported for Mo, the bis(aminocarbyne)
motif is known for both Mo and W.”' The aminocarbyne carbon atoms resonate further
upfield in the range of 250-280 ppm.”'~*'>*!

The psendo-square pyramidal coordination geometry of 9-PC is proposed with two
="COSiMe; moieties in distinct chemical environments, #ans and ¢is with respect to the central
arene (Figure 3.4., right), accounting for the resonances observed in the "C{'H} NMR
spectrum at -80 °C. Warming 9-"C to -20 °C results in coalescence of the “C resonances to
a broad signal at 281.9 ppm, consistent with two Mo="COSiMe; fragments involved in a fast
exchange process on the NMR time scale. This fluxionality is attributed to ring-slipping of the
n’-arene interaction, interconverting the axial and equatorial alkylidynes. Cooling the sample
to -100 °C returns the disparate signals, and resolves each as a broad triplet (284.9 and 276.0
ppm). These resolved resonances show no 'J(C,C), demonstrating a lack of a C—C bond and
further supporting the dicatbyne assignment. The ’J(P,C) data from *'P{'H} NMR
spectroscopy also support this exchange process (Figure 3.4.).

The spectrum collected at -100 °C, where the carbyne moieties are under the slow exchange
limit, was simulated; modeling the exchange dynamics up to -20 °C provided rates for the

carbyne exchange (Figure 3.4.). The Eyring equation was used to calculate the activation

parameters of this process giving AG* = 9.4 + 0.4 kcal/mol at -40 °C (Table 3.1.), which is in
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reasonable agreement with the estimated value from the approximate coalescence temperature
(AG* = 9.9 kcal/mol, T. = -40 °C). The calculated activation parameters are AH* = 6.6 + 0.4

kcal/mol and AS* = -12 £ 2 e.u. (Figure 3.13.). The large and negative AS*is consistent with
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Figure 3.4. Variable Temperature "C{'H} (left) and *'P{'H} (right) NMR Spectra of 9-
BC (only select regions of spectra are shown, for clarity). Sample temperature (in °C) and
the calculated rate of exchange for the carbyne carbons (in s™') are shown on the vertical
axes. Experimental spectra and iteratively fit simulations are represented with black and
red lines, respectively.

a non-dissociative process with a highly ordered transition state, likely required by the
steric constraints of shifting of the two carbyne ligands in the terphenyl diphosphine cleft
without phosphine arm dissociation

Crystallization of bis(siloxycarbyne) 9 was attempted at low temperature. Slow evaporation
of liquid butane furnished maroon single crystals of a new complex bearing two silylated CO
moieties as well as a carbon-carbon triple bond—bis(siloxy)acetylene complex 10 (Figure 3.5.).
The solid-state structure of 10 is similar to that of other bis(siloxy)acetylene complexes of
tantalum, niobium, and vanadium, with a short Cy—Cs, distance (1.332(2) A), an acute Cs1—

Mo-Cs; angle (38.0°), and long Cs1/:—O4 2 distances (1.367(2) A). 1621601641650 The Mo center

adopts an 1° metal-arene interaction, again dissociating one of the #uns-spanning phosphine
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donors.
The NMR data for 10-PC corroborate the conservation of a monophosphine coordination
environment in solution, with resonances at 86.7 and -6.8 ppm for the Mo-bound and free

phosphines, respectively. The "C{'H} NMR spectrum shows a single doublet for the acetylene

10

Si2 ®-....__®

Figure 3.5. Solid state structure of bis(siloxy)acetylene complex 10 with anisotropic
displacement ellipsoids shown at the 50% probability level. Hydrogen atoms are omitted for
clarity. Selected bond lengths [A] and angles [°:M0—Caenc(ave.) 2.280(2), Moi—Cs; 2.054(1),
Moi—Cs, 2.032(1), Ci—C; 1.424(2), C—C; 1.427(2), C5—C4 1.430(2), Ci—Cs 1.430(2), Cs—Ce
1.426(2), Ce—Ci 1.428(2), C51—O1 1.362(2), C3—-0O, 1.368(2), C51—Csz 1.332(2), £C51-Moi-Cs,
38.02(06).

carbons at 207.9 ppm (°J(C,P) = 19.9 Hz), despite their asymmetry in the solid-state. Holding
complex 9-"C at -78 °C shows slow conversion to 10-"C by "C{'"H} NMR spectroscopy,
providing a route to a metal-bound two-electron reduced CO coupling product. Importantly,
structurally characterized 10 furnishes indirect evidence for proposed dicarbyne 9; dicarbyne
complexes are demonstrated intermediates in the formation of C,O, fragments from
CO. 1161

Studies at higher temperatures (-78 °C to room temperature) indicate that compound 10
does not show C-O cleavage chemistry in the presence of excess Me;siCl; no reaction is
observed under these conditions. To probe if the formation of 10 is indeed irreversible, 7z situ

reduction was conducted. Treating a THF solution of 10-"CO with two equiv. of [Na][CioHs]
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at -78 °C resulted in the formation of an intractable mixture as evidenced by "C{'H} and
'P{'H} NMR (Figure 3.14.). Even upon warming, no "C resonances consistent with C-O
cleavage chemistry from 10 were observed, consistent with 10 being off-path to 4 ¢ reductive

coupling chemistry.

Figure 3.6. Solid state structures of silyl carbyne isomers 7 and 11. Anisotropic displacement
ellipsoids are represented at the 50% probability level. Hydrogen atoms are omitted for clarity.

Toward accessing silyl carbyne 8, and ultimately four-electron reduced CO coupling
fragments, 2 THF solution of 9-?C was warmed -10 °C, evidencing slow formation of a new
intermediate. A broad resonance in the P{'H} NMR spectrum at 41.9 ppm supported the
formation of a more oxidized Mo center. Signals in the "C{'"H} NMR spectrum at 344.9 and
2419 ppm are consistent with silyl carbyne™ and carbonyl ligands, respectively. Low
temperature crystallization (-35 °C) provided single-crystals suitable for solid-state analysis,
confirming this intermediate, 11, as a stereoisomer of 8 (Scheme 3.5.). Contrasting the pseudo-
square pyramidal geometry of 8,11 adopts a pseudo-octahedral geometry with a clear > metal-

arene interaction; the Mo—Ci.ene contacts average 2.52 A compared to 2.82 A in 11. The Mo-

Cs, distances are similar between the alkylidyne isomers (1.795(1) A for 11, 1.767(2) A for 8),
with both being consistent with Mo—C triple bonds.”**»*
Warming samples of 11 resulted in conversion, within ¢z 1 h, to 8 at 25 °C by *'P{'H}

NMR spectroscopy (Figure 3.15.). These data suggest that 11 is the kinetic product of

carbide silylation. The ¢is geometry of the silyl carbyne moiety versus the central arene
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supports the proposed pseudo-square pyramidal geometry for 7 (Schemes 3.3. and 3.5.).
From 7, electrophilic attack on the carbide followed by chloride coordination on the back-
side of the molecule (as drawn) provides 11. Although isomerization could occur in the
six-coordinate complex by twists of trigonal faces of the octahedron, the rigidity of the
terphenyl framework makes this mechanism unlikely.”* It is proposed that dissociation of
a ligand (chloride or phosphine) facilitates rearrangement to the thermodynamic product,
8, where the alkylidyne is now located #ans to the arene ring, a sterically preferred
coordination geometry (Table 3.2.).

Mechanistic Investiagtion of C—O Bond Cleavage

From dicarbyne 9, there are several envisioned pathways by which C—O bond cleavage could
provide carbide 7 and hexamethyldisiloxane (Scheme 3.6., Paths 1-5). This reaction proceeds
to completion in the course of ¢a. 2 h at 0 °C, to provide a mixture of 11 and 8, without the
spectroscopic observation of additional intermediates. If C—O bond cleavage proceeds from
9, three pathways are envisioned. Intramolecular silyl ether formation—nucleophilic attack of
a siloxide oxygen on the silyl group of the other siloxycarbyne ligand—would provide carbide
7 directly (Scheme 3.6., Path 1). Alternatively, external silyl electrophile attack on the siloxy
carbyne oxygen could induce C-O bond cleavage to form a presumably highly unstable
carbide/carbene complex, B (Scheme 3.6., Path 2). Silyl chloride elimination from this species
would yield carbide 7; subsequent silyl migration and chloride association would provide silyl
alkylidyne 11. C—O bond cleavage could also proceed from dicarbyne 9 via siloxide anion
(MesSiO) dissociation, generating a cationic siloxycarbyne/carbide intermediate, C (Scheme
3.6., Path 3). This species could react with the released Me;SiO to generate (Me3S1).O, or lose
MesSi”™ (or MesSiCl upon attack by Cl—under the reaction conditions, chloride anions are
necessarily present in solution) which would undergo metal-free reaction with Mes;SiO™ to

generate the observed (Me;Si),O.
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Figure 3.7. Kinetic data supporting C—O bond cleavage is zeroth order in silyl electrophile.

Both kinetics and isotopic labeling were employed to aid in experimentally evaluating these
mechanistic possibilities. Kinetic analysis of the consumption of dicarbyne 9-"C and
formation of silyl carbynes 11-"C and 8-"C at 0 °C (as at this temperature, carbide 7-"C is
silylated rapidly (vide infra)) shows that the rate of C—O bond cleavage is independent of
electrophile concentration (Figures 3.7. and 3.18.). A zeroth order reaction in Me;SiCl is
consistent with two of these mechanistic scenarios (Eq. 1-3); Path 2 is expected to show first
otder rate dependence on silyl electrophile concentration. Isotopic labeling studies invalidate
both Paths 1 and 2. Condensing two equiv. of Me;SiCl-ds onto a frozen THF solution of
dianion 3-"C and allowing the mixture to thaw to -78 °C generated deuterated 9-"C-djs. This
dicarbyne complex was warmed to room temperature in the presence of an excess of
(CH3)5SiCl, facilitating C—O bond cleavage, and the end products were analyzed by both NMR
spectroscopy and GC/MS. The major hexamethyldisiloxane (HMDSO) isotopolog obsetrved
was HMDSO-ds (81%, Scheme 3.7.). Incorporation of at least one (CHj3)sSi group (as was
observed in 19% of the product disiloxanes) excludes an intramolecular cleavage event
(Scheme 3.6., 1, Path 1). Electrophilic attack by external silyl electrophile, as in Path 2, can

likewise be ruled out; if operative, this pathway would provide exclusively HMDSO-. These
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results are further supported by the complementary experiment of warming 9-C in an excess

of (CD3);SiCl (Scheme 3.7.).

D.C).SiO . i
(D3C)s \ OSi(CDs)s EI(CHs)s HMDSO-d, (81%)
Ny ocHsicr i
[M4] m [Mo] + HMDSO-dg (17%)
THF \Co HMDSO-d,, (2%
9-d,g 8 -dy (2%)
H.C),SiO . i
Ny toepasict O
[Mo] -78 °C to RT [Mo]
THF \c .
° 8-d, O  HMDSO-d, (67%)

Scheme 3.7. End-product distributions in isotopic labeling studies of the C—O bond cleavage
step. The para-terphenyldiphosphine ligand is omitted for brevity. Endproduct isotopolog
distributions were determined by GC/MS.

A siloxide dissociation pathway (Scheme 3.6., I, Path 3) is both zeroth order in silyl
electrophile (Eq. 3) and accounts for the generation of all three HMDSO isotopologs.
From 9-"C-djs, the liberated siloxide anion could react with the proximal silyl group of
cation C (giving HMDSO-djs) or it could react off-metal with the excess MesSiCl (giving
HMDSO-dy). The preference for HMDSO-ds is potentially a consequence of the high
local concentration of C, which is expected to be a strong silylating agent. The formation
of HMDSO-d), albeit in a small amount, is more convoluted as it requires a silyl group
exchange. A control reaction demonstrates that Me;SiO™ undergoes substitution
chemistry with disiloxane, even in the presence of excess silyl electrophile (Figure 3.25.).
Such a side reaction accounts for the formation of the observed HMDSO-d) from the
deutero dicarbyne. Assuming dicarbyne formation is irreversible, this pathway is the most
consistent with both the reaction kinetics and labeling studies and cannot be ruled out
based on the experimental data.

However, formation of dicarbyne 9 need not be irreversible (Scheme 3.6., II). Either a fast

pre-equilibrium or rate limiting trimethylsilyl dissociation may precede C—O bond cleavage,
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via carbyne anion A. Anionic carbyne A can be envisioned to act as a precursor to C—O bond
cleavage; electrophilic attack by external silyl chloride (Scheme 3.6., 11, Path 4) or siloxide
dissociation (Scheme 3.6., II, Path 5) would both result in direct generation of carbide 7.
Although a fast pre-equilibrium followed by reaction of A with external MesSiCl
(Scheme 3.6., II, Path 5) would be overall zeroth order in electrophile (Eq. 4a), such a
process can be ruled out by the isotopic labeling studies. Any pathway involving a fast
pre-equilibrium would scramble the silyl electrophile label statistically, which is not
observed either spectroscopically during the course of the reaction (*H NMR, Figure
3.23)) or in the end product isotopolog distributions (Scheme 3.7.). Rate-limiting
formation of A is likewise consistent with the observed reaction kinetics (Eqs. 6 and 7a).
Further information was sought through direct studies of species A. Species A can be
generated at low temperatures as part of a mixture, when using limiting amounts of
electrophile. Careful addition of a single equiv. of Me;SiCl to dianion 3-"C at -78 °C
provides a mixture of 3-C, dicarbyne 9-"C, and a third species. This new species displays
PC{'H} NMR resonances at 263.6 and 232.8 ppm, chemical shifts consistent with
siloxycarbyne and carbonyl ligands, respectively. The *'P{'H} NMR spectrum shows
signals at 97.7 and —2.8 ppm, supporting the tentative assignment of this new species as
anionic carbyne A (Figure 3.26.). Addition of a second equiv. of silyl electrophile to this
mixture yields dicarbyne 9-"C almost quantitatively, consistent with A being a partially
silylated species. Warming a mixture of 3-"C, A, and 9-"C to -50 °C demonstrates
complete consumption of complex A by "C{'H} and *'P{'H} NMR spectroscopies, the
characteristic resonances of 3-"C and 9-"C persist at these temperatures. Anionic
catbyne/CO adduct A forms a mixture of C-O cleaved products (Figure 3.27.), as
indicated by the characteristic low-field "C{'"H} NMR signals for silyl carbynes 8 and 11,
as well as mixed dicarbyne 15 (vide infra), observed upon exhaustively silylating this

reaction mixture at -78 °C. These data are consistent with C—O bond cleavage occurring
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more readily from anionic carbyne A than neutral dicarbyne 9, though C-O scission
occurring from both complexes at 0 °C cannot be ruled out conclusively.

Though the end-product isotopolog distribution in a rate limiting silyl dissociation
mechanism is convoluted by a dependence on the relative rates of C—O bond cleavage from
A and resilylation of A to provide isotopologs of 9, i situ ’H NMR spectroscopy is more
consistent with C-O scission by siloxide dissociation (Path 5) than external electrophile attack
(Path 4). From 9, no °H incorporation is observed in the metal complex during the course of
the reaction with (CD;)sSiCl (Figure 3.23.), consistent with C—O bond cleavage being faster
than resilylation at 0 °C. If formation of carbide 7 proceeded from A via external silyl
electrophile attack (Path 4), HMDSO-ds would be formed starting from either 9 or 9-dis,
inconsistent with the experimental data (Scheme 3.7.). Moreover, this reactivity pathway fails
to account for the HMDSO-d; and HMDSO-ds observed from 9-dis and 9, respectively. A
siloxide dissociation pathway (Scheme 3.6., Path 5) is most consistent with the observed end-
products, with off-metal substitution chemistry facilitating the formation of all three HMDSO
isotopologs.

We therefore favor Path 5, a reaction mechanism in which silyl dissociation from
dicarbyne 9 is rate limiting, providing anionic carbyne A, the precursor to C—O cleavage.
At 0 °C, siloxide dissociates from this electron-rich species more rapidly than resilylation
can occur—consistent with both spectroscopic studies and the observed reaction
kinetics—providing carbide 7 and siloxide anion. As indicated above, direct siloxide
dissociation from 9 (Path 3) is also a viable mechanism for carbide formation. The
observation of C—O bond cleavage at lower temperature when starting from A is notable,

and offers a method to facilitate selective deoxygenation chemistry, avoiding non-

deoxygenative C—C coupling, by limiting electrophile concentration. These studies
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provide detailed mechanistic insight for an unprecedented observation of the elementary

reaction step(s) of C—O bond cleavage to form a terminal transition metal carbide.

Mechanistic Interrogation of C—C Bond Formation

7-PC is a spectroscopically observed intermediate in the addition of Pr3SiCl to dianion 3-
BC en route to 5 and 6a (Scheme 3.5.). It is a proposed intermediate in the formation of
trimethylsilyl alkylidyne 11 from dicarbyne 9 (Scheme 3.8.). The addition of both electrophiles
to independently prepared 7-C was investigated at low temperature.

Treating a frozen THF solution of carbide 7-C with one equiv. of Me;SiCl resulted, upon
warming to -78 °C, in complete disappearance of the carbidic resonance at 546.3 ppm and the
growth in of the upfield shifted silylcarbyne resonances of 11-*C (cz. 75% by *'P{'H} NMR
integration) and 8-PC (aa. 25% by 'P{'H} NMR integration) at 344.9 and 355.9 ppm,
respectively (Scheme 3.8.). These data support the hypothesis that 7-*C is a precursor to silyl
alkylidynes 11 and 8 (vide supra). In contrast, addition of Pr3SiCl to a frozen THF solution of
carbide 7-2C did not show any conversion of starting material upon thawing to -78 °C. The
spectroscopic features of 7-C persist in the "C{'H} NMR spectrum up to -10 °C, at which
temperature slow conversion to the triisopropylsilyl alkylidyne complex 12-PC (Scheme 3.8.),
is observed. Consistent with formation of this silyl carbyne are the upfield shifted resonance
at 34.4 ppm in the *'P{'H} NMR spectrum, and resonances at 360.8 and 250.8 ppm in the
PC{'"H} NMR spectrum. The stability of the carbide up to -10 °C in the presence of this
bulky silyl electrophile is consistent with its spectroscopic detection in reactions of dianion 3-
BC with PrsSiCl. However, formation of otrganic 6a proceeds below this temperature when
treating either anions 3 or 4 with Pr;SiCl, ruling out the intermediacy of isopropyl analogs of
8 and 11 at low temperatures. Based on this reactivity, coupling may occur from carbide 7-"C

directly, which prompted investigation of reduction prior to silylation.
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Scheme 3.8. Ir situ generation and silylation of terminal carbide 8.

Reduction of carbide 7 in the presence of silyl electrophiles was targeted. One equiv. of
"P1;SiCl was added to i sitn generated carbide 7-C at -78 °C, resulting in no change to the
PC{'H} or P{'"H} NMR spectra (Figure 3.30.). Two equiv. of [Na][CiHs], as a solution in
THE, were then added at low temperature. The "C{'H} and *'P{'H} NMR spectra showed
new broad resonances at 327.8 and 58.2 ppm, respectively. Expecting two resonances for the
isotopically enriched nuclei in the "C NMR spectrum (given the chemically inequivalent C—Si
and C-O motifs), the sample was cooled to -100 °C, resulting in further broadening, but
maintenance of a single signal. Warming the sample to -60 °C resolved two broad “C
resonances at 327.9 and 327.0 ppm, again in the chemical shift range of Mo alkylidynes. The
product of carbide reduction in the presence of Pr;SiCl was tentatively assigned as silyl
carbyne/oxycarbyne 13-"C (Scheme 3.9.).

Independent synthesis of the trimethylsilyl variant (14) was targeted via reduction of silyl
carbyne 8-"C (Scheme 3.9.). Treatment with two equiv. of [Na][CiHs] at -78 °C demonstrated
formation of a new species with broad resonances at 330.8 and 58.5 ppm in the "C{'H} and

P{'H} NMR spectra, respectively. The chemical shift differences between these resonances
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Scheme 3.9. Synthesis of mixed dicarbyne complexes and subsequent C—C bond formation.
and those assigned to 13-"C are small, supporting assignment as the mixed carbyne 14-*C
(Scheme 3.9.). Cooling the sample to -100 °C resolved two broad triplets in the "C{'H}
NMR—that with the larger ’J(C,P) (19.3 Hz) being shifted further downfield. Warming the
sample to -60 °C likewise showed two resonances, now with the peak displaying the larger
’J(C,P) (21.4 Hz) moving further upfield (Figure 3.31.). The lack of C—-C coupling in the
PC{'"H} NMR spectrum supports the dicarbyne motif, and rules out silylated oxyacetylide or

ketenylidene structures. Additional analysis of the temperature dependent fluxionality was
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inhibited by the narrow temperature range at which the complex is stable.

Warming either 13-"C or 14-"C above -60 °C under N resulted in conversion of the Mo
species to dinitrogen complex 5, and the growth in of a pair of doublets in the "C{'H} NMR
spectrum—131.3 and 5.9 ppm, 'J(C,C) = 139.6 Hz—consistent with formation of sodium

56

silyl ethynolate, 6b (Scheme 3.9.).° As reported previously,” addition of a small silyl
electrophile to the trimethylsilyl ethynolate yielded disilyl ketene, 6¢ (PC{'H} § = 167.5 and
1.1 ppm, 'J(C,C) = 82.3 Hz), the thermodynamically preferred isomer of the disilylated C.O;
product.

To gain further support for the proposed structures of anions 13-"C and 14-"C, silylation
of the oxycarbyne fragment of 14-"C was attempted at low temperature, targeting a mixed
silyl/siloxy dicarbyne, 15-"C (Scheme 3.9.). Treating a solution of 14-"C with MesSiCl at -78
°C resulted in two new resonances in the "C{'"H} NMR spectrum at 378.9 and 283.7 ppm,
assigned to the silyl- and siloxycarbyne resonances of 15-C, respectively. The *'P{'H} NMR
spectrum of 15-"C displays a broad apparent triplet at 56.8 ppm at -80 °C, lacking resolution
necessary to assign two “J(P,C) coupling constants. Warming the sample to -20 °C resulted in
resolution of this >'P resonance to a doublet of doublets—’J(P,C) = 18.3 and 13.4 Hz—
consistent with the proposed mixed dicarbyne structure of 15-"C. The "C{'H} NMR signals
likewise were resolved as triplets, coupling the #ans-spanning *'P nuclei. Upon warming
further, growth of dinitrogen complex 5 was observed as a singlet at 76.4 ppm in 'P NMR
spectrum. Concurrently, resonances in the "C{'H} NMR showed formation of metal-free
bis(trimethylsilyl)ketene 6¢.

Crossover experiments were performed to determine if the C—C bond forming step is
unimolecular, both starting from silyl carbyne 8 and from a one-pot reduction and silylation
of dicarbonyl dication 1 (Scheme 3.10.). A 1:1 mixture of 8 and 8-"C was exposed to the
conditions leading to C—~C bond formation (Scheme 3.10.). The organic fragment was
interrogated by "C NMR spectroscopy for the presence of 6b with a single “C enriched

position. Only 6b-"C (displaying two "C enriched positions) is observed, consistent with



89

KO'*C="°C-SiMe; . KO-C=C-SiMe,

13
SiMe3 SiMe3 6b-"C 6b
PrCL e POl e G Ne KOC=C-SiMes
'Pr~P—Mo—P -'Pr 'Pr—P—Mo—P -'Pr \\ 9 or
>
m -0 ~ o-o=te-am,
2 KCI Not Observed
13
c 5
./013CE13C—Si"Pr3 _/O—CEC—Si"Pr?,
Si'Prj 13 Si'Pr;
6a-'°C 6a
Q co ~) 20Tf 13%1300 ] 20Tf 1) 7 KCq .
\s _O"C=C-SiPry

SiPPr;  or

Pr Pr iPr SE iPr.Si
\ /i ; \s /5 2) 4 'Pr;SiCl, N,
lPr\P_MO—P’ lPr\P MO P’IPr \\ /
nh
211 I\ .
0-C="c-SiPr
Ve 3

Il . I . 2 (‘Pr3Si),0, 4 KCI

13
1-1°C 5

i
SiPrs Not Observed

Scheme 3.10. Crossover-type expetiments from 8/8-"C and 1/1-"C.



90

intramolecular C-C bond formation. Formation of silyl ethynolates directly from mixed
dicarbynes 13 and 14 indicates that the C-C bond is formed via reductive elimination of two
cofacial carbyne ligands. Similarly, in the one-pot reduction and silylation of a mixture of 1
and 1-"C, only 6a-"C is observed.

Though coupling of carbyne and CO ligands to form substituted oxyacetylenes is

426,57
known,

these reactions involve electrophile addition at oxygen after C-C bond formation
with ketenyl complexes as established reaction intermediates.”>”** In contrast, complexes 13-

15 demonstrate that in the present system, C-C bond formation occurs following

functionalization at oxygen.
Computational Studies

With myriad complexes bearing Mo—C multiple bonds in a variety of coordination
environments, calculations were performed to investigate the electronic structures of these
molecules. Revised TPSS exchange and correlation functionals” were employed at the
LANL2DZ® level of theory. The diisopropylphosphine and trimethylsilyl moieties were
modeled as dimethylphosphine and silyl groups, respectively, unless noted otherwise. The
optimized geometries of the computed structures agree well with experimentally determined
solid-state parameters established by single-crystal XRD (for 2, 8, 10, and 11, Table 3.4.). To
further test the validity of the calculated structures, CO stretching frequencies and "C NMR
shifts (GIAO)®" were computed. The trends observed expetimentally are matched well
computationally (Table 3.3).

21,402,62

As a rare example of a terminal transition metal carbide, the electronic structure of 7

is of particular interest. The highest occupied molecular orbital (HOMO) is non-bonding with
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Figure 3.8. Calculated valence molecular orbitals of models of 7 (a), 9 (b), 15 (c), and 10 (d). Orbital energies (relative to the HOMO) in eV
are given in parentheses. Isosurfaces are displayed at the 0.04 ¢/A’ level.
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respect to the carbide ligand and has stabilizing contributions from the n-acidic antibonding
otbitals of both the central arene and the CO (Figure 3.8., ). The 1> metal-arene interaction
is supported experimentally; the arene 'H and "C resonances of the metal-bound arene
fragment show a distinct upfield shift (6.5 and 86.2 ppm, respectively), evidencing donation
of electron density from Mo into an arene 7* orbital. The Mo-carbide n-bonds show
contributions from the metal d.; and d,; orbitals and C p. and p, orbitals (Figure 3.8., a,
HOMO-2 and HOMO-3). The Mo-carbide o-bond is slightly higher in energy (HOMO-1)
with primarily C p, character and contribution from a metal-based orbital of d., parentage.
These results, in conjunction with natural population analysis, support a strong formal Mo=C
triple bond and agree well with computations for neutral Ru and Fe carbide complexes.®

The electronic structure of transition metal dicarbyne complexes has been studied
extensively in the context of CO coupling.” The optimized structure of dicarbyne 9 shows
short Mo—C distances of 1.850 A, consistent with the proposed dicarbyne assignment. The
Mo—C distance to the nearest arene carbons averages 2.593 A, in agreement with the weak M-
arene interaction inferred in solution from "H and "C{'H} NMR spectroscopies. The four
highest energy occupied molecular orbitals of 9 are composed of Mo d and C-O =n* orbitals
(Figure 3.8., b). Four orbitals have © contributions to the Mo—C bonds, in two orthogonal
pairs. The HOMO-1 and HOMO-2, with metal orbital contributions of d.;and d,; parentage,
show considerable in-phase orbital overlap between the carbyne carbons, akin to calculations
performed for adjacent cylindrical n-interacting ligands on the unique face of a capped trigonal
prism.**

The frontier molecular orbitals of mixed dicarbyne 15 (Figure 3.8., ¢) are quite similar to 9
(Figure 3.8., b), again demonstrating significant in-phase orbital overlap between the carbyne
C atoms. Contraction of the C—-Mo—C angle, as would be expected in the reaction coordinate
for formation of a C—C bond from either 9 or 15, would stabilize these orbitals (for instance,
they become the C—C n-bonds of the alkyne fragment in 10, Figure 3.8., d), an electronic

justification for the observed C—C bond formation from these intermediates.”>* All of these
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orbitals are comparable to those calculated for model systems for carbyne-carbyne coupling—

64b,64c

a hypothetical tungsten dicarbyne and an isolated iron diphosphine dicarbyne."

Elfforts Toward a Synthetic Cycle for Silylated C>O; Fragments from CO

Having characterized a number of potential intermediates, a synthetic cycle for the
conversion of two CO molecules to a metal-free C,O; product was pursued (Scheme
3.11.). Starting from 2, reduction to 3, C—O cleavage to give 7, and C—C coupling—with
organic product release—to give 5, have all been demonstrated. All that remains is
recarbonylation to close the cycle. Dinitrogen complex 5 was treated with an atmosphere
of CO gas, resulting not in the regeneration of 2, but rather in the formation of
monocarbonyl 16. Phosphine arm dissociation from 16 does not proceed, even in the
presence of excess CO. Neutral Mo(0) carbonyl 16 has spectroscopic features similar to
isoelectronic 5. The two central arene resonances in the '"H NMR spectrum are shifted
considerably upfield, 4.60 and 4.59 ppm, consistent with a strong 7° metal-arene
interaction. The *P{'H} NMR spectrum has a single resonance at 81.6 ppm in a similar
range to both Mo(0) complexes 5 and 2.The IR spectrum of 16 has a single sharp feature
at 1786 cm™ that redshifts, as expected, to 1744 cm™ for isotopolog 16-C. The "C{'H}
NMR spectrum shows a downfield resonance at 242.6 ppm for the carbonyl carbon,
indicating more Mo—CO backbonding in monocarbonyl 16 than in dicarbonyl 2. Despite
being more electron rich, 16 may be reduced. Addition of 2.2 equiv. of KCs to a THF
solution of 16 resulted in a color change to deep red. *'P{'"H} NMR spectroscopy showed
a single resonance at 114.1 ppm, consistent with formation of two-electron reduced 17
(Scheme 3.11.). The carbonyl carbon of 17-2CO is highly deshielded, resonating at 258.5
ppm in the "C{'H} NMR spectrum, a chemical shift similar to that observed for the CO
ligands in 3. Also akin to dianion 3, 17 demonstrates very low CO stretching frequencies.
The IR spectrum shows a broad CO stretch at 1507 cm™ that redshifts to 1459 cm™ upon

PC incorporation, a value in relatively close agreement with that calculated for a simple
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reduced mass oscillator. These spectroscopic features support a significant degree of
backbonding into the CO ligand, again demonstrating the importance of metal-ligand

covalency in stabilizing these extremely reduced molecules.

Pr 2 Me;SiCl
CO (1 atm)
.N2
(Me;Si),0
2 Me;SiCl 2 Kcl
2 KCg, N,

r, ’Pr X
’Pr—P— o-—P -iPr
l, \\
6¢c, 2 KCI

16

Scheme 3.11. Envisioned synthetic cycle for four-electron CO reductive coupling,

The structures of 16 and 17 were corroborated by single-crystal XRD analysis (Figure 3.9.).
The metal-arene interaction slips from 1° to n* upon reduction, analogously to the dicarbonyl
complexes. Dianion 17 crystallizes as dinuclear Mo,K4 cluster with three K atoms, displaying
interactions with the CO ligands and terphenyl n-systems, poised between the ligated Mo

centers. The fourth K ion is coordinated to the back-side of one of the central arene rings
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and is solvated by four THF molecules. The central arene rings are puckered with a 47.8° angle
between the Ci—Cr—C5—C4 and C,—Cs—Ce—C; planes, demonstrating delocalization of the
reducing equivalents into the ligand. The solid state metrics also corroborate carbonyl ligand
stabilization of the highly reduced metal center—the Mo—C bonds contract significantly from
18 (1.948(2) A) to 19 (1.886(5) A); the C—O bonds necessarily elongate (1.177(2) to 1.240(5)
A).

Figure 3.9. Solid-state structures for monocarbonyl complexes 16 and 17. Anisotropic
displacement ellipsoids are shown at the 50% probability level. The carbon atoms of K-bound
THF molecules and hydrogen atoms have been omitted for clarity. Selected bond lengths [A]:
16 Mo1—Cirenc(ave.) 2.281(2), Mo1—Cs; 1.948(2), C1—C2 1.439(2), Co—C5 1.393(2), C5—C4 1.444(2),
Ci—Cs 1.425(2), Cs—C 1.427(2), Co—Cy 1.422(2), C3—O4 1.177(2); 17 Mo1—Cirenc(ave.) 2.284(5),
Mo—Cs 1.886(5), Ci—C, 1.486(6), C—C5 1.337(7), C5—C4 1.507(6), Cs—Cs 1.474(6), Cs—Cs
1.381(6), C—Ci 1.475(6), C51—O1 1.240(5).

With both solid-state and spectroscopic support for a highly activated CO ligand, 17 was
treated with a variety of electrophiles. Unfortunately, even at low temperature, 17 exclusively
undergoes outer-sphere electron transfer, returning oxidation product 16 in reactions with
either acids or silyl electrophiles. In an attempt to both moderate the reduction potential of
17 and generate 3, a species known to undergo electrophilic functionalization at the carbonyl
oxygens, carbonylation was targeted. Addition of an atmosphere of CO gas resulted in no
change, even over the course of days, aside from slow oxidation back to 16. Anticipating that
the intercalated potassium atoms may be prohibiting CO binding to Mo, 17-"CO was treated

with an excess of benzo-15-crown-5, resulting in a significant broadening of the *'P and "C



96

resonances. Addition of 1 atmosphere of “CO resulted in significant oxidation to 16-"CO, a
color change to deep green, and formation of a colorless precipitate. It is possible that
introduction of CO and crown leads to oxocarbon dianion formation; there is precedent for

66

metal-free coupling of this type under similar conditions.”” Whether or not this is the operative

oxidation pathway, regeneration of the desired species (3-2CO) was not achieved.
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CONCLUSION

Crystallography, isotopic labeling, kinetics, spectroscopy, and computation have
provided insight into the mechanism by which Mo-bound CO molecules can be cleaved
and coupled to a C;O; product at a single metal center supported by a terphenyl
diphosphine ligand. When dianion 3 is treated with Me;SiCl, a bis(siloxycarbyne) complex
is formed, the first example of Mo supporting such a motif. This species can either
undergo C—C coupling—forming a bis(siloxy)acetylene adduct of Mo, a two electron CO
coupling product—or it can undergo C-O cleavage. Kinetics and isotopic labeling studies
are consistent with two mechanisms, one involving rate determining siloxide dissociation,
the second silyl electrophile dissociation followed by fast siloxide loss. An anionic Mo-
siloxycarbyne/CO species indeed undergoes C—O cleavage at low temperatures and
demonstrates that scission of this bond is more facile from a mono- rather than bis-
silylated species.

The carbide resulting from C—O bond cleavage is trapped rapidly in the presence of
excess electrophile at the temperatures required to break the C—O bond, giving a pseudo-
octahedral silylalkylidyne complex. Further warming results in rearrangement to the
thermodynamic product, a sterically preferred five-coordinate isomer lacking a metal-
arene interaction. Reduction of this species at low temperature provides evidence for a
mixed dicarbyne, which undergoes C—C bond formation at temperatures as low as -60 °C,
releasing the silylethynolate fragment and binding dinitrogen to give the final product 5.

Combined, the findings above provide valuable insight into the use of coordinatively
flexible, redox noninnocent ligand scaffolds for multi-electron small molecule
transformations. The adaptive binding of the arene plays a central role in the stabilization
of unique molecular motifs throughout the reaction scheme—ranging from an extremely
reducing trianion to high-valent molybdenum complexes bearing Mo—C multiple bonds:
dicarbyne, carbide, and alkylidyne complexes. Phosphine arm hemilability is likewise

critical for accessing the highly reduced species. Work to tune the selectivity and expand
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the scope of this reductive functionalization chemistry to other electrophiles and small
molecule substrates is ongoing.

This work establishes a series of design elements for monometallic complexes for
applications toward multi-electron bond breaking and bond making small molecule
transformations. A supporting ligand capable of storing reducing equivalents in a pendant
arene facilitates the activation and cleavage of the strong C—O bond to generate an
intermediate Mo-carbide. C—C coupling is facilitated by silylation and reduction. This
combination of bond breaking, bond forming, and organic product release is
unprecedented for a homogeneous system. An adaptive coordination environment is
instrumental in supporting the diverse moieties characterized in this work. The
transformations observed here provide precedent relevant to the conversion chemistry of
oxygenated C; feedstocks to partially deoxygenated C, products, showcasing multi-

electron reactions at a single metal site.
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EXPERIMENTAL SECTION

General Considerations

Unless otherwise specified, all operations were carried out in an MBraun drybox under a
nitrogen atmosphere or using standard Schlenk and vacuum line techniques. Pre-reduced
Teflon-coated stir bars (prepared via stirring a Na[CioHs] solution overnight followed by
rinsing three times with THF) were utilized in any stirred reaction in which KCs, K[CioHg],
Na|CioHs], 3, or 4 were employed as reagents. Solvents for air- and moisture-sensitive
reactions were dried over sodium benzophenone ketyl, calcium hydride, or by the method
of Grubbs.”” Deuterated solvents were purchased from Cambridge Isotope Laboratories
and vacuum transferred from sodium benzophenone ketyl. Solvents, once dried and
degassed, were vacuum transferred directly prior to use or stored under inert atmosphere
over 4 A molecular sieves. Dicarbonyl dication 1, P.Mo(MeCN),**"* potassium

9

graphite (KCg),*® (Z)-((2-bromovinyl)oxy)triisopropylsilane,”” and tetrabutylammonium
fluoride ("BusNF)" were prepared and purified according to literature procedures. Unless
indicated otherwise, all other chemicals were wutilized as received. Silver
trifluoromethanesulfonate (triflate), graphite (325 mesh), #-butyl lithium (2.5 M in
hexanes), and trimethylsilyl chloride (dried over CaH; and distilled prior to use) were
purchased from Alfa Aesat. Sodium tetraphenyl borate (dried under vacuum at 50 °C,
12h), naphthalene (sublimed under reduced pressure at 40 °C), potassium metal,
diisopropyl amine (dried over CaH: and distilled prior to use), hexafluorobenzene (dried
over CaH» and distilled prior to use), and tetrabutlyammonium cyanide (dried under
vacuum at 40 °C, 12h) were all purchased from Sigma Aldrich. "CO gas was purchased
from Monsanto Research. Triisopropylsilyl chloride (dried over CaH, and distilled prior
to use) was purchased from Oakwood Chemicals. 'H, "C{'H}, and 'P{'H} NMR spectra
were recorded on Varian Mercury 300 MHz, Varian 400 MHz, Bruker Ascend 400 MHz
(equipped with a Prodigy Cryoprobe), or Varian INOVA-500 spectrometers with shifts

reported in parts per million (ppm). 'H and "C{'H} NMR spectra are referenced to
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residual solvent peaks.”" *'P{'H} chemical shifts are referenced to an external 85% H;PO,
(0 ppm) standard. Multiplicities are abbreviated as follows: s = singlet, d = doublet, dd =
doublet of doublets, t = triplet, vt = virtual triplet, sext = sextet, sept d = septet of
doublets, m = multiplet, and br = broad. Fourier transform infrared ATR spectra were
collected from thin films or powders on a Thermo Scientific Nicolet iS5 Spectrometer
with a diamond ATR crystal (utilized iD5 ATR insert). Elemental analysis was conducted
by Robertson Microlit Laboratories, Inc. (Ledgewood, NJ) or Midwest Microlabs, LLI.C
(Indianapolis, IN).

Synthesis of 2

oc CO ] 20Tf
iPr \5 ’Pr
IPI'\P_MO__ lPr 2.1 KC8

—_— >
/ll \\\

To a vigorously stirring suspension of 1 (200 mg, 0.217 mmol) in C¢Hg (10 mL), solid KCs
(62 mg, 0.456 mmol) was added in a single portion, resulting in an immediate darkening
of the mixture. Stirring continued for 30 minutes at which time the solution as filtered
through a Celite plug. The deep yellow filtrate was lyophilized, providing 2 as a yellow
powder (120 mg, 0.195 mmol, 90 %). Diffusion of pentane into a saturated CsHe solution
of 2 provided single crystals suitable for X-ray diffraction. "H NMR (400 MHz, C¢Ds, 25
°C) 8: 7.98-8.03 (m, 1H, aryl-H), 7.24-7.29 (m, 1H, aryl-H), 7.01-7.07 (m, 2H, aryl-H),
6.86-6.96 (m, 4H, aryl-H), 5.41 (d, ] = 5.66 Hz, 2H, central arene-H), 4.52 (dd, | = 6.11,
1.87 Hz, 2H, central arene-H), 2.18-2.30 (m, 2H, CH(CH3)»), 1.83-1.94 (sept d, | = 6.97,
1.90 Hz, 2H, CH(CH25),), 1.18 (dd, ] = 16.54, 6.84 Hz, 6H, CH(CH5)»), 1.03 (dd, ] = 14.87,
7.05 Hz, 6H, CH(CHj3)2), 0.91 (dd, | = 8.73, 6.98 Hz, 6H, CH(CH;)2), 0.87 (t, ] = 7.19
Hz, 6 H, CH(CHs),). "C{'H} NMR (101 MHz, C¢Ds, 25 °C) &: 228.5 (d, ] = 11.63 Hz,

CO), 147.11 (d, J = 27.80 Hz, aryl-C), 146.60 (d, ] = 21.84 Hz, aryl-C), 145.89 (d, ] =
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27.80 Hz, aryl-C), 136.21 (d, ] = 21.64 Hz, aryl-C), 135.97 (d, ] = 4.73 Hz, aryl-C), 131.78
(d, ] = 3.44 Hz, aryl-C), 129.37 (d, ] = 1.06 Hz, aryl-C), 129.34 (d, ] = 2.13 Hz, aryl-C),
129.20 (s, aryl-C), 127.47 (s, aryl-C), 127.34 (s, aryl-C), 127.23 (s, aryl-C), 123.54 (d, | =
3.54 Hz, central arene-C), 108.53 (dd, | = 9.33, 3.35 Hz, central arene-C), 92.30 (dd, | =
5.52, 1.35 Hz, central arene-C), 82.34 (d, ] = 2.21 Hz, central arene-C), 28.57 (d, | =
21.46, CH(CH3)2), 25.27 (d, ] = 14.89, CH(CH3)»), 20.71 (d, /] = 19.85, CH(CH3),), 19.97
(d, J = 10.94, CH(CHs),), 18.97 (d, ] = 6.06, CH(CHs)»), 18.87 (d, | = 0.99, CH(CHs)5).
'P{'H} NMR (162 MHz, C¢Ds, 25 °C) 8: 92.33 (s, Mo-P), -7.32 (s). IR (THF cast thin
film, cm™) veo: 1887, 1832. Anal. Calcd. for 2 C3,HiMoO,P, (%): C, 62.54; H, 6.56; N,
0.00 Found: C, 62.75; H, 6.68; N, <0.02.

2-PCO was prepared analogously starting from 1-"CO; the enhanced resonance in the
PC{'H} NMR spectrum is the doublet at 228.5 ppm and the *'P{'H} NMR signal at 92.33

ppm is split into a triplet (] = 11.46 Hz). IR (THF cast thin film, cm™) visco: 1847, 1793.

Synthesis of 3
o/’!(
ocg
21KCgor | AR .
_'Pr Mo /K 'Pr
2.1 K[CqoHgl 5 L I

THF, 22 °C

Method A (KCgs): To a stirring yellow solution of 2 in THF, KCs was added as a solid in
a single portion, resulting in an immediate color change to dark red. Stirring continued
for 10 minutes, at which time the mixture was filtered through a Celite plug. The burgundy
filtrate was dried 77 vacuo, providing a tacky residue. Trituration with hexanes and removal
of the volatiles under reduced pressure gave 3 as a red powder. X-ray quality crystals of
3 were obtained via chilling a saturated THF/pentane (3:1) mixture of 3 (-35 °C).

Method B (K[CioHs]): To a stirring yellow solution of 2 in THF, a deep green K[CioHjs]

solution in THF was added dropwise. With added reductant, the yellow color gave way
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to a persistent deep red. Following complete addition, stirring continued for 45 minutes,
at which time volatiles were removed 7z vacno. The resulting red residue was triturated
with hexanes and dried. Addition of hexanes suspended the red solids, which were
collected on a fritted funnel. Washing of the filter cake with a mixture of hexanes and
benzene (1:1) and collection of the solids provided 3 as a red powder.

Due to the extreme air and moisture sensitivity of 3, its preparation is recommended in
small batches. All samples of 3 were stored in the solid state at -35 °C.

"H NMR (400 MHz, THF-ds, 25 °C) &: 7.17 (bt s, 2H, aryl-H), 7.04 (bt s, 2H, aryl-H),
6.86-6.93 (br m, 2H, aryl-H), 6.64 (br s, 1H, aryl-H), 6.36 (br s, 1H, central arene-H),
5.62-5.70 (br m, 2H, central arene-H), 5.31 (br s, 1H, central arene-H), 2.14 (br m, 4H,
CH(CHs)2), 0.74-1.19 (br m, 24H, CH(CHs),). *'P{'H}40 NMR (162 MHz, THF-ds, 25
°C) 8: 104.62 (s, Mo-P), 102.47 (br s, Mo-P), -0.03 (s), -2.66 (s). IR (powder sample,
diamond ATR, cm™) vco: 1657, 1570. The broad NMR and IR spectra of 3 are attributed
to fluxionality between oligomeric forms in solution. Anal. Calcd. for 3 C;:H4K:MoO,P»
(%): C, 55.48; H, 5.82; N, 0.00. Found: C, 54.38; H, 6.03; N, <0.02. Duplicate samples
analyzed at different laboratories failed to provide satisfactory combustion analysis
results, likely due to the presence of trace oxygen (=20 ppm) in the gloveboxes at these
facilities.

3-"CO was prepared analogously starting from 2-"COj; the isotopically enhanced
carbonyl carbons resonated as broad signals at 263.80 and 245.67 ppm and at 265.87,
260.90, 246.04, and 243.85 ppm in the 25 °C "C{'H} and -80 °C "C{'H} NMR spectra,

respectively. IR (powder sample, diamond ATR, cm™) visco: 1621, 1534.
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Synthesis of 4

3 KCq

—>
THF, 22 °C

To a stirring red solution of 3 (107 mg, 0.117 mmol) in THF (6 mL), KCs (48 mg, 0.351
mmol) was added as a solid in a single portion, resulting in an immediate color change to
deep purple. Stirring continued for 30 minutes, at which time the mixture was filtered
through a Celite plug. The filtrate was concentrated 7z vacuo to ca. 1 mlL, layered with
pentane (10 mL), and chilled (-35 °C) for 16 hours. Filtration, collection of the solids,
and removal of residual volatiles under reduced pressure provided 4 as purple
microcrystals (98 mg, 0.096 mmol, 82%). Single crystals of 4 suitable for X-ray diffraction
were obtained via chilling a saturated THF/pentane (3:1) mixture (-35 °C).

Due to the extreme air and moisture sensitivity of 4, its preparation is recommended in
small batches. All samples of 4 were stored in the solid state at -35 °C.

Anal. Calcd. for 4 CisH71KsMoOeP, (%): C, 52.52; H, 5.51; N, 0.00. Found: C, 54.33; H,
6.24; N, <0.02. These CHN combustion analysis results are in agreement with those
expected for 4*THF1.5: C, 54.40; H, 6.13; N, 0.00.

4-CO was prepared analogously starting from 3-"CO.

Synthesis of 1-2CO

MeCN I‘ICMe 2+ 13co ) .
'Pr \.5 Pr 1.7 NaBPh, . 7%, *co Pr P\ & Pr

i \ < 1
Pr—p—mo—P P" T 13co TP—Mo—P_P"

S R THF, 22 °C e
’I I"=\|‘ \\ H / 0 C !y H II ”_-\\‘ \
<hky THF, 70°C \_ )~ ) 4>

To a 500 mL Schlenk tube charged with a stir bar, P.Mo(MeCN),**"* (2.3 g, 2.45 mmol),

and NaBPh, (1.4 g, 4.09 mmol), THF (120 mL) was added via cannula. Stirring was
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initiated, providing a purple/green heterogeneous mixture. The contents of the Schlenk
were freeze-pump-thawed thrice, and "CO (1 atm, ca. 14.3 mmol) was admitted to the
reaction vessel. The Schlenk was sealed, heated to 70 °C, and stirred for 48 hours,
resulting in the formation of a deep orange homogeneous solution. Volatiles were
removed iz vacuo, giving an orange residue. Addition of pentane (100 mL) via cannula,
sonication, and filtration provided P.Mo(?CO); as an orange powder (1.35 g, 2.1 mmol,
86 %). Spectral features of PoMo(?CO); match those reported for P.Mo(CO)s,* except
the triplets in the "C{'H} NMR at 221.15 and 213.75 ppm are enhanced and the *'P{'H}
NMR resonance at 51.01 ppm is split into a quartet (J = 9.33 Hz).
From P>Mo(”CO);, 1-"CO can be prepared via the procedure reported for the *CO
isotopolog in comparable yield.* Spectral features of 1-*CO match those of 1, except the
PC{'H} resonance at 219.03 ppm is enhanced, the *’P{'"H} NMR resonance at 75.05 ppm
is split into a triplet (J = 23.75 Hz), and the IR stretches (powder sample, diamond ATR,
cm™) for the carbonyl ligands shift: vizco: 2044, 1989; vizco: 1999, 1946.
Synthesis of 6a

1) 2 LDA, THF

0°C

i / \ —_— /o —_— Si(iPr)3
. ) I H
(P)sSIO B o ccr tap (S 6a

-78 °C

6a was prepared via a modified literature procedure for the synthesis of
trialkylsilyloxyethyne derivatives.”” An oven-dried Schlenk flask, charged with a stir bar,
was cooled to ambient temperature under vacuum. The flask was backfilled with argon
and THF (50 mL) and freshly distilled diisopropyl amine (1.05 mL, 7.49 mmol) were
added via cannula and syringe, respectively. The reaction vessel was cooled to 0 °C with
stirring and "Bulii (3 mL, 2.5 M in hexanes, 7.50 mmol) was added via syringe. After
stirring for 15 minutes, a solution of (Z)-(2-bromovinyl)triisopropylsilane (1.00 g, 3.58

mmol) in THF (10 mL) was added via cannula. Stirring at 0 °C continued for 75 minutes.
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At this time, the flask was cooled to -78 °C and Pr;SiCl (1.5 ml,, 7.01 mmol) was added
via syringe. Stirring continued for 10 minutes at -78 °C at which point the flask was
removed from the bath and allowed to warm to room temperature. Volatiles were
removed under reduced pressure, providing a mixture of off-white solids and a yellow oil.
This mixture was separated via Kugelrohr distillation (85 °C, 0.01 mm Hg), giving 6a as
a colorless oil (685 mg, 1.93 mmol, 54 %). '"H NMR (500 MHz, CDCls, 25 °C) &: 1.30
(sext, | = 7.42 Hz, 1H, CH(CH3)5), 1.14 (d, ] = 7.42 Hz, 6H, CH(CH:)3), 1.04 (d, ] = 6.91
Hz, 6H, CH(CH3)s), 0.98 (sext, | = 6.91 Hz, 1H, CH(CHs)3). "C{'H} NMR (125 MHz,
CsDq, 25 °C) 8: 108.27 (s, OCCSI), 25.18 (s, OCCSi), 18.86 (br s, CH(CH3)3), 17.46 (br s,
CH(CH3)3), 12.02 (s, CH(CHs)3), 11.92 (s, CH(CHs)3).

Synthesis of 8

SiM93

. C .
6 Me;SiCl _ 'Pr\CI/,,’J” iPr
—————» iPr—p—Mo—P-Pr
Yco

THF
thawing to 22 °C Q Q
8

A 20 mL scintillation vial was charged with 3 (200 mg, 0.220 mmol), THF (7 mL), and a
stir bar. The resulting deep red solution was frozen in a liquid nitrogen-cooled cold well.
A second 20 mL scintillation vial was charged with a Me;SiCl (188 mg, 1.73 mmol)
solution in THF (3 mL) and likewise frozen. Immediately upon thawing, the Me;SiCl
solution was added dropwise to a thawing and stirring solution of 3. Stirring at room
temperature continued for 20 minutes, during which time the solution lightened to a
red/orange. At this time, volatiles were removed iz vacuo. The resulting red residue was
triturated with 2 mL of hexanes and dried under reduced pressure, providing 8 as a deep
red powder (121 mg, 0.172 mmol, 78 %). In all instances, 8 prepared this way contained
ca. 5% 2 as observed by '"H and *'P{'H} NMR. Separation was achieved by first washing

with cold HMDSO (3 x 2 mL) and then washing with C¢Hs (1 mL). Dissolving the
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remaining solids in C¢Hg (5 mL) and lyophilizing provided analytically pure 8 as a red
powder (44 mg, 0.063 mmol, 29 %). X-ray quality crystals were obtained from vapor
diffusion of pentane into a saturated C¢Hs solution of 8. '"H NMR (400 MHz, C¢Ds, 25
°C) 6: 7.48-7.51 (m, 2H, aryl-H), 7.45 (m, 2H, central arene-H), 7.32-7.34 (m, 2H, central
arene-H), 7.28-7.31 (m, 2H, aryl-H), 7.16 (t, ] = 7.90 Hz, 2H, aryl-H), 7.12 (dt, ] = 7.27,
1.71 Hz, 2H, aryl-H), 2.63-2.80 (m, 4H, CH(CH3),), 2.02-2.08 (m, 6H, CH(CHs),), 1.77-
1.82 (m, 6H, CH(CHj3)y), 1.04-1.08 (m, 6H, CH(CH3)2), 0.86-0.91 (m, 6 H, CH(CHs),),
0.11 (s, 9H, Si(CHs)5). "C{'H} NMR (101 MHz, C¢Ds, 25 °C) &: 355.69-356.02 (m,
CSiMes), 247.27-247.56 (m, CO), 148.18 (vt, | = 6.85 Hz, aryl-C), 140.32 (vt, ] = 2.64 Hz,
aryl-C), 132.61 (s, aryl-C), 132.32 (vt, | = 9.96 Hz, aryl-C), 130.17 (s, aryl-C), 129.59 (vt,
J = 2.54 Hz, aryl-C), 129.55 (s, aryl-C), 127.30 (vt, ] = 2.50 Hz, aryl-C), 125.07 (vt, | =
2.47, aryl-C), 36.92 (vt, | = 8.36, CH(CH3)2), 27.74 (vt, | = 27.74, CH(CHs),), 20.19 (s,
CH(CHs),), 19.82 (s, CH(CH3)2), 19.77 (vt, J] = 5.71, CH(CHs),), 18.49 (vt, | = 3.49,
CH(CHs)2), 0.11 (s, Si(CHs3)3). "P{'"H} NMR (162 MHz, C¢Ds, 25 °C) 8: 36.63 (s). IR
(THF cast thin film, cm™) vco: 1873. Anal. Caled. for 7 CssHuCIMoOP:Si (%): C, 59.44;
H, 6.98; N, 0.00 Found: C, 59.16; H, 6.77; N, <0.02.

8-"CO was prepared analogously starting from 3-"COj; the enhanced resonances in the
PC{'H} NMR spectrum are the multiplets at 355.85 ppm (Jpc = 13.25 Hz, Jcc = 8.9 Hz)
and 247.42 (Joc = 11.35 Hz, Jcc = 8.9 Hz) ppm. The *'P{'H} NMR signal at 36.63 ppm is
split into a doublet of doublets (] = 13.25, 11.35 Hz).

Synthesis of T-2CO

SiM93
. , 13c Bco .
CI,, J?I Pr \\\/ /IPI'
i ! /I i _i
Pr—P Mo—P-'Pr "BuyNF Pr-P—Mo Pr

_— \

THF, -20 °C Q @ O
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Due to thermal instability, 7-"CO must be prepared 7 situ. In a typical procedure, a J.
Young NMR tube was charged with 8-"CO (20 mg, 0.028 mmol) and "BusNF (7.3 mg,
0.028 mmol). The headspace of the NMR tube was evacuated and THF-4s (0.4 mL)
admitted at -196 °C via vacuum transfer. The contents of the J. Young tube were thawed
to -80 °C and mixed. Warming to -20 °C in the NMR probe for 15 minutes showed
complete conversion to 7-°CO by "C{'H} and 'P{'H} NMR spectroscopy and solutions
prepared this way were re-cooled to -80 °C and used without further manipulation. THF
solutions of 7-CO were stable at -80 °C, but demonstrated decomposition to intractable
mixtures when allowed to warm to temperatures exceeding 0 °C. '"H NMR (500 MHz,
THF-ds, -20 °C) 8: 7.96 (br s, 2H, aryl-H), 7.57 (d, ] = 3.57 Hz, 2H, aryl-H), 7.56 (d, | =
3.57 Hz, 2H, aryl-H), 7.43 (br s, 2H, aryl-H), 6.71 (s, 2H, central arene-H), 6.46 (brt, | =
2.20 Hz, 2H, central arene-H), 3.13-3.21 (m, 2H, CH(CHa;),), 2.45-2.53 (m, 2H,
CH(CH3)2), 1.64-1.68 (m, 6H, CH(CHs3),), 1.55-1.59 (m, 2H, CH(CHs),), 1.02-1.05 (m,
6H, CH(CHs)2), 0.21-026 (m, 6H, CH(CH3),). "C{'H} NMR (125 MHz, THF-ds, -80 °C)
8: 546.20 (br's, Cv), 233.16 (t, ] = 12.25 Hz, CO), 150.72 (vt, ] = 7.13 Hz, aryl-C), 139.73
(vt, ] = 3.85 Hz, aryl-C), 132.69 (vt, ] = 4.23 Hz, aryl-C), 130.98 (bt s, aryl-C), 129.18 (br
s, aryl-C), 128.49 (br s, aryl-C), 128.28 (br s, aryl-C), 124.00 (vt, | = 8.63 Hz, central arene-
0), 86.17 (s, central arene-C), 29.97 (vt, ] = 8.63 Hz, CH(CHs)»), 23.53 (br s, CH(CH3)»),
20.11 (br s, CH(CHs)2), 17.20 (br s, CH(CH3),), 16.77 (br s, CH(CH3)2). *'P{'H} NMR
(202 MHz, THF-ds, -80 °C) 8: 51.66 (d, /] = 12.55 Hz). Though decomposition occurred
over the course of the experiment, NMR spectra collected at 25 °C demonstrated resolved
C—C coupling, splitting the resonances as follows: "C{'H} NMR (125 MHz, THF-ds, 25
°C) 8: 546.20 (dd, ] = 3.46, 3.26 Hz, C3), 233.16 (dd, ] = 12.55, 3.46 Hz, CO). *'P{'H}

NMR (202 MHz, THF-ds, 25 °C) &: 51.66 (dd, ] = 12.55, 3.26 Hz).
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Synthesis of 10
o_—-(c:)\-::—"',‘ SiMes
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+ Free Diphosphine

A Teflon stoppered Schlenk tube was charged with 3 (400 mg, 0.432 mmol), THF (20
mL), and a stir bar. The reaction vessel was placed in a dry ice/acetone bath and with a
heavy dinitrogen counterflow, the stopper was replaced with a septum. With rapid
stirring, MesSiCl (0.25 mL, 1.970 mmol) was added dropwise via syringe. The flask was
stoppered once more and the reaction was left to slowly warm to room temperature over
16 hours, with stirring. At this time, volatiles were removed 7z vacno, providing a
red/brown residue comprised primarily of 8, 10 (major), and free ligand. This residue was
extracted with (Me;Si1).O (2 mL x 2) to separate the desired product from 8. The
(Me3Si),O extract was dried under reduced pressure and subsequently extracted with
MeCN. The deep red MeCN solution was filtered through a Celite plug and chilled to -
35 °C. Upon standing for 12 hours, a burgundy microcrystalline precipitate formed. These
solids were collected via vacuum filtration as a 75:25 mixture of 10 and free diphosphine
ligand (53 mg, ca. 0.077 mmol, 18%). '"H NMR (400 MHz, C¢Ds, 23 °C) &: 7.54 (s, 1H,
aryl-H), 7.22 (v br, 3H, aryl-H), 6.96-7.08 (v br, 4H, aryl-H), 5.00 (v br, 4H, central arene-
H), 2.37 (v br, 4H, CH(CH;),), 1.14-1.19 (m, 12H, CH(CH;),), 1.02-1.07 (m, 12H,
CH(CHs),), 0.22 (s, 18H, Si(CHs)3). "C{'H} NMR (101 MHz, THF, 23 °C) &: 208.06 (t,
J = 9.82 Hz, COSiMes), 150.79 (d, ] = 27.38 Hz, aryl-C), 149.62 (d, ] = 26.28 Hz, aryl-C),
141.48 (d, | = 5.63 Hz, aryl-C), 135.22 (d, | = 24.16 Hz, aryl-C), 132.79 (d, ] = 2.81 Hz,
aryl-C), 131.03 (d, ] = 5.00 Hz, aryl-C), 130.59 (d, ] = 5.09 Hz, aryl-C), 128.70 (br s, aryl-

), 128.65 (br s, aryl-C), 128.59 (s, aryl-C), 128.46 (v br, aryl-C), 128.35 (br s, aryl-C),



109

126.77 (s, aryl-C), 126.09 (v br, aryl-C), 77.39 (v br, central arene-C), 74.44 (v br, central
arene-C), 25.52 (v br, CH(CH3)2), 24.93 (d, ] = 16.46 Hz, CH(CH35)»), 20.48 (d, /] = 20.12
Hz, CH(CHj3)2), 20.18 (v br, CH(CHs)»), 19.90 (d, ] = 11.45 Hz, CH(CH3)2), 19.40 (br s,
CH(CHs)2), 0.78 (s, OSi(CHs)3). *'P{'H} NMR (162 MHz, THF, 23 °C) &: 84.26 (br s,
Mo-P), -4.70 (s). Heating mixtures of 10 and free diphosphine to 70 °C provided 'H and
PC{'H} NMR spectra in which the broad resonances in the room temperature spectrum
are better resolved. A full "C{'"H} NMR spectrum could not be collected at this
temperature as the sample began to decompose over the timescale of the experiment. 'H
NMR (400 MHz, CsDs, 70 °C) 8: 7.48 (br s, 1H, aryl-H), 7.27-7.30 (v bt, 2H, aryl-H),
7.19-7.20 (v br, 1H, aryl-H), 7.00-7.06 (br m, 4H, aryl-H), 4.97 (v br, 4H, central arene-
H), 2.39 (v br, 4H, CH(CH3),), 1.15-1.20 (m, 12H, CH(CH;),), 1.04-1.09 (m, 12H,
CH(CHs3)2), 0.21 (br s, 18H, Si(CHs)3). "C{'"H} NMR (101 MHz, THF, 70 °C) &: 77.04 (v
br, central arene-C), 75.56 (v br, central arene-C).

Single crystals of 10 were isolated while attempting to crystallize 9. The low-temperature
crystallization procedure is described below:

A small swivel frit was assembled with a 50 mL round-bottom flask charged with 3 (60
mg, 0.066 mmol) and a small a stir bar at one end and a 50 mL round-bottom flask charged
with a stir bar at the other. The apparatus was sealed, and evacuated. THF was admitted
to the flask containing 3 at -78 °C via vacuum transfer, resulting in a deep red solution.
With a heavy argon counterflow, the Teflon pin in the side arm of the swivel frit was
replaced with a rubber septum. The septum was pierced with a 12-gauge needle and an
87 section of Teflon cannula was carefully inserted. A MesSiCl (14.3 mg, 0.132 mmol)
solution in THF (1 mL) was introduced to the stirring reaction mixture via syringe
through the short cannula. The solution lightened slightly upon addition and the Teflon
pin was replaced, sealed, and the reaction was left to stir for 20 minutes. Volatiles were

removed z# vacuo, maintaining a temperature between -40 and -78 °C.
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The residue remaining in the flask was dissolved in hexanes, introduced via vacuum
transfer at -78 °C. The top of the swivel frit (empty 50 mL flask) was pre-cooled with
liquid nitrogen and the frit swiveled, utilizing a -78/-196 °C temperature gradient to draw
the red hexanes solution through the frit. The filtrate was dried under reduced pressure,
again maintaining a temperature between -40 and -78 °C, providing a red/orange powdet.

Butane (20 mL) was condensed into a trap at -78 °C and freeze-pump-thawed three
times to remove trace oxygen. It was then transferred from the trap (-78 °C) onto the
powder (-196 °C), and stirring was initiated. Once the solids had dissolved, stirring was
halted. The side-arm pin was once more replaced with a septum which was pierced with
a 21-gauge needle. Solvent was evaporated at low temperature (-40 to -78 °C) via
evaporation with the aid of a slow argon flow, providing deep red single crystals of 10.
10-"C can be prepared analogously, starting from 3-PC. It is also observed
spectroscopically in reactions employing 9-"C; the enhanced resonance is the acetylenic
peak at 208.06 ppm. At room temperature, ° P/"’C scalar coupling is not resolved in the
'P{'H} nor the "C{'H} NMR spectra; however, cooling samples containing 10-"C to -
40 °C sharpened the resonances attributable to this species, resolving the °J(P,C): PC{'H}
NMR (126 MHz, THF, -40 °C) &: 206.74 (d, ] = 19.57 Hz, COSiMes). *'P{'"H} NMR (202
MHz, THF, -40 °C) 8: 86.21 (t, ] = 19.57 Hz, Mo-P), -5.56 (s).

Synthesis of 11
Due to conversion to 8, 11 must be prepared and handled at low temperature. The

following two methods were employed:

--=K i
---0:z=7, SiM
OC’ co:\\ ’, | iVies Me3Si 8
2 , Y 6 Me,;SiCl ipy Cl c iPr ipr C pr
A ipr C i N

’,I:(\ JPr THF, -78t0-35°C ;o \, “p iy 4 iPr_\P~\\M°__P_iPr

. i ":\>\'.' Pi\’Pr o N )= AN
O N O -2 KCI, -(Me;Si),0 O\D
3 8

1"

Method A (from 3):
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A 20 mL scintillation vial was charged with a deep red solution of 3 (80 mg, 0.088 mmol)
in THF (2 mL) and a stir bar. The vial was capped and placed in a liquid nitrogen-cooled
cold well. Once the solution had frozen, the vial was removed from the well. While
thawing and stirring, MesSiCl (67 pL, 0.528 mmol) was added dropwise via Hamilton
syringe. The vial was returned to the cold well, immediately upon completion of the
addition and the contents re-frozen. The vial was allowed to thaw with stirring, and this
process of low-temperature mixing was repeated three times, at which time the THF
solution was frozen a final time. Pre-chilled pentane (10 mL) was layered onto the frozen
THF solution and the vial was sealed and placed in a -35 °C freezer. After four days, X-
ray quality crystals of a roughly 60:40 mixture of 11 and 8 had formed. '"H NMR (500
MHz, THF-d, -80 °C) &: 8.11 (br d, | = 4.89 Hz, 2H, aryl-H), 7.95 (v br, 2H, aryl-H),
7.72 (t, ] = 7.34 Hz, 2H, aryl-H), 7.67 (d, | = 7.50 Hz, 2H, aryl-H), 7.64 (br s, 2H, aryl-
H), 7.46 (s, 2H, central arene-H), 3.56 (v br, 2H, CH(CHs),), 3.15 (v br, 2H, CH(CH3)>),
1.41 (m, 6H, CH(CH>)), 1.25 (m, 12H, CH(CHs)2), -0.84 (s, 9H, Si(CHs)s). >'P NMR (202

MHz, THF-dj, -80 °C) &: 41.88 (br s).

o o Me3S| 138 slMe3
. 13¢ ; : .
Pr, C\\ i Me;SiCl Pr 13c\| jPr Pr, cl, ||| JPr
’Pr—P—Mo—P -'Pr THF, -78 °C ’Pr—P—Mo—P -Pr L Pr— —“P—Mo—pB-Pr
> AN,
O-O) ava"e
7-3C 11-13 8-13¢

Method B (from 7-"C):

To a J. Young tube containing iz situ prepared 7-"C (ca. 0.024 mmol) in THF (500 nL.) at
-78 °C, Me;SiCl (14.5 plL, 0.114 mmol) was added via Hamilton syringe with a heavy
counterflow of argon. The J. Young tube was sealed and shaken, providing a ca. 75:25
mixture of 11-"C and 8-PC. "C{'H} NMR (126 MHz, THF-d;, -80 °C) &: 344.87 (bt s,

CSiMes), 241.82 (br s, CO). *'P{'H} NMR (202 MHz, THF-ds, -80 °C) &: 41.86 (s).
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Synthesis of 18
0
’Pr\ 72 /’Pr_ ’Pr\ (': /’Pr_
i U i I
’Pr\P_Mo___P/ Pr COP(L:tm) ’Pr\P_Mo__P/ Pr
A e
5 16

A Teflon stoppered Schlenk tube was charged with 5 (200 mg, 0.340 mmol), PhH (10
mL), and a stir bar. The resulting red solution was degassed thoroughly via three freeze-
pump-thaw cycles. Following the final thaw, CO (1 atm) was admitted to the headspace
of the flask. The stopper was sealed and the reaction left to stir for 1 hr. At this time, the
solvent was lyophilized, providing 18 as an orange powder (196 mg, 0.340 mmol, >99%).
X-ray quality crystals of 18 were grown by cooling a saturated PhMe solution to -35 °C.
"H NMR (400 MHz, C¢Ds, 23 °C) 8: 7.39-7.41 (m, 2H, aryl-H), 7.16 (br m, 2H, aryl-H),
7.00-7.04 (m, 4H, aryl-H), 4.60 (br s, 2H, central arene-H), 4.59 (br m, 2H, central arene-
H), 2.40-2.49 (m, 2H, CH(CHs),), 2.11-2.20 (m, 2H, CH(CHs),), 1.35-1.41 (m, GH,
CH(CHj3),), 1.07-1.13 (m, 6H, CH(CHs3)2), 0.97-1.05 (m, 12H, CH(CHs)2). "C{'H} NMR
(101 MHz, CsDs, 23 °C) 8: 242.58 (t, | = 15.19 Hz, CO), 152.32 (vt, | = 12.24 Hz, aryl-
0), 152.02 (vt, | = 11.99 Hz, aryl-C), 130.18 (s, aryl-C), 128.59 (s, aryl-C), 126.70 (vt, | =
2.03 Hz, aryl-C), 97.92 (t, | = 2.60 Hz, central arene-C), 90.21 (s, central arene-C), 76.49
(t, ] = 1.61 Hz, central arene-C), 30.53 (vt, ] = 5.16 Hz, CH(CHs)2), 29.62 (m, CH(CH3)>),
21.17 (vt, ] = 4.76 Hz, CH(CHs),), 19.88 (vt, ] = 4.25 Hz, CH(CH5),), 19.50 (s, CH(CH3)2),
18.92 (s, CH(CHs)2). *'P{'H} NMR (162 MHz, C¢Ds, 23 °C) &: 82.06 (s). IR (powder
sample, diamond ATR, cm™) veo = 1798.

18-"C was prepared analogously, using "CO in lieu of CO; the enhanced resonance in
the P"C{'H} NMR spectrum is the triplet at 242.60 ppm. The *'P{'H} NMR signal at
82.06 ppm splits into a doublet (J = 15.91 Hz). IR (powder sample, diamond ATR, cm™)

V13cOo — 1758.



113

Synthesis of 19
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To a stitring red/orange solution of 18 (250 mg, 0.426 mmol) in THF (10 mL), KCs (121
mg, 0.895 mmol) was added as a solid in a single portion, resulting in an immediate color
change to dark brown. Stirring continued for 30 minutes, at which time the mixture was
filtered through a Celite plug. The dark red/brown filtrate was dried iz vacuo, providing a
tacky film. Trituration with hexanes (2 x 4 mL) provided a dark brown powder. This
powder was suspended in benzene and the solids collected by vacuum filtration. Washing
the filter cake with benzene until the rinses were colorless and collection of the solids
provided 19 as a red/brown powder (258 mg, 0.281 mmol, 66%--NB: values were
calculated using the molecular weight of 19¢THF; 5, C4sHesKoMo10O45P;, 917.07 g/mol).
X-ray quality crystals were grown via layering pentane onto a saturated THF solution of
19 at -35 °C.

Due to the extreme air and moisture sensitivity of 19, its preparation is recommended in
small batches. All samples of 19 were stored in the solid state at -35 °C.

"H NMR (400 MHz, C¢Dq, 23 °C) 8: 7.03 (br s, 2H, aryl-H), 6.68-6.72 (br m, 4H, aryl-H),
6.52 (brt, ] = 6.49 Hz, 2H, aryl-H), 5.70 (br s, 2H, central arene-H), 5.39 (br d, ] = 10.38
Hz, 2H, central arene H), 2.13-2.19 (m, 2H, CH(CHs)»), 2.06-2.13 (m, 2H, CH(CH3)»),
1.13-1.18 (m, 6H, CH(CHs),), 1.01-1.07 (br m. 12H, CH(CHj3)2), 0.68-0.73 (m, CH(CHs)>).
PC{'H} NMR (101 MHz, C¢Ds, 23 °C) 8: 258.49 (t, | = 7.58 Hz, CO), 160.32 (d vt, | =
21.08, 1.84 Hz, aryl-C), 144.57 (d vt, ] = 16.26, 1.41 Hz, aryl-C), 127.97 (s, aryl-C), 127.94
(s, aryl-C), 127.38 (br s, aryl-C), 125.77 (br s, aryl-C), 118.28 (br s, aryl-C), 117.3 (d, | =

6.54 Hz, aryl-C), 99.85 (s, central arene-C), 70.94 (t, ] = 7.40, central arene-C), 32.59 (v
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br, CH(CHs)2), 32.41 (br s, CH(CH3)2), 21.64 (d, ] = 2.96 Hz, CH(CHs3)), 21.55 (s,
CH(CHs),), 21.46 (bt s, CH(CHs),), 19.90 (bt d, J = 2.13 Hz, CH(CHs),). *P{'H} NMR
(162 MHz, C¢Ds, 23 °C) 8: 114.09 (bt s). IR (THF cast thin film, cm™) veo = 1507.
19-"C can be prepared analogously starting from 18-"C; the isotopically enhanced
carbonyl carbon resonates as a triplet at 258.5 ppm ("C{'H} NMR, 101 MHz, THF-dj,
23 °C). No additional coupling is resolved in the *'P{'"H} NMR spectrum. IR (THF cast
thin film, cm™) visco = 1461.

In Situ Preparation of 9-3C

Measio\ OSiMe3

2 Me;SiCl pr G S e
-78° \

THF, -78°C ;'\ —\M/é—P/’ Py

2Kl

Due to thermal instability, 9-C must be prepared 7z situ. In a typical procedure, a J.

Young NMR tube was charged with solid 3-"C (25 mg, 0.027 mmol). The tube was
evacuated, and THF-d; (ca. 300 pL) was admitted via vacuum transfer at -196 °C. The
contents of the J. Young tube were warmed to room temperature and mixed thoroughly,
providing a deep red solution. This solution was immersed in liquid nitrogen and THF-
ds (¢ca. 100 pL) was again added to the reaction via vacuum transfer. Me;SiCl (33.4 mL at
3.1 cm Hg, 0.57 mmol) was then condensed into the reaction from a calibrated gas
volume. The tube was sealed and carefully thawed to -78 °C, avoiding mixing of the layers
as much as possible (the bottom of the tube must be kept coldest to prevent bumping).
Upon thawing, the tube was shaken vigorously to mix and immediately refrozen. Samples
prepared this way show 80-90% conversion to the desired product, but minor oxidation
to 2-"C typically occurs, as does some formation of bis(siloxy)acetylene 10-"C. Solutions
of 9-C were used for spectroscopic studies without further manipulation. At low

temperatures, these samples are stable for hours, but show slow conversion to 10-"C.
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Upon warming, 9-"C converts to a mixture of 2-"C, 8-"C, and 11-"C as observed by
multinuclear NMR. "H NMR (500 MHz, THF-ds, -80 °C) &: 7.96 (br s, 2H, aryl-H), 7.67
(br s, 2H, aryl-H), 7.55 (br s, 2H, aryl-H), 7.50 (br s, 2H, aryl-H), 7.08 (br s, 2H, central
arene-H), 6.24 (br s, 2H, central arene-H), 2.97 (br m, 2H, CH(CHs),), 2.23 (br m, 2H,
CH(CHs3)2), 1.51 (br m, 6H, CH(CH,),), 1.27-1.33 (bt m, 12H, CH(CH3)2), 0.57 (br m, 6H,
CH(CHs),), 0.18 (br s, 9H, COSi(CH3)3), -0.43 (br s, 9H, COSi(CH3)3). "C{'H} NMR
(126 MHz, THF-ds, -80 °C) 8: 284.27 (br s, Mo=COSi), 274.35 (br s, Mo=COSi), 149.59
(br s, aryl-C), 138.31 (br s, aryl-C), 133.27 (br s, aryl-C), 129.56 (br s, atyl-C), 128.84 (br
s, aryl-C), 128.63 (v br, aryl-C), 127.40 (br s, aryl-C), 126.02 (v br, cental arene-C), 90.15
(v br, central arene-C), 36.19 (v br, CH(CH;),), 29.86 (v br, CH(CHs),), 18.67 (v br,
CH(CH3)2), 18.53 (v br, CH(CHs)2), -0.31 (v br, COSi(CHs)3), -0.47 (v br, COSi(CHs)3).
'P{'H} NMR (202 MHz, THF-ds, -80 °C) 8: 66.48 (br t, ] = 17.32 Hz).

Cooling the sample further resolves the °J(P,C) of the catbyne carbons: "C{'H} NMR
(126 MHz, THF-ds, -100 °C) 6: 284.10 (br t, ] = 14.26 Hz, Mo=COSi), 273.84 (t, | = 23.05
Hz, Mo=COSi).

Though 9-C began to react, the NMR spectra collected at -20 °C were consistent with
two siloxycarbyne motifs in a fast exchange regime: "H NMR (500 MHz, THF-ds, -20 °C)
8: 7.90 (br s, 2H, aryl-H), 7.61 (bt s, 2H, aryl-H), 7.49 (br s, 2H, aryl-H), 7.45 (bt s, 2H,
aryl-H), 6.71 (br s, 4H, central arene-H), 2.59 (v br, 4H, CH(CHs)2), 1.30 (v br, 12H,
CH(CH3)2), 1.04 (v br, 12H, CH(CH3)2), -0.09 (br s, 18H, COSi(CHj3)3). "C{'H} NMR
(126 MHz, THF-ds, -20 °C) &: 280.79 (br s, Mo=COSi), 150.11 (br s, aryl-C), 138.67 (br
s, aryl-C), 133.37 (br s, aryl-C), 130.74 (br s, aryl-C), 129.68 (bt s, aryl-C), 129.08 (br s,
aryl-C), 128,74 (v br, aryl-C), 127.54 (bt s, aryl-C), 33.21 (v br, CH(CHs)2), 20.70 (br s,
CH(CHs),), 19.09 (br s, CH(CHs)2), 0.13 (br s, COSi(CH3)3). 'P{'H} NMR (202 MHz,

THF-ds, -20 °C) 8: 63.97 (t, ] = 20.37 Hz).
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9-BC-d;s was prepared analogously, substituting Me;SiCl-ds for MesSiCl. These samples
were prepared in proteo THF with a C¢Ds spike to facilitate study by *H NMR
spectroscopy. ‘H NMR (76 MHz, THF/CDs, -80 °C) 8: -0.1 (v br, COSi(CD5)s), -0.6 (v
br, COSi(CDs)s).

In Situ Preparation of 12-BC

Si"Pr3
13 13 ; . .
’Pr C\\ /Pr Pr;SicCl 'Pr ||| /Pr
’Pr~P— o—P“"Pr THF,OOC 'Pr—P—Mo—P—'Pr
130 /—
C
O~ (O~
7.13¢ 12-13¢

To a J. Young tube containing iz situ prepared 7-"C (ca. 0.024 mmol) in THF (400 pl.) at
-78 °C, a THF solution (100 pL) of 'Pr;SiCl (4.6 mg, 0.024 mmol) was added via syringe
with a heavy counterflow of argon. The tube was sealed and shaken thoroughly, ensuring
the sample remained cold throughout. The J. Young tube was then transferred to an NMR
spectrometer pre-cooled to -80 °C. The sample was warmed in the probe, in 10 °C
increments. No conversion was observed up to 0 °C. At this temperature, new resonances
attributable to 12-"C (vide infra) were observed by “C{'H} and ’'P{'H} NMR
spectroscopy. Warming was continued and complete consumption of the starting material
was observed by 10 °C. "C{'H} NMR (126 MHz, THF, 0 °C) &: 360.54 (br dt, CSiMes),
250.55 (br dt, CO). 'P{'"H} NMR (202 MHz, THF, 0 °C) 8: 34.44 (s). "C{'H} NMR (126
MHz, THF, 25 °C) 8: 360.96 (dt, CSiMe;), 250.52 (dt, CO). *'P{'"H} NMR (202 MHz,
THEF, 25 °C) 8: 33.95 (s).

In Situ Preparation of 13-C

NaO\\ Si'Pr,

. 136 13C° ; o o 13¢ ;
Pr\ N/ Pr 1) Pr,SicCl ) Pr\ \/// /Pr
'PI'—P—MO‘—'P -Pr THF, -78 °C ’Pr—P—Mo P-'Pr

T

7-13C -NaCl 13_13C
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To a J. Young tube containing i situ prepared 7-"C (ca. 0.028 mmol) in THF (400 uL) at
-78 °C, a THF solution (100 pL) of P1;SiCl (10.8 mg, 0.056 mmol) was added via syringe
with heavy counterflow of argon. The tube was sealed and the contents mixed, resulting
in no noticeable color change. Again, under a heavy counterflow of argon, a deep green
THEF solution (200 pL) of [Na][CioHs] (0.056 mmol) was added via syringe. The tube was
sealed and mixed, ensuring the sample remained cold throughout. The solution darkened
to deep maroon. The J. Young tube was then transferred to an NMR spectrometer pre-
cooled to -80 °C. Complete conversion of the starting material to 13-2C was observed by
multinuclear NMR spectroscopy. C{'H} NMR (126 MHz, THF, -100 °C) &: 326.15 (v
br, CSiMes or CONa), 325.82 (v br, CSiMe; or CONa). *'P{'H} NMR (202 MHz, THF, -
100 °C) 8: 60.59 (br s). "C{'H} NMR (126 MHz, THF, -60 °C) &: 326.02 (br t, ] = 19.24
Hz, CSiMe; or CONa), 325.32 (br s, CSiMe; or CONa). *'P{'H} NMR (202 MHz, THF,
-60 °C) 8: 59.58 (br s).

In Situ Preparation of 14-"C

FiMes NaO, SiMe;
ipr C',nﬁi P ipr 1\30\1/;0 iPr
iPr—p—Mo—B-Pr 2 [Na][C4oHs] iPr—\P—\Mc{—P/JPI‘

N __ THF, -78 °C > I

8-3%¢c 14-3C
A'J. Young tube was charged with homogenous red solution of 8-"C (18 mg, 0.025 mmol)
in THF (400 pL). The tube was placed in a dry ice/acetone bath and the contents cooled
to -78 °C; a deep green solution of [Na][CioHs] (0.059 mmol) in THF (200 pL) was added
via syringe with a heavy argon counterflow. The J. Young tube was sealed and mixed
thoroughly, changing color to reddish purple. It was transferred to an NMR spectrometer
pre-cooled to -80 °C. Complete conversion of the starting material to 14-C was observed
by multinuclear NMR spectroscopy. "C{'H} NMR (126 MHz, THF, -100 °C) &: 329.20

(br t, ] = 21.09 Hz, CSiMe;or CONa), 327.42 (br, CSiMe; or CONa). *P{'H} NMR (202
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MHz, THF, -100 °C) &: 57.81 (br s). "C{'H} NMR (126 MHz, THF, -80 °C) &: 329.98
(br t, ] = 19.16 Hz, CSiMe;and CONa). *'P{'H} NMR (202 MHz, THF, -80 °C) &: 58.49
(brs). "C{'H} NMR (126 MHz, THF, -60 °C) &: 331.81 (br s, CSiMe; or CONa), 330.50
(t, ] = 20.39 Hz, CSiMe; or CONa). *'P{'H} NMR (202 MHz, THF, -60 °C) &: 59.05 (br
S).

In Situ Preparation of 15->C

NaO\\ 13 SiMes MesSiR 13 SR
13¢c 3¢ . TN
iIPr\ N7/, ?F"' Me,Sicl iP’Pr\ N2 /'?;
Pr—P—IIVI\o—P' r THF, -78 °C P MR
1 \ > L

14-13C 15-%C

A solution of 14-C was prepared in a J. Young NMR tube, as described above, from the
reduction of 8-®C (20 mg, 0.028 mmol) with [Na][C1oH;s] (0.062 mmol) in THF (600 pL.).
This solution was frozen in liquid nitrogen and the headspace of the tube evacuated.
MesSiCl (33.4 mL at 1.7 cm Hg, 0.031 mmol) was then admitted via condensation from a
calibrated gas volume. The J. Young tube was sealed and the contents carefully thawed to
-78 °C; the reaction was mixed thoroughly, ensuring the sample remained cold. The tube
was transferred to an NMR spectrometer pre-cooled to -40 °C. Quantitative conversion
to 15-"C was observed by multinuclear NMR. "C{'H} NMR (126 MHz, THF, -40 °C) &:
379.45 (t, ] = 19.92 Hz, CSiMes), 284.09 (t, ] = 13.80 Hz, COSiMe3). *'P{'H} NMR (202
MHz, THF, -40 °C) &: 57.41(dd, | = 19.92, 13.80 Hz). "C{'"H} NMR (126 MHz, THF, 0
°C) 8: 379.52 (t, ] = 18.97 Hz, CSiMes), 284.81 (t, ] = 14.47 Hz, COSiMe;). *'P{'H} NMR
(202 MHz, THF, 0 °C) 8: 57.95 (dd, ] = 18.97, 14.47 Hz).

Stoichiometric Deoxygenative C—C Coupling

In a representative reaction, a solution of 4-"CO (30 mg, 0.027 mmol) in THF (1.5 mL)
in a 20 mL scintillation vial charged with a stir bar was frozen in a liquid nitrogen-cooled
cold well. A second solution of Pr;SiCl (20.8 mg, 0.108 mmol) in THF (0.5 mL) was

likewise frozen. While thawing, the Pr3SiCl solution was added to the stirring deep purple
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solution of 4-"CO. As the reaction mixture continued to warm, the color changed to
burgundy. An aliquot was removed and transferred to a J. Young NMR tube. CsDs (100
ul) was added via Hamilton syringe. The aliquot was then analyzed by “"C{'H} and

YP{'H} NMR.

A) Pc{'H} NMR B) *P{'H} NMR
Spectrum Spectrum
5
CD, 6a 6
e il 2 J 2
1‘30 1‘20 1‘10 160 9‘0 éO 7‘0 éO 5‘0 4‘0 3‘0 2‘0 110 6 1‘10 160 9‘0 éO 7‘0 éo 5‘0 4‘0 3‘0 2‘0 l‘.O 6
f1 (ppm) f1 (ppm)
C) “’c/°C INADEQUATE Spectrum ‘ J‘
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1‘10 165 160 9‘5 9‘0 8‘5 éo 7‘5 7‘?2( éS) éo 5‘5 5‘0 4‘5 4"0 3‘5 3‘0 2‘5 2‘0
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Figure 3.10. (A) "C{'H} NMR spectrum (101 MHz, THF/C¢Ds, 25°C) showing the
formation of 6a-"CO, following treatment of 4->CO with excess P3SiCl. (B) The major
metal containing product ca. 75% was identified as the dinitrogen complex 5. (C) Strong
C-C coupling ('Jec = 167.74 Hz) consistent with 6a-"CO was verified via

INADEQUATE NMR.

Silyl Alkylidyne Reduction

A 20 mL scintillation vial was charged with a stir bar, 7-°CO (20 mg, 0.028 mmol), and
KCs (8 mg, 0.059 mmol). THF (1 mL) was added with stirring, resulting in the formation
of a dark, heterogeneous mixture. The mixture was left to stir for 10 minutes, at which
time it was filtered through a celite plug into an NMR tube. "C{'"H} NMR demonstrated

quantitative conversion of 7-"CO to 5 and silyl ethynolate 6b (Figure 3.11., B).”> Addition
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of Me;SiCl (2 drops) to this NMR tube led to the formation of 6¢ (major) and 6a™¢

(minor) as evidenced by "C{'H} NMR spectroscopy (Figure 3.11., C).>

7Me 7Me

Me,SiCl

6c 6c
2 1 6aMe , L 6aMe s

- o o L A okl
Pibiw y b e ? . ¥ b

T T L LI B S S B T T T L L I B S S S| T T T T
360 340 320 300 280 260 240 220 200 180 160 140 120 100 80 60 40 20 o
f1 (ppm)

Figure 3.11. "C{'H} NMR spectrum (126 MHz, 25 °C, THF) of the stepwise reduction
and silylation of 7. "C{'H} NMR (A) shows the characteristic resonances at 355.8 and
247.5 attributable to the silyl alkylidyne and carbonyl carbons of 7, respectively. Upon
two electron reduction (B), formation of ethynolate 6b (PC{'H} NMR (126 MHz, 25 °C,
THF) 8 = 131.34, 5.94, "Jcc = 139.6 Hz) is observed. Addition of Me;SiCl to this mixture
(C) yields ketene 6¢ (*C{'H} NMR (126 MHz, 25 °C, THF) 8 = 167.54, 1.13, 'Jec = 82.3
Hz). Minimal formation of 6a™* is observed ("C{'H} NMR (126 MHz, 25 °C, THF) & =
106.7, 30.6, "Jcc = 163.7 Hz).

Electrophilic Quenching of 3-"C with P13SiCl

A J. Young NMR tube was charged with 3-"C (20 mg, 0.021 mmol) and the headspace
evacuated on the high vacuum line. THF-d; (¢ca. 400 pL) was admitted via vacuum transfer
at -196 °C. The tube was sealed, and the contents thawed and mixed thoroughly,
providing a deep red solution. The J. Young tube was submerged in a -78 °C dry
ice/acetone bath, and with a heavy counterflow of argon, Pr;SiCl (16.6 pL., 0.086 mmol)
was admitted via microsyringe. The tube was again sealed and carefully transferred to the

NMR probe (pre-chilled to -80 °C).
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Figure 3.12. Stacked partial "C{'H} (126 MHz, left) and 'P{'H} (202 MHz, right) NMR
spectra (THF-ds) of the low temperature addition of 4 equiv. of Pr;SiCl to 3-"C.
Immediately after admitting Pr;SiCl to the reaction mixture, some oxidation to Mo(0)
dicarbonyl 2-"C was observed (top). Warming the sample to -30 °C in the NMR probe
resulted in formation of metal-free C,O; fragment 6a (middle). Maintaining this
temperature (at which coupling occurs slowly) for two hours and then cooling the sample
back to -80 °C afforded spectra with features attributable to 7-"C consistent with the
proposed intermediacy of this species in the coupling reaction. Note that with the chosen
ratio of reagents, electrons are limiting (0.5 equiv.), and trace formation of silyl carbyne
12-"C is detected.

Variable Temperature NMR of 9-°C

A'J. Young NMR tube was charged with 3-®C (22 mg, 0.024 mmol) and THF-ds (400 ul.)
was added via vacuum transfer at -78 °C. With an argon counterflow, MesSiCl (17 uL,
0.132 mmol) was introduced to the NMR tube via Hamilton syringe. Mixing at low
temperature provided a deep red solution of 9-°C, which was analyzed by multinuclear
NMR at a series of temperatures. The experimental NMR spectra were fit using the
dNMR module within the TopSpin Software Package.” Trace 2-"C formed following the

addition of MesSiCl was likewise fit and used to determine the line broadening for the
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simulation at -100 °C, as it is not involved in exchange processes. Simulations at higher
temperatures were derived from the parameters of the -100 °C fit, via iterative variation

of the exchange rate, 4.

Table 3.1. Dynamic NMR fit parameters for carbyne exchange in 9-"C.

AG*
-1 -1
T [K] k [sec] 1/T [K'] | La(&) La(k/T) | (ceal/mol)
173.15 34.87 0.0058 3.55 -1.60 8.73
193.15 539.42 0.0052 6.29 1.03 8.73
213.15 1343.35 0.0047 7.20 1.84 9.28
233.15 7103.41 0.0043 8.86 3.42 9.42
243.15 12982.40 0.0041 9.47 3.98 9.56
253.15 28800.20 0.0040 10.27 4.73 9.57
. Eyring Plot
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Figure 3.13. Eyring plot for dicarbyne exchange in 9-°C ("C{'H}, THF-ds, 126 MHz).

In Situ Reduction of 10
AJ. Young NMR tube was charged with a deep red solution of 3-"C (28 mg, 0.031 mmol)
in THF (400 pL). The contents of the tube were frozen in liquid nitrogen and the

headspace evacuated. Me;SiCl (3.3 cm Hg in 33.4 mL, 0.060 mmol) was condensed into
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the tube which was then sealed and warmed to -78 °C. The reaction mixture was mixed
and left at -78 °C, in a dry ice/acetone slush bath, for 5 days. *P{'H} and "C{'H} NMR
spectra collected at this point display significant conversion to bis(siloxy)acetylene 10-*C
(Figure 3.14., A). With a heavy counterflow of argon, a THF solution of [Na][CioHjs]
(0.060 mmol in 200 L) was added via syringe at -78 °C. The tube was sealed, mixed, and

the reduction reaction monitored by variable temperature NMR spectroscopy (Figure

3.14., B-C).
A
10 10 10
9
2
| L 2|
B
9
10 10
2
J‘I L o Il l M J l_l J
C
2 , 10 10
i ‘ Ny l |l l Al ol |-|.
]IGl] 3'4[1 31)0 Il;)l] 7‘8() 7‘60 7‘40 7'70 7:](] I;!l] I:iﬂ l:’lﬂ 1;() I‘D() 8‘0 t’;ﬂ 4'[] 7'(] :] l‘l() I‘ﬂl] 9'0 RI(] i:ﬂ G‘() h‘l] 'I‘Cl 3‘0 7I|] l‘() l] ‘I
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Figure 3.14. Stacked "C{'H} (left; 126 MHz, THF) and *'P{'H} (right; 202 MHz, THF)
following the two-electron reduction of 10-”C. From a reaction mixture comprised of a
ca. 63:36:1 ratio of 10-C, 9-"C, and 2-"C, respectively, two-electron reduction at -78 °C
leads to an intractable mixture of species. Though downfield resonances at 345.5 and
355.7 ppm (Figure 3.14., B), attributable to 11-°C and 8-"C, respectively, are observed in
the P"C{'H} NMR spectrum, these are attributed to C—O cleavage chemistry from 9-"C.
Warming the reaction mixture to room temperature (Figure 3.14., C) did not afford
spectra consistent with C—O cleavage chemistry from 10-"C.
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Isomerization of 11 to 7

A J. Young tube was charged with microcrystals from the preparation of 11 (method A,
vide supra) and THF-ds (ca. 500 pL) was admitted at -78 °C via vacuum transfer. The
contents of the tube were mixed at low temperature, providing a burgundy solution. 'H
and *'P{'"H} NMR spectroscopy at -80 °C showed a 57:43 mixture of 11 to 8, respectively.
The tube was warmed to room temperature for set time intervals before being returned

to the probe for spectral analysis (Figure 3.15.).

-80 °C
57% J 43%
AL |

23 °C, 3 min
53% L 47%
AL |

23°C, 13 min
28% L 72%

23 °C, 20 min
21% l 79%

23 °C, 30 min
14% l 86%

4"4 4‘-2 4‘-0 38 3‘5 3‘4 3‘2 1‘00 5‘0 6
f1 (ppm)

Figure 3.15. Stacked partial (left) and full (right) *'P{'H} NMR spectra (202 MHz, THF-
ds, -80°C) supporting the conversion of 11 to 8 after warming to room temperature. The
resonances at 41.9 ppm and 36.6 ppm correspond to 11 and 8, respectively.

C-0O Bond Cleavage Kinetics Experiments

In a representative reaction (5 equiv. of MesSiCl), 0.5 mL of a deep red stock solution of
3-"C (120 mg, 0.132 mmol) in THF (3 mL)/Ce¢Ds (12 drops) was added to a J. Young
tube. THF (70 pL) was added via Hamilton syringe to ensure the desired 585 pL
approximate sample volume (25 °C) following addition of silyl chloride. The tube was
sealed and attached to the high vacuum line, where the contents were freeze-pump-
thawed twice. Me;SiCl (33.4 mL at 2.0 cm Hg, 23 °C, 0.036 mmol) was admitted via
condensation from a calibrated gas bulb. The contents of the J. Young were thawed,

mixed quickly, and refrozen. MesSiCl (33.4 mL at 4.0 cm Hg, 23 °C, 0.072 mmol) was
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admitted as before. The tube was then sealed and placed in a liquid nitrogen cooled

Dewar. Thawing occurred directly prior to placing the NMR tube in a 0 °C NMR probe.

PC{'H} NMR spectra were recorded as an array utilizing the pre-acquisition delay
mechanism in Agilent’s Vamr] software. Relative concentrations of species in the reaction

mixture were determined via integration of their respective resonances against the C¢Ds

triplet at 128.06.
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Figure 3.16. Representative "C{'H} NMR spectrum array (126 MHz, 0 °C, THF) for the
conversion of 9-PC to 11-”C and 8-"C. For clarity, every third spectrum collected is
displayed. Small amounts of 2-"C and 10-"C were formed upon electrophilic quenching,

but their concentrations remain constant over the course of the kinetics experiment

(Figure 3.17.).
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Figure 3.17. Relative concentration vs. time for species observed during C—O bond cleavage kinetics experiments. Variable amounts
of 2-PC and 10-"C were formed in the initial addition of Me;SiCl, but the concentrations of these complexes remain constant, within
error, over the course of the reaction. Dicarbyne 9-"C is consumed and silyl carbynes 11-C and 8-"C are concomitantly observed to
grow in.
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Figure 3.18. Log plots of [9-"C] vs. time for variable silyl chloride concentrations as monitored by "C{'H} NMR spectroscopy at 0



Rate Equations for Elementary C—O Bond Cleavage Steps
Case I: Irreversible Dicarbyne Formation

Path 1—Intramolecular HMDSO Formation from Dicarbyne 9

Me;SiO OSiMe
3 \\ 3

'P’:’rP—\\M/\// P/?;r 'P'r—rp— o-—p ’I:r
L (Me3S|)20
9
d|7
Rate = % = k,[9] (D

Opverall: Zeroth order in [Me;SiCl]

Path 2—FExternal Silyl Electrophile Attack on Dicarbyne 9

Me,;SiO OsiMe . OSiMe; |+
i \\ / . 3 K, ’_ / |P 3
Pr r Me;SiCl Pro N\ T

iPr \P—\\M{)/ Boipr —— 5 ipy —\P—\\Mé/ K-ipr

-(Me3Si),0

Rate = % = k1[9][Me;SiCl] (2)

Overall: First order in [Me;SiCl]

Path 3—Siloxide Dissociation from Dicarbyne 9

Me;SiO OsiMe i *
3 \\ 3 . .é c//OSI.M%—I
ipr // fer " Pr, \ /Pr

ipr—p— \\ // / -Pr k1 iPr—\P—\\l\n{)/—P/-'Pr

Rate = — = Kk{[9] 3)

Overall: Zeroth order in [Me;SiCl]
Case II: Reversible Dicarbyne Formation—Fast Pre-Equilibrium

Path 4—External Silyl Electrophile Attack on Carbyne Anion A

128
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Me;SiO i ks i
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i ¢ C i -Me;SiCl . n
Pr\ A /// / Pr
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d[7]

Rate = T k3;[A][Me;SiCl]

Assuming a fast pre-equilibrium between A and 9:

k, [A][Me,SiCl]

K2 =17, = TTelKay

K, [9][KCl]
[A] = m and let [9] = [MO]O - [A]

K,[KCI][Mo]o — K,[KCI][A]

=[] = [Me,Sicl]

K, [KCI][A] _ K, [KCI][Mo],

> A+ Ty sicn ~  [Megsicl]

K, [KCI] ) _ Ky[KCI][Mol,

"~ [Me;SiCl]

= [A] (1 T Me,sicl]

L [a] = KelKClMol, _ _ K[KCl[Mol
[MeSiCI] (1 + D‘f{i%) [Me,SiCI] + K, [KCI]

k,k .
d[7] k3K, [KCI][Me;SiCl][Mo], kz_; [KCI][Me3SiCl][Mo],

~ —— = k3[A][Me;SiCl] =
gt Ks[Al[Messicl] [Me,SiCl] + K, [KCI] + %2 Ky
k_,

[MesSiCl]

d[7] _ koks[KCI][Me;SiCl][Mo],

T Tdt | k_,[Me,SiCl] + K,[KCI]

(4)

Overall: Complex positive rate dependence on [Me;SiCl|
Assuming k., >> k (consistent with spectroscopic observation of 9 only):

d[7] _ k,ks[KCl][Me;SiCl][Mol, _ k,ks

Th _
en dt k_,[Me,SiCl] k_,

[KCI][Mo], (4a)

Overall: Zeroth order in [MesSiCl]

Path 5—Siloxide Dissociation from Carbyne Anion A
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Me3SiO i k. i
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df71 _
Rate = d_t = k3 [A]

Assuming a fast pre-equilibrium between A and 9 (the pre-equilibrium expression is the

same as in Path 4 above):

K, [KCI][Mo],
= Al = e sicn + 15 [KaT]
k, k!
AT WKalKOMol, T (KMo,
Todt 3 _[Me3SiCl]+K2[KC1]_[Me3SiCl] +11‘—2[Kc1]
-2
d[7] _ k,k3[KCI][Mo], 5
dt ~ k_,[Me;SiCl] + k,[KCI] ®)

Assuming k., >> k; (consistent with spectroscopic observation of 9 only):

d[7] _ kek3[KCI[Mo]y _ kzk4[KCI[Mo]y

Th = 5
en dt  K_o[MesSiCl]  k_,[MesSiCl] (5a)

Opverall: Inverse first order in [Me;SiCl]
Case II: Reversible Dicarbyne Formation—Rate Limiting Formation of A

Path 4—FExternal Silyl Electrophile Attack on Carbyne Anion A

Me3Si0\\ OSiMes k2 Me;SiO

. O, (THF) . o
i i -Me;SiCl . \ \ n ) . )
pr Q. fPr 3 RN ipr. G\ S Pr
"Pr—\p—\\|v|//é—P/—"Pr * iPr—\P—\\Mo K, /Pr ks > "Pr—\p—\\Mg—p/—"Pr
’I \\ k_z II \\ P_’Pr + MeSsicl ll \\
() ez (O memne ()
9 KCl A 7
d[7] .
Rate = Tl k3;[A][Me;SiCl]

Applying the steady-state approximation:

Assume % = 0 = k,[9][KCI] — k_,[A][Me;SiCl] — k;[A][Me;SiCl]
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= k,[9][KC]] = [A][MesSiCl](k_, + k)

ko [9][KC]]

= Al = e sicn e, 1k

d[7] _ k;ks[9][KCI][MesSiCl]  kpks
Todt [MesSiCl(k_, +k3) (k- +k3)

[91[KCI] (6)

Overall: Zeroth order in [Me;SiCl]

Path 5—Siloxide Dissociation from Carbyne Anion A

Me3SiO OSiMe; ka Me;SiO
Pr \\C /C/ iy -Me;SiCl ipr \C\ ?‘:\ /(THF)n . ipr 'C\ C0 ipr
ipr_\P_\\M/é_P/_iPr $ in—\P—\\M'o K\P/iPr ks ipr‘\P_\\Mc{—P/-iPr
i - A “ipr | T > R
N Py A -[KI[OSiMe;] )\
O~ wise aYave
o -KCI A 7
Rat 7 k3[A]
ate = —— =
dt 3
Applying the steady-state approximation:
d[A] : /
Assume T 0 = k,[9][KCI] — k_,[A][Me;SiCl] — k;[A]

= k,[9][KCI] = [A](k_,[Me;SiCl] — k})

k,[9][KCI]

= Al = Ve sicl + K

~d[7] ko k3
T odt  k_,[Me;SiCl] + ki [91KC] @

Opverall: Complex inverse rate dependence on [Me;SiCl]
Assuming the rate of C—O bond cleavage is much faster than the rate of resilylation (7e:
k3, >> kz[M€3SIC1])

d[7]  k,k;

dt Kk

[9] = k,[9] (7a)

Overall: Zeroth order in [Me;SiCl|
Isotopic Labeling Experiments Employing (CD3)3SiCl

Reactivity of 9-C with Excess (CD3)3SiCl
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A J. Young NMR tube was charged with 600 pL. of a deep red solution of 3-"C (20 mg,
0.022 mmol) in THF. One drop of C¢D¢ was added as an internal standard for NMR
spectroscopy. This tube was degassed thoroughly via three freeze-pump-thaw cycles.
Following the third evacuation, the tube was left frozen in liquid nitrogen, and Me;SiCl
was admitted via condensation from a calibrated gas bulb (33.4 mL at 2.5 cm Hg, 0.045
mmol). The tube was sealed and thawed to -80 °C, at which point it was mixed cold and
refrozen. "C{'H} and *P{'H} NMR of this sample (-80 °C) showed conversion of the
starting material to a mixture of 9-"C (61%), 10-2C (10%), 3-®C (23%) and 2-"C (6%)
(Figure 3.19.). The tube was reattached to the vacuum line and the contents refrozen. To
complete the conversion of 3-"C to 9-"C, additional Me;SiCl (33.4 mL at 0.6 cm Hg,
0.011 mmol) was condensed into the J. Young tube as before. The sample was thawed to
-78 °C, mixed vigorously, and refrozen.

(CD3)5SiCl was admitted, in two portions, via condensation from a calibrated gas bulb
(33.4 mL at 6.2 cm Hg per addition, 0.225 mmol total). The tube was thawed, mixed, and
the reaction mixture was again analyzed by multinuclear NMR spectroscopy. allowed to
warm to room temperature.

During this time, an oven-dried 100 mL Schlenk tube was charged with a stir bar, 4-
‘Bu-PhONa (56.8 mg, 0.330 mmol), and THF (2 mL). The reaction mixture from the J.
Young NMR tube was vacuum transferred into this collection flask. Following the
transfer, the contents of the Schlenk tube were stirred at room temperature for 30 minutes
and then vacuum transferred a second time into an empty Schlenk tube. Aliquots from
this vessel were filtered through alumina and analyzed by GC/MS.

The terminal metal products of the reaction were analyzed via multinuclear NMR
spectroscopy following addition of C¢Ds (ca. 400 pL) to the reaction J. Young NMR tube
via vacuum transfer, indicating near exclusive deuteration at the silyl carbyne position

(Figure 3.19.).
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Figure 3.19. "C{'H} NMR spectra following the addition of proteo- and deutero-silyl
electrophiles to 3-"C. The inset shows the upfield region of the 'H NMR spectrum (500
MHz, C¢Dg, 25 °C) of the non-volatile reaction components.
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Figure 3.20. Partial gas chromatogram (top) and mass spectrum (bottom) of the HMDSO
generated from warming 9-C in the presence of excess (CD3)3SiCl. The isotopologs of
HMDSO were resolved in the GC trace and the normalized mass spectra corresponding
to each region are color coded.

Reactivity of 9-CC-dis with Excess Me3SiCl
This reaction was conducted analogously to that described for the addition of excess

(CD3)5SiCl to 9-"C except the deuterated silyl chloride was added first (2 equiv.) and the
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proteo silyl electrophile was added second, in excess (10 equiv.). Following addition of
(CD3)sSiCl, the reaction mixture was comptised of 9-"C-dys (77%), 10-"C-dys (14%), and
2-C (9%). The terminal metal products of the reaction were analyzed as desctibed above,

and indicate near exclusive protonation at the silyl carbyne position (Figure 3.21.).
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Figure 3.21. "C{'H} NMR spectra following the addition of deutero- and proteo-silyl
electrophiles to 3-"C. The inset shows the upfield region of the 'H NMR spectrum (500
MHz, CsDs, 25 °C) of the non-volatile reaction components.
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Figure 3.22. Partial gas chromatogram (top) and mass spectrum (bottom) of the HMDSO
generated from warming 9-"C-ds in the presence of excess Me;SiCl. The isotopologs of
HMDSO were resolved in the GC trace and the normalized mass spectra corresponding
to each region are color coded.

Reaction Monitoring via ’"H NMR Spectroscopy
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’H NMR spectra of the reaction mixtures at different stages were collected to obsetve the
fate of the deuterated trimethyl silyl fragment. These data are inconsistent with a fast
exchange process scrambling the labeled electrophile onto (Figure 3.23., left) or off of
(Firgure 3.23., right) dicarbyne 9. Though a small amount of free (CD3);SiCl is observed
upon warming the reaction mixture to 0 °C (Figure 3.23., panel 3, right), a temperature at
which C-O cleavage is known to proceed, this is attributed to silyl dissociation from 9
(Scheme 3.6.) rather than an exchange process. In the latter case, a statistical distribution
of silyl electrophiles would be expected (83% 9-2C, 17% 9-"C-di5). Moreover, the
deuterated label is not observed to be incorporated into the metal complex in the

complimentary experiment (Figure 3.23., left).
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Figure 3.23. Partial ’H NMR spectra at vatious stages of the isotopic labeling
experiments. A small amount of free (CD3);SiCl is detected when 9-"C-djs is warmed to
0 °C in the presence of excess Me;SiCl (right).

Control Reaction for Sequestration of Excess Silyl Chloride

A concern with HMDSO isotopolog end product analysis was siloxane formation from

silyl chloride hydrolysis. To avoid this, the excess trimethylsilyl chloride remaining in the

reaction mixture was sequestered with dry 4-Bu-PhONa (see experimental procedure

description). To ensure that the phenoxide was not leading to silyl group redistribution,

a control experiment was performed as follows. A J. Young NMR tube was charged with

4-Bu-PhONa (30 mg, 0.174 mmol) and THF (500 uL). The contents of the tube were
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degassed via three freeze-pump-thaw cycles and MesSiCl (33.4 mL at 4 cm Hg, 0.072
mmol), (CD;);SiCl (33.4 mL at 4 cm Hg, 0.072 mmol), and (Me3Si),O (33.4 mL at 4 cm
Hg, 0.072 mmol) were sequentially condensed into the reaction vessel. The J. Young tube
was sealed, the contents thawed, and the reaction mixed via inversion for 30 minutes. The
reaction volatiles were vacuum transferred to a Schlenk tube and an aliquot was removed,
filtered through alumina, and analyzed by GC/MS—(Me;Si),0O, 4-Bu-PhOSiMe;, and 4-

‘Bu-PhOSi(CD3); were observed (Figure 3.24.).
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Figure 3.24. Partial gas chromatogram (top) and mass spectrum (bottom) of the control
reaction for silyl chloride sequestration by 4-'Bu-PhONa.

NaOSiMe; Mediated Silyl Scrambling

The possibility of silyl group scrambling via siloxide initiated substitution chemistry was
likewise explored. In an attempt to mimic reaction conditions, sodium trimethyl siloxide
and HMDSO were present in a ten-fold subcess with respect to silyl chloride.

A J. Young NMR tube was charged with 500 uL of a THF solution of NaOSiMe; (5
mg, 0.045 mmol). The tube was degassed via three freeze-pump-thaw cycles. Following
the third evacuation, the contents of the tube were left frozen and HMDSO (33.4 mL at
2.5 cm Hg, 0.045 mmol) was added via condensation from a calibrated gas bulb. Still
without thawing, (CD3):SiCl was admitted, in two portions, via condensation from a
calibrated gas bulb (33.4 mL at 12.6 cm Hg twice, 0.450 mmol total). The tube was sealed

and the contents thawed; the reaction was mixed vigorously immediately upon thawing.
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The resulting clear reaction mixture was vacuum transferred into a dry Schlenk tube
charged with 4-Bu-PhONa (100 mg, 0.581 mmol) and a stir bar and mixed for 30 minutes.
The volatiles were again vacuum transferred, this time to an empty Schlenk tube, and an

aliquot was removed, filtered through alumina, and analyzed by GC/MS (Figure 3.25.).
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Figure 3.25. Partial gas chromatogram (top) and mass spectrum (bottom) supporting
siloxide mediated silyl group scrambling.

Addition of 1 Equiv. of MesSiCl to Dianion 3-°C

AJ. Young NMR tube was charged with a deep red THF solution (600 L) of 3-*C (20
mg, 0.022 mmol). The tube was degassed via three freeze-pump-thaw cycles. Following
the third evacuation, the tube was left immersed in the liquid nitrogen cooling bath and
MesSiCl (33.4 mL at 1.24 cm Hg, 0.023 mmol) was condensed onto the frozen reaction
mixture. The tube was thawed, mixed thoroughly whilst cold, and placed in a -78 °C dry
ice/acetone cold bath. "C{'H} and "'"P{'H} NMR spectra were collected at -80 °C (Figure
3.26.), ensuring the sample remained cold. Resonances in the "C{'H} NMR spectrum at
263.6 and 232.7 ppm are within the range of Mo siloxycarbyne and Mo carbonyl carbons,
respectively. This new species likewise shows *'P{'H} resonances at 97.6 and -2.8 ppm,
leading to assignment of this complex as carbyne anion A.

In this same sample, dianion 3-C and dicarbyne 9-"C were present, presumably due

to rapid disilylation of starting material, even at low temperature. The resonances for 3-
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BC in the PC{'H} NMR spectrum are in excellent agreement with an authentic sample;
however, the *'P{'H} resonances shift to 99.6 and -2.8 ppm for the bound and free
phosphine arms, respectively. The upfield shifted phosphine signal is attributed to
breaking of the dimeric structure of 3-"C upon partial silylation. The free phosphine
resonances for both 3 and A coincide at -80 °C but start to separate at -70 °C (Figure
3.26., inset); integration supports both species having a high-field phosphine resonance
consistent with an arm-on/arm-off structure. We disfavor a silyl exchange process leading
to the upfield shift observed for the Mo-bound phosphine for 3 in these samples, as
resonances at both 107.3 and 99.6 ppm are observed simultaneously in some samples (¢f.
Figure 3.27., panels 2 and 3).

Following NMR spectroscopy, the tube was refrozen and a second addition of Me;SiCl
(33.4 mL at 1.24 cm Hg, 0.023 mmol) was added. The tube was thawed, mixed thoroughly
whilst cold, and placed in a -78 °C dry ice/acetone cold bath. "C{'H} and *'P{'H} NMR
spectra were collected at -80 °C (Figure 3.26.), and demonstrate conversion to 9-*C. This
reactivity is both consistent with the assignment of A as a siloxycarbyne carbonyl anion

as well as the assignment of the >'P{'H} resonance at 99.7 ppm to dianion 3.
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Figure 3.26. Stacked "C{'H} (left) and *'P{'H} (right) spectra supporting the formation
of an anionic siloxycarbyne complex, A. The downfield region of the "C{'H} NMR
spectra show formation of an intermediate (denoted A, highlighted in red) upon treating
dianion 3 with a single equiv. of Me;SiCl at low temperature. Starting material (3) and the
bis(siloxycarbyne) complex (9) are also observed in this reaction mixture. The inset shows
the decoalescence of the resonances assigned to the free phosphine arms in 3 and A
observed at -70 °C. Following addition of a second equiv. of Me;SiCl, 9 is formed as the
major species.

C—=0 Bond Cleavage from a Mixture of 3, 9, and A

A J. Young NMR tube was charged with a deep red THF solution (600 pL) of 3-C (10
mg, 0.011 mmol). The tube was degassed via three freeze-pump-thaw cycles. Following
the third evacuation, the tube was left immersed in the liquid nitrogen cooling bath and
Me:SiCl (2.8 mL at 2.4 cm Hg, 0.004 mmol) was condensed into the frozen reaction
mixture. The tube was thawed, mixed thoroughly whilst cold, and refrozen. Two more
MesSiCl additions (2.8 mL at 2.4 cm Hg, 0.004 mmol) were made in the same manner
(0.012 mmol total), again mixing the contents of the tube between additions. The tube
was submerged in liquid nitrogen to freeze the contents and thawed immediately before

transfer to an NMR probe pre-cooled to -80 °C, demonstrating a mixture of 3-°C, A-"C,
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and 9-"C by P"C{'H} and 'P{'H} NMR spectroscopy (Figure 3.27., top panel). This
mixture was warmed in 10 °C increments in the NMR probe; "C{'H} and "'P{'H} NMR
spectra were collected at each temperature step (Figure 3.27.). Upon reaching -50 °C,
complete consumption of putative carbyne anion A was observed.

The resulting mixture demonstrated several carbonyl resonances in the "C{'H} NMR
spectrum from 225 to 235 ppm (Figure 3.27., panels 4 and 5). The *'P{'H} NMR
spectrum displayed new resonances upfield of 65 ppm, consistent with higher valent Mo
species. However, these spectroscopic features did not match the expected product of C—
O bond cleavage in the absence of excess silyl electrophile, carbide 7. Hypothesizing that
7 may have been reduced 7z situ by remaining dianion 3, the mixture was removed from
the NMR probe and refrozen. Excess Me;SiCl (2.8 mL at 10.8 cm Hg, thrice, 0.066 mmol
total) was condensed into the ]J. Young tube which was resealed, mixed at low
temperature, and returned to the NMR probe. At both -80 °C and -20 °C, C-O cleavage
products 8-C, 11-"C, and 15-"C were obsetrved. Dicarbyne 9-C, oxidation byproduct
2-PC, and bis(siloxy)acetylene adduct 10-"C account for the balance of the Mo species in
solution (Figure 3.27., bottom panel).

Reactions from Carbide 7 and Mixed Dicarbynes
Silylation Reactions: Me;SiCl

A J. Young NMR tube was charged with 8-"C (15 mg, 0.021 mmol) and "BusNF (7.3
mg, 0.028 mmol). The headspace of the NMR tube was evacuated and THF-d; (400 pL)
admitted at -196 °C via vacuum transfer. The contents of the J. Young tube were thawed
to -78 °C and mixed. Warming to -20 °C in the NMR probe for 15 minutes showed
complete conversion to 7-C by "C{'H} and *'P{'H} NMR spectroscopy (Figure 3.28.,
top).

The tube was returned to a -78 °C acetone/dry ice slush and a with a heavy argon
counterflow, a THF (100 pL) solution of Me;SiCl was added via syringe. The J. Young

tube was inverted quickly to mix and returned to the -80 °C NMR spectrometer, showing
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Figure 3.27. Partial "C{'H} and *P{'H} NMR spectra monitoring the formation and C—O bond cleavage reactivity of proposed
siloxycarbyne anion A. Complete consumption of A is observed upon warming to -50 °C. Though this provided an intractable mixture,
low temperature silylation resulted in the formation of three C—O cleaved products—silyl carbynes 8 and 11 as well as mixed dicarbyne

15.
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complete conversion to 11-2C (71%) and 8-"C (29%) by “C{'H} and *'P{'H} NMR

spectroscopies (Figure 3.28., middle).
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Figure 3.28. Partial "C{'H} NMR spectra of the 7 situ generation and silylation of 7-°C
with MesSiClL.

11

Silylation Reactions: 'Pr;SiCl

A J. Young NMR tube was charged with 8-C (17 mg, 0.024 mmol) and "BusNF (6.9
mg, 0.026 mmol). The headspace of the NMR tube was evacuated and THF-d; (400 pL)
admitted at -196 °C via vacuum transfer. The contents of the J. Young tube were thawed
to -78 °C and mixed. Warming to -20 °C in the NMR probe for 15 minutes showed
complete conversion to 7-PC by "C{'H} and *'P{'"H} NMR spectroscopy (Figure 3.29.,
top).

The tube was returned to a -78 °C acetone/dry ice slush and a with a heavy argon
counterflow, a THF (100 uL) solution of Pr;SiCl (14.5 ul., 0.114 mmol) was added via

syringe. The J. Young tube was inverted quickly to mix and returned to the -80 °C NMR
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spectrometer. "C{'H} and *'P{'"H} NMR spectra were collected from -80 °C to 10 °C,

monitoring the conversion of 7-8C to 12-C.

-80 °C, pre-Pr;SiCl 7
7
-80 °C, post-Pr,SiCl 7
7
u L“.“‘" ohpetiat otk e Jm
0°C
7

7
12 12
J J L
25°C
12 12
S N A ANy P ‘.-.JMM&JW
260 240

540 380 e ;ﬁg)

Figure 3.29. Partial PC{'H} NMR spectra of the 7z situ generation and silylation of 7-°C
with Pr;SiCl.

Reduction Prior to Silylation

Carbide 7-C was prepared iz sitn from 8-"C (20 mg, 0.028 mmol) and "BusNF (8.1 mg,
0.031 mmol) as described above and characterized by "C{'H} and *'P{'H} NMR
spectroscopy at -20 °C (Figure 3.30., A). The J. Young tube was cooled to -78 °C and a
solution of P3SiCl (10.8 mg, 0.056 mmol) in THF (100 uL) was added via syringe with a
heavy argon counterflow. The "C{'H} NMR spectrum at -80 °C showed no change to
the characteristic carbide resonance at 546.2 ppm (Figure 3.30., B). The tube was once
again chilled to -78 °C and a deep green solution of [Na][CioHs] (0.056 mmol) in THF
(200 ul) was added via syringe with a heavy argon counterflow. “C{'H} NMR

spectroscopy at -80 °C showed quantitative conversion to a new species characterized by

a broad resonance at 327.92 ppm (Figure 3.30., D). Cooling this solution to -100 °C in
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the NMR probe resulted in broadening of this signal and warming to -60 °C resulted in
decoalescence to two broad triplets (Figure 3.30. C and E, respectively). The chemical
shifts of this species in both the "C{'H} and *P{'H} NMR spectra are consistent with

an assignment as the silylcarbyne/oxycarbyne complex 13-"C.
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Figure 3.30. Partial "C{'H} (left) and full >'P{'H} NMR spectra of the 7z situ generation
of 7-C (A), addition of Pr3SiCl (B), and subsequent reduction with [Na][CioHs] (C-E).
The shaded inset shows an enlargement of the resonances attributed to the silylcarbyne
and oxycabyne carbons of 13-"C—only at -60 °C are the two carbon resonances resolved;
warming the sample to higher temperatures resulted in reaction (vide infra).

Independent Synthesis of a Silylearbyne/ Oxycarbyne Complex

If the proposed assignment of 13 is indeed correct, it should be directly accessible via the
two-electron reduction of 8. To investigate this, a J. Young NMR tube was charged with
a deep red THF (400 uL) solution of 8-"C (20 mg, 0.028 mmol). "C{'H} NMR
spectroscopy (Figure 3.31., A) showed the characteristic resonances at 355.8 and 247.5
attributable to the silyl alkylidyne and carbonyl carbons, respectively. The tube was chilled

to -80 °C and a deep green solution of [Na][CioHs] (0.059 mmol) in THF (200 pL) was



146

added via syringe with a heavy argon counterflow. The "C{'H} NMR spectrum (-80 °C)
showed quantitative conversion of 8-"C to a new species characterized by a broad triplet
at 338.7 ppm and a broad resonance at 58.49 ppm in the "C{'H} and *'P{'H} NMR
spectra, respectively (Figure 3.31., C). Cooling this mixture to -100 °C showed
decoalescence of the "C{'"H} NMR resonance to two triplets (Figure S21, B). Warming
the sample to -60 °C likewise resulted in decoalescence, with the broader resonance now
shifting downfield (Figure 3.31., D). These spectral features are consistent with those
observed for 13, leading to the assignment of this complex as the trimethylsilyl analog,
14. Further warming resulted in C—C coupling chemistry and formation of dinitrogen

complex 5 (vide infra).
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Figure 3.31. Partial "C{'H} (left) and full *'P{'H} (right) NMR spectra of the reduction
of 8-"C. The shaded inset shows an enlargement of the resonances attributed to the
silylcarbyne and oxycabyne carbons of 14-C at -100°C (B), -80 °C (C), and -60 °C (D);

warming the sample to higher temperatures resulted in reaction (vide infra).




147

Demonstration of C—C Bond Formation and Organic Fragment Release from 14

Warming either of the above samples of 13 or 14 to -60 °C resulted in C—C coupling,
release of the resulting silyl ethynolate, and adventitious binding of dinitrogen (Figure
3.32.). For 13-C doublets (5 = 107.7, 23.98, 'J(C,C) = 168.8 Hz) characteristic of 6a
were observed in the "C{'H} NMR spectrum, with simultaneous observation of complex
5 in the *P{'H} NMR spectrum (Figure 3.32., A). The resonance for the second
acetylenic carbon (6 = 23.98 ppm) is obscured, overlapping with the upfield side of the
THEF solvent residual.

Samples of 14-"C showed two coupling doublets in the "C{'H} NMR spectrum—
assigned as the silyl ethynolate 6b based on chemical shift and 'Jcc coupling constant™—
at -60 °C (Figure 3.32., B); these resonances grow in as the sample is warmed to -30 °C
(Figure 3.32., B-E). Freezing the contents of the J. Young NMR tube, evacuating the
headspace, and adding of one equiv. of Me;SiCl (33.4 mL at 1.8 cm Hg, 0.030 mmol) via
condensation at -196 °C resulted in formation of disilyl ketene 6¢ upon thawing to -78
°C by "C{'H} NMR spectroscopy (Figure 3.32., F). This is the thermodynamically
preferred isomer of oxyacetylenes bearing small silyl substituents.”®
Silylation of 14: Formation of Mixed Silyl/ Siloxy Dicarbyne 15
Complex 14-"C was prepared 7n situ, as described above, from the reduction of 8-"C (20
mg, 0.028 mmol) with [Na][CioHs] (0.028 mmol in 100 pL of THF) in THF (500 pL) in a
J. Young NMR tube (Figure 3.33., A). The contents of this tube were frozen by immersion
in liquid nitrogen and Me;SiCl (33.4 mL at 1.7 mL Hg, 0.031 mmol) was added via
condensation from a calibrated bulb. The tube was sealed, the contents thawed and
mixed, and placed in a -78 °C dry ice/acetone slush bath. NMR spectroscopy studies at -
80 °C show new resonances in the "C{'H} (5 = 378.9, 283.8 ppm) and 'P{'H} (§ = 57.0
ppm) spectra were assigned to the mixed dicarbyne 15 (Figures 3.33., B). Warming this
sample to -40 °C resolved the scalar coupling between the trans-spanning phosphines

and carbyne carbons—"C{'H} & = 378.1 ppm (t, JJ(P,C) = 18.79 Hz, CSiMes), 301.3
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Figure 3.32. "C{'H} NMR spectra supporting the formation of silylated oxyacetylenes
from mixed carbynes 13 and 14. Warming 13-®C (as prepared, a second equivalent of
Pr;SiCl is present in solution) affords 6a ("C{'H} NMR (126 MHz, -60 °C, THF) & =
107.72, 23.98, "Jcc = 168.83 Hz) at -60 °C. Warming 14-"C likewise results in formation
of the metal free organic, ethynolate 6b ("C{'H} NMR (126 MHz, 25 °C, THF) & =
131.34, 5.94, 'Jcc = 139.6 Hz), as observed at -60 °C, -50 °C, -40 °C and -30 °C (B-E,
respectively). Addition of MesSiCl to this mixture yields ketene 6¢ ("C{'H} NMR (126
MHz, -80 °C, THF) & = 167.54, 1.13, "Jcc = 82.3 Hz). The shaded inset shows an
enlargement of the 125-135 ppm region of the "C{'H} NMR spectrum; the starred
resonances correspond to naphthalene.

et |

ppm (t, ’J(P,C) = 13.55 Hz, COSiMes); *'P{'H} & = 57.4 ppm (dd, °’J(P,C) = 18.79, 13.55
Hz). Further warming to 0 °C resulted in formation of disilylketene 6¢ (Figure 3.33., B-

D) and concomitant generation of 5, as evidenced by *'P{'H} NMR spectroscopy.
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Figure 3.33. Partial "C{'H} NMR spectra following the formation of and C—C coupling
from mixed dicarbyne 15-"C. The shaded inset shows an enlargement of the silyl- and
siloxycarbyne resonances of 15-"C.

Crossover Experiments

To rule out the possibility of a bimetallic pathway for C—C bond formation, crossover
experiments were conducted. Both one-pot reduction and coupling from dicarbonyl
dication precursors 1/1-"C as well as silyl ethynolate formation from 8/8-"C showed no
evidence for label scrambling.

One-Pot Reduction and Silylation

A 20 mL scintillation vial was charged with 1 (52 mg, 0.057 mmol), 1-*C (70 mg, 0.077
mmol), THF (4 mL), and a stir bar. Stirring was initiated and KCs (127 mg, 0.938 mmol)
was added in a single portion to the yellow suspension. An immediate darkening of the
mixture resulted; stirring continued for 30 minutes. At this time, the vial was placed in a
liquid nitrogen cooled cold well and the dark purple mixture frozen solid. While thawing,

a solution of Pr3SiCl (103 mg, 0.536 mmol) in THF (1 mL) was added dropwise, with
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stirring. Following the addition, the vial was allowed to warm to room temperature. An
aliquot was removed, filtered through a Celite plug, and analyzed by "C{'H} and *'P{'H}
NMR spectroscopies, indicating no formation of monolabeled 6a (Figure 3.34., top).
Silyl Carbyne Reductive Coupling

A 20 mL scintillation vial was charged with 8 (15 mg, 0.021 mmol), 8-"C (17 mg, 0.024
mmol), THF (3 mL), and a stir bar. The deep burgundy solution was frozen in a liquid
nitrogen cooled cold well and, while thawing, KCs (20 mg, 0.148 mmol) was added in a
single portion with stirring. An aliquot was removed, filtered through a Celite plug, and
analyzed by "C{'H} and *P{'H} NMR spectroscopies, indicating no formation of

monolabeled 6b (Figure 3.34., bottom).

6a-13C

A J=168.8 Hz I

T T T T T T : T T T
109.0 108.5 108.0 107.5 107.0 255 250 245 24.0 23.5
1 (ppm)

J . apranlidis “ PSR

3
6b-1°C 6b 3¢

T T T T T T
131.5 130.5 129.5 123.‘ 65 60 55 SD 45 40
1 (ppm)

T T T T T T T T T T T T T T T T T T
230 220 210 200 190 180 170 160 150 140 130 '_;Z(D 310 100 90 80 70 60 50 40 30 20 10 0
ppm

Figure 3.34. "C{'H} (126 MHz, THF, 23 °C) NMR spectra of aliquots of crossover
experiment reaction mixtures. In both cases, no monolabeled C—C coupled products were
observed; these would resonate as singlets midway between the doublets of the coupled
products. The insets show enlargements of the C20; organic product carbon resonances.
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Quantum Mechanics Data

Computational Details: All calculations were performed with DFT as implemented in
Gaussian 09 Revision C.01.” Geometry optimizations and electronic structure
calculations were performed with revised TPSS exchange and correlation functionals.”
The LANL2DZ basis set® was used for all atoms. No solvent corrections were employed.
All optimizations were performed ignoring molecular symmetry—crystallographic
coordinates were used as a starting point when possible. Energetic minima were
confirmed with subsequent frequency calculations which did not return imaginary
frequencies. Structures optimized in this manner showed good agreement with bond
lengths and angles determined via single crystal X-ray diffraction (Table 3.4.). To further
validate the application of these calculations, ’C NMR shifts were calculated using the
GIAO method.”' The trends observed in the calculated spectroscopic data (NMR and IR)
are in good agreement with those established experimentally. In instances when the
single-point energy was of interest, DFTD?3 single-point dispersion corrections’ with BJ-
damping” were conducted. All molecular orbital illustrations were generated using
GaussView, the GUI component of the Gaussian software package, and depicted with a

0.04 ¢/ A’ isosurface value.

Cé6

Figure 3.35. Geometry optimized structure of carbide 7 with atom radii scaled by 50%.
Hydrogen atoms are omitted for clarity. Selected bond lengths [A] and angles [°]: C1-C2
1.445, C2—C3 1.430, C3—C4 1.445, C4-C5 1.403, C5-C6 1.428, C6—C1 1.403, Mo1-C2
2.492, Mo1-C3 2.492, Mo1-C31 1.979, C31-0O1 1.210, Mo1-C32 1.771, C31-Mo1-C32
89.09.
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Si2

02

Figure 3.36. Geometry optimized structure of bis(siloxycarbyne) 9 with atom radii scaled
by 50%. Hydrogen atoms are omitted for clarity. Selected bond lengths [A] and angles [°]:
C1-C2 1.437, C2-C3 1.425, C3—-C4 1.437, C4-C5 1.411, C5-C6 1.415, C6-C1 1.411,
Mo1-C2 2.593, Mo1-C3 2.593, Mo1-C31 1.850, C31-O1 1.360, Mo1-C32 1.850, C32—
02 1.381, C31-Mo1-C32 109.94, Mo1-C31-O1 160.57, Mo1-C32-O2 161.49.

Si2

Figure 3.37. Geometry optimized structure of mixed dicarbyne 15 with atom radii scaled
by 50%. Hydrogen atoms are omitted for clarity. Selected bond lengths [A] and angles [°]:
C1-C2 1.433, C2—C3 1.421, C3-C4 1.433, C4-C5 1.411, C5-C6 1.415, C6—C1 1.411,
Mo1-C2 2.645, Mo1-C3 2.646, Mo1-C31 1.823, Mo1-C32 1.860, C32-0O2 1.382, C31-
Mo1-C32 109.27, Mo1-C32-O1 153.39.

Computation was employed to rationalize the thermodynamic preference for five-
coordinate 8 over psendo-octahedral 11. Surprisingly, the absolute energy of silyl carbyne
8 was calculated to be 4.4 kcal/mol higher than that of silyl carbyne 11. Optimizing both
structures with a trimethylsilyl substituent on the alkylidyne ligand still predicted 11 to be

more stable than 8, but reduced the energetic difference to 2.9 kcal/mol. Changing the
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phosphine substituents to isopropyl groups inverted the relative energies, favoring five-
coordinate 8 by 2.3 kcal/mol in accord with experimental results (Table 3.2.). The
calculated electronic structures of 8 and 11 are quite similar, both exhibiting
complimentary m-acidic/n-basic interactions from the mixed ligand set. These data, in
conjunction with the reluctance of bulkier Pr;SiCl to silylate 7 at low temperatures
support a steric, rather than electronic, preference for the five-coordinate silyl carbyne

isomet.

Table 3.2. Optimized gas-phase single-point energies for variants of 8 and 11.

SiH;, ArPMe; SiMes;, ArPMe; SiMe;, ArPPr,
. -1105.54210326 -1223.53528943 -1538.01876179
¢is arene/catbyne, 11

a.u. a.u. a.u.

trans arene/catbyne, -1105.53681517 -1223.53075602 -1538.02236210
8 a.u. a.u. a.u.

A (8 -11) 3.32 kcal/mol 2.84 kcal/mol -2.26 kcal/mol

A (8 —11)¢ 4.44 kcal/mol 2.85 kcal/mol -2.26 kcal/mol

iEnergies include single-point dispersion correction terms.

Table 3.3. Comparison of experimental and calculated spectroscopic data for 2, 7-11, and
15.

2 7 8 9 10 11 15

Exp. | Cale. | Exp. | Cale. | Exp. | Cale. | Exp. | Cale. | Exp. | Calc. | Exp. | Cale. | Exp. | Calc.

Scst

(ppm)* 228.5 | 2353 | 233.2 | 239.4 | 247.4 | 253.2 | 285.8 | 313.6 | 207.9 | 203.5 | 241.9 | 249.9 | 378.9 | 359.1

(pﬁpc;j)i. 228.5 | 234.7 | 546.2 | 567.7 | 355.9 | 323.7 | 279.8 | 286.2 | 207.9 | 205.7 | 344.9 | 297.2 | 283.7 | 311.5

vco (cm')| 1887 | 1805 | N/A | 1780 | 1873 | 1787 | N/A | N/A | N/A | N/A | N/A | 1817 | N/A | N/A

veo (cm1)| 1832 | 1764 | N/JA | N/JA | N/JA | N/JA | N/A | N/A | N/A | N/A | N/A | N/A | N/A | N/A

fChemical shifts are referenced to the GIAO calculated >C NMR shift of MesSi optimized
using the same basis set (LANL2DZ) and functional (RTPSSTPSS) as the metal

complexes.
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Table 3.4. Comparison of experimental and calculated structural metrics for 2, 8, 10, and 11

2 8 10 1

Exp. Calc. Exp. Calc. IPrzc-:ﬁiﬁi Exp. Calc. Exp. Calc. IPré-:;ICe.ﬁi
cl-c2 14183(8) | 1445 | 1.39503) 1423 1423 1424(2) 1446 1424(1) 1.407 1.409
C2-C3 14216(8) | 1442 | 1.392(3) 1.412 1.410 1.427(2) 1.450 1.395(1) 1.422 1.421
C3-C4 1421008) | 1443 | 1.401(3) 1.423 1.423 1.430(2) 1.465 1.421(1) 1.407 1.406
C4-C5 1421408) | 1444 | 1.3903) 1.416 1.416 1.430(2) 1.450 1.382(1) 1.438 1.436
C5-C6 1.425408) | 1444 | 1.39303) 1.412 1.413 1.426(2) 1.455 1.407(1) 1.422 1.420
c6-C1 1427208) | 1443 | 1.39503) 1.416 1.415 1.428(2) 1.451 1.383(1) 1.438 1.439
Mol-P1 241912) | 2478 | 2.5869(6) 2.590 2.671 247124) | 2522 | 260272) | 2.586 2.669
Mol-P2 N/A N/A | 25562(6) 2.591 2.670 N/A N/A | 259722) | 2.586 2.657
Mol-C31 1.9675(7) | 1960 | 1.9742) 1.968 1.958 2.054(1) 2073 | 1.9758(9) 1.971 1.966
Mol-C32 19710(6) | 1.961 1.767(2) 1.793 1.797 2.032(1) 2048 | 1.7691(8) 1.811 1.820
Mo—Carenc (ave.) | 23254(6) | 2373 chi r(fi{ >C3 Ziir(ltcazc{ )C3 28; r(ltcazci )C3 2.280(2) 2314 | 2522009 2,541 2.534
Mo-Cl N/A N/A | 25380(6) 2.570 2.590 N/A N/A | 255812) | 2620 | 2645
c31-01 1163209) | 1210 | 1.1383) 1211 1214 1.326(2) 1.384 1.158(1) 1.203 1.208
C32-02 1.164508) | 1.209 N/A N/A N/A 1.368(2) 1,397 N/A N/A N/A
C32-8il N/A N/A 1.877(2) 1.878 1.902 N/A N/A 1.8815(9) 1.884 1.912
£P1-Mol-P2 N/A N/A | 176.1202) 171.87 172.06 N/A N/A 171.00(1) | 17400 | 169.07
£C31-Mo1-C32 85.01(3) 86.21 87.4(1) 86.15 87.99 38.02(6) 38.46 84.66(4) 89.27 88.11
£P1-Mo1-C31 94.60(2) 9203 |  89.46(7) 9227 90.32 106.97(6) | 11315 | 94.48(3) 89.46 94.24
£P1-Mo1-C32 91.38(2) 9244 | 92.50(7) 93.49 93.93 82.70(4) 78.77 93.62(3) 92.93 94.85
£P2-Mo1-C31 N/A N/A 88.36(7) 92.28 90.03 N/A N/A 87.06(3) 89.47 86.73
£P2-Mo1-C32 N/A N/A | 90.61(7) 93.53 94.01 N/A N/A 95.35(3) 92.95 96.07
£C31-Mol-Cl N/A N/A | 170.88(7) 167.46 162.76 N/A N/A 94.17(3) 88.03 91.62
£C32-Mol-Cl N/A N/A | 101.62(7) 106.39 104.25 N/A N/A 175.82(3) | 17730 | 176.55
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Crystallographic Information

CCDC deposition numbers 1412062-1412064 and 1412066-1412067 contain the
supplementary crystallographic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccde.cam.ac.uk/data_request/cif.
Refinement Details—In each case, crystals were mounted on a glass fiber or MiTeGen
loop using Paratone oil, then placed on the diffractometer under a nitrogen stream.
Crystals for compounds 3 and 4 were manipulated under an Argon purge due to
atmospheric sensitivity. Low temperature (100 K) X-ray data were obtained on a Bruker
KAPPA APEXII CCD based diffractometer (Mo fine-focus sealed X-ray tube, K, =
0.71073 A) or a Bruker D8 VENTURE Kappa Duo PHOTON 100 CMOS based
diffractometer (Mo 1,S HB micro-focus sealed X-ray tube, K, = 0.71073 A OR Cu 1,S
HB micro-focused X-ray tube, K, = 1.54178). All diffractometer manipulations, including
data collection, integration, and scaling were carried out using the Bruker APEXII
software.”® Absorption corrections were applied using SADABS.” Space groups were
determined on the basis of systematic absences and intensity statistics and the structures
were solved in the Olex 2 software interface” by intrinsic phasing using XT (incorporated
into SHELXTL)” and refined by full-matrix least squares on F* All non-hydrogen atoms
were refined using anisotropic displacement parameters. Hydrogen atoms were placed in
the idealized positions and refined using a riding model. The structure was refined
(weighed least squares refinement on F?) to convergence. Graphical representation of
structures with 50% probability thermal ellipsoids were generated using Diamond 3

visualization software.®



Table 3.5. Crystal and refinement data for complexes 2-4 and 8.

2 3 4 8
CCDC Number®' 1412068 1412062 1412063 1412064
Empirical formula CisH46sMo0 O, P> CocH144K4M0,0O12P;4 Ci7sH264K12M04015Ps C35sH49CIMoOP,S1
Formula weight 692.63 1962.26 3792.60 707.16
T (K) 100 100 100 100
a, A 17.1790(7) 13.2319(5) 24.1145(8) 9.1531(2)
b, A 7.4663(3) 15.1410(0) 21.1590(7) 17.1136(4)
o A 27.0465(12) 25.4501(10) 38.2636(12) 21.8842(6)
o, ° 90 101.2840(10) 90 90
B,° 91.405(2) 100.0870(10) 94.002(2) 90
Y, ° 90 90.0560(10) 90 90
Volume, A’ 3468.0(3) 4919.6(3) 19476.0(11) 3428.00(14)
Z 4 2 4 4
Crystal system Monoclinic Triclinic Monoclinic Orthorhombic
Space group P2i/n P1 P2i/¢ P212124
deate, g/ cm’ 1.327 1.325 1.293 1.370
0 range, ° 1.389 to 45.898 2.203 to 37.810 2.315 to 75.840 2.209 to 37.904
W, mm’' 0.502 0.546 5.420 0.615
Abs. Correction Semi-empirical Semi-empirical Semi-empirical Semi-empirical
GOF 1.032 1.080 1.012 1.086
Ri,* wRy" [I>2 o(1)] 0.0286, 0.0653 0.0748, 0.1285 0.0644, 0.1463 0.0395, 0.0742
Diffractometer APEXII PHOTON PHOTON PHOTON
Radiation Type Mo K, Mo K., Cu K, Mo K,

"Ri= X Fo| - [Fe| [/X]Fo].

" wRo = [Y[w(F-FO) /Y w(E] .
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Table 3.6. Crystal and refinement data for complexes 10, 11, 16, and 17.
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10 11 16 17
CCDC Number®
Empirical formula CiHesMoO,P,S1, C35H49CIMoODP,S1 CssHysMoOP, CooH 136 KuM02O9gPy
Formula weight 819.02 707.16 678.64 1834.14
T (K) 100 100 100 100
a, A 12.8387(8) 9.2760(3) 9.9837(4) 13.4834(7)
b, A 13.2552(8) 11.7913(4) 33.2638(15) 25.6908(15)
e, A 14.3715(8) 16.9954(6) 10.0569(4) 26.6360(14)
o, ° 76.202(2) 108.1820(10) 90 90
B,° 75.565(2) 100.2460(10) 92.5510(10) 100.108(2)
v, ° 72.413(2) 98.8360(10) 90 90
Volume, A? 2222.3(2) 1693.88(10) 3336.5(2) 9083.5(9)
Z 2 2 4 4
Crystal system Triclinic Triclinic Monoclinic Monoclinic
Space group PT P7 P2y/n P2y /n
deate, g/ cm’ 1.224 1.386 1.351 1.341
0 range, ° 2.399 to 35.631 2.289 to 36.319 2.368 to 34.325 2.248 to 28.284
w, mm’' 0.453 0.623 0.518 0.584
Abs. Correction Semi-empirical Semi-empirical Semi-empirical Semi-empirical
GOF 1.040 1.039 1.092 1.004
Ry, wRy" [I>2 o(1)] 0.0447, 0.0721 0.0242, 0.0541 0.0419, 0.0844 0.0692, 0.0898
Diffractometer PHOTON PHOTON PHOTON PHOTON
Radiation Type Mo K, Mo K, Mo K, Mo K,

"Ri= Y Fo| - [Fe| [/X]Fol.

" wRe = [E[w(EAFS/ Y w ()2
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Figure 3.38. Structural drawing of 2 with 50% probability anisotropic displacement ellipsoids.
Co-crystallized benzene and hydrogen atoms are omitted for clarity.

Special Refinement Details for 2—The co-crystallized benzene molecule was disordered
over two positions and satisfactorilly modeled in a 67:33 ratio. 1,2 and 1,3 distances of the
minor component were restrained to be equivalent to those of the major component.

Automatic bond generation was suppresed between the disordered groups.

Figure 3.39. Structural drawing of 3 with 50% probability anisotropic displacement ellipsoids.
K-bound THF molecules are represented in grey. Co-crystallized THF molecules and
hydrogen atoms are omitted for clarity.
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Special Refinement Details for 3—One of the ligand isopropyl groups, three of the K-
bound THF molecules, and one of the co-crystallized THF molecules were positionally
disordered. In each case, the disorder was modeled satisfactorily with populations as follow:
C60 through C62 58%, C1A through C1C 42%; C78A 47%, C78B 53%; O9A and C82A
through C84A 28%, O9B and C82B through C84B 72%; O10A and C86A 20 %, O10B and
C86B 80%; and O12A through C96A 33%, O12B through C96B 67%. Automatic bond

generation was suppressed between disordered groups.

Figure 3.40. Structural drawing of the PMo(CO),KPK core of 3 with 50% probability
anisotropic displacement ellipsoids. Co-crystallized THF molecules, K-bound THF molecules,
and hydrogen atoms are omitted for clarity.
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Figure 3.41. Structural drawing of 4 with 50% probability anisotropic displacement
ellipsoids. The n* (bottom) and 1’ (top) subunits located in the back of the tetramer are
represented in grey. K-bound THF molecules, co-crystallized pentane molecules, and
hydrogen atoms are omitted for clarity.

Special Refinement Details for 4—There was significant positional disorder in all but
two of the K-bound THF molecules in the structure. The disordered groups were
satisfactorily modeled over two to four positions with populations as follows: O11
through C161 30%, O11A through C261 17%, O11B through C361 27%, O11C through
C461 26%; O12 through C165 34%, O12A through C265 66%; O13 through C169 59%,
O13A through C269 41%; O14 through C173 39%, O14A through C273 26%, O14B
through C373 35%; O15 through C177 69%, O15A through C277 31%; O16 through
C181 62%, O16A through C281 38%; O17 through C185 53%, O17A through C285 47%;
and O18 through C189 52%, O18A through C289 48%. The 1,2 and 1,3 distances of
these disordered THF groups were restrained to be equivalent to those of one of the

single-site K-bound THF molecules (O9 through C153). In the case of the most heavily
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Figure 3.42. Structural drawing of the two distinct PMo(CO),KPK. cores of 4 with 50%
probability anisotropic displacement ellipsoids. Co-crystallized THF and hydrogen atoms
are omitted for clarity.

disordered THF molecule (O14 through C173, O14A through C273, O14B through
C373), the K—O distances were restrained to be similar to those of a single-site THF
molecule (O9 through C153). One of the co-crystallized pentane molecules was also
disordered over two sites, complementary to one of the K-bound THF molecules (O17
through C185, O17A through C285). Both components were satisfactorily modeled, tied
to the population of the corresponding THF fragment, and restrained to have 1,2 and 1,3
distances equivalent to the undisordered pentane solvate. Further, all disordered moieties
were refined with similarity restraints on Uj and rigid bond restraints. Automatic bond

generation was suppressed between disordered groups. One of the ligand isopropyl
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groups and one of the co-crystallized pentane molecules were disordered, but could not
be satisfactorily modeled over two sites, even with restraints. Since the residual density
for these groups was minor (cz. 8% of a carbon atom), they were left as single

components.

Figure 4.43. Structural drawing of 8 with 50% probability anisotropic displacement
ellipsoids. Hydrogen atoms are omitted for clarity.
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Figure 3.44. Structural drawing of 10 with 50% probability anisotropic displacement
ellipsoids. Co-crystallized butane molecule and hydrogen atoms are omitted for clarity.
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Figure 3.45. Structural drawing of 11 with 50% probability anisotropic displacement
ellipsoids. Hydrogen atoms are omitted for clarity.

Figure 3.46. Structural drawing of 16 with 50% probability anisotropic displacement
ellipsoids. Co-crystallized toluene molecule and hydrogen atoms are omitted for clarity.
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Figure 3.47. Full structural drawing of 17 with 50% probability anisotropic displacement
ellipsoids. The carbon atoms of K-bound THF molecules and hydrogen atoms have been
omitted for clarity.

Special Refinement Details for 17—There was significant positional disorder in all but
two of the K-bound THF molecules in the structure. The disordered groups were
satisfactorily modeled over two positions with populations as follows: O4A through
C70A 90%; O4B through C70B 10%; O5A through C74A 63%; O5B through C74B 47%;
OO6A through C78A 46%; C6B through C78B 54%; O8A through C86A 79%; O8B
through C86B 21%; O9A through C90A 58%; O9B through C90B 42%. The 1,2 and 2,3
distances of all of the K-bound THF molecules were restrained to be equivalent; the THF
molecules were likewise restrained to be mirror equivalent. All disordered moieties were

refined with similarity restraints on Uj and rigid bond restraints.
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Figure 3.48. Structural drawing of the cofacial Mo(CO)K, core of 17 with 50%
probability anisotropic displacement ellipsoids. Hydrogen atoms and K-bound THF
molecules are omitted for clarity.

Figure 3.49. Structural drawing of the antifacial Mo(CO)K, core of 17 with 50%
probability anisotropic displacement ellipsoids. Hydrogen atoms and K-bound THF
molecules are omitted for clarity.
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CHAPTER 4

Toward Molecular Fischer-Tropsch: The Role of Protons and Hydrides in Mo
Mediated CO Catenation
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ABSTRACT
Efficient catenation of oxygenated C; feedstocks to reduced multi-carbon products
represents a significant challenge in the context of energy conversion and fine chemical
synthesis. Catalyses for these processes are mechanistically poorly understood, likely due
to the lack of appropriate model systems, a manifestation of the difficulty of achieving
this multi-electron multi-proton reactivity molecularly. As a continuation of our studies
of Mo mediated CO reductive coupling, we describe here the transition away from silyl
electrophiles, ultimately achieving formation of ethenone from the formal addition of H»

and CO to a terminal Mo carbide.
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GENERAL INTRODUCTION
Mimicking photosynthetic carbon fixation, electrocatalytic reduction of CO,to multicarbon
products, using reducing equivalents generated from solar energy, has the potential to
sustainably convert an inexpensive and abundant precursor into high energy density
hydrocarbons." A related approach involves the use of Hs as a reductant in Fisher-Tropsch
(FT) CO coupling chemistry (Figure 4.1.).> Employing photogenerated Hz and CO> derived
CO in this technology would facilitate the generation of sustainable liquid fuels.’” The
chemistry discussed here extends concepts developed in Chapter 3 of this dissertation, with
the explicit goal of modeling CO reductive catenation catalyses with higher fidelity. In this
sense, our goals were twofold i) enchainment of CO beyond Cs; formation and release of Cs3

products and ii) construction of silicon-free multicarbon products.

|O|| .C-O_ ﬁ adsorbed H
C activation hydrogen Cc
|—_L. r&. ¢-0 &l
hydrogenolysis
surface
adsorbed
hydrogen
e
HC\ HZC\\.. Hn
<«— CH, - CH + C

-

Figure 4.1. Schematic representation of a plausible mechanism for CO reduction and
coupling in the industrial FT process.

Goal (i):

Although the generation of C, species is already in the range of liquid fuels, if oxygenated
compounds such as ethanol are obtained as final products, higher homologs are more desirable
as their properties better resemble fuels employed in the current energy infrastructure.
Moreover, the FT process,” CO electroreduction on Cu electrodes,” and CO reduction by

nitrogenases® all result in a distribution of products, including C-». Insight into the nature of
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species capable of enchainment of more than two carbons is of interest for future catalyst
design. Discussed herein are structure/function studies looking at the reactivity differences of
Mo dicarbonyl compounds in reductive CO coupling chemistries. Work completed in
collaboration with Dr. Siti Riduan, a postdoctoral scholar in the group, suggested that
diphosphine binding is a necessary feature for C—O bond cleavage. Comparisons drawn below
between Mo complexes with 6e and 4e basal n-systems show that two coordinating
phosphines is not sufficient to engender this desirable reactivity. These complexes, though
proving incompetent for C—O cleavage, do provide facile routes to Mo-bound C;Os linkages.
Goal (i1):

The CO reduction and coupling chemistry outlined thus far has enhanced our mechanistic
understanding of CO enchainment chemistry; however, our preliminary results highlight
significant limitations of these systems with respect to practical application: expensive silyl
electrophiles and highly reducing reagents are used. Silyl electrophiles can be advantageous in
CO reduction chemistry, favoring formation of strong Si—O bonds and blocking potential
decomposition pathways (eg silyl groups cannot B3-hydrogen eliminate). Biological and
heterogeneous systems for CO conversion to Cs; products use H" and H; as sources of
hydrogen.>” In Fischer-Tropsch chemistry, H; is activated on the catalyst surface, providing
adsorbed hydrides that reduce surface-bound carbon motifs (Figure 4.1.).** Herein, we discuss

the addition of H™ and H™ to molecular mimics of proposed FT surface-bound intermediates.
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RESULTS AND DISCUSSION
Generation of metal-free organic fragments from CO was achieved via addition of silyl
electrophiles to dianion 1, but with respect to conversion of CO to hydrocarbons, protons are
requisite electrophiles. To this end, the use of acid, rather than silyl chlorides, as a quenching
reagent for 1 was explored (Scheme 4.1.). A thawing suspension of 1in Et;O was combined
with a thawing Et;O solution containing four equiv. of Brookhart’s acid.® Upon warming, the
deep red color lightened slightly. A single new resonance was observed in the *P{'H} NMR
spectrum at 94.4 ppm, corresponding to the free phosphine arm in 1 recoordinating the Mo
center. The "H NMR of this species in CDsCN shows coupling multiplets at 2.5 and 3.1 ppm
(confirmed by COSY NMR), each integrating to two protons, and a single central arene
resonance at 5.1 ppm. These data suggest protonation not at the oxygen atoms of the bound
COs, but rather at the central arene ring, giving a cyclohexadiene motif.” Additionally, a Mo—

H resonance was observed as a triplet at -1.6 ppm, consistent with formation of diene

dicarbonyl hydride 2.
H T1[BArF ]
XS [(Et,0),HI[BAIF 5] Proc, | P
20U)2 a4l ipr—p_Mo—p-
r > Pr—p l}ne\ P-'Pr
\Y

2 [(EtzO)zH][BPR [(Et,0),H][BArF 4]
o]
. c

XS [HNEt;][CI] JPr
'Pr—P—Mo—P—'Pr

Scheme 4.1. Addition of protons to dianion 1.

The assignment of 2 was confirmed by single crystal XRD (Figure 4.2.). Short C1-C2 and

C3—-C4 distances (1.394(6) and 1.398(6) A, respectively), along with elongated C1-C6, C4—C5,
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and C5-C6 distances (1.436(6), 1.520(6), and 1.542(5) A, respectively) are consistent with

formal hydrogenation of the arene to a cyclohexa-1,3-diene fragment. The disrupted

aromaticity is further supported by deplanarization;'"

the angle between the C;-Co-C;-Cy and
C4-Cs-Ce-Cy planes is 35.8°. The hydride was resolved from the Fourier map; the obtuse Cs:-
Mo-Cs; angle (164.7°) in concert with the 'H NMR spectroscopy data further corroborate this

assighment.

Figure 4.2. Solid-state structures of 2 and 3 with anisotropic displacement ellipsoids
shown at the 50% probability level. Hydrogen atoms, except those of the 1,4-
cyclohexadiene methylene groups and the hydride ligand of 2, are omitted for clarity.
Selected bond lengths [A] and angles [°]: 2 Mo—Caicne(ave.) 2.337(5), Mo—Cs; 2.036(6),
Mo,—Csz 2.040(6), C1—C2 1.394(6), C—C;5 1.436(6), C5—C4 1.398(6), C.—C5 1.520(6), Cs—Cs
1.536(7), Ce—Ci 1.542(5), C51—O1 1.148(7), C5—O, 1.141(7), £Cs-Moi-Csx 164.7(3); 3
Moi—Cuicne(ave.) 2.291(1), Mo1—Cs 2.008(1), Moi—Cs; 1.977(1), Ci—C, 1.403(2), Co—C;
1.418(2), Cs—Cy 1.443(2), C—Cs 1.527(2), Cs—Cy 1.528(2), C—Ci 1.519(2), C3—O1 1.158(2),
C32—Oz 1168(2), LC31—MO1—C32 13418(6)

Proton attack at the central arene supports significant delocalization of reducing equivalents
into this ring, imparting cyclohexadienyl dianionic character (Chapter 2); however, reactivity
at the carbonyl oxygen atoms is required for productive C-O cleavage or C—C coupling
chemistry. With this in mind, a weaker acid with a coordinating counterion, [Et;NH][CI], was
used to quench dianion 1. Addition of two equiv. or excess triethyl ammonium chloride to a
thawing THF solution of 1 resulted in the formation of the same product which resonates as
a singlet at 82.4 ppm in the *'P{'"H} NMR spectrum. The 'H NMR spectrum of this product
likewise showed coupling multiplets at 2.77 and 2.29 ppm, consistent with the cyclohexadiene

methylene protons and formal arene hydrogenation to give 3. Addition of [(Et2O)H]|[BAr"24]
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to complex 3 resulted in conversion to 2, further corroborating its assignment. The structure
of 3 was confirmed by single crystal XRD and displayed similar metrics to 2, with the
exception of the CO-Mo-CO angle which contracts to 134.2(1)° in the absence of the hydride
ligand (Figure 4.2.). Unfortunately, varying the solvent conditions, reaction temperature, and
proton source has thus far led strictly to arene hydrogenation or oxidation of the starting
material.

As a Mo(0) dicarbonyl complex, 3 presents as a potential precursor for CO reductive
coupling; it provides an opportunity to study how that nature of the basal n-system (6 n
¢, arene s5. 4 m ¢, diene) effects CO functionalization chemistry. Though the diene in 3
was anticipated to be a poorer electron acceptor than the arene in the analogous terphenyl

11

diphosphine Mo(0) dicarbonyl complex, " reduction was explored. Addition of 2 equiv.
of KCs to an orange solution of 3 resulted in a darkening to deep red concomitant with
the appearance of two new resonances (94.51 and —2.47 ppm) in the *P{'H} NMR
spectrum (Scheme 4.2.). This spectroscopic signature is reminiscent of that of dianion 1,
suggesting dissociation of one of the #rans-spanning phosphine donors upon successful

reduction to 4. Extremely reducing 4 was not characterized fully, but its assignment is

supported by reactivity analogous to that seen for other dicarbonyl dianions (vide infra).
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Scheme 4.2. Reduction and electrophilic quenching of diene dicarbonyl 3 to give
bis(siloxy)acetylene adduct 5.

Anticipating that further ring hydrogenation would be moderated by the lessened degree
of electron delocalization into the basal n-system of 4, dianion quenching with protons

was explored. Addition of both strong ([(Et20)H][BAt"24]) and weak acids ([Et:NH][CI])
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afforded intractable mixtures that contained several Mo hydride species. Repeating these
reactions from isotopically enriched 4-"C showed no significantly downfield shifted
resonances in the "C{'H} NMR spectrum, suggesting that CO functionalization was not
achieved. Instead, the data seems most consistent with the stepwise reduction and
protonation resulting in net H-atom transfer to Mo.

Cleaner reactivity was afforded with silyl electrophiles. Addition of Me;SiCl to a thawing
THF solution of 4 provides a new species with a single broad signal in the *'P{'H} NMR
spectrum at 81.90 ppm (Afiwnv = 330 Hz). The 'H NMR signature is consistent with a
central diene motif—the diene Cs,2 protons resonate as a singlet at 4.94 ppm, the methine
protons as multiplets centered at 2.95 and 2.43 ppm—and addition of two chemically
equivalent MesSi groups. The "C{'H} spectrum of a reaction from 4-"C has an enhanced
resonance, a singlet at 217.64 ppm. These data are most consistent with silylation at
oxygen, giving n’*-bis(siloxy)acetylene complex 5. Single crystal XRD ratified this
assignment, showing a C; symmetric diphosphine complex (Figure 4.3.). The metrical
parameters are similar to those observed for the analogous alkyne adduct 7," with the

caveat that, in that species, a phosphine arm dissociates from Mo. The broad

1417(3) 1.427(2)
1.435(3 =5 1.443(3 Co——Cs
( )/ M ®) 142402) AT\ 1.430(2)
Cy---Mo----C, NN
- -Mo--+¢,
1518(3)\ /1.528(3) PN \\//1430(2)
Ce—Cs Ve
15283) 1.426(2)

(MO-C)ye: 2.283(2)
(M0-CO)yye: 2.028(2)
(C-O)ave: 1.365(2)
C31-C3p: 1.344(3)
C-Mo-C: 38.7(1)°
P-Mo-P: 106.35(2)°

(M0-C)ye: 2.280(2)
(M0-CO),e: 2.043(2)
(C-O)aye: 1.367(2)
C31—C32: 1332(2)
C-Mo-C: 38.04°

Figure 4.3. Solid-state structure of 5 with thermal anisotropic displacement ellipsoids
shown at the 50% probability level. Hydrogen atoms are omitted for clarity. Relevant
bond lengths (A) and angles (°) for 5 and analogous 7 are provided.
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spectroscopic features of 5 reflect a fluxional process, intermediate on the NMR
timescale, that renders both the phosphine donors and acetylene carbons equivalent.
Though aryl-aryl bond rotation can interconvert the phosphines, rotation of the sterically
demanding alkyne seems unlikely. A hemilabile phosphine donor, affording a transient
monophosphine complex (like that seen for the parent teraryl ancillary ligand), may
facilitate the observed interchange.

Repeating electrophilic quenching with both large and small silyl electrophiles, in
various stoichiometries, resulted in exclusive formation of the two e  reduced, C-C
coupled product. This result, in conjunction with studies on monophosphine systems,
enables an important comparison of observed regioselectivities in electrophilic quenching
reactions of dicarbonyl dianions (Scheme 4.3.). Mechanistic investigations of C—O bond
cleavage from 1 (Chapter 3),"" suggested that the operative pathway involves dicarbyne
intermediate 6. At low temperature, this complex undergoes C—C coupling; upon warming
to 0 °C, C-O bond cleavage is observed. Monophosphines 9 and 11, upon reduction and
electrophile addition, show exclusive C—C coupling chemistry. These results, in
conjunction with preliminary computation, suggest that diphosphine coordination
stabilizes 6 to kinetically favorable C—C coupling. Once buttressed, 6 persists to
sufficiently high temperatures to engage in C—O cleavage chemistry. The lack of this
reactivity from 4 demonstrates that a diphosphine coordination environment is not
sufficient to incite C—O cleavage. Altering the nature of the basal n-system may change
the propensity of the phosphine donor(s) to dissociate, a process that could in turn lead
to the exclusive C—C coupling observed.

Though the diene linker in 3 seems to prohibit C—O cleavage chemistry, acetylene
adduct 5 looked a promising starting point for generating C>; CO catenation products.
Precedent in our group had shown that CO addition to bis(siloxy)acetylene adduct 12
resulted in arene functionalization through a putatitive [2 + 2 + 1] Pauson Khand-type

process.'> CO insertion into the bound alkyne was proposed, giving a
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Scheme 4.3. Regioselectivity comparison for electrophile-induced C—C coupling and C—
O cleavage in a series of Mo dicarbonyl complexes.

metallacyclobutenone poised directly atop an unsaturated C—C bond of the central
arene.” Subsequent cyclization afforded a dihydroxy-dihydro-indenone ligand motif

(Figure 4.4., A). Hypothesizing that the additional phosphine donor in 5 may prohibit
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Figure 4.4. CO catenation from bis(siloxy)acetylene adducts 12 (A) and 5 (B). The solid-
state structure of ligand-functionalized 13 is shown with anisotropic displacement
ellipsoids shown at a 50% probability level. Hydrogen atoms are omitted for clarity.

an orientation favoring reactivity with the ligand m-system, it was treated with 1 atm. of
PCO gas (Figure 4.4., B). Two enhanced resonances were observed in the "C{'H} NMR
spectrum, at 231.02 (*J(P,C) = 11.4 Hz, *J(C,C) = 6.1 Hz) and 190.66 (*J(P,C) = 12.9 Hz,
’J(C,C) = 6.1 Hz) ppm, demonstrating incorporation of two isotopically enriched carbons
into the reaction product. The chemical shift of the former is consistent with a CO ligand;
the latter upfield shifted signal indicates CO insertion to form 15. Repeating this reaction
from 5-"C corroborates this assignment. The "C{'H} NMR spectrum shows rich
coupling information (Figure 4.5.), resulting from scalar coupling between the four S =
12 PC atoms derived from CO and the two S = Y2 phosphine ligands. The solubility of 15
his prohibited growth of high quality crystals, but those suitable for collection of a
preliminary structure were obtained via slow concentration of a pentane solution at -35
°C. The solid-state structure corroborates the detailed spectroscopic data, substantiating

metallacyclobutenone formation.
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Figure 4.5. Experimental (top) and simulated (bottom) partial "C{'H} (126 MHz, 25 °C,
CsDg) and *'P{'H} (202 MHz, 25 °C, CsDs) NMR spectra of 15.

Figure 4.6. Truncated preliminary solid-state structure of 15. Thermal anisotropic
displacement ellipsoids are shown at the 50% probability level. Hydrogen atoms,
phenylene linkers, and phosphine isopropyl groups are omitted for clarity.

The CO-derived C; fragment in 15 represents a functional-group rich building block.
Efforts to liberate this organic motif, under mild conditions, as either a silyl-protected
dihydroxy acrolein or dihydroxy cyclopentenone (Scheme 4.4.), are underway. Should this
prove successful, a synthetic (or perhaps catalytic!) cycle for conversion of CO to reduced

C; motifs will be targeted (Scheme 4.4.).
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Scheme 4.4. Envisioned synthetic cycle for formation of silylated dihydroxy acrolein or
dihydroxy cyclopentenone from three molecules of CO.

As attempts to enact C—O bond cleavage, and access high-valent Mo—C multiply bonded
species, have not proven fruitful, the reactivity of downstream FT-relevant intermediates
with protons and hydrides was explored. In our studies of silyl electrophile promoted
reductive cleaving, it was found that sequential addition of two electrons and one equiv.
of electrophile to silyl carbyne 16 engendered C—C coupling and organic product release
(Scheme 4.5., A). A hydride equivalent can be thought of as a single component source
for two electrons and a proton. Naturally, we wondered: Can hydride addition instigate
the same C—C coupling behavior?

Treating a C/Ds solution of 16 with [Na][HBEt;] at -78 °C failed to stimulate a reaction;

the *'P{'H} chemical shift of the starting material, 36.63 ppm, remained unchanged.
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Scheme 4.5. Sequential reduction and electrophile addition (A) and concerted hydride
(B) addition prompting C—C bond formation from 16.

Warming the sample in the NMR probe to -10 °C, resulted in formation of a Mo(0) N,
adduct 17 (70%) and decomposition to free diphosphine (17%) as determined by *'P{'H}
and 'H NMR spectroscopies. Encouraged by high conversion to the presumed product
of coupling, compound 17, the reaction was repeated, starting from isotopically labeled
16-"C.

Silyl carbyne 16-"C was observed to react with hydride at -30 °C, forming a mixture of
species, as evidenced by multinuclear NMR spectroscopy. The primary reaction
component, with a "'P{'H} resonance at 48.53 ppm, had an unusual low field '"H NMR
signal—a doublet centered at 15.79 ppm (] = 121.7 Hz). The large scalar coupling and
downfield chemical shift was suggestive of Mo formyl formation (B, Scheme 4.6.)."
Borane Lewis acids are known to stabilize metal formyls,* and hydride insertion in this
fashion has been demonstrated.” 2-Dimensional NMR experiments, however, were
inconsistent with this assighment (Figure 4.7.). The HSQC spectrum of this mixture
showed a strong correlation between the proton resonance of interest and a carbon signal
at 315.09 ppm. The HMBC spectrum showed a cross peak between this same carbon and

the MesSi protons at 0.18 ppm. These data indicate that hydride attack
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Figure 4.7. Proton (top) and 2D (bottom) NMR data for a reaction mixture comprised
primarily of Mo carbene carbonyl complex 17-"C.
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affords a silyl carbene complex, A, rather than formyl species B. A strong “C resonance
at 251.83 ppm further supports the carbene/carbonyl assignment, attributable to an intact
Mo-CO. Generation of a complex A is consistent with the proposed coupling reactivity,
as carbene carbonylation to ketenes has precedent on Zr,"* Mn,"” Fe,'® Ru,"” and Os.”’

During the course of these NMR experiments, two additional peaks of import were
observed, a small singlet at 58.38 ppm and a strong signal at 76.24 ppm, in the *'P{'H}
NMR spectrum. The latter correlates to the N2 complex, 17, demonstrating loss of the
carbon-based ligands, presumably through C—C coupling, occurs at temperatures as low
as -30 °C. The former was observed in an orthogonal reaction, addition of independently
synthesized TMS ketene® to 17. TMS ketene was observed to bind 17, providing ketene
complex 18, which was successfully crystallized at low temperature from liquid butane
(Figure 4.8.). Combined, the data are most congruent with this type of reactivity; however,
no clear evidence corroborating the formation of free ketene has thus far been obtained.
It is noteworthy that the precursors to C—C bond formation differ for a stepwise

reduction/electrophile addition process and a concerted hydride

Figure 4.8. Solid-state structure of Mo(0) TMS ketene adduct 18. Thermal anisotropic
displacement ellipsoids are shown at the 50% probability level and hydrogen atoms are
omitted for clarity.
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addition process. The latter reactivity manifold, preceding through a carbene carbonyl
rather than a dicarbyne complex, is accessible under much milder conditions, and proves
to be equally reactive.

The starting material for these reactions, carbyne 16, still bears a silyl substituent.
Toward generating silicon-free organic products from CO, we attempted the synthesis of
a methylidyne from carbide 8 (Scheme 4.7.). Both carbide protonation to methylidyne,
and the reverse reaction, has literature precedent.”” It was therefore not surprising that
addition of the weak acid [HNE;][Cl] to 7z situ generated 8 provided terminal methylidyne
19. The 'H NMR spectrum of 19 shows a single resonance between 3.5 and 6.5 ppm, a
triplet (J = 3.1 Hz) centered at 5.06 ppm, with a relative integration of one. This suggests
both a terminal methylidyne[cite] and a five-coordinate psexdo-square pyramidal structure,
analogous to 16. Protonating 8-"*C instead, gives a doublet with a large scalar coupling of
147.8 Hz, centered at that same chemical shift, corroborating the assignment of the
methylidyne proton. The methylidyne and carbonyl carbons resonate at 281.19 and 241.41
ppm, respectively.

SiMe3

H

O
’Pr cl, ||| j C\\ Pr Cl, |" 'Pr
Pr—P—Mo—P 'Pr TBAF ipr —P— , HNEt3CI ipr —P—Mo—P ipr

%b " ‘ %O

BnK, -50 °C, -KCI

Scheme 4.7. Terminal methylidyne synthesis from acid addition to terminal carbide 8.
Gratifyingly, 19 is thermally stable, facilitating both its use for reaction chemistry and
permitting facile growth of single crystals. A diffraction study of 19 corroborates the
structure inferred from spectroscopy. The Mo center sits above the central arene ring at
a distance of 2.749 A, suggesting negligible metal arene interaction. The Mo=CH distance

is appropriately short, at 1.763(3) A, and consistent with prior reports.*>?
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Figure 4.9. Solid-state structure of terminal methylidyne 19. Thermal anisotropic
displacement ellipsoids are shown at the 50% probability level and hydrogen atoms are
omitted for quality. The CO, CH, and CI ligands demonstrated positional disorder, but
were satisfactorily modeled over two positions, without restraints, in a 65:35 ration. Only
the major population is shown.

Mimicking the reaction chemistry developed for 16, [Na][HBEt;] was added to a C;Ds
solution of 19-"C at -78 °C. Mixing the reagents immediately resulted in a color change
to dark brown, and VI NMR spectroscopy showed signals in the *'P{'"H} NMR (s, 52.07
ppm), "C{'"H} NMR (br s, 296.91 and br s, 237.52 ppm), and 'H NMR (d, 15.03, ] =
114.90 Hz and d, 13.27, ] = 142.7 Hz) spectra, in line with formation of methylidene C
(Scheme 4.8.). Warming the sample to 0 °C, in an attempt to observe C—C bonded
products, showed quantitative conversion to a new asymmetric complex with triplets in
the *'P{'H} NMR spectrum at 88.91 (] = 15.66 Hz) and 52.07 (] = 19.5 Hz) ppm. The
PC{'"H} NMR spectrum likewise showed two signals, a broad doublet centered at 260.15
ppm (] = 13.80 Hz) and an extremely high-field doublet at -29.99 ppm (] = 21.86 Hz).
These data are consistent with carbene insertion, but not into the CO ligand. Instead, P—
C bond formation is suggested (Scheme 4.8.), giving rise to both the unusual negative
chemical shift in the "C{'H} NMR spectrum and the C; symmetry.

In the course of studying para-terphenyl diphosphine complexes with multiply bonded

carbon ligands, Mo(II) complexes with Mo—C double bonds have shown to be prone to
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Scheme 4.8. Terminal methylidene intermediate observed prior to P-C bond formation upon
hydride addition to 19.

unproductive P—C bond forming chemistry. One such example was discussed above. These
asymmetric products have also been observed in reactions from terminal carbide 8, and
represent room temperature decomposition pathways for this molecule. From methylidyne 19,
deprotonation with BnK*” affords carbide 8 at lower temperature (-50 °C) and much more
cleanly (PhMe and KCI are the only byproducts) than the prior iz situ desilylation route.
Notably, the spectroscopic signatures for the carbide synthesized each of these ways are
identical, lending further credence to the proposed structure of 8 and affording evidence
against a carbide chloride anion. Warming samples of 8 prepared by deprotonation show
stability up to room temperature. With time, however, new resonances grow in and the reaction
solution darkens from deep red to purple.

Concomitant with this color change, an even more downfield shifted carbide resonance is
observed at 567.57 ppm. A corresponding carbonyl °C shift is observed at 212.11 ppm, and
two resonances atre seen in the *P{'H} NMR spectrum, at 89.97 and -5.06 ppm, consistent
with arm-on arm-off carbide carbonyl complex 21 (Scheme 4.9.). Though persistent at room
temperature for days, single crystals of 21 have not yet been obtained. Crystallization attempts
have instead furnished single crystals of 22, the first structurally characterized example of P—
C insertion in this system. The "H and *'P{'"H} NMR spectra of 22 are harmonious with a C;
symmetric solution structure, with two central arene resonances at 4.28 and 4.05 ppm, and
two °'P signals at 82.53 and 15.17 ppm. The solid-state structure of 22 is unremarkable, the
P-C, C-C, and C-O bonds that are all short—1.685, 1.348, and 1.231 A, respectively—in line

with a n>-C:C phosphoranylidene ketene assignment.
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Scheme 4.9. Sequential CO insertion and C—P bond formation leading to phosphoranylidene

ketene complexes 22 and 23.

Figure 4.10. Solid-state structure of terminal phosphoranylidene ketene 22. Thermal
anisotropic displacement ellipsoids are shown at the 50% probability level and hydrogen atoms

are omitted for quality.
Of more import is how 22 forms (Scheme 4.9.). A likely pathway involves CO insertion
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from carbide 21 to give ketenylidene D (not observed). Phosphine attack at the highly
electrophilic a-carbon would afford 22. Similar reactivity is proposed for Ta mediated CO
cleavage, as a product of the reaction between Ta carbonyl complexes and a reactive Ta(IlI)
silox, though carbide intermediacy, in this case, is not established.* Warming carbide 8 under
a "CO atmosphere accelerates phosphoranylidene ketene formation, leading to quantitative
conversion to 23, a species with three salient signals in the "C{'H} NMR spectrum at 241.52
(s, CO), 149.56 (dd, Cg), and -33.11 (dd, C.). The *P{'H} NMR spectrum of 23 shows peaks
for the Mo-bound and C,-bound phosphorous nuclei at 82.77 and 38.81 ppm, respectively. A
small scalar coupling (3.87 Hz) is observed between the *'P nuclei, suggesting some interaction
of the phosphoranylidene with Mo (Scheme 4.9.).

Extending the enhanced insertion reactivity observed for complex 8 under CO, we
hypothesized that warming C under a CO atmosphere may alter the insertion selectivity,
favoring productive C—C bond formation over undesired P-C coupling. Somewhat
unexpectedly, no warming was needed. Placing a -78 °C solution of in situ generated C under
a "CO atmosphere resulted in a gradual color change to bright orange, as the gas diffused
down the sample (Scheme 4.10.). The "C{'H} NMR spectrum at -78 °C, showed three
resonances in addition to free "CO, the CO signals of 24-"C, which are chemically equivalent
at this temperature. No spectroscopic evidence for ethenone formation was obtained,” but it

would be exceedingly dilute under the reaction conditions. Warming the sample showed
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Scheme 4.10. Synthesis of carbonyl complex 24 from methylidene intermediate C. The
proposed organic product, ketene, has yet to be detected, but should be trapped by alcohols.

persistence of 24-"C, but again ketene was not detected. Due to the instability of ketene at

ambient temperature, chemical traps (such as ethanol addition) will be explored (Scheme
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4.10.).” But preliminary data, in addition to the chemistry of TMS analog 16, suggest that
sequential hydride and CO addition is resulting in C—H and C—C bond formation, providing

a silicon-free multicarbon product, directly from CO.
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CONCLUSION
In summary, both metal-bound C; oraganics and silicon-free organic products have
been constructed via reductive catenation of CO. Though protons are not capable of CO
functionalization from super reduced Mo CO complexes, they do afford access to a series
of diene-linked compounds competent for CO reduction, coupling, and enchainment.
Carbide protonation provides a thermally stable methylidyne complex and hydride
addition induces C—C coupling. Reactions between the silyl alkylidyne congener and
hydride suggest that this C—C bond formation differs from the mechanism established
for stepwise reduction/electrophile addition, proceeding through catbene carbonyl
intermediates rather than dicarbynes. Notably, this is the first demonstration of formal
H; addition (in the form of the heterolysis products: H" and H') to a terminal transition
metal carbide, resulting in both C—H and C-C bond formation, in the presence of CO.
These steps provide valuable precedent for the reactivity proposed for the heterogenous

FT process, mimicking the reactivity postulated following C—O scission (Figure 4.11.).

& adsorbed gn
hydrogen TN CO, H, multi-carbon
T —
lﬁ. ———— products
(H* + H)

Figure 4.11. Schematic representation of carbide hydrogenation and subsequent C-C
coupling in FT chemistry.
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EXPERIMENTAL SECTION
General Considerations
Unless otherwise specified, all operations were carried out in an MBraun drybox under a
nitrogen atmosphere or using standard Schlenk and vacuum line techniques. Pre-reduced
Teflon-coated stir bars (prepared via stirring a Na[CioHs] solution overnight followed by
rinsing three times with THF) were utilized in any stirred reaction in which KCs or 1 were
employed as reagents or formed in the course of the reaction. Solvents for air- and
moisture-sensitive reactions were dried over sodium benzophenone ketyl, calcium
hydride, or by the method of Grubbs.** Deuterated solvents were purchased from
Cambridge Isotope Laboratories and vacuum transferred from sodium benzophenone
ketyl (CeDe) or CaH, (CDs;CN). Solvents, once dried and degassed, were vacuum
transferred directly prior to use or stored under inert atmosphere over 4 A molecular
sieves. Molybdenum complexes 1, 8, 16, '' and 17°7 potassium graphite (KCs),® TMS
ketene,”" anhydrous TBAF in MeCN,” and Brookhart’s acid ([H(Et20);][BAt"24]),* were
prepared and purified according to literature procedures. [Et;NH][CI] was prepared by
condensing HCI gas (freeze-pump-thawed three times and condensed from -78 to -196
°C) onto a frozen pentane solution of dry EtsN. The solids that formed were collected
via vacuum filtration and used without further purification. Unless indicated otherwise,
all other chemicals were utilized as received. Graphite (325 mesh), (Me;3Si),O (dried over
sodium benzophenone ketyl and distilled prior to use), and trimethylsilyl chloride (dried
over CaH; and distilled prior to use) were purchased from Alfa Aesar. Potassium metal
(washed with hexanes), chloroacetaldehyde diethyl acetal, and CO gas were purchased
from Sigma Aldrich. Et;N (dried over CaH, and distilled prior to use) was purchased from
Oakwood Chemicals. 3,5-Bis(trifluoromethyl)bromobenzene, sodium tetrafluoroborate,
and Mg" turnings (chemically activated with dilute HCI, mechanically activated by stirting
under vacuum for 12h at 100 °C, and chemically activated once more with 1,2-

dibromoethane immediately prior to use) were purchased from Fischer Scientific. CO
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gas was purchased from Monsanto Research; butane and NHj3 gas were purchased from
Matheson. 'H, "C{'H}, and *'P{'H} NMR spectra were recorded on Varian 400 MHz or
Varian INOVA-500 spectrometers with shifts reported in parts per million (ppm). 'H and
PC{'H} NMR spectra are referenced to residual solvent peaks.” *'P{'H} chemical shifts
are referenced to an external 85% H;PO4 (0 ppm). Fourier transform infrared ATR
spectra were collected from thin films or powders on a Thermo Scientific Nicolet iS5

Spectrometer with a diamond ATR crystal (utilized iD5 ATR insert).

Synthesis of 2
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thawing Et,0

A 20 mL scintillation vial was charged with 3 (40 mg, 0.062 mmol), EtO (4 mL), and a
stir bar. Following stirring for 15 min, the homogeneous orange solution was frozen in
an LNscooled cold well. A second 20 mL vial was charged with a solution of
[(Et0).H][BAt 2] (68.9 mg, 0.068 mmol) in Et;O (2 ml) and likewise frozen.
Immediately upon thawing, the acid solution was added to the vial containing 3, with
stirring. The reaction was left to warm to room temperature, during which time the color
gradually lightened to golden yellow. Volatiles were removed iz vacno, providing a tan
residue. Dissolution of this residue in minimal MeCN and chilling of the resulting solution
to -35 °C for 12 hr provided analytically pure microcrystals of 2 (81 mg, 0.054 mmol,
87%). "H NMR (400 MHz, CsDs, 23 °C) 8: 7.72 (br t, ] = 2.24 Hz, 8H, BArF aryl-H), 7.69
(br s, 4H, BArF aryl-H), 7.58-7.65 (m, 4H, aryl-H), 7.48-7.56 (m, 4H, aryl-H), 5.16 (s, 2H,
diene-CH), 3.07-3.19 (m, 2H, diene-CH,), 2.91-3.04 (m, 2H, CH(CH3)2), 2.66-2.78 (m,

2H, CH(CHs)y), 2.46-2.59 (m, 2H, diene-CI), 1.31-1.40 (m, 12H, CH(CHs),), 1.07-1.15
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(m, 12H, CH(CHs)2), -1.56 (t, ] = 51.60 Hz, 1H, Mo-H). "C{'H} NMR (101 MHz, C¢Ds,
23°C) 8: 217.20 (t, ] = 10.80 Hz, CO), 212.30 (t, ] = 10.61 Hz, CO), 162.59 (q, ] = 49.93
Hz, BALF aryl-C), 151.15 (d, ] = 21.85 Hz, aryl-C), 136.08 (dd, | = 34.89, 1.53 Hz, aryl-
(), 135.65 (br m, BAtF aryl-C), 132.40 (m, aryl-C), 131.96 (s, aryl-C), 130.35 (d, ] = 5.82
Hz, aryl-C), 129.92 (qq, | = 31.64, 2.97 Hz, BArF aryl-C), 128.44 (d, ] = 13.09 Hz, aryl-
0), 125.46 (q, ] = 271.94 Hz, BAtF CF3), 118.68 (b s, BArF aryl-C), 103.50 (t, ] = 1.42
Hz, diene-C), 77.30 (d, ] = 1.38 Hz, diene-CH), 32.68 (d, ] = 29.04 Hz, CH(CH),), 30.52
(s, diene-CHy), 29.10 (d, | = 26.74 Hz, CH(CHs),), 20.26 (br m, CH(CHs),), 20.18 (s,
CH(CHs)>), 20.08 (s, CH(CHs)2), 19.20 (s, CH(CHz)2). >'P{'H} NMR (162 MHz, CsDs, 23
°C) 8: 85.05 (5). IR (powder sample, diamond ATR, cm™) vco = 2037, 1973.
2-PC was prepared analogously starting from 3-"C; the resonances in the "C{'H} NMR
spectrum split to apparent quartets: 217.17 (q, /] = 10.81 Hz) and 212.26 (q, ] = 10.53
Hz). The *P{'"H} NMR signal at 85.05 ppm splits into a triplet (] = 10.67 Hz). IR (powder

sample, diamond ATR, cm™) veo = 1992, 1932.

Synthesis of 3
.-;’K
09 T o,
AN 6 [Et;NH][CI] Pro % v Pr
Pr Mo /K ipr thawing THF 'Pr—p—Mo—P-'Pr
iPr }D/ l“n\\ ! ; \P/ — > ///' \\
-~ ‘\\ 3 R R
“,"‘\AII: \lPr 2 KCI, 2 NEt3 y)
‘ H H
1 2

A deep burgundy THF (12 mL) solution of 1 (2 g, 2.2 mmol—NB: the molecular weight
of 1 is ill-defined due to variable THF solvation but is assumed to be 909.1 g/mol, the
formula weight of 1*THF;) in a 20 mL scintillation vial charged with a stir bar was frozen
solid in an LN> cooled cold well. The vial was removed from the well and immediately
upon thawing, Et;NCI (1.8 g, 13.2 mmol) was added in a single portion as a solid. The
vial was sealed and left to stir for 2 h, during which time the color lightened to a pale

orange. Volatiles were removed 7 vacuo and the resulting tacky orange solid was triturated
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with hexanes (2 x 10 mL). The resulting solids were washed with cold hexanes (3 mL) and
then extracted with benzene until the washes were pale yellow/orange. The benzene
extract was lyophilized, providing 2 as an orange powder (900 mg, 1.4 mmol, 64%). X-
ray quality crystals of 2 were grown by cooling a saturated hexanes solution to -35 °C. 'H
NMR (400 MHz, C¢Ds, 23 °C) 8: 7.45 (dd, | = 7.68, 2.49 Hz, 2H, aryl-H), 7.14 (td, | =
7.45, 1.49 Hz, 2H, aryl-H), 7.00-7.06 (m, 4H, aryl-H), 4.78 (s, 2H, diene-CH), 2.75-2.80
(m, 2H, diene-CH,), 2.62-2.71 (m, 2H, CH(CHs),), 2.46-2.55 (m, 2H, CH(CHs),), 2.27-
2.32 (m, 2H, diene-CH>), 1.26-1.35 (m, 12H, CH(CHj3)2), 1.07-1.15 (m, 12H, CH(CH3)>).
PC{'H} NMR (101 MHz, C¢Ds, 23 °C) &: 260.51 (t, ] = 27.13 Hz, CO), 243.58 (t, | =
18.62 Hz, CO), 157.23 (dd, | = 26.12, 1.34 Hz, aryl-C), 138.98 (dd, | = 32.29, 2.65 Hz,
aryl-C), 129.98 (s, aryl-C), 129.63 (vt, | = 0.92 Hz, aryl-C), 127.32 (d, ] = 12.99 Hz, aryl-
0), 125.97 (m, aryl-C), 81.91 (m, diene-C), 79.21 (s, diene-CH), 33.57 (s, diene-CH>), 30.97
(d, ] = 22.56 Hz, CH(CHs)»), 27.83 (d, ] = 22.79 Hz, CH(CH3)»), 19.68 (m, CH(CH;)>),
19.60 (m, CH(CHs)2), 18.62 (s, CH(CHs)2). *'P{'H} NMR (162 MHz, C¢Ds, 23 °C) &:
82.39 (s). IR (powder sample, diamond ATR, cm™) vco = 1905, 1810.
2-PC was prepared analogously starting from 1-"C; the enhanced resonances in the
PC{'"H} NMR spectrum are the triplets at 260.51 and 243.58 ppm. The *'P{'H} NMR
signal at 82.39 ppm splits into a doublet of doublets (] = 27.13, 18.62 Hz). IR (powder
sample, diamond ATR, cm™) veo = 1854, 1769.

In Situ Preparation of 4

0 0—’-0‘5:”(
. z /. i 2 S i
’Pr—\P—Me—P-’Pr 21Kcg 'Pr Mo '/K\ _pr

A 20 mL scintillation vial was charged with 3 (40 mg, 0.065 mmol), THF (4 mL), and a

stir bar. Stirring was initiated and KCs (18 mg, 0.083 mmol) was added, in a single portion,
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resulting in an immediate darkening of the solution to dark red. Afte 30 min, the burgundy
mixture was filtered through celite and the filtrate was dried 7z vacuo, affording a deep red
residue. This residue was used without further purification. *'P{'H} NMR (162 MHz,
THEF, 23 °C) 8: 94.51 (br s, Mo-P), -2.47 (br s, free P).

4-C was prepared analogously from 3-"C; the enhanced resonances in the "C{'H} NMR
spectrum (101 MHz, THF, 23 °C) resonate at 255.87 (br s) and 250.91 (br s) ppm.
Synthesis of 5

/SiMe3

SN ,O—SiMe;
. C=c” .
Pr, \f /’F_’r
2 Me3SiCl  'PPr—p—Mo—P-'Pr
AN

A THEF solution of 4 (0.65 mmol in 4 mL) was prepared following the procedure described
above; however, the reaction mixture was filtered into a 20 mL scintillation vial charged
with a stir bar and the resulting homogeneous dark red solution frozen solid in an LN
chilled cold well. Immediately upon thawing, a THF (1 mL) solution of Me;SiCl (14 mg,
0.130 mmol) was added dropwise, with stirring. The vial was sealed and left to warm to
room temperature with stirring, during this time, the solution color transitioned to deep
green. The solvent was removed under reduced pressure, providing a green residue. These
solids were triturated with hexanes (3 mL) and extracted with pentane (8 mL). Pumping
down the pentane fraction provided 5 as a light green free-flowing powder. X-ray quality
single crystals of 5 were grown via slow concentration of a concentrated pentane solution
(vapor diffusion into HMDSO) at -35 °C. 'H NMR (400 MHz, C¢Ds, 23 °C) &: 7.26 (d, |
= 8.3 Hz, 2H, aryl-H), 7.11 (t, ] = 6.45 Hz, 2H, aryl-H), 7.02 (t, ] = 7.4 Hz, 2H, aryl-H),
6.89 (t, ] = 7.4 Hz, 2H, aryl-H), 4.99 (s, 2H, central diene-H), 2.97-3.01 (m, 2H, central-

diene-CHy), 2.67-2.77 (m, 2H, CH(CHs)y), 2.49-2.57 (m, 2H, CH(CH,),), 2.46-2.49 (m,
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2H, central diene-CH>), 1.39-1.46 (m, 6H, CH(CH:),), 1.22-1.27 (m, 6H, CH(CH),), 0.95-
1.00 (m, 6H, CH(CHs),), 0.14 (s, 18H, Si(CHs)s). C{'H} NMR (101 MHz, C¢Ds, 23 °C)

8: 219.46 (v br, Mo-(COSiMes),). *P{'H} NMR (162 MHz, C,Ds, 23 °C) &: 82.42 (v br).

Synthesis of 9
iP 8
r ip S
‘p-ipy Mo(CO)3(MeCN); ,.Pr\'\ g/co
> P\M'o
GO ™ G
P1 9

A 100 mL Teflon stoppered Schlenk tube was charged with P1 (1g, 3.70 mmol),
Mo(CO)3(MeCN); (1.23 g, 4.10 mmol), PhMe (40 mL), and a stir bar. The mixture was
degassed via two freeze-pump-thaw cycles and then heated to 100 °C for 12 h, with
stirring. The deep yellow/brown homogeneous solution was allowed to cool to room
temperature, and was degassed as before. Heating and stirring continued for another 12
h. At this time, the reaction volatiles were concentrated under reduced pressure, until a
fine yellow precipitate was observed (¢ca. 25 mIL PhMe). The mixture was filtered and the
filtrate left to stand in a -35 °C freezer for 72 h. Two morphologies of yellow crystals
formed. These crystals were collected on a medium porosity fritted funnel, dissolved in
minimal PhMe, and recrystallized twice more. At this point, the obtained crystals should
be analytically pure 9 (196 mg, 0.464 mmol, 13%). If the tetracarbonyl metalation
byproduct persists, additional crystallizations from PhMe may be required. 'H NMR (400
MHz, CsDs, 23 °C) 8: 7.16 (br s, 1H, aryl-H), 7.01-7.05 (m, 1H, aryl-H), 6.92-6.94 (m, 2H,
aryl-H), 4.83 (t, ] = 5.9 Hz, 2H, central arene-H), 4.50 (t, ] = 6.0 Hz, 1H, central arene-
H), 431 (d, | = 5.41 Hz, 2H, central arene-H), 2.16-2.28 (m, 2H, CH(CHs),), 1.11-1.17
(m, 6H, CH(CH;)2), 0.85-0.91 (m, 6H, CH(CH;)z). "C{'H} NMR (101 MHz, C¢Ds, 23
°C) 8: 228.67 (d, ] = 11.4 Hz, Mo-CO), 146.40 (d, ] = 22.81 Hz, aryl-C), 146.21 (s, aryl-
0), 129.37 (d, ] = 2.00 Hz, aryl-C), 129.32 (d, | = 0.73 Hz, aryl-C), 127.95 (d, ] = 4.28 Hz,

aryl-C), 127.05 (d, | = 10.79 Hz, aryl-C), 123.32 (d, | = 3.73 Hz, central arene-C), 86.77
y bl 5 y b
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(d, J] = 1.45 Hz, central arene-C), 83.77 (d, ] = 2.03 Hz, central arene-C), 81.66 (d, | =
3.56 Hz, central arene-C), 28.48 (d, ] = 21.7 Hz, CH(CHs)), 18.92 (d, | = 6.3 Hz,

CH(CHs),), 18.82 (br s, CH(CH,),). *'P{'H} NMR (162 MHz, C;Ds, 23 °C) &: 93.05 (s).

Synthests of 10
SiMe
o'es
i 8 1. 2.1 KCg, THF : é oSile
Pr ¥ L0 2.2.1 MesSicl P Sy 3
’Pr\ :/ N iPr =
P—wis THF, thawing P—md
AN > P
71 W AN
O Y=
U \
o 10

A 100 mL RB flask was charged with 9 (400 mg, 0.950 mmol) and a stir bar. THF (50
mlL) was added and stirring initiated, providing a deep yellow, homogenous solution. KCg
(310 mg, 2.27 mmol) was added to the flask in a single portion, resulting in an immediate
darkening of the reaction mixture to dark red. The RB was placed in an LN, cooled cold
well and the contents frozen solid. Immediately upon thawing, Me;SiCl (310 mg, 2.85
mmol) was added, resulting in a lightening of the mixture. Following the addition, stirring
continued as the contents of the flask warmed to room temperature. At that time, the
reaction mixture was filtered through a pad of celite and the filtrate was dried i vacno,
affording a red residue. The residue was triturated with hexanes (2 x 3 mL) and HMDSO
(¢a. 2 mL) was added. The vial was placed in a -35 °C freezer for 72 h; the dark red solids
that had precipitated were collected (ensuring they remained cold) on a fine porosity
fritted funnel, giving 10 as a sticky solid (174 mg, 0.306 mmol, 32%). '"H NMR (400 MHz,
CsDg, 23 °C) 8: 7.18-7.20 (m, 2H, aryl-H), 6.99 (t, ] = 7.20 Hz, 1H, aryl-H), 6.95 (t, ] =
7.20 Hz, 1H, aryl-H), 4.93 (t, ] = 5.69 Hz, 2H, central arene-H), 4.44 (t, ] = 5.85 Hz, 2H,
central arene-H), 3.76 (t, ] = 6.34 Hz, 1H, central arene-H), 2.89-3.01 (m, 2H, CH(CH3).),
1.19-1.25 (m, 6H, CH(CHs),), 1.08-1.13 (m, 6H, CH(CH:),), 0.30 (s, 18H, Si(CHj3)3).

BC{'H} NMR (101 MHz, C,Ds, 23 °C) 8: 190.48 (d, ] = 22.5 Hz. Mo-(COSiMes),), 149.81
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(d, ] = 24.9 Hz, aryl-C), 139.61 (d, ] = 30.8 Hz, aryl-C), 129.00 (d, ] = 0.7 Hz, aryl-C),
128.92 (d, ] = 1.8 Hz, aryl-C), 127.68 (s, aryl-C), 126.90 (d, ] = 4.3 Hz, aryl-C), 102.35 (d,
] = 2.7 Hz, central arene-C), 73.81 (d, ] = 2.7 Hz, central arene-C), 70.69 (s, central arene-
0), 66.66 (d, ] = 1.3 Hz, central arene-C), 26.65 (d, /] = 20.3 Hz, CH(CH3)»), 20.24 (d, ] =
6.9 Hz, CH(CHs),), 19.40 (s, CH(CHs),), 0.65 (s, Si(CH3)5). *'P{'"H} NMR (162 MHz,
CsDg, 23 °C) 8: 82.96 (s).
Synthesis of 19

SiMe3
1. TBAF H

’Pr—P—Mo—P -Pr 78 "CtoRT > ’Pr—P—Mo—P -Pr
2. [HNEt;][CI]
Q Co THF/MeCN Co

A 20 mL Teflon stoppered Schlenk tube was charged with 16 (400 mg, 0.565 mmol), THF

(25 mL), and a stir bar. The flask was sealed, attached to a Schlenk line, and cooled to -
78 °C via submersion in a dry ice/acetone slush bath. With a heavy N countetrflow, the
stopper was replaced with a septum. A dark red MeCN solution of anhydrous TBAF
(0.791 mmol) was added dropwise via syringe. The reaction mixture was allowed to warm
to room temperature, with stirring, over the course of 1 h. At this time, the flask was once
again cooled to -78 °C and [HNEt][C]] (235 mg, 1.695 mmol)was added, in a single
portion, as a solid, with a heavy N counterflow. The vessel was sealed, shaken vigorously,
and left to stir for 2 h. Volatile reaction components were removed under reduced
pressure and the resulting residue was extracted with PhMe (3 x 7 mL) and filtered
through a pad of celite. The orange/red homogeneous filtrate was dried 7z vacuo, affording
a red/orange residue. This residue was suspended in minimal THF (2 mL), and cooled to
-35 °C for 12 h. The ensuing mixture was filtered through celite and the filtrate set aside.
The filter cake was washed with C¢Hg¢ until the filtrate was colorless (ca. 8 mL).

Lyophilizaiton of the C¢Hg filtrate under reduced pressure afforded analytically pure 19
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as an orange powder (251 mg, 0.387 mmol, 67%). The THF filtrates were observed to
contain 19 by *'P{'H} NMR spectroscopy and can be concentrated and cooled, leading
to precipitation of 19 in additional crops. 'H NMR (300 MHz, C¢Ds, 23 °C) 8: 7.51 (s,
2H, central arene-H), 7.43-7.48 (br m, 2H, aryl-H), 7.31-7.36 (br m, 2H, aryl-H), 7.25 (s,
2H, central arene-H), 5.08 (t, ] = 3.44 Hz, 1H, Mo=CH), 2.34-2.45 (m, 2H, CH(CHs)»),
2.21-2.34 (m, 2H, CH(CH23)»), 1.69-1.76 (m, 6H, CH(CH3)2), 1.36-1.43 (m, 6H, CH(CH5)»),
1.26-1.33 (m, 6H, CH(CH3)2), 1.06-1.12 (m, 6H, CH(CHs),). *'P{'"H} NMR (121 MHz,
CsDs, 23 °C) 8: 40.21 (s).

19-C can be prepared analogously, starting from 16-"C. The 'H NMR spectrum shows
a 147.8 Hz 'J(C,H) scalar coupling for the methylidyne proton, splitting it into a doublet
of triplets. The enhanced resonances in the "C{'H} NMR spectrum are 281.19 (br,
Mo=CH) and 241.41 (br, Mo-CO).

Crystallographic Information

Refinement Details—In each case, crystals were mounted on a glass fiber or MiTeGen
loop using Paratone oil, then placed on the diffractometer under a nitrogen stream.
Crystals for compounds 3 and 4 were manipulated under an Argon purge due to
atmospheric sensitivity. Low temperature (100 K) X-ray data were obtained on a Bruker
KAPPA APEXII CCD based diffractometer (Mo fine-focus sealed X-ray tube, K. =
0.71073 A) or a Bruker D8 VENTURE Kappa Duo PHOTON 100 CMOS based
diffractometer (Mo 1,S HB micro-focus sealed X-ray tube, K, = 0.71073 A OR Cu LS
HB micro-focused X-ray tube, K, = 1.54178). All diffractometer manipulations, including
data collection, integration, and scaling were carried out using the Bruker APEXII or
APEXIII software.”" Absorption corrections were applied using SADABS.?* Space groups
were determined on the basis of systematic absences and intensity statistics and the
structures were solved in the Olex 2 software interface™ by intrinsic phasing using XT
(incorporated into SHELXTL)* and refined by full-matrix least squares on F* All non-

hydrogen atoms were refined using anisotropic displacement parameters. Hydrogen
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atoms were placed in the idealized positions and refined using a riding model. The
structure was refined (weighed least squares refinement on F?) to convergence. Graphical
representation of structures with 50% probability thermal ellipsoids were generated using
Diamond 3 visualization software.”

Table 4.1. Crystal and refinement data for complexes 2, 3, and 5.

2 3 5
CCDC #*
Empirical formula CeHssBF24MoO2Ps C32H2MoO,P, CaoHi0MoO,P5S1,
Formula weight 1480.77 616.53 766.78
T (K) 100 100 100
a, A 13.025(3) 9.3651(5) 21.8633(12)
b, A 13.443(3) 20.8902(11) 10.9152(06)
¢, A 18.074(4) 14.9537(8) 35.7992(18)
o, °© 90.751(9) 90 90
B, ° 96.679(9) 101.409(2) 103.067(3)
Y, ° 90.902(8) 90 90
Volume, A’ 3142.4(12) 2867.7(3) 8322.0(8)
7. 2 4 8
Crystal system Triclinic Monoclinic Monoclinic
Space group PT P2i/n C2i/¢
deate, g/ cm’ 1.565 1.428 1.224
0 range, ° 2.204 to 34.697 2.423 to 45.318 1.912 to 31.510
W, mm’' 0.375 0.597 0.480
Abs. Correction Semi-empirical Semi-empirical None
GOF 1.128 1.035 1.031
Ri, nR: " 0.0787, 0.1516 0.0538, 0.0892 0.0379, 0.0776
[1>2 o(D)]
Diffractometer PHOTON APEXII APEXII
Radiation Type Mo K, Mo K, Mo K,

Ri= 3| [Fo| - [E[[/Z[F]. " wR,

[XIw(FF)/ w2



Table 4.2. Crystal and refinement data for complexes 9, 18, 19, and 22.

204

9 18 19 22
CCDC #*
Empirical formula ~ C20H23sMoO2P C37HssMoOP,Si Cs450H47.50CIMoOP; C355sH43MoOP,
Formula weight 422.29 701.78 671.55 710.60
T (K) 100 100 100 100
a, A 8.33006(5) 11.6736(5) 13.1011(8) 17.5029(7)
b, A 22.4172(12) 12.0522(5) 13.0037(8) 12.3149(5)
¢, A 9.7737(5) 14.3227(6) 19.0467(12) 16.5437(7)
o, ° 90 94.987(2) 90 90
B,° 96.433(3) 105.434(2) 95.462(4) 115.141(2)
Y, ° 90 110.315(2) 90 90
Volume, A’ 1813.73(17) 1785.40(13) 3230.1(3) 3228.1(2)
Z 4 2 4 4
Crystal system Monoclinic Triclinic Monoclinic Monoclinic
Space group P121/n1 P-1 P121/n1 P121/ct
deate, g/ cm’ 1.546 1.305 1.381 1.462
0 range, ° 1.817 to 50.422 1.838 to 37.941 1.809 to 37.783 1.285 to 24.996
u, mm’' 0.820 0.518 0.614 0.541
Abs. Correction Semi-empirical Semi-empirical None None
GOF 1.022 1.047 1.064 1.144
Ri " oRs” 0.0291, 0.0548 0.0292, 0.0693 0.0384, 0.0874 0.0456, 0.0999
[1>2 o(D)]
Diffractometer APEXII APEXII APEXII APEXII
Radiation Type Mo K, Mo K, Mo K, Mo K,

"Ri= Y Fo| - [Fe| [/2X]Fol.

" wRe = [E[w(EAFS/ Y w ()2
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Figure 4.12. Structural drawing of both components of 2 with 50% probability anisotropic
displacement ellipsoids. Hydrogen atoms, except for the hydride and those of the 1,4-
cyclohexadiene methylene groups, and the outter-sphere BAt"24 ion are omitted for clarity.

Special Refinement Details for 16—The solid-state structure of 2 showed whole
molecule disorder over two positions related by a two-fold rotation. These components
were satisfactorily modeled over two positions (in a 55:45 ratio) for the 1,4-
cyclohexadiene motif, the Mo center, and the CO ligands; the disorder could not be
resolved for the frans-spanning phosphines or the linking phenylenes, leading to uniform
clongation of the ellipsoids for these atoms parallel to the MolA/Mol1B vector. The
coordinates for the hydride ligand were located in the difference Fourier synthesis and
refined isotropically.

In addition to the disorder in the metal complex, the BAr's countetion showed significant
positional and rotational disorder. The CF; groups were rotationally disordered; the arene rings
showed minor disorder due to rotation about the B—C bonds. Even though these disorders
are over a continuous range of positions, the electron density in the Fourier map was
satisfactorily modeled over two positions. Each disordered CF; groups was refined with the

help of similarity restraints on the 1,2- and 1,3-distances. The C—C distances of the disordered
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arene rings were likewise restrained to be equivalent. All disordered groups were subjected to

rigid bond restraints for anisotropic displacement parameters.

Figure 4.13. Structural drawing of 3 with 50% probability anisotropic displacement
ellipsoids. Hydrogen atoms, except for those of the 1,4-cyclohexadiene methylene groups
are omitted for clarity.

b

Figure 4.14. Structural drawing of 3 with 50% probability anisotropic displacement
ellipsoids. Hydrogen atoms are omitted for clarity.
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Figure 4.15. Structural drawing of 9 with 50% probability anisotropic displacement
ellipsoids. Hydrogen atoms are omitted for clarity.

Figure 4.16. Structural drawing of 18 with 50% probability anisotropic displacement
ellipsoids. Hydrogen atoms are omitted for clarity.



Figure 4.17. Structural drawing of 9 with 50% probability anisotropic displacement
ellipsoids. Hydrogen atoms are omitted for clarity.

Figure 4.18. Structural drawing of 9 with 50% probability anisotropic displacement
ellipsoids. Hydrogen atoms are omitted for clarity.

208
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CHAPTER 5

A Low-Valent Anionic Molybdenum Nitride: Synthesis, Electronic Structure, and

Group Transfer
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ABSTRACT
A series of terminal Mo(IV) nitride complexes were prepared within the context of
exploring nitride/carbonyl coupling to cyanate. CO installation—giving a complex
isoelectronic to alkylidyne carbonyl complexes known to undergo RC" transfer—and
subsequent reduction proved unfruitful. However, electron loading prior to the addition
of CO affords the first Mo(Il) nitrido complex, an early metal nitride with four valence
d-electrons. The binding mode change of the para-terphenyl diphosphine ancillary ligand

upon reduction acts not only to diminish the o* interactions of the now-occupied d(y2_y2)

orbital, but strong -backbonding between Mo and the central arene ring stabilize both
filled d orbitals. This electronic configuration facilitates a high electron count and a
formal M—N bond order of three. Even with an intact Mo=N bond, this low-valent
nitrido complex proves to be highly reactive, readily undergoing complete N-atom

transfer upon addition of CO.
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GENERAL INTRODUCTION
Transition metal nitrides have received significant attention in the context of N, fixation and
N-atom group transfer chemistries.' Ny-derived nitrides often result in thermodynamically
stable M—N bonds, recompensing for the scission of Ny, and requiring forcing conditions to
enact modest chemical changes.” A successful strategy for increasing the reactivity of metal
nitrides is weakening the M—N bonds with a high metal d count.” Indeed, increasing the
electron count at the metal can concomitantly facilitate metal- centered activation of small
moleculecoupling partners.”* High electron count (d = 4) nitrides are uncommon,” and
unknown for early metals. They can display enhanced reactivity, including nitride
hydrogenolysis™® and carbonylation.” Though alkylation, protonation, and silylation of
terminal nitridos is well represented in the literature, redox-coupled transformations are
uncommon, despite representing an efficient means using nitrides as N-atom building blocks.’
Herein we report the reduction of a Mo(IV) terminal nitride, affording a Mo(II) nitride anion.
This nucleophilic nitride, stabilized by metal-arene 6-bonding, is competent for redox-coupled
nitrogen atom transfer, affording cyanate upon low-temperature treatment with carbon

monoxide (CO).
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Figure 5.1. Envisioned extension of C=C bond forming methodology to C=N bond
construction (A) based on prior reports of nitride/CO coupling (B).
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Within the context of C; feedstock upgrading, our group has explored the reactivity of
Mo(IV) alkylidyne carbonyl complexes.” Following two-electron reduction, these compounds
forge a C=C triple bond, ejecting the oxyacetylide anion and adventitiously binding N> (Figure
5.1., A). Intrigued by literature reports of nitride/CO coupling (Figure 5.1., B)*® and realizing
the isolobal relationship between cyanate and oxyacetylide, we sought to extend our C—C bond

forming methodology to construct C—N bonds.
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RESULTS AND DISCUSSION

A terminal Mo nitride supported by the para-terphenyl diphosphine ancillary ligand is
accessible via anionic azide thermolysis. Treating a deep purple MeCN solution of Mo(II)
complex 1” with two equiv. of TBAN; (IBA = z-tetrabutyl-ammonium) precipitates a
burgundy powder, the *'P{'H} NMR spectrum of which shows a single resonance upfield
shifted to 35.01 ppm (CsDg). The "H NMR spectrum, consistent with a C, symmettic solution
structure, displays two upfield shifted central arene resonances—»5.93 and 4.43 ppm—
suggestive of an n° metal-arene interaction. Using a "N enriched source of azide afforded a
product with three resonances in the "N NMR spectrum at 833.09, 137.23, and 62.23 ppm,

consistent with a terminal nitride motif'’ and a bound azide ligand," respectively (2, Scheme

5.1).
MeCN NCMe  |20Tf N;
Pr \F /Pr Pr %/ 'Pr
i \ : [ 2 TBAN i \ /i
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Scheme 5.1. Synthesis of Mo(IV) terminal nitrido complexes.
The structure of Mo(IV) nitride 2 was confirmed by single crystal X-ray diffraction (XRD;
Figure 5.2.). The short Mo=N distance of 1.641(2) A agrees well with previously reported

examples of Mo(IV) terminal nitride complexes,'” and the close Mo—C2/C3 contacts and
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2

elongated C2—-C3 bond support the 7

arene binding mode inferred from solution

spectroscopies.

Figure 5.2. Solid state structures of 2, 4, and 5. Anisotropic displacement ellipsoids are shown
at the 50% probability level. Select bond distances [A] and angles [°]: 2: Mo1-N: 1.641(2),
Mo1-N2: 2.140(2), Mo1—Cienc(ave.): 2.264(2), £ZN1-Mo1-N2: 106.1(1); 4: Mo1-N1: 1.663(1),
Mo1-C31: 2.032(1), Mo—Cirenc(ave.): 2.496(1), Mo1-02: 2.4822(1), £N1-Mo1-C31: 91.9(1); 5:
Mo1-N1: 1.728(3), Mo1—Cienc(ave.): 2.304(3), N1-K1: 2.732(3), K1—Cphenyienc(ave.): 3.239(3),
£Mo1-N2-K1: 115.0(1).

Concerned with undesired reactivity of the bound azide, complex 2 was treated with
Me;SiOTt (OTf = trifluoromethanesulfonate) to enact ligand exchange. Addition of two

equiv. of the silyl triflate cleanly formed a new species with a slightly downfield shifted *'P{'H}
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NMR resonance (36.42 ppm, C¢Dg) and a marginally downfield shifted "N NMR signal
(842.22 ppm). A solid-state structure of nitride triflate 3 was not obtained, but the similarity
of the spectroscopic signature with that of precursor 2, and a single "F NMR resonance at -
76.91 ppm support its assignment.

Gratifyingly, addition of an atmosphere of "CO to a magenta solution of 3 resulted in an
immediate color change to orange and formation of an orange precipitate. The "C{'H} NMR
spectrum of this mixture displays a broad resonance at 244.04 ppm, consistent with "CO
binding and formation of six-coordinate nitride 4. Both the "H and *'P{'H} are likewise broad,
suggesting a fluxional process that is intermediate on the NMR timescale. Multinuclear NMR
spectroscopy evinces two distinct species at low temperature (-65 °C) and a single broad set
of resonances upon warming (25 °C), attributed to interconversion of two isomers via slipping
of the 1> Mo-atene interaction across the face of the central ring.”* XRD ratified the structure
of 4 (Figure 5.2), a nitride carbonyl complex with these moieties poised ¢s to one another. The
Mo=N bond in 4 remains short at 1.663(1) A.

As an isoster of E=E coupling precursor A, the reduction chemistry of 4 was explored. CO
binding to 4 is weak and reversible, necessitating 7z situ preparation and reaction screening;
addition of two equiv. of Na[CiHs], the same strong reductant used to enact C=C coupling
in A, led primarily to CO loss (3) and decomposition to free phosphine.

Stymied by the disparate reduction reactivity of 4 (when compared to A), reduction was
explored prior to carbonylation. Treating a thawing THF solution of 3 with either Na or
K[CioHs] results in an immediate darkening and concomitant formation of a C; symmetric
species (Scheme 5.2.). Resonances in the *'P{'H} NMR spectrum at 53.73 and -2.04 ppm
suggest dissociation of one of the phosphine arms of the terphenyl ligand, and four distinct
signals at 5.85, 5.24, 5.04, and 5.00 ppm in the "H NMR spectrum point to an n° Mo-arene

binding mode.
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Scheme 5.2. Anionic nitride synthesis and N group transfer reactivity.

Complex 5-K crystallizes from benzene as a tetrameric N4K4 cubane (Figure 5.13.); each of
the four equivalent units is comprised of an anionic nitride (Figure 5.2.). Species 5 represents
the first example of a formally Mo(II) anionic nitride."” Consistent with the spectroscopic data,
one phosphine arm dissociates upon reduction. The Mo=N distance is considerably longer
than in the Mo(IV) species, at 1.728(3) A, one of the longer Mo=N distances reported in the
solid-state.'®!* The Mo atoms at the N-vertices of the cube are poised ¢a. 6.5 A apart, clearly
precluding Mo/Mo interactions. The potassium countercations are engaged in both a close
contact with the nitride—2.733(3) A—and display an interaction with the n-system of one of
the phenylene linkers. Attempts to abstract the counterion and form an ate complex have thus
far been unsuccessful, leading to decomposition to intractable mixtures comprised primarily
of free phosphine.

Terminal nitrido complexes with high formal metal d-electron counts (&, n = 4), which help
destabilize the often unreactive M—N bond, are to our knowledge, unknown for early
transition metals. This motivated an investigation of the electronic structure of 5. The bonding

situation of square pyramidal precursor 3 is analogous to that of its Mo(IV) phosphide
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congenet.” The d-clectrons occupy a Mo oribital of dy,, parentage that is strictly non-bonding
with respect to the nitride, permitting the formal Mo=N triple bond. Upon two electron
reduction, in this geometry, the dy, and d,,, orbitals (Mo=N 7*) would both become singly

occupied, degrading the formal Mo-N bond order and likely making this complex

unstable/unisolable.

I\

MO=N 11—
dxz
Mo=N 1*  —
dy,

Mo=N N.B. 4L
Mo=N N.B. -4~

Mo=N NL.P. -~
N p,
Mo=N 1 —T—l—
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Mo=N 1
N py

W

HOMO-5 (-2.7eV) ~>f»  HOMO-3(-2.0eV)

Figure 5.3. Qualitative MO diagram (left) and selected calculated valence MOs (right)
depicting the Mo/nitride bonding in 5. Isosurfaces are shown at the 0.05 e-A” level and
energies (relative to the HOMO) are provided.
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The structural flexibility of the terphenyl diphosphine ancillary ligand, however, obviates the
need to diminish the Mo—N bonding. The electronic structure of 5 provides two low-energy

d orbitals (dyy and d 2 HOMO-1 and HOMO, Figure 5.3.) that are largely non-bonding

-¥?)
with respect to the nitride ligand. These orbitals exhibit significant 8-bonding character with
the central arene, further lowering their overall energy. Phosphine arm dissociation is likely
requisite to stabilize 5, reducing the Mo—P o* character of the d-orbitals orthogonal to the
Mo=N vector, and providing orbital(s) to accept the additional electrons. In this context, the
electronic structure of 5 more closely matches that of axially distorted late metal nitrido
complexes than that of high-valent terminal Mo nitrides in the trigonal or tetragonal ligand
field;'* however, the basal arene ligand, as a 8-acid, acts to further stabilize the occupied d-
orbitals.

Another salient feature of the electronic structure of 5 is the high energy N-based lone pair
(HOMO-2, Figure 5.3.). Anticipating that this would render 5 highly nucleophilic, a THF
solution of anion 5 was treated with 1 atm. of CO at low temperature (Scheme 5.2.). Upon
warming to room temperature, three signals were observed in the "C{'H} NMR spectrum at
242.6, 220.7, and 213.9 ppm (*J(P,C) = 14.6, 9.4, and 9.4 Hz, respectively). These resonances
correlate to the known carbonyl complexes C and D, corroborated by observation of peaks
in the P{'H} NMR spectrum at 81.6 and 50.7 ppm, respectively.” Formation of C/D
necessitates complete denitrogenation; removal of solvent and analysis of resulting residue in
D;O demonstrated formation of cyanate anion as a triplet centered at 129.3 ppm in the
PC{'"H} NMR (Figure 5.7.).% The N abstraction observed upon treatment of 5 with CO
supplements examples of Mo(Il) imido complexes capable of isocyanate formation," but
represents the first instance of nitride transfer to CO on Mo. Similar to a tris(anilide) supported
anionic V nitride,* 5 releases the cyanate ion (likely due to the 2 e reduction of Mo), albeit
forming a mixture carbonyl complex as the terminal products. Cutiously, addition of ‘BuNC

did not lead to formation of a Mo(0) complex suggestive of group transfer, though
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%18 and instead resulted in significant

nucleophilic nitrides often react with isocyanides,
decomposition to free phosphine.

Reported examples of nitride/CO coupling favor a mechanism invoking electrophilic attack
of the CO ligand at N.>* Though this is likely the case in d’ metal complexes, the low valency
and coordinative unsaturation of 5 may prefer CO binding priot to coupling.” Experiments
detailing the elementary steps of C—C coupling in this system were consistent with reduction
prior to electrophilic attack from a Mo(IV) carbide carbonyl complex.” Analogously, CO

binding and phosphine arm coordination from 5 would provide the nitride congener, which

may likewise be prone to electrophilic attack at N (Scheme 5.3.). However, the inability of 4,
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Scheme 5.3. Possible mechanisms for cyanate anion formation from 5-Na and CO.
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with a pre-installed CO ligand, to form significant of NCO™ upon reduction,"’suggests
otherwise. Both a mechanism that involves CO binding prior to CO electrophilic attack
and one that invokes CO binding and intramolecular insertion, share a common
intermediate that should be the direct product of the 2 e reduction of 4. Studies to
elucidate the coupling mechanism and exploration of additional redox-coupled nitride

group transfer reactions are ongoing.
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CONCLUSION
In summary, reactivity toward 2 e” coupling of a terminal Mo(IV) nitride and CO was
induced by pre-reduction of the metal center. The resulting low-valent Mo(II) nitride is
stabilized by significant changes in the ancillary ligand, supporting both four d-electrons
and a formal Mo=N bond. This nucleophilic, anionic nitride complex reacts with CO at
low temperature to afford a mixture of Mo carbonyl complexes and free cyanate anion.
The presented strategy for engendering reactivity upon reduction may provide a means
for accessing productive group transfer reactivity in stereotypically stable early transition

metal nitrides.



225
EXPERIMENTAL SECTION
General Considerations
Unless otherwise specified, all operations were carried out in an MBraun drybox under a
nitrogen atmosphere or using standard Schlenk and vacuum line techniques. Solvents for
air- and moisture-sensitive reactions were dried over sodium benzophenone ketyl,
calcium hydride, or by the method of Grubbs.”” Deuterated solvents were purchased from
Cambridge Isotope Laboratories and vacuum transferred from sodium benzophenone
ketyl (CcDe) or CaH, (CDsCN). DO was used without further purification. Solvents, once
dried and degassed, were vacuum transferred directly prior to use or stored under inert
atmosphere over activated 4 A molecular sieves. 1’ was prepared according to a literature
procedure. Unless indicated otherwise, all chemicals were used as received. TBAN; (dried
under vac. at 40 °C for 8 h), naphthalene (vacuum sublimed at 40 °C), "CO, Me;SiOTf,
and ‘BuNC were purchased from Sigma Aldrich. Na’ (washed with hexanes under N to
remove oil) and K" (washed with hexanes under N to remove oil) were purchased from
Alfa Aesar and Acros, respectively. 'H, PC{'H}, and *'P{'H} NMR spectra were recorded
on a Varian 400 MHz or Varian INOVA-500 spectrometers with shifts reported in parts
per million (ppm). 'H and “"C{'H} NMR spectra are referenced to residual solvent
peaks.”’ *'P{'H} chemical shifts are referenced to an external 85% H;POy4 (0 ppm)
standard. Multiplicities are abbreviated as follows: s = singlet, d = doublet, dd = doublet
of doublets, t = triplet, vt = virtual triplet, ¢ = quartet, app dq = apparent doublet of
quartets, m = multiplet, br = broad, v br = very broad. Elemental analysis was performed

at the Caltech XRCF using a PerkinElmer 2400 Series II CHN Elemental Analyzer.

Synthesis of 2
MeCN NCMe _| 20Tf
'Pr \5 'PI' iP" /
2 TBAN \\\
'Pr\P—Mo—P’ Pr 3 —Mo—P’

I'I \\\ '2 TBAon
Q O -2 MeCN, - 2 N, Q
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A 100 mL RB flask was charged with 1 (2 g, 2.13 mmol) and a stir bar. MeCN (40 mL)
was added and stirring was initiated, affording a dark purple homogeneous solution. A
solution of TBAN; (1.27 g, 4.47 mmol) in MeCN (10 mL) was added dropwise. The purple
solution gradually turned deep maroon and gas evolution was evident. With prolonged
stirring, formation of a brick red precipitate was observed. After 2.5 h, the solvent volume
was concentrated to ¢z. 10 mL under reduced pressure. While still cold, the resulting
suspension was filtered on a medium porosity sintered glass frit. The solids were washed
with -35 °C MeCN (7 mL x 3), dried 77 vacuno, and collected, providing analytically pure 2
as a free-flowing red powder (1.1 g, 1.80 mmol, 84%). X-ray quality single crystals were
grown via vapor diffusion of pentane into a concentrated toluene solution of 2. '"H NMR
(400 MHz, C¢Ds, 23 °C) 8: 7.31 (app dq, ] = 7.1 & 1.5 Hz, 2H, aryl-H), 7.22-7.25 (m, 2H,
aryl-H), 7.13-7.16 (m, 2H, aryl-H), 7.07-7.11 (m, 2H, aryl-H), 5.93 (br s, 2H, central arene-
H), 4.43 (t, ] = 2.3 Hz, 2H, central arene-H), 3.01-3.12 (m, 2H, CH(CH3),), 2.47-2.61 (m,
2H, CH(CHj3)2), 1.94-2.00 (m, 6H, CH(CHs),), 1.38-1.44 (m, 6H, CH(CHj3)2), 0.72-0.76
(m, 6H, CH(CHs)2), 0.28-0.34 (m, 6H, CH(CH;)z). "C{'H} NMR (101 MHz, C¢Ds, 23
°C) 8: 150.88 (vt, | = 6.99, aryl-C), 140.99 (vt, | = 4.94 Hz, central arene-C), 132.07 (s,
aryl-C), 130.79 (s, aryl-C), 127.64 (vt, | = 2.34 Hz, aryl-C), 127.35 (vt, | = 2.48 Hz, aryl-
O), 122.58 (vt, | = 15.45 Hz, aryl-C), 121.95 (s, central arene-C), 62.13 (vt, | = 2.54 Hz,
central arene-C), 23.19 (vt, ] = 8.15 Hz, CH(CHs),), 22.47 (vt, ] = 8.73 Hz, CH(CHz)»),
18.60 (br s, CH(CHs),), 17.31 (vt, ] = 2.71 Hz, CH(CH;),), 17.18 (vt, ] = 4.59 Hz,
CH(CHs)2), 15.59 (br s, CH(CHs)2). 'P{'H} NMR (162 MHz, CsDs, 23 °C) &: 35.01 (s).
PN{'H} NMR (51 MHz, CsDs, 25 °C) 8: 833.09 (s, Mo=N), 137.23 ppm (s, Mo-N3(aN)),

62.23 ppm (s, Mo-N5(8N)).
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Synthesis of 3

j Me;SiOTf j
'P \\ / 'Pr Sl ’Pr \\ / 'Pr
—\Mo—P‘ “MesSNs _ P —\Mo—P‘

To a 20 mL scintillation vial charged with 2 (600 mg, 0.976 mmol) and a stir bar, C¢Hs

(12 mL) was added. Stirring was initiated and Mes;SiOTf (260 mg, 1.17 mmol) was added,
resulting in a subtle lightening of the reaction mixture. Stirring continued for 1 h, at which
time a ca. 0.5 mL aliquot was removed and analyzed by *P{'"H} NMR spectroscopy. In
some cases, residual 2 was observed spectroscopically, and additional Me;SiOTf (1.2
equiv. based off of relative integration of 2 to 3 in the P{'H} NMR spectrum of the
reaction aliquot) was added. Once complete conversion was observed, the vial was placed
in the freezer (-35 °C) and the contents frozen solid. Lyophilization of the CcHg afforded
a flocculent pink powder. This powder was triturated with (2 mL x 2) and then suspended
in (¢ca. 4 mL) hexanes. The hexanes suspension as cooled to -35 °C and the solids were
collected on a coarse frit. Removal of the volatiles under reduced pressure provided 3 as
a reddish pink powder (493 mg, 0.685 mmol, 70%). '"H NMR (400 MHz, C¢Ds, 23 °C) &:
7.31 (br d, ] = 6.69 Hz, 2H, aryl-H), 7.26 (br d, ] = 6.92 Hz, 2H, aryl-H), 7.14-7.18 (m,
2H, aryl-H), 7.08-7.12 (m, 2H, aryl-H), 6.07 (s, 2H, central arene-H), 4.19 (br t, ] = 2.04
Hz, 2H, central arene-H), 3.43-3.49 (m, 2H, CH(CH3)), 2.56-2.66 (m, 2H, CH(CH3)2),
2.02-2.08 (m, 6H, CH(CHs)»), 1.29-1.35 (m, 6H, CH(CH)), 0.84-0.88 (m, 6H, CH(CH}3)>),
0.26-0.32 (m, 6H, CH(CH3),). "C{'H} NMR (101 MHz, C¢Ds, 23 °C) 8: 149.80 (vt, | =
6.46 Hz, aryl-C), 140.99 (vt, | = 4.77 Hz, aryl-C), 132.06 (s, aryl-C), 130.71 (s, aryl-C),
127.85 (aryl-C; coincides with C¢Ds residual but observed via 2D NMR spectroscopy),
127.11 (vt, | = 2.54 Hz, aryl-C), 123.10 (vt, ] = 16.58 Hz, aryl-C), 122.53 (s, central arene-
C), 120.36 (q, /] = 318.47 Hz, CFs), 63.97 (s, central arene-C), 24.34 (t, ] = 8.96 Hz,
CH(CH3)2), 22.19 (m, CH(CH;),), 18.62 (d, | = 40.92 Hz, CH(CHj)2), 17.91 (m,

CH(CHs),), 17.65 (m, CH(CHs),), 15.78 (d, ] = 13.14 Hz, CH(CHs),). *'P{'H} NMR (162
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MHz, C¢Ds, 23 °C) 8: 34.42 (s). "F NMR (376 MHz, CDq, 23 °C): -76.91 (s). "N{'H}
NMR (51 MHz, C¢Dy, 25 °C) 8: 842.22 (s, Mo=N).

In situ Preparation of 4

i N /OTfIP . 138 iPr
P\ i 3co (1 atm PrJfo, | j
. . \ /," / i
'Pr\\P \MO P—’Pr ( )= ’Pr~P_M°_P/ Pr
Q P\ Q / \\%N O
3 4

A J. Young style NMR tube was charged with a deep red C¢D¢ (0.5 mL) solution of 3 (20
mg, 0.028 mmol). The tube was degassed via three freeze-pump-thaw cycles and the
atmosphere was replaced with CO. Following mixing, the solution color changed from
deep red to orange. Upon standing for 8 h, X-ray quality red/orange microcrystals of 4
formed. Further reactivity was probed using samples of 4 prepared in this fashion. The
solubility of 4 in THF was not significantly improved; 4 was more soluble in CD>Cl,, but
slowly decomposed to an intractable mixture in this solvent.

4-C was prepared analogously using CO in lieu of CO.

The room temperature spectra of 4-"C are broad, suggesting an exchange process that is
intermediate on the NMR timescale. 'H NMR (400 MHz, CD:Cl,, 23 °C) 8: 7.94 (br s,
2H, aryl-H), 7.69 (br s, 6H, aryl-H), 7.16 (br s, 2H, central arene-H), 6.93 (v br, 2H, central
arene-H), 2.94 (v br, 2H, CH(CHs)»), 2.83 (v br, 2H, CH(CHs)2), 0.88-1.34 (br m, 24H,
CH(CHs)z). "C{'H} NMR (101 MHz, C¢Ds, 23 °C) 8: 238.43 (v br, Mo-CO). *'P{'H}
NMR (162 MHz, C¢Ds, 23 °C) 8: 38.74 (br s). "F NMR (376 MHz, CsDs, 23 °C): -76.69

(5)-

138 , 138 .
ipr TfO, /P ipy IO, /P
i "' /’Pr i \ "' /lPl'
Pr~P—M\o\P _ Pr~P—Mo<P
OGS0
D S
40 4

Spectra of the same sample collected at -80 °C show two distinct species, approaching

the slow exchange limit. This process is attributed to the Mo center slipping across the
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face of the arene, interconverting the coordination isomers (« and B) shown above. 'H
NMR (500 MHz, CD,Cl,, -65 °C) 8: 7.94 (br s, 2H, aryl-H), 7.89 (br s, 2H, aryl-H), 7.73
(brt, ] = 6.6 Hz, 4H, aryl-H), 7.65-7.66 (br m, 8H, aryl-H), 7.43 (s, 2H, central arene-H),
7.31 (s, 2H, central arene-H), 6.91 (br s, 2H, central arene-H), 6.37 (br t, | = 5.4 Hz, 2H,
central arene-H), 3.24 (br m, 2H, CH(CHs),), 3.11 (br m, 2H, CH(CH3)), 2.54 (br m, 4H,
CH(CHs)»), 1.50-1.56 (m, 12H, CH(CHj3)2), 1.43-1.48 (m, 6H, CH(CH;)2), 1.37-1.41 (m,
6H, CH(CHj3)2), 1.40 (br m, 6H, CH(CHs),), 0.89 (br m, 6H, CH(CHj3)2), 0.77-0.78 (br m,
6H, CH(CHj3),), 0.12-0.14 (br m, 6H, CH(CHs)2). "C{'H} NMR (126 MHz, CsDs, -65 °C)
8: 244.84 (br t, ] = 10.1 Hz, Mo-CO), 234.62 (br s, Mo-CO). "'"P{'H} NMR (202 MHz,
CsDs, -65 °C) 8: 39.02 (v br), 38.53 (v br).

Synthesis of 5

ipr
"Pr\‘ —\}ﬂ{— / 'PI’ 2 Na[C1°H3] -

' . -NaOTf, 2 C4oHg
3

A Na|CyoHs] solution was prepared by stirring CioHs (196 mg, 1.53 mmol) in THF over a

20 mL scintillation vial charged with a Na’ mirror for 2 h.

During this time, a second scintillation vial was charged with 3 (500 mg, 0.695 mmol).
THF (6 mL), and a stir bar. The vial was placed in an LN, chilled cold well and the
contents frozen solid. Immediately upon thawing, with stirring, the aforementioned
Na[C1oHs] solution was added dropwise. Following addition, the Na’ mirror was rinsed
with THF (1 mL x 2) and these washes were likewise added to the reaction vial. Stirring
continued for 20 minutes, affording a dark red, homogeneous solution. Volatiles were
removed under reduced pressure, affording a tacky red/brown residue. This residue was
triturated with hexanes (4 mL) and the resulting red/brown solids suspended in hexanes
(5 mL). The mixture was filtered through a medium porosity fritted funnel and the filtrant

was washed thoroughly with hexanes (3 x 7 mL) to remove residual CioHs. The solids
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were collected and dried 7z vacuo, providing 5-Na as a free-flowing deep red solid (320
mg, 0.535 mmol, 77%). '"H NMR (400 MHz, CsDs, 23 °C) &: 9.08 (t, ] = 7.41 Hz, 1H,
aryl-H), 8.44 (dd, ] = 7.04 & 3.71 Hz, 1H, aryl-H), 7.41 (d, ] = 7.62 Hz, 1H, aryl-H), 7.35
(dd, ] = 7.79 & 2.85 Hz, 1H, aryl-H), 7.16-7.21 (2H, aryl-H; partially coincides with the
C¢DsH residual but observed via 2D NMR), 6.98 (t, ] = 7.60 Hz, 1H, aryl-H), 6.91 (t, ] =
7.43 Hz, 1H, aryl-H), 5.85 (d, ] = 5.73 Hz, 1H, central arene-H), 5.24 (d, ] = 5.70 Hz, 1H,
central arene-H), 5.04 (t, ] = 4.89 Hz, 1H, central arene-H), 5.00 (t, ] = 5.04 Hz, 1H,
central arene-H), 2.46-2.55 (m, 1H, CH(CH3),), 2.18-2.28 (m, 1H, CH(CH3),), 2.00-2.09
(m, 1H, CH(CHs)»), 1.86-1.94 (m, 1H, CH(CH3)»), 1.59-1.65 (m, 3H, CH(CHs)»), 1.48-
1.53 (m, 3H, CH(CHj3)y), 1.35-1.40 (m, 3H, CH(CHs),), 1.24-1.29 (m, 3H, CH(CHs)>),
1.02-1.07 (m, 3H, CH(CH3)2), 0.92-1.07 (m, 3H, CH(CH:)), 0.88-0.93 (m, 3H, CH(CH,)>),
0.54-0.60 (m, 3H, CH(CH;),). "C{'H} NMR (101 MHz, C¢Ds, 23 °C) &: 152.05 (d, | =
24.05 Hz, aryl-C), 150.80 (d, ] = 24.54 Hz, aryl-C), 138.14 (d, | = 25.96 Hz, aryl-C), 137.52
(d, ] = 38.91 Hz, aryl-C), 132.91 (d, ] = 2.29 Hz, aryl-C), 131.56 (s, aryl-C), 130.67 (d, ] =
4.05 Hz, aryl-C), 126.52 (dd, ] = 3.62 & 1.56 Hz, aryl-C), 124.74 (s, aryl-C), 93.26 (d, ] =
5.16 Hz, central arene-C), 78.95 (d, | = 47.48 Hz, central arene-C), 75.30 (d, ] = 7.60 Hz,
central arene-C), 72.64 (s, central arene-C), 67.69 (d, | = 17.38 Hz, central arene-C), 29.28
(d, J = 13.01 Hz, CH(CHs),), 26.91 (d, ] = 13.59 Hz, CH(CH3),), 26.02 (d, ] = 19.38 Hz,
CH(CHs)2), 22.69 (d, ] = 9.99 Hz, CH(CHs),), 22.15 (d, ] = 15.31 Hz, CH(CH3),), 21.51
(d, J = 18.87 Hz, CH(CH3),), 20.37 (d, ] = 12.97 Hz, (CH(CHs),), 20.15 (d, ] = 22.10 Hz,
CH(CH3)»), 19.88 (d, | = 3.08 Hz, CH(CHs)»), 19.62 (s, CH(CHj3)2), 19.06 (d, ] = 11.89
Hz, CH(CHs)2), 18.83 (d, ] = 6.58 Hz, CH(CHs)2). *'P{'H} NMR (162 MHz, C¢Ds, 23 °C)
8: 53.73 (s, Mo-P), -2.04 (s, P).
5-K can be prepared analogously using K[CioHs] in lieu of Na[CioHs]. The spectroscopic
features are identical to those of 5-Na. Single crystals of 5-K were grown via vapor
diffusion of hexanes into a concentrated C¢Hg solution.

Electrophile Addition Reactions
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Addition of "CO to 5
A 50 mL Teflon stoppered Schlenk tube was charged with 5-Na (40 mg, 0.067 mmol),
THF (5 mL), and a stir bar. The flask was sealed and attached to a 33.4 mlL calibrated
volume. The reaction mixture was thoroughly degassed via three freeze-pump-thaw
cycles. Following thawing the final time, the Schlenk tube was submerged in a -78 °C dry
ice/acetone slush bath. Using a Hg manometer, 14.7 cm Hg of "CO was admitted to the
calibrated volume (0.268 mmol). The "CO was then introduced to the reaction flask,
which was allowed to warm to room temperature, with stirring, over the course of 12 h.
At this time, volatiles were removed under reduced pressure, leaving red/orange solids.
This residue was extracted with C¢Hg (2 mL) and then set aside. The C¢H; fraction was
pumped to dryness and analyzed by multinuclear NMR, evincing formation of Mo(0)
carbonyl complexes in addition to free diphosphine. The insoluble material was taken up
in D,O (0.5 mL) and analyzed by "C{'H} NMR spectroscopy, demonstrating formation

of NaN"CO.

8.5 8‘.0 7‘.5 7‘.0 5‘.5 6‘.0 5‘.5 5‘.0 4‘.5 f (p‘:)‘.:]) 3‘.5 3‘.0 2‘.5 2‘.0 1‘.5 1‘.0 0‘.5 0‘.0 -C‘|.5
Figure 5.4. 'H NMR spectrum of the C¢H; soluble reaction products following “CO
addition to 5-Na. The central arene resonances of carbonyl complexes P2Mo(’CO); [C]

and P2Mo("’CO) [D] are labeled.
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Figure 5.5. *'P{'H} NMR spectrum of the C¢H; soluble reaction products following

PCO addition to 5-Na. The insets show enlargements of the resonances attributable to

carbonyl complexes P2Mo("’CO); [C] and P2Mo("’CO) [D]. Significant decomposition to

free diphopshine [P2] is observed.
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Figure 5.6. "C{'H} NMR spectrum of the CsH; soluble reaction products following
PCO addition to 5-Na. The inset shows an enlargement of the resonances attributable to
carbonyl complexes P2Mo(?CO); [C] and P2Mo("’CO) [D]. Unidentified °C containing
byproducts are designated with an asterisk (*).
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Figure 5.7. "C{'H} NMR spectrum of the D,O soluble reaction products following *CO
addition to 5-Na. The inset shows the triplet attributable to NaN"”CO ('/(N,C) = 11.34
Hz).
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Addition of ' BuNC to 5-Na
A 20 mL scintillation vial was charged with 5-Na (40 mg, 0.067 mmol), THF (4 mL), and
a stir bar. The vial was placed in an LN chilled cold well and the contents frozen solid.
Immediately upon thawing, BuNC (16 pL, 0.134 mmol) was added via microsyringe, with
stirring. The reaction was allowed to warm to room temperature. Volatiles were removed
under reduced pressure and the resulting residue was extracted with C¢Ds. The extract
was filtered through a glass microfilter into an NMR tube and analyzed by 'H and *'P{'H}

NMR spectroscopy, indicating almost exclusive decomposition to free diphosphine.

A

8.5 8‘.0 7‘.5 7‘.0 6‘.5 6‘.0 5‘.5 5‘.0 4‘.5 f (:,'l’lm) 3‘.5 3‘.0 2‘.5 Z‘.U 1‘.5 1‘.0 0‘.5 0‘.0 -(;.!
Figure 5.8. 'H NMR spectrum of the CsDs soluble fraction following ‘BuNC addition to
5-Na.

T T T T T T T T T T T T T T T T T T T T T T T T T
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f1 (ppm)

Figure 5.9. *'P{'H} NMR spectrum of the C¢Ds soluble fraction following BuNC
addition to 5-Na.

Reduction Reactions from 4
A J. Young NMR tube was charged with a deep red C¢H (0.4 mL) solution of 3 (20 mg,

0.028 mmol). The solution was degassed via three freeze-pump-thaw cycles and placed
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under 1 atm of CO. The reaction mixture was mixed via invetsion for 2 h, at which time
the solution color had become bright orange and a significant amount of orange
precipitate had formed; *'P{'"H} NMR spectroscopy showed near complete consumption
of the starting material and conversion to 4 (>93%,.

During in situ formation of 4, a Na[CioHs] solution was prepared by stirring a THF (0.4
mL) solution of CiHs (7.5 mg, 0.059 mmol) over a Na’ mirror. With a strong Ar
counterflow, the deep green Na[CioHs| solution was added to the J. Young tube. The tube

was sealed, mixed vigorously, and the contents analyzed by *'P{'H} NMR spectroscopy.

3

3 +CO (1 atm)

then 2 equiv. Na[C,,H;]

*

f L

T T T T T T T T T T T T T T T T T T T T T T T T
105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 3 1] 5 10
f1 (ppm)

Figure 5.10. Sequential CO addition and reduction of nitride triflate complex 3. Upon
two-electron reduction, significant decomposition to free diphosphine is observed, in
addition to significant reversion to CO-free starting material, 3. Minor conversion to N°
group transfer products, C and D (denoted with asterisks), was observed.
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Computational Details
All calculations were performed with DFT as implemented in Gaussian 09 Revision C.01.%
Geometry optimizations and electronic structure calculations were performed with revised
TPSS exchange and correlation functionals.” The LANIL2DZ basis set was used for all
atoms.” No solvent corrections were employed. All optimizations were performed ignoring
molecular symmetry—crystallographic coordinates were used as a starting point—for complex
3, the solid state structure of 2 was modified, replacing the Njs ligand with a coordinated OTT.
Energetic minima were confirmed with subsequent frequency calculations which did not
return imaginary frequencies. Structures optimized in this manner showed good agreement
with bond lengths and angles determined via single crystal X-ray diffraction (Table 5.1.).
Molecular orbital and spin density illustrations were generated using GaussView, the GUI
component of the Gaussian software package, and depicted with 0.05 ¢/A* or 0.001 e¢/A’

isosurface values, respectively.

Table 5.1. Comparison of Experimental and Calculated Structural Metrics and 5.

5
Exp. Calc. A
Mol-N1 1.728(2) 1.745 -0.02
Mol-P1 2.518(1) 2.570 -0.05
Mo1-C1 2.432(3) 2.568 -0.14
Mol-C2 2.284(3) 2.403 -0.12
Mo1-C3 2.230(3) 2.237 -0.01
Mol-C4 2.266(3) 2.276 -0.01
Mol-C5 2.245(3) 2.250 -0.01
Mo1-C6 2.370(3) 2.441 -0.07
C1-C2 1.422(5) 1.440 -0.02
C2-C3 1.433(4) 1.455 -0.02
C3-C4 1.419(5) 1.479 -0.06
C4-C5 1.440(5) 1.484 -0.04
C5-Co6 1.427(5) 1.451 -0.02
C6—-C1 1.394(5) 1.437 -0.04
N1-K1 2.733(3) 2.646 0.09
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Crystallographic Information
Refinement Details
In each case, crystals were mounted on a MiTeGen loop using Paratone oil, then placed
on the diffractometer under a nitrogen stream. Low temperature (100 K) X-ray data were
obtained on a Bruker D8 VENTURE Kappa Duo PHOTON 100 CMOS based
diffractometer (Mo 1,S HB micro-focus sealed X-ray tube, K, = 0.71073 A). All
diffractometer manipulations, including data collection, integration, and scaling were
carried out using the Bruker APEXIII software.” Absorption corrections were applied
using SADABS.?® Space groups were determined on the basis of systematic absences and
intensity statistics and the structures were solved in the Olex 2 software interface® by
intrinsic phasing using XT (incorporated into SHELXTL)* and refined by full-matrix
least squares on F°. All non-hydrogen atoms were refined using anisotropic displacement
parameters. Hydrogen atoms were placed in the idealized positions and refined using a
riding model, unless noted otherwise. The structures were refined (weighed least squares
refinement on F?) to convergence. Graphical representations of structures with 50%
probability thermal ellipsoids were generated using the Diamond 3 visualization

software.?’



Table 5.2. Crystal and refinement data for complexes 2, 4, & 5.
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2 4 5
CCDC Number*
Empirical formula Cs7H4sMoN4P; Ci2sH160F12M04N4O16PsS4 C3sH43K2MoNP;
Formula weight 706.67 2998.35 725.79
T (K) 100 100 100
a, A 8.5855(3) 13.2537(4) 17.7222(6)
b, A 27.9183(11) 12.0024(3) 35.4281(15)
o A 14.8982(6) 21.5922(6) 21.8598(9)
o, © 90 90 90
B,° 99.244(2) 104.4520(10) 101.389(2)
Y, ° 90 90 90
Volume, A3 3524.6(2) 3326.12(16) 13454.7(9)
Z 4 1 16
Crystal system Monoclinic Monoclinic Monoclinic
Space group P2//n P2i/c P21/n
deale, g/ cm? 1.332 1.497 1.433
6 range, ° 2.512 to 20.815 4.761 to 89.609 1.472 to 27.219
4, mm-! 0.494 5.238 0.759
Abs. Cotrection Semi-empirical None None
GOF 0.951 1.107 0.936
Ri,* wRy ! [I>2 o(D)] 0.0189, 0.0614 0.0210, 0.0517 0.0821, 0.2053
Radiation Type Mo K, Mo K, Mo K,

*Ri =Y Fo| - [Fe| [/Z]Fo]. > wRa = [E[w(F>F2)?/ 3 [w(E)7!
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Figure 5.11. Structural drawing of 2 with 50% probability anisotropic displacement
ellipsoids. H-atoms are omitted for clarity.

Figure 5.12. Structural drawing of 4 with 50% probability anisotropic displacement
ellipsoids. H-atoms are omitted for clarity.
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Figure 5.13. Structural drawing of 5 with 50% probability anisotropic displacement
ellipsoids. H-atoms and benzene solvate molecules are omitted for clarity.

Figure 5.14. Structural drawing of a single P2MoNK unit of 5 with 50% probability
anisotropic displacement ellipsoids. H-atoms and benzene solvate molecules are omitted
for clarity.
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Special Refinement Details:

Six of the phosphine isopropyl groups were positionally disordered. These disorders were
satisfactorily modeled in two discreet positions with relative populations as follows:
C55A/B through C57A/B (80/20), C58A/B through C60A/B (80/20), C80A/B and
C81A/B (62/38), C88A/B through C90A/B (75/25), C115/215 through C117/217
(42/58), and C118/218 through C120/220 (56/44). Additionally, the two diisopropyl
phosphine motifs (P6 and C85 through C90B, P8 and C115 through C220) were refined

with similarity restraints on Uj and rigid bond restraints.
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CHAPTER 6

Terminal Molybdenum Phosphides with d-Electrons and Structurally Related
MoPR, MoPR;, and MoPMo Motifs

This work was published in part as:

Angew. Chem. Int. Ed. 2017, 56, 14502.
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ABSTRACT
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A terminal Mo phosphide was prepared via group transfer of both P- and Cl-atoms
from chloro-substituted dibenzo-7A’-phosphanorbornadiene. This compound represents
the first structurally characterized terminal transition metal phosphide with valence d
electrons. In the tetragonal ligand field, these electrons populate an orbital of d(xy)
parentage, an electronic configuration that accommodates both metal d-electrons and a
formal M—P triple bond. Single electron oxidation affords a transient open shell terminal
phosphide cation with significant spin density on P, as corroborated by CW and pulsed
EPR characterization. Facile P-P bond formation occurs from this species via
intermolecular phosphide coupling. Using instead a dimethylamino-substituted dibenzo-

A-phosphanorbornadiene reagent affords a Mo phosphinidene, through a two-electron
process. Protonation of the Mo-phosphinidene results in formation of a phosphide
([JPH(NMe>)]) compound. Treatment of the terminal Mo-phosphide with a second equiv.
of low-valent Mo provides access to both asymmetric and symmetric bridging
phosphides, in unusually low oxidation states. Herein, we report a unique series of
structurally related complexes displaying mononuclear MoP, MoPR, and MoPR, and
dinuclear MoPMo motifs, accommodated by the coordinative hemilability of the
supporting arene-diphosphine ligand, and explore their reactivity in the context of

modeling heterogeneous metal phosphide proton reduction (HER) catalysts.
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GENERAL INTRODUCTION
Metal phosphides comprise an important and ubiquitous class of solid-state materials with
applications as catalysts and semiconductors.' In contrast, discrete metal phosphide complexes
are rare and their chemistry remains undetrexplored.” Owing to both end-on and side-on
reactivity,” rarer still are isolable terminal transition metal phosphides. Indeed, since the initial
reports of a P; ligand bearing a M=P triple bond two decades ago,’ only a handful of examples
of such a motif have been described (Figure 6.1.).* These compounds all display d” group 5
and 6 metals in a trigonal coordination environment. Reported herein are the first examples

of isolable transition metal complexes with both terminal phosphide ligands and d-electrons.

R “In o Tln “In

> P ” P
R /N////"ul | /R !VI'H, ”N!
\N’M—N ArRN/ ""uNRAY / 'u,u//,,OR
| RO
\———N NRAr OR
M=WorMo,n=0 M=WorMo,n=0 M=WorMo,n=0
M=Ta, n=-1 M=Nb,n=-1 M = Nb, n= -1

Figure 6.1. Classes of previously reported terminal phosphide complexes.

In a chapter 3 of this thesis, the ability of a para-terphenyl diphosphine supported
molybdenum center to undergo a four-electron reductive coupling reaction from a Mo(IV)
carbide to afford a Mo(0) dinitrogen adduct is described.” In an effort to access additional
Mo=E complexes, we targeted the reverse of this process—multi-electron oxidative group
transfer.” Cummins and coworkers have reported a library of dibenzo-7A’-
phosphanorbornadiene derivatives that undergo anthracene elimination, releasing reactive
phosphorous fragments, under mild conditions.”” With precedent for arene elimination group

6-7,8

transfer,” " these bridgehead phosphinidenes represent promising reagents for the direct and

mild installation of M—P multiple bonds.
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RESULTS AND DISCUSSION
Addition of CIPA to a thawing solution of molybdenum complex 1 resulted in a color
change from red-orange to dark brown over the course of warming to room temperature
(Scheme 6.1.). The "'P{'"H} NMR spectrum of a reaction mixture aliquot showed complete
consumption of 1 (76.4 ppm) and the generation of two new resonances—a broad triplet at
1300.7 ppm and a doublet at 41.3 ppm (’J(P,P) = 11.1 Hz). The upfield shift of the latter is
consistent with a Mo(IV) center;’ the highly deshielded chemical shift of the former supports
the formation of a terminal phosphide.’

Ci
P

ip N2 'Pr ' Q /Pr

iPr_ P—Mo——P’ CIPA ,Pr_P_Mo_P iy
1\
,5'/ \\\ PhMe/MeCN L
thawing to RT
-N3, -C14H1g

Scheme 6.1. Synthesis of terminal phosphide 2.

The structure of 2 was determined by single-crystal X-ray diffraction (XRD), corroborating

both the presence of a Py ligand and the monomeric nature of the complex (Figure 6.2.). The

Figure 6.2. Solid-state structure of 2. Protons are omitted for clarity. Anisotropic thermal
displacement ellipsoids are shown at a 50% probability level.
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Mo center adopts a pseudo-square pyramidal coordination geometry, with the phosphide in the
axial position and the chloride ligand #uns to an n” interaction between Mo and the central
arene of the para-P2 ligand. Localization of single- and double-bond character in this arene,
an average Mo—C contact of 2.258(1) A (Table 6.1), and upfield shifted resonances for these
aryl CH groups in both the 'H and "C{'H} NMR spectra are all consistent with the assigned
metal-arene interaction. The short 2.1003(3) A Mo—P bond distance is in excellent agreement

with that of Mo(VI) phosphides,”** supporting a Mo—P triple bond.

Table 6.1. Selected bond metrics [A] for phosphides 2 and 3.

Mo1-P3 Mol1-Cl1 Mol1-C2 Mo1-C3 C2-C3
2 2.1003(3) 2.4358(3) 2.261(1) 2.255(1) 1.433(2)
3 2.092(1) 2.3411(9) 2.465(3) 2.471(3) 1.402(4)

Elimination of arenes resulting in group transfer has been employed to deliver a variety of
moieties, including N,****%" NH,* CH,* NCN,** O,* PCH," and P,."*" Recently, CIPA was
employed to transfer P* to an anionic vanadium nitride to generate the pnictogen-pnictogen
linkage in a transient P-N complex.’ In line with this strategy, the formation of 2 demonstrates
the successful transfer of both P- and Cl-atoms from CIPA, a four-electron process supported
by a single metal center. Monometallic four-electron oxidative addition is known, but is limited
to the insertion of metal fragments into unsaturated C=0," C=S,'"™ C=N," and N=N"
bonds. Group transfer by elimination of a single arene equivalent more typically results in two-

electron processes,™*#%

although four-electron reactivity has been demonstrated when
employing two metal centers as group or atom acceptors.” The hapticity change of the metal-
arene interaction from 7n° (1) to n* (2) facilitates this multi-electron transformation; the d-
orbitals engaging in Mo-arene n-bonding in the low-valent starting material are liberated to

form the Mo—P bonds in the product.

The electronic structure of 2, displaying a Mo(IV) center and two valence d electrons, is of
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interest, contrasting previously reported Cj, d” terminal phosphides. Under threefold
symmetry, the d orbital splitting varies depending upon both the P-M-L angle and the n-
bonding character of the ancillary ligands, with some geometries resulting in orbitals of metal-
P n-antibonding character being the lowest energy d-based orbitals.” Population of such
orbitals would result in destabilization of the M—P interaction."”” Quantum mechanics studies
were employed to interrogate the Mo—P bonding in 2 (Figure 6.3.). Qualitatively, the bonding

in C, symmetric 2 is similar to the vanadyl ion."* In psendo-square pyramidal 2, the HOMO

Mo=P r*

Moz=P T* —

|

Mo=PN.B. —

|

Moz=P 1T l —_—

MozPmT —

Mo=P o —

HOMO-4 (-1.7 eV)

Figure 6.3. Qualitative MO energy diagram (left) and selected calculated valence MOs (right)
depicting the Mo/phosphide bonding in 2. Isosurfaces are shown at the 0.05 ¢ A level and
orbital energies (relative to the HOMO) are provided.
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(Figure 6.3.) is of Mo d(xy) parentage and is strictly nonbonding (N.B.) with respect to the
phosphide. This MO displays n-backbonding and n-antibonding character with respect to the
M-arene and M—Cl interactions, respectively. The bonding between Mo and the phosphide
ligand is consistent with a triple bond, involving a o- (HOMO-4) and two n-bonding
interactions (HOMO-1 and HOMO-3). The n-antibonding interactions, displaying Mo d(xz)
and d(yz) parentage (HOMO+2 and HOMO+3), are unoccupied. The formal d* count is
therefore not destabilizing; the valence electrons occupy a N.B. orbital, maintaining a formal
M-P bond order of three.

As strictly non-bonding with respect to the phosphide ligand, we anticipated that a single
electron oxidation of 2 might afford an open shell phosphide cation. The cyclic voltammogram
of 2 in THF displays a one-electron oxidation event at -104 mV vs. Fc/Fc” (Figure 6.28.).
Addition of [Fc][BAr"2] (BAr'zs = B(3,5-(CF3)2CsHs)4) to a thawing 2-MeTHF solution of 2
results in a color change to deep purple upon mixing. The X-band CW EPR spectrum of a
glass of this purple solution is consistent with generation of S=1/2 phosphide cation 3
(Scheme 6.2.). The EPR spectrum was satisfactorily fit using a slightly rhombic g tensor with
g, = 2.0062, g, = 2.0037, and g, = 1.971 and with hyperfine couplings to ***"Mo ( | Ay | =

[94, 94, 198] MHz), two *'Pp> (le,y,z | = [60, 72, 63] MHz) couplings from the phosphine

ligands, and a single highly anisotropic *'P coupling assigned to the phosphide *'Pro=p ( | Asys
= [15, 138, 15] MHz) (Figure 6.4.). These parameters were further corroborated by acquisition
and analysis of pulse X-band Davies electron nuclear double resonance (ENDOR) spectra
and pulse Q-band field swept EPR spectra (Figure 6.25.). Additional small hyperfine couplings

were observed in the Davies ENDOR spectra (Figure 6.26.) to 'H (le,y,z

= [10, 18, 10]

MHz), assigned to the two proximal protons from the arene ligand, and **'Cl (lAX,y,Z
[10.5, 10.5, 10.5] MHz). Computationally determined Mulliken spin densities and the large
observed hyperfine coupling to **’Mo agree well with primary localization of the unpaired

spin on the Mo center.
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Figure 6.4. Experimental (black) and simulated (red) X-band CW EPR spectra of 3 (ZMe-

THEF glass; 77 K).

Analysis of the anisotropic component of the phosphide *'P hyperfine coupling” indicates
appreciable spin density of 0.1-0.14 ¢ in a single p-orbital at the terminal phosphide (vide infra).

Single crystal XRD confirmed the assignment of cation 3. The structure of 3 is similar to 2,
with perturbations consistent with the bonding scheme shown in Figure 6.3.. The Mo=P
distance is only slightly contracted at 2.092(1) A, likely due to the smaller radius for the higher
oxidation state Mo(V) center (Table 6.1). The Mo—Cl and C2-C3 bonds both contract
significantly (2.3411(9) and 1.402(4) A, respectively, Table 6.1), consistent with a “push-pull”
interaction'® between the n-basic chloride and n-acidic > M-arene interaction. The Mo d(xy)
orbital (HOMO of 2, SOMO of 3) is bonding with respect to the C2—C3 n*-bond, reflected

in the elongation of the Mo—C2 and Mo—C3 distances from 2 to 3, and consistent with

reduction of the Mo-arene bond order upon oxidation.
Though stable in the solid state, warming solutions of 3 above -10 °C results in a color
change to red-brown with the concomitant appearance of a singlet at 68 ppm in the *'P{'H}

NMR spectrum. The NMR data for this new species in CD3;CN is consistent with a C;

symmetric acetonitrile adduct, confirmed by XRD as chloride cation 4 (Scheme 6.2.). The net
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Scheme 6.2. Oxidation-induced phosphide coupling.

three electron reduction of the Mo center and the loss of the *'P signal corresponding to the
terminal phosphide ligand is consistent with the formal loss of a P-atom, and suggests
intermolecular phosphide coupling as a feasible reaction pathway to generate 4 from 3; such
coupling reactions of transition metal nitrides are known.**'” Analogous to the formation of
4, oxidatively induced bimetallic reactions resulting in the formation of new E—E bonds are

171" and water'™ oxidation chemistry.

invoked in both ammonia

Hypothesizing that the phosphide ligand converts to diphosphorous (P») species, chemical
traps were employed for its detection.”™"® Terminal phosphide complexes themselves have
been reported to be efficient P traps, reacting in a one-to-one manner to generate cyclic P;

products.”™ Warming THF solutions of 2 and 3 in a 1:2 ratio resulted in a complex *'P{'H}

NMR spectrum. Cation 4 was observed, in addition to a species (5) with three highly shielded
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’'P resonances: -155.2 (dd, ] = 321.4 and 266.3 Hz), -201.0 (app t, ] = 266.1 Hz) and -303.4
(ddd, J = 321.2, 266.6, and 16.4 Hz) ppm. The high field chemical shifts and large scalar
coupling constants are consistent with a polyphosphorous ligand bearing at least three P—P
bonds."” This new phosphorous rich complex could not be prepared in sufficient purity for
further characterization. However, it can be prepared independently using an established P»
source, P2A,."" Heating P2A; with complex 2 in THF results in the same high field >'P NMR
signature. Establishing the mechanism of formation for 5 requires further experiments;
generation of free P,, direct reaction of 2 with a P-P bonded intermediate (Scheme 6.2.,
brackets), or P—P bond formation between 2 and 3 are all possible. Nevertheless, the NMR
characteristics of species 5, generated via any of these potential reactivity manifolds,
establishes the ability of 3 to form new P—P bonds via coupling of a terminal phosphide with
radical character.

Interested in exploring the scope of group transfer chemistry from dibenzo-71’-
phosphanorbornadiene precursors to 1, a Me;N-substituted version (Me2NPA) was employed
(Scheme 6.3.). Akin to CIPA, addition of Me:INPA to a thawing solution of 1 resulted in a
darkening of the reaction mixture upon warming; the *'P{'H} NMR spectrum of the reaction
mixture shows two new resonances, a triplet at 1033.19 ppm and a doublet at 68.49 ppm
CJ(P,P) = 42.9 Hz), consistent with successful “PNMe,” group transfer from Me;NPA. The
’'P signal for the transferred P-atom in this new species, resonating cz. 300 ppm upfield of
that in 2, suggests formation of a phosphinidene® rather than a terminal phosphide. XRD
analysis confirmed formation of the formally two-electron oxidized group transfer product,
dimethylaminophosphinidene complex 6 (Figure 6.3.). The structural parameters—a Mo—P
bond length of 2.3333(8) A and a Mo-P-N angle of 120.4(1)°-are similar to reported
aminophosphinidenes and, in conjunction with the down-field *'P{'H} chemical shift
observed for 6, support the phosphinidene assignment.”’ Moreover, the Mo—P distance is
between that of a phosphide (2.1003(3) A) and a phosphine (. 2.49 A), consistent with a

Mo-P double bond. Due to the dimethylamido substituent’s lone pair, the PNR: ligand has
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Scheme 6.3. Synthesis of Mo dimethylamino phosphinidene (6) and phosphide (7)

complexes.

characteristics of a Fisher-type phosphinidene, making its assignment as a formally dianioinic
vs. neutral ligand ambiguous. Indeed, the nitrogen atom is planar (3. £ at N = 359.9°),
consistent with involvement of the lone pair in bonding with the P atom. The significant
bending at P (£ZMo-P-N = 120.4(1)), a common feature of aminophosphinidenes, supports
the presence of a lone pair not involved in bonding with Mo (nor N), in contrast to much
morte linear (ZM-P-E > 150°) nucleophilic phosphinidenes which display higher order M—P =
bonding.” The Mo-P and P-N (2.3333(8) and 1.694(3) A, respectively) bonds in 3 are
contracted and elongated, respectively, when compared to known Mo(IV) electrophilic
aminophosphinidenes.””* These metrics indicate diminished N- and increased Mo-to-P
donation in more reduced 3, which displays a Mo(Il) center in this electron counting
formalism.

Observation of both two- and four-electron group transfer products (6 and 2, respectively),
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suggest a potential mechanism of formation of 2 involving coordination of CIPA, elimination
of anthracene to form the chlorophosphinidene analogous to 6, and «-Cl abstraction.
Alternatively, oxidation addition of the P—Cl moiety could occur first, followed by loss of
anthracene; a path that cannot be ruled out at this time. In an attempt to explore stepwise
conversion of 6 to 2, on-metal protonolysis of the aminophosphinidene was targeted. Treating
a thawing Et;O solution of 6 with [(E:O).H][BAt"s] (BAr"s = B(CeH3(CF3)2)s) cleanly affords
a single diamagnetic product with a triplet and doublet in the *'P{'"H} NMR spectrum at 297.2
and 72.6 ppm (J(PP) = 47.9 Hz), respectively, consistent with maintenance of a pseudo-C,
symmettic P; coordination environment around Mo. The 'H NMR spectrum shows a distinct
low-field doublet with a large coupling constant (10.14 ppm, 'J(H,P) = 323.3 Hz), supporting
protonation at P and formation of a Mo(Il) phosphide cation, 7 (Scheme 6.3.)."> This
reactivity, which deviates from the general electrophilic behavior of Fischer-type
phosphinidenes is likely a consequence of the electron rich metal center. The lower oxidation
state of 6 may render the phosphinidene ligand more basic; indeed the electronic character of

phosphinidene ligands is strongly coupled to that of the metal.”

Figure 6.5. Solid-state structures of 6 and 7. Select protons and counterions (7) are omitted
for clarity. Anisotropic thermal displacement ellipsoids are shown at a 50% probability level.
Select bond distances [A] and angles 6 Mo1-P3 2.3333(8), P3-N1 1.694(3), £Mo1-P3-N1
120.4(1); 7 Mo1-P3 2.2248(9), P3-N1 1.659(3), £Mo1-P3-N1 132.9(1).

An XRD study confirmed this assignment (7, Figure 6.5.). Amidophosphines are typically

cleaved by Bronsted acids* making the isolation of 7 a unique example of structurally
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characterized terminal phosphide with both amido- and H-substitution at P> The Mo-P
and P-N distances in 7 are similar to those in 6. The Mo—P distance (2.2248(9) A) remains in
the range of a double bond. Moreover, both Mo—P and P-N distances are shorter than in 7
suggesting that, upon protonation, the P center becomes more electrophilic and interacts more
strongly with electron rich Mo and N.

Heterogeneous metal phosphides are structurally diverse, with the stoichiometric or metal-
tich phases display bridging phosphide building blocks." To compare Mo—P interactions
supported by the same ligand framework, complexes with u-P motifs were targeted. Capping
reactive terminal phosphides with transition metal-based Lewis acidic fragments has been
employed to stabilize the M=P moiety, resulting in asymmetric p.-P complexes.****” The high
valent metal maintains a short (cz. 2.15 A) M—P distance, consistent with preservation of a
formal triple bond.”™* Dinuclear symmetric bridging phosphides have been demonstrated as
intermediates in intermetal P-atom transfer reactions* and have been prepared by the
activation of white phosphorous* and phosphides.”

Addition of Mo(0) complex 1 to a solution of 2 affords a new species with five distinct
'P{'H} NMR resonances, at 1161.0, 82.9, 73.7, 70.3, and -5.3 ppm. This spectral signature,

consistent with a C; symmetric Mo-P-Mo structure (8, Scheme 6.4.), was corroborated by the
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Scheme 6.4. Synthesis of u-phosphide complexes 8 and 9.
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"H NMR spectrum, which showed eight discrete resonances for the central arene protons
between 3.5 and 5.5 ppm. Though the low-field *'P signal in 8 resonates several hundred ppm

downfield of diamagnetic symmetric or asymmetric bridging phosphide complexes,**

the p-
P assignment was conclusively established by XRD. The structure of 8 is dinuclear with a
bridging phosphide ligand, one trans-spanning para-P2 ligand, and one arm-on arm-off para-
P2 unit (Figure 6.6.). The Mo—P3 distances are similar for both metal centers (2.2831(3) (Mo1)
and 2.2409(3) A (Mo2)), most consistent with double bonds between both Mo ions and the
u-P.* The chloride remains bound (2.5157(3) A), prompting dissociation of one of the
phosphine arms of the para-P2 ligand. Both arenes bind in an 1’ fashion with the Mo-Cirene

contacts averaging 2.281(1) and 2.309(1) A for Mo1 and Mo2, respectively.

Figure 6.6. Solid-state structures of 8 and 9. Protons and counterions (9) are omitted for
clarity. Anisotropic thermal displacement ellipsoids are shown at a 50% probability level. Select
bond distances [A] and angles (°): 8 — Mo1-P3: 2.2831(3), Mo2-P3: 2.2409(3), £ Mo1-P3—
Mo2 154.23(1) 9 — Mo1-P3 2.2747(2).
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A higher symmetry bridging phosphide was targeted via exchanging the chloride for a non-
coordinating counterion (Scheme 6.4.). Halide abstraction from 8 with one equiv. of Na[BAr"]
results in simpler NMR characteristics; the *P{'H} NMR spectrum shows only two
resonances at 1123.3 and 68.6 ppm in a 1:4 ratio, in accord with formation of 9. Complex 9
crystalizes with C, symmetry. The p-P ligand lies on a crystallographic special position,
imposing equivalent M—P distances of 2.2747(2) A, which agree well with related symmetric
u-P complexes bearing metal phosphide double bonds.***® The Mo-n"-arene contacts in 9 are
slightly elongated (2.301(2) A,) when compared to the analogous fragment in 8, potentially a
consequence of steric congestion resulting from phosphine arm recoordination.

Despite a litany of reports outlining the efficacy and stability heterogeneous metal
phosphides for HER,'** their operative mechanism is not known. Computation suggests that
both metal- and P-protonation could be viable pathways for generation of reactive
intermediates that, upon application of a reducing potential, could release H».’ Symmetric 9,
an unusually electron rich p-phosphido complex, seemed an appropriate homogeneous
platform to probe the mechanism of HER. The cyclic voltammogram of 9 showed two
reversible oxidation features (-0.52 V and 0.15 V) and one reversible reduction (-2.25 V),
indicating  strong  electronic  coupling  through  the  bridging  phosphide—
K(Mo"Mo™/Mo"Mo™) = 2.1 x 10" (Figure 6.7.).”" Initial electrolyses in the presence of
[LutH][OT1], however, showed no evidence of HER activity on the timescale of the
electrochemical experiment.

Stoichiometric reactions with a stronger acid, [(Et2O).H][BAr"], resulted in formation of a
new species. Four signals in the "H NMR spectrum—=6.08, 5.75, 5.25, and 4.93 ppm—suggest
a C, symmetric dinuclear zsolution structure. The *'P{'H} chemical shift for the terphenyl
phosphines corroborate this assignment, resonating at 90.81 and 79.08 ppm. The chemical
shift of the p-P, a broad peak (Afrwin = 112 Hz), moves upfield by 73 ppm relative the starting
material. Addition of [(Et20).D][BAr',] to symmetric 9 formed a similar species with a slightly

shifted (1051.05 ppm) and split (d, 'J(P,D) = 155.0 Hz) u-P resonance. To our knowledge,
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Figure 6.7. Synthesis of dinuclear Mo complexes bearing bridging phosphinidene and
phosphido ligands. The solid state structure of p-P dication 11 is shown with anisotropic
displacement ellipsoids shown at the 50% probability level. Counter anions and H-atoms are
omitted for clarity.

diamagnetic bridging phosphinidene complexes have not been synthesized previously;*”
however, terminal phosphinidenes supported by U and Zr and sterically protected by a bulky
TREN variants were reported recently.” The chemical shifts for these PH moieties vary
significantly, resonating at 2460 ppm for the U complex and at 247 ppm for the Zr compound.
Despite this, the data, particularly the isotopic sensitivity of the p-P *'P{'H} NMR resonance
and the lack of a Mo hydride signal in the "H NMR, seem consistent with protonation at the
phosphide, giving p-phosphinidene 10 (Figure 6.7.).

Efforts to crystallize 10 uniformly returned a complex missing a hydrogen atom—dinuclear

Mo(II)-uP-Mo(I1I), 11. Dication 11 can be prepared independently by the one electron
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oxidation of 10 with [Fc][BAr"2] (Figure 6.7.). The p-phosphide in the solid state structure of
11, grown from a reaction of 9 with acid, lies on a symmetry special position, giving two
equivalent Mo—P distances of 2.276(1) A. The independently synthesized sample, crystallizes
as an isoform of 11; the unit cells differ but the Mo—Pphosphiae distances are consistent with those
observed previously at 2.294 and 2.260 A, in accord with the structure no longer bearing a

hydrogen atom. These metrics are in close agreement with the Mo—Pphosphiae distances observed

for 9.
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Figure 6.8. X-band CW EPR spectrum of a 2Me-THF glass (77 K) of 11.

The X-band CW EPR spectrum of 11 shows a thombic signal centered at g = 1.9921 (Figure
6.8.), consistent with an S = V2 species; broad but resolved hyperfine interactions with the
spin-active *'P nuclei (I = '%2) are observed. The formation of 11 from protonation of 9 (via
10) seemed suggestive of an intermolecular H, evolution pathway. In an effort to access this
reactivity rationally, a sample of 10 was heated to 50 °C in DME. After 4 h, less than 50 % of
the >'P containing material remained diamagnetic, in line with possible generation of 11 and

Ho..
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Intermolecular H, evolution from 10 represents the formal loss of a hydrogen atom, a
mechanism that may be relevant to HER catalysis.””” There is negligible data in the literature
reporting P—H thermochemistry relevant to metal phosphide catalyzed HER, a shortcoming
we sought to rectify. With the standard potential for oxidation of 9 in hand, a pK, for
phosphide protonation was required to complete a square-scheme for HAT from 10 (Scheme
6.5.). Titrating PyOTf into a THF solution of 9 showed partial protonation at higher equiv. of
acid (=3), allowing for determination of the pK, of the p-phosphide via relative integration of
the central arene resonances at 4.46 (9) and 6.17 (10) ppm. Calculating the BDEp_1),”* including
a THF solvent correction,” gives a value of 59 kcal/mol; this intermediate P-H bond strength
is consistent with the relative stability of 10 to H: loss in solution at room temperature.
Experiments examining both HAT from 10 (confirmation and quantification of H, formation)

and to 11 (addition of strong H-atom donors) are ongoing.

2+ 1+
Mo—l Mo—l
K,=3.6
#H PK, .~ #
Mo Mo
10 9

E1/2 =-0.52V
BDE(p_H) =
59 kcal/mol
T2+
Mo
Mo
11

Scheme 6.5. Thermochemical square scheme for HAT from p-phosphinidene 10.
Encouraged by the reversible reduction observed in the CV of 9, reduction with [Na][CioHs]
was attempted. These reactions led to intractable mixtures, rather than the desired Mo(I)-uP-

Mo(II) species. Targeting more reduced species bearing H-atoms, asymmetric 8 was treated
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with LiEt:BH (Figure 6.9.). A new diamagnet with a triplet at -1.56 ppm (*/(P,H) = 17.0 Hz)
in the "H NMR spectrum was obsetved, in line with generation of hydride u-phosphide. The
'P{'H} NMR spectrum shows four resonances (1055.71, 102.19, 67.77, and -6.10 ppm),
indicating maintenance of a C; symmetric structure, consistent with that of 12.

The solid-state structure of 12 corroborates the solution spectroscopy, demonstrating an
assymetric dinuclear complex in which one P2 ligand is trans-spanning and the other adopts
an arm-on arm-off binding motif (Figure 6.9., right). The Mo—Pphosphide distances remain
relatively similar at 2.325 and 2.218 A for the diphosphine and monophosphine coordinated
Mo centers, respectively. These metrics suggest maintenance of the two Mo=P double bonds
following hydride installation. *The preference for a Mo-bound H-atom in 12 versus a P-
bound H-atom in 10 is notable. Indeed, H: evolution from an acidic P-H motif and a hydridic
Mo—H moiety would map nicely onto proposed HER mechanisms for metal phosphide

materials,”

providing valuable precedent for transformations of this type. Work investigating
H: evolution from mixtures of 10 and 12 and the interconversion of these remarkable

coordination complexes is ongoing.
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Figure 6.9. Synthesis and solid-state structure of phosphide hydride complex 12. Thermal
anisotropic displacement ellipsoids are shown at the 50% probability level and hydrogen atoms
are omitted for clarity.
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CONCLUSION
In summary, CIPA affords facile transfer of both P- and Cl- atoms to Mo(0) to generate
a terminal Mo phosphide. The tetragonal ligand field of the resulting Mo(IV) complex permits
a & electron count at Mo and a formal Mo-P triple bond, Oxidation affords, at low
temperatures, a paramagnetic Mo(V) phosphide cation with significant radical character on P.
Upon warming, phosphide coupling occurs, demonstrating oxidatively induced E-E bond
formation from a M=E precursor. Dimethylamino-substituted Me:NPA affords two-electron
group transfer, forming a phosphinidene complex. These precursors and their derivatives
showcase monometallic species bearing MoP, MoPR, and MoPR, moieties. They also act as
precursors to dinuclear complexes with a MoPMo moiety, still supported by the para-P2 ligand
framework. The coordinative flexibility of the ancillary ligand facilitates access to this diverse
family of compounds with varying electronic requirements of the P-based donors. Such
changes in the metal coordination sphere may be relevant to catalysis involving heterogeneous
metal phosphides, the operative mechanisms of which remain largely unknown. Toward
gaining insight into the mechanism of metal phosphide mediated HER catalysis, both u-PH
and dinuclear phosphide hydride complexes have been prepared. Investigation of the
electrochemical properties, thermochemistry, and reactivity of these molecular phosphide

complexes is ongoing.
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EXPERIMENTAL SECTION
General Considerations
Unless otherwise specified, all operations were carried out in an MBraun drybox under
a nitrogen atmosphere or using standard Schlenk and vacuum line techniques. Solvents
for air- and moisture-sensitive reactions were dried over sodium benzophenone ketyl,

36

calcium hydride, or by the method of Grubbs.” Deuterated solvents were purchased from
Cambridge Isotope Laboratories and vacuum transferred from sodium benzophenone
ketyl (CeDe) or CaH, (CDs;CN). Solvents, once dried and degassed, were vacuum
transferred directly prior to use or stored under inert atmosphere over activated 4 A
molecular sieves. 1,7 [P2Mo(MeCN),|[20T{],”” CIPA,”> Me,NPA," P,A,"
Mg(THF)3(Ci14sH10),”® MeoNPCL,** Na[BAr'4],” [(Et2O)H][BAr"4],* [Fc][BAr'24],*" and
[Fc][OTf]** were prepared according to literature procedures. Unless indicated otherwise,
all chemicals were used as received. PCls (vacuum distilled from CaH,), HNMe;
(condensed trap-to-trap (0 °C to -78 °C)), HCI (4.0 M in dioxane or 2.0 M in diethyl
cther), and PPh4Cl (dried under vacuum at 40 °C, 12 h) were purchased from Sigma
Aldrich. Mg0 (activated according to a literature report), 3,5-
bis(trifluoromethyl)bromobenzene, and sodium tetrafluoroborate (dried under vacuum at
60 °C for 12 h) were obtained from Fischer Scientific. Anthracene was bought from Acros
Organics. 'H, P"C{'H}, and *'P{'H} NMR spectra were recorded on a Varian 400 MHz
or Varian INOVA-500 spectrometers with shifts reported in parts per million (ppm). 'H
and "C{'H} NMR spectra are referenced to residual solvent peaks.* *'P{'H} chemical
shifts are referenced to an external 85% H3;PO4 (0 ppm) standard. Multiplicities are
abbreviated as follows: s = singlet, d = doublet, dd = doublet of doublets, ddd = doublet
of doublet of doublets, t = triplet, vt = virtual triplet, app t = apparent triplet, dt =
doublet of triplets, q = quartet, qq = quartet of quartets, m = multiplet, and br = broad.

Elemental analysis was performed at the Caltech XRCF using a PerkinElmer 2400 Series

II CHN Elemental Analyzer.



265

Synthesis of 2
P,CI
ipr N2 ipp T N
pry,_ I i CIPA oy N/ /]
\P_M.?__P ’Pr—p—M?—P- Pr
AN PhMe/MeCN -
thawing to RT Q QD O
1 -Np, -C14H1o 2

A 50 mL round bottom flask was charged with 1 (300 mg, 0.51 mmol), PhMe (5 mL),
MeCN (2 mL), and a stir bar. After mixing for five minutes, the resulting red/brown
solution was frozen in an LN, cooled cold well. A 20 mL scintillation vial was charged
with a toluene solution of CIPA (137 mg, 0.56 mmol in 3 mL) and likewise frozen. The
two solutions were combined, with stirring, immediately upon thawing. The round
bottom was sealed and left to stir for one hour. At this time, the dark brown solution was
dried 7n vacuno, providing a dark residue. Toluene was added to the residue which was
transferred to a 20 mL scintillation vial and chilled to -35 °C for 8 hours. Collection of
the resulting solids via vacuum filtration provided 2 as a black powder (212 mg, 0.34
mmol, 67% yield). Even after pumping on this powder for prolonged periods (>8 hours),
a toluene solvent impurity persisted. Aside from this, the samples proved analytically pure.
X-ray quality crystals of 2 could be grown by chilling a saturated toluene solution of 2 to
-35 °C for two days or by slow diffusion of pentane into THF solutions of 2 at -35°C. 'H
(500 MHz, C¢Ds, 25 °C) 8: 7.33-7.36 (m, 4H, aryl-H), 7.15-7.19 (m, 4H, aryl-H), 5.86 (s,
2H, central arene-H), 5.46 (t, ] = 2.8 Hz, 2H, central arene-H), 3.89-3.97 (m, 2H,
CH(CH3)2), 2.69-2.77 (m, 2H, CH(CHs),), 1.98-2.03 (m, 6H, CH(CH3)2), 1.51-1.55 (m,
6H, CH(CHs3),), 0.72-0.75 (m, 6H, CH(CHs),), 0.16-0.20 (m, 6H, CH(CHs),). "C{'H}
(126 MHz, C¢Ds, 25 °C) 8: 151.14 (vt, | = 6.5 Hz, aryl-C), 142.07 (vt, | = 4.7 Hz, central
arene-C), 132.06 (s, aryl-C), 130.30 (s, aryl-C), 127.42 (vt, | = 2.3 Hz, aryl-C), 127.16 (vt,
] = 2.8 Hz, aryl-C), 123.45 (vt, ] = 13.9 Hz, aryl-C), 123.19 (s, central arene-C), 59.73 (vt,

J = 3.5 Hz, central arene-C), 22.03 (vt, ] = 7.5 Hz, CH(CHs),), 21.36 (vt, ] = 9.1 Hz,
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CH(CHS>),), 19.50 (bt, CH(CHs),), 17.71 (br, CH(CHs),), 17.58 (br, CH(CHs)s), 15.81 (br,
CH(CHs),). *'P{'H} (162 MHz, C¢Ds, 23 °C) 8: 1300.73 (br t, Mo=P), 41.27 (d, ] = 11.1
Hz, P)). Anal. Caled. for 2¢'/;PhMe CsssHuCIMoP; (%): C, 59.96; H, 6.61; N, 0.00

Found: C, 60.45, H, 6.29, N, <0.01.

Synthesis of 3
B i ; —I[BAI'F24]
'Pr, \\ /Pr Pr \\ /Pr
’Pr—\P—\Mo—P Pr [FOBAR,] 'Pr—P—\Mo—P ipr

thawing THE

A 20 mL scintillation vial was charged with complex 2 (320 mg, 0.51 mmol) and a stir bar.
THF (10 mL) was added and stirring was initiated, providing a red/brown solution. A
second 20 mL scintillation vial was charged with a deep blue THF solution (10 mL) of
[Fc][BAr"24] (539 mg, 0.51 mmol). Both vials were placed in an LN, cooled cold well and
the contents frozen. Upon thawing, the solution of [Fc][BAr":] was added dropwise to
the solution of 2 with rapid stirring, resulting in an immediate color change to purple.
Following the addition, the vial was returned to the cold well and to contents refrozen.
The vial contents were allowed to thaw, mixed while cold, and then refrozen. This process
was repeated four times, to facilitate complete oxidation of the starting material, and
frozen a final time. A 125 mL Erlenmeyer flask charged with a stir bar, filled with pentane
(100 mL), and placed in the cold well. Immediately upon thawing, the purple solution was
added to the thawing pentane, with stirring, dropwise. A fine purple precipitate formed
and the mixture was allowed to warm to room temperature. The solids were collected on
a medium porosity frit, washed with hexanes (20 mL x 3), dried 77 vacuo, and collected as
analytically pure 3 (710 mg, 0.48 mmol, 93%). X-ray quality crystals of 3 were obtained
by vapor diffusion of pentane into a concentrated Et,O solution at -35 °C. The Et,O
solution used for crystallization was prepared and filtered while cold to prevent further

reactivity of complex 3.
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Synthests of X
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A 20 mL scintillation vial charged with a red/orange THF (3 mL) solution of 1 (300 mg, 0.51
mmol) and a stir bar was placed in a LN, chilled cold well and the contents frozen. A solution
of Me:NPA (177 mg, 0.56 mmol) in Et,O was likewise prepared and frozen. Immediately
upon thawing, the ethereal suspension of Me;NPA was added dropwise to the thawing
solution of 1. Stirring was initiated and the reaction was allowed to warm to room temperature,
during which time it darkened significantly. After stirring at room temperature for 30 min.,
volatiles were removed 7z vacno, affording a dark residue. This residue was triturated first with
hexanes (2 mL) and then pentane (2 mL). Pentane (2 mL) was added to the vial which was sealed and
placed in a -35 °C freezer for 10 h. At this time, the contents of the vial were filtered through Celite.
The filtrate was discarded and the filter cake was washed with room temperature pentane until the
cluent was colotless (cz. 25 mL). This filtrate was concentrated to approximately 4 mL and chilled to -
35 °C for 2 h to precipitate a mixture of microcrystals of 3 and anthracene. The solids were collected
by suction filtration on a fritted funnel and the filtrate was concentrated for a second precipitation.
After two crops of solids, 230 mg of a mixture of 3 and anthracene was obtained (73% 3: 27% Ci4Huo,
0.27 mmol 3, 52% vyield) as dark red/brown microctystalline solids. Efforts to further purify 3 away
from anthracene were unsuccessful. Sublimation was attempted but resulted in decomposition of 3 to
an intractable mixture of species upon even mild heating. Attempts to crystallize the metal complex
away from the organic consistently provided mixtures of crystals. X-ray quality crystals of 3 were grown

by chilling a saturated pentane solution to -35 °C for 48 h, and were mechanically separated from co-

crystallized anthracene immediately prior to diffraction. 'H (400 MHz, CsDs, 23 °C) 8: 7.49 (dt, |

= 6.87 & 1.87 Hz, 2H, aryl-H), 7.29-7.31 (m, 2H, aryl-H), 7.06 (t, ] = 6.98 Hz, 2H, aryl-H),
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7.03 (t, ] = 7.26 Hz, 2H, aryl-H), 4.58 (s, 2H, central arene-H), 4.07 (t, ] = 3.61 Hz, 2H, central
arene-H), 3.36 (br s, 3H, N(CH:),), 3.24 (br s, 3H, N(CH),), 2.93-3.06 (m, 2H, CH(CHj3),),
2.17-2.29 (m, 2H, CH(CHs5),), 1.31-1.37 (m, 12H, CH(CH5)2), 1.07-1.15 (m, 12H, CH(CH})»).
PC{'H} (101 MHz, CsDs, 23 °C) 8: 152.21 (d vt, | = 29.17 & 14.07 Hz, aryl-C), 150.23 (d vt,
J = 24.24 & 13.56 Hz, aryl-C), 130.82 (s, aryl-C), 127.95 (vt, ] = 3.95 Hz, aryl-C; two aryl °C
resonances coincide at this chemical shift as demonstrated by the 'H/"”C HSQC spectrum),
126.01 (vt, ] = 1.89 Hz, aryl-C), 97.86 (vt, | = 3.22 Hz, central arene-C), 83.14 (s, central arene-
Q), 74.20 (s, central arene-C), 54.80 (br s, N(CH3),), 47.47 (br s, N(CHs)2), 31.86 (vt, | = 4.88
Hz, CH(CHa)2), 25.95 (vt, | = 6.07 Hz, CH(CHz)2), 21.60 (br s, CH(CHs)2), 20.73 (br s,
CH(CH3)2), 19.48 (br s, CH(CHs)y). *'P{'H} (162 MHz, CcDs, 23 °C) &: 1027.89 (br t, | =
40.39 Hz, PN(CHs)2), 63.27 (d, | = 40.69 Hz, P2). Elemental analysis of complex 3 was

forgone, as samples completely free of anthracene could not be prepared.

Synthesis of 4
| | |BArf]
P/N\ H{ ~N—
ipr iPr. F ipr Pr.
prop_ e (EGORMIBAGG T\ | T

>

/I"\‘\ Et O /I‘I?\\
,/I.l \.\\\ : 2 ,/I'l l'\\\
@ thawing to RT @

X X

A 20 mL scintillation vial was charged with 3 (400 mg, 0.631 mmol), EtO (5 mL), and a stir
bar. It was placed in an LN chilled cold well and the contents frozen. A second solution of
[(E2O)H][BAr"24] (638 mg, 0.631 mmol) in EtO (5 ml.) was similarly prepared in a vial and
frozen. While thawing, the ethereal solution of acid was added to the solution of 3, with
stirring. After warming to room temperature, the volatiles were removed 77 vacuo. The resulting
residue was triturated with pentane and then washed with hexanes (2 mL x 3). The residue
was taken up in Et,O (. 2 mL), filtered into a 20 mL vial, layered with pentane (14 mL) and
placed in a -35 °C freezer. After 12 h, compound 4 was collected on a medium porosity fritted

funnel, via vacuum filtration, as greenish brown microcrystals (243 mg, 0.159 mmol, 25%
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yield). X-ray quality crystals were obtained by vapor diffusion of pentane into a concentrated
ExtO solution of 4 at - 35 °C. Though stable as a solid stored at -35 °C, 4 decomposed within
hours at room temperature as a solution in Et,O (#,2 = 6 h), THF (#,. = 1.5 h), or MeCN (#,2
<1 h). "H (500 MHz, THF-48, -50 °C) 8: 10.09 (d, ] = 323.17 Hz, 1H, PH), 7.87 (br s, 8H,
BAt o ortho-H), 7.68 (br s, 4H, BAt s para-H), 7.61-7.65 (m, 4H, aryl-H), 7.45-7.48 (m, 2H,
aryl-H), 7.41-7.43 (m, 2H, aryl-H), 5.44 (br s, 2H, central arene-H), 5.37 (br, 2H, central arene-
H), 3.15 (br s, 3H, N(CH)»), 2.94 (br, 2H, CH(CHs)y), 2.73 (br s, 3H, N(CH3)»), 2.49 (br, 2H,
CH(CH3)2), 1.27-1.30 (br m, 6H, CH(CHs)»), 1.16-1.21 (m, 6H, CH(CHs)»), 1.10 (br, 6H,
CH(CHs)2), 1.01 (br, 6H, CH(CHs)2). "C{'H} (126 MHz, THF-48, -50 °C) &: 162.70 (q, ] =
49.36 Hz, BAr'24 aryl-C), 149.59 (d, | = 32.88 Hz, aryl-C), 147.00 (d, ] = 20.61 Hz, aryl-C),
135.23 (br s, BAr's4 aryl-C), 132.99 (br s, aryl-C), 130.44 (s, aryl-C), 129.75 (qq, | = 31.38 &
2.86 Hz, BAt"2 aryl-C), 128.24 (br, aryl-C), 128.15 (br, aryl-C), 125.24 (q, ] = 272.35 Hz, BAr"24
CFs), 118.15 (m, BAr'y aryl-C), 102.86 (s, central arene-C), 97.17 (br, central arene-C), 83.69
(s, central arene-C), 48.02 (br s, N(CH3),), 39.70 (br s, N(CH3),), 31.79 (br, CH(CHs),), 24.94
(CH(CHs), coincides with the THF-d8 residual but is detected via 'H/"C HSQC
spectroscopy), 21.18 (br s, CH(CHs)»), 20.14 (br s, CH(CHs)2), 19.52 (s, CH(CHs),), 18.23 (s,
CH(CHas)y). 'P{'H} (162 MHz, THF, 23 °C) 8: 296.04 (t, ] = 48.87 Hz, P(NMe)(H)), 76.83
(d, J = 48.87 Hz, P2). Anal. Calcd. for 4 C4Hs:BF24MoNP; (%): C, 51.95; H, 4.16; N, 0.92

Found: C, 51.64, H, 3.99, N, 0.72.

Synthesis of 5
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Complex 1 (38 mg, 0.064 mmol) was added to a 20 mL scintillation vial and dissolved in CcHs
(2 mL) to afford a homogeneous red solution. A second scintillation vial was charged with a
CsHg solution (3 mL) of 2 (40 mg, 0.064 mmol) and a stir bar. Stirring was initiated and the
solution of 1 was added to the vial containing 2, dropwise. The reaction was left to stir for 1
h, during which time it changed color from brown to deep red. The solvent was lyophilized
and the resulting red powder was washed first with hexanes (1 mL x 3) and then Et,O (1 mL
x 2). The residue was dried 7z vacuo, providing spectroscopically pure 5 as a dark red powder
(66 mg, 0.056 mmol, 87% yield). X-ray quality crystals were obtained by diffusion of pentane
into a PhMe solution of 5 at -35 °C or by layering hexanes onto a concentrated PhMe solution
of 5. '"H (400 MHz, C¢Ds, 23 °C) 8: 9.00 (dd, ] = 3.97 & 3.78 Hz, 1H, aryl-H), 7.46 (d, ] = 7.25
Hz, 1H, aryl-H), 7.28-7.36 (m, 4H, aryl-H), 7.18-7.24 (m, 3H, aryl-H), 7.09-7.12 (m, 1H, aryl-
H), 7.02-7.06 (m, 3H, aryl- H), 6.96-6.98 (m, 3H, aryl-H), 5.46 (d, /] = 3.46 Hz, 1H, central
arene-H), 5.29 (br s, 1H, central arene-H), 4.98 (d, ] = 6.72 Hz, 1H, central arene-H), 4.95 (d,
] =4.35 Hz, 1H, central arene-H), 4.26 (d, ] = 5.27 Hz, 1H, central arene-H), 4.03 (t, ] = 5.07
Hz, 1H, central arene-H), 3.88 (t, ] = 4.97 Hz, 1H, central arene-H), 3.62 (d, ] = 6.76 Hz, 1H,
central arene-H), 2.75-2.84 (m, 1H, CH(CHa),), 2.64-2.72 (m, 2H, CH(CHz3)»), 2.38-2.45 (m,
1H, CH(CHs),), 2.17-2.27 (m, 2H, CH(CHs)2), 2.08 (m, 1H, CH(CH3),), 1.79-1.88 (m, 1H,
CH(CHs)), 1.63-1.69 (m, 3H, CH(CHj3),), 1.45-1.50 (m, 3H, CH(CHs),), 1.24-1.41 (m, 12H,
CH(CHs)»), 1.15-1.20 (m, 9H, CH(CHj3),), 0.86-1.02 (m, 15H, CH(CH})»), 0.78-0.84 (m, 3H,
CH(CHs)2), 0.45-0.50 (m, 3H, CH(CHs),). "C{'H} (126 MHz, CsDs, 23 °C) &: 151.23 (d, ] =
29.67 Hz, aryl-C), 150.93 (d, ] = 29.15 Hz, aryl-C), 150.78 (d, ] = 24.60 Hz, aryl-C), 149.84 (d,
J =23.19 Hz, aryl-C), 149.02 (d, ] = 22.69 Hz, aryl-C), 147.64 (d, ] = 22.28 Hz, aryl-C), 146.98
(d, ] = 30.92 Hz, aryl-C), 134.09 (d, ] = 23.08 Hz, aryl- C), 133.99 (d, ] = 4.61 Hz, aryl-C),
131.57 (d, | = 4.44 Hz, aryl-C), 131.54 (d, ] = 2.58 Hz, aryl-C), 130.86 (s, aryl-C), 129.24 (br s,
aryl-C), 129.20 (d, | = 1.73 Hz, aryl-C), 129.00 (bt s, aryl-C), 128.69 (br d, | = 1.46 Hz, aryl-
0), 12850 (br d, ] = 2.52 Hz, aryl-C), 127.55 (br s, aryl-C; four overlapping C resonances

appear within a range of 0.18 ppm inhibiting multiplicity assignments—the signals are
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unequivocally observed in the 'H/"C HSQC spectrum), 127.47 (b, aryl-C), 127.41 (br, aryl-
Q), 127.37 (bt, aryl-C), 181.11 (d, ] = 4.18 Hz, central arene-C), 116.34 (s, central arene-C),
103.56 (bt, central arene-C), 101.61 (br d, | = 3.69 Hz, central arene-C), 99.75 (br m, central
arene-C), 88.75 (s, central arene-C), 86.68 (s, central arene-C), 84.26 (s, central arene-C), 83.52
(d, ] = 17.50 Hz, central arene-C), 79.26 (d, /] = 3.58 Hz, central arene-C), 78.86 (d, ] = 3.35
Hz, central arene-C), 76.21 (s, central arene-C), 33.38 (d, | = 18.04 Hz, CH(CH3)»), 31.39 (d, |
= 15.52 Hz, CH(CHa)»), 31.33 (d, /] = 13.37 Hz, CH(CHs)), 30.25 (d, ] = 9.55 Hz, CH(CHs)»),
29.79 (d, ] = 9.59 Hz, CH(CHs)), 26.24 (d, ] = 16.30 Hz, CH(CH35),), 26.09 (d, ] = 12.25 Hz,
CH(CHa)»), 22.76 (s, CH(CH3)2), 21.86 (d, ] = 18.32 Hz, CH(CHs)2), 21.71 (d, ] = 6.82 Hz,
CH(CHs),), 21.56 (d, | = 7.72 Hz, CH(CHs)2), 21.08 (d, ] = 3.40 Hz, CH(CHs),), 20.90 (br s,
CH(CHs),), 20.79 (d, ] = 11.24 Hz, CH(CHs),), 20.66 (d, ] = 1.96 Hz, CH(CH3),), 20.44 (s,
CH(CHj3)»), 20.15 (d, ] = 3.45 Hz, CH(CH3),), 20.11 (d, ] = 20.85 Hz, CH(CH3),), 19.92 (s,
CH(CHj3)»), 19.78 (d, | = 3.54 Hz, CH(CH5)»), 18.79 (d, ] = 5.56 Hz, CH(CHs)), 18.65 (d, ] =
7.50 Hz, CH(CH3),), 18.39 (d, | = 5.14 Hz, CH(CHs)2), 17.85 (d, | = 6.46 Hz, CH(CH,)y).
P{'H} (162 MHz, CsDs, 23 °C) 8: 1161.00 (br s, u-P), 82.89 (d, ] = 13.21 Hz, Mo-P), 73.74
(app t, ] = 19.59, Mo—P), 70.34 (app t, ] = 18.47 Hz, Mo—P), -5.27 (s).

Synthesis of 6

T[BArF?4]

XY ! X!
O W "/I O O ‘\“ "/I O
W . ! .
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’Pri// \\ \i Pr i / l
Pr Pr [Na][BArF24] .PI' Pr
' Pn || /P

THF iPr— —'Pr
-NaCl P=No—=F
Q 117? ‘_\‘\‘
6

A solution of Na[BAr'z] (33 mg, 0.037 mmol) in E,O (2 mL) was added to a 20 mL

scintillation vial charged with a C¢He (3 mL) solution of 5 (40 mg, 0.034 mmol) and a stir bar.
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The vial was capped and left to stir for 12 h; during this time, a significant amount of
precipitate formed. The suspension was filtered through Celite, and the filter cake washed with
EtO (1 mL x 3) and then C¢Hs (1 mL x 3). The residue was then extracted with THF until
the filtrate was colotless. The deep red THF solution was concentrated under reduced pressure
(to a volume of ¢z. 1 mL) and layered with pentane (10 mL). After 12 h, complex 6 was
collected as analytically pure dark red microcrystals (43 mg, 0.024 mmol, 72% yield). X-ray
quality single crystals of 6 were grown from the diffusion of pentane into a THF solution of
the complex. "H (500 MHz, THF-d8, 25 °C) &: 7.80 (br s, 8H, BAt"2 ortho-H), 7.58 (s, 4H,
BAt s para-H), 7.50 (d, | = 7.69 Hz, 4H, aryl-H), 7.42 (br d, ] = 7.32 Hz, 4H, aryl-H), 7.37
(app t, | = 6.96 Hz, 4H, aryl-H), 7.26 (app t, ] = 7.57 Hz, 4H, aryl-H), 5.41 (s, 4H, central
arene-H), 4.51 (s, 4H, central arene-H), 2.63-2.70 (m, 4H, CH(CHs)y), 2.18-2.23 (m, 4H,
CH(CH3)2), 1.18-1.23 (m, 24H, CH(CH5)»), 0.94-0.98 (m, 12H, CH(CH5)), 0.74-0.79 (m, 12H,
CH(CHs)2). PC{'H} (126 MHz, THF-48, 25 °C) 5: 161.82 (q, ] = 49.83 Hz, BAr' aryl-C),
149.33 (d, ] = 31.81 Hz, aryl-C), 147.61 (vt, ] = 11.13 Hz, aryl-C), 134.60 (br s, BAt"2 aryl-C),
133.19 (s, BAt's4 aryl-C), 129.19 (s, aryl-C), 129.03 (qq, | = 31.49 & 2.86 Hz, BAr' aryl-C),
127.21 (vt, ] = 3.80 Hz, aryl-C), 126.81 (br s, aryl-C), 124.52 (q, | = 272.37 Hz, BAt"24 CF3),
117.17 (m, BAr'4 aryl-C), 101.66 (t, | = 2.62 Hz, central arene-C), 93.62 (s, central arene-C),
81.93 (br s, central arene-C), 32.27 (br s, CH(CH3)2), 28.74 (br s, CH(CHs),), 21.17 (s,
CH(CHs3)2), 19.85 (br s, CH(CHs)), 19.61 (s, CH(CHs),). *'P{'H} (162 MHz, THF, 23 °C) &:
1123.27 (br s, Mo=P), 68.62 (br s, P2). Anal. Calcd. for 6°THF CosH100BF24M0,OPs (%): C,

55.34; H, 4.84; N, 0.00 Found: C, 55.38, H, 5.21, N, 0.04.
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Phosphide Oxidation Reactions

Formation of 4

[BArF,,]
. L .
'Pr ’Pr cL, | ’F_’r
’Pr—P—\Mo—P iPr [FOIBA ] Pr—p— Mo—rp-Pr
—>[Mo(II)CI][BAr ] ——> N
m ) e { =)
L = MeCN

4

In a typical reaction, a 20 mL scintillation vial was charged with a THF (10 mL) solution
of 2 (239 mg, 0.38 mmol) and a stir bar. The vial was placed in an LN chilled cold well
and the contents frozen. While thawing, a thawing solution of [Fc][BAt 2] (400 mg, 0.38
mmol) in THF (6 mL) was added dropwise, with stirring. This addition resulted in an
immediate color change to deep purple. Upon warming to room temperature, the color
changed to a red/brown. An aliquot of the reaction mixture at this juncture showed clean
conversion to a single diamagnetic *’'P{'H} NMR resonance at 76.3 ppm. The THF was
removed under reduced pressure and the resulting residue triturated with hexanes (3 mL),
providing a brown foamy solid. These solids were suspended in hexanes (6 mL) and
filtered through celite. The filter cake was washed with a 3:1 mixture of hexanes and
benzene (¢ca. 8 mL x 3) until the washes were colorless. The filter cake was extracted with
Et:O (10 mL) and solvent was removed 7 vacuo, affording a tacky brown residue. The 'H
and *'P{'H} NMR spectra of this material in CD3;CN are consistent with a single
diamagnetic metal complex, 4. The BAr" salt of 4 eluded crystallization, but repeating
the above procedure with [Fc][OTf] in lieu of [Fc][BAr'24] and extracting the filter cake
with MeCN (5 mL) rather than Et;O afforded the OTf salt of 4. Single crystals of this
complex were obtained from slow diffusion of Et,O into a concentrated MeCN solution
of 4 at -35 °C. 'H (400 MHz, CDsCN, 21 °C) 8: 7.73 (br, 8H, BAt"24 ortho-H), 7.69 (bt,

4H, BAt"; para-H), 7.56-7.61 (m, 4H, aryl-H), 7.51-7.54 (m, 2H, aryl-H), 7.39-7.41 (m,
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2H, aryl-H), 5.20 (t, ] = 3.81 Hz, 4H, central arene-H), 3.24 (br m, 4H, CH(CH,),), 1.22-
1.29 (m, 24H, CH(CHa),). *'P (162 MHz, CD;CN, 21 °C) 8: 69.26 (s).

Authentic 2,
CeDs

J

2 + [Fc][BArF,,]
Reaction Aliquot
THF

U ovraig AUl ot

2 + [Fc][BAr",,]
Et,O Extract, after WU
CD,CN

T T T T T T T T T T T T T T T T
1310 1300 1290 1280 110 100 20 80 70 60 50 40 30 20 10 0 -1
f1 (ppm)

Figure 6.10. Partial *’P{'H} NMR spectra tracking the one electron oxidation of 2. A
single resonance at 76.3 ppm is observed upon oxidation in THF (assigned to
[Mo(I)CI][BAt"24], Figure 6.10. middle) which shifts upfield to 69.3 ppm upon addition
of MeCN. This species has been confirmed by single crystal XRD and independent
synthesis as the bis(acetonitrile) chloride cation, 4.

MO0 00 TN~ - OO < o~ MOo
ROOQOhWYnnD Y 6 I\ HRERL
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8.0 7.5 7.0 6.5 6.0 5.5 5.0 a5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0.t
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Figure 6.11. '"H NMR Spectrum (400 MHz, CD5CN, 21°C) of 4.
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Figure 6.12. *'P{'"H} NMR Spectrum (126 MHz, CD;CN, 21°C) of 4.
Independent Preparation of 4
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To confirm the identity of complex 4, an independent preparation was performed
according to the scheme above. A 20 mL scintillation vial was charged with 1 (200 mg,
0.34 mmol) and a stir bar. MeCN (5 mL) was added, resulting in a dark brown
heterogeneous mixture. A MeCN (5 mL) solution of [P2Mo(MeCN),][20Tf] (320 mg,
0.33 mmol) was added dropwise, resulting in a color change to deep green. Solvent was
removed 7z vacno and the resulting green solids were suspended in Et>O and filtered,
washing away unreacted 1. The filter cake was extracted with MeCN and volatiles were
removed under reduced pressure. The resulting green residue was triturated with Et,O,
providing a pale green powder that was used without further purification or
characterization.

To a THF (4 mL) solution of the green residue in a 20 mL scintillation vial charged with
a stir bar, a MeCN (3 mL) solution of PPh4Cl (25 mg, 0.067 mmol) was added with stirring.
An immediate color change to red/orange was observed and the reaction was left to stir

for 3 h. At this time, volatiles were removed 77 vacuo and the resulting solids triturated
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with hexanes, providing an orange powder. Benzene was added and the resulting mixture
filtered through celite. The filtrate was lyophilized, affording an orange powder that was
used without further purification or characterization.

A J. Young NMR tube was charged with the aforementioned orange powder (20 mg,
0.034 mmol), [Fc][OT1] (11 mg, 0.034 mmol), and CD;CN (0.6 mL). Upon dissolution of
the starting materials, the color darkened to red/brown. 'H and *'P{'H} NMR

spectroscopy of the reaction mixture was consistent with formation of chloride cation 4.

4 from ind. synth.
CD,CN

_ L S —

4 from oxidation of 2
| 0 4 JL

CD,CN
8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5

4f01 (ppﬁ])S 3'.0 2‘.5 ZI.U 1‘.5 l‘.ﬂ ﬂl.5 U‘.O '6-5 1‘00 .E;O f‘io(pp?-‘.?) 2‘0 6
Figure 6.13. "H NMR Spectra (400 MHz, CD;CN, 21°C—Ileft) and *'P{'H} NMR spectra
(126 MHz, CDsCN, 21 °C—right) of complex 4 prepared via sequential

conproportionation, chlorination, and oxidation (top) and phosphide oxidation (bottom).

Formation of 5

2
>-10 °C
+ ——— 2 [Mo(l)CI][BArF,,] +
F THF

ipr P\\ Cl iPr
) iPr—\P—\MC{—P/—"Pr
7\

A 20 mL scintillation vial was charged with 3 (120 mg, 0.081 mmol) and a stir bar. The
vial was placed in a LN, cooled cold well and the solids were cooled for 5 min. At this

time, thawing THF (5 mL) was added, providing a deep purple solution. The vial was
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returned to the cold well and the solution frozen. Complex 2 (26 mg, 0.041 mmol) was
added as a solid and the reaction mixture left to thaw, with stirring. After stirring at room
temperature for 30 min, the volatiles were removed under reduced pressure, providing a
brown residue. This residue was suspended in hexanes (5 mL) and filtered through Celite.
The filter cake was extracted with hexanes (5 mL x 3) and these washes were combined.
The remaining solids were washed with Et,O until the filtrate was colorless. Both filtrate
solutions were dried 7z vacuo, providing mixtures primarily comprised of free para-
terphenyl diphosphine, 2, and 5 (hexane wash, Figure 6.14., middle), a Mo(II) chloride
cation (which upon MeCN addition forms 4), and a paramagnetic impurity (Et.O wash,
Figure 6.14., bottom). 'H (500 MHz, C¢Ds, 25 °C) 8: 8.08-8.09 (br m, 1H, aryl-H), 7.49
(br d, ] = 6.04 Hz, 1H, aryl-H), 7.20-2.21 (m, 1H, aryl-H; overlaps with residual CcDsH
but corroborated by 2D NMR), 7.11 (br dd, | = 7.83 Hz, 1H, aryl-H; overlaps with
residual C¢DsH but corroborated by 2D NMR), 7.01 (br dd, ] = 6.71 Hz, 1H, aryl-H),
6.89 (br m, 2H, aryl-H), 6.77 (br m, 1H, aryl-H), 5.34 (br s, 1H, central arene-H), 5.25 (br
d, ] = 6.53 Hz, 1H, central arene-H), 4.58 (br d, | = 3.73 Hz, 1H, central arene-H), 4.20
(br s, 1H, central arene-H), 3.70-3.76 (m, 1H, CH(CH3)2), 3.03-3.09 (m, 1H, CH(CHs)>),
2.82-2.89 (m, 1H, CH(CH3)»), 2.40-2.49 (m, 1H, CH(CH3)2), 1.98-2.03 (m, 1H, CH(CHj3)>),
1.69-1.74 (m, 1H, CH(CHs),), 1.38-1.43 (m, 1H, CH(CH:),; overlaps with residual THF
but corroborated by 2D NMR), 1.03-1.09 (m, 1H, CH(CH:),), 0.85-0.88 (m, 1H,
CH(CH:),; overlaps with para-terphenyl diphosphine impurity but corroborated by 2D
NMR), 0.47-0.52 (m, 1H, CH(CH3)2), 0.28-0.32 (m, 1H, CH(CHs),). "C{'H} (126 MHz,
CsDs, 25 °C) 8: 148.78-148.89 (m, aryl-C), 145.95 (d, | = 8.08 Hz, aryl-C), 133.78 (s, aryl-
C), 132.63 (s, aryl-C), 131.61 (d, | = 2.63 Hz, aryl-C), 131.03 (d, | = 4.93 Hz, aryl-C),
130.25 (s, aryl-C), 129.90 (s, aryl-C), 129.73 (s, aryl-C), 128.85 (s, aryl-C; overlaps with
residual C¢Ds but corroborated by 2D NMR), 126.20 (d, ] = 9.53 Hz, aryl-C), 123.08 (s,
central arene-C), 106.46 (s, central arene-C), 94.11 (d, | = 16.59 Hz, central arene-C),

90.85 (d, ] = 3.48 Hz, central arene-C), 85.95 (d, ] = 2.06 Hz, central arene-C), 29.17 (d,
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J = 19.47 Hz, CH(CHs),), 27.68 (m, CH(CH,),), 25.09 (m, CH(CHs),), 23.26 (br s,
CH(CHS>),), 20.36 (s, CH(CH>),), 20.23 (s, CH(CH>)2), 19.31 (d, J = 9.60 Hz, CH(CHS,),),
18.33 (s, CH(CHs),), 18.16 (s, CH(CH>),), 18.08 (d, J = 2.67 Hz, CH(CH,)y), 17.73 (s,
CH(CHs),), 17.58 (d, | = 6.55 Hz, CH(CHs)s), 16.99 (m, CH(CH,),). *P{'H} (162 MHz,
CsDq, 23 °C) 8: 65.75 (d, ] = 17.04 Hz, Mo-Paghosphine), ~4.62 (s, Pasphoshinc), -162.35 (dd, J =
314.71 and 264.90 Hz, P5), -204.70 (¢, ] = 264.90 Hz, Ps), -306.93 (ddd, ] = 314.71, 264.90,

and 17.04 Hz, Py).

Authentic 2,
CeDs 12
[1ls
1 [Mo(I)CI][BArF,,]
- [] para-terphenyl diphosphine
Hex Filtrate, ]
CeDs
a0 |4
Il A el II[
Et,O Filtrate, —
CeDs
AL - | -

T T T T T T T T T T T T T T T T T T T T T T T
126090 80 70 60 50 40 ?U( 20) 10 0 -10 -150-160-170-180-190-200-210 -300-310-320-330
1 (ppm

T T T

T T T T
1340 1320 1300 1280

Figure 6.14. Partial >'P{'H} NMR spectra (126 MHz, CDs, 25 °C) of an authentic sample
of 2 (top), the hexane extract of a reaction between 2 and 3 (middle), and the diethyl ether
extract of the same reaction (bottom).
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Independent Synthesis of 5

ipr, P ipr THF, 70 °C e G
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Q O O (7S
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A J. Young NMR tube was charged with 2 (24 mg, 0.039 mmol), P2A2 (17 mg, 0.039
mmol), and THF (600 uL). A 3P{*H} NMR spectrum of the resulting red/brown
solution was recorded (Figure 6.15., top). The J. Young tube was placed in an oil bath
pre-heated to 70 °C for 3 h. A second *'P{*H} NMR spectrum was collected at this
time, demonstrating consumption of P2Az, as well as a mixture of 2, 5, P4, and free

para-terphenyl diphosphine (Figure 6.15., bottom).

2+P,A,, THF, T,

12

L] PA,
[ e,

2+P,A,, THFE,3h@ 70 °C

L l _J L A Il A
T T T T T T T T T T v T T T A T T T T 1
1310 1290 1270 9[) BCI 70 60 50 4U 30 ZU 10 D 10 20 3[] 40 5ll -160 -180 -200 -220 -310 -330520 -540 -5

1 (ppm)

Figure 6.15. Partial >'P{'H} NMR spectra (126 MHz, THF, 25 °C) of a 1:1 mixture of 2
and P2A; prior to (top) and following (bottom) heating to 70 °C.
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Figure 6.16. '"H NMR Spectrum (400 MHz, CsDs, 25°C) of a mixture containing 5 as the
major component. Only the resonances corresponding to 5 are labeled.
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Figure 6.17. "C{'H} NMR Spectrum (126 MHz, C¢Ds, 25°C) of a mixture containing 5
as the major component. Only the resonances corresponding to 5 are labeled.
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Figure 6.18. *'P{'"H} NMR Spectrum (162 MHz, C¢Ds, 23°C) of a mixture containing 5
as the major component. Only the resonances corresponding to 5 are labeled.
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Figures 6.19. "H NMR Spectrum (500 MHz, CsDs, 25°C) of a mixture containing 5 as the major component. All resonances have
been assigned, with those corresponding to complex 5 emphasized in red.
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Figure 6.20. Partial 'H/'H COSY NMR Spectrum (500 MHz, CsDs, 25°C) of mixture containing 5 as the major component. The
scalar coupling correlations between the isopropyl methine and isopropyl methyl resonances are labeled.
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Figure 6.21. Partial 'H/"”’C HSQC NMR Spectra (500/126 MHz, CsDs, 25°C) of mixture containing 5 as the major component. Cross
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Figure 6.22. Partial "H/"”C HSQC NMR Spectrum (500/126 MHz, C¢Ds, 25°C) of a mixture containing 5 as the major component.
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Figure 6.23. Partial '"H/"”C HMBC NMR Spectrum (500/126 MHz, C¢Ds, 25°C) of a mixture containing 5 as the major component.
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Figure 6.24. Partial 'H/"”C HMBC NMR Spectrum (500/126 MHz, CsDs, 25°C) of a mixture containing 5 as the major component.
The central arene (left) and phenylene (right) #’J(C,H) scalar coupling correlations are labeled.
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EPR Spectroscopy
Experimental Details
CW EPR Spectroscopy

X-band CW EPR spectra were obtained on a Bruker EMX spectrometer at 77 K in a
liquid nitrogen immersion dewar using Bruker Win-EPR software (ver. 3.0). Samples were
prepared as solutions (2 mM) in 2-methyltetrahydrofuran (2Me-THF) and rapidly cooled
in liquid nitrogen to form a frozen glass. Spectra were simulated using the EasySpin*
simulation toolbox (release 5.1.8) with Matlab 2016b.
Pulse EPR Spectroscopy

All pulse EPR and electron nuclear double resonance (ENDOR) experiments were
aquired using a Bruker (Billerica, MA) ELEXSYS E580 pulse EPR spectrometer using a
Bruker MD4 pulse ENDOR resonator for all X-band experiments and a Bruker D2 pulse
ENDOR resonator for all Q-band (= 33.7 GHz) experiments. Temperature control was
achieved using an ER 4118HV-CF5-L Flexline Cryogen-Free VT cryostat manufactured
by ColdEdge (Allentown, PA) equipped with an Oxford Instruments Mercury I'TC.
Pulse Q-band electron spin-echo detected EPR (ESE-EPR) field-swept spectra were
acquired using the 2-pulse “Hahn-echo” sequence (/2 — T — T — echo) and subsequently,
each field swept echo-detected EPR absorption spectrum was modified using a pseudo-
modulation function® (modulation amplitude = 1 mT) to approximate the effect of field
modulation and produce the CW-like 1* derivative spectrum.

Pulse X-band ENDOR was acquired using the Davies pulse sequence (m — Trp —
igr — Trp — M/2 — T — ™ — echo), where Typ is the delay between mw pulses and RF
pulses, Tgr is the length of the RF pulse and the RF frequency is randomly sampled

during each pulse sequence.
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In general, the ENDOR spectrum for a given nucleus with spin I=1/2 ('"H, >'P) or I=
3/2 (®*’Mo and */*'Cl) coupled to the S = " electron spin exhibits a doublet at

frequencies
- * VN | S1

Where vy is the nuclear Larmor frequency and A is the hyperfine coupling. For nuclei
with [ =1 (*/"Mo, */*'Cl), an additonal splitting of the V4 manifolds is produced by the

nuclear quadrupole interaction (P)

3P(2m; — 1)

vi.mz = |vy % > S2

In the current study, these quadrupole transitions are not clearly resolved in any of the
ENDOR spectra for either **/*’Mo or **/*’CL. Particularly for ***’Mo, these terms are likely
vanishingly small in comparison to the strong hyperfine coupling, and thus are neglected
in the spectral simulations.

Simulations of all EPR data were achieved using the EasySpin simulation toolbox
(release 5.1.8) with Matlab 2016 using the following Hamiltonian:

H = pgBogS + ungnBol + RS -A- T S3

In this expression, the first term corresponds to the electron Zeeman interaction term
where pp is the Bohr magneton, g is the electron spin g-value matrix with principle
components g = [g« gy ], and S is the electron spin operator; the second term
corresponds to the nuclear Zeeman interaction term where fy is the nuclear magneton,
g is the characteristic nuclear g-value for each nucleus (e.g. 'H,*'P) and [ is the nuclear
spin operator; the third term corresponds to the electron-nuclear hyperfine term, where

A is the hyperfine coupling tensor with principle components A = [Ax Ay Azl
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EPR Spectra
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Figure 6.25. Q-band Pseudomodulated Electron Spin-Echo (ESE) detected EPR
spectrum (black) of 3 in 2Me-THF with simulated CW EPR spectrum (red) using the
same simulation parameters as for the X-band CW and ENDOR spectra.
Pseudmodulation function amplitude = 1 mT. Experimental conditions: microwave
frequency = 33.609 GHz; n pulse length = 160 ns; interpulse delay © = 300ns; shot
repetition time (srt) = 5 ms; temperature = 20 K.

Table 6.2. Absolute values of hyperfine coupling parameters for 3, all units are in MHz.

Nucleus X y z
%Mo 94 94 178
Phosphine *'P 62 72 63
Phosphide*'P 15 138 15
Arene 'H 10 18 10
3311 10.5 10.5 10.5
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Figure 6.26. Field-dependent X-band Davies ENDOR spectra (black) of 3 in 2Me-THF and
simulated ENDOR spectra of each hyperfine coupled nucleus (colored traces) using the same
simulation parameters as for the X-band CW and ENDOR spectra. An enlargement of the
low frequency region is offset to the left. Experimental conditions: microwave frequency =
9.724 GHz; MW  pulse length = 80 ns; RF 7 pulse length = 15 ps; interpulse delay T = 240ns;
Trr delay = 2 us; shot repitition time (srt) = 5 ms; temperature = 20.
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Estimation of spin density from hyperfine coupling parameters for 3

Each hyperfine coupling tensor can be considered as the sum of an isotropic term, @;g,,
which is the average value of the three principle components of the hyperfine tensor, and an
anisotopic term  dipolar term Typg. These hyperfine values can be compared to calculated
hyperfine values for a unit of spin in the appropriate orbital in order to obtain an estimate of
the spin density at the nucleus in question.
Decomposition of '’ Mo Hyperfine and estimation of spin density

The observed **’Mo Hypetfine coupling tensor is the sum of the isotropic term, @;g, and
an anisotropic term Qgp;s,- Here we will consider only the more abundant Mo nucleus (15.92
%), though the analagous analysis could be approached by simply scaling the Mo hyperfine
by the ratio of the gyromagnetic ratios of Mo and ""Mo.

A(®Mo) = [94, 94, 178] MHz
= Q5o+ Aaniso S4
=122 + [-28 -28 56] MHz

Taking | a?.,(°Mo) | = 1984 MHz for a single electron in a 5s orbital of Mo, the isotropic
hyperfine coupling @;s,(""Mo) = 122 MHz cortesponds to a small 5s orbital density on Mo of
ps = 0.06 e. This is unsurprising considering the majority of unpaired spin resides within a
valence d-orbital of xy parentage which gives rise to the sizable dipolar component. Taking a

unit of unpaired spin in a dy,, orbital of Mo Agxy: [-43.1 -43.1 86.2],"" the anisotropic term
Agniso("Mo) = [-28 -28 56] MHz corresponds to a 5dy,, orbital spin density of Pa,, = 0.65

¢’ Between these two contributions, the total spin density at Mo is estimated to be ppo = 0.71
¢, in reasonable agreement with the DFT-predicted Mulliken spin density of 0.774 ¢".
Decomposition of terminal phosphide ’' P hyperfine and estimation of spin density for 3

Following the procedures of Hoffman and coworkers for analysis of the "N hyperfine

15a

coupling in an Fe(V) nitride,™ the highly anisotropic *'P hyperfine coupling tensor measured

for the terminal phosphide can also be decomposed to its constituent s- and p-orbital origins.
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In the case of this *'P coupling, the relative signs of the individual principle components are
not explicitly known, thus two cases must be considered,
AC'P) = [15, 138, 15] or [-15, 138, -15] MHz
= Qsot Tops
=56 + [-41, 82, -41] MHz or 36 + [-51, 102, -51] MHz

Taking al,C'P) = 13308 MHz for a single electron in a 3s orbital, the isotropic hyperfine
Aiso(C'P) = 56 or 36 MHz corresponds to a small 3s orbital density on the phosphide P of p
= 0.004 e or ps = 0.003 e, respectively, either case indicating that the terminal phosphide can
be treated as having a filled 3s orbital with little hybridization with p-orbitals containing
unpaired spin density.

In the case of the phosphide, the dipolar term T ,p¢ can be decomposed into two separate
axial contributions: one local contribution, T*Y ., from spin density at P with its unique axis
along an axis (x or y) orthogonal to the Mo-P bond vector, and a second component, T s,
with its unique axis parallel to the Mo-P bond vector. In turn, T? s is a composite of the
nonlocal contribution (T? ;) due to the through-space dipolar interaction between the *'P
nucleus and unpaired spin density at the Mo nucleus, and a local contribution (T?;,.) from
spin density at P in a p-orbital with its unique axis parallel to the Mo-P bond vector. The

nonlocal contribution T# ;. can be estimated using the point-dipole approximation:

_ PmoYelBYnHn S5
R

T* oc = [—a,—a,2a];a
Using the crystallographically determined Mo—P distance (r = 2.092(1) A) and py, = 0.71,
the spin density at Mo determined in the previous section, results in an estimation of T? 5. =
[—2.5, —2.5, 5.0] MHz. Subtraction of this nonlocal contributon T? ;¢ from T, vields
the sum of the local contributions:
Tioc = Tops = T*nioc

= [-38.5, 84.5, -46.0] or [-48.5, 104.5, -46.0]
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= T 15c + T?15¢

For both cases considered for T,ps, Tioe can be uniquely decomposed into T*Y,. +
T?,,c components with T?,. = [2.5, 2.5, -5.0] for both and T*Y,. = [-41, 82, -41] or [-
51, 102, -51], respectively. Though a definitive asignment of the orientation of these
hyperfine tensors relative to the molecular frame cannot be made from the current data,
the uniaxial symmetry of both of these two T*Y,. tensors implies that in either case that
only one p-orbital is contributing, with either pp or p,, = 0. In the simulations presented,
hyperfine and g-tensor principle coordinates are co-linear, and the most likely orientation
of the g-tensor coordinate frame is with g, parallel to the Mo-phosphide bond vector,
while g, is roughly aligned with the phosphine-Mo-phosphine vector. Taking a unit of

unpaired spin in a p,, orbital of P Agx,yz [-366.8 733.6 -366.8] MHz,"” these two cases of
T*Y 5c correspond to a p-orbital spin density of Pp, = 0.11 or 0.14 ¢, respectively. This
significant unpaired spin in the p, orbital of the terminal phosphide arises either from
electron donation from filled orbitals on P to the partially filled dy,, orbital of Mo, or

through spin polarization of the filled 3p orbitals on P by the same partially filled Mo d,,,

orbital.
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Absorbance Spectra

Absorption Spectrum of 2
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Figure 6.27. Experimental (solid) and TD-DFT calculated (dashed) UV-Vis spectra for
terminal phosphide 2. The data demonstrate reasonable agreement for the absorption
maximum (A = 50 nm)—with calculated 22 — 3a” and 2a” — 4a” (Mo=P N.B. to n*)
transitions at 613 and 561 nm, respectively.

Electrochemical Measurements

General Considerations

Electrochemical measurements were recorded with a Pine Instrument Company AFCBP1
bipotentiostat using the AfterMath software package. Cyclic Voltammograms (CVs) were
recorded on a ¢a. 3 mmol solution of 2 in a 0.1 M ["BusN][PF4] electrolyte solution in
THF. A two-compartment cell was employed; a Ag wire pseudo-reference electrode was
separated from a Pt wire counter and 3.0 mm glassy carbon disk working electrode by a
fine porosity sintered glass frit. Reported potentials were referenced internally to
cobaltacene/cobaltacenium and are reported versus ferrocene/ferrocenium (Fc/Fc™). For

low temperature measurements, the two compartment cell was cooled in a low form



292

Dewar flask containing acetone. Dry ice was added as needed to maintain a temperature

of -20 £ 3 °C, as measured with a -100 to 50 °C alcohol thermometer (VWR).

T I T T T I T T T I T

25 pA

=20 °C =0 —>

_-_-_-_---—-_---—-—-_-ﬂ

-

23°C h-_-—---—-----_--- ’
.

1 | | 1 1 | 1 1 | 1

25 -225 -2 475 15 425 - 075 05 -025 0 025 05
Potential vs. Fc/Fc* [V]

Figure 6.28. CVs of 2 in 0.1 M ["BulN][PF¢] in THF recorded with a scan rate of 100
mV/s at -20 °C (solid) and 23 °C (dashed). Potentials are referenced to Fc/Fc+. The
open circuit potential and scan direction are designated by the arrows under each
voltammogram.

Though chemically reversible at -20 °C (vide infra), the Mo(IV)/Mo(V) redox couple of
2 demonstrates chemical irreversibility at room temperature. Upon scanning anodically,
the low temperature CV shows a single return wave, corresponding to the reduction of 7x
situ generated 3. The room temperature CV has two cathodic features; one corresponding
to reduction of 3, and a second feature at -841 mV vs. Fc/Fc+. Despite being run under
significantly more dilute conditions (¢a. 20 fold more dilute), these data are consistent
with the reactivity observed from 3 upon chemical oxidation of 2 (a process proposed to

be second order in [Mo]).
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Figure 6.29. CVs corresponding to the Mo(IV)/Mo(V) redox couple of 2 in 0.1 M
["BuN][PFs] in THF recorded with variable scan rates at -20 °C.
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Figure 6.30. Current density dependence on the square root of the scan rate for the
Mo(IV)/Mo(V) redox couple of 2 measured at -20 °C.
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Computational Details

All calculations were performed with DFT as implemented in Gaussian 09 Revision C.01.%
Geometry optimizations and electronic structure calculations were performed with revised
TPSS exchange and cotrelation functionals.” The LANIL2DZ basis set was used for all
atoms.” No solvent corrections were employed. All optimizations were performed ignoring
molecular symmetry—crystallographic coordinates were used as a starting point. Energetic
minima were confirmed with subsequent frequency calculations which did not return
imaginary frequencies. Structures optimized in this manner showed good agreement with bond
lengths and angles determined via single crystal X-ray diffraction (Table 6.3.). The TD-DFT
calculated absorption spectrtum of 2 demonstrated reasonable agreement with the
experimentally determined UV-Vis spectrum (Figure 6.27.). Molecular orbital and spin density
illustrations were generated using GaussView, the GUI component of the Gaussian software

package, and depicted with 0.05 ¢/ A or 0.001 e/A? isosurface values, respectively.
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Table 6.3. Comparison of experimental and calculated structural metrics for 2 and 3.

2 3

Exp. Calc. A Exp. Calc. A
Mol-P1 2.5959(3) 2.644 -0.05 2.6092(8) 2.667 -0.06
Mol-P2 2.5922(3) 2.644 -0.05 2.6226(8) 2.667 -0.04
Mol1-P3 2.1003(3) 2.150 -0.05 2.092(1) 2.141 -0.05
Mol-Cl1 2.4358(3) 2.508 -0.07 2.3411(9) 2.425 -0.08
Mo1-C2 2.261(1) 2.277 -0.02 2.465(3) 2.476 -0.01
Mol-C3 2.255(1) 2.277 -0.02 2.471(3) 2.476 -0.01
C1-C2 1.453(2) 1.467 -0.01 1.413(4) 1.438 -0.03
C2-C3 1.433(2) 1.462 -0.03 1.402(4) 1.428 -0.03
C3-C4 1.453(2) 1.467 -0.01 1.414(4) 1.438 -0.02
C4-C5 1.361(2) 1.389 -0.03 1.387(5) 1.411 -0.02
C5-Co 1.435(2) 1.446 -0.01 1.401(5) 1.420 -0.02
C6—-C1 1.359(2) 1.389 -0.03 1.388(5) 1.411 -0.02
LPl;l;/Iol— 162.3(1) 160.8 15 161.8(1) 161.3 0.5
LPl;l:\;Iol— 97.5(1) 97 4 01 96.8(1) 98.1 -1.3
LPZ;I;/Iol— 96.2(1) 97 4 10 98.2(1) 98.1 0.1
£P1-Mol- 82.0(1) 80 02 82.9(1) 83.6 -0.7

C1
£P2-Mol- 83.5(1) 82 13 83.6(1) 83.6 0
Cn
Lp:tﬁl()l_ 105.7(1) 105.5 0.2 103.0(1) 103.0 0

Table 6.4. Computed Mulliken spin densities and experimental isotropic hyperfine
coupling constants for 3.

Calculated l\flulhlfen Spin Ai, (MHz)
Density (e)

Mol 0.774 122.0

ci 0.067 105

H2 0.018 127

03 0.018 127
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Figure 6.31. Spin density plot (0.001 e/A’isocontours) of phosphide cation 3.

Figure 6.32. Calculated SOMO (0.05 e/A’isocontours) for phosphide cation 3.
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Crystallographic Information

CCDC deposition numbers 1571924-1571926 contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
Refinement Details

In each case, crystals were mounted on a MiTeGen loop using Paratone oil, then placed on
the diffractometer under a nitrogen stream. Low temperature (100 K) X-ray data were
obtained on a Bruker D8 VENTURE Kappa Duo PHOTON 100 CMOS based
diffractometer (Mo 1,S HB micro-focus sealed X-ray tube, K, = 0.71073 A). All diffractometer
manipulations, including data collection, integration, and scaling were carried out using the
Bruker APEXIII software.”” Absorption cotrections were applied using SADABS.” Space
groups were determined on the basis of systematic absences and intensity statistics and the
structures were solved in the Olex 2 software interface” by intrinsic phasing using XT
(incorporated into SHELXTL)> and refined by full-matrix least squares on F> All non-
hydrogen atoms were refined using anisotropic displacement parameters. Hydrogen atoms
were placed in the idealized positions and refined using a riding model, unless noted otherwise.
The structures were refined (weighed least squates refinement on F?) to convergence.
Graphical representations of structures with 50% probability thermal ellipsoids were generated

using the Diamond 3 visualization software.”



Table 6.5. Crystal and refinement data for complexes 2 — 4 and 6 — 9.
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2 3 4 6 7 8 9
CCDC Number30b 1571924 1571925 1571926
.. C30H40Cl C71.08H74.70BClIF24 Cs5Hy46ClF3 CosHsoBF24 CsoHsoCl Cio4H116BF24
C32H46MONP:
Empirical formula MoDPs MoO,-Ps MoN,O5P,S 32H146MOINES MoNP; Mo2Ps Mo,0O3Ps5
Formula weight 624.92 1656.39 825.13 633.55 1497.78 1183.42 2227.50
T (K) 100 100 100 100 100 100 100
a, A 9.3388(5) 12.6893(4) 8.4978(5) 8.3733(5) 13.3132(10) 11.8746(9) 12.2440(4)
b, A 15.0643(8) 16.9145(5) 13.3117(9) 9.2800(06) 13.7005(10) 14.7473(11) 16.2106(5)
e, A 21.1092(11) 19.5016(6) 16.8759(11) 38.903(2) 18.0167(14) 17.0077(13) 26.1554(9)
,° 90 108.333(2) 75.595(2) 90 78.710(2) 105.040(2) 102.6320(10)
,° 98.942(2) 100.223(2) 85.718(2) 90 81.561(2) 91.616(2) 100.3340(10)
Y, ° 90 101.417(2) 76.193(2) 90 87.579(2) 97.773(2) 97.7210(10)
Volume, A3 2933.6(3) 3763.1(2) 1795.3(2) 3022.9(3) 3187.4(4) 2843.7(4) 4901.4(3)
Z 4 2 2 4 2 2 2
Crystal system Monoclinic Triclinic Triclinic Orthorhombic Triclinic Triclinic Triclinic
Space group P2i/n P1 P1 P2,2,2, P7 P7 P7
deale, g/ cm? 1.415 1.462 1.526 1.392 1.561 1.382 1.509
2.589
0 range, °© 33 14t50 2.470 to 79.676 2.269 to 39.789 2.256 to 33.454 2.190 to 30.242 2.479 to 35.999 2.101 to 35.019
W, mm-! 0.720 3.274 0.641 0.615 0.393 0.666 0.435
Abs. Correction Ser.n.1— | Semi-empirical Semi-empirical Semi-empirical Semi-empirical Semi-empirical Semi-empirical
empirica
GOF 1.029 1.059 0.800 1.098 1.042 1.051 1.015
Ri," wRy " [I>2 o(1)] 0.0243, 0.0528 0.0562, 0.1390 0.0564, 0.1271 0.0412, 0.0673 0.0577,0.1428 0.0254, 0.0572 0.0544, 0.0969
Radiation Type Mo K, Cu K, Mo K, Mo K, Mo K, Mo K, Mo K,

*Ri=% | [Fo| - [Fe[ [/Z[Fol. " wRo = [E[w(FoFE)?] /3w (E2)7 2
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Figure 6.33. Structural drawing of 2 with 50% probability anisotropic displacement
ellipsoids. Selected H-atoms are omitted for clarity.

Special Refinement Details:

The structure was of sufficient quality that the coordinates of the hydrogen atoms
attached to both C2 and C3 were found in the difference map and refined freely. The n*
metal-arene interaction results in a significant displacement of these H-atoms from their

idealized positions.

Figure 6.34. Structural drawing of 3 with 50% probability anisotropic displacement
ellipsoids. H-atoms, the outer sphere BAr"2 anion, and Et;O solvate molecules are

omitted for clarity.
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Special Refinement Details:

One of the phosphine isopropyl groups (C28 through C30) was positionally disordered
but was satisfactorily modeled over two positions in a 64:36 ratio. The 1,2 and 1,3
distances of the disordered group were restrained to be equivalent and enhanced rigid
bond restraints were applied. Several of the CF; groups of the BAt"24 counterion likewise
displayed positional disorder. These groups were satisfactorily modeled over two (F4
through F6 [57:43], F7 through F9 [63:37], F10 through F12 [54:46], F13 through F15
[27:73], and F19 through F22 [49:51]) or three (F22 through F24 [20:33:47]) positions and
refined with enhanced rigid bond restraints. Additionally, the most rotationally disordered
CFs group (F13 through F15) was refined with the 1,2 and 1,3 distances to be equivalent;
similarity restraints on Uj and rigid bond restraints were likewise applied.

Highly disordered Et;O solvent molecules were present in the crystal packing voids.
Rather than employing a SQUEEZE operation, the density attributed to these solvate
molecules was modeled discretely with 1,2 and 1,3 distance and enhanced rigid bond
restraints. A total of 2.3 Et;O molecules were modeled, giving rise to the non-integer unit

cell contents.

C32

Figure 6.35. Structural drawing of 4 with 50% probability anisotropic displacement
ellipsoids. H-atoms and the outer sphere triflate counterion are omitted for clarity.
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Special Refinement Details:

One of the phenylene linkers (C9 through C12) demonstrated positional disorder but
was satisfactorily modeled over two positions and refined without restraints. The triflate
counterion (C35, F1 through F3, S1, and O1 through O3) was likewise positionally
disordered. This anion was satisfactorily modeled over three positions in a 22:34:44 ratio

and refined with 1,2 and 1,3 distance and enhanced rigid bond restraints.

Figure 6.36. Structural drawing of 6 with 50% probability anisotropic displacement
ellipsoids. H-atoms are omitted for clarity.

Special Refinement Details: The crystal was merohedrally twinned. The twinning was
modeled satisfactorily as two-components related by inversion. The twin law [-1.0, 0.0,
0.0, 0.0, -1.0, 0.0, 0.0, 0.0, -1.0] was determined using the Twinning option in Olex2 and

the twin ratio refined to 0.84:0.16.
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Figure 6.37. Structural drawing of 7 with 50% probability anisotropic displacement
ellipsoids. Selected H-atoms are omitted for clarity. The minor component of the
positional disorder exhibited by the left half of the molecule is shown in grey.

Special Refinement Details:

One of the phenylene linkers (C7 through C12) and diisopropylphoshine (P1 and C19
through C24) motifs of 7 were disordered and satisfactorily modeled over two positions
in a 74:26 ratio. The major component was refined without restraints. The minor
component was refined with Uy and rigid bond restraints. The H-atom attached to the
phosphide (P3) was found in the low-angle Fourier map (data truncated at 50 degrees in

two-theta) and once assigned, refined freely with the complete dataset.
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Figure 6.38. Structural drawing of 8 with 50% probability anisotropic displacement
ellipsoids. H-atoms are omitted for clarity.

Figure 6.39. Structural drawing of 9 with 50% probability anisotropic displacement
ellipsoids. H-atoms, outer sphere anions, and THF solvate molecules are omitted for
clarity.
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Note:

There are two distinct para-P2 Mo units in the asymmetric unit. The Mo—u-P distances in
these molecules are 2.2769(2) and 2.2725(2) A, for Mo1 and Mo2 respectively. Likewise,
the average Mo—Crene distances are 2.302(2) and 2.299(2) for Mol and Mo2, respectively.
The averages of these values are reported in the Results and Discussion section of this
chapter.

Special Refinement Details:

One of the isopropyl methine and methyl groups (C55 and C56) is positionally disordered,
but was satisfactorily modeled over two positions in a 58:42 ratio and refined without
restraints. Additionally, one of the CF3 groups of the BAr" counterion (C92 and F22A
through F24B) shows positional disorder. This motif was satisfactorily modeled over two
positions, in an 89:11 ratio. The 1,2 and 1,3 distances of these disordered CF; groups

were restrained to be equivalent and enhanced rigid bond restraints were applied.
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CHAPTER 7

Tying Down Metal-Bound Small Molecules: Proton Induced C—O Bond Cleavage of
CO;, Facilitated by Lewis Acid Coordination
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ABSTRACT

Though Lewis acids (LAs) have been shown to have profound effects on carbon dioxide
(COy) reduction catalyses, understanding of the cause of the reactivity enhancement
remains limited. Herein, we report a well-defined molecular system for probing the role
of LA additives in the reduction of CO; to carbon monoxide (CO) and water. A Mo(0)
CO; complex (2) forms adducts with a series of LAs, demonstrating activation of the
metal-bound small molecule that trends well with the strength of the LA. Proton induced
C-0O cleavage, a transformation that does not proceed in the absence of LLA; however,
demonstrates both thermodynamic and kinetic sensitivity, suggesting that the residence
time of the bound small molecule is equally important to the degree of thermodynamic

activation in achieving productive CO; reduction chemistry.
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GENERAL INTRODUCTION
As the terminal product of fossil fuel combustion, the conversion of carbon dioxide (CO») to
energy-dense, liquid fuels is a necessary step in closing an anthropogenic carbon cycle.'
Technologies for the capture,” copolymetization,” and hydrogenation* of CO, have recently
emerged, and their study and design is topical. However, the controlled reduction of CO, with
protons and electrons is most relevant to artificial photosynthesis and couples most directly
to the storage of renewable energies in the form of chemical bonds." Due to the kinetic
stability of CO»,° the range of products formed in a narrow potential window, and competing

52,7

reduction reactions,”™’ efficient and robust catalysts capable of the selective reduction of CO;

remain a subject of intense interest.®

Redox active Ni center

Lewis Acidic Fe center

S

/Fe,,,,ls
N

Figure 7.1. Solid-state structure (left, PDB: 4UDX)® and schematic representation (right) of
the COz-bound NiFe-CODH active site.

In Nature, the two-electron two-proton reduction of COs is executed reversibly by Nilfe
CO-Dehydrogenase (CODH, Figure 7.1.).” The enzyme active site features a redox active Ni
center and an Fe(I1I) ion that coordinate CO; in a p-nC:nO binding motif.” Lewis acids (L.As)
also initiate remarkable rate enhancements in electrocatalytic CO; reduction.'’ This strategy
of cooperative CO, activation has inspired molecular mimics both in the form of ligand
scaffolds that feature LAs in the coordination sphere'' and exogenous LA addition to CO»
bound metal complexes."”” Though I.As are capable of promoting CO, binding"’ and increasing

12b

the degree of CO, activation, = their effect on reactivity of the bound CO, unit remains

underexplored. Herein, we describe a fundamental study correlating Lewis acidity and the
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degree of CO; activation in a low-valent Mo complex. Moreover, we demonstrate that LA
addition facilitates C—O bond cleavage, chemistry that does not proceed from the parent CO,

complex, via both kinetic stabilization and increased small molecule activation.
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RESULTS AND DISCUSSION
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I %
’Pr N ’Pr CC?ZH“ a:lm) 'Pr\ l\o /iPr_
- ii l
'Pr\P—Mo——P/ 6 6> “N2 'Pr\P—Mg——P/ Pr
A% A%
N2(1atm) Q P O
Q O CgHg, -CO, @
2
B(CeFs)3 B(CeFs5)3
CeHs CeHe

Scheme 7.1. CO; binding and LA adduct formation at low-valent Mo.

Compound 1 reversibly binds CO,, interconverting between an n*-CO; complex, 2, and an
N adduct (Scheme 7.1.). Under an atmosphere of “CO,, the *P{'H} and "C{'H} NMR
spectra display a coupling doublet and triplet at 62.8 and 192.4 ppm (*J(C,P) =29.3 Hz),
respectively, spectral features consistent with binding of “CO.." The IR spectrum of 2 (solid
state, ATR) demonstrates stretches at 1716 and 1198 cm™, sensitive to “CO, enrichment
(Figure 7.4.), again supporting a bound CO, motif.'*"* Solid-state analysis of single crystals of
2 grown under a CO» atmosphere confirm the n° binding mode (Figure 7.2.), but demonstrate
positional disorder of the CO, unit, prohibiting detailed analysis of the metrical parameters.

Interested in the thermodynamics of this reversible small molecule binding, longitudinal
relaxation (T1) times were measured for the relevant °C and N resonances of an equilibrium
mixture of 1-°N and 2-PC (vide infra). Uncharacteristically short T times were observed for
1-®N, free "N, 2-"C, and free "CO>—5.1(4), 4.9(3), 12.5(4), and 16.8(7) s, respectively.'
These short and near equivalent T; times suggest a chemical exchange process that enables

new relaxation pathways unavailable to the free small molecules. This exchange, in the case of
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COs,, was confirmed by magnetization transfer (Figure 7.11.).

Figure 7.2. Solid-state structures of Mo(0) complexes 2, 3, and 4. Thermal anisotropic
displacement ellipsoids are shown at the 50% probability level. Hydrogen atoms are omitted
for clarity. Selected bond distances [A] and angles [°]—3: Mo1-N1 1.913(2), N1-N2 1.163(3),

N2-B1 1.585(37), ZMol1-N1-N2 179.1(3), 2ZN1-N2-B1 158.2(1.2); 4: Mo1-O2 2.2535(6),
Mol-C31 2.0574(8), 02-C31 1.246(1), C31-O1 1.275(1), O1-B1 1.554(1), £02-C31-O1
130.93(8), 2C31-O1-B1 132.13(7).

The lability of the CO, ligand was reflected in the reactivity of 2. Attempts to protonate the
bound CO, molecule resulted in CO, dissociation and formation of a Mo(II) hydride cation
(5)." Despite its implication as a critical step in CO reduction catalysis,”® there is a paucity of
reports of the protonation of well-defined CO; adducts of transition metals.”" Indeed,
protolytic dissociation and subsequent gas analysis was a common characterization technique
for metal CO, complexes.”

Borane LLAs have been successfully employed to activate metal coordinated small
molecules.””" Addition of the strong LA tris(pentafluorophenyl)borane (B(CFs)s) to complex
1 affords the Lewis acid/base adduct 3 (Scheme 7.1.), as confirmed by single crystal XRD
(Figure 7.2.). The bond metrics of complex 3 are consistent with significant activation of the
N unit; the N1-N2 distance elongates by 0.06 A. The N2-B distance, at 1.586(5) A, is similar
to that of a reported borane N> adduct.”” The solid-state IR spectrum corroborates this
weakening of the N-N bond, with the stretch red shifting by 134 cm™. NMR spectroscopy is
consistent with a strong borane/nitrogen interaction in solution. Upon borane coordination,
the *'P{'H} NMR resonance shifts upfield to 68.0 ppm and both the "F (-135.0, -157.9, and
~166.8 ppm)* and ''B (-14.4 ppm)* NMR spectra are consistent with a four coordinate boron.

Treating either adduct 3 with CO, or complex 2 with B(C4Fs)s, results in the formation of
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a new LA adduct, 4, quantitatively. Contrasting the equilibrium between complexes 1 and 2,

which slightly favors N2 binding (K., = 0.48), addition of B(CsFs); renders CO; binding
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Figure 7.3. ATR IR Spectra of Mo(0) N, complex, 1, and its B(C¢Fs); adduct, 3.

irreversible (Scheme 7.1.), likely a consequence of the strong B—O interaction; the Lewis
acid/base pair 4 is stable under N in both the solid-state and solution. Adduct 4 exhibits a
broad *'P{'H} resonance at 62.6 ppm, upfield shifted from that of 2. The triplet for the "CO;
unit of isotopically labeled 4-"C moves downfield relative to 2 (218.9 ppm, CsDs) and exhibits
smaller *J(C,P) scalar coupling (11.47 Hz). Akin to 3, the "'B and ""F NMR data are consistent
with a four coordinate boron.

The solid-state structure of 4 exhibits a p-1°C,0mO bridging CO, unit between Mo and B
(Figure 7.2.). Borane binding to metal-coordinated CO; is rare,”™ but 4 displays similar bond
metrics to such complexes, with a C31-O1 distance of 1.275(1) A and a O1-B1 distance of
1.554(1) A. The Mo1-02 (2.2535(6) A), Mo1-C31 (2.0574(8) A), and C31-O1 bonds are all
consistent with significant CO; activation, a phenomenon also borne out in the IR spectrum.
The stretches for the CO; unit shift to 1602 cm™ and 1218 cm™, as confirmed by isotopic
labeling (Figure 7.4.).

When stabilized with a LA additive, the reactivity of the Mo CO, complexes is decidedly
different. The low temperature reaction of 4-"C with [H(E£O)][BAr:] (BArfy =

tetrakis[3,5-bis(trifluoromethyl)phenyl|borate) resulted in the formation of a single
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diamagnetic Mo complex (Scheme 7.2.). The *P{'H} and "C{'H} NMR spectra display a

doublet (92.64 ppm) and triplet (220.08 ppm), respectively (J(P,C) = 14.6 Hz), consistent
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Figure 7.4. ATR IR Spectra of isotopologs 2/2-"C and 4/4-"C. The signals sensitive to CO,
isotope enrichment are demarcated with arrows.

with COs cleavage to a metal-bound carbonyl. The identity of this product was confirmed as
carbonyl hydride cation, 6-"C, via XRD and independent synthesis. Cation 6 is accessible via

addition of [H(E£O),][BAt"2] to Mo(0) monocarbonyl complex P2Mo(CO) (Chapter 3).

[BAIF 5]
_B(CgFs)3 o |
/4 ¢
5 3 [H(Et0),l[BAr 4] ’Pr ’: iPr
3 N2 PhCI ’Pr\P_Mo__P/
O\ m
& 12 [BAF 4]
[Mo]—N=N—[Mo] 24 s
6
(H20)B(CgF5)3

Scheme 7.2. Acid-induced C-O bond cleavage of Mo-bound LLA-adducted COs.

A balanced reaction for the formation of 6 requires a reductant. When run under Ny, the
obligatory electrons are provided by 1. Concomitantly with generation of 6, a paramagnetic
Mo(I)-N>-Mo(I) dinuclear complex, 7, is formed (Figure 7.19.), as confirmed by XRD.
Quantifying conversion to 6 shows ¢ 33% C-O cleavage, consistent with a mechanism
involving 1 acting as a single electron reductant; one electron oxidation of 1 with [Fc][BAf' 2]

likewise provides 7. Borane speciation in the protonation reactions was tracked by "’F NMR
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spectroscopy (Figure 7.14.), evincing initial formation of a bis(borane) hydroxide* and

subsequent protonation to a borane aquo adduct.”

Via independent synthesis and
spectroscopic studies, a plausible mechanism balancing the protonation reaction has been
developed (Scheme 7.3.).

Protic cleavage of a C—O bond would provide Mo(II) carbonyl cation, A, and a highly
nucleophilic borane hydroxide anion (Eq. 1), which would subsequently coordinate a second
equiv. of B(Cels); (Eq. 2). Stripped of LA, and under an N; atmosphere, naked CO; adduct 2
would form 1, a reasonable reductant for carbonyl adduct A (Eq. 3 and 4). This sequence of
reactions forms the dinuclear p-N» dication and a Mo(0) CO adduct. Protonation of the latter
gives the terminal diamagnetic product, 6 (Eq. 5), and protonation of HO(B(C¢Fs)s)2 affords
the borane aquo adduct (Eq. 6). Equations 3, 5, and 6 have been demonstrated independently,
as has the synthesis of dinuclear 7 via chemical oxidation at a moderate potential. Equation 2
seems reasonable considering the projected nucelophilicity of “HOB(C¢Fs);™”, and
HO(@B(CqFs)3)2 is observed directly in reactions employing stoichiometric acid (Figure 7.14.)
Though this reaction sequence is complex, it confirms that LA coordination “turns-on” C-O
cleavage chemistry, affording CO and H,O from CO,and acid.

Interested in the generality of the activation and stabilization observed upon LA
coordination to 2, a series of alkali metal (Na(BAr"2) and Cs(BAt"2)) and borane (B(CsHoFs3)s,
B(CeFs)3, and B(CsH3(CFs)2)s) L.As were added to solutions of 2-"C. In each case, the orange
color of 2 darkened to a deep red, consistent with formation of a discreet LA adduct. "C{'H}
and *'P{'"H} NMR spectroscopies supported adduct formation, demonstrating resonances
shifted downfield and upfield, respectively, from those of 2 (Tables 7.1. and 7.3.). The degree
of CO; activation, as reported by the ’C chemical shift, trends linearly with the strength of
the LA, as quantified by the acceptor number (AN, Figure 7.5.)).*

Revisiting protonation with these new LA adducts,”” we were gratified to see that Na”,
a LA relevant to electrocatalysis, induced ca. 35% C—O bond cleavage. Increasing the

[Na'], though it has a negligible effect on the degree of activation of bound CO.,
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increased the selectivity for CO formation to ca. 40% (Table 7.1.). Similar trends were
observed for borane LAs. Changing the solvent from neat PhCl to a PhCl/Et,O mixture
results in a significant decrease in B(C¢Fs); induced cleavage chemistry, 44% and 20%,

respectively, despite revealing no change on the ’C chemical shift.
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Figure 7.5. CO; Activation as a function of Lewis acidity.

Table 7.1. CO;adduct activation, exchange rates, and C—O bond cleavage selectivities as a
function of LA.

LA AN 8 °C (ppm) Excha(rsl_%)e Rate (‘:’;oe i,;(;e
None 12.4 192.3 >7x10° 0
Cs(BAr"y) 23.7 199.9 2x10° -
2PhCl: | Na(BAr') 31.8 203.5 6x10° 37
1EtO | Na(BAr')! 32.4 203.7 1x10° 42
B(CH,F); 68.1 2153 3x10° 29
B(C¢Fs)s 79.2 219.3 9x107 25
[T None | 132 | 1929 | >7x10° | 0o
B(CHF); 67.9 215.7 1x10° -
PhCl B(CeFs)s 78.1 219.6 3x10° 44
BCH(CED) | g5 7 219.1 9x 107 B
5

*The [Na(BAr'24)] was doubled.
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Scheme 7.3. Proposed mechanism for proton-induced CO; cleavage from 4.
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(Eq 1)

(Eq 2)

(Eq 3)

(Eq 4)

(Eq 5)

(Eq 6)

Observing that C—O cleavage did not track with the level of thermodynamic activation, the

extent of kinetic stabilization was interrogated. Exposing solutions of 2-3C and a LA additive

to an excess of 2COz at 0 °C, resulted in decay of the resonance associated with bound CO,
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in the "C{'H} NMR spectrum, providing a handle for kinetic analysis (Figure 7.12. and 7.13.).
The LLA-free exchange rate is approximately two orders of magnitude faster than those of the
LLA adducts, which fail to track with the strength of the added LA (Table 7.1.). Increasing the
concentration of the LA additive further impedes the exchange, implicating a dissociative
mechanism. Borane LA adducts exchange faster in the presence of Et,O, a competing Lewis
base that may sequester dissociated LA, again supporting ILA dissociation as a rate effecting
chemical step.

The rates of exchange are similar for most of the LAs, irrespective of their AN or the
PC chemical shift of the adduct they form. This is consistent with the C—O cleavage
selectivity; Na®, with a modest AN, half that of B(CFs)s, still affords ea. 40% C-O
cleavage. These data are consistent with the ‘residence time’ of the CO, adduct, the
propensity of the substrate to be coordinated to the metal center, not the degree of CO»

activation, being a determining factor for C—O cleavage.
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CONCLUSION
In summary, a labile Mo(0) CO, adduct has been prepared and characterized. This
complex interacts with a variety of LAs, which increase both the degree of activation and
the stability of bound CO.. LA addition facilitates proton-induced cleavage to CO and
H>O, chemistry that correlates with the kinetics of CO» exchange. This work establishes
that the residence time of a small molecule substrate bound to a metal center, and not
just the degree of activation, is a critical factor in engendering desirable transformation
chemistries. Studies exploring the kinetic stability of additional small molecule LA

adducts, and the effect it has on their reduction chemistry, is ongoing.
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EXPERIMENTAL SECTION
General Considerations
Unless otherwise specified, all operations were carried out in an MBraun drybox under a
nitrogen atmosphere or using standard Schlenk and vacuum line techniques. Solvents for
air- and moisture-sensitive reactions were dried over sodium benzophenone ketyl,
calcium hydride, or by the method of Grubbs.”® Deuterated solvents were purchased from
Cambridge Isotope Laboratories and vacuum transferred from sodium benzophenone
ketyl (CeDe) or CaH, (CDs;CN). Solvents, once dried and degassed, were vacuum
transferred directly prior to use or stored under inert atmosphere over activated 4 A
molecular sieves. [P2Mo(CO):][20Tf]'" and potassium graphite (KCs),” CsBAr"24,”
NaBAtr","  B(CsHoFs)s,!  B(CeFs);,”  B(C¢Hs(CFs)2)s,” and  Brookhart’s  acid
([H(E£20)2][BAr"24]),>* were prepared according to literature procedures. Commercial
reagents were purchased from standard vendors and used without further purification
unless noted otherwise. '"H, "C{'H}, and *'P{'H} NMR spectra were recorded on a
Varian 400 MHz or Varian INOVA-500 spectrometers with shifts reported in parts per
million (ppm). 'H and "C{'H} NMR spectra are referenced to residual solvent peaks.”
'P{'H} chemical shifts are referenced to an external 85% H3;PO, (0 ppm) standard.
Fourier transform infrared ATR spectra were collected from thin films or powders on a
Thermo Scientific Nicolet iS5 Spectrometer with a diamond ATR crystal (utilized iD5
ATR insert). Elemental analysis was performed at the Caltech XRCF using a PerkinElmer
2400 Series II CHN Elemental Analyzer.

Modified Synthesis of 1

|\‘\|‘
o o 20T 270, . ||| _
Pr, C & ipr _ &K 10 ‘Pr;SiCl, N, /P
’Pr\P_ o—P/"Pr 10 KCg, THF "PrlPr\ /N'I‘C\! S \P/ r THF .78 °C to RT ’Pr\P_Mo__P/PI'
—_— ~ [N A
-2 KOTf P™ 0 \ iPr

" “‘ ,‘\""' '/ / | 'Pr3S|CCOS|'Pr3 I;’l' |'\\\‘\
O D (Prysi),0
[PZMO(CO)ZI[ZOTﬂ -6 'Pr;SiSiiPr;



324
A 500 mL Teflon stoppered Schlenk tube was charged with [P2Mo(CO).][20Tf] (10.0 g,
10.96 mmol), KCs (14.8 g, 109.47 mmol), and a large stir bar. THF (100 mL) was added
slowly with swirling, resulting in the formation of a dark purple slurry (Note: this process
is quite exothermic and THF condensing on the walls of the flask is normal). Stirring was
initiated and additional THF (300 mL) was added, giving a dark purple mixture. With a
heavy N» counterflow, the Teflon stopper of the flask was exchanged with a septum. The
flask was then cooled to -78 °C in a dry ice/acetone bath and PrsSiCl (23.5 mL, 109.82
mmol) was added dropwise via syringe. Following this addition, the flask was re-stoppered
and sealed. It was left to warm to room temperature, with stirring, during which time the
color of the solution changed from deep purple to burgundy. The volatiles were removed
in vacno, providing a dark black/brown residue.
Hexanes (500 mL) was added via cannula and the flask contents shaken vigorously, giving
a suspension of graphite in a dark red/brown solution. This mixture was subjected to
filtration through a thick pad of celite. The reaction residue and the filter cake were
extracted with hexanes until the washes were near colorless (ca. 1 L of solvent on this
scale, 1.5 L of hexanes in total) and the combined filtrate was concentrated under reduced
pressure to a volume of caz. 70 mL, precipitating microcrystals of 1. These microcrystals
were collected on a medium porosity fritted funnel, washed with cold (-78 °C) hexanes
(¢a. 20 mL), and dried 7z vacno. The resulting red solids were collected as analytically pure
1 (4.1 g, 6.99 mmol, 64 % yield).
The spectroscopic data for 1 prepared in this way match prior literature. Additionally, "H
and *'P{'H} NMR of the described solids are presented in Appendix C.

Synthesis of 2
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A 100 mL round bottom flask was charged with 1 (1.15 g, 1.96 mmol) and a stir bar. The
flask was attached to a swivel frit apparatus and connected to a high vacuum line. Et,O
(70 mL) was admitted via vacuum transfer at -78 °C and stirring was initiated. The flask
was allowed to warm to room temperature, providing a red orange homogeneous solution.
A partial atmosphere of CO; (ca. 600 Torr) was admitted to the flask. After stirring for
30 sec., flocculent light orange solids precipitated from solution. Stirring continued for 5
min. The reaction vessel was partially degassed and the CO; atmosphere (ca. 600 Torr)
was refreshed. This process was repeated thrice, with 5 min intervals of stirring in between
each atmosphere exchange. The apparatus was subjected to vacuum and the total volume
concentrated to ¢a. 50 mL. The suspension was filtered and the solids were washed twice
via condensation of the filtrate solvent. All volatiles were removed 77 vacuo, giving 2 as an
analytically pure pale orange powder (1.10 g, 1.82 mmol, 93%). Complex 2 is stable under
a N, atmosphere in the solid state, but reverts to 1 in solution in the presence of Na. 'H
NMR (400 MHz, C¢Ds, 23 °C) 8: 7.36 (d, | = 6.8 Hz, 2H, aryl-H), 7.11 (d, ] = 5.2 Hz,
2H, aryl-H), 7.03 (t, ] = 7.39 Hz, 2H, aryl-H), 6.97 (t, ] = 6.10 Hz, 2H, aryl-H), 4.98 (s,
2H, central arene-H), 3.54-3.56 (m, 2H, central arene-H), 2.85-2.92 (m, 2H, CH(CH3)>),
2.45-2.57 (m, 2H, CH(CH3)»), 1.70-1.76 (m, 6H, CH(CHj3)2), 1.04-1.10 (m, 6H, CH(CHj3)>),
0.92-0.96 (m, 6H, CH(CHs)2), 0.57-0.63 (m, 6H, CH(CH3),). *'P{'H} NMR (162 MHz,
CeDs, 23 °C) 8: 62.67 (br s). IR (powder ATR, cm™): 1716, 1198.
2-PC can be prepared analogously using "COs in lieu of CO,. The enhanced “"C{'H}
NMR (101 MHz, C¢Ds, 23 °C) resonance is observed at 191.89 (t, ] = 29.9 Hz) ppm. The

IR bands redshift to 1672 and 1177 cm™.
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A 100 mL RB flask was charged with 1 (300 mg, 0.511 mmol), B(CsFs);*Et;O (300 mg,
0.511 mmol), and a stir bar. PhMe (25 mlL) was added, resulting in dissolution of the
reagents and formation of a dark red/brown homogeneous solution. Stirring continued
to 15 min. At this time, solvent was removed 77 vacuo, giving a dark residue. This residue
was triturated with hexanes (4 mL) and dried under reduced pressure, affording crude 3.
Prepared this way, samples of 3 contain ca. 20% of an unidentified asymmetric impurity
and 7% free diphosphine ligand. Attempts to separate the two species have thus far been
unsuccessful. This mixture of products can be crystallized from cold PhMe (-35 °C), but
NMR spectra of the crystals show both 3 and the impurity. Mechanical separation of the
crystals under a microscope (in an effort to obtain a solids state structure of the impurity)
proved futile. "H NMR (400 MHz, C¢Ds, 23 °C) 8: 7.22 (d, ] = 7.32 Hz, 2H, aryl-H), 6.92-
7.04 (m, 6H, aryl-H), 4.62 (s, 2H, central arene-H), 3.99 (s, 2H, central arene-H), 2.23-
2.32 (m, 2H, CH(CHs),), 2.00-2.09 (m, 2H, CH(CH3)), 0.90-0.95 (m, 6H, CH(CH;)>),
0.75-0.85 (m, 18H, CH(CHs),). *'P{'H} NMR (162 MHz, CsDs, 23 °C) 8: 68.71 (s).
"B{'H} NMR (128 MHz, C¢Ds, 23 °C) 8: -14.47 (s). "F NMR (376 MHz, CsDs, 23 °C)

8: -131.53 (br s), -158.24 (v br s), -164.51 (br s).

Synthesis of 4
<\>\ o—B(CeFs)s
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A 100 mL Teflon stoppered Schlenk tube was charged with 2 (300 mg, 0.498 mmol),
B(C¢Fs)s*Et2O (291 mg, 0.498 mmol) and a stir bar. The flask was attached to a high
vacuum line and evacuated. Toluene (25 ml.) was condensed into the reaction vessel at -
78 °C, and stirring was initiated. While warming to room temperature, orange 2 dissolved
to give a deep red homogenous solution. The volume was reduced to ¢z. 5 mL under

reduced pressure and transferred, in a glovebox, to a 20 mL scintillation vial. Upon
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standing for 12 hours at -35 °C, the precipitated maroon solids were collected on a
medium porosity fritted funnel. Washing with cold hexanes (2 x 2 ml) afforded
analytically pure 3 as the persisting solid material (462 mg, 0.415 mmol, 83 %). Complex
4 is stable in the presence of N both in solution and as a solid, but is reactive toward
coordinating solvents such as THF or MeCN. 'H (500 MHz, CsDs, 25 °C) 8: 7.19 (s, 2H,
aryl-H), 7.01 (t, ] = 7.08 Hz, 2H, aryl-H), 6.94 (t, ] = 7.44 Hz, 2H, aryl-H), 6.85-6.87 (m,
2H, aryl-H), 5.36 (br d, | = 2.34 Hz, 2H, central arene-H), 3.94 (s, 2H, central arene-H),
1.93-2.00 (m, 2H, CH(CH3)2), 1.78-1.86 (m, 2H, CH(CHSs)2), 0.85-0.90 (m, 6H, CH(CHs)>),
0.78-0.81 (m, 6H, CH(CH5),), 0.63-0.67 (m, 6H, CH(CH}3)2), 0.38-0.43 (m, 6H, CH(CH5)>).
PC{'H} (126 MHz, CsDs, 25 °C) 8: 218.94 (t, ] = 11.47 Hz, Mo-CO,), 148.93 (app dt, |
= 241.92 & 8.68 Hz, B(CsFs)3), 146.47 (m, aryl-C), 146.27 (m, aryl-C), 140.08 (app dt, | =
248.72 & 14.84 Hz, B(CsFs)3), 137.48 (ddd, | = 246.57,19.91, & 9.95 Hz, B(CsFs)s), 132.25
(s, aryl-C), 130.09 (s, aryl-C), 127.80 (s, aryl-C; coincides with residual C¢Ds but
corroborated by HMBC), 127.46 (s, aryl-C; coincides with residual C¢D¢ but corroborated
by HMBC), 104.21 (t, ] = 3.81 Hz, central arene-C), 85.40 (s, central arene-C), 82.66 (s,
central arene-C), 27.87 (br d, | = 7.32 Hz, CH(CHz5)>), 24.40 (br d, | = 7.30 Hz, CH(CH3)>),
20.72 (m, CH(CHs)2), 19.54 (s, CH(CHs),), 18.01 (m, CH(CHs)2), 17.81 (m, CH(CHj3)2).
J'P{'H} (202 MHz, CcDs, 25 °C) 8: 50.47 (s, P2). F (470 MHz, CDq, 25 °C) 8: -131.13
(d, ] = 19.36 Hz, B(CsF5)s), -159.58 (t, | = 20.87 Hz, B(CsF)3), -165.24 (m, B(CsFs)s). IR
(solid ATR, cm™): 1602, 1218.
4-PC can be prepared analogously starting from 2-"C. The enhanced resonance in the
PC NMR spectrum is the triplet at 219.94 ppm. No *J(P,C) scalar coupling is resolved in

the *P{'"H} NMR spectrum. The IR bands (solid ATR) shift to 1565 and 1200 cm™.
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Synthesis of 5
[BArF,]
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A 20 mL scintillation vial was charged with a deep orange solution of P2Mo(*CO) (200
mg, 0.340 mmol) in CeHe¢ (10 mL). With stirring, an ethereal solution of
[H(Et20)2][BAt' 2] (345 mg, 0.340 mmol, in 5 mL) was added dropwise. The reaction
mixture was dried 7z vacuo and the resulting residue triturated with hexanes (5 mL) and
dried under reduced pressure, affording 6-C as a yellow/orange powder (468 mg, 0.323
mmol, 95 %). X-ray quality crystals were grown via vapor diffusion of pentane into an
MeCN/Et;O solution of 6-*C. "H (500 MHz, CD;CN, 25 °C) &: 7.71 (br s, 8H, BAr",,
ortho-H), 7.67 (br s, 4H, BAt's4 para-H), 7.57-7.62 (m, 6H, aryl-H), 7.52-7.55 (m, 2H, aryl-
H), 6.29 (br s, 2H, central arene-H), 5.92 (br d, | = 1.05 Hz, 2H, central arene-H), 2.82-
2.93 (m, 2H, CH(CH3)2), 2.62-2.71 (m, 2H, CH(CHs),), 1.28-1.32 (m, 6H, CH(CHj)»),
1.19-1.21 (m, 6H, CH(CHj3)2), 1.16-1.18 (m, 6H, CH(CH3),), 0.90-0.94 (m, 6H, CH(CH)>),
-3.02 (td, ] = 65.37 & 4.02 Hz, 1H, Mo-H). "C{'H} (126 MHz, CD;CN, 25 °C) 5: 221.81
(t, ] = 13.82 Hz, Mo-CO), 162.62 (q, ] = 49.28 Hz, BAr"24 aryl-C), 145.16 (d, | = 20.71
Hz, aryl-C), 142.82 (dd, ] = 28.66 & 1.83 Hz, aryl-C), 135.67 (br d, ] = 20.15 Hz, BAr"
aryl-C), 132.36 (vt, | = 8.55 Hz, aryl-C), 132.03 (vt, ] = 7.36 Hz, aryl-C), 130.06 (m, aryl-
C), 129.95 (qq, ] = 32.02 & 2.83 Hz, BAr's aryl-C), 128.15 (dvt, ] = 11.93 & 9.54 Hz,
aryl-C), 125.48 (q, ] = 271.73 Hz, BAr"24 CF3), 118.93 (d, ] = 4.24 Hz, central arene-C),
118.68 (br d, | = 15.72 Hz, BAt"24 aryl-C), 98.86 (t, ] = 2.03 Hz, central arene-C), 90.69
(s, central arene-C), 33.26 (d, ] = 31.94 Hz, CH(CH3)2), 29.33 (d, ] = 29.93 Hz, CH(CH3)»),
20.31 (d, J = 1.82 Hz, CH(CHs)»), 19.59 (d, ] = 1.69 Hz, CH(CH;),), 19.14 (d, ] = 3.07
Hz, CH(CH3)2), 18.40 (s, CH(CH3)2).'P{'H} (202 MHz, CD;CN, 25 °C) &: 93.01 (dd, |

= 13.68 & 9.92 Hz, P2).
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In Situ Preparation of Lewis Acid Adducts of 3
To ensure strict exclusion of Ny, solvents used for the preparation of LA adducts of 3
were thoroughly degassed via three freeze-pump-thaw cycles and vacuum transferred
prior to use. The 2 PhCl : Et,O stock solutions used for generation of LA adducts and
kinetics experiments were prepared in 12 mL batches by sequentially vacuum transferring
PhCI (8 mL) and Et;O (4 mL) into a calibrated volume and then a storage flask sealed
with a Teflon stopper. Solvents prepared this way were stored and manipulated under Ar.
Representative Procedure for 1A AN Determination
In a N filled glovebox, a J. Young NMR tube was charged with Et;PO (4.5 mg, 0.033
mmol), 1,3,5-trimethoxybenzene (10 mg, 0.059 mmol), and LA (0.033 mmol). The tube
was sealed and attached to a high vacuum line. Following thorough evacuation of the
headspace, the J. Young tube was backfilled with Ar gas. Under a heavy Ar counterflow,
solvent (0.5 mL) was added via syringe. The tube was sealed and the contents mixed,
affording a colorless homogeneous solution. The tube was introduced to an NMR probe,
pre-cooled to 0 °C. After allowing 10 min for temperature equilibration, *'P{'"H} NMR

spectra were collected.

The AN was calculated using the following equation: AN = 2.21 X (3 1P - 41.0)

Table 7.2. Lewis Acid acceptor number determination.

Solvent 2 PhCl: Et,0 PhCl
LA 5 *'P (ppm) AN 5 *'P (ppm) AN
None 46.63 12.4 46.98 13.2
Cs(BA1)) 51.70 23.6 - -
Na(BAr,) 55.39 31.8 - -
Na(BAr',,) 55.65 32.4 - -
B(CsH.F); 71.82 68.1 71.70 67.8
B(CFs); 76.82 79.2 76.34 78.1
B(CsH;(CF,),); — - 78.43 82.7
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Representative Procedure for 1A Adduct Preparation
In a representative procedure, a J. Young NMR tube was charged with 2-13C (20 mg,
0.033 mmol), 1,3,5-trimethoxybenzene (10 mg, 0.059 mmol), and LA (0.033 mmol). The
tube was sealed and attached to a high vacuum line. Following thorough evacuation of
the headspace, the J. Young tube was backfilled with Ar gas. Under a heavy Ar
counterflow, solvent (0.5 mL) was added via syringe. The tube was sealed and the contents
mixed, affording a colorless homogeneous solution. Samples prepared this way were used

for kinetics studies (vide infra) as well as adduct characterization.

2-13C

2-13C + CS(BAFF24) A

2-13C + Na(BArF24)

J 2-13C + B(Cg¢H2F3)3

A 2-13C + B(C5F5)3

T T T T T T T T T T T T T T T T T
225 220 215 210 205 200 195 190 185
f1 (ppm)
Figure 7.6. Stacked Partial "C{'H} NMR spectra (2 PhCl : Et,O, 0°C,126 MHz) of in
sit generated Lewis acid adducts of 2-"C. The identity of the LA is indicated on each

trace.
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2-13C

) A

i

2-13C + B(Cg¢H2F3)3

J 2-13C + B(CsFs)3

2-13C + B(CeH3(CF3)2)3

T T T T T T T T T T T T T T T
225 220 215 210 205 200 195 190
f1 (ppm)
Figure 7.7. Stacked Partial "C{'H} NMR Spectra (PhCl, 0°C,126 MHz) of in situ

Generated Lewis Acid Adducts of 2-®C. The identity of the LA is indicated on each trace.

‘U‘ 2-13C - PhCl

2-13C + Na(BArF,) -

A 2-13C + B(CgH2F3)3 -
2-13C + B(C6F5)3— PhCI ‘A\

2-13C + B(CeHs3(CF3)2)s— PhCI

65 64 63 62 61 60 59 58 57 56 55 54 53
f1 (ppm)
Figure 7.8. Stacked partial >'P{'H} NMR spectra of i situ generated Lewis acid adducts

of 2-PC. The identity of the LA and the solvent used are indicated on each trace.
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Table 7.3. Compiled NMR data for Lewis acid adducts of 3.

LA AN 5 CO, (ppm) 2Jec) (Hz) 5 *'P (ppm)
None 12.4 192.3 28.4 62.8
Cs(BAr'y) 23.6 199.9 34.0 -
Na(BAr'2,) 318 203.5 34.1 653
B(CsH,F); 68.1 215.7 8.21 60.4
B(C4Fs); 79.2 219.6 NR? 55.9
B(CsH;(CF5),)s 82.7 219.1 10.0 56.6

*The *Jpc) is not resolved in either the *'P{'H} or "C{'H} NMR spectra.

Small Molecule Exchange Rate Measurements

To determine the equilibrium constant for the interconversion of 1 and 2, a mixture was
prepared as follows. A J. Young NMR tube was charged with a deep red C¢Dg (0.6 mL)
solution of 1 (20 mg, 0.034 mmol). The tube was sealed and attached to a high vacuum
line. The contents of the tube were degassed via three freeze-pump-thaw cycles. CO,
(ca. 500 Torr) was admitted to the tube, which was subsequently sealed a mixed. The
solution lightened slightly, and an orange precipitate formed. The tube was submerged in
LN; and the N; liberated upon “CO; binding was removed 7z vacuo. This process was
repeated twice more, thawing and mixing the reaction between degassing. 'H and *'P{'H}
NMR spectroscopy evidenced complete conversion of 1 to 2-"C. The tube was carefully
opened to vacuum, removing any free "CO,, as confirmed by “C{'H} NMR
spectroscopy. Finally, the tube was submerged in LN, the headspace evacuated, and "N,
(¢a. 300 Torr) was admitted to the tube. The J. Young tube was sealed, removed from the
LN, and carefully thawed. A mixture of 1-*N and 2-"C was observed by *'P{'H} NMR
spectroscopy. After 12 h, the same ratio of 1-®N to 2-"C was observed, suggesting
equilibrium had been reached.

To obtain accurate integral values for the relative concentrations of 1-®N;, free °N,, 2-

BC, and free “CO,, T scalar relaxation times were measured for representative
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resonances of each species (Figure 7.9. and Table 7.4.). "N and “C{'H} spectra were

then collected with di times of 25 s and 100 s, respectively (5 x Ti). The equilibrium

constant can be determined by the ratio of these integrals (Figure 7.10.):

15N
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Figure 7.9. Peak intensities from C (left) and "N (right) NMR inversion recovery
experiments for an equilibrium mixture of 1-BN and 2-2C. The peak intensities for the
free small molecule resonances are shown.

Table 7.4. Inversion Recovery Experiments for and Equilibrium Mixture of 1-"N/2-C,

MO-13C02

Free BCO,

Mo-®*N,

MO-15N(5

Free N,

T,

12.5(4)

16.8(7)

5.2(4)

49(3)

4.9(3)

Average

5.1(4)
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Figure 7.10. "C{'H} (126 MHz, C:Dy, 25 °C, d1 = 100 s) and "N {'H} (51 MHz, C,Ds,
25 °C, d1 = 25 s) NMR spectra of an equilibrium mixture of 1-*N and 2-"C.

To verify that the short and near-average T times observed above were a manifestation
of chemical exchange, a magnetization transfer experiment was conducted. Using the

PRESAT pulse sequence in Vnmr], a saturation pulse centered at free CO, (124.76 ppm)

|

with a power of

I v

T T T T T
192 190 0 128 126
f1 (ppm)

Figure 7.11. PRESAT "C{'H} NMR spectrum (126 MHz, C¢Ds, 25 °C) demonstrating
saturation transfer from free CO; (124.8 ppm) to bound CO: (191.9 ppm).

124
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4 dB was applied for 100 s. A second spectrum was collected with an off residence
saturation pulse (100.0 ppm), as a control. The intensity of the bound “CO; resonance is
dampened in the former case, demonstrating exchange (Figure 7.11.).
CO; Exchange Kinetics
In a N filled glovebox, a J. Young NMR tube was charged with 2-"C (20 mg, 0.033
mmol), 1,3,5-trimethoxybenzene (10 mg, 0.059 mmol), and LA (0.033 mmol). The tube
was sealed and attached to a high vacuum line. Following thorough evacuation of the
headspace, the J. Young tube was backfilled with Ar gas. Under a heavy Ar counterflow,
solvent (0.5 mL) was added via syringe. The tube was sealed and the contents mixed,
affording a colotless homogeneous solution. "C{'H} and *'P{'H} NMR spectra were
collected at this point to confirm sample integrity and act as a To. The tube was attached
to the vacuum line below a 33.4 mL calibrated volume and the contents frozen via
submersion in LN,. Following evacuation of the headspace, *CO; (14.5 cm Hg in 33.4
ml, 0.265 mmol) was condensed into the tube. The tube contents were thawed, shaken
once, and immediately introduced to an NMR probe pre-cooled to 0 °C for kinetic
analysis.
Following collection of an array of "C{'H} NMR spectra, a 20" order polynomial
baseline correction and automatic phase correction was applied to all data. Max peak vs.
time data was extracted for the isotopically enriched "’C resonance corresponding to the
Mo-"CO, complexes. These data were normalized to the 1,3,5-trimethoxybenzene
resonance at 93.0 ppm.
All data were fit, using the cftool feature of Matlab, according to a three-parameter
exponential function:

y=a X et X9 4 ¢

and the rate of exchange was determined according to the following equation:

_ [Mo] X [CO,] X b
[Mo] + [CO,]

rate =
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The fraction of soluble '¥"*CO; in each sample was estimated assuming rapid diffusion
on the exchange timescale, equivalent solubility for ?CO; and ’CO,, and approximating
that all "COs; originated from 2-"C. Under these conditions, the percent soluble CO»

could be determined for each time point (t) as follows:

frac sol. COy= ——=———=—
?" (Moly-[Mol )
[COZ]t
Averaging these values across all timepoints for a given sample, and across all samples,
afforded average CO; solubilities of approximately 40% at the given temperature (0 °C)

and pressure (ca. 2.4 atm).

Table 7.5. CO, Exchange rate as a function of LA identity.

2 PhCl: Et,O

Cs (BAr"2) | Na (BAr',) | Na (BArf)* B(CcH:F53); B(CsFs)s3

a 0.88 0.90 0.97 0.95 0.74
b 0.00083 0.00024 0.000058 0.00010 0.000038

c 0.086 0.10 0.00 0.03 0.13

R? 0.99 0.99 0.99 0.99 0.97
rate 2x10° 6x10° 1x10° 3x10° 1x10°

PhCl

NONE B(CcH:F53); B(C¢Fs)s B(C¢H;(CFs5)2)3

a 0.80 0.98 0.70 0.74

b 0.0031 0.000047 0.00012 0.000037

c 0.80 0.0016 0.30 0.13
R? 0.99 0.98 0.97
rate 8 x 10-5 1x10-6 3x 10-6 9x 10-7

"The [Na(BAt"24)] was doubled.
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Figure 7.12. Representative 2/13CO, exchange in 2 PhCl : Et,O at 0 °C.
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Figure 7.13. Representative 2/BCO, exchange in PhCl at 0 °C.

CO; Protonation Reactions

Under Na:

In a typical reaction, a 20 mL scintillation vial was charged with 4-"*C (40 mg, 0.036 mmol)
and a stir bar. PhCI (1.5 mL) was added, providing a deep red solution. In a second vial,
[(Et20).H][BAt" 2] (36 mg, 0.036 mmol) was dissolved in PhCl (1.5 mlL), affording a
colorless solution. With stirring, the acid solution was added to the solution of 4-"C,
dropwise, resulting in a color change to yellow/green. *'P{'H}, "C{'H}, and "F NMR
spectroscopy evidence formation of 6-"C, B(C¢Fs);*Et.O, B(CFs);*H,O, and a small
amount of [(B(C¢Fs)3):OH] (Figure 7.14.). Upon standing for 12 h, green X-ray quality

crystals form, the identity of which was confirmed as 7.
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Reactions run analogously, but with 2 equiv. of [(Et20),H][BAt"2] showed no remaining
[(B(CeFs)3):OH] by "F NMR spectroscopy. Based on the borane speciation (confirmed
by comparison to independently synthesized authentic samples, Figure 7.14.) and the Mo
complexes formed in the course of the reaction (deduced from independent reactivity,
spectroscopy, and XRD), a plausible mechanism for the cleavage of CO, to CO and H,O
is outlined in Scheme 7.3.. Such a mechanism accounts for the overall conversion to 6—
33%, *'P NMR spectroscopy—observed experimentally.
Under Ar:
In a typical reaction, a 25 mL Teflon stoppered Schlenk tube was charged with 2-C (30
mg, 0.050 mmol), LA (0.050 mmol), and a stir bar. The reaction vessel was attached to a
high vacuum line and the headspace replaced with Ar. With a heavy Ar counterflow, the
Teflon stopper was exchanged for a rubber septum. Solvent (3 mL, PhCI or 2 PhCl :
Et,O, vide supra) was added via syringe and the stopper replaced. Stirring was initiated,
affording a deep red homogeneous solution. The reaction was cooled to -78 °C with a
dry ice/acetone slush bath, and with a heavy Ar counterflow, solid [(Et2O)H][BAt"24]
was added. The flask was quickly sealed, removed from the line, and shaken. After
warming to RT, volatiles were removed under reduced pressure, giving a dark residue.
This residue was dissolved in a THF solution of PPh; (6 mg, 0.023 mmol in 1 mL). A 0.5
mL aliquot of the resulting solution was transferred to an NMR tube and analyzed by
'P{'H} and "C{'"H} NMR spectroscopy. The extent of C—O cleavage was determined

by integration of the carbonyl doublet against the PPh; standard.
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Figure 7.14. B(CeFs)s speciation following CO, protonation reactions as reported by **F NMR spectroscopy (376 MHz,

PhCI, 23 °C). Spectra of authentic samples are provided for reference.
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Crystallographic Information

Refinement Details

In each case, crystals were mounted on a MiTeGen loop using Paratone oil, then placed on the
diffractometer under a nitrogen stream. Low temperature (100 K) X-ray data were obtained on a
Bruker D8 VENTURE Kappa Duo PHOTON 100 CMOS based diffractometer (Mo 1,S HB micro-
focus sealed X-ray tube, K, = 0.71073 A). All diffractometer manipulations, including data collection,
integration, and scaling were catried out using the Bruker APEXIII software.” Absorption cotrections
were applied using SADABS.* Space groups were determined on the basis of systematic absences and
intensity statistics and the structures were solved in the Olex 2 software interface™ by intrinsic phasing
using XT (incorporated into SHELXTL)™ and refined by full-matrix least squares on F> All non-
hydrogen atoms were refined using anisotropic displacement parameters. Hydrogen atoms were
placed in the idealized positions and refined using a riding model, unless noted otherwise. The
structures were trefined (weighed least squares refinement on F?) to convergence. Graphical
representations of structures with 50% probability thermal ellipsoids were generated using the

Diamond 3 visualization software.*®



Table 7.6. Crystal and refinement data for complexes 2 - 4, 6, & 7.

2 3 4
CCDC Number®®
Empirical formula  C37H46M0O2P2  CagHsoBF1sMON2P2  CagHs0BF15sM0O2P,
Formula weight 680.62 1098.51 1114.50
T (K) 100 100 100
a, A 8.773(3) 23.5019(11) 9.4051(4)
b, A 11.504(3) 9.3504(5) 11.3058(5)
c, A 16.681(5) 20.5286(9) 22.0674(10)
a, ° 93.575(10) 90 103.065(2)
B, ° 98.963(9) 90 94.669(2)
v, ° 103.528(10) 90 96.976(2)
Volume, A3 1608.3(8) 4511.2(4) 2254.39(17)
z 2 4 2
Crystal system Triclinic Orthorhombic Triclinic
Space group PI Pca2: P1
decatc, g/cm?® 1.405 1.617 1.642
0 range, ° 1.830 to 28.726 1.984 to 31.511 0.953 to 36.319
g, mm? 0.540 0.462 0.466
Abs. Correction Semi-empirical Semi-empirical Semi-empirical
GOF 1.044 1.008 0.988
R1,2WR2" [I>2 5(1)] 0.0719, 0.1592 0.0371, 0.0668 0.0268, 0.0647
Radiation Type Mo K, Mo K, Mo K,

* Ry = X[[Fol - [Fell/Z[Fol. ® WRa = [X[W(Fo?-Fe)? I/ [w(Fo?) ]2
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Figure 7.15. Structural drawing of 2 with 50% probability anisotropic displacement
ellipsoids. H-atoms are omitted for clarity.

Special Refinement Details: The CO; ligand (C31, O1, and O2) in 2 was positionally
disordered but satisfactorily modeled over two positions. To prevent the minor
component (40%) from refining as non-positive definite, similarity restraints on Uij and

rigid bond restraints were applied to the disordered unit.

Figure 7.16. Structural drawing of 3 with 50% probability anisotropic displacement
ellipsoids. H-atoms are omitted for clarity.

Special Refinement Details: The B(C6F5)3 motif in 3 was positionally disordered. but
satisfactorily modeled over two positions. Similarity restraints on Uij and rigid bond

restraints were applied to the entire perfluoroaryl borane (B1 and C31 through F15).
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Figure 7.17. Structural drawing of 4 with 50% probability anisotropic displacement
ellipsoids. H-atoms are omitted for clarity.

Figure 7.18. Structural drawing of 6 with 50% probability anisotropic displacement
ellipsoids. H-atoms and the BAr"24 counterion are omitted for clarity.

Special Refinement Details: The solid-state structure of 6 demonstrated whole
molecule disorder in two independently grown crystals. Modeling this in a 90 : 10 ratio

provide a satisfactory but preliminary solution.
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Figure 7.19. Structural drawing of 7 with 50% probability anisotropic displacement
ellipsoids. H-atoms and two BAt"s counterions are omitted for clarity.

Special Refinement Details: Several of the CF; groups on the BAr", counterions are
positionally disordered due to rotation around the C—C bond. Modeling of these disorders

in ongoing and the reported structures is merely a satisfactory preliminary solution.



345

REFERENCES

(1) a) Olah, G. A.; Prakash, G. K. S.; Goeppert, A. . An. Chem. Soc. 2011, 133, 12881, b) Liu,
Q.; Wu, L,; Jackstell, R.; Beller, M. 2015, 6, 5933; c) Aresta, M.; Dibenedetto, A. Dalton Trans.
2007, 2975; d) Aresta, M.; Dibenedetto, A.; Angelini, A. Chen. Rev. 2014, 174, 1709.

(2) a) Belmabkhout, Y.; Guillerm, V.; Eddaoudi, M. Chez. Eng. ]. 2016, 296, 386; b) Leung, D.
Y. C.; Caramanna, G.; Maroto-Valer, M. M. Renewable and Sustainable Energy Reviews 2014, 39,
426; ) Schoedel, A.; Ji, Z.; Yaghi, O. M. Nature Energy 2016, 7, 16034.

(3) a) Sakakura, T.; Choi, J.-C.; Yasuda, H. Chem. Rev. 2007, 7107, 2365; b) Zhang, X.; Fevre,
M.; Jones, G. O.; Waymouth, R. M. Chezz. Rev. 2018, 718, 839; c) Coates, G. W.; Moore, D. R.
Angew. Chem. Int. Ed. 2004, 43, 6618.

(4) a) Mellmann, D.; Sponholz, P.; Junge, H.; Beller, M. Chem. Soc. Rev. 2016, 45, 3954; b)
Bernskoetter, W. H.; Hazari, N. Acc. Chem. Res. 2017, 50, 1049; c) Sordakis, K.; Tang, C.; Vogt,
L. K.; Junge, H.; Dyson, P. J.; Beller, M.; Laurenczy, G. Chen. Rev. 2018, 7118, 372.

(5) a) Benson, E. E.; Kubiak, C. P.; Sathrum, A. J.; Smieja, J. M. Chem. Soc. Rev. 2009, 38, 89;
b) Costentin, C.; Robert, M.; Saveant, J.-M. Chenz. Soc. Rev. 2013, 42, 2423; ¢) Rakowski Dubois,
M.; Dubois, D. L. Acc. Chem. Res. 2009, 42, 1974.

(6) a) Grice, K. A. Coord. Chem. Rev. 2017, 336, 78; b) Paparo, A.; Okuda, J. Coord. Chem. Rev.
2017, 334, 136.

(7) Qiao, J.; Liu, Y.; Hong, F.; Zhang, J. Chem. Soc. Rev. 2014, 43, 631.

(8) Fesseler, J.; Jeoung, J.-H.; Dobbek, H. Angew. Chem. Int. Ed. 2015, 54, 8560.

(9) a) Can, M.; Armstrong, F. A.; Ragsdale, S. W. Chew. Rev. 2014, 774, 4149; b) Jeoung, J.-H.;
Dobbek, H. Science 2007, 318, 1461.

(10) a) Sampson, M. D.; Kubiak, C. P. J. Aw. Chem. Soc. 2016, 7138, 1386; b) Hammouche, M.;
Lexa, D.; Momenteau, M.; Saveant, J. M. J. Aw. Chem. Soc. 1991, 113, 8455; ¢) Bhugun, 1.; Lexa,
D.; Savéant, J.-M. The Journal of Physical Chemistry 1996, 100, 19981.

(11) a) Takaya, J.; Iwasawa, N. J. Am. Chem. Soc. 2017, 139, 6074; b) Devillard, M.; Declercq,
R.; Nicolas, E.; Ehlers, A. W.; Backs, J.; Saffon-Merceron, N.; Bouhadir, G.; Slootweg, J. C.;
Uhl, W.; Bourissou, D. J. Awm. Chem. Soc. 2016, 138, 4917.

(12) a) Yoo, C.; Lee, Y. Chem. Sei. 2017, 8, 600; b) Kim, Y.-E.; Kim, J.; Lee, Y. Chenz. Commun.
2014, 50, 11458.

(13) Forrest, S. J. K,; Clifton, J.; Fey, N.; Pringle, P. G.; Sparkes, H. A.; Wass, D. F. Angew.
Chem. Int. Ed. 2015, 54, 2223,

(14) a) Alvarez, R.; Carmona, E.; Marin, J. M.; Poveda, M. L.; Gutierrez-Puebla, E.; Monge, A.
. Am. Chem. Soc. 1986, 108, 22806; b) Carden, R. G.; Ohane, J. J.; Pike, R. D.; Graham, P. M.
Organometallics 2013, 32, 2505; c) Contreras, L.; Paneque, M.; Sellin, M.; Carmona, E.; Perez, P.
J.; Gutierrez-Puebla, E.; Monge, A.; Ruiz, C. New J. Chen. 2005, 29, 109; d) Bernskoetter, W.
H.; Tyler, B. T. Organometallics 2011, 30, 520.

(15) Gambarotta, S.; Floriani, C.; Chiesi-Villa, A.; Guastini, C. |. Am. Chem. Soc. 1985, 107,
2985.

(16) a) Sheldrick, G.M. “SADABS (version 2008/1): Program for Absorption Cotrection for
Data from Area Detector Frames”, University of Gottingen, 2008; b) Seravalli, J.; Ragsdale, S.
W. Biochemistry 2008, 47, 6770.

(17) Buss, J. A.; Edouard, G. A.; Cheng, C.; Shi, J.; Agapie, T. J. Am. Chem. Soc. 2014, 136,
11272.

(18) a) Ishida, H.; Tanaka, K.; Tanaka, T. Organometallics 1987, 6, 181; b) DuBois, D. L.;
Miedaner, A.; Haltiwanger, R. C. J. Aw. Chem. Soc. 1991, 113, 8753; ¢) Sampson, M. D.; Nguyen,
A. D.; Grice, K. A.; Moore, C. E.; Rheingold, A. L.; Kubiak, C. P. J. Am. Chen. Soc. 2014, 136,



346

5460; d) Chapovetsky, A.; Do, T. H.; Haiges, R.; Takase, M. K.; Marinescu, S. C. J. An. Chem.
Soc. 2016, 738, 5765; e) Bhugun, 1.; Lexa, D.; Savéant, J.-M. . Am. Chem. Soc. 1996, 118, 1769.
(19) a) Tsai, J. C.; Khan, M.; Nicholas, K. M. Organometallics 1989, 8, 2967; b) Sahoo, D.; Yoo,
C.; Lee, Y. J. Am. Chem. Soc. 2018, 140, 2179.

(20) Vol'pin, M. E. K., LS. Pure Appl. Chem. 1973, 33, 567.

(21) a) Simonneau, A.; Turrel, R.; Vendier, L.; Etienne, M. Angew. Chem. Int. Ed. 2017, 56,
12268; b) Geri, J. B.; Shanahan, J. P.; Szymczak, N. K. |. Am. Chem. Soc. 2017, 139, 5952.

(22) a) Horton, A. D.; de With, J. Organometallics 1997, 16, 5424; b) Parks, D. J.; Piers, W. E.;
Yap, G. P. A. Organometallics 1998, 17, 5492.

(23) Lewinski, J.; Kubicki, D. In Encyclopedia of Spectroscopy and Spectrometry (Third Edition);
Tranter, G. E., Koppenaal, D. W., Eds.; Academic Press: Oxford, 2017, p 318.

(24) Xu, T.; Chen, E. Y. X. J. Am. Chem. Soc. 2014, 136, 1774.

(25) Bergquist, C.; Bridgewater, B. M.; Harlan, C. J.; Norton, J. R.; Friesner, R. A.; Parkin, G.
. Am. Chem. Soc. 2000, 722, 10581.

(26) Beckett, M. A.; Strickland, G. C.; Holland, J. R.; Sukumar Varma, K. Polymer 1996, 37,
4629.

(27) These reactions were run with strict exclusion of N2 to avoid potential exchange prior to
protonation.

(28) Pangborn, A. B.; Giardello, M. A.; Grubbs, R. H.; Rosen, R. K; Timmers, F. J.
Organometallics 1996, 15, 1518.

(29) Mon, L; Jose, D. A.; Vidal-Ferran, A. Chen. Eur. J. 2013, 79, 2720.

(30) Lesley, M. J. G.; Norman, N. C,; Rice, C. R.; Reger, D. L,; Little, C. A.; Lamba, J. J. S,;
Brown, K. J.; Peters, J. C.; Thomas, J. C.; Sahasrabudhe, S.; Yearwood, B. C.; Atwood, D. A.;
Hill, R. F.; Wood, G. L.; Danzer, R.; Paine, R. T.; Wagner, N. L.; Murphy, K. L.; Haworth, D.
T.; Bennett, D. W,; Byers, P. K.; Canty, A. J.; Honeyman, R. T.; Arnaiz, F. J.; Miranda, M. J.;
Bohle, D. S.; Sagan, E. S.; Chivers, T.; Sandblom, N.; Schatte, G. In Inorg. Synth.; John Wiley
& Sons, Inc.: 2004, p 1.

(31) Nicasio, J. A.; Steinberg, S.; Inés, B.; Alcarazo, M. Chem. Eur. ]. 2013, 19, 11016.

(32) Soltani, Y.; Wilkins, L. C.; Melen, R. L. Angew. Chem. Int. Ed. 2017, 56, 11995.

(33) Herrington, T. J.; Thom, A. J. W.; White, A. J. P.; Ashley, A. E. Dalton Trans. 2012, 41,
9019.

(34) Brookhart, M.; Grant, B.; Volpe, A. F. Organometallics 1992, 11, 3920.

(35) Fulmer, G. R.; Miller, A. J. M.; Sherden, N. H.; Gottlieb, H. E.; Nudelman, A.; Stoltz, B.
M.; Bercaw, |. E.; Goldberg, K. 1. Organometallics 2010, 29, 2176.

(36) Dolomanov, O. V.; Bourhis, L. J.; Gildea, R. J.; Howard, J. A. K.; Puschmann, H. . Appl.
Crystallogr. 2009, 42, 339.



347



348

CHAPTER 8

Bimodal CO; Reduction at Low-Valent Mo Terphenyl Diphosphine Complexes
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ABSTRACT
CO; reduction, whether it be to liquid fuels, for reversible H» storage, or for fine chemical
synthesis, represents an unsolved challenge in sustainable chemistry. Herein, we report a
low-valent Mo complex capable of stoichiometric and catalytic CO» reduction. In the
former case, a unique mechanism for silanol formation from CO, is presented. In the
latter, para-terphenyl diphosphine supported Mo hydride complexes—P2Mo(H)(OOCH)
and P2Mo(H)" —are invoked as reactive intermediates in both CO; hydrogenation and
formic acid dehydrogenation catalyses. Preliminary results show turn over numbers in the

hundreds for each of these processes, starting from the same precatalyst.
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GENERAL INTRODUCTION

Chapter 7 of this thesis reports a fundamental study exploring proton-induced CO»
reduction chemistry. In these reactions, CO- is converted to CO and H,O, with the aid of a
Lewis acid. The requisite electrons for this process are provided by the Mo(0) starting material.
Toward accessing catalytic CO, reduction chemistries, hydrogenation and hydrosilylation,
processes that are redox neutral with respect to the transition metal catalyst, were explored.

With increasing atmospheric COs levels, the implementation of this abundant resource in
the synthesis of value-added organic chemicals is becoming ever more attractive." A major
impediment to this goal is the kinetic and thermodynamic stability of CO,.”> Direct CO»
hydrogenation is often challenging;’ hydrosilylation is a related approach that offers several
advantages." Thermodynamically, Si-H bond addition to CO; is more favorable than that of
H..* Hydrosilylation of CO; can also proceed in a well-defined, stepwise manner, furnishing a
series of products and detailed mechanistic insight.” Current hydrosilylation chemistry invokes
CO; insertion into a M—H bond and subsequent silyl formate formation in the initial catalytic
steps. Silyl formate serves as a potential synthon for the preparation of a variety of valuable
chemicals,’ and additional silane driven reductions can form disilyl acetals, methoxy silanes,
and methane.” Herein, we describe a different pathway for CO, reduction with silanes. The
reduction chemistry is driven by low-valent Mo, an earth-abundant metal, with silane acting as
a terminal oxygen atom acceptor.

In conjunction with exploring CO, hydrosilylation chemistry, hydrogenation chemistry was
targeted. Though H is an ideal clean fuel that can be efficiently sourced from water and
sunlight using inexpensive and robust catalysts (see Chapter 6),’ its low energy density makes
storage and transportation problematic.” Chapter 2 of this thesis focused on ammonia borane
(AB) as a Hy carrier; however, though AB provides unparalleled gravimetric H, content, its
dehydrogenation proves too thermodynamically favorable to be practical in a reversible H,
storage scheme. Looking at thermodynamic data for hydrogenation/dehydrogenation, CO.

poses as a viable cartier for solar-generated H, (Eq. 1 & 2).” Both the hydrogenation of CO;
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to formate (Eq. 1) and the dehydrogenation of formic acid (HCOOH, FA, Eq. 2) are topical
subfields in green-energy research.

HCOOH( — Hyy + COzy  AG® =-329 kJ]/mol (Eq. 1)
COsy + Hag + NHiuqg — HCOx'wq + NHy'g) AG®° =-95k]/mol  (Eq.2)

Many effective catalysts for FA dehydrogenation are known, with turn over numbers
(TONs) exceeding the millions." Several of these catalysts utilize precious metals, but robust
examples with earth-abundant metals are also known."’*!" Less common atre examples of
catalysts capable of both FA dehydrogenation and the reverse, CO; hydrogenation.'” The latter
reaction has less precedent and remains a challenge, often requiring high pressures of both
CO; and H: to achieve high TON.” Herein, we desctibe a Mo formate hydride complex that
forms, at ambient temperature and atmospheric pressure, from CO; and Ha. This complex is
demonstrated to be a precatalyst for both FA dehydrogenation and CO, hydrogenation.
Stoichiometric studies inform reasonable operative mechanisms for each process, which seem
to share a monohydride cation intermediate. Catalyst optimization is ongoing, but current

TONSs of >100 for each process have been achieved.
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RESULTS AND DISCUSSION
Coordination Chemistry
Small molecule binding equilibria at zero-valent Mo were established for N»/Hz and N»/CO»
in Chapters 2 and 7 of this dissertation, respectively. This suggested the potential for an
additional equilibrium between H; and CO; binding in this system. Placing dihydride complex
2 under an atmosphere of CO; afforded a mixture of 2 and 3 (Scheme 8.1.). With time, a new
resonance was observed in the *P{'H} NMR spectrum at 89.82 ppm. Addition of 1 atm. of
COz and 4 atm. of H; to 11ed to quantitative conversion to this new complex, as determined
by *P{'H} NMR spectroscopy. The 'H NMR spectrum displayed an edifying low-field
resonance at 8.9 ppm, consistent with formation of formate hydride 4. Unexpectedly, there
were no 'H signals downfield of 0 ppm; a triplet (] = 86.3 Hz) was observed at 1.85 ppm. This
large scalar coupling and a COSY NMR correlation to the central arene signal at 6.20 ppm

(Figure 8.4.), both support the assignment of this spectral feature to a hydride.
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Scheme 8.1. Small-molecule binding equilibria and stoichiometric CO, hydrogenation at low-
valent Mo.
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Crystallization of 4 has proven elusive, but a related complex, carboxylate hydride 6, can be
prepared and structurally characterized. Treating Mo N, adduct 1 with one equiv. of
‘BuCOOH in C¢H, confers quantitative conversion to the protonation product, 6 (Figure 8.1.).
The spectroscopic signature of 6 closely matches that of 5, with a hydride resonance at 2.11
ppm showing a *J(P,H) coupling of 90.73 Hz. The metrical data for 6 is in accord with the
structure inferred from solution spectroscopy; an 1° Mo-arene interaction is observed with

trans-spanning diphosphines and a »' carboxylate (Figure 8.1.).

Figure 8.1. Synthesis and solid-state structure of carboxylate hydride complex 5. Thermal
anisotropic displacement ellipsoids are shown at a 50% probability level. Hydrogen atoms and
all but the ipso carbon of the ‘Bu phenyl motif are omitted for clarity. Selected bond distances
[A]: Mo1-Cuenc(ave.): 2.266(2), Mo1-O1: 2.196(1), O1-C31: 1.284(2), C31-O2: 1.237(2).

Hydrosilylation Chenristry

Formation of formate hydride 4 prompted evaluation of para-terphenyl diphosphine Mo
complexes as precatalysts for CO; hydrosilylation catalysis. CO; reduction in this manner often
proceeds via insertion into a M—H bond and trapping of the resultant formate fragment via
formation of a strong Si—O bond (Scheme 8.2.).* In the envisioned system, reaction of thus
formed 2 with CO, would close a catalytic cycle.

Addition of silanes to electron-rich Mo complexes has been shown to result in E-H bond
activation chemistry,” a reactivity trend that holds true for 1 (Figure 8.2.). Treating a solution
of 1 with PhSiH; leads to a lightening of the reaction and effervescence consistent with N»
loss. The '"H NMR spectrum shows both a highly shielded triplet (] = 43.6 Hz) at -3.13 ppm
and a singlet at 5.51 ppm with clear *Si satellites (] = 166.34 Hz, *Si: I = 1/2, 5%). The

'P{'H} NMR spectrum shows a single peak at 70.82 ppm. Combined, these
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Scheme 8.2. Proposed catalytic cycle for CO» hydrosilylation from precatalyst 2.

spectroscopic features are consistent with Si—H oxidative addition, yielding phenylsilyl hydride
6" (Figure 8.2.). N7 adduct 1 also reacts readily with the smaller silane, SiHy, to give a similar
sily hydride product, 6™. The '"H NMR spectrum of this molecule is analogous to that of
6", but with upfield shifted Si-H (4.52 ppm, 'J(Si,H) = 81.35 Hz) and Mo—H (-3.26 ppm, t,

J=45.93 Hz). Single crystals of 6" were obtained by cooling a concentrated hexanes solution

to -35 °C, validating the proposed structure (Figure 8.2.).
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. . . H S
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Pr 2 Pr - 'Pr s 'Pr
Pr—p \ o F{__lpr RR'SiH2 iPr '-P io F;'_Ipr

R=R'=H
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Figure 8.2. Synthesis and solid-state structure of carboxylate hydride complex 5. Thermal
anisotropic displacement ellipsoids are shown at a 50% probability level. Select hydrogen
atoms and all but the ipso carbon of the Bu phenyl motif are omitted for clarity. Selected
bond distances [A]: Mo1-Ciene(ave.): 2.268(1), Mo1-Sil: 2.5313(4).

Reactions with secondary silanes showed oxidative addition chemistry sensitive to the stetric
environment at Si. PhMeSiH> (1 equiv.) afforded 40% conversion ('P{'"H} NMR integration)
to 6"™¢; adding 25 equiv. increased conversion to the silyl hydride to 97%, which was made

quantitative by degassing the reaction via a single freeze-pump-thaw cycle (Figure 8.5.).
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6 PhMe

Notably, the hydride resonance for shows a larger *J(P,H) scalar coupling constant (51.48
Hz), a spectroscopic manifestation attributed to a more crowded coordination sphere and a
contracted ZP1-Mo1-P2. The tertiary silane, Et:SiH, showed no reactivity with 1.

With precedent for CO; insertion into both M—Si and M—H bonds, complexes 6 were treated
with 1 atm. of CO.. Disappointingly, no reaction was observed, regardless of the substitution
on silicon. Under more forcing conditions—heating to 70 °C for 12 h—formation of Mo(0)
CO complex, 7 (Chapter 3), was observed, as well as minor decomposition to free diphosphine
(¢a. 5%) (Scheme 8.3., A). Kinetic analysis of this C—O cleavage reaction showed complicated
dependence on silane concentration; from 1 to 25 equiv., added silane increased the rate of
reaction (Figure 8.7.). However, higher silane concentration actually impeded the reaction,
providing the first clue suggesting an abnormal CO, reduction mechanism (vide infra).
Additionally, increased steric bulk at Si resulted in faster reactivity, with 6™ forming 7 more

slowly than 6"™¢.
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Scheme 8.3. CO; cleavage in the presence (A) and absence (B) of silane.
A control reaction demonstrated that silane was superfluous to C—O cleavage chemistry.

Heating a C¢Ds solution of 3 afforded a mixture of 7 (56%), P2° (17%), and free diphosphine
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(P2, 27%), as determined by relative integration of the *'P{'H} NMR spectrum (PPh; capillary
standard). Heating isotopically labeled 3-"C provided 7-"C, as evidenced by *'P{'H} and
PC{'H} NMR spectroscopies, confirming the source of the CO unit. Though Mo CO,
complexes are known to undergo redistribution reactions, providing carbonyl carbonate
complexes,” the observation of both >50% conversion to 7 and phosphine oxide, P2°,
contradict this pathway. Phosphine-supported Ni CO, adducts have been demonstrated to
cleave CO» to a Ni carbonyl complex and phosphine oxide,"” a reactivity manifold that is
congruent with the experimental data.
But what is the fate of the cleaved O-atom in the silane reactions? Oxygen atom transfer to
silane seemed most likely, as no phosphine oxide was observed and conversion to 7 was

6"™e ynder

effectively quantitative. GC/MS analysis of the reaction mixture following heating
CO: for 12 h demonstrated formation of both phenyl methyl silanol as well as polysiloxanes,
both of which were absent in the control (Figure 8.8.).

At this juncture, two mechanisms seemed plausible, both involving Mo-mediated C-O
cleavage to a Mo(II) oxo complex that is subsequently reduced by silane (Scheme 8.4.). A pre-
equilibrium between silyl hydride and CO: is consistent with the reaction kinetics. Bulky silanes
favor persistence of 2, the species proposed to undergo C—O scission; while less sterically
imposing silanes (and high silane concentrations), sequester Mo as unreactive 6. Relatively low
PhMeSiH: concentrations increase the rate of formation of 7, consistent with a silane
dependent rate effecting step. Presumably, the rate determining step for the intermolecular
pathway (Scheme 8.4., left) would be O-atom abstraction, which should be zeroth order in
silane and second order in Mo. Intramolecular C—O scission (Scheme 8.4., right), in contrast,
may be reversible and would therefore show silane dependence. The initial equilibrium
between silane oxidative addition and CO, binding (inverse order in [Si]), in conjunction with
silane capture of carbonyl oxo 8 (first order in [Si]), is consistent with the complex silane

dependence observed in the kinetics.

Additional evidence supporting an intramolecular pathway was provided by reactions with
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Scheme 8.4. Plausible mechanisms for the formation of 7 from 6 and CO..

carbonyl sulfide. Placing a C¢Ds solution of 1 under an atmosphere of OCS resulted in
immediate formation of an asymmetric complex, as demonstrated by two coupling doublets
(83.41 and 54.34 ppm, | = 17.8 Hz) in the *P{'H} NMR spectrum. Upon standing, X-ray
quality single crystals were obtained, evincing formation of carbonyl phosphine sulfide
complex 11 (Figure 8.3.). Asymmetric 11 likely forms via initial cleavage of the more reactive
C-S bond of OCS, giving a transient Mo carbonyl sulfide complex, 12. Oxidative cleavage of
C=E multiple bonds has been demonstrated on W' a similar process is likely operative here.
Analogously to the P—C bond forming Mo(II) methylidene complex discussed in Chapter 4,
the Mo(II) sulfide afforded by C-S cleavage inserts into the Mo—P bond, giving the observed
phosphine sulfide. Under the CO; reduction conditions, the oxo congener of sulfide 12 is
proposed to oxidize silanes faster than the phosphine ligand, but in the absence of silanes, the

oxygen congener of 11 is likely formed, leading ultimately to the observed decomposition to
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Figure 8.3. Synthesis and solid-state structure of 11. Thermal anisotropic displacement
ellipsoids are shown at a 50% probability level. Hydrogen atoms are omitted for clarity.
Selected bond distances [A]: Mo1-S1: 2.5016(3), S1-P2: 2.0053(4).

CO; Hydrogenation/ Debydrogenation

In preliminary studies of formate hydride complex 4, we recognized that it should be
accessible, in a similar way to carboxylate hydride 5, from protonation of Mo Nz adduct 1 with
FA (Scheme 8.5.). Not only was this confirmed, but catalytic FA dehydrogenation was
demonstrated; addition of 5 equiv. FA to 1 resulted in conversion to 4 at room temperature,
with subsequent heating (70 °C) resulting in complete consumption of the FA (Figure 8.9.).
Building off of this preliminary result, a collaborative project with a postdoctoral scholar in
the group, Dr. Naoki Shida, has developed both catalytic FA dehydrogenation and CO,

hydrogenation chemistries.
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Scheme 8.5. Formic acid protonation of N; adduct 1.
Heating a C¢Ds solution of formate hydride 4 to 70 °C for one hour, under Ny, afforded

85% conversion of the starting material to a mixture of N, adduct 1 (42%), CO; adduct 3
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(25%), and H, complex 2 (18%). Though insertion is favored at room temperature, at higher
temperature, formate dissociation is entropically preferred, leading to reversion to the gaseous
small molecules (Figure 8.10.). We anticipated that simply heating a solution of 1 in the
presence of FA (which has been shown to form 4), would therefor lead to dehydrogenation
catalysis. However, with 0.001 mol% 1 in dioxane at 80 °C, super stoichiometric reactivity was
observed; only 1.5 turnovers for FA dehydrogenation were achieved, as determined by
eudiometry (Table 8.1.).

Table 8.1. Preliminary catalytic screening for FA dehydrogenation.

N,

iPIrPr‘ ! ’IP‘;r 1000 HCOOH

_P—Mo—RC > nCO,+nH,
A 100 additive
dioxane, 80 °C
1

Entry Additive time TON
1 - 1 1.5
2 LiCl 1 3
3 B(CcFs)s 1 3
4 NaBAr, 1 3
5 NaBF, 1 0
6 HCOONa 5 298
7+ DMAP 3 196
8 NaOMe 4 0
9 DBU 3.3 615

BAr'y = tetrakis(3,5-bis(trifluoromethyl)phenyl)borate, DMAP = N,N-dimethyl-4-
aminopyridine, DBU = 1,8-diazabicyclo[5.4.0Jundec-7-ene
*0.05 mL (500 eq) of FA was used

Literature reports have demonstrated that addition of Lewis acid additives can have
profound effects on the efficacy of FA dehydrogenation catalysts." The proposed mechanism
for reactivity enhancement invokes a LLA-assisted formate decarboxylation step; LA acids were
screened as additives in reactions from 1 (Table 8.1., Entry 2-5), with no success. Surprisingly,
addition of base was found to drastically increase the turnover number (TON), with the best

activity being observed with DBU (1,8-diazabicyclo[5.4.0Jundec-7-ene, Entry 9), providing ca.

600 turnovers in one hout.
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Scheme 8.6. Plausible mechanisms for FA dehydrogenation from 4.
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Mechanistic studies are ongoing, but current data supports two distinct pathways for FA
dehydrogenation (Scheme 8.6.). An inefficient, but demonstrated, cycle involves thermal
decarboxylation of 4 to a mixture of 2 and 3 (Scheme 8.6., right). As reported above, a
decomposition pathway from CO, adduct 3 is thermally induced C-O cleavage to
monocarbonyl 7. If the rate of this process is comparable to that of deinsertion, it may explain
the low TON observed in the absence of additives (vide supra); all of the Mo would be
appropriated as inactive 7. In a productive sense, the mixture of 2 and 3 could react with FA
to return complex 4, closing the cycle.

The alternative pathway, which is postulated to be responsible for the high turnovers
observed in the presence of bases, involves protonation of 4 to a dihydride formate cation.
This reaction step is supported by independent reactions between 5, a surrogate for 4, and FA.
In that reaction, a new hydridic resonance is observed in the "H NMR spectrum at -4.99 ppm
(t, ] = 35.31 Hz) corresponding to a complex with a central arene resonance at 5.39 ppm (s).
This same spectroscopic signature is observed when 4 is treated with LutHOTT, and when N>
adduct 1 is protonated with LutHOTf in C¢Ds, consistent with the assignment of this
resonance to hydride cation 15 (Figure 8.11.). This complex is similar to the hydride acetonitrile
cation shown to be competent for AB dehydrogenation (Chapter 2), but the MeCN adduct

was not a competent precatalyst for FA dehydrogenation.
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Scheme 8.7. Independent synthetic routes to hydride cation 15.
A reasonable pathway for the formation of hydride cation 15 involves initial protonation of
4 to dihydride formate cation 13. An isoelectronic Mo(IV) trihydride is accessible on the para-

terphenyl diphosphine ligand scaffold (Chapter 2) and readily loses H,. Analogously, H,
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elimination from 13 yields formate cation 14, which could undergo decarboxylation to 15.
Formate coordination would regenerate 4, closing the catalytic cycle. The role of the basic
additives is not immediately obvious, but all of the bases used are sufficiently strong to
deprotonate FA. This would increase the solution concentration of formate anion, which may
in turn aid turnover (15 — 4), if formate coordination is rate limiting. Alternatively, the amine
bases may act to provide a soluble source of formate, both keeping Mo intermediates from
precipitating over the course of the reaction and aiding in regeneration of 4. Further studies
are ongoing, including independent synthesis and competency studies from hydride cation 15.

In concert with the development of FA dehydrogenation catalysis, the reverse reaction, CO»
hydrogenation, was targeted. As a base is required to make CO; hydrogenation exergonic,
complex 4 was treated with 10 equiv. of DBU under N, (Figure 8.12.). No reaction was
observed, even over the course of 24 h. Again, recalling that LAs can assist in formate
dissociation,'® soluble alkali metal salts were screened as reaction additives. Addition of 10
equiv. of LiOTf to 4 in C¢Dg resulted in moderate conversion to a mixture of species,
including 1, 15, and 3 (Figure 8.12.). Monitoring this reaction over 12 h showed less than 50%
total conversion of the starting material. Treating a C¢Ds solution of 4 with 10 equiv. of both
base (DBU) and LA (LitOTF) resulted in quantitative conversion to 1 (86%) and 3 (14%) in

just 30 min (Figure 8.12.).
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Scheme 8.8. Stoichiometric reactions of 4 with LA (left), base (down), and both (right).
These stoichiometric reactions map out a catalytic cycle for CO; hydrogenation to formate

(Scheme 8.9.). As a first step, LA-assisted formate dissociation gives Mo hydride cation 15; 15
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is observed in the stoichiometric reaction of 4 with LiOTf. Deprotonation of 15 affords a
Mo(0) species, consistent with conversion to Nz adduct 1 in the presence of both LiOTf and

DBU. CO,/H; addition and insertion closes the cycle.
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Scheme 8.9. Plausible catalytic cycle for CO; hydrogenation from 4.

Applying this mechanistic understanding to catalysis has proven successful, affording up to
100 turnovers for formate under very low pressures of COz and Ha (Table 8.2.).” Lithium bases
have proven the most effective in these reactions, likely reflecting improved formate
abstraction by the stronger alkali metal LA. Further work to optimize these catalytic conditions
and look at reactions under higher CO, and H» pressures is currently underway.

Table 8.2. Catalytic data for formic acid dehydrogenation.

Entry Base/additive P(C;’EHI:)HZ Solvent  Time T(fg‘)l’ TON
1* | DBU/NaOTf 1.l THF 20 70 6
2% LiHMDS 1:1 THF 20 70 106
3% LiOBu 1:1 THF 20 70 55

4% LiO'Bu 2:1 THF 12 75 33
Sk DBU 21 | Toluene 12 75 20
G¥* LiHMDS 21 | Toluene 12 75 0
TH* LiOBu 21 | Toluene 12 75 33

*0.005 mmol of molybdenum complex, 100 eq. of base, 1 mL of solvent
#£0.015 mmol of molybdenum complex, 100 eq. of base, 3 mL of solvent
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CONCLUSION

Two modes of CO; reduction have been presented. Stoichiometric reactions with silanes
afford CO and silanol from CO; via a mechanism involving intramolecular C—O bond
cleavage and O-atom transfer to silane. Catalytic CO2 hydrogenation proceeds in the
presence of both LA and base, affording respectable turn over numbers under very mild
reaction conditions. The same species demonstrated to be catalytically competent for
formate formation catalyze the reverse reaction, formic acid dehydrogenation, the

mechanism of which is explored in detail.
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EXPERIMENTAL SECTION

Unless otherwise specified, all operations were carried out in an MBraun drybox under a
nitrogen atmosphere or using standard Schlenk and vacuum line techniques. Solvents for
air- and moisture-sensitive reactions were dried over sodium benzophenone ketyl,
calcium hydride, or by the method of Grubbs."” Deuterated solvents were purchased from
Cambridge Isotope Laboratories and vacuum transferred from sodium benzophenone
ketyl. Solvents, once dried and degassed, were vacuum transferred directly prior to use or
stored under inert atmosphere over 4 A molecular sieves. Molybdenum complexes 1, 2,'*
and 3 (Chapter 7) were prepared and purified according to reported procedures. Unless
indicated otherwise, all chemicals obtained from standard vendors and utilized as
received. 'H, P"C{'H}, and *P{'"H} NMR spectra were recorded on Varian 400 MHz or
Varian INOVA-500 spectrometers with shifts reported in parts per million (ppm). 'H and
PC{'H} NMR spectra are referenced to residual solvent peaks.” *'P{'H} chemical shifts
are referenced to an external 85% H;POy (0 ppm).

Synthesis of 4

A brown/red solution of 1 (49.9 mg, 0.085 mmol) in CsH (3 mL) was transferred to a
Schlenk tube charged with a stir bar. The solution was degassed via three freeze-pump-
thaw cycles. The headspace was backfilled with 1 atm of CO., gas, enacting slight
reddening of the solution. The schlenk tube was sealed and then submerged in LNy,
freezing the contents and condensing the CO.. It was then opened to 1 atm of H, gas,
maintaining the -196 °C temperature. The flask was resealed and the contents were
allowed to warm to ambient temperature with stirring for 2 h. The now red solution was
lyophilized in vacuo, giving 4 as a reddish powder. 'H NMR (400 MHz, C¢Ds, 23 °C) &:
8.90 (s, 1H, OCHO), 7.24 (d, ] = 7.07 Hz, 2H, aryl-H), 7.05-7.08 (bt m, 2H, aryl-H), 6.99
(t, ] = 7.46 Hz, 2H, aryl-H), 6.94 (t, ] = 7.17 Hz, 2H, aryl-H), 6.21 (s, 2H, central arene-
H), 3.59-3.62 (m, 2H, central arene-H), 2.46-2.57 (m, 2H, CH(CH3),), 2.35-2.46 (m, 2H,

CH(CHs),), 1.81 (t, 1H, J = 86.41 Hz, Mo-H), 1.21-1.27 (m, 6H, CH(CHs),), 0.94-1.05
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(m, 12H, CH(CHs)2), 0.80-0.85 (m, 6H, CH(CH:),). *'P{'H} NMR (162 MHz, CsDs, 23
°C) 8: 89.82.

Synthesis of 5

A 20 mL scintillation vial was charged with 1 (200 mg, 0.340 mmol), CcH¢ (5 mL), and 4-
‘Bu-PhCOOH (73 mg, 0.408 mmol). The red solution was allowed to stir for 8 h, at which
time the vial contents were frozen solid in a -35 °C freeze and the C¢H, lyophilized under
reduced pressure, giving 5 as a red powder. X-ray quality single crystals were grown via
diffusion of pentane into a concentrated C¢Hs solution of 5. "H NMR (400 MHz, C¢Ds,
23 °C) 8: 8.31 (d, ] = 8.2 Hz, 2H, aryl-H), 7.28 (t, ] = 7.0 Hz, 2H, aryl-H), 7.03-7.05 (m,
2H, aryl-H), 6.97 (t, ] = 7.3 Hz, 2H, aryl-H), 6.89 (t, | = 7.4 Hz, 2H, aryl-H), 6.46 (v br,
2H, central arene-H), 3.61-3.64 (m, 2H, central arene-H), 2.60-2.64 (m, 2H, CH(CH;).),
2.44-53 (m, 2H, CH(CH3)»), 2.10 (t, ] = 84.93 Hz, Mo-H), 1.34-1.39 (m, 6H, CH(CHj3)>),
0.96-1.01 (m, 6H, CH(CHj3)2), 0.75-0.80 (m, 12H, CH(CH3),). >'P{'H} NMR (162 MHz,
CsDg, 23 °C) 8: 89.61 (5).

Synthesis of 6

A brown/red solution of 1 (61 mg, 0.103 mmol) in benzene (4 mL) was transferred to a
20 mL scintillation vial, charged with a stir bar. With stirring, PhSiH; (12.8 uL, 0.104
mmol) was added via microsyringe, causing a lightening of the solution. Stirring continued
for 30 min. At that time, the solution was lyophilized under reduced pressure, providing
6""" as a yellow/orange powder (58.4 mg, 0.088 mmol, 85 %). X-ray quality crystals were
grown by chilling a saturated hexanes solution of 6™ (-35 °C). 'H NMR (400 MHz, CsDs,
23 °C) 8: 7.67-7.69 (m, 2H, aryl-H), 7.33 (d, ] = 7.3 Hz, 2H, aryl-H), 7.06-7.07 (m, 3H,
aryl-H), 6.97-7.00 (m, 2H, aryl-H), 6.88-6.94 (m, 4H, aryl-H), 5.51 (s, 2H, Si-H), 4.59-4.62
(m, 2H, central arene-H), 4.46 (s, 2H, central arene-H), 2.13-2.23 (m, 2H, CH(CHa3)»),
2.04-2.13 (m, 2H, CH(CH3);) 1.13-1.18 (m, 6H, CH(CHj3)2), 0.92-1.08 (m, 18H,
CH(CHs)2), -3.13 (t, J= 43.41 Hz, 1H, Mo-H). 'P{'H} NMR (162 MHz, CsDs, 23 °C) &:

70.79 (d, ] = 8.22 Hz).



367

6" can be synthesized by condensing SiH, (0.043 mmol) from a calibrated volume into
a J. Young style NMR tube charged with a C¢D¢ solution (0.5 mL) of 1 (25 mg, 0.043
mmol). '"H NMR (400 MHz, C¢Ds, 23 °C) 8: 7.35 (d, ] = 6.03 Hz, 2H, aryl-H), 6.90-6.96
(m, 6H, aryl-H), 4.61-4.64 (m, 2H, central arene-H), 4.52 (s, 3H, Si-H), 4.36 (s, 2H, central
arene-H), 2.20-2.34 (m, 2H, CH(CH3)2), 1.94-2.03 (m, 2H, CH(CH3)2), 1.26-1.32 (m, 6H,
CH(CHs),), 1.01-1.07 (m, 6H, CH(CHj3)2), 0.86-0.95 (m, 12H, CH(CH3)2), -3.26 (t, | =
45.69 Hz, 1H, Mo-H). *P{'"H} NMR (162 MHz, C¢Ds, 23 °C) 8: 75.45 (s).

Preparation of 11

A J. Young style NMR tube was charged with a deep red solution of 1 (25 mg, 0.043
mmol) in C¢Dg (0.5 mL). The reaction was degassed via three freeze-pump-thaw cycles
and then backfilled with OCS (1 atm.). The contents of the tube were mixed by inversion
for 15 min, forming 11. 11 was never isolated, but X-ray quality singe crystals were
obtained by allowing the tube to stand, unperturbed, for 12 h. '"H NMR (400 MHz, C¢Ds,
23 °C) 8: 7.52-7.56 (m, 1H, aryl-H), 7.46-7.49 (m, 1H, aryl-H), 7.19-7.23 (m, 1H, aryl-H),
6.98-7.04 (m, 3H, aryl-H), 6.86 (br t, ] = 6.6 Hz, 1H, aryl-H), 6.75 (t, ] = 8.5 Hz, 1H, aryl-
H), 4.79 (d, ] = 4.6 Hz, 1H, central arene-H), 4.71 (d, | = 6.5 Hz, 1H, central arene-H),
4.03 (d, ] = 6.6 Hz, 1H, central arene-H), 3.83 (d, | = 4.7 Hz, 1H, central arene-H), 3.45-
2.60 (m, 2H, CH(CHs),), 2.23-2.35 (m, 1H, CH(CH3)), 1.80-1.91 (m, 1H, CH(CH3)),
1.37-1.42 (m, 3H, CH(CH3)2), 1.18-1.27 (m, 6H, CH(CH:),), 1.00-1.12 (m, 6H, CH(CH,)»),
0.77-0.95 (m, 9H, CH(CH),). > P{'"H} NMR (162 MHz, CsDs, 23 °C) 5:88.64 (d, ] = 17.7

Hz, Mo-P), 59.57 (d, ] = 17.8 Hz, P=¥).
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Figure 8.4. '"H/'"H COSY NMR spectrum (600 MHz, C¢Ds, 25 °C) of complex 4. The
correlation between the hydride resonance at 1.85 ppm and that of the central arene
proton at 6.20 ppm is highlighted.
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Figure 8.5. Stacked 'P{'H} NMR spectra (162 MHz, CcDs, 23 °C) of addition of
PhMeSiH, to Nz adduct 1. Top: 1 equiv. PhMeSiH,; Middle: 100 equiv. PhMeSiHy;
Bottom: 100 equiv. PhMeSiH; and one freeze-pump-thaw.
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Figure 8.6. Partial 'H NMR spectra of the hydridic resonance for 6™ (top) and 6°"™¢
(bottom).
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Figure 8.7. Concentration vs. Time plot for the conversion of 2 to 7 in the presence of
variable PhMeSiH; equivalents.



370

600000 @\
s CO2 + Silane,
Fiy 70C
500000 - Control
Oy
$i
400000 | OMe
- SNe
w
- Ei’O‘SijO\gi
@ 300000 - I'me Ph
[
5
8 L e
H_
200000 - Si 808 Ph. o Me
OH Meg Me Me-Si™ Si-Ph
100000 -
0 el . e - T T T 1
5 T 9 1" 13 15 17
Retention Time (min)

Figure 8.8. GC trace from a CO; cleavage reaction mixture demonstrating the formation
of silanol, silyl ethers, and polysiloxane (black). The GC trace of a control reaction run in
the absence of 2 is included for reference (red).
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Figure 8.9. Stacked partial 'H (left, 300 MHz, C¢Ds, 23 °C) and *'P{'H} (right, 121 MHz,
CsDs, 23 °C) NMR spectra monitoring addition of 5 equiv. of FA to N adduct 1. Top:
After addition, RT; Bottom: After 3 h, 50 °C.

Standard procedure for A debydrogenation catalysis:
In the glove box, 1 (0.0155 mg, 0.000265 mmol) in dioxane (5 mL), prepared as a stock
solution and kept frozen when not in use, and additive were loaded into 25 mL Schlenk

flask charged with a stir bar. After sealing, the Schlenk flask was brought out of the glove



371

box and connected to Eudrometry setup filled with nitrogen atmosphere. The Schlenk
flask was submerged in an oil bath pre-heated to 80 °C and stirred for 15 min to reach

thermal equilibrium. Formic acid (0.1 mL) was added quickly via syringe.
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Figure 8.10. Stacked *'P{'H} NMR spectra (121 MHz, C6D6, 23 °C) monitoring

decomposition of formate hydride complex 4 at both room temperature and 70 °C.
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Figure 8.11. Stacked 'H NMR spectra (300/400 MHz, C¢Ds, 23 °C) comparing the
hydride resonances observed for different independent syntheses of hydride cation 15.
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Figure 8.12. Stacked *'P{'H} NMR spectra (121 MHz, CsDs, 23 °C) monitoring super
stoichiometric addition of LA and base to formate hydride 4.

Standard procedure for CO; hydrogenation catalysis:

In the glove box, 1, base, solvent and additive were loaded into a Schlenk tube charged
with a stir bar. After sealing, the vessel was brought out of the glove box, connected to a
Schlenk line, and the reaction solution was degassed via three freeze-pump-thaw cycles.
The flask was backfilled with CO, (1 atm) and then submerged in LN, freezing the
reaction solution and condensing the CO2. H» (1 atm) was then admitted. After the gas
addition, the reaction vessel was submerged in an oil bath pre-heated to the desired
temperature. Following completion, the reaction was quenched by opening the vessel to
the air. The solution was pumped down under reduced pressure, then deuterium oxide
(ca. 3 mL) was added to solubilize any formate salt. The insolubles were removed by
filtration over glass fiber. To the filtrate, DMF was added as an internal standard and the

formate salt formed was quantified by "H NMR spectroscopy.
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Crystallographic Information

Refinement Details

In each case, crystals were mounted on a MiTeGen loop using Paratone oil, then placed
on the diffractometer under a nitrogen stream. Low temperature (100 K) X-ray data were
obtained on a Bruker D8 VENTURE Kappa Duo PHOTON 100 CMOS based
diffractometer (Mo 1,S HB micro-focus sealed X-ray tube, K, = 0.71073 A). All
diffractometer manipulations, including data collection, integration, and scaling were
carried out using the Bruker APEXIII software.”” Absorption corrections were applied
using SADABS.?" Space groups were determined on the basis of systematic absences and
intensity statistics and the structures were solved in the Olex 2 software interface® by
intrinsic phasing using XT (incorporated into SHELXTL)* and refined by full-matrix
least squares on F°. All non-hydrogen atoms were refined using anisotropic displacement
parameters. Hydrogen atoms were placed in the idealized positions and refined using a
riding model, unless noted otherwise. The structures were refined (weighed least squares
refinement on F?) to convergence. Graphical representations of structures with 50%
probability thermal ellipsoids were generated using the Diamond 3 visualization

software.?*
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Table 8.3. Crystal and refinement data for complexes 5, 6", and 11.

5 6PhH 1
CCDC Number??
Empirical formula Cs1H53MoO2P, C3sH44sMoP,Si Cu43H5:MoOP2S
Formula weight 735.71 662.68 774.78
T (K) 100 100 100
a, A 14.939(4) 9.8613(4) 13.2942(13)
b, A 14.781(2) 19.1509(8) 12.9633(13)
o A 17.032(4) 18.1822(8) 22.396(2)
o, ° 90 90 90
B,° 97.488(10) 105.215(2) 99.288(5)
Y, ° 90 90 90
Volume, A3 3728.9(14) 3313.4(2) 3809.1(7)
Z 4 4 4
Crystal system Monoclinic Monoclinic Monoclinic
Space group P2/n P2i/n P2i/c
deale, g/ cm? 1.310 1.328 1.351
0 range, °© 2.750 to 38.610 2.127 to 46.189 1.552 to 42.221
u, mm-! 0.471 0.552 0.516
Abs. Correction Semi-empirical Semi-empirical Semi-empirical
GOF 1.228 1.023 1.055
Ry, wRy " [I>2 o(1)] 0.0514, 0.1026 0.0523, 0.1220 0.0364, 0.0745
Radiation Type Mo K, Mo K, Mo K,

Ry =X Fo| - [Fe [ /X1 Fo|. > wRa = [F[w(Fo>F)?)/ Y w(F?)?]2,

Figrure 8.13. Solid-state structure of 5 with thermal anisotropic displacement ellipsoids
shown at the 50% probability level. Hydrogen atoms have been omitted for clarity.
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Figrure 8.14. Solid-state structure of 6" with thermal anisotropic displacement
ellipsoids shown at the 50% probability level. Hydrogen atoms, except for those bound
to Si, have been omitted for clarity.

Figrure 8.15. Solid-state structure of 11 with thermal anisotropic displacement
ellipsoids shown at the 50% probability level. Hydrogen atoms have been omitted for
clarity.
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Appendix A

Open-Shell Mo(V) Nitrides and Alkylidynes: Does Radical Character Dictate
Coupling Chemistry?
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ABSTRACT
Reported in this brief abstract is the synthesis of a series of open-shell d' Mo(V)
complexes bearing Mo=E triple bonds. CW and pulse EPR techniques, in combination
with isotopic enrichment, has facilitated a detailed spectroscopic study of these
complexes. Building off of precedent reported for the phosphide congener (Chapter 6),
the ability of these radical complexes to undergo E-E bond formation is interrogated.
Computational methods compliment spectroscopy in the determination of spin leakage

in these complexes, as a function of the identity of the multiply bonded element, E.
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GENERAL INTRODUCTION
Chapter 6 of this dissertation reports the first terminal transition metal phosphides with d-
electrons. The Mo(V) complex proved unstable in solution at temperatures about -10 °C.
Employing a terminal phosphide as a chemical trap for diphosphorous (P2) showed evidence
for a reactivity pathway that involved P—P bond formation (Scheme A.1). With synthetic access
to isoelectronic Mo nitride (Chapter 5), alkylidyne (Chapter 3), and carbide complexes
(Chapters 3 and 4), we sought to develop a structure/function relationship, correlating the

identity of the multiply-bonded element, the degree of spin delocalization, and the ability to

couple.
[BArF,,]
'Pir r‘P—\\M({—p I?Prr [Fc][BArF 24] ipi:’ rp_\\M({_P ",)Pr e 2 [BArF24_1|
! Int-1

Scheme A.1. Terminal Mo(V) phosphide coupling,

Oxidatively induced bimetallic coupling is invoked in both ammonia' and water” oxidation
chemistries. Within this context, understanding the factors that govern these reactions would
insight new transformations relevant to energy conversion. A recent report from the Storr
group has shown that the spin leakage onto a terminal Mn nitrido dictates its ability to undergo
N-N coupling.’ In these systems, the spin delocalization was controlled by ligand electronics.
To our knowledge, no systematic studies have been conducted to examine radical character as
a function of the multiply bonded element, leaving the metal center and ancillary ligand
unperturbed. A significant challenge in undertaking such an investigation is finding a suitable
system capable of supporting open-shell complexes with different multiply bonded ligands.
Open-shell nitrides are known,”* alkylidynes are rare,” and prior to our studies, phosphides®
and carbides had yet to be reported. Herein we scrutinize the oxidative activation of a series

of Mo(IV) complexes, probing their electronic structures and the effects they have on E-E
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bond formation.
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RESULTS AND DISCUSSION
In an effort to prepare an isoelectronic series of Mo=E complexes that vary only in the
identity of E, a synthetic route to Mo nitride chloride 4 was developed (Scheme A.2.). Addition
of an excess of TMSCI to a benzene solution of 3 resulted in the desired ligand substitution
reaction as evidenced by a subtle shift in the *P{'H} NMR spectrum (35.01 to 33.29 ppm).
The 'H NMR spectrum of complex 1 is qualitatively similar to that of the azide precursor,
except the resonances are slightly shifted. Most notably, one of the isopropyl methine

resonances shifts 0.8 ppm upfield, resonating at 3.79 ppm.

[BArfa,]

N3 ip ’Pr

’Pr—P \Mo ’P TMSCI 'Pr—P \vm ’Pr [FCIIBAF 4] ’Pr—P Mo_p iPr
() ™ m

3

Scheme A.2. Synthesis of Mo(IV) and Mo(V) nitride chloride complexes.

Analogously to the phosphide congener, 1, complex 4 can be chemically oxidized by
[Fc][BAtr"4] (Fc = Cp2Fe). Addition of one equiv. of oxidant to a thawing solution of 1
resulted in an immediate color change to deep purple, a hue that persisted upon warming to
room temperature. Crystallization confirmed the formation of the desired Mo(V) nitride
cation (Figure A.1., right). Though we have elected to forgo a diffraction study of 4, the
similarity of the solution spectroscopies suggests crystalized 3 can act as a suitable surrogate
for a metrical comparison. Upon oxidation, the Mo—N distance contracts (1.663(4) A);
assuming a similar electronic structure for 5 and its phosphide congener, 2, this effect is likely
a manifestation of the smaller ionic radius of Mo(V) as the SOMO is strictly non-bonding
with respect to the nitride. A significant difference is observed in the Mo—C bonds (ave.
2.461(4) A) of the n? metal-arene interaction and the C2—C3 bond (1.395(6) A). Again
consistent with the molecular orbital picture developed for 2, these changes are attributed to

removing an electron from a Mo d-orbital that backbonds into the C2—C3 n* orbital.
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Figure A.l. Solid state structures of nitrides 1 (left) and 3 (right). Thermal anisotropic
displacement ellipsoids are shown at the 50% probability level and hydrogen atoms have been
omitted for clarity. Pertinent metrical parameters [A] are shown below each structure.

14N

A—"JK/ ‘ '
‘ & 141"\5N

310 320 330 340 350 360 370 1180 1200 1220 1240 1260 1280
Magnetic Field (mT) Magnetic Field (mT)

14N

IaﬂSN

Figure A.2. A) X-band CW-EPR spectra of nitride 4 generated with natural abundance N
(top trace) and 50% "N (bottom trace) represented in black with simulations using parameters
in Table A.1 displayed in red. B) Pseudomodulated Q-band ESE-EPR spectra of nitride 4
generated with natural abundance N (top trace) and 50% "N (bottom trace) represented in
black with simulations using parameters in Table A.1.
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The X-band CW spectrum of a frozen 2Me-THF glass of 4 displays a complex, primarily
axial signal (Figure A.2.). To aid in parsing the multifaceted hyperfine coupling to the Mo, Cl,
N, and proximal arene H nuclei, a series of pulse EPR experiments were conducted. To further

aid with hyperfine coupling assignments, a 50% "N enriched sample was prepared from 3-

Erq'
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Figure A.3. X-band Davies ENDOR of nitride 4 generated with natural abundance N with
simulations of using parameters in Table A.1.
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Figure A.4. Q-band Davies ENDOR of nitride 4 generated with natural abundance N with
simulations of using parameters in Table A.1.
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Figure A.5. Field-dependent Q-band Davies ENDOR of nitride 4 generated with natural
abundance N (left panel) and 50% "N (right panel) with simulations using parameters in Table

A.l.

Table A.1. EPR fit parameters for nitrides 4/4-"N.

g

[1.997 1.997 1.974]

BTMo (1 = 5/2, 24%)

[100 100 194]

A (MHz)

P (1 = Vs, 100%) [56 66 54]
H (I = Y, 100%) [20 11 11]
BICL(1 = 3/2, 100%) 55 4]

BN (I = Y2, 100%) 828225

BN = 1, 100%)

[5.85 5.85 1.78]

N @0q/h = 2.8 MHz; 7 = 0.1
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Figure A.6. Field-dependent Q-band HYSCORE of nitride 4 generated with natural
abundance N (left panel) and 50% "N (right panel) with simulations using parameters in Table
A.1. Experimental data are displayed as black contour maps, with simulations of 14N and 15N
displayed in red.

Compiling the data, satisfactory fit parameters were obtained, as shown in Table A.1. Using
a hyperfine decomposition process like that applied to terminal phosphide 2, we see that the
majority of anisotropic hypetfine is purely from through space dipolar interaction (T? ;0 =
[1.4 1.4 -2.8] MHz) due to very short Mo—N bond distance (1.633 A). This leaves Tjo¢ = |-
0.47 -0.47 0.49] MHz which corresponds to p, = 0.006 ¢. Contrasting the phosphide case,
in which the EPR data suggested between 0.10 and 0.15 e- delocalized onto the terminal P,
the nitride case shows significantly diminished spin.

In line with the attenuated spin leakage to the nitride ligand in 4, heating solutions of 4 to

100 °C showed no evidence of formation of a Mo(ll) dication, the expected product of N—
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N coupling. Further support for the inability of 4 to couple comes from computation, which
predicts both a lessened percentage of unpaired spin on the nitride and does not find an

energetically favorable pathway to N-N bond formation.

. . oo TPFo
IP:’_'\P_\}A/_P/ W FcPF : I:’_'P_\}"/_P/ o co T2+
N » N P2 | [Mo]—C=C—[Mo]

O~ b
6 8
Scheme A.3. [ sitn oxidation of terminal carbide 6.

Another congener of phosphide 1 is terminal carbide 6. The instability of 6 necessitates
sitn synthesis (Chapter 3), which further complicates attempts to prepare and characterize a
reactive open-shell complex. As a starting point, the chemical oxidation of 6-"C was
attempted (Scheme A.X.). Low temperature (-78 °C) addition of FcPF; resulted in conversion
to a new major species, as evidenced by disappearance of the carbidic resonance and growth
of two signals at 268.86 and 239.45 ppm (Figure A.7.). These shifts are in the range of
ethynediyl” and CO carbons, respectively. Warming to room temperature provides two major
species, evinced by both "C{'H} and *'P{'H} NMR, which may be isomers of a C—C coupled
species, 8, but further characterization this product is needed. Again, computation agrees with

the experimental data, suggesting favorable C—C bond formation from 7.

13
6- C—-80 °C
W"‘ - b

6- 'C + FcPF,— -80 °C

rsostorsmdecemomsamrc e it o

6- C+ FcPF,— 25 °C

T 1 1 7T 71T T T 1 "~ T T T T T T T T T T T T - — T T T T T
545 540 535 280 275 270 265 260 255 250 245 240 235 23052 50 48 46 44 42 40
f1 (ppm) f1 (ppm)

Figure A.7. Partial BC{'H} (126 MHz, THF) and P{H} (202 MHz, THF) NMR spectra
following the oxidation of terminal carbide 6-3C.
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As 6-"C promptly reacted at -78°C to form a putative C—C coupled product, we anticipated
that an open-shell intermediate would be exceedingly fleeting, To provide a spectroscopic
benchmark, should such a species be obtained, we synthesized alkylidyne analog 10, which,
bearing a MesSi group on the alkylidyne, should be unable to couple. Addition of FcBAt" 24 to
a 2Me-THF solution of Mo(IV) complex 9 led to a deep red solution that was silent by *'P{'H}
NMR (Figure A.8.). Crystallization of this species confirmed successful preparation of
carbyne cation 10 (Figure A.8., right). Unfortunately, positional disorder of the CO and Cl
ligands makes detailed structural analysis precarious, but the Mo—CSiMes bond (1.762 A)
remains unchanged upon oxidation. Dissimilar to 2 and 5, 10 shows no significant metal-arene

interaction in the solid-state; the five-coordinate psexdo-square pyramidal geometry is

maintained.
[BAF 5]
SiMe; SiMe; 1
. c ‘ . c :
iPr. Cl || Pr F ipr. Cl ] Pr
. /. i v, /.
Pr—p—Mo—B-Pr [ CIIBAr 24]! Pr—p—Mo—P-'Pr

. N
(o] (o]
9 10

Figure A.8. Synthesis and solid-state structure of alkylidyne cation 10. Thermal anisotropic
displacement ellipsoids are shown at the 50% proability level and hydrogen atoms and
counterions are omitted for clarity. The CO (C31 and O1) and Cl (CI1) ligands are positionally
disordered and cannot be modeled satisfactorily without the use of restraints. The present
rendering refined these atoms isotropically, without restraints, with only the major population
shown.

With access to both 10 and 10-2C, we undertook detailed EPR studies of these cations. CW;,
Davies ENDOR, and HYSCORE data, like that presented for 3, has been collected.

Satisfactory fitting is underway.
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CONCLUSION
Oxidation of well-characterized d> Mo=E complexes afford access to the corresponding
Mo(V) cations, in the case of E = P, N, and CSiMe;. Computation and EPR studies
demonstrate that the degree of radical character at E dictates coupling chemistry.
Attempts to access the carbide congener are ongoing, but preliminary experimentation

and computation suggest that it is capable of facile C—C bond formation.
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EXPERIMENTAL SECTION
Synthesis of 4
A 20 mL scintillation vial was charged with 3 (750 mg, 1.23 mmol) and a stir bar. C¢Hg (6
ml) was added and stirring initiated, providing a homogenous burgundy solution. TMSCI
(670 mg, 6.17 mmol) was added dropwise, causing a slight lightening of the solution. The
vial was sealed and left to stir for 8 h. At this time, the vial was placed in a -35 °C freeze
and the contents frozen solid. Following lyophilization, the resulting red powder was
suspended in cold (-35 °C) hexanes (4 mL) and filtered through a medium porosity fritted
funnel. The solids were dried in vacuo, providing 4 as pale red free-flowing solids (611
mg ,1.01 mmol, 82%). Samples of 4 synthesized in this manner showed a slight free-ligand
impurity (<3%), but were used without further purification. "H NMR (400 MHz, CDs,
23 °C) 8: 7.31 (dd, | = 7.46, 1.76 Hz, 2H, aryl-H), 7.26 (br d, | = 7.23 Hz, 2H, aryl-H),
7.05-7.08 (m, 4H, aryl-H), 6.01 (s, 2H, central arene-H), 4.44 (t, ] = 2.35 Hz, 2H, central
arene-H), 3.74-3.85 (m, 2H, CH(CH3)2), 2.51-2.61 (m, 2H, CH(CH3),), 1.87-1.93 (m, 6H,
CH(CHs)2), 1.41-1.47 (m, 6H, CH(CH5)2), 0.71-0.75 (m, 6H, CH(CHj3)2), 0.30-0.36 (m,
6H, CH(CHs),). *'P{'"H} NMR (162 MHz, C¢Ds, 23 °C) 8: 33.29 (s).
Synthesis of 5
A 20 mL scintillation vial was charged with a 2Me-THF (8 mL) solution of 4 (80 mg,
0.132 mmol) and a stir bar. The vial was placed in an LN, chilled cold well and the
contents frozen solid. Immediately upon thawing, a 2Me-THF (4 mlL) solution of
FcBAr"24 (140 mg, 0.132 mmol) was added dropwise, with stirring. Upon addition of the
oxidant, the deep red color of 4 darkened to a blue/purple. After warming to room
temperature, volatiles were removed 7 vacuo, providing a dark purple residue. Extraction
with hexanes (3 x 10 mL) removed the Fc byproduct. Sequential trituration of the
remaining solids with Et,O (4 mL) and pentane (4 mL) provided 5 as a dark blue powder
(159 mg, 0.108 mmol, 82%). X-ray quality single crystals of 5 were grown via vapor

diffusion of pentane into a saturated Et,O solution at -35 °C.
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In Situ Oxidation of 6-°C
A sample of 6-"C (0.028 mmol) in THF solution (0.4 mL) in a J. Young style NMR tube
was prepared as reported previously (Chapter 3). The tube was cooled to -78 °C via
submersion in a dry ice/acetone slush bath. A solution of FcPF; (10 mg, 0.031 mmol) in
THF (0.3 mL) was added with a heavy argon counterflow. The tube was sealed and
transferred to an NMR probe, pre-chilled to -80 °C. "C{'H} and *'P{'H} NMR spectra
were recorded. The sample was warmed, gradually, in the probe, collecting spectra at 10
°C intervals. Upon warming to 25 °C, a final set of spectra were obtained.
Synthests of 10
A 20 mL scintillation vial was charged with a 2Me-THF (8 mL) solution of 9 (200 mg,
0.282 mmol) and a stir bar. The vial was placed in an LN, chilled cold well and the
contents frozen solid. Immediately upon thawing, a 2Me-THF (4 mL) solution of
FcBAr'24 (297 mg, 0.282 mmol) was added dropwise, with stirring. Upon addition of the
oxidant, the light red color of 4 darkened. After warming to room temperature, volatiles
were removed 7z vacuo, providing a maroon residue. Extraction with hexanes (3 x 10 mL)
removed the Fc byproduct. Sequential trituration of the remaining solids with Et,O (4
mL) and pentane (4 mL) provided 10 as a dark red powder (394 mg, 0.251 mmol, 89%).
X-ray quality single crystals of 10 were grown via vapor diffusion of pentane into a

saturated Et,O solution at -35 °C.
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Appendix B

Terphenyl Diphosphine Molybdenum Complexes Bearing a Central Phenol:

Towards Bifunctional Catalysis
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ABSTRACT
Thus far, this dissertation has focused on Mo coordination complexes of a single para-
terphenyl diphosphine ligand (P2). The rich chemistry exhibited by this system often
involves the transfer of hydrogen atoms (¢ Chapter 2, Chapter 7, Chapter 8), and during
its development, the incorporation of acid/base non-innocent motifs in the secondary
coordination sphere of teraryl ligands was an area of intense research in the group. In this
vein, Mo complexes of a teraryl diphosphine ligand bearing a central phenol, P2°", were
explored. Precursory results reporting two distinct metalation routes for this proligand
and preliminary demonstrating both acid/base non-innocence and potential redox

isomerization are reported.
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GENERAL INTRODUCTION
The development of so-called “metal-ligand bifunctional” catalysts is a topical area of both
fundamental chemical research' and industrial application.” In a broad sense, bifunctional
catalysts poise reactive functional groups in close proximity to a metal center, engendering
new reactivity and/or selectivity in desirable transformations.’” From early examples with
pendant acidic protons (A* & B, Figure B.1.), to more nuanced cooperativity (C,° Figure B.1.),

the design, study, and implementation of these catalysts is of inherent interest.

Shvo, 1986 Noyori, 1995 Milstein, 2006
Ph 0
0—,—0Ph OO A at | O g, CH
%Ph PI// "R \\\N By | 3
\Ph / Ph o RUSy P—Ru—NEt,
~r N | R, H” N
ocw'/ u\"“co A TH H |
ocC co Z
A B c

Figure B.1. Literature examples of metal-ligand bifunctional catalysts with the non-innocent
H-atoms highlighted in red.

In the course of pursuing the chemistry outlined in the body of this dissertation, inspiring
literature examples of bifunctional catalysts capable of mediating the types of transformations
explored—AB  dehydrogenation,”  CO  reduction,” CO,  hydrogenation/FA
dehydrogenation’—were identified. These, reports, in addition to concurrent work in the
group studying diphosphine ligands decorated with catechol/quinone," hydroquinone/para-
quinone," and bis(arylamino)phenol moieties,”” motivated work towards Mo complexes
supported by proligand P2°". With a proximal phenol/phenoxide, P2°" Mo compounds
would provide insight into the role of pendant acid in the chemistries developed for the parent

P2 ligand.
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RESULTS AND DISCUSSION
Proligand P2°" can be prepared in five steps from commercial materials, following a
preparation previously reported by our group."” Seeking direct access to a low-valent Mo
complex, metalation with Mo halide precursors was explored. MoCl;(THF);'* has been shown
to coordinate phosphine ligands; subsequent reduction under N, can provide the desired low-
valent metal compounds.'*"* Addition of MoCl3(THF); to a solution of P2°" in THF afforded
a dark brown homogeneous solution (Scheme B.1.). Stirring this solution for 28 h over
activated Mg’ turnings, under an N, atmosphere, did not change the appearance of the
solution. However, a new diamagnetic resonance was observed at 81.57 ppm by *'P{'H} NMR
spectroscopy, a signal shifted slightly downfield from the Mo(0) N2 adduct on P2. This new
species was isolated as a red/orange powder that showed limited solubility in common organic
solvents, prohibiting further NMR characterization. Consistent with the proposed assignment

as an N adduct, the solid-state IR spectrum demonstrated a strong band at 1951 cm™.'¢

i .
P(o:r)z Pr, N, ipr
MoCI(THF)3, Mg® iPr—P\I\\,I __Plip;
THF, RT, 28 h " O
' /f/"\}\' \
P(Pr), Then PhMe, -35 °C Yy
4
Bu o
p2OH 1 Mg(THF),
2 PPh,Cl, -MgCl, !
dioxane, RT, 16 h ' 2 LutHOTf, -MgOTf,
, dioxane, RT, 16 h
4 Y
ipr Np PP,
N
2
3 2

Scheme B.1. Synthesis of P2°"-supported Mo(0) N adducts.
The solid-state structure of the aforementioned species, as determined by single-crystal

XRD, confirmed its identity as a Mo(0) N* complex (Figure B.2.). 1 crystalizes as a Mg-bridged
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dimer; the metrical parameters are consistent with a central phenoxide assignment; the C1—
O1 distance, at 1.339(17) A, corresponds to a single bond."™ 7° Mo-arene binding is
corroborated by the equivalent C—C bonds around the phenoxide ring. The Mo—N and N-N

distances (2.001(13) and 1.119(12) A, respectively) are similar to those of phosphine-bound

16b

Mo N complexes.

\\\\

Mo-Ny: 2.001(13)

1.399(18) ¢, 1.447(18)
. Mo-Cye: 2.300(13)
o jee, “
1452(18)| | Mo |1.427(19) N-N:1.119(12)
C,. | _~¢C
o ? C& 5\A C4-0: 1.339(17)
" 1.445(19) ['1.301(19) "
o

Figure B.2. Preliminary solid-state structure and relevant metrical parameters for Mo(0) N2
adduct, 1. Thermal anisotropic displacement ellipsoids are shown at the 50% probability level.
Half of the dinuclear structure, sans hydrogen atoms, is shown for clarity.

Though fortuitous for its isolation, the insolubility of 1 proves problematic for reactivity
testing. Both salt metathesis and protonation were explored in attempts to access mononuclear
complexes (Scheme B.2). Addition of LutHOTT' afforded a soluble species with no observable
hydride signal in the '"H NMR spectrum (Scheme B.1.). A single central arene signal at 4.07
ppm, consistent with a C, solution structure, was observed; the 'P{'"H} NMR spectrum
showed a singlet centered at 78.52 ppm, close to that attributed to 1. The IR spectrum
displayed a strong N stretch at 1932 cm’, signifying retention of the N ligand. Based on
these data, a tentative assignment for the product of protonation, phenol complex 2, is
proposed.

Addition of PPhyCl to a dioxane suspension of 1 likewise afforded a more soluble Mo
diphosphine compound (Scheme B.1.). The "P{'H} NMR spectrum showed a broad

resonance (Afrwiv = 108 Hz) at 81.23 ppm with a relative integration of two versus a sharp
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Figure B.3. Small molecule reactivity from putative n°-phenol Mo N; adduct 3. The solid-
state structure and pertinent metrical parameters of protonation product 6 are shown, with
thermal anisotropic displacement ellipsoids at the 50% probability level and non-hydride H-
atoms omitted for clarity.

singlet at 22.40 ppm, assigned to the ligand phosphine and phosphonium, respectively. The
"H NMR spectrum displays a central arene signal at 4.26 ppm, similar to that of 1 and 2. The
IR spectrum of this complex displays an N stretch at 1989 cm™, consistent with preliminary
assignment as the n*-phenoxide N adduct 3.

With soluble low-valent complexes in hand, reactivity with small molecules was explored. In
line with reactivity seen for the P2 analog, H, and CO; addition were studied (see Chapters 2,
7, and 8). Treating a C¢Ds solution of 3 with 1 atm of Ho resulted in the formation of two
species, as evidenced by multinuclear NMR spectroscopy (Figure B.3.). The 'H NMR spectrum
displayed two central phenol resonances—>5.47 and 4.83 ppm—in a relative ration of 0.4 : 1.
Three high-field triplets were also present: -1.31 (t, *J(P,H) = 47.4 Hz), -3.65 (tt, >J(P,H) = 42.8
& *J(H,H) = 8.6 Hz), and -5.19 (br t, *J(P,H) = 37.23 Hz, consistent with formation of tri- and
monohydride complexes, 4a and 4b. The *'P{'H} NMR spectrum showed two resonances;
collecting "H{*'P} spectra associated the *'P resonances 92.55 and 70.51 ppm to the putative
trihydride and monohydride, respectively. The reorganization of the phenoxide to a
cyclohexadienonyl motif, electronically similar to a Cp ligand, is proposed based off of the

maintenance of downfield shifted 'H protons for the C3 and C5 carbons of the central atene,
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and structural data for a related molecule (vide infra). X-ray ditfraction studies are necessitated
to confirm the ligand structure in 4a/b, but the seeming reluctance of Mo, typically regarded
as oxophillic, to coordinate an O donor (phenoxide) is surprising and likely speaks to the
electronic character of the low-valent metal center.

Addition of CO; (1 atm) to a C¢Ds solution of 3 likewise afforded a new species (Figure
B.3.). With a *P{'H} resonance at 65.92 ppm, a single arene resonance in the 'H NMR
spectrum at 4.38 ppm, and no indication of hydride formation, this new species is putatively
assigned as CO; adduct 5. Having studied the protonation (Chapter 7) and hydrogenation
(Chapter 8) of CO» in detail on the related P2 system, the possibility of incorporating a proton
in the secondary coordination sphere of a low-valent CO, complex is enticing, However, this
tentative assignment is currently no more than a promising lead.

Unfortunately, synthesis of phenol-bound 2 proved challenging to reproduce. Addition of
acid often resulted in formation of a complex with hydride resonances, inconsistent with
formation of 3. Considering that low-valent 3 may react with acid, insoluble 1 was treated with
two equiv. of LutHOTf (Figure B.3.). A new complex with a high field triplet at -3.71 ppm
CJ(PH) = 64.01 Hz, '"H NMR) integrating one-to-one relative to a single arene resonance at
5.20 ppm ("H NMR) was formed. A corresponding broad singlet at 78.54 ppm in the *'P{'H}
NMR was observed. Crystallization of this species confirmed its structure as dihydride triflate
complex 6. Long C1-C2 and C6—C1 distances in the central ring (1.466(1) A) and a short C1—
O1 contact of 1.233(1) A are consistent with predominance of a cyclohexenonyl resonance
contributor for the arene ring. This is further supported by slight puckering of the ketone
below the C2-C3-C4-C5-C6 plane (Figure B.3.). The interplay between this strong I.,X donor
and the n’-phenoxide binding mode in proton transfer reactions is of significant interest, but
at this time, remains unexplored.

While working with Bogdan Dimitrui, an undergraduate SURF student in the Agapie group,
we developed an alternative route to metallate P2°". Targeting CO complexes in line with

those explored in Chapters 2 and 3 of this thesis, Bogdan developed a high-yielding route to
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Scheme B.2. Synthesis of Mo tricarbonyl anion 7.

coordinate 2 Mo(CO); fragment to P2°". Initial ligand deprotonation affords the potassium
phenoxide salt, P2°* (Scheme B.2.). Refluxing Mo(CO)3;(MeCN); and P2°* in PhMe affords a
new species with a peak in the P{'H} NMR spectrum at 38.35 ppm. The '"H NMR of this
complex shows no resonances from 4 to 6 ppm, suggesting phenoxide oxygen, rather than
phenoxide n-system binding. Bogdan crystallized this compound; the solid state structure
corroborates the clues from solution spectroscopy, showing a phenoxide diphosphine Mo

tricarbonyl anion, 7 (Figure B.4). Pursuits to oxidize this complex, hoping to access a cationic

Figure B.4. Solid-state structure of 7. Thermal anisotropic displacement ellipsoids are shown
at the 50% probability level. H-atoms are omitted for clarity.
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dicarbonyl en route to reductive CO coupling chemistry, were unproductive. Ag-based
oxidants led to extensive transmetallation. Reactions with I, seemed most promising, but no
definitive data suggesting successful oxidation have been collected to date. Synthesis of a
dicarbonyl complex on this scaffold and exploration of reductive coupling chemistry would
provide an insightful structure/function compatison to the P2 system discussed in Chapters

2 and 3 of this thesis.
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CONCLUSION
Two disparate metalation routes were developed for the preparation of Mo complexes

20H

supported by the P2%" pro-ligand. The first affords direct access to N, complexes, which
have subsequently been explored for reactivity with protons, H,, and CO,. Preliminary
results suggest that a low-valent, electron-rich Mo center will preferentially coordinate
the n-system of the phenoxide, favoring a cyclohexenonyl structure over the naked
phenoxide. These compounds offer intriguing entries to small molecule activation
chemistry in which a proximal proton-donor or proton-relay has been incorporated into

the secondary coordination sphere of the metal. A second metalation route affords an

anionic Mo tricarbonyl from the pro-ligand salt P2°X,
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EXPERIMENTAL SECTION
Synthests of 1
A 200 mL RB flask was charged with P2°" (500 mg, 0.970 mmol), THF (40 mL), and a
stir bar. Stirring was initiated, providing a very pale yellow homogeneous solution.
MoCl;(THF); (420 mg, 0.100 mmol) was added in a single portion as a solid. Following
stirring for 30 mins, Mg" turnings (800 mg, 32.9 mmol) were added to the dark brown
mixture. Stirring under N» continued to 28 h. At this time, volatiles were removed 7 vacuo,
providing a brown residue. The residue was extracted with pentane; the red/orange
pentane solution was stripped of solvent, giving a red residue. Minimal PhMe was added
to completely dissolve the residue (ca. 4 mL) and the PhMe solution was cooled to -35
°C for 12 h, precipitating 1 as a red/orange powder (117 mg, 0.079 mmol, 16%). IR
(Diamond ATR, cm™) vn=x: 1951.
Reaction of 1 with LutHOTf
A 20 mL scintillation vial was charged with 1 (20mg, 0.013 mmol), LutHOTf (7 mg, 0.026
mmol), dioxane (2 mL), and a stir bar. The resulting suspension was stirred for 16 h. The
reaction mixture was filtered through celite and the filtrate dried under reduced pressure,
affording a red residue. '"H NMR (300 MHz, C¢Ds, 23 °C) &: 7.64 (d, ] = 7.26 Hz, 2H,
aryl-H), 7.37 (bt, 2H, aryl-H), 7.02-7.13 (m, 4H, aryl-H), 4.07 (s, 2H, central arene-H),
2.61-2.67 (m, 2H, CH(CH3)»), 2.26-2.35 (m, 2H, CH(CH3)2), 1.34-1.41 (m, 6H, CH(CHj3)>),
1.13-1.19 (m, 6H, CH(CH3)2), 1.02-1.08 (m, 6H, CH(CHs)), 0.78-0.85 (m, 6H, CH(CH;)>).
'P{'H} NMR (121 MHz, C¢Ds, 23 °C) 8: 78.52 (s).
Reaction of 1 with PPh.C/
A 20 mL scintillation vial was charged with 1 (40mg, 0.027 mmol), PPh,CI (20 mg, 0.054
mmol), dioxane (2 mL), and a stir bar. The resulting suspension was stirred for 16 h. The
reaction mixture was filtered through celite and the filtrate dried under reduced pressure,
affording an orange powder. The NMR spectrum for this reaction was not particularly

clean, but the following resonances could be assigned unambiguously: '"H NMR (300
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MHz, C¢Ds, 23 °C) 8: 7.41 (d, ] = 5.55 Hz, 2H, aryl-H), 4.26 (br s, 2H, central arene-H),
2.89 (br s, 2H, CH(CHs)»), 2.49 (br s, 2H, CH(CHs),), 1.64 (br m, 6H, CH(CH)), 1.30-
1.40 (br m, 12H, CH(CH3)2), 1.06 (br m, 6H, CH(CHs)2). 'P{'H} NMR (121 MHz, C¢Ds,
23 °C) &: 81.23 (2P, P2°), 22.40 (1P, PPhy).
Reaction of “2” with H;
A J. Young tube was charged with a solution of 2 (15 mg, 0.022 mmol) in C¢Ds (0.5 mL).
The reaction mixture was degassed via three freeze-pump-thaw cycles and the tube
backfilled with H» (1 atm). The tube was sealed and reaction progress monitored by NMR
spectroscopy. This reaction provided a mixture of species, but the salient NMR features
corresponding to the major species are as follows: 'H NMR (300 MHz, C¢Ds, 23 °C) &:
5.46 (s, 2H, central arene-H, monohydride), 4.83 (s, 2H, central arene-H, trihydride), -
1.31 (t, ] = 49.56 Hz, 1H, Mo-H, monohydride), -3.68 (tt, ] = 42.31, 7.67 Hz, 1H, Mo-H,
trihydride), -5.20 (br t, | = 36.34 Hz, 2H, Mo-H, trihydride). >'P{'H} NMR (121 MHz,
CsDs, 23 °C) 8: 92.55 (s, trihydride), 70.51 (s, monohydride).
Reaction of “2” with CO;
A J. Young tube was charged with a solution of 2 (15 mg, 0.022 mmol) in C¢Ds (0.5 mL).
The reaction mixture was degassed via three freeze-pump-thaw cycles and the tube
backfilled with CO, (1 atm). The tube was sealed and reaction progress monitored by
NMR spectroscopy. 'H NMR (300 MHz, C¢Dy, 23 °C) 8: 7.44-7.47 (m, 2H, aryl-H), 7.21-
7.24 (m, 2H, aryl-H), 6.99-7.02 (m, 4H, aryl-H), 4.38 (s, 2H, central arene-H), 3.13-3.22
(m, 2H, CH(CHs)»), 2.54-2.62 (m, 2H, CH(CH3)2), 1.42-1.44 (br m, 6H, CH(CH3)2), 1.14-
1.16 (br m, 6H, CH(CHs)2), 0.93-0.99 (br m, 12H, CH(CHs),). *'P{'H} NMR (121 MHz,
CsDs, 23 °C) 8: 92.55 (s). 65.92 (s).
Reaction of 1 with Excess LutHOTf
A 20 mL scintillation vial was charged with 1 (20mg, 0.013 mmol), LutHOTt (14 mg,
0.052 mmol), dioxane (2 mL), and a stir bar. The resulting suspension was stirred for 16

h. The reaction mixture was filtered through celite and the filtrate dried under reduced
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pressure, affording a red residue. This reaction provided a mixture of species, but the
salient NMR features corresponding to the major species are as follows: 'H NMR (300
MHz, C¢Ds, 23 °C) 8: 5.20 (s, 2H, central arene-H), -3.71 (t, ] = 64.05 Hz, 2H, Mo-H).

SP{H} NMR (121 MHz, CDg, 23 °C) 8: 78.54 (s).

/

=) ol
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Figure B.5. ATR IR Spectra of N, Complexes Supported by the P2°" Ancillary Ligand.
The inset shows an enlargement of the relevant N—N stretches.
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Appendix C

Nuclear Magnetic Resonance Spectra for Characterization of Isolated and in situ

Generated Complexes
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Figure C.1. '"H NMR Spectrum (500 MHz, CDCl,) of 2.
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Figure C.25. '"H NMR Spectrum (400 MHz, THF-4s, 25°C) of 3.
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Figure C.26. "C{'H} NMR Spectrum (126 MHz, THF-ds, -80°C) of 3-"CO. The inset
shows the downfield region of 2 "C{'H} NMR spectrum of the same sample collected at
25 °C.
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Figure C.27. *'P{'H} NMR Spectrum (162 MHz, THF-ds, 25°C) of 3.
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Figure C.28. 'H NMR Spectrum (500 MHz, CDCls, 25°C) of 6a. The inset contains and
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Figure C.29. *C{'H} NMR Spectrum (126 MHz, CDCls, 25°C) of 6a.
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Figure C.31. "C{'H} NMR Spectrum (126 MHz, THF-ds, -20°C) of 7-CO. The inset
shows a "C{'H} NMR spectrum taken at 25 °C, demonstrating well resolved “Jpc and
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Figure C.32. 'P{'H} NMR Spectrum (202 MHz, THF-ds, -20°C) of 7-"CO. The inset
shows a *'P{'H} NMR spectrum taken at 25 °C, demonstrating well resolved “Jpc.
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Figure C.33. "H NMR Spectrum (400 MHz, CsDs, 25°C) of 8.
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enhanced "C signals for 8-"CO.

36.63

3673
_36.64
X 36.62
_ 36.53

7Me-13CO

37.4 37.2 37.0 36.8 36.6 36.4 36.2 36.0 35.8 35.6
f1 (ppm)

T T T T T T T T T T T T T T T T T T T T T T T T T
'00 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 O -10 -20 -30 -40
f1 (ppm)

Figure C.35. *'P{'H} NMR Spectrum (162 MHz, C¢Ds, 25°C) of 7. The inset shows a
partial *"P{'"H} NMR spectrum for 8-CO.
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Figure C.36.°'P{'H} NMR Spectrum (300 MHz, CsDs, 25°C) of P2Mo(’CO)s. The inset
contains and enlargement of the quartet at 51.01 ppm.
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Figure C.37. 'P{'H} NMR Spectrum (300 MHz, CD;CN, 25°C) of 1-”CO. The inset
contains and enlargement of the triplet at 75.05 ppm.
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Figure C.38. 'H NMR spectrum (500 MHz, THF-ds, -80°C) of a mixture of 2-*C (3%),
9-C (87%), and 10-C (10%).
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Figure C.39. "C{'H} NMR spectrum (126 MHz, THF-ds, -80°C) of a mixture of 2-C
(3%), 9-C (87%), and 10-"C (10%). The inset shows an enlargement of the aryl region.
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Figure C.40. °'P{'H} NMR spectrum (202 MHz, THF-ds, -80°C) of a mixture of 2-"C
(3%), 9-"C (87%), and 10-"C (10%). The inset shows and enlargement of the doublet of
doublets assigned to 9-"C.
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Figure C.41. Partial '"H/"”C HSQC NMR spectra (500/126 MHz, THF-d;, -80°C) of a
mixture of 2-"C (3%), 9-°C (87%), and 10-"C (10%). The cross peaks attributable to the
aryl (left) and alkyl (right) resonances of 9-"C are labeled.
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Figure C.42. Partial '"H/"”C HMBC NMR spectrum (500/126 MHz, THF-ds, -80°C) of a
mixture 2-"C (3%), 9-"C (87%), and 10-"C (10%). The cross peaks attributable to the
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Figure C.43. 'H NMR Spectrum (500 MHz, THF-ds, -20°C) of a mixture of 2-"C (5%),
9-5C (82%), and 10-5C (13%).
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Figure C.44. "C{'H} NMR Spectrum (126 MHz, THF-ds, -20°C) of a mixture of 2-"C
(5%), 9-C (82%), and 10-"C (13%). Over the course of the NMR experiment, trace
amounts of 11-”C and 8- C were formed. The inset shows and enlargement of the atyl
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Figure C.45. 'P{'H} NMR Spectrum (202 MHz, THF-d;, -20°C) of a mixture of 2-"
(5%), 9-C (82%), and 10-"C (13%). The inset shows and enlargement of the triplet
assigned to 9-"C.
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mixture of 2-"C (5%), 9-2C (82%), and 10-"C (13%). The cross peaks attributable to the
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Figure C.48. 'H NMR Spectrum (400 MHz, C¢Ds, 23°C) of a 75:25 mixture of 10 and
free diphosphine (P2). The inset shows broad resonances associated with the central arene
and isopropyl methine resonances of 10 at 5.00 and 2.37 ppm, respectively. The shaper
multiplet centered at 1.89 ppm is the isopropyl methine resonance of the free diphosphine
ligand.
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Figure C.49. Partial 'H NMR Spectra (400 MHz, CsDs) of a 75:25 mixture of 10 and free
diphosphine (P2) from 23 to 70 °C., showing the temperature dependent breadth of the
central arene and isopropyl methine resonances.
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Figure C.50. '"H NMR Spectrum (400 MHz, C¢Ds, 70°C) of a 75:25 mixture of 10 and
free diphosphine (P2).
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Figure C.51. "C{'H} NMR Spectrum (162 MHz, CsDs, 23°C) of a 75:25 mixture of 10
and free diphosphine (P2). The left inset shows the resolved *'P/"C scalar coupling in
10-"C at -40 °C. The right inset shows the central arene carbon resonances of 10 at 23
(top right) and 70 (bottom right) °C.
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Figure C.52. *'P{'H} NMR Spectrum (162 MHz, CsDs, 23°C) of a 75:25 mixture of 10
and free diphosphine (P2). The resonance for the free phosphine arm of 10 coincides
with that of the free ligand. The inset shows the triplet assigned to the bound phosphine
arm of 10-"C (202.4 MHz, THF, -40 °C) displaying a °J(P,C) of 19.57 Hz.
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Figure C.53. 'H NMR Spectrum (500 MHz, THF-ds, -80°C) of a mixture of 11 (56%)
and 8 (44%).
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Figure C.54. Stacked '"H NMR Spectrum (500 MHz, THF-ds, -80°C) of the same mixture
of 11 (56%) and 8 (44%) after 30 minutes at room temperature (14% 11/86% 8). The
asterisks denote peaks unambiguously assigned to 11.

NN WY

g© o 1
o

@ gl

f1 (ppm)

17.00-] E—-
16.66-1
24. ZL

L2 Lg.2 I
R N N 2
Ls.3 a q X @
: : : : : : T T T T T R T (i
8.1 8.0 7.9 7.8 7.7 7.6 20 1.8 1.6 1.4 1.2 1.0 0.8 0.6 0.4 0.2 0.0 -0.2 -0.4 -0.6 -0.8 -1.0
f2 (ppm) f1 (ppm)

Figure C.55. Partial 'H/'H COSY NMR spectrum showing a correlation between the
aryl proton signal of 11 at 8.12 ppm and a proton resonance of 11 at 7.64 ppm; this
proton’s chemical shift coincides with that of an aryl proton in 8 (7.63 ppm) (left). Partial
'"H NMR spectrum showing that the isopropyl methyl protons of 11 resonate as two
multiplets (1.42 and 1.27 ppm). The integration of these resonances sums to cz. 18H
relative to the trimethylsilyl group after subtracting the coincidental isopropyl methyl
resonance of 8 at 1.27 ppm (16-17H in the same relative integration scale, right).
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Figure C.56. Partial "C{'H} NMR Spectrum (202 MHz, THF, -80°C) of a mixture of 11
(74%) and 8 (26%). At this temperature, the resonances are broad and the °J(P,C) cannot
be resolved.
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Figure C.58. 'H NMR Spectrum (400 MHz, C¢Ds, 23 °C) of 16. The inset shows a
phenylene proton resonance that coincides with residual CsDsH at 7.16 ppm.
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Figure C.76. *'P{'H} NMR Spectrum (162 MHz, CDs, 23°C) of 9.
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Figure C.79. 'H/”C HMBC NMR Spectrum (400/101 MHz, C¢Ds, 23°C) of 9.

T
4.4

80'T
oT'T
T
ET'T =

6T'T-F
T
T
ST'1T

68'C
06'C
6'T
v6'C
v6'T

96'C
86'C
00'E

T0'E

SL'E
wn.mw
8L'E

V'Y
vv.vW
Sty
w6'v
Tw6'v
€6'V
v6'v
S6'v
S6'v

£€6'9
S6'9
L6'9
86'9
mm.m\

10°L
8T'L
oT'L

T
-0.5

0.0

To.wﬂ
L6'S
L6'S

0.5

1.0

1.5

T
2.0

2.5

HY £0'T

3.0

T
3.5

f1 (ppm)

T ot

4.0

T ooz |

4.5

I 661

.0

5

T
5.5

Frozl 2
T 66T

Figure C.80. 'H NMR Spectrum (400 MHz, C¢Ds, 23 °C) of 10.

990"

ov'6T

0z'0T
hN.eNV
SS'9T
mh.mNN.

5999
9999 A
69°0L —

08'€EL
Nm.m”hN

E€ETOT
9€°Z0T >

£8°9CT
T6°9C1
89°LTT

16'8CT

66'8ZT \
00°62T

9b'6ET
s

89°6VT
£6°6VT >

LE'06T
6S°06T >

T
110 100

T
120
f1 (ppm)

Figure C.81. "C{'H} NMR Spectrum (101 MHz, CsDs, 23°C) of 10.

T
170 160 150 140 130

T T T T T T
250 240 230 220 210 200 190 180




82.96

441

T T T T T T T T T T T T T T T
120 110 100 90 80 70 60 50
f1 (ppm)

Figure C.82. °'P{'H} NMR Spectrum (162 MHz, C;Ds, 25°C) of 10.
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Figure C.91. ’'P{'H} NMR spectrum (162 MHz, CsDs, 23 °C) of 2.
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Figure C.94. 'H/"”C HSQC NMR spectrum (400/101 MHz, CsDs, 23 °C) of 2.
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Figure C.97. "C{'H} NMR spectrum (101 MHz, C¢Ds, 23 °C) of 3. The inset depicts
and enlargement of the aromatic region.
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Figure C.98. *'P{'H} NMR spectrum (162 MHz, CsDq, 23 °C) of 3.
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Figure C.99. "F NMR spectrum (376 MHz, C¢Ds, 23 °C) of 3.
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Figure C.100. "N{'H} NMR spectrum (51 MHz, C¢Ds, 25 °C) of 3.
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Figure C.101. 'H/'H COSY NMR spectrum (400 MHz, C¢Ds, 23 °C) of 3.
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Figure C.102. 'H/"”C HSQC NMR spectrum (400/101 MHz, C¢Ds, 23 °C) of 3. The °C
resonance that coincides with the C¢Ds solvent residual is labeled.
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Figure C.103. 'H/"”C HMBC NMR spectrum (400/101 MHz, C¢Ds, 23 °C) of 3.
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Figure C.104. 'H NMR spectrum (400 MHz, CD.Cl,, 23 °C) of a reaction mixture
comprised primarily of 4-"C.
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Figure C.105. "C{'H} NMR spectrum (101 MHz, CD,Cl,, 23 °C) of a reaction mixture
comprised primarily of 4-"C. The sufficient spectral signal to noise was obtained to
validate the broad resonance for the isotopically enriched carbonyl.
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Figure C.106. *'P{'H} NMR spectrum (162 MHz, CD,Cl,, 23 °C) of a reaction mixture
comprised primarily of 4-"C.
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Figure C.107. "F NMR spectrum (376 MHz, CD,Cl,, 23 °C) of 4-"*C.
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Figure C.108. 'H NMR spectrum (500 MHz, CD,Cl;, -65 °C) of a reaction mixture

comprised primarily of 4-13C.
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Figure C.109. "C{'H} NMR spectrum (126 MHz, CD:Cl,, -65 °C) of a reaction mixture
comprised primarily of 4-"C. The sufficient spectral signal to noise was obtained to
validate the broad resonance for the isotopically enriched carbonyl. The inset shows

enlargements of the CO resonances of the two isomers of 4-13C.
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comprised primarily of 4-2C. The inset highlights the two resonances attributable to 4-

13C.
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Figure C.112. *'P{'"H} NMR spectrum (162 MHz, C¢Ds, 23 °C) of 5.
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Figure C.113. "C{'H} NMR spectrum (101 MHz, C¢Ds, 23 °C) of 5. The insets show
the enlargements of the aromatic (left) and aliphatic (right) regions of the spectrum.
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Figure C.114. '"H/'H COSY NMR spectrum (400 MHz, CsDs, 23 °C) of 5.
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Figure C.115. '"H/"”C HSQC NMR spectrum (400/101 MHz, C¢Ds, 23 °C) of 5.
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Figure C.116. Partial 'H/"*C HSQC NMR spectra (400/101 MHz, C¢Dq, 23 °C) of 5.
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Figure C.117. '"H/"”C HMBC NMR spectrum (400/101 MHz, C¢Ds, 23 °C) of 5.
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Figure C.118. '"H NMR Spectrum (500 MHz, CsDs, 25°C) of 2.
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Figure C.119. "C{'H} NMR Spectrum (126 MHz, C¢Ds, 25°C) of 2. The inset shows an
enlargement of the aryl resonances near the C¢Ds solvent residual. "C NMR signals
corresponding to toluene are denoted with an asterisk.
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Figure C.120. *'P{'H} NMR Spectrum (162 MHz, C¢Ds, 23°C) of 2. The insets show
enlargements of the phosphide (left) and phosphine (right) resonances, demonstrating a
broad signal for the former and a broad, but resolved, doublet for the latter.
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Figure C.122. Partial 'H/"”C HSQC NMR Spectrum (500/126 MHz, C¢Ds, 25°C) of 2.
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Figure C.123. Partial '"H/"”C HMBC NMR Spectrum (500/126 MHz, C¢Ds, 25°C) of 2.
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Figure C.124. '"H NMR Spectrum (400 MHz, C¢Ds, 23°C) of 3.
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Figure C.125. PC{'H} NMR Spectrum (101 MHz, C¢Ds, 23°C) of 3. The inset shows an
enlargement of the atyl resonances near the C¢Ds solvent residual. C NMR signals
corresponding to anthracene are denoted with an asterisk.
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Figure C.126. 'P{'H} NMR Spectrum (162 MHz, C¢Ds, 23°C) of 3. The insets show
enlargements of the phosphinidene (left) and phosphine (right) resonances.
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Figure C.127. Partial 'H/'"H COSY NMR Spectrum (400 MHz, CsDs, 23°C) of 3.
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Figure C.128. Partial '"H/PC HSQC NMR Spectrum (400/101 MHz, C¢Dg, 23°C) of 3.
The inset shows an enlargement of the aromatic region.
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Figure C.129. Partial 'H/"”C HMBC NMR Spectrum (400/101 MHz, C¢Ds, 23°C) of 3.
The inset shows an enlargement of the aromatic region.
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Figure C.130. '"H NMR Spectrum (500 MHz, THF-dj, -50°C) of 4.
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Figure C.131. "C{'H} NMR Spectrum (126 MHz, THF-ds, -50°C) of 4.
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Figure C.132. *'P{'H} NMR Spectrum (162 MHz, THF, 23°C) of 4. The insets show
enlargements of the dimethylamino phosphide (left) and phosphine (right) resonances.
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Figure C.133. Partial '"H/'H COSY NMR Spectrum (500 MHz, THF-4j, -50°C) of 4.
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Figure C.134. Partial 'H/"”C HSQC NMR Spectrum (500/126 MHz, THF-ds, -50°C) of
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Figure C.135. Partial '"H/"””C HMBC NMR Spectrum (500/126 MHz, THF-ds, -50°C) of
4. The inset shows an enlargement of the aromatic region.
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