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The C-H activation reaction at cationic platinum centers uttizthelating

aromatic N-type ligands has been widely studied in TFE (triflubeoel): a weakly
coordinating solvent. In our laboratory, recent studies involving a maddif
dipyridine methane ligand revealed that benzene C-H activatiorater, methanol
and the activation of alkane substrates in TFE is possible. Anio(li &inters
created via an anionic dipyridyl borate ligand present a new andgdngnaiirection
towards realizing selective oxidation of alkanes. Rapid CH dictivaf alkanes and
arenes is possible in biphasic water/hydrocarbon solvent nsxtutehe course of
CH activation studies with [dpbRMe),]” (dpb = di-2pyridyl-dimethyl-borate), the
complex was found to yield olefin hydrides upon alkane activation. Téld wf
olefin hydride complexes with the dpb ligand proved low (30-40%). A lipmphil

ligand (dBupb = dit-butylpyridyl-dimethyl-borate) activated various cyclic and



linear olefins with near quantitative yields. The resultant olkfidride complexes
proved to be catalysts for transfer dehydrogenation of cyclic alkanes (TON4.8p t

We found that in the presence of a hydroxylic solvent, a very rami@toon
of [dpbPt(Me),]" complex towards a Pt species was observed. The proposed
reaction mechanism includes rapid coordination efb® the highly electron-rich
metal complex with subsequent nucleophiilic substitution reactionosin and a
methyl group transfer from the boron atom to tHé &nter.

Oxidation with methyl iodide to give penta-coordinate dpie; and its
subsequent reaction with a hydroxylic solvent furnished the samegprasiwunder
aerobic oxidation conditions. This proved that oxidation had to occur priorttylme
group transfer. Since in this case, our system can be consigeradmechanistic
probe for Suzuki coupling, the insight into the nature of alkyl traistarides a clear
model of one the key steps of this widely-utilized transformatEventually, we
were able to observeraversible alkyl group transfer between"Pand B in DMSO
solutions.

To probe the transfer of an aryl group betweeh &d B, a dpbPtMePh
complex and a PtMe; complex supported by (dpydphb = dipyridyl-diphenyl-borate)
were synthesized. While phenyl transfer fro{ Ri B was facile already in THF, the
reverse, B-to-Pt phenyl transfer was not observed due to the greater stabilizatio
conferred to the complex by a B-Ph-¥Pmoiety. The feasibility of a B-to-Pt
phenyl transfer was demonstrated when [dpydphb&{~ was oxidized by @in

isopropanol.
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"The Lord gave us farmers two strong hands so that we could take as much as we
could grab with both of them," he preached with ardor on the courthouse steps or in
front of the A & P as he waited for the bad-tempered gum-chewing youhigiche
was after to step outside and give him a nasty look. "If the Lord didn't want us to take
as much as we could get," he preached, "He wouldn't have given us two good hands

to take it with." And the others murmured, "Amen."

-“Catch 22” (Joseph Heller)

"Why don't you use some sense and try to be more like me? You might live to be a
hundred and seven too."
"Because it's better to die on one's feet than live on one's knees. | gueshgaud
that saying before."
"Yes | certainly have,” mused the treacherous old man, smiling againfBaftraid
you have it backward. It is betterlize on one's feet than die on one's kndéat is
the way the saying goes.
"Are you sure?" Nately asked with sober confusion. "It seems to make morersense
way."
"No, it makes more sense my way..."
-“Catch 22” (Joseph Heller)

“Destiny is a good thing to accept when it's going your way. Whentit demi't call it
destiny; call it injustice, treachery, or simple bad luck.”

-Real life (Joseph Heller)
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Chapter 1: Introduction to Shilov Chemistry and &dtfivation
In aqueous systems with a cationic Pt complex sae@dy the

dimethyldipyridylmethane (dmdpm) ligand

1.1 Introduction

1.1.1 Importance of methanol and methane in the future economy

‘Simple’ may be a very good adjective to describe one of theleshand
most symmetric of organic molecules. Methane consists of fm@sa one central
carbon surrounded by four hydrogen atoms in a tetrahedron arrangetmsngni
odorless gas at room temperature. The effects of methane on modety, sand the
tools that humans and certain bacteria utilize to effectitralysform methane into

energy or other types of molecules, are anything but simple.

Methane is by far the runaway main component of natural gas. Coarbabt
large amounts of this gas throughout the world is used for heatingaeteétricity
production without much regard to the amounts o @f@duced. Natural gas is such
an important part of the energy and geopolitical balance in the waathly, that
barring breakthroughs in renewable energy utilization, this magn fois it will
probably continue until peak production capacity is reached. Howevergusith
oil, methane is a valuable feedstock that can be converted to otheroddynm
chemicals. It can be converted to Syngas, a mixture of CO gnlyHheating with

water vapor over a heterogeneous catalyst. Later, Syngdee caformed into higher



alkanes by the high temperature Fischer-Tropsch proéd®ssearch into conversion
of Syngas into liquid fuel or commodity chemicals always gdesrimterest during
times of oil scarcity, such as before World War 2, the oil cridithe 70%* and,

indeed, today.

Barring carbon dioxide and Syngas, there is one other molecule inth whic
methane is directly transformed daily directly on a colossdés@hat molecule is, of
course, methanol. Most of this chemistry unfortunately, doeské& fdace in an
industrial facility — with an honorable exception of the aforementioRescher-
Tropsch process on a rather small scale — it all happens in th&smakes and
oceans. Bacteria that live around extreme environments suckegse vents put
also in swamps and lake-bottoms, have become masters at utiieingethane-rich
environment. They possess soluble methane-monooxygenase and particulate
methane-monooxygenase (the latter is embedded inside the cell anesjbr
enzymes, that utilize either copper or iron catalytic sitesombination with NADH
to activate dioxygen and the strong CH bond of methane to selecpvedice
methanol”® The enzyme does not over-oxidate the substrate beyond methanol and
the solvent for this mild and homogeneous reaction is water from ittsedeell.
Methanol is then used by the bacterium to produce higher alkanet andract
energy’®* Much in the same way, humans could use methanol to produce higher
oxygenated alkané$;*? bypassing the need for Syngas. Or, since methanol is an

easily transportable, clean-burning and efficient liquid fueloahr temperature, it

could be used directly to power vehicles and to produce electfi¢igyonly problem



with this proposal is that, as of today, we are unable to even dos®to replicating

this remarkable chemistry that takes place in a single-cellatliogd®*

1.1.2 Introduction to Shilov Chemistry

By studying homogenous catalytic systems that are ableptwate some
aspect of the methane-to-methanol conversion process, it may beossible to
answer important questions regarding which factors determiieetisgy for the type
of CH bond attacked and for the propensity by many systems toaad®xidation.
The field of CH functionalization has led to many important breakighs in organic
synthesig>’ A recent report by White discloses a very effective irorethastalyst
that is able to selectively transform tertiary and second&hb@nds (Scheme 1.1),
and can be used with complex organic molecules containing variedohaict

groups'®



Scheme 1.1 CH oxidation under mild conditions with an iron catalyst
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The Sanford group uses functional group directed CH activation to install
various functionalities into pharmaceutically relevant heterocywids a Pd based
system (Scheme 1.3.

Scheme 1.2 Directed CH bond functionalization with Pd catalyst
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-
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All these breakthroughs in CH functionalization, and many future onasy,

be achieved without moving much closer to the goal of economic methanol



production, which was a main driving force for the establishmetiteofield of CH
activation after the observation of one interesting reaction.

There are many other transition metals capable of insertongai CH bond,
and many excellent reviews summarizing these systemsvaitakée’>*’ The focus
of our and many other groups on platinum is based on a report from thé @0k,
where the ‘initiator’ of the field of CH activation, Alexand8&hilov, noted that Pt
salts dissolved in water, catalyzed the conversion of methanethhaméand methyl
chloride (Scheme 1.3}:** Shilov’s decision to use Pt was based on earlier reports
that the metal salts catalyzed H/D exchange in benzene and atberatic
substrate$? a sure sign that CH bond activation had occurred reversibly. ThavShil
system is remarkable for being the first to produce functiorthfizeducts that result
from the CH activation reaction. The relatively low temperatofel0FC that
enabled this transformation is promising for further industpglieation. However,
the slow reaction rate (~4 TONs in 4 hours), and the fact thateaxgguld not be
used as a terminal oxidant, have hampered the widespread use ehttisn. The
only oxidant at the time that could be utilized in the originattiea was a molecule
of PtY, making the entire catalytic cycle prohibitively expensive. Rrsgjtowards
catalytic methane functionalization has been made since thd dig@ver of the
Shilov system and many excellent reviews are avaifdBfehut none of the reactions

developed are yet commercially viable.



Scheme 1.3 The Shilov Catalytic Cycle
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1.1.3 Variations on the original Shilov system; Mechanistic considerations

One reaction of note was developed by Periana and the Catagdigg; it
utilizes bypyrimidine as ligand for Pt in fuming sulfuric acichich also acts as an
oxidant for the overall process (Scheme 24Although the conversion rate for
methane to methanesulfonic acid was impressive (70% one mdds-yieaction is
thereafter inhibited), the water produced in the reaction eventsially down the
catalysis and the methanesulfonic acid product proved to be difficidolte and
economically convert to methanol. It is remarkable that methaéfdie is produced
in 90% selectivity and that the complex remains stable undee#ttian conditions.
The ligand is not oxidized and even if dissociation of the metal doesr,
precipitation of Pt black is precluded by the harsh reaction ¢onslithat serve to

effectively ‘dissolve’ the met&t



Scheme 1.4. The Catalytica system for methane bisulfate formation
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In order for ‘Shilov Chemistry’ or similar approaches to becaw@nomical,
oxygen is the only oxidant that can be seriously considered. Exizaden peroxide
may become too expensive on an industrial scale depending on theaukateaof
the methanol produced. Still, the initial observation eventually engeshde lot of
excitement and mechanistic studies of the Shilov cycle werertah@r?® It was
found that certain copper salts could act as an oxidant insteadaéeute of PY;*
in this case, the coupling of the CH activation reaction to Wadkerexidation
chemistry could prove fruitful in realizing the use of oxygen asriainal oxidant.
Other oxidation strategies include the use of tandem Pt complprgsxometalates
(POM) that can be regenerated by molecular oxygen, perhaps POMs can be
utilized in the futuré! Often however, the use of other metals for tandem oxidations

results in lower selectivity for metharfa" references therein)



Water, far from being the green solvent of choice only due toow$ and
environmental considerations, proved indispensible to the reaction smas found
that a molecule of water was necessary during the finalitunatization step of the
Shilov cycle®® The oxidized Ptspecies undergoes nucleophilic attack by an @H
CI" ion to generate methanol and methyl chloride respectivelyt@andform the
original catalyst. This nucleophilic attack proposal for theclmaism of reductive
elimination of functionalized organic products was originally suiggebsy Shilov.
The chloride ion that leads to methyl chloride originates fronPthgalts; in a large
scale industrial setting where"Poxidizing salts would be ideally replaced by a
cheaper oxidant such as dioxygen, the amount of methyl chloride geher@uld be
ideally minimized. The first step of CH activation, the coordaradf a strongs—CH
bond, is the slowest step for the entire cycle. It is at tBs that the water molecule
proves to be duplicitous. Despite being necessary for facile nucleogttdck during
the last stage of the cycle, the aqua or hydroxo ligands bindytighPt'. It is the
replacement of an aqua ligand by #eCH bond of a molecule of methane that
proves to be the most difficult of all. The subsequent splitting \wérg strong CH
bond by the Pt center, is relatively rapid and can happen in aibdedeshion®**
The enthalpy of the CH bond of methane is ~109 kcal/mol and thexesmall
entropy penalty that is offset by the loss of the aqua ligdotdeme 1.5). However,
the two new bonds that are formed if oxidative addition is the opgratechanism
would have energies of 73-74 kcal/mol"dPt bondsy® and ~30-37 kcal/mol for a
new PY-CHs; bond?®** From simple energy considerations, it is then not too

surprising that CH activation can occur so easily in certdisytems.



Scheme 1.5. Coordination and oxidative cleavage of CH bonds withcBmplexes
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There are other mechanistic pathways other than the oxidagisreagle of a
CH bond, that may be operative in creation of a metal carbon bond irhilog S
system (Scheme 1.6).

Scheme 1.6. Possible CH activation mechanisms with metal centers
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The electrophilic substitution pathway depicted in Scheme 4 wassgadges
the pathway operative in the Catalytica system due to harsh omsdiéind the
absence of strong nucleophiles. This mechanism may be oper&uecatalyzed CH

bond functionalization reactions as W&lIThe s-bond metathesis pathway is often



operative in high valent and early transition metals where agehainoxidation state
is difficult or impossible (in the case of dransition metals). The sigma bond
metathesis reaction is not likely to occur at a late ttiansimetal such as Pt, but
considerable care must be taken in ruling it out. The recently egporechanism of
o-complex assisted metathdSis very similar to thes-bond metathesis pathway and
it requires for a nucleophile to be co-ordinated to the metalderdo assist with the
CH cleavage step by attacking the hydrogen in the transitia@. sThis last
mechanism has also been shown to be operative in some low valentralaséron
metal system& The conditions of the Shilov cycle are favorable for this mechanism
but multiple H/D exchange events after CH activation (Schemeahd )solation of
Pt¥ hydrides has lent sufficient weight to the oxidative coupling mechanism.

Scheme 1.7 Example of aromatic CH activation

Pt—CH; @—D6 — Pt—@-DnH5_n +  CH3.Di4q

Research in the area of methane functionalization with platinum fafteises
on modifying the ligand environment around the Pt center in order tueefaster
CH activation and/or fast oxidation by oxygen of the resultinGRs-specie$’ and
by using a model probe in order to gauge the effectiveness aftiaufza ligand
system in CH activation. The monoalkyl complex represented inn8cHe8 is
actually the complex that would be obtained by CH activation withsalvento
complex. However, it is much more difficult to activate methanth \the less
electron rich Pt center in a disolvento complex, which often exists as a dimer in

solution?®® Disolvento Pt centers are not amenable to facile CH activation and until
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recently?® successful examples have been rare. Thus, the monoalkyl complel, whi
has more electron density on the metal center and can subsegsplittlya
coordinateds—CH bond more easily, is utilized to judge whether a particigand
scaffold improves the rate of CH activation.

Scheme 1.8 A monoalkyl Pt probe of CH activation

L,  «CHs; L, R
P, *RH —> Pt! +CH,
1 “OH, 1’ “OH,
+OH2
I—/’, \\CH3 L/,,' \\CH3
Pty ~—— Pt
L/ \/ L/I VR
R H

Another good argument for using the monoalkyl probe is that in thee entir
transformation as presented by Scheme 6 is energetamsgjgnerate in the case of
methane activation by a monomethyl complex™*& labeled methane that became
incorporated into the complex would be proof of CH activation and equitibri
would drive the activation of aryl species in an open system dsasvébrmation of
stronger Pt-Cspbonds. In the case of CH activation with a disolvento complex, the
product monomethyl complex is often thermodynamically uphill anailitnot be
observed in solution; in this case the observation of H/D exchangeeikng sign
that activation has occurred. By the principle of microscopicrsévikty, it is also
possible to gain insight into the alkane activation pathway taken kgheant

complex, since a similar mechanism would be operative in a eevesxtion, the
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protonation and reductive cleavage of a monomethyl complex to genemate a
solvento species (Scheme 1.9).

Scheme 1.9. Energy landscape of CH activation, or M-C bond protonolysis
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The strategy of using a monomethy!' Romplex to probe CH activation
provides valuable insight into the overall mechanism. If RH is dmetrmethane
(CDy), it is observed that the lower reaction in Scheme 1.8 if fsaaje and highly
reversible. Multiple CH bond breaking (oxidative cleavage) and refgyifreductive
coupling) events occur such that various isotopomersC8H,D,, CHDs;) become
visible in solution. From this result, it is possible to deterntiva the rate limiting
step in the reaction is solvent displacemegis{kaion SCheme 1.9) by the alkane and
not CH bond cleavage dldative cleavage SCheme 1.9). It can be concluded that the
transition state mostly involves either concerted or associgjmed exchange from

measurements of reaction entrdpw result which has recently been conte§¥&d.
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Finally, solid evidence for the intermediacy of & Piydride complex in these
numerous CH bond breaking and reforming events has been obtained hirsgabi
the P!’ octahedral geometry with a specially designed scorpionatendliga
dipyridylmethylsulfonate (dpms) (Scheme 1.19)Although alkyl hyride PY
complexes have been observed befdre this was the first report of these species
being generated in aqueous solution. The dimethyl hydride d@mplex was
generated by protonation of a'Rtimethyl species via triflic acid or dissolution in
water, and it decomposes by the reductive elimination of metharteeByinciple of
microscopic reversibility, it can be concluded that the reversamitbdynamically
unfavorable reaction (the CH bond activation of methane by a monomethyl
monosolvent Pt species) proceeds through the very same dimethyl hydride
intermediate obtained by protonation in Scheme 1.10. An interestin nesithe
incorporation of*C label into the methyl groups of thePspecies under an
atmosphere of’CH,. This mechanism may, with some caution, be extended towards
most Shilov-like systems (where a monomethyl hydrid® Rt believed to be
involved) that operate in hydroxylic environments under mild conditionsottiing
else, this result offers solid evidence for one of the mechanmsBshieme 4; it has so
far proven difficult to isolate reaction intermediates of other proposed megetsanis

Scheme 1.10. Generation of a long-lived dimethylfiydride
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It is hoped that these results will be applicable to an evewr&ing system
based on a disolvento complex. Even if the CH activation step toagersar M-CH
species is thermodynamically unfavorable, as it is in this ch#ee dpms supported
disolvento complex, the product could be trapped in the oxidation step asttigtic
cycle right after formation.

To probe the CH activation reaction, model systems are ofteedtest
trifluoroethanol (TFE) solvent, with the resultant correspondingly drigknergy
LPt'(Me)(TFE) (L = bidentate ligand) species as the stamtiragerial instead of
LPt"(Me)(OH,)  (Scheme 1.1>%* TFE is a weaker donor to Pt than the aqua
ligand, and thus more easily replaced by the CH bond of an alladybrlt is still,
however, a hydroxylic solvent and a mimic of the conditions thabpeeative in the
Shilov cycle where both water and methanol are present. Whileehsf tiss solvent
does hint at apparent selectivity of all the Pt complexesdtestine CH bonds of
alkanes and arenes are activated preferentially to the CH béAdsEo- it is too
expensive and it cannot replace water for the task of carogihgucleophilic attack
on the intermediate PtMe species in the functionalization step of the Shilov Cycle
(Scheme 1.3). Despite these shortcomings, TFE based syskams$oa observation
of CH activation reactions that would not take place in water (due to decomposition a
high temperatures) by lowering the overall reaction enengyt@a smaller extent, by
improving the solubility of metallic species and/or the substrate (Schel).

The intersection points on the energy diagram in Scheme 1.11 represent
hypothetical energy levels for the resultant transition stafBlse main benefit of

utilizing TFE comes from destabilization of the ground statdv@fcomplex as a M-
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TFE bond vs. free M and TFE is less thermodynamically félerthan M-OH vs.
free M and OH. The oxygen atom in TFE is less electron rich than in water and the
lone pair experiences weaker interactions with Pt d-orbitals.

Scheme 1.11. Factors Affecting Kinetics of Associative Ligand Substitution 4t Pt

------------------------ Pt + L

Pt—(RH)

AH RH = alkane

Pt—(RH)
RH = aryl

TFE also has a much lower effective molar concentration thaerwatce
again decreasing the overall Gibbs free enerdy)(required for the reaction since
there are less molecules of solvent to compete with the alkaneaseltfsr the metal
center. It's also possible to lower the energy of the transstiate by activating aryl
CH bonds as opposed to those of the alkane. It is therefore not sy i the first
test for the robustness of a new Pt complex in CH activatioftas carried out in
TFE, with the molecule of interest being benzene. Benzene cactivated more

readily probably due to the fact that it is able to form adioatedr-complex before
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slipping to ac-CH bond coordination mode and the subsequent CH bond breaking
event (Scheme 1.1%. This Pts—bond is stronger and creates a longer lived
intermediate than the correspondiagCH bond of coordinated methane or other
alkanes. Thus, the transition energy is lowered by finding a stégtrat can bind
more favorably with the metal center.

Scheme 1.12. r ando—CH Pt complexes
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Ultimately, testing a candidate ligand platform’s potential i &ctivation
involves moving to stronger coordinating solvents that would refleclytiat
conditions, and shifting to the use of alkanes as opposed to areneslyfaseld97,
Bercaw and Labinger used TMEDA supported Pt complexes in pentafjuiciop
(CsFsN) solvent to activate methane (Scheme *11jreversible substrate activation
was observed with arenes: benzene was activated to quantitativelyce the phenyl
complex and release methane after several days°at 85 the case of deuterated

benzene, multiple deuterated isotopomers were observed. More redeisty has
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observed activation in TFE in the presence of at least one equicilemater
(Scheme 1.13"*° It is believed that the reaction occurs by the reversible
displacement of the aqua ligand by TFE, followed by irreversiisiglacement of the
TFE with benzene. A mechanism whereby the aqua ligand is lost ahdee-
coordinate intermediate is generated was discounted on the badie simall,
negative entropy of the reaction. The inverse reaction order in addtn also
means that direct substitution of the aqua ligand by benzene iskelyt ih this
system.

Scheme 1.13 Examples of selected CH activation systems
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Our group’s goal is to design ligand systems that would destatiézground
state of the complex, without increasing the transition stateger®y a similar
amount so that CH activation chemistry can be observed in veryglstrdonating
solvents such as water and methanol. The latter solvent is the pobthue oxidation
of methane and it's important to gauge whether the catalystbwiltable in the
presence of methanol and whether it will be selective for théb@tdls of methane

over the more polar and less electron rich CH bonds of methanol.

1.2 Design of Dimethyl-Dipyridyl methane (dmdpm) ligand

The ultimate success in activating CH bonds comes from a cospaleity
to accomplish both dissociation of solvent and the oxidative cleafageH bond.
Shteinmann showed in the late 1970shat the rates of deuterium incorporation
depend on the nature of the ligand L that is bound to platinum ipLRt&d PtGL .

The stronger the trans effect of the ligand, the lower the oételeuterium
incorporation into cyclohexane that was observed. This result suggleateat teast

with strong trans effect ligands, the rate of ligand substitution does not thflezdise

of CH activatior’® Rapid H/D exchange is observed in alkanes and arenes when
ligands with weak trans effects are u8éd.

It is important to note that most of the successful Pt based@iMation
ligand scaffolds in the literature are nitrogen donors; the plesmprovided in
Scheme 1.13 are thus representative. Examples of phosphine donor ligands
facilitating CH activation are rafé:®* This may be due to the strong trans effect
(ability of a ligand to lower the energy of a M-L bond trans }witthe phosphine

ligand; the alkane cannot bind as well to the metal center anglttimg of the CH
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bond to form a Pt now becomes more thermodynamically unfavorable, as the
resulting complex would have two strong trans-influencing ligands (gpphmstrans

to a methyl or hydride) trans to each other. The CH bond spldtieyg can become
rate determining under these conditions and weak trans-influenciogentdonors

are thus favored for CH activation. A ligand that is too elegu@or however, will
result in a more electrophilic metal center and lower Cl/attdn rates. This last

issue is not anticipated to be a problem with most nitrogen based scaffolds.

1.2.1 Our approach to ligand design for CH activation

Our approach towards designing a ligand system is ultimatebmaoirical
one that is based on Density Functional Theory (DFT) calculatiorthel late 90s,
Vedernkov et al. usedb initio and DFT methods to evaluate a range of ligands and
their effects on the success of the methane activationor&zf’ It was confirmed
that nitrogen based donors are in fact the preferred ligands fonuptain this
transformation. When actively designing ligands six years laterdecided also to
exploit steric effects. A sterically hindered square planamftal center would not
bind the aqua ligand as strongly as a non-hindered complex. A kyehiralered
metal center would also mean an increased selectivity foadtmation of primary
CH bonds and in fact. Steric bulk may be a factor necessarthéosubsequent
selectivity in the activation of CH bonds of methane over those omithanol
molecule — the latter being twice as large. Since the los®afdua ligand is believed

to be the rate determining step in the overall reaction whek wans effect ligands
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are used, our approach towards screening potential ligand dsaffiovolves
calculating theAG for this dissociation reaction (Figure 1.1).

Figure1.1 Loss of aqua ligand from square plandr&®mplex.

@ ©,
N OH
< :///Pt\\\;\\ 2 N//////P-t + Hzo
N CHs N e,

Steric effects may also have a negative influence on teef&H activation.
Zhong, Bercaw and Labinger found that sterically hindered diketimine cresphad
lower rates of benzene activation with respect to non-hindered ofiks.lower rates
are assumed to be due to the difficulty experienced by benzeapmpinaching the
hindered Pt center. However, a methane molecule is much sihatecoordinated
benzene. The energy of theCH bonded methane intermediate is expected to be
destabilized to the same extent as that of the starting sgiaed complex without
significantly affecting the transition state energy of @ bond splitting step, or that
of the presumed Pt hydride intermediate. As applied to the ligands used in this
work, this hypothesis was confirmed by relevant DFT calculatemd will be
discussed below.

Even if the displacement of water is not the rate determiniag, she
appropriate ligand would lower the overall energy profile of #aetion. Evaluating
the entire CH bond co-ordination and breaking pathway would involve modeéng t
oxidative cleavageg-bond metathesis, and the electrophilic substitution pathways

involved in CH bond splitting. Often, the energetic differences katwihese
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pathways are slight and may depend on the steric arrangefigainals, the type of
ligand that dissociates, and on the reaction medium. For example, &hash
coworkers found that (NHLPtChL has displacement of ammonia by methane as the
rate limiting step in both the trans and the cis comffdr. the trans complex,
oxidative addition to form a Pthydride was favored over other pathways, but in the
cis complex, oxidative addition argdbond metathesis became competitive (Scheme
1.14).

Scheme 1.14. Computational results for the (NJAPtCL system
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Later, when investigating the possibility of chloride displacemessrh fthe
same cis complex, Goddard and coworkers concluded that the oxidativi®raddi
pathway becomes favored by ~10 kcal/fffohs mentioned earlier, calculations on
the Catalytica system that modeled the reaction medium concthdédhe CH
activation event occured by electrophilic substituffoor a (the way it is recently
termed)s-CAM mechanisn{®> Thus, caution has to be used when deciding which
mechanism is operative as the lowest energy pathway appedepdnd very much

on a particular ligand and reaction conditions. It would be time prokebidir us to
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model all the possible CH activation mechanisms in each of our ppigsad
systems. What is clear is that solvento ligand substitution dogs fdage role in the
overall reaction and the modeling of this relatively easy tramsfbon offers a quick
and reliable diagnostic for the suitability of a particular ligand platform
1.2.2 Development of the dmdpm motif

With the recent advent of fast computer processors, an entire ligaad”on
center can be modeled in a reasonable time frame and the fubilnoode analysis
and the Gibbs energy calculations could be carried out. As mentiorest, ezur
analysis invoving calculations of the Gibbs energy for the reacgpicted in Figure
1.1 does not take into account the “actual” mechanism of the replacefrtee aqua
ligand by methane in our systems (dissociative or assogidtitehe data produced
will reflect a trend among a group of similar metal cometexThe Gibbs energy
associated with the actual (gas-phase) reaction could be sralteassociative or
concerted transition state is involved as compared to purely @isgeanechanism
of aqua-for-methane ligand substitution. That means the numbers weaatde an
upper energy boundary for the reaction if the mechanism is truly a dissociative one.

As applied to real systems, the solvent effect and espednalyeffect of
higher solvent concentration relative to the substrate would &fiecposition of
equilibrium in Fig. 1.1 and the corresponding Gibbs enerndy, Taking all the
factors into account, th&G” for the dissociation of the aqua ligand will have a small
(few kcal) error against measured experimental kinetis rated it will reflect a very

accurate trend across a group of similar ligands such as bideittaigen donor

22



ligands and nitrogen based scorpionates. The ligands presentedléen ITare a

representation of the many different scaffolds that were checked via DFT.

Table 1.1 AG? for loss of aqua ligand from associated '{(®e)(OH,) complexes

(reaction in Fig. 1.1)

Ligand AG®5gg, kcal/mol
&} 242
=dpms
N
N
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CH;  CHg
CF CF3
3 //—'\\
NN 16.9
CFs CFs

The lowAG? for the diketimine ligand that is very similar to the oneduse

the Tilset and Bercaw groups (two methyl groups in the diketimickblone are
missing — Scheme 1.13) is immediately apparent. This ligangnikisto the one
used by Zhong et al. in order to measure steric and electrdeatsedf diketimines
on CH activation. It was found that this scaffold is less actmaa tone with two
methyl groups in the diketimine backbod he latter ligand holds the current record
for fastest measured rate of CH activation by a cationigtemin TFE as welf® the
diketimine scaffold genereally has proven very valuable as ehanestic CH

activation probe. The reason for the robustness of the system magniyobe
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electronic in nature. The large phenyl groups may providecdteik that can favor
aqua ligand dissociation, although this has been disputed by the results of ZHong et a
Chen and Gerdes believe that the Ph groups coordinate to the éttinethie three
coordinate intermediate (formed in a dissociative process) thabbserve in the gas
phase’® However, this pathway may not play a large role in solution chiemifs
Platinum complexes supported with diketimines also suffer from latensolubility

and this very important factor may make them undesirable in fuett@oration of
practical variants of Shilov chemistry.

We decided to explore the dipyridylmethane ligand system dusaticer
reports where complexes supported by similar pyridine basedfsmgiowed
interesting CH activation activiy:’*® The dipyridylmethanesulfonate (dpms)
ligand used by Vedernikov to isolate a dimethylhydridé’ Romplex?? is a
surprisingly poor candidate for CH activation according to Table atérdstingly,
this could be due to the pendant sulfonate’s propensity to form strbagiblecular
hydrogen bonds to the aqua ligand. This effect would only become more pronounced
in non-hydroxylic solvents, but it would also make this ligand a poor eHoican
aqueous environment. Once the sulfonate is removed, a 3 kcal/mol reduaction
overall reaction energy is achieved. By introducing two ortho yhejtoups and
thereby adding steric bulk to the relatively simple dpm ligandiggnie once again
lowered by another 3 kcal/mol. The ortho methyl groups would beatoavwfay from
the Pt center to undergo intramolecular CH activation (Figure 1.2)héwutare close
enough to sufficiently destabilize the ground state by distortingidbal square

planar geometry around & ahetal center.
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Figure1.2 Side on views of the DFT optimized structures of dpmPt(Me){Ottbp)
and dmdpmPt(Me)(OR" (bottom) with Pt-O bond lengths indicated. Bond lengths in
Angstroms (A) 1A=100pm

This relatively simple ligand is also expected to generatera water soluble
cationic complex than in the case of the diketimine. Even if thesSenergy of
reaction in Fig. 1.1 is underestimated, if it is assumed that tiaefiden Table 1.1
form a trend, then dmdpm is separated from the successfulndgiketmotif by only
1.6 kcal/mol. If Pt complexes supported by the latter can dispiagt @H activation
in TFE, then complexes supported by dmdpm should display CH activatioatén w

at, or close to, room temperature. This result would be significant since, exctya f

25



Shilov system, no Pt complex has proven to be effective for CHa#iot in purely
aqueous systems.

Interestingly, the DFT calculated structure of the dmdpm cexmphows a
longer Pt-O bond than the corresponding structure for the dpm confjidexe 1.2).
The deviation of Pt from the mean plane created by the four lighodded to
platinum is 6.6 pm in the dmdpm ligand versus 0.6 pm for the dpm case Steri
effects significantly effecting reactivity are not unknown irfllPtchemistry. A
phenanthroline system that contains a five membered Pt cyclesalbr reversible
access to a Pt(IV) species when methyl groups are presenthp positions to the
two nitrogen donors. The complex without the ortho substituents undergoes
irreversible reduction as determined by cyclic voltametry (Figure 1.3)

Figure 1.3 Effect of ortho substituents on reactivity

Hs CHs,
/P\
o
Complex undergoes Complex displays
irreversible redox electrochemical
decomposition stability

Of note in this report is the large displacement of Pt(ll) ftbexmean plane
defined by the four ligands (0.222 A) in the sterically crowded cexpkhile no
such displacement is observed for the complex that does not containrathyl
groups® Therefore, based on our DFT observation and prior literature resats

were expecting interesting CH activation results with the actual eaxnnphand.
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1.3 Synthesis of the dmdpm supported Pt complexes and associated activity in CH

activation: Results and Discussion

The dmdpm ligand was synthesized by coupling of lutidine and picoline. The
monomethyl contaminant that inevitably formed was removed by ftadbmn
chromatography to obtain the pure ligand. Reaction with a dimathgés Pt
precursor [Pt(Me[SMe)].** gave the corresponding dimethyl compléxi
Treatment of comples.1 with 1 equivalent of HBFin methanol or trifluoroethanol,
provided pure solutions of cationic2(methanol) and..2TFE) respectively. Since
1.1is insoluble in water, the corresponding aqueous solutidnZzodan be obtained
by treating a solution of.1 with HBF, in a 3:1 mixture of methanol to water. The
resulting solution is reduced to ~20% of the original volume under highusraand
refilled with water 3 times to obtain a pure aqueous solutioh2)fthis avoids the
chance possibility of double protonolysiReducing the volume to dryness results in
a product that shows varying activity in CH activation when dissolved in the
corresponding solvent. Tellingly, an attempt to crystalliZaqua) by re-dissolving
a dry sample obtained in TFE in water gave crystals of neatiapoundl.3

(Scheme 1.1.5; Figure 1.4).

27



Scheme 1.15 Synthesis of complexds2andl1.3

Z | Z | 1/2[Me,Pt(SMey)l, Z | Z |
%
NN THE NN /N\
Pt
/ \ 1.1
1 eq. HBF4
solvent X-OH
) BF4e
2-TFE
-
vacuum drying,
recrystallization / (IDH
- X J1.2
X = CF3CH, : 2-TFE
X=Me : 2-MeCOH
X=H : 2-H,0

The crystal structure df.3 although expected to deviate frdn® (TFE) in
the length of the Pt-O bond, shows that the Pt(ll) center is pusheuf thg mean
plane defined by the plane of the N,N,C,O ligands by 0.103 A. Althoagipound
1.3 could serve as a model for how the steric bulk distorts the sqplanar
coordination sphere of Pjust as predicted, CH activations studies had to be carried
out with the cationic complexds2

Neither compoundL.3 nor 1.2 could be isolated in analytically pure form.
Samples ofl.3 had an appreciablEF NMR signal due to BR-150.6 ppm); 1,4-
difluorobenzene standard showed that the amount gf &fon present was about
15%. Hence, the samples hf3 mentioned above contained about 15 % moll.af
Prologed exposure of mixtures &f3 and 1.2 to high vacuum never reduced the

amount of the BF anion below 10%.
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When 1.2 was prepared in situ by the method outlined above, samples of
cationic complex1.2 pure by NMR spectroscopy (~100% BFanion by 1,4-
difluorobenzene or TFEF NMR standard) could be repeatedly obtained. The
solutions and the subsequent activation products were very amenaiolalytsis by

low voltage ESI-MS methods.

Figure 1.14. Compexl.3crystal structure (Mercury drawing) side-on (A) and top (B)
views at 50% probability ellipsoid level
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1.3.1 CH activation studies with compl&»x

After obtainingl.2(TFE), the CH activation of this complex was tested with
benzene and cyclohexane in TFE solution. Both of these substramstiaated at
room temperature to give phenyl complexX(TFE) and cyclohexene hydride5,
respectively (Scheme 1.16). However, since solutions of the commestarle at
45°C under the reaction conditions, the activation was monitored aintmotled
temperature of 4&; the results are summarized in Table 1.2. The rates dfareac
were followed by*H NMR spectroscopy and determined under pseudo first order (at
least 10 eq. substrate) reaction conditions.

Scheme 1.16 Activation of cyclohexane with 2-TFE

= - -+
H
H —
45°C / 10 eq. cyclohexane N BF
> N ,\' P> H 4
o, le ....Pt...,,,,©
CH,;
CH;

Characterized by '"HNMR
ESI/MS: m/z =477 if TFE-d|; 476 if TFE

1.5
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Table 1.2. Kinetic parameters of activation of benzene and cyclohexafheiyFE

in TFE at 45C.

Benzene Cyclohexane

k
%% 1(4.05 +/-0.07)e-5s" [ (1.11 +/-0.03)e-5 s

Half-

life, h 4.76+/-0.08 17.3 +/-0.5
+

AG, 22.7 kcal/mol 23 5 kcal/mol

Both reactions can also be observed at room temperature. Theyidémiié
phenyl complex was confirmed by an independent synthesls4GfFE) from the
diphenyl analogue df.1, and by ESI-MS. The identity df5was confirmed vidH
NMR spectroscopy of the product that produced a hydride signe2lab ppm
integrating as 1H and two inequivalent Pt bound olefin signals inegras 2H, as
well as by ESI-MS.

In methanol or water solution%,2 was reasonably reactive towards the CH
bonds of benzene, but not those of cyclohexane, ‘@.6Blowever, a considerable
side reaction that led to dinuclear comple®, was also observed in water (Scheme
1.17); complexl1.6 was identified by ESI-MS. In methanol, another side reaction
(activation of the CH bonds of methanol or methanolysis) was accoapryi

decomposition of Pt containing species towards Pt black.
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Scheme 1.17 Activation of benzene in water and methanol

— -+ _ -+
ki
BF 4_ 60°C / 10 eq. benzene BF4_
—_——
-CXy
- X=HorD R=D,CD; - - . -
1.2 1.4
ko kg
,_.
— —_ 2+
: H 2BF,
H ||3 ?-5(3 4
¥ “\\\\Ollu,,,h / 2
e A

Pt .

(@]
F
O—

T

1.6

It is conceivable that alkane substrates can also be adtivateater and
methanol, but that the rate of activation is much slower than tlsadefeactions and
decomposition, making it difficult to observe the reaction. Theafa@H activation
(k1) can be estimated by determining the observed pseudo-firstratdeconstant for
disappearance of starting material with substrate presetitpariorming a linear
subtraction of the decomposition rate without substrate obtained inrala@atction
(Equations 1 and 2).

Kobs = ki + ko (@H)

Kobs— ko = ki (2)
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The results of our kinetic studies are summarized in Table 1.3. Ahhthe
kobs IS comparable to that ofkthe latter value reflects the large excess of solvent
(especially in low MW HO or D,O) compared to the amount of substrate that was
present in reaction solutions. Taking concentrations of a solverd anbstrate into
account would, in the case of methanol solvent for example, lead éateigsecond-
order rate constant for activation of benzegg=ki/[PhH] than for the methanolysis
reaction (k/[MeOH] and k/[MeOH]) since the MeOH is present in a greater
concentration (~3 orders of magnitude greater than benzene). velpwihe
decomposition reactions preclude this system from being used in practice.

The AG” values of 25.5 and 26.3 kcal/mol for activation of benzene in
methanol and water respectively, are greater that the DEllai®d values (see
Table 1.1) since an allowance should be made for the CH bond breakiraftstehe

o-bond bound intermediate has been obtained.

Table 1.3 Kinetic parameters of activation of benzene with comflé&n methanol,

water, and TFE; [PhH] = 0.0236M (TFE and MeOH) or 0.0118M {0 D

CF5CH20D (45°C) CD;0D (60°C) D,O (60°C)

Kobs | (4.05 +0.07)e-5s™ | (1.51+ 0.04)e-5s | (3.1£ 0.1)e-6 s~

k <le-7 s (1.22+0.08)e-55"| (22 0.1)e-6 s~

+
AGq| 22.7 + 0.1 kcal/mol | 25.5 + 0.3 kcal/mol | 26.3 + 0.1 kcal/mol
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1.3.2 Conclusion and future plans

We can conclude that DFT modeling can be a valuable tool in diegjga
system that will activate CH bonds at room temperature in aqueous solutions. The key
parameter of such a system is low DFT-calculated dissoci&mnergy of the aqua
ligand. Stability and side reactions might not be as much of a praddehey were in
the case ofl..2 at 60C. 1.2is stable indefinitely in a water solution, and undergoes
slow decomposition in methanol ft= ~1 month) at room temperature.

Encouraged by our initial success, we decided to slightly modifdrigpm
motif to decrease dissociation energy of the aqua ligand and oldditomal 3
kcal/mol reduction in energy. The even more sterically hindégadd 1.7 provided
the necessary energy change, but it did not form the Pt coh@&ten mixed with
the Pt precursor (Scheme 1.18). We are currently exploring icaithhs to the

dmdpm motif to achieve desired reactivity.

Scheme 1.18. Attempted synthesis of compl&x8.

7 | z | 1/2[Me,Pt(SMey)],
D LN THE
1.7

In conclusion, we have synthesized the first Pt(ll)(solvento)(aikyiplex
capable of undergoing CH activation reactions in pure water andhanust
Interestingly, unlike the diketimine systems utilized bydaer, Labinger and Tilset,

these complexes are very sensitive towards extra equivaleatsglofVe obtained an
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interesting alkoxide complet.3, a neutral derivative of the protonated cationic
complex1.2TFE), which confirmed that through careful ligand modificatiit may
be possible to influence the steric and electronic environment arourit tnetal
center and promote facile CH activation in coordinating solventhodgh side
reactions in water preclude further study of this system factigal application,
ligand optimization currently underway should furnish a more reaege more

stable species.
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1.4 Experimental

1.4.1 Synthesis and Reactivity of Ligands and Complexes

Bis(6-methylpyridin-2-yl)methane,dmdpm

H,
C
=
| N 1. nBuLi, THF, -78C to r.t. | |
_ — i L\ N __A
H,C N CH; 2. picoline, 0C to reflux
31% CHj CHs

This ligand has been previously reportéf To achieve a large scale synthesis, a
modified procedure (reported in reference 84) was adopted. 53.6 g loti@ite
(500 mmol) were cooled to -78 in dry THF under argon. 53.0 mL of 10M BulLi
solution (530 mmol) in hexanes was added while maintaining vigorausgti The
mixture was allowed to react for half an hour, after which thetimawas allowed to
reach room temperature on its own. Subsequently, the temperasilewesed to
0°C and 9.90 mL (100 mmol) of 2-picoline were added dropwise to the solufttos.
solution was refluxed for one day, the temperature was loweredhandaction was
guenched with water over an ice bath. The products were extradth diethyl
ether, washed with water, conc. NaH{®olution, and brine, then dried over
anhydrous MgS@ filtered and concentrated. The resulting products were purified by
vacuum distillation to give a mixture of the product and a monomeindine
methane admixture in a 2:1 ratio was obtained pure, concentratergcafumn
chromatography (ether/hexane; 27/73) as a yellow, crystalilg* 6.20 g, 31%
yield on picoline). The spectral data matched literature repisttmp 35-37C.

*Reported as an oily residue in reference 83; oiMRN\data reported in reference 84. Oily residues
of dmdpm for us meant at least a 3% admixture afieneethyl-pyridine methane admixture that were
unacceptable for kinetic studies. Very pure dmdpandry solid.
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Bis(6-methylpyridin-2-yl)propane, 1.7

HsC. CHs
Z z BuLi / Mel Z | Z
| N > N N
SANOTS THF / Ar/ 0°C
CH3 CH3 CH3 CH3

To a dry flask flushed with argon and 50 mL. of dry THF %€,00.4 grams of
(2mmol) of dmdpm were added. To this mixture was added 0.80 ml of 215M B
Lithium solution (2 mmol) and the reaction was vigorously stirredfif@ minutes
after which 26uL. of Mel (2 mmol) were added. The mixute was allowed toadtir
0°C for half an hour, after which time a second portion of BuLi agded (0.80 mL
of 2.5M soln.) and after five minutes Hll of Mel were added as well. The reaction
was allowed to slowly reach room temperature, after which time it was quenithed w
water. The product was extracted in ether and washed with,watec. NHCI
solution and brine. After drying over Mg@Qhe product was dried under vacuum to
obtain a wet, reddish oil. The product was purified by column chronaatbgr(1/10 :
Et,O/hexanes) to obtaih7 as a pale red solid in ~75% vyield (0.30 grams).

'H NMR (22C, CDCE), §: 7.29 (t,J = 7.6 Hz, 1H), 6.81 (dJ = 7.6 Hz, 1H), 6.78
(d,J= 7.6 Hz, 1H), 2.41 (s, 1H), 1.67 (s, 1H).

¥CNMR (22C, CDC}), 6 : 167.1, 156.8, 135.9, 120.0, 118.4, 48.0, 28.5, 24.7.

Bis(6-methylpyridin-2-yl)methane-dimethyl-platinum(ll), dmdp mPt(Me),, 1.1

HsC  CHs
: W
~ N /\
| NI + 12 MeS SMe, THF/benzene
N F \Pt/ 65.5%
CHs CHa /\
HsC  CHs
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63 mg of dmdpm (0.32 mmol) were dissolved in 3 mL of THF in a vial equipped with
a stirring bar. 100 mg (0.16 mmol) of [Pt(@KHSMe)]. platinum precursor were
added to the vial. The mixture was capped and allowed to sti3 fowurs until
significant amounts of a white precipitate had formed. The $6lffent was then
evaporated to dryness under high vacuum to give a light yellow satid.sdlid was
washed with three 1 mL portions of benzene that were carefullyn@ecavith a
Pasteur pipette to givke1as a white solid, (88 mg, 65.5%) that is sparingly soluble in
benzene. mp 205-230 (dec.).

'H NMR (22C, GDg), 6: 6.70 (t, 2H,J=7.5Hz), 6.41 (d, 2HJ=7.5 Hz), 7.34 (d,

2H,

J=7.5 Hz), 5.65 (d, 1HJ=13.2 Hz), 3.26 (d, 1H]}=13.2 Hz), 2.82 (s, 6H), 1.56 (s,
6H, th-H:89.7 HZ).

Bis(6-methylpyridin-2-yl)methane-methyl-solvento-platinum(ll)-
tetrafluoroborate, dmdpmPt(Ph)(solventoYBF,, dmdpmPt(Me)(solvento) BF4,
1.2

1 eq. HBR,

. / BF4

Ny T N““'"'th‘CH ROH

l/ "’////CH3 8 guantitative
3

c R=H, Me, CRCH,

CH,

10mg of neutral complet.1 (0.024 mmol) were added to a vial with ~2 mL of
CDs0OD or CRCH,OD under air to form a suspension. gl7of HBF4/H,O solution

(50% by weight, 0.021 mmol) were added via microsyringe to the suspended complex
all at once with rapid stirring. After one minute, the suspensidmiastly dissolved

and the solution became clear. The reaction was allowed to prtmreadurther
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hour, after which the solution was filtered through a cotton plug and ussdi@s
kinetic studies. The methanol complex exists as a mixture tfamelic and aqua
complexes with the methanolic being the major isomer (~95% complex is very
sensitive to extra amounts of acid and will over-protonate rea@er-protonation
will occur in pure DO with any amount of strong acid. To obtainCDstock
solutions, a vial was charged with a 3 mL 3:1 mixture o@DYD,O and 10 mg of
1.1 were added, followed by 2@ of HBF4/H,O solution. After the suspension had
dissolved, the solution was concentrated to 0.5 ml under high vacuum @ust ae
precipitate developed), then diluted to 4 mL withbO® and subsequently
concentrated under vacuum to a 0.5 mL volume again. The concentraticoidiluti
procedure was repeated two more times until a stock solutibr2 of pure DO was
obtained.

'H NMR (22°C, CD;OD), §: 7.86 (t, 1H,J=7.9 Hz), 7.80 (t, 1HJ=7.9 Hz), 7.56 (d,
1H, J=7.9 Hz), 7.50 (d, 1H)=7.9 Hz), 7.42 (d, 1HJ=7.9 Hz), 7.36 (d, 1HJ=7.9
Hz), 5.51(d, 1HJ=14.2 Hz), 4.55 (d, 1H}=14.2 Hz), 2.91 (s, 6H), 0.88 (s, 3Bk
4=75.4 Hz)**

ESI/MS: GsH,:1N,OPt 440.1365; calc. 440.1302**

*It is critical not to evaporate to dryness to a/@drmation of the neutral analogue of compleX

*When formed in a deuterated solvent, the methgup attached to the platinum center is always
mostly deuterated and integrates to <<3H. All ¢hisotopomers are seen. The assignment is
confirmed by a parallel synthesis in a non-duegetablvent and ESI-MS. The product is dried under
vacuum and redissolved in a deuterated solventHMoexchange occurs after loss of the first methyl
group during synthesis, or upon heating in any esathat 48C without hydrocarbon substrate. The
byproduct of this synthesis is neutral complex

Bis(6-methylpyridin-2-yl)methane-methyl-trifluoethano-platinum(ll),
dmdpmPt(Me)(CF3CH20), 1.3
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1 eq. HBR,

CF;CH,0OH
high vacuum

\
CH,CF3

The same general procedure is followed as that for the systbesiationicl.2
Complex1.1is protonated in TFE solvent with 1 equivalent of HBFO solution.

The solution is concentrated and then dried under high vacuum overtighMR

and ESI/MS spectral data for compl&x is exactly the same as that fh2 except

for an apparently coordianted TFE peak that is found in the sayiom r&s trace TFE
solvent. *®F NMR shows that upon addition of 1,4-difluorobenzene standard (leq),
the BR peak integrates as <<4 and 3 fluorines from TFE are presenstalSrof
complex 1.3 are obtained by redissolving it in methanol and slowly layetitgg
solution with water. It is impossible to obtain this complex aompletely pure form

via this method, since some cationic impurity (at least 1D%dy always present.

Bis(6-methylpyridin-2-yl)methane-phenyl-solvento-platinum(ll)-
tetrafluoroborate, dmdpmPt(Ph)(solventoYBF4, 1.4
_ +

BF, 45°C /10 eq. benzene

BF
//N N/“”"'Pt‘ )
-CXy ""’////Oph
DI
CH, R

X=HorD R=CKCH, CD;
Stock solutions ofL..2 in a deuterated solvent, are placed into an NMR Young tube

and 10 eq. of benzene are added. The Young tube is then subjected totteagpera
of 60°C for water and methanol solvents, and°@5for TFE. A kinetic plot was

obtained by taking an NMR spectrum for the former solvents peathgiby cooling
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the solution quickly to room temperature. For TFE, the NMR wasindata
automatically at one hour intervals. In all cases, the disapmea the starting
material can be conveniently followed by integrating the ortho yhgiaks of the
ligand (no deuterium incorporation occurs). Methane gas in produced alibniyvei
new multiplets of the coordinated phenyl group during the course oédlcian. A
pure product could be obtained from TFE solutions (>95% as establish&6 by
NMR and'H NMR). However, two of the ligand peaks are overlapping with the
phenyl peaks and the ortho-H phenyl signal is obscured by the berz8hi®S was
obtained for the associated aqua complex reaction with benzene inure H
'HNMR (22°C, CRCH,0D), § : 7.49 (t, 1H,J=7.2 Hz), 7.40 (t, 1H)=7.2 Hz), 7.18
(d, 1H,J=7.2 Hz), 7.50 (d, 1HJ=7.2 Hz), 7.42 (d, 1H)=7.2 Hz), 6.77-6.82 (m, 4H),
6.69-6.73 (m, 2H) 5.47 (d, 1H=14.9 Hz), 4.16 (d, 1H}=14.9 Hz), 2.74 (s, 3H),
2.17 (s, 3H).

ESI/MS GgH21N,OPt 488.1282; calc. 488.1302

Bis-(Bis(6-methylpyridin-2-yl)methane-hydroxo-platinum(ll)
Bistetrafluoroborate, [dmdpmPt(OH) *]2[BF4712, 1.6

— _+ _ _ +
H H 2
HaC
H D 3 C
H |
- o]
N BF, 66C /N Pt/ \pt/NN// - —_
N N— 4
APt —cx, D,0 or CD,0D Vi S~
O -CX, |
CHis DA I 5 "
CHj S,
H
L A L _

X=HorD R=D,CR

During the benzene activation reaction to fakm in water, dinuclear specidsb6 is
formed as a byproduct. Th#H NMR shows a mixture of two very closely
overlapping isomers (cis/trans) and the ESI/MS shows one masfgavn the
expected region. Data for the major isomer, believed to be trans, is reported.

'H NMR (22C, D,O), §: 8.23 (t, 4H,J=7.8 Hz), 7.95 (d, 4H}=7.8 Hz), 7.74 (d,
4H, J=7.8 Hz), 5.94 (d, 2H]=15.3 Hz), 4.98 (d, 2H]=15.3 Hz), 3.46 (s, 12H).
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ESI/MS: C26H32N402Pt2++ 410.0896; calc 410.0832

Bis(6-methylpyridin-2-yl)methane-hydrido-cyclohexene-platinungll)
Tetrafluoroborate, dmdpmPt(H)(C¢H10)'BF4, 1.5
_ _+ 4

BF, 10 eq. cyclohexane
_—

-CH,

R = CRCH,

Complex 1.2, prepared by the method described above, was dissolved in 1 mL of
CRCHOD solvent in an NMR Young tube and 10eq of cyclohexane were added.
The reaction was followed vidd NMR. A good linear correlation is obtained for a
first order rate law for the formation of the hydrido olefin complex.

'H NMR (22C, CRCH,OD)*, 6 : 7.85 (t, 1H,J=8.2Hz), 7.80 (t, 1HJ=8.2Hz), 7.52

(bd, 2H,J=8.2Hz), 7.42 (d, 1HJ=8.2Hz), 7.33 (d, 1HJ=8.2Hz), 5.74 (bm, 1HJp..
4=81.5 Hz), 5.23 (d, 1HJ=14.8Hz,Jp.+=72.8 Hz), 5.18 (bt, 1H}=6.4Hz), 4.38 (d,

1H, J=14.8Hz), 2.85 (bs, 3H), 2.74 (s, 3H), -21.6 (s, J4,=599.4 Hz).
ESI/IMS: GoHosNoPt™ 476.1560; calc 476.1665

*8 protons (CH groups) on the cyclohexene ligand are not obsedtexito overlap with the TFE
solvent (that was suppressed) and the large ertdiee cyclohexane present in solution.

1.4.2 Plots of kinetic reaction data

Kinetics were obtained frotH NMR spectra taken in controlled atmosphere NMR
tubes at 60°C for D,O and CROD and at 45°C for TFE. Pseudo first order
conditions were achieved by adding 10 equivalents of substrate (cyahEhex

benzene) to 10mg of complex 1.2 dissolved in 1mL of solvent. Plots of comtol
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measuring decomposition of starting material igODor CD;OD at 60°C are not
reported here but they were performed to determpnankl had very reproducible,
clean first order kinetics. Energy of Activation values can baiétl from applying
the Eyring equation to the slope. Energies for activation 4@ Br CD;OD are
obtained by applying the Eyring equation to a linear subtractiahopk of reaction
minus the slope of the control. The correction for benzene condemti@0236M in
CDs;OD and TFE and 0.0118M for,D (the solubility of ~20 uL benzene in 1mL of
water at 60°C)*° was applied. The rate law of bimolecular reaction is ghweiil).
However, since benzene is present in a large excess, the pasteddece can be
simplified to (2). A correction for the concentration of substratistrstill be made
when calculating energy via the Eyring equation (3) where fhastemperature at
which reaction was performed, R is the gas constant, h is Plankswcbasad k is
Boltzmann’s constant. The pseudo-first order rate constgnblitained from the
slope of the plots of natural log of starting material oveten at time T. vs. time,
was thus divided by the concentration of benzene given above (to giveviken
used to determine the energy of activation. In the case of matérmethanol
reactions, the observed pseudo-first order rate constant obtaingtiefarontrol
reaction was subtracted from the rate constant obtained in NMR ¢bbaged with
benzene, then the molar benzene correction was applied (4). lasgheftTFE, no

significant decomposition had occurred.

Q) d[P]/dt = kcomplex][substrate]
(2) d[P]/dt = k[complex]
(3) AG” = -RT*In(Keoh/ka T)
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(4) keor = (K — keontro)/[M benzend

Although the R values are within acceptable limits for all graphs, the besaRes

were obtained for the TFE solvent where no decomposition had occurred and where
the reaction was allowed to take place inside the NMR spectrometer avated!
temperature. It is believed that temperature variability inside theckatiodly oil bath,
caused small deviations in the other case of the other two solvents. Eyring plot
analysis was attempted, however reproducible data was not obtained perhaps due to
uncontrollable temperature changes in the oil bath during the reaction.

Figure E1.1 First order plot of the reaction betwek2 and benzene in D
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Figure E1.2 First order plot of the reaction betwe®i2 and benzene in GOD
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Figure E1.3 First order plot of the reaction betwekR and benzene in TFE
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Activation of benzene in TFE at 45°C / Disappearance of starting
material
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Figure E1.4 First order plot of the reaction betwe®2 and cyclohexane in TFE
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Chapter 2: Facile Arene C-H Bond Activation arldakhe

Dehydrogenation with Anionic LPMe, in Hydrocarbon-Water

Systems (L = Dimethyldi(2-pyridyl)borate)

2.1 Introduction

2.1.1 Introduction : Activation of CH bonds with anioni¢ Bomplexes

Although the results obtained in Chapter 1 were promising with retgard

activation of alkane in water, the associated complex decompogeé atevated

temperature (61C) required to observe the reaction in an acceptable timeftamto
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unfavorable kinetics. Another ligand motif that lowered the energyined for aqua
ligand dissociation (Table 1.1) even more than dmdpm by at leasttleerf 3
kcal/mol, needed to be introduced. As well, it is experimentallgbtished that Bt
complexes supported by neutral N,N ligands are not easily oxitliZ&8® YThe
same was true for the dmdpm motif. The monomethyl-aqua cationplexesl.2
that were investigated for CH activation in Chapter 1 provdxtstable towards air.
Kinetics of benzene activation showed no deviation when measured underaaithe
inert atmosphere of argon or under air. We decided to investigat@@ligands for
several reasons: i) related MR,H and LPYR(solv) complexes are neutral and may
be more soluble in hydrocarbons than their ionic counterparts. Tdyabenimportant
for certain CH-activation and functionalization reactions that oaturydrocarbon
solvent such as alkane dehydrogenation; ii) a similar anionicidipgrigand, dpms,
showed promise at both CH activation in weakly polar solvents aramkrabic
oxidation of Pt monoalkyls in water; iii) there were other reports thadation of
Pt' center becomes more facile in anionic complexes which isuét msincreasing
electron density at either the ligand or the metal cétiter.

There are very promising reports in the literature regariiagise of anionic
ligands at a Pt center in observing fundamental new typesctiviey.®'° One of the
most widely used motifs is the trispyrazolylborate (Tp) or thethylated (Tp’)
version (Figure 2.1) first developed by Trofimerkd? The negative charge is
centered in on the boron atom, but can presumably be shifted to demtet® or
directly though an empty d metal orbital if the boron is close enough. A big advantage

of the ligand is its ability to coordinate inf (two coordinate) or a> (three
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coordinate) (see Scheme 2.1) fashion. The first coordination mode esvib®ned
as stabilizing a square planar' Renter, while the second scorpionate motif will
stabilize a PY octahedral geometry. Certainly, the ability of this ligandstabilize
two oxidation states effectively has resulted in its widespreadrusther areas of
Organometallic chemistr¥.

Scheme 2.1. Trispyrazolylborate ligands and coordination modes

Tp Tp

k-2 coordination mode k-3 coordination mode

The availability of thec® coordination mode has allowed for the isolation of both the
PtYMe(H), and PY (Me),H complexes with the Tp and Tp" ligandg® The resultant
complexes are stable towards air and moisture, but do incorpdeaterium at
elevated temperatures in @DD both into the hydride and the methyl ligand3he
stability of the PY coordination mode is a problem for catalysis, as reductive
elimination must take place in order to produce a functionalized alkasgyossible

to eliminate one equivalent of methane to produce"Md&solvent) complex with

very strong acids at -?8 (Scheme 2.2° The protonation occurs at one of the
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pyrazolyl arms, leading to a five-coordinate intermediate ithéten more disposed

towards reductive elimination.

Scheme 2.2 Acid assisted reductive elimination at TpPtMe(H)
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Aromatic CH activation can be observed with the dihydride complaxéhe
presence of catalytic B¢Es)s, although the exact mechanism by which the reactive
intermediate necessary for activation is generated is urtélear.

Preparation of TpPt(Mg)l was first reported by Canty.This complex was
isolated by the protonation of anionic precursdrTpPt(Me) with phenol. Later,
HCl was used to make the Tp analogue; TpPifPhand Tp Pt(PhH are
synthesized in a similar fashidhThese alkyl and aryl hydride "Ptcomplexes are

stable at elevated temperatures, once again suggesting tiRatctherdination mode
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of the ligand would play a negative, stabilizing role in a catalgyicle. However,
interesting chemistry towards CH activation was observed bylb@gy with the

Tp Pt(Me) precursor when it was treated with the methide abstractGsFE)§
(which can abstract GHrom Pt-Me bonds) to generate a reactive three coordinate
intermediate (Scheme 2.3)The intermediate could bind n-pentane, cyclohexane and
benzene. After oxidative cleavage of the coordinated CH bond hadedcthe PY
oxidation state was trapped by ttfenode of the Tp ligand.

Scheme 2.3. Activation of alkanes and arenes with TpPt(Me) intermediate
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The proposed intermediate generated in Scheme 2.2 is the one thafomould a
dissociative alkane activation mechanism from a starting L&{@H,) complex.
The parallels of the Tp system towards the original Shilovesysind similar systems
are apparent from this CH activation reaction. Unlike the cati@oimplexes
reviewed in Chapter 1, however, reductive coupling and subsequent elimiaation
methane does not occur to form LPt(Me)#PHue to “overstabilization” afforded to
PtY. In the case of cycloalkane activation, presence of a vacandiaton site
provided by dissociation of one of the pyrazolyl acissto the alkyl ligand site may

lead to B-hydride elimination and produce an olefin hydride complex. That this
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reaction is not observed speaks to the considerable stability &f tbeordination
mode.

The dimethylhydride complex Tp Pt(Me&) can be activated in the same
manner as the dihydrides in Scheme 2.2, by the introduction obmgséacid to
decoordinate one of the pyrazolyl arfAighe five-coordinate intermediate undergoes
reductive coupling to produce @bonded CH that can be displaced by solvent
irreversibly (Scheme 2.4).

Scheme 2.4. Activation of Tp Pt(Me)H by strong acid
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Heating Tp Pt(MeH accomplishes decoordination of the pyrazolyl arm in a
reversible fashion. When a suitable solvent such as benzene is peggigtice for
the decoordination can be observed since ittsb@nd of benzene that displaces-a
bound methane before reversible oxidative cleavage can take*pleve benzene is
oxidatively cleaved to give a Tp'BtMe)(Ph)(H) complex and the pyrazolyl arm re-
coordinates (Scheme 2.5). Eventually, both methyl groups are replacednyy tohe
give Tp Pt(PhH. It was noted that the rate of product formation is not affecyed b
the type of substrate (GBN, GHs, other aryls) present to displace the coordinated
methane. The large measured entropy also led to the conclusiothéhatte

determining step of the reaction was dissociative loss of coordimagthane to
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generate a three coordinate intermediate versus an asso@ativeay that is

believed to be ubiquitous for complexes supported by neutral N,N ligands.

Scheme 2.5. Activation of benzene by Tp Pt(M#)

CH,
O ﬂ
B Ny H~Be./

The anionicmer-coordinating ligand system depicted in Scheme 2.6 was used to
activate benzene by PetéfsThis result is very significant for Pt based Shilov
chemistry since it represents CH activation by a complex dbas not have a
sacrificial alkyl ligand present. Recently, similar réatt has been observed with
the diketimine scaffold, but it is limited to activation of functionedl substrates such

as olefins and not alkanes (allylic hydrogens) in the cadetdf Similar ligand
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motifs to the Peters system, with a neutral bridging donor, have usss in CH

activation studies as well, however an alkyl precursor was né&tfed.

Scheme 2.6. CH activation without a sacrificial alkyl moiety
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Other anionic ligands scaffolds used for CH activation or Shilov dtgmare
depicted in Figure 2.1. The 2-(N-Arylimino)pyrrolide supported corgdecan
activate benzene at elevated temperattiremd have recently been implicated in
catalytic hydroacylation chemistry where one of the stepshefcatalytic cycle
involves benzene activatiéii The diketiminate motif has been successfully used for
CH activation of alkanes by the Goldberg grdtif¥: Some of the chemistry observed
with the resultant hydrido olefin complexes has direct relevamaenaterial that will
be covered by Chapter 6 and is discussed in the introduction thereulldreate
anionic ligand utilized by Vedernikov was first discussed in Chaptéithough it
allows for the observation of important intermediates releva@hitov chemistry,
the sulfonate introduces a sizable barrier for decoordination ofjtleel@and (Table

1). Thus, alkane CH activation has not been observed for associateg)(Bo(vento)
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complexes (solvent = alcohol, water) to date, although oxidation s¢ tth@mplexes
is very facile and can occur with oxygen from *if> Subsequent reductive
elimination from these complexes furnishes methanol, the ultipetduct of

selective methane functionalization, in high yi&ld.

Figure 2.1. Anionic ligand scaffolds for CH activation
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2.1.2 Consideration for the design of the dipyridylborate ligand scaffold

Based on examples outlined in the Introduction, we decided to explore canioni
ligands. Not only have these ligands proved useful in the activatiGi dfonds, but
potentially, the greater electron density at the Pt center deattlto more facile
oxidation after CH activation has occurred. An undesirable fabimr tad to be

addressed was the stability of'Ptomplexes supported by the Tp and Tp" ligands.
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While a high oxidation state can be stabilized by electronligeimds, Tp and Tp',
the possible<® binding mode serves to stabilizeVPto a much greater extent by
generating these complexes’ preferred octahedral geometry wbguired.
Stabilization of PY may be important when oxidative cleavage of an alkane to
generate an alkyl hydride or oxidation of a Pt(Me)(solveotpmex are rate limiting
steps in the overall catalytic cycle. However, as outlined inintreduction, the
TpPtY oxidation state is too stabilized towards reductive elimination, and strong acids
or very high temperatures are needed to accomplish transformaitonisese
complexes. An anionic ligand such as the diketiminate that is utmbied in ax®
fashion, served as a benchmark for our search. The example providigdria 1
(bottom) is a trimethyl Pt complex supported by a diketiminate ligand. This was the
first example of a five-coordinate "Ptcomplex® that was unusual not only for its
geometry, but also for its stability. With Tp and Tp" Romplexes, generation of the
five coordinate intermediate is believed to be the importaitiali first step before
subsequent reductive coupling. It is only after decoordination of thak plyrazolyl
arm at elevated temperatures, or after the addition of stwdg, ahat elimination is
observed indirectly. In the diketiminate case a five-coordimd&mediate is already
available. However, the stabilization provided by the electron ligdnd grants
unusual stability to this complex. Nonetheless, at elevated tempmareductive
elimination to give ethane and three coordinafetiansients readily occurs. The fast
reactivity of these transients with CH bonds that will be desdrin more detail in
Chapter 6, moved us on the path of designing our own, exclusi¥elyionic ligand

scaffold, based upon the principles of aqua ligand dissociation outlined in Chapter 1.
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2.1.3 Design of the dipyridylborate ligand scaffold

After an initial DFT screening (by the method described in @Gnappp. 19-
26), we found that the dipyridylborate (dpb) ligand had a Gibbs fresg\ercd
dissociation of 13.4 kcal/mol (Scheme 2.7)! This result was even liedteithe one
obtained for the record holder diketimine supported complexes that coatdtéoh
few equivalents of water and could activate methane under amlmeditions.
Compared to the original Shilov system, this result is better tha calculated
energy of aqua ligand dissociation frams-Pt(Cl)(OH,), of 15.3 kcal/mol.

Scheme 2.7 The proposed dipyridylborate supporteli(®ie)(OH,) complex.

AGjss? % = 13.4 keal/mol

The complex dpb®{Me)(OH,) and the putative three coordinate intermediate
displayed in Scheme 2.7 are zwitterionic complexes. They are lowerdtal and
solubility in water may be an issue that needs to be addr@$sedmdpm supported
Pt' species discussed in Chapter 1 proved to be soluble in watke irequired
concentrations. However, we anticipated using biphasic water/hyboocanedia if

we ran into problems with lipophilic, water-insoluble organometallics in the future.

2.1.4 Previous Reports of CH activation with Bapported by zwitterionic ligands
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There were positive literature reports about the use of zwitierisupported Pt
complexes in CH activation as well. Peters and C.J. Thomas founzwtitirionic
borate complexes with phosphine donors activated benzenéGirbUHF solution
(Scheme 2.8’ The rate of reaction was dependent upon THF concentration, but to a
much lesser degree than in the case of analogous cationic cemiex had Cior

SiMe; in the backbone of the ligand in place of diphenylborate.

Scheme 2.8 Activation of benzene by a zwitterionic complex at mild temperatures

Ph, Ph;

Ph \e/_ "’l: ||\\\““TH F CeHe 50°C Ph \e S P. ll"’l ||\\\““TH F
X CHs  _cH
Ph, 4 th

The cationic analogues and the zwitterionic complex were treaith CO to
substitute the THF ligand and to measure the electron denghg atetal center as
measured by theco IR stretching frequency (Figure 2.2).

Figure 2.2. Zwitterionic complex and cationic analogues

Ph, Ph, | Ph,
Ph .CO

\S/_ P"'ll:, Ptl B \S Van P""ll \\\\“CO <P ""Il ||\\““CO
/ -~ /
Ph ¥th NcH, 7 ¥Bh2 \CH3 “NCH,

It was determined that the zwitterionic complex possessed muezter electron
density at the Pt cent&tIn the 2003 article, it was reported that the rate of THF self-
exchange at [RB(CH.PPh).Pt(Me)(THF) was independent of THF concentration
while THF concentration played a role in the case of catiamgptexes. The authors
suggested that the negative charge on the borate is dissemindieghemyl groups

on the phosphines, which help to displace the THF molecule to form ttteveea
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intermediate. However, an alternative explanation may be thatTH#e ligand is
weakly bound to electron-rich 'Ptenters and is easily displaced due to weaker
binding between THF and higher enedygrbitals of the electron rich Pt center. The
higher rate of deuterium incorporation can be accounted by considéangar
anionic ligand can stabilize the higher oxidatioff Piydride intermediates and so
lower the energy required for oxidative cleavage of a coordinallezhe. These
intermediates would not be overly stabilized as in the case tfishgrazolyl borate
ligand as they would be forced to be five-coordinate or to have alywkekling
ligand in the free axial position that would presumably originedien fthe solvent.
Thus, the electron-rich zwitterionic ligand scaffold could both loter energy
required for solvent dissociation and the energy required for oxédeleavage of a
CH bond at the same time. Replacing the phosphines by nitrogen dioabd® not
exert a strondgrans effect (Scheme 2.7), it may be possible to observe very rapid CH
activation in hydroxylic solvents.

Greater electron density at platinum can come into play in tvédeleavage.
The energetically higher d-orbitals would be more disposed toweadsferring
electron density to the antibonding orbital. As well, electron density could more
easily be transferred to another electrophile such as dioxygeat #he two reports
from the Peters group showed, was that it was not necessarykéotn@aPt center
increasingly electron poor and electrophilic in order to carryGltactivation, but

that a variety of factors had to be considered.

2.2 Results and Discussion
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2.2.1 Synthesis of Pt complexes and initial reactivity

Anionic dpb ligand, in a form of sodium salt NaR,1, was prepared by
reacting hydrogen dimethyldi(2-pyridyl)borate with an ess of sodium hydride in
dry THF. Subsequent metathesis »f1 with (nBu);NBr afforded the tetra-
butylammonium analogue nBu)},NL, 2.2 (Scheme 2.9). Corresponding
dimethylplatinum(ll) derivatives MLPtMe 2.3 (M=Na) and2.4 (M = nBuyN), were
synthesized using a ligand exchange reaction betekror 2.2 and precursor
PtbMes(u-SMey), in dry THF and were fully characterized By and *C NMR
spectroscopy and elemental analysis. When not carefully drieéremas utilized
instead of THF in the attempted synthesi2.@f a reaction occurred which produced,
besides free dimethyl sulfide, a white precipitate that waeirggly soluble in
benzene. It was washed with a minimum amount of benzene to gedaipienyl

complex NaLPtPy 2.5 (12 h, 88% isolated yield).
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Scheme 2.9. Synthesis of dpbNa and dpbiBu), and associated Pt complexes
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We were initially surprised by the results as they suggested thatrageramounts of
water could serve the role of a catalyst and that a ‘doulite’aCtivation reaction

could happen in the presence of coordinating dimethylsulfide at room temperature

2.2.2 Relevant double CH activation results reported by Peters and Tilley groups
At this time however, a report in the literature from Petads @.M. Thomas
appeared where similar reactivity was observed with a axoyylborate anionic
ligand (Scheme 2.10§.Removing the third pyrazolyl arm meant that the protonated
dimethyl hydride PY complex could easily reductively couple and eliminate
methane, and then coordinate and activate benzene. The reaction wespieand
was complete from the time acid was added and until an NMR speatras

obtained.
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Scheme 2.10. DiphenyldipyrazolylborateBtMe), complex in CH activation
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Most significantly, acid proved to beaatalyst in the original report. Thus,
after both methyl groups were replaced by phenyls, the presufig@Ph)H
intermediate could be deprotonated to give the product in Scheme 2.1@cithe
could then go on to protonate another molecule of starting materialfiGghibut
yet substoichiometric amounts of "HO0.7 equivalents) were needed for this
transformation to take place. Other anionic borate ligands ineestigated in the
double CH activation reaction in that study, and a trend seemed tgesowerelating
reactivity with distance between the Pt and anionic B cenBsactivation at sp
carbon atoms, benzylic CH bonds of mesitylene, was successful but
disproportionation of one molecule of complex occurred concurrently (Schdide
The system in Scheme 2.10 and 2.11 was not successful at activaii@ii boads of
alkanes even at elevated temperatures. However, the reacsotoleant towards
addition of coordinating ligands such as acetonitrile and THF, once sgggesting

that the greater electron density at the Pt center favored dissociationeritsol
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Scheme 2.11. Activation of sp3 CH bonds with Diphenyldipyrazolylboraté®mie),.
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Later, a report by Karshtedt and Tilley noted similar double CH lactidation with
the monoanionic 2-(2"-pyridyl)indolide (PyInd) ligand (Scheme 2212).

Scheme 2.12. Double CH activation with [PyInd&tMe),] K] *

®
K@ K
e N ©
N Ph
N\ N\ /CH3 benzene 150°C N\ /
Pt /Pt
7/ \CH3 54% yield 3 days
| Acid additives accelerate the reaction |
—Z =

The double CH activation reaction in Scheme 2.12 required very high riomes

and was accelerated by the addition of acids. However, the autamnedl|that two
different pathways could be operative and that in the absencedptlaeict oxidative
addition at a 16 electron 'Ptenter was operative. These results were backed up by
using 10 mol %N,N,N',N'-tetramethyl-1,8-naphthalenediamine “proton sponge” in
the reactions. The mixtures with the proton sponge did not show deyedifes in
yield. A reviewer of the Tilley and Karstedt manuscript suggettatiadventitious

water may play a role in the reaction but the role of wates @iacounted since
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additions of significant amounts of water caused decomposition. We ebsaggh

this conclusion and agree with the mechanism proposed by Peters. From our results, i
was clear that both adventitious water and the nature of the cadigedpd large role

in reactivity (Scheme 2.9) and substoichiometric amounts of watidre Karshtedt

and Tilley system that the authors did not address, could have plageglarge role

at 150C. Peters’ and C.M. Thomas’ results support an initial protonatidghe Pt

center; it appears that the rate acceleration observed bit&@irand Tilley in the

presence of acids supports this conclusion as well.

2.2.3 Experiments proving the mechanism and further reactivity

We proved trace amounts of water present in ‘dry’ benzene wspensible
for catalyzing the remarkable activation of two benzene solven¢aulels in our
system. The role of water in the acid catalysis of benzenea@gh with the
anticipated reaction produ2t3 was revealed in separate experiments. Interestingly,
no phenyl complexes formed after 12 hours of reaction time Wwitsame batch of
‘dry’ benzene if thd'BuyN ligand analogue.2 mixed with the platinum precursor
was used instead. The dimethyl complex was the only specisenprafter the
solvent was evacuated. The role of sodium cation in promoting CMatati
catalysis by trace water was established in separatriments as well. We found
that complex2.4 does not react with benzene that was rigorously dried over Na-
benzophenone adduct, and mixed under a fresh atmosphere of dry argon, e&n afte
weeks at room temperature (Figure 2.3; 2.3-1). In contrast, when ankylognzene

was combined witl2.4 and three equivalents of water to produce a biphasic system, a
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slow reaction occurred leading in one day to the diphenyl conth@n >90%
isolated yield (Figure 2.3; 2.3-2).

Figure 2.3. CH bond activation at dipyridylborato supported Pt(Il) Complexes.
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The identity of2.11 was confirmed by X-ray diffraction (Figure 2.4). The
platinum-boron distance, at 3.306 A, is the shortest distance found in"all Pt
complexes supported by an anionic borate ligand. The large baditity complex
and the ease of double CH activation compares well with trends of reaatidiBtd3
distances between 'Pand B established by Peters and C.M. Thomas. The Pt-B
distance in the [Diphenyldipyrazolylboraté@e),][N(nBu)s] is reported to be

3.460 A%®
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Figure 2.4. Crystal structure of complex11.

Four methane isotopologues (M., (n = 4+1) were observed in the case of
CsDs. Formation of an intermediate produn&usNLPtPh(Me),2.6, in high yield, was
evident after first 7h of the reaction (Figure 2.3; 2.3-3). Most rkeaidy, the sodium
analogue, NaLPtMe reacted with benzene and two equivalents 49 kh the time of
mixing to produce?.4 (90% isolated yield, Scheme 2.5), thus establishing that the
activity of N& is necessary to dramatically enhance the catalyticteffigue effect of
the Nd cation on the reactivity of LPtMe was confirmed in experiments with
nBusNLPtMe,, wet benzene, and an additive of NaBArsodium tetrakis(3,5-
bis(trifluoromethyl) phenyl)borate, a good source of “naked” electropkaic*

An initially slow reaction could be brought to completion virtually
immediately upon addition of 0.5 equivalents of NaBArAn acid source such as
0.5 equivalents of the protonated form of the dpbH ligand (hydrogen dimé¢®yldi
pyridyl)borate) also produced an immediate reaction upon additionngréwe role

of acid catalysis in the reaction. 0.5 equivalents of the sodium &frthe ligand
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compound2.1, also reacted to form the diphenyl complex after 1.5 hours, during
which the progress of the reaction could be followed by NMR. Tdwesl reaction
time, as opposed to the NaBArdditive, was attributed to the coordinated nature of
sodium in2.1 Benzene saturated with water reacted instantaneously witlhiteosol

of 2.3 to produce diphenyl comple®.5 cleanly. Our conclusion is that the
homogenous reaction between [dpbP{Mand benzene occurs in the organic phase
and could be catalyzed with even trace amounts of water, whé&i@asons
dramatically enhance the catalytic effect. Similar tozese, clean CH bond
activation with NaLPtMg could be achieved witpara-difluorobenzene and 3 equiv.

of water to form2.7 (NaLPt(2,5-FCgHs)2 in 92% isolated yield).

Importantly, NaLPtMe was also shown to carry out CH bond activation in the
presence of larger amounts of water, in biphasic 3/1 benzene syatems. The
reaction was complete in less than 2 minutes, but upon removaholatiles under
vacuum, the solid residue was found by NMR to be a mixture of diplcenyplex
2.5(80%) and a hydroxo phenyl complex NaLPtPh(QH)(15% Figure 2.3; 2.3-5).
Longer reaction times, 10-12 minutes, led to the disappearance lohétie product

2.5and the exclusive formation 2f8 (Scheme 2.13).

Scheme 2.13. Biphasic reactions of NaLPtMe benzene/water mixtures
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The intermediacy 02.5was proven by reacting a pure sample of this complex
with a 3/1 benzene water mixture, which produ2etin >90% yield after 10 minutes
(Scheme 2.13). Interestingly, the diphenyl produstis much less reactive than3,
it was stable in wet (containing dissolvedd) GsDs or in pure DO for at least a few
days, though showing H/D exchange between PtPh fragments,@nih Doth cases
(in the latter case complete deuteration of the coordinated pligaylds was
complete after <15 hours).

High reactivity of2.3 towards arenes prompted us to test it in alkane CH bond
cleavage. When 3 equiv. of water were added to a stirred suspefisiod in
cyclohexane, a vigorous gas evolution occurred at the water/cyclohexarface.
After removal of the solvent under vacuum and the extraction otribregdy alkaline
residue with cyclohexane, hydrido cyclohexene complex LPtH{e@gH10), 2.9 was
isolated in 42% vyield (Figure 2.3). Under the same conditions, cyudlpe was
dehydrogenated to produel0 (Figure 2.3) in 33% isolated yield. We suggest that
poor solubility of2.3 in alkanes might be responsible for the low yields that was
proven subsequently correct (see Chapter 6). In 2:1 alkane watkrresj both
substrates reacted with3 to produce the LPtH(olefin) complexes in essentially the

same yields as with 3 equiv of water.

2.2.4 Mechanistic Considerations for the biphasic reaction
The mechanism of the reaction between compl&and hydrocarbons might
involve protonation of anionic LP¥e, with H,O to form a very reactive lipophilic

LPtYMe,H which could be efficiently extracted into the organic pHade. water-
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poor systems, the Ndon could coordinate few equivalents 0§® so enhancing
acidity of HO in the organic phase, and thus accelerating formation OfNIEH
(Figure 2.5).

Figure 2.5 Reactivity of compleX.3in benzene with a few eq. oL@

"mmCH3

3 eq. H,O

hydrocarbon (benzene) phase
According to our DFT calculations, the CH reductive coupling of'INre,H
is facile (Scheme 2.14(S2.14-1)).

Scheme 2.14. DFT calculations of intermediates in CH activation reactions
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Considering the MeH ligand in the LPtMe(MeH) intermediate agoad
leaving group, we suggest that MeH for PhH (Scheme 2.14(S2.14-2Nla@rdor
H,O substitution has similar activation barriers, so that benzemevoaa kinetic
competition with HO for Pt' in the organic phase, where the [PhH}[H ratio is
high. Subsequent benzene CH bond oxidative cleavage might leadtBH(Rte)H,
(Scheme 2.14-(S2.14-3)), which could losé iH a reaction with OH producing
LPtPh(Me), eliminate methane (Scheme 2.14-(S2.14-4)), or react witlsebend
PhH and form LPtPhin a similar reaction sequence. The fact that energies@f; TS
and Ten are very close to each other is consistent with the observeplmult
deuterium incorporation in the methane liberated in reaction bet&8emd GDg
and involving LPY Ph(Me)H. Finally, the Niion could enhance acidity of water in
the organic phase and accelerate formation of (HPiR it, since bot2.3and2.5are
benzene-soluble (Figure 2.6).

Figure 2.6 Reactivity of compleX.3in a biphasic environment

% | —hydrocarbon (CeHe) phase

— /aqueous phase

The more thermodynamically favorable prodR@is eventually formed in highly

basic biphasic systems.
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In a purely agueous solution, the effect of Ia the rate of reaction between
PhH and [LPtMg" is expected to be nonexistent. Each sodium ion would
theoretically bind a maximum of six water molecules and theitpcof the bulk
solvent would not be increased to any significant extent (Fuhe It is possible to
observe H/D exchange with compl@s in pure DO without forming the more
thermodynamically stable compléx8 The mechanism of H/D exchange may be
due to reversible protonation and the formation of tH¥ itermediate, but this
exchange is slow (12h.-1day) on the timescale of the double @Gtatamt reaction.
The reason why.8 does not form in purely aqueous systems may be much higher
basicity of 2.3 as compared t®.5 and therefore much lower concentration of
nucleophilic hydroxide anions responsible for hydrocarbon substitution' {RHPt

transients in agqueous solutions2d.

Figure 2.7 Reactivity of complexe®.3and2.5in an aqueous environment
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2.2.5 Conclusion

To the best of our knowledge, a combination of high basicity of thdept
fragment, high reactivity of the related' Rtansients toward CH bonds, and tolerance
of water, are currently the unique features of the dpb systemnpeeshere. Although
we were unable to generate the desired LPt(Me)j@Bmplexes in this study, the
rapid CH activation reaction, even with®*$pH bonds of alkanes, leads us to believe
that the desired monosolvento complexes will lead to fast Cha#iom results as
well. The most surprising result was that water acted afdeanid catalyst to initiate
the double CH activation reaction in hydrocarbon media; the role cigheopriate
cation proved crucial and depended upon the nature of the solvent thandged the
reactive system. In summary, we determined that it was pedsiblise a biphasic
hydrocarbon-water system to obtain products of CH activation. Wed fthat Pt
dipyridine complexes can be electronically tuned for facile &kard arene CH bond

activation in hydrocarbon-water systems.

2.3Experimental

2.3.1 Synthesis and Reactivity of Ligands and Complexes

Sodium dimethyldi(2-pyridyl)borate, Na(dp-BMey), 2.1

() (X0
‘ e s N, ‘ excess NaH / THF ‘ e H N, ‘
\i P \N@a P

81.0%

Solid H(dp-BMe) (200 mg, 1.01 mmol) was dissolved in 3 mL of THF and NaH was

added (98 mg, 4.04 mmol) slowly with rapid evolution of hydrogen gasgbein
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observed. The solution with excess sodium hydride was stirred ghtamd filtered
on the next day. The filtrate was concentrated under high vaeamadried for a
further 2 hours under high vacuum to give an off white solid. This sokdweshed
three times with benzene, and the benzene was decanted. The remesiting was
dried under high vacuum for a further hour to give a flaky, white gaB® mg,
81.0% vyield). Compound.lis very hygroscopic and should be stored under an inert
atmosphere.

'H NMR (22C, THF-d8),8: 8.27 (dd, 2H,J=4.9Hz, 3.0 Hz), 7.47 (d, 2H=6.2 Hz),
7.18 (td, 2HJ)=7.9 Hz, 3.0 Hz), 6.62-6.67 (m, 2H), 0.03 (bm, 6H).

13C NMR (22C, THF-d8),5: 194.6 (qJc.5=48.8 Hz), 147.9, 133.3, 127.3 (m), 117.6,
13.1 (q,Jc-s=41.0 Hz).

Anal. Calcd. for GHisBNoNa: C, 65.49; H, 6.43; N, 12.74. Found: C, 65.77; H,
6.90; N, 12.32.

Tetra(n-butyl)ammonium dimethyldi(2-pyridyl)borate, nBusN(dp-BMey), 2.2

[::ii::]/:> <i\[::ii::} N(nBu) Br/THF [::ii::]/i> <i\[::ii::J

-NaBr
86.2%

N(nBu),

Solid Na(dp-BMe) (18.7 mg, 0.0850 mmol) was dissolved in 1.5 mL of THF and
(nBu}sNBr (27.4 mg, 0.0850 mmol) was added to the solution. The solution was
stirred for 1 hour and was then filtered. The reaction flask and filterwesked with

two portions of 0.75 mL of THF. The filtrate was dried under highuuat for one

hour to obtain a light yellow gel that crystallized on standing (333286.2% vyield).

As with 2.1, this compound is also hygroscopic and should be stored under an inert

atmosphere.
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'H NMR (22C, THF-d8),5: 8.24 (d, 2HJ=3.2 Hz), 7.44 (d, 2H]=8.0 Hz), 7.13 (td,

2H, J=8.0 Hz, 1.6 Hz), 6.50-6.55 (m, 2H), 3.38-3.42 (m, 8H), 1.64-1.72 (m, 8H), 1.35
(sextet, 8H,)=7.5 Hz), 0.95 (t, 12H]=7.5 Hz), 0.14 (bm, 6H).

¥C NMR (22C, THF-d8),s: 148.7, 133.0, 126.9 (m), 117.4, 59.7, 25.2, 20.8, 14.3,
13.7 (q,JC-B= 42 Hz). Signal of thepso-carbon at 195 ppm was not always
observed due to boron splitting.

Anal. Calcd for GgHs0BN3: C, 76.51; H, 11.49; N, 9.56. Found: C, 76.56; H, 11.15;
N, 9.21.

Sodium dimethyldi(2-pyridyl)boratodimethylplatinate(ll), Na(dp-B Me,)PtMe,,
2.3

®
Na*2THF
\
AN \/ = \/ Be/
‘ g ‘ \ /S\ / THE, 3 hours
Z A . oy o THF, 3 hours
N — N
’ : S quantitative
\ / /\ \N“,“}“mptf
Ng »

Solid Na(dp-BMe) (20.0 mg, 0.091 mmol) was added to precursgM&(SMe,),
(26.1 mg, 0.091 mmol Pt) in ImL of THF. The bulk of the material rdacte
instantaneously. The yellow mixture was stirred for 3 hours aftech time yield of
the product quantitative and the product pure by NMR. The mixtureevaeentrated
in vacuum and the residue was dried in vacuum for several hours to gierlass
product as an analytically pure sample, 40 mg, quantitativiee lfime under vacuum
was not long enough, one to two THF molecules can be detected irsithgerby
NMR when dissolving the freshly prepared sample in aceiénédter drying under
high vacuum overnight the THF-free complex can be obtained in aniaaliyypure
form. The compound is practicallpsoluble in water, sparingly soluble in benzene
and perfectly soluble in THF or aceto2e3is highly air sensitive and highly reactive
with many common solvents and should at all times be stored undeme#n i

atmosphere.
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'H NMR (22C, THF-d8),8: 8.62 (d, 2HJy.1 =5.6 Hz,J.p=26.2 Hz), 7.48 (d, 2H,
J=7.9 Hz), 7.30 (t, 2HJ=7.9 Hz), 6.65 (t, 2HJ=5.4 Hz), 0.49 (s, 6Hl4.p=75.6 Hz),

0.39 (bs, 6H).

13C NMR (22C, THF-d8),8: 150.1 (c.p=27.0 Hz), 132.7, 128.2, 119.5¢(-=30.4

Hz), -20.3 (c.p=773.4 Hz). Pyridingpso-carbon at 191 ppm was not always seen
due to boron splitting and boron methyl groups were not seen due to both boron
splitting and the fast exchange that is apparent inHHeMR.

Anal. Calcd for GsH,0BNoNaPt: C, 37.77; H, 4.53; N, 6.29. Found: C, 37.39; H,
4.52; N, 5.87.

Tetra(n-butyl)ammonium Dimethyldi(2-pyridyl)boratodimethylplatinate(l 1),
”Bu4N(dp-BMe2)PtMe2, 2.4

®
N(nBu),
' N\,
/ e
AN a j
S quantitative X th pt)

/\ Pty

® N(nBu

Solid nBuN(dp-BMe) (32.2 mg, 0.073 mmol) was added to precursor
PtMes(SMe), (21 mg, 0.073 mmol Pt) in 1 mL of TH#B placed in a NMR Young
tube. The bulk of the material reacted in five minutes and thauraixvas stirred for
a further 3 hours during which the progress of the reaction could be fdllowe
NMR; reaction complete after 3h. The mixture was then fiktéineough a cotton plug
and the filtrate was dried under vacuum for one hour to obtain an off wbite
powder (24.9 mg, 51.1% yield).

'H NMR (22°C, THF-d8),5: 8.71 (dd, 2HJu.n =5.6 Hz, 1.5Hz),.p=23.7 Hz), 7.44
(d, 2H,J=7.3 Hz), 7.26 (td, 2H]=7.3 Hz, 1.5 Hz), 6.58 (vt, 2H=7.3 Hz), 3.16-3.20
(m, 8H), 1.53-1.62 (m, 8H), 1.26 (sextet, 847.0 Hz), 0.89 (t, 12H]}=7.0 Hz), 0.14
(vd, 6H), 0.54 (s, 6H]J4.p=80.8 Hz), 0.39 (bs, 6H).

13C NMR (22C, THF-d8),5: 190.6 (q,Jc.s= 50.2 Hz), 150.4.»=28.4 Hz), 131.7,
127.8, 119.1 Jcp=29.6 Hz), 59.4, 24.9, 20.6, 14.2, 14.1 (Bgs= 36.0 Hz), -17.1
(Jc-pF823.l HZ).

Anal. Calcd for GgHs6BNsPt: C, 54.21; H, 8.51; N, 6.32. Found: C, 54.28; H, 8.26;
N, 5.99.
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Sodium Dimethyldi(2-pyridyl)boratodiphenylplatinate(ll), Na(dp-B Me,)PtPhy,
2.5

v . 85 o
Na Na
N Benzene N
\N ||mpt/ \Nmmpt‘Ph
"3 eq. HyO /5 min. “iph

87.5%

From2.1, PbMesy(SMe)), and wet benzene.

Solid Na(dp-BMe) (20.0 mg, 0.091 mmol) was added to precursgM&i(SMe,),

(26.1 mg, 0.091 mmol Pt) in 2 mL of deaerated, but not carefully,dsestzene. The
solution was stirred and after five minutes both materials hsgblded and a fine
white solid started to precipitate. The solution was left sxtr@vernight to give a
heterogeneous mixture that upon standing had white powder settle battitve of

the reaction vessel. The residue was washed with two 1 mlopertf deaerated
benzene, and dried under vacuum to give a white, powdery material (45.3 mg,
87.5%).

From2.1, PbMes(SMe)),, benzene and 2 eq. of water with partial removal ofSMe

Since the dryness of the benzene determined the reaction speedisatiteitrace
amounts of water in benzene that catalyzed the reaction whigle&s liberated
inhibited it, an alternative procedure was to dissolve the startatgrials in 2mL of
benzene, and in 10 min remove the solvent andgSMermed by that time under
vacuum. Then another 2 mL portion of benzene and. 68 water (0.16 mmol) were
added. Rapid evolution of methane gas was observed. After five mithgesolvent
was evaporated under high vacuum to yield compl&Xpure by NMR). Yield 51.7

mg (quantitative).

80



From compleX2.3, benzene and 2 eq. of water.

Similarly, when 0.091 mmol of compléx3was combined with 2 mL of benzene and
~3uL of water (0.16 mmol), a vigorous gas evolution was observed. In 2hmain t
solvent was removed under high vacuum to produce 226r&>90% isolated vyield).
The compound is sparingspluble in benzene; solubility in water is slightly higher. It

is perfectly soluble in THF or acetone. Solution2d in D20 arebasic and show
complete H/D exchange in the PtPh groups, but no signs of decompasiéoidsh

at room temperature. These results suggest that acidity,©Of i® sufficient to
protonate2.5 to produce LPtPiD and form LPtPh(PhD) transient, both responsible
for this slow H/D exchange in the PtPh groups at room temper#dtithe same
time, the energy of LPtPh(PhD) in this system is too high andstagonary
concentration is too low to allow for the subsequent fast loss of Bhiwoduce
LPtPh(OH) and then NaLPtPh(OD). The results are consistent with the- DFT
calculated reaction enthalpy profile of the PhH elimination from LiptBhParer

'H NMR (22°C, THF-d8),8: 8.24 (d, 2HJu.+1 =4.2 Hz,Ju.p=17.4 Hz), 7.56 (d, 4H,
Jn=7.3 Hz, J.p=66.4 Hz), 7.46 (d, 2H}=7.3 Hz), 7.18 (t, 2HJ)=7.3Hz), 6.64 (t,
4H, J=7.3 Hz), 6.48 (vt, 2HJ=7.3 Hz), 6.38 (t, 2HJ=6.2 Hz), 0.14-1.26 (bm, 6H).

13C NMR (22C, THF-d8),s: 152.2, 151.7, 140.7, 132.9, 129.2, 126.3, 120.3, 118.7.
Pyridine ipso-carbon was not seen due to boron splitting and boron methyl groups
\1Nere not seen due to both boron splitting and the fast exchange dpaarent in the

H NMR.

Anal. Calcd for GsH..BN-NaPt: C, 50.63; H, 4.25; N, 4.92. Found: C, 50.20; H,
4.14; N, 4.69.

2.3.2 Reactivity of complexes in biphasic and aqueous environments and other
reactivity

Experiments in biphasic 3 : 1 benzene — water mixtures. Formation of Nagd
BMe2)PtPh(OH), 2.8
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benzene/water : 3/1

CHj 10 min.

N g OH
Y/ P oy, 90%

N N F’t"u',,ullllPh

Solid Na(dp-BMe)PtMe; (0.18 mmol) was added to a flask with 1.5 mL of benzene.
Water (0.5 mL) was added to the mixture. A vigorous reaction thestsed methane
gas occurred. The mixture was stirred for 2 minutes aftech time the flask was
attached to the high vacuum line where all the solvents were atedc he residue
was dried a further ten minutes under high vacuum. The solid productéveiss
completely in THFd8to give thekinetic product, diphenyl comple2.5in 80% NMR
yield with 5.0 uL of acetone used as an internal standard. Another major species
(15%) was (dp-BMgPtPh(OH),2.8 Shortening the reaction time to 1 minute did not
result in a higher yield o2.5. In a number experiments it was found that increased
reaction time lead to higher fraction of comp8 and lower fraction of complex
2.5. The optimal reaction time to prepare the thermodynamically stableproduct
2.8(>90% NMR yield) free from comple2.5was found to be 10-12 minutes. These
observations mean that compl2)6is a primary reaction product whereas complex
2.8is a product of subsequent hydrolysis2db. Another important conclusion that
can be made here is that PhH won the kinetic competition with K possible
explanation to this fact may be that the activation barriersesponding to the
methane for benzene and methane for aqua ligand substitution indhaddiates
LPtR(MeH) (R = Me, Ph) do not differ by much. If so, the produstrihution is a

function of the [PhH]/[HO] ratio, which is close to 400 in the organic phase where
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water solubility is low. The explanation is consistent with thel@we found that
formation of2.5from 2.3 occurred in the organic phase. In turn, since both methane
complexes, LPtMe(MeH) and LPtPh(MeH), are weak whereas Bh#i HO
complexes are much stronger and do not differ significanthainilgly (DFT results),

%@ the MeH for PhH and MeH for 4 substitution could have “early” transition
states, where the bond order between Pt and an incoming ligand(eskwming that

the associative mechanism of ligand substitution is operatived, tfhe assumption
that both TS’s have similar energy is reasonable. If ligand itutist follows a
dissociative mechanism, the ligand substitution rate should not lnectioh of the
incoming ligand, and the LPt(PhH)/LPH{®) ratio will depend on the [PhH]/HD]

ratio only. We were not able to find a transition state corresponding to theafigsoci
mechanism, but this pathway cannot be ruled out. In confirmation tdoesvation
given above and suggesting tiaB is the thermodynamic reaction product, pure
complex2.5 (0.18 mmol) was reacted with a mixture of 1.5 mL of benzene and 0.5
mL of water in the course of 10 min to produ8in ~90% NMR vyield (5.QuL of
acetone added as an internal standard). In turn, no corfexas observed when
isolated2.8 was dissolved in wet benzene and left for 15h, so proving that the reverse
reaction is slow or impossible under these conditions. These ragdtsuggest that
acidity of O in the organic phase is enhanced by Nas present in it and is
sufficient to protonat@.5 and produce lipophilic LPtBHR. Importantly, because of
the enhanced acidity, the energy level of this lipophilic transgefdw enough to

form quickly, eliminate PhH and forM.8 at room temperature. CompleX5 is
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soluble in water-saturated benzene so proving thatidws can be present in the
beginning of the reaction in the organic phase in biphasic Pi@Hskistems.

'H NMR (22C, THF-d8),8: 8.94 (dg, 1HJu.4 =5.5 Hz, 0.9Hz), 8.20 (dq, 1H.
n=5.5 Hz, 1.5H2)4.p=54 Hz), 7.54 (d, 1HJy.x=7.4 Hz), 7.43 (d, 1HJy.1=7.4 Hz),
7.39 (td, 1H J4.4=7.4 Hz, 1.5Hz), 6.24-7.31 (m, 3H), 6.86 (td, 1H,4=5.5 Hz,
1.5Hz), 6.84 (t, 2HJ4.n=7.4 Hz), 6.73 (v tt, I1HJy.y=7.4 Hz, 1.5 Hz), 6.34 (v td, 1H

, Ju-n=6.5 Hz, 1.5Hz), 0.56 (bs, 6H), -1.48 (s, 1H,+=30 Hz).

¥C NMR (22C, THF-d8),8: 155.5, 148.8, 138.7 (2C), 134.1, 132.9, 129.1, 128.0,
127.7, 126.9 (2CIp.c=75 Hz), 122.3, 119.8, 119.3. Pyridirgso-carbon (bs ~190)
and boron methyl groups (bs ~12-14) were not seen due to boron splitting.

Reaction between Na(dp-BMg@PtMe, and CsDg saturated with H,O or D,O

Solid complex2.3, Na(dp-BMe)PtMe,, (0.23 mmol), was placed in a Young tube
under argon and deuterated benzene saturated with water was addig@rods
reaction accompanied by evolution of methane gas took place resultognpiete
conversion oR.3to diphenyl specie®.5 by the time an NMR spectrum was taken (<
10 min). Four methane isotopologues Ok, (n=1-4) in almost equimolar ratio were
seen in the spectrum. An almost similar statistical ratio,8.07 : 7 of CH/ CDHz/
CD;H,/ CDsH, was observed whengOs was combined with 3 equivalents of@
shaken carefully and then complex2.3was added. Multiple deuteriumldirg is
consistent with the DFT calculated reaction enthalpy profile agdests that close-
to-statistical deuterium scrambling occurred on both steps of metharieadiom:
LPt(CHs).D = 4/7 LPtCH+ 4/7 CDH+ 3/7 LPtCHD + 3/7 CH,

And for the loss of the second methane molecule,

4/7 possibility: LPtCH+ CsDg=> LPtPh + 4/84 CDkl+ 30/84 CBQH,+ 40/84 CRH
+10/84 CD

3/7 possibility: LPtCHD + CsD¢ - LPtPh + 6/36 CBH, + 20/36 CRH + 10/36
CD4

In total,

CH,: CDHs: CD,Ho: CD3H : CDy =

= (3/7): (417 + 417(4184)} (4/7(30/84)+3/7(6/36)) (4/7(40/84)+3/7(20/36Y)
(4/7(10/84)+3/7(10/36))
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~10:14:6:10:4

Attempted reaction between Na(dp-BMe)PtMe, and CsHg dissolved in O

Solid complex2.3, Na(dp-BMe)PtMe, (0.23 mmol), was placed in a Young tube
under argon and @ saturated with benzene was added. After 1 day, complex 2.3did
not dissolve and formation &5 was not observed. The solubility of compl2:3
and/or its reaction products in® was very low, which might be the major reason of
the lack of reactivity.

Attempted reaction between Na(dp-BMg)PtPh, and CsDg saturated with H,O or
DO

In two separate experiments solid com@ex Na(dp-BMe)PtPh, (0.18 mmol), was
placed in a Young tube under argon and bendesaturated with kD or D,O was
introduced to produce clear solutions. After 2 days, no deuterium incogoonatio
the PtPh groups d&.5 could be detected in the experiment withOH Complex2.8
did not form in this experiment either. In the seconddPexperiment we observed
H/D exchange between the solvent and thegf$@roups, which was noticeably
faster in wet benzene than in pureCD(acidity of water is Na- enhanced). These
results suggest that basicity 2f5 is low, but still sufficient to react with water,
produce low concentrations of LP#pH/D) and LPtPh(PhH/PhD): transients
responsible for the H/D exchange in the PtPh groups. Sodium cation ssdb/ed
water and so inhibits subsequent hydrolysis of LPtPh(PhH/PhD).
Tetra(n-butyl)ammonium dimethyldi(2-pyridyl)boratodiphenylplatinate(l 1),

"Bu4N(dp-BMe,)PtPhy, 2.4 via tetrafi-butyl)ammonium dimethyldi(2-
pyridyl)boratophenylmethylplatinate(ll), "BusN(dp-BMe,)PtPh(Me), 2.6
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3 equiv. H,O 7 hours

N = Ptmﬂl“CHfi benzene
/ NW HICH,

Ph

From complex2.4, benzene and 3 equ of water. S6RBai;N(dp-BMey) (40 mg, 0.091
mmol) was added to precursor,fe,(SMe), (26.1 mg, 0.091 mmol Pt) and both
solids dissolved in 2 mL of benzene as in the synthegd<Hdfom complex2.3. After

10 minutes the solvent was removed under high vacuum to give dimethplex

2.4, pure by NMR. Benzene andgil5 of water (0.274 mmol) were added to the solid
and the mixture was stirred for 7 hours. The solvents were remaweel high
vacuum to afford the intermediate proddd. Yield 59 mg (~90%). The complex is
sparingly soluble in benzene and perfectly soluble in THF dioaee A portion of
the product was characterized % NMR. When 2 mL of deaerated;@s dried over
molecular sieves for a few days and NaL as a promoter (0.vadepis) were
combined with pure.4 (0.011 mmol), the reaction was much faster than without
NaL, but much slower than in the presence of NaB@&ee below). Complex.11

formed in the former case (>95% NMR vyield, based on the integration of the @romat
region), with a small admixture @f6 (<5%) in 30 min. Pure 2.6 was evident after 1.5
hours. CH and CDH were detected in 3:1 ratio byd NMR as major methane
isotopologues along with traces of more deuterium-rich compounds (< 586 of
methanes). This result suggests that a deuterium scramblingeataurthe PtMg
fragment of the PtM® intermediate leading via LPtMe(MeD) complex to Lahd

CDHs.
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'H NMR (22C, THF-d8),5: 8.70 (d, 1HJ4.4=5.8 Hz,Ju.p=11.1 Hz), 8.15 (dd, 1H,
Jnn=4.4 Hz, 0.5 Hzy.p=13.3 Hz), 7.49 (d, 1H}.4=7.7 Hz), 7.44 (d, 1H}y.1=7.7

Hz), 7.30 (d, 2HJ4.4=7.7 Hz,J4.p=68.4 Hz), 7.27 (td, 1HJ4.x=7.7 Hz, 0.7 Hz),
7.22 (td, 1HJ4.4=8.0 Hz, 0.7 Hz), 6.62-6.70 (m, 3H), 6.60 (t, IH4=6.2 Hz), 6.37

(m, 1H), 2.98-3.02 (m, 8H), 1.41-1.51 (m, 8H), 1.23 (sextet,BH,5 Hz), 0.88 (t,
12H,J=7.0 Hz), 0.12-0.70 (br s, 6H), 0.65 (s, 3IHp,=82.6 Hz).

¥C NMR (22C, THF-d8),8: 153.2, 150.5, 132.5, 132.3, 127.7, 127.3, 119.1, 118.8,
141.1, 129.1, 125.9, 119.7, 59.2, 24.6, 20.4, 14.0, -13.6. Pyrmhmearbon was not
always seen and boron methyl group were not always seen due to boron splitting.

The NMR sample o2.6 was combined with the remaining material and dried under
high vacuum. Another 2 ml of benzene were added withdd water (0.274 mmol).
The solution was left to stir for one day. The solvent was etedua afford2.11
(52mg, 72% yield based on compl2X).

'H NMR (22°C, THF-d8),5: 8.24 (d, 2HJ4.n=5.1 Hz,J4.p=25.0 Hz), 7.60 (d, 4H,
JIn-w=6.9 Hz,J4.p=59.0 Hz), 7.46 (d, 2H]=7.3 Hz), 7.18 (td, 2HJ=6.9 Hz, 1.5 Hz),
6.69 (t, 4H,J=7.1 Hz), 6.54 (t, 2H)=7.1 Hz), 6.37 (vt, 2HJ=6.9 Hz), 2.50-2.57 (m,
8H), 1.21-1.28 (m, 16H), 0.94 (t, 12B56.5 Hz), 1.13 (bs, 3H), 0.27 (bs, 3H).

13C NMR (22C, THF-d8),s: 153.4, 153.1, 142.0, 133.8, 128.3, 127.1, 121.0, 119.6,
59.7, 25.6, 21.4, 15.0. Pyridinpso-carbon and boron methyl groups were not seen
due to both boron splitting and the fast exchange that is apparenti HéR.

Crystals of complex.6 suitable for X-ray diffraction were obtained by letting the
NaBAr 4 reaction mixture (see below) stand for three days in benzene.

Anal. Calcd for GoHgoBN3Pt: C, 60.90; H, 7.68; N, 5.33. Found: C, 60.74; H, 7.46;
N, 5.25.

Attempted synthesis from 2.2, PMe4(SMe,); and wet benzene

Solid nBuN(dp-BMe) (32.2 mg, 0.073 mmol) was added to precursor
PtMesy(SMe)2 (21 mg, 0.037 mmol) in 2 mL of deaerated but not dried benzene (the
same batch as in the analogous synthes&s5f The bulk of the material reacted in
five minutes. The mixture was left to stir overnight. The solverst eenoved and the

residue dried in vacuum for one hour to produce pure dimethyl corBpleXeither

diphenyl complex2.11nor monophenyl compleX.6 formed.
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Reactian between riBu)s;N(dp-BMe,)PtMe, and wet GDg in the presence of
NaBAr 4

Two NMR Young tubes were charged with solid comp?e4 (~10mg) each in an
argon-filled glovebox. Deuterated benzene (deaerated but not drisdjddad to the
solid in each case. The system formed a suspension due to the limited satiBidty

in benzene; however, NMR data could still be obtained. 0.5 equivalent ¢gANXB
was added to the content of one of the tubes. In the time that addifaB@Ar ),
took place, a vigorous reaction accompanied by release of methawagastiated.
The suspension completely dissolved in half a minute and only cor@end all
isotopomers of methane gas products in almost equal molar ratblmdetected by
the time an NMR spectrum was obtained. No changes were obserthexl aantrol
experiment where NaB(A); additive was not introduced.

Sodium bis(2,5-difluorophenyl)dimethyldi(2-pyridyl)boratoplatinat e(ll), Na(dp-
BMe,)Pt(2,5-CsHsF>),, 2.7

Solid Na(dp-BMeg)PtMe, (0.045 mmol) was dissolved in 2mL pfdifluorobenzene
and 3uL of water were added via microsyringe. An immediate reacemompanied
by vigorous evolution of methane gas took place. After one hour, thensohzes
evaporated under high vacuum and washed with a minimum amount of hexanes t
obtain complex.7 (26.9mg, 92.3% yield) as an off color white solid. An analytically
pure sample o2.7, which was also pure byH and**C NMR could be obtained by
washing the solid with 0.5 mL of benzene two times.

IH NMR (22°C, acetoned6), &: 8.49 (d, 2HJ4.4=5.6 Hz,J4.p=30.3 Hz), 7.53 (d, 2H,

J1=8.0 Hz), 7.29-7.35 (m, 4H), 6.58 (vtd, 2B#=6.5 Hz, 1.6 Hz), 6.36-6.50 (bm,
2H), 6.24-6.30 (m, 2H), 0.16-1.22 (bm, 6H).
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Y NMR (22C, C6D6), &: -110.9 (bs,Jr.p=430.5 Hz, 2F), -119.7 (s, 2F);
CRCH.OH internal standard signal set to -77.5ppm.

3% NMR (22C, THF-d8),8: 190.8 (bm), 164.9 (dJ-.c=221.5 Hz), 159.1 (dJr
c=239.0 Hz), 152.1, 133.6, 128.0-128.6 (m, 4C), 119.2, 117.4{dd18.6 Hz, 13.7
Hz), 113.0 (ddr.c=34.9 Hz, 8.2 Hz), 107.8 (dit.c=24.7 Hz, 8.1 Hz), 11.3-16.5 (m).
Anal. Calcd for GsH20BFsN2NaPt: C, 44.95; H, 3.15; N, 4.37. Found: C, 44.87; H,
3.59; N, 4.63.

Cyclohexene hydrido dimethyldi(2-pyridyl)boratoplatinum(ll), (dp-
BMe,)PtH(cyclo-CeH 1), 2.9
®

CHs Na

H,C

/ N Pt""'HIIIICHS

-2CH,
65.0%

Solid Na(dp-BMg)PtMe, (0.085 mmol) was added to a flask with 2 mL of
cyclohexane. Water (3 eq, ) was added by microsyringe to the suspension, upon
which time a vigorous reaction occurred at the water drop/cycloeesalvent
interface, resulting in an evolution of gas. The mixture wasedtior an hour, after
which the solvents were separated from the solid and evaporated eBiollres were
dried under vacuum and extracted with cyclohexane to give pure cothpléseld
17.0 mg (42%). The residue remaining after extraction produced a |gtioasg)jc
solution in water consistent with formation of NaOH. A similasute was observed
when solid Na(dp-BMgPtMe, (0.85 mmol) was combined with 1.5 mL of
cyclohexane and 0.5 mL of water; isolated yield 34%. The yieldesssntially the
same when we used a pH 7 buffer solution or 1 equivalent of dilutq iH&Ead of
pure water. When instead of water, one equivalent of H(dp-BMas used, a slow
reaction occurred so that after two d&y8 formed in 65% NMR vyield (5.QL of

acetone added as an internal standard). The major contaminanhngasted H(dp-
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BMe,). Longer reaction times lead to lower yields. We suggest tthiatfactors
responsible for better yield d2.9 were slower reaction times allowing for the
controlled production and utilization of protonated intermediates and thecabse

NaOH that would trap and destroy a reaction intermediate.

'H NMR (22°C, GiD12), 6: 8.64 (vd, 1HJy.4=5.1 Hz,J..p=63.5 Hz), 7.90 (bd, 1H,
Jun=5.1 Hz), 7.75 (t, 2HJ=6.6 Hz), 7.30 (td, 2HJ=6.6 Hz, 1.7 Hz), 6.73 (m, 1H),
6.60 (m, 1H), 4.75 (bs, 2HJ4.p=75.0 Hz), 2.74-2.26 (m, 4H), 1.90-1.80 (m, 2H),
1.38-1.28 (m, 2H), 0.49 (bs, 6H), -21.4 (s, DHp=1271.0 Hz).

¥C NMR (22C, GD1y), 8: 155.1, 144.8, 135.5, 134.8, 130.4, 129.8, 120.0, 119.1,
78.8 (bs), 27.8, 22.2. Signals of the pyridine ipso carbon ang Bagnent were not
seen due to boron splitting.

13C NMR (22C, GDg), 8: 155.2, 145.5, 136.2, 135.3, 130.3, 129.6, 120.5, 179.8 (
p=64 Hz), 79.7 (bsJc.p=162 Hz), 30.1, 21.9, 15.7 (vb m). Signals of the pyridine
ipso-carbon were not seen due to boron splitting.

Anal. Calcd for GgH2sBNoPt: C, 45.48; H, 5.31; N, 5.90. Found: C, 46.30; H, 5.14;
N, 5.88.

Cyclopentene hydrido dimethyldi(2-pyridyl)boratoplatinum(ll), (dp-
BMe,)PtH(cyclo-CsHg), 2.10

®
CH, Na

e PU oy
-2CH,

~33%

The complex was prepared &9 above utilizing 3 eq. of water added via
microsyringe, with cyclopentane as the solvent. Isolated yieleB8%. The same
result was observed when solid Na(dp-BM¢Me, (0.85 mmol) was combined with
1.5 mL of cyclopentane and 0.5 mL of water.

'H NMR (22C, C6D6),5: 8.57 (d, 1HJ4.n=5.6 Hz,Jn.p=60.3 Hz), 8.01 (d, 1Hy.

4=7.7 Hz), 7.93 (d, 1HJ=7.7 Hz), 7.65 (bd, 1H]=5.6 Hz), 7.05 (t, 1HJ=6.8 Hz),
6.90 (t, 1H,J=6.8 Hz), 6.40 (vt, 1HJ=5.7 Hz), 6.16 (vt, 1HJ=6.3 Hz), 4.37 (s, 2H,

90



Ju-p=73.3 Hz), 2.27-2.48 (m, 2H), 1.80-1.94 (m, 2H), 1.26-1.34 (m, 2H), 1.18 (bs,
6H), -21.2 (s, 1HJ4.p=1252.9 Hz).

13C NMR (22C, GDg), 6: 154.9, 146.0, 136.2, 135.4, 130.4, 129.6, 120.4, 119.8,
83.5, 35.2, 21.7, 15.7 (br. m). Signals of the pyridine ipso carbon andfBlgment
were not seen due to boron splitting.
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Chapter 3: Oxidatively Induced Methyl Transfer fr&woron to

Platinum in Dimethyldi(2-pyridyl)boratoplatinum Cqiexes

3.1 Introduction

3.1.1 Aerobic oxidation in Shilov-like systems

The rapid CH activation results described in Chapter 2 with dpb suggdetrte
complexes were encouraging not only due to the speed of reactionstuba the
products were tolerant of water and that water was a requegbanent of the
reaction. We decided to test the activity of our complexes wetebic conditions in
order to estimate the propensity of the system towards aeroldatatton with an
eventual view towards replacing other more expensive oxidants ditiizbe Shilov
and Shilov-like systenid with oxygen as the terminal oxidant. In a review, Shilov
explored oxidation of metals, including that of Rtkyl systems known up to 1997.
There are serious drawbacks to many systems that atteroptbarige the oxidant
from the Pt used in the original Shilov cycle to other types of oxidants. Many
systems limited the turnover and stability of the catalystledlacker-like oxidation
involving copper salts adversely effected selectiVityeumann has attempted to
couple CH activation chemistry with oxidation by polyoxometalldkeg could be
reoxidized by aft with limited success and Bercaw has studied the mechanism of
oxidation at Pt center$® However, the use of oxygen as a direct oxidant for the
reaction has not received much consideration despite previous reporshdhsed
dialkyl and other electron rich 'Ptomplexes react rapidly with air to form"Pt

specie’!® This may be due to the use of neutral ligands and cationic coraphsxe
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models for CH activation; which in turn make for very air-stabfé monoalkyl
complexes. Only recently has the use of electron rich ligansigcicessful and rapid

CH activation become commonpladé?

3.1.2 Differences between dmdpm and dpb ligand motifs in facilitatingbige
oxidation with Pt

We were expecting rapid oxidation of dialkyl platinum complex8and2.5
since the anionic dipyridylborate ligand is more electron donatimag theutral
nitrogen based ligands. The dpm supported compléxgsolventoproved to be
stable towards molecular oxygen (Scheme 3.1). While this syavdis welcome for
the purpose of gathering kinetic data on CH activation, it is chedra monoalkyl
complex would need to be oxidized by dioxygen as a terminal oxidasrder for
systems based on the Shilov Cycle to become commercially viablee more
electron rich a Ptcomplex, the easier it would be to achieve a higher oxidation stat
An electron releasing ligand such as dpb was synthesized for tip@spuof
performing CH activation experiments at the beginning, possdieba oxidation
was an added consideration that was taken into account at the begwhrtimg

project.
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Scheme 3.1. Differences in electron density at Pt and oxidation speed
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3.1.3 Introduction to initial oxidation results of compk28

In the course of CH activation studies with [dp¥§®ie),][Na] (2.3), we found that
complex was stable under air in THF solution for a day, leadinglizggish reaction

with unidentified products after a longer time period. Analogous diphamblex
[dpbPt (PhY][Na] (2.5), proved to have similar reactivity in THF. It was also sabl

in water under an argon atmosphere. However, when solutions of the diphenyl
complex in water were exposed to air, a very rapid oxidation atdh®plex towards

a Pt' species was observed (Scheme 3.2). This observation suggested tha
coordination of @ to the Pt center might be a rapid and reversible process in non-
hydroxylic solutions such as THF, and that coordinated dioxygen caagpet by
hydroxylic solvents. Previous work from Goldberg and Bercaw sugtiestsormal

oxidation of the metal center occurs after protonation of coordinated dio}y/gen.
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Scheme 3.2 Aerobic oxdiation of [dpbP{Me),][Na] in water

Analyzing the products of aerobic oxidation showed that B-Gbnd had been
cleaved by the metal center. This was an undesirable develofnom the point of
view of closing the Shilov cycle as the ligand had been forna@bgroyed. Concerns
with regards to the stability of anionic borate ligands had been d/digePeters
earlier’® The Peters group synthesized a number of monoanionic borate ligahds wi
P,P or N,N donors, but opted to use phenyl groups instead of Me. Thesréasibis
were voiced as greater stability towards cleavage by thal menter and greater
stability of the B-C bond under acidic reaction conditions. Our studthefdpb
ligand showed that the latter concern was unwarranted dgémel was stable in
mild acids such as acetic acid and aqueous HCI for long periodaeofat elevated
temperatures. The first concern proved valid due to the destruaftitime ligand
during aerobic oxidation; the short distance between the boron and platemiens
in nBu:N salt of complex2.5 was the record short distance for alf Bomplexes
supported by anionic borate ligands and it played a role in puttinG-fBdond in

very close proximity to the metal.
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3.1.4 The Suzuki-Miyaura coupling

Although destruction of the ligand is undesirable, the reaction depigted b
Scheme 3.2 represents an interesting observation that may hawancelde the
mechanism of Suzuki coupling (Scheme 3.3). The Suzuki-Miyaura reaatiolves
the coupling of an aryl halide with an alkyl or aryl boronic asider mild conditions
with Pd catalyst. It is a very widely used reaction todayha fine-chemicals and
pharmaceutical industry and has supplanted other types of coupling methesiolog
such as Stille couplitg due to the low toxicity of boronic acids compared to that of
the tin byproducts. CompleX.1 can be thought of as a model of an intermediate of
the Suzuki coupling reaction that is carried out by a Pd(0)/Pd(liple (Scheme 3.3
M=Pd). Though the oxidation state of Pt in compks and that of Pd in the
expected product of step in Scheme 3.3 are different, this comparison may be
useful. We sought to take a closer look at our system as a m&ahamobe that
could offer insight into steB of the Suzuki-Miyaura coupling.

Scheme 3.3 Suzuki-Miyaura Coupling mechanism.

L,MAr(X)
e
A
ML, B (HO),BR
base
C
Ar-R L,MAr(R)

Although the mechanisms of C-X bond cleavage with electron-richlroemplexes
(Scheme 3.3, step X)'” and C-C reductive elimination from transient
bis(hydrocarbyl) species (Scheme 3.3, step C) have been stndiedail for some

metals’’ less attention has been paid to boron-to-metal hydrocartyll @l aryl)
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ligand transfer (Scheme 3.3, step'BJhis transfer has been suggested to occur as an
electrophilic aromatic substitution in the case of aryl borogeets (M=Pt), and a
similar mechanism has been postulated for their alkyl analdgNesinformation on

the transfer of a hydrocarbyl group from boron to a metal atomhigla oxidation

state (such as V) is available.

3.2 Results and Discussion

When solutions of compleX.5in dry benzene or THF were exposed to air, a sluggish
reaction was observed which led to a complex mixture of unidenpfieducts. In
contrast, a clean and fast reaction took place when water or alddhe®H or
EtOH) were used as a solvent. Oxidation2d in water was complete at ambient
temperature after 3-5 min and led to the formation of hydroxoborat;myhn(lV)
complex 3.1 which was isolated from a strongly alkaline reaction mixtarean

analytically pure form in 90% yield (Scheme 3.4).
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Scheme 3.4 Aerobic oxidation of [dpbP{Ph)][Na] in hydroxylic solvents
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Figure 3.1 Ortep represenation (thermal ellipsoids at 50%) of conlex

According to’H, *C NMR spectroscopy and single crystal X-ray diffraction (Fég

3.1), the transformation resulted in the substitution of one of theyhwtiups of the
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BMe; on the original ligand dpb by OH and migration of the methyl to tHeafom.
Similar to aqueous solutions, a clean and fast oxidatichofvas observed when
methanol or ethanol was used as a solvent to produce methoxob®i3tar(
ethoxoborato3.3) analogues 08.1, respectively, in isolated yields exceeding 90%.
Dimethylplatinum(ll) complexX2.3 exhibited similar reactivity. It reacted with
oxygen in ethanol to produce ethoxoborato trimethyl platinum(lV) compldx
which was isolated after 5 min in an analytically pure forn83&b yield (Scheme
3.5) and characterized by NMR spectroscopy and X-ray diffra¢iigure 3.2). The
use of more acidic solvents such as methanol or water led to prem@lts,

presumably due to competitive protonolysi2d.

Scheme 3.5. Aerobic oxidation of [dpbB¢Me),][Na] in hydroxylic solvents
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Figure 3.2 Ortep represenation (thermal ellipsoids at 50%) of conthkex

s

Pt1-C31 2.032(3) Pt1-C41 2.050(3) P11-C51 2.051(3)
Pt1-N2 2.137(2) Pt1-N1 2.140(2) Pt1-01 2.2120(19)
B1-O1 1.547(3) B1-C1 1.615(4)

The experiments above suggest that the oxygen atom of the dipyriakg ligands in
complexes3.1-3.4 originated from respective solvents and not from @ the
opposite were the case, or if two disparate reaction mechanismsoperative, OH
bridged complexes should have been present in all four cases.

We decided to get a better handle on the exact mechanism ofl geibip
transfer by using different, easier to study oxidants which deald to unobserved
intermediates. Oxidation by dioxygen may be very complex in nancethe solvent
could play a large role in the oxidation reaction. Decoupling the eaidand Me

transfer reactions from each other should be possible with a wWeliké two-

electron oxidant such as Mel.
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A reaction of 2.3 with Mel attempted in aprotic THF was virtually
instantaneous and led to Nal and an air stable conthleXScheme 3.6) which,

according tdH NMR, formed quantitatively and could be isolated in 75% yield.

Scheme 3.6 Oxidation of complexX.3with Mel and subsequent Me group transfer
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A 'H NMR spectrum 0of3.5 in THF-dg solution confirmed its mirror
symmetric structure. The boron-bound methyl groups exhibited two brahdene
multiplets, both integrating as 3H, at 0.22 ppdsu(= 4.4 Hz), and -0.91 ppm.
Remarkably, the higher field resonance at -0.91 ppm had two platinusaiélbtes
with Jewy = 58.1 Hz. These results suggested the presence of a five-coeriha
center stabilized by a CH-agostic interaction with the boron-bamdd- methyl
group. The hypothesis that CH bonds of one of the ligand methyl groeps w

coordinated to the Ptcenter was supported B3C NMR spectroscopy. Specifically,
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the multiplet of a “free” B-Me group at 9.0 ppm was a quartet Jgt = 45.0 Hz,
whereas the signal of the agostic methyl carbon at 27.1 ppnawasrtet with a
smallerJsc constant of 39.6 Hz and platinum-195 satellites dith= 60.3 Hz.

The structure 08.5 was confirmed by single crystal X-ray diffraction (Fig.
3.3). A few five-coordinate Pt complexes are knowi;** but, to the best of our
knowledge, agostic CH — 'Pistructures were never reported. The Pt-H distance, 2.02
A, and the Pt-C4B separation, 2.76 A, are shorter than those fouadttiree-
coordinate cationic CH agostic'Rtomplex??

Figure 3.3 Ortep represenation (thermal ellipsoids at 50%) of conthEx

Pt1A-C1A  2.021(4) Pt1A-C2A  2.041(5) Pt1A-C3A  2.056(5)
Pt1A-N2A  2.139(4) Pt1A-N1A  2.145(4) Pt1A-H4A3 2.01(4)
B1A-C5A  1.622(6) B1A-C4A  1.648(7)

Interestingly, the average B-C bond length calculated foro tw

crystallographically independent molecules 3% present in the unit cell for the
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endo-methyl, which is involved in the bonding to the“Ptenter, 1.66(1) A, was

longer than the bond length for tieeo-methyl group, 1.61(1) A. This observation

suggests that the B-C bond which is to be broken in the course ottiongi@ the

Pt¥ center might also be involved in a weak interaction with the métadduced B-

C coupling constant observed fabis in accordance with this suggestion.
Complex2.5 also reacted cleanly with methyl iodide to produce two isameri

CH agostic five-coordinate BRtY complexessym-3.7 and unsym-3.7 (Figure 3.4,

Scheme 3.7).

Scheme 3.7 Oxidation of complexX.5with Mel and subsequent Me group transfer
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The reaction was quantitative by NMR. The prod8ct could be isolated in an
analytically pure form in 73% yield. According tel NMR, the complex existed in
acetone or benzene solutions as a mixture of two interconvertingetyih and

unsymmetric isomers (Figure 3.4) each exhibiting distinct sharp Risé@ances.
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Figure 3.4 Equilibrium betweersym3.7andunsym3.7

P
- Ph

The position of the equilibrium depended on solvent, but in all cases the major
isomer was the symmetrical one (3:1 ratio in acetone gave tis¢ pnonounced
difference whereas the ratio was ~2:1 benzene).

Thus, no B-to-PY methyl group transfer was observed upon oxidative
addition of methyl iodide to eithe2.3 or 2.5 in THF solutions. Remarkably, this
transfer was complete after 10 min when a sample of isor@grwas dissolved in
methanol to produce methoxoborato complex un8y8mand benzene, quantitatively
by NMR (Scheme 3.7).

According to*H, **C NMR, and X-ray diffraction, the single prod&B was
unsymmetrical and had one“f®h group (Figure 3.5). Therefore, isomeric complexes
3.7 reacted selectively via protonolysis of a Pt-Ph rather thant-lePbond.
Accordingly, in the case of the methyl analogu8 a slow B-to-PY methyl group
transfer accompanied by protonolysis of a Pt-Me bond led to compléx
guantitatively after one day (Scheme 3.6). The methoxy bridged eri@ is the
analogue of ethoxy bridge®l4 that could not be obtained by direct oxidation with O

in MeOH solvent earlier due to fast side-reactions.
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Figure 3.5 Ortep represenation (thermal ellipsoids at 50%) of conthkéx

Pt1-C31 2.016(4) Pt1-C5 2.036(4) Pt1-C4 2.053(4)
Pt1-N2 2.133(3) Pt1-N1 2.156(3) Pt1-01 2.187(3)
C1-01 1.424(5) 01-B1 1.544(5) B1-C2 1.601(6)

The stereochemistry of the B-to™Ptmethyl migration was revealed in
experiments involving a™C-labeled complex3.5°C prepared using**CHal.
According to’H NMR spectroscopy, the complex is fluxional; the labeBi&-C
was distributed statistically among the equatorial and the pagitions (33%°C for
each of the PtMe groups) after 10 min upon preparatior8&--°C suggesting that a
fast Me-group exchange in 5-coordinat®’ Romplex3.5 took place. Although the
axial and equatorial Me groups &6 gave distinct resonances in NMR experiments,

there is precedent of very rapid equilibration in similal’(®Me); complexes
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supported by anionic ligands that was observed by Goldbéngtheir 2007 report,
only one signal was observed for all three Me groups even aetatares of 220K;
however, the geometry was determined to be square planar by X-Ray cgyafatily.
This fast exchange could be sufficiently hindered to slower thaN e timescale

by introducing a stabilizing ligand in the free sixth positionhaf dctahedron that is
favored by PY complexes due to the 18 electron rule. In the case5fthe sixth
ligand is a CH agostic bond of the boron bound Me whereas Goldberg’'sesompl
possesses no proximate sigma bonds for such a stabilization.

Notably, reaction 08.5*C in CD;OH led to the formation of a 2:1 mixture
of CH, and**CH, along with complex3.6 which exhibited a signal of the equatorial
CH; groups with the™*C satellites corresponding to a 33%€-enrichment and a
signal of the axial Ckigroup with the intensity of th€C satellites corresponding to
the naturaf-®*C abundance. Free methane observed in the reaction mixture exhibited
33%*°C enrichment.

Similar behavior was exhibited 18.7-°C (Scheme 3.8) In the latter case,
~100% **C enrichment was present at the methyl bound to Pt and no enrichment
beyond the natural abundance was seen on the boron bound Me groups. & was th
minor isomer,unsym-3.7%C that reacted to giv8.8-°C exclusively. The other
product of the reaction was one equivalent of free benzene. The labelound
exclusively in the equatorial position in the product while the axialgroup only

had a natural abundance™€.
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Scheme 3.8. 1°C label Me group transfer experiments
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Thus, the methyl group transferred from the boron to tHé WRas not
involved in the methanolysis. This fact is consistent with the tesil our DFT
calculations on the presumed six-coordinate intermed®tes3.9 and unsym-3.9
(Scheme 3.9). The high-energy intermediaB8 might form from PYMePh
complexes3.7 as a result of the B-to-Ptmethyl transfer. Then in the course of
reaction they undergo protonolysis of one of the axial Pt-C bonds feerdsame

rearrangements form the observed pro@ugt
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According to our calculations, in both isomeric complege3 the methyl
transferred participates in a stabilizing B-C-H 3-centeteztron interaction with the
electron-poor boron atom and is therefore to some extent "protesgedtist attacks
of another electrophile, H that would be present in hydroxylic solvents such as
MeOH. Protonolysis of the axial 4C bondtrans- to the methyl irsym-3.9 may be
facilitated by the strondrans-influence of the Me group. The preference for the
minor unsymmetrical isomer &.7 with the axial PY-Ph to react can be due to a
noticeably lower activation barrier involvintSyns (AG” = 20.6 kcal/mol) compared
to TSsym (AG” = 23.0 kcal/mol). Additionally, the BtPh fragment irunsym-3.9 can
react with H faster than the PtMe fragment irsym-3.9 due to the involvement of a

relatively low-barrier aromatic electrophilic substitution mecharlism
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Scheme 3.9 DFT calculated pathways in the Me group transfer reaction

AGPyqg, kcal/mol

The calculated Gibbs reaction energy for the transformatiosyrof3.7 to
sym-3.9 andunsym-3.9 (Scheme 3.9) is positive, 19.1-23.0 kcal/mol, with the lowest
energy transition state to b&S,,s, which connectsunsym-3.7 and unsym-3.9
responsible for the formation of the observed prodosgm-3.8. The DFT calculated
reaction path shows that the formation of th&-Btbond and cleavage of the B-C
bond are practically synchronous. Thus, the methyl group transfebenaigwed as
an electrophilic substitution at the methyl group carbon with tHea®m acting as
an electrophile and the three-coordinate boron playing the role of a leaving group.

The positive energy of the methyl transfer might be diminiskealr@sult of a

nucleophilic attack of water or an alcohol at the boron atom (ScBetf@idop; R, R’,
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R* = Me or Ph). A nucleophilic solvent molecule such as MeOH aervaan
encourage methyl transfer by nucleophilically attacking the boram anh a
mechanism reminiscent ofy3& substitution. After protonolysis of the Pt-C bond
trans- to the methyl transferred, the reaction becomes irreversible. The Gibbs
energy change for methanolysis35 to produce methane and correspondriis
-11.2 kcal/mol.

An “inversion” of the metallacycle in the transieBitlO might lead to the
observed reaction products, RH and methoxobofa&s3.8 According to DFT, this
transformation is favored by about 30 kcal/mol overall.

The mechanism of the “inversion” might involve: i) a highly steal
transition state with nearly planar dipyridylmethylborammahd or ii) a sequence of
dissociation of one of the pyridine groups from the metal, rotation gisMe (or
corresponding borate) fragment about the remaining Pt-N bond bY B0
subsequent re-coordination of the free pyridine to the transienhalidpipyramidal
Pt¥ center. Our DFT estimates show that the pyridine arm datgmtifrom the PY
center in PYR, complexes such asisym-3.19is characterized by the Gibbs energy
of ~17 kcal/mol. At the same time, formation of a nearly planar
dipyridylmethylborane ligand attached to thé’ B complex3.19 requires about 10
kcal/mol more energy. Hence, the dissociation-rotation-re-coordinatgghanism

might be more consistent with the observed fast reactivity of our systems.
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Scheme 3.10
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Based on the available observations we postulate a mechaniserddic reactions
which is similar to the B-to-Pt methyl migration in dpbPt#R(Scheme 3.10 lower
half, and Equations 1,2). In this case the axial group is #&h @ OH formed

according to one of the mechanisms suggested for oxidation of afkgbRiplexes

by O, (eq 7-8)*%*

[LP'R,] + H,O + O, — LPtVR,(O,H) + OH- (1)

LPtVR,(O,H) + [LPt'R, + H,0 —— 2LPtVR,(OH) + OH (2)
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The G oxidation could proceed even more rapidly since protonation of coordinated
O, is expected to be more facile than the protonation of adCksHs from simple
considerations of basicity. The we#tans effect of the @ compared to that of a

hydrocarbon is expected to lower the energy of proposed intermadiates well.

3.3 Summary

In summary, we discovered a clean intramolecular boron-to-platinynmjlethyl
group transfer which occurs as an electrophilic substitution atmighyl group
carbon. The reaction involves a five-coordinaté’ Rtansient produced upon
oxidation of a Pt precursor and is driven by coordination of a suitable protic
nucleophile at the B and the “Ptatoms. If we draw a parallel between our
Pt(IV)/Pt(ll) reaction and the Pt(ll)/Pd(0) couple activehe tatalytic Suzuki cycle,
this mechanism supports the observation that nucleophilic basegatectie Suzuki
coupling reactiof? and it leads to a conclusion that oxidation of Pd(0) to Pd(ll) is
necessary before group transfer from a boronic acid can take plaeereaction
involves a nucleophilic substitution at the boron atom and an electrophilic
substitution at the boron-bound carbon.

With regard to possible applications to the Shilov Cycle, the mystas
promising as it showed rapid reaction with dioxygen to give welhddfiproducts,
however the destruction of the ligand scaffold becomes a signifissue that will

have to be addressed with further ligand modifications.
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3.4 Experimental

3.4.1 Synthesis and reactivity of (2-pyridyl)borato platinum complexes

Symmetric Diphenyl methyl-hydroxo(2-pyridyl)boratoplatinum(lV), sym-(dp-
B(OH)(Me))Pt(Me)(Ph), , 3.1

‘/QN 0,/ H,0 3-5min ‘/QN\L‘%

< aPh N [
U " .Pt'/I///Ph 89.6% b
Me

30.0 mg of Diphenyl comple®.5 were taken out of the glove box in an 11.0 mL.
vial. Immediately, 3-4mL of water were added and the vial geagly shaken for
three minutes. The complex dissolved to initially give a dbrtcear solution, out
of which after one minute, a white suspension developed. The reactionagidbft
to stir for a further five minutes. 2 mL of benzene were adddaetwial, the phases
shaken, and then the benzene was carefully decanted. 3 mL of etbeheveadded
and saturated NI solution was added until the pH was 7 or less. The water la
was then removed and the ether layer was washed two morewithe8 mL of
water. The combined water washings were then extracted mothex 3 mL portion
of ether, the ether layers were combined, dried over anhydrous Md&€&red
through a cotton plug and evaporated under high vacuum to give8du{26.6mg,
89.6% vyield).

'H NMR (22C, acetone+, &: 8.56 (dt, 2H,Ju.u=5.5 Hz, 1.0 HzJ4.»=20.3 Hz),
7.75 (td, 2H,J4.4=7.5 Hz, 1.5 Hz), 7.66 (dq, 2H=7.5 Hz, 1.0 Hz), 7.21 (vtd, 2H,
J=5.5 Hz, 1.6 Hz), 7.03 (dt, 4H{.x=6.8 Hz, 1.5 HzJp.1=43.1 Hz), 6.77-6.89 (m,
6H), 4.72 (s, 1HJp.+=5.0 Hz), 1.88 (s, 3Hlp.+= 75.9 Hz), 0.52 (s, 3H).

¥C NMR (22C, acetone-d6)y: 146.9 (c.p=17.4 Hz), 137.4, 136.20¢p=5.1 Hz),
131.5 (c.p= 870.0 Hz), 127.5Jc.p=8.2 Hz), 127.4Jc.p=51.0 Hz), 124.2 X p=8.2

Hz), 122.7 Jc.p=17.4 Hz), 0.9 Jc.p=770.1 Hz). Signals of the pyridine ipso carbon
and BMefragment were not seen due to boron splitting.
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Anal. Calcd for G4H-sBN>OPt: C, 51.16; H, 4.48; N, 4.97. Found: C, 51.50; H, 4.36;
N, 5.02.

Diphenyl methyl-methoxo(2-pyridyl)boratoplatinum(1V), (dp-
B(OMe)(Me))Pt(Me)(Ph),, 3.2

Me

Me
\ Me \\ CH

‘/QN\ P O,/ MeOH 3-6 min ‘/QN\.‘%

U ey — U ““I““I“T,"/,Ph

Me

10.0 mg of Diphenyl comple®.5 were taken out of the glovebox in an 11.0 mL
reaction vial and 3-4 mL of methanol were immediately added. ddwstion was left
to stir for ten minutes, after which methanol was evaporated undeuwa Acetone
was subsequently added to the reaction vial and the solution vwessdithrough a

cotton plug and concentrated to obtain @i (91.2% isolated yield).

'H NMR (22C, acetone+), &: 8.53 (dt, 2H,J4.4=5.5 Hz, 1.0 HzJy.p=20.3 Hz),
7.77 (td, 2H,J4.4=7.5 Hz, 1.4 Hz), 7.68 (dq, 2H=7.5 Hz, 1.0 Hz), 7.23 (vtd, 2H,
J=5.4 Hz, 1.4 Hz), 7.03 (dt, 4Hy.4=7.5 Hz, 1.4 HzJ)p.+=43.0 Hz), 6.84-6.93 (m,
6H), 3.25 (s, 3HJp.=10.7 Hz), 1.90 (s, 3Hpw.x= 76.7 Hz), 0.55 (s, 3H).

13C NMR (22C, acetone-d6)y: 147.1 (c.p=17.2 Hz), 137.6, 136.10¢.p=4.8 Hz),
132.5, 128.1, 127.0¢p=49.0 Hz), 124.5X.p=8.3 Hz), 122.7Jcp=17.4 Hz), 53.9,
0.8 Jc-p=760.4 Hz). Signals of the pyridine ipso carbon and Bislgment were not
seen due to boron splitting.

Anal. Calcd for GsH27BN,OPt: C, 52.00; H, 4.72; N, 4.85. Found: C, 51.69; H, 5.06;
N, 4.54.

Diphenyl methyl-ethoxo(2-pyridyl)boratoplatinum(1V), (dp-
B(OEt)(Me))Pt(Me)(Ph),, 3.3
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Me
N _Me \B CH,CH3
B ® ® \o/

Na
Nn

0,/ EtOH 3-5 min L ‘
|/< AN _aph - XU —aPh

|
L/ ey et w ey

The procedure followed was the same as for the confpabove. Ethanol was

Me

used instead of methanol in the synthesis. A ~90% yield was achieved.

'H NMR (22°C, acetone+), &: 8.52 (dt, 2H,J4.4=5.5 Hz, 1.0 HzJ4.p=20.3 Hz),
7.76 (td, 2H,J4.n=7.5 Hz, 1.5 Hz), 7.67 (dg, 2H=7.6 Hz, 1.0 Hz), 7.22 (vtd, 2H,
J=5.4 Hz, 1.7 Hz), 7.02 (dt, 4Hy.1=6.8 Hz, 1.5 Hz)p1+=43.0 Hz), 6.84-6.94 (m,
6H), 3.73 (9, 2HJn-4=7.1 Hz,Jp=9.0 Hz), 1.91 (s, 3Hlpwr= 76.8 Hz), 0.74 (t, 3H,
Ju-n=7.1 Hz), 0.60 (s, 3H).

13C NMR (22C, acetone-d6): 147.1 (c.p=17.0 Hz), 137.6, 136.4{.r=5.0 Hz),
133.0, 127.7 Icp=8.2 Hz), 127.5 Jc.p=48.9 Hz), 124.5X.,=8.3 Hz), 122.9 Ic.
p=18.3 Hz), 61.5, 18.5J¢.,=5.0 Hz), 0.7 Jc.,=760.8 Hz). Signals of the pyridine
ipso carbon and BMigagment were not seen due to boron splitting.

Anal. Calcd for GgH29BN,OPt: C, 52.80; H, 4.95; N, 4.74. Found: C, 52.32; H, 4.85;
N, 4.47.

Trimethyl-ethoxo(2-pyridyl)boratoplatinum(lV), (dp-B(OEt)(Me)) Pt(Me)s, 3.4

Me

Me
Me AN CH,CH
\56 . B\O/ PASARE
Na
\N\ O,/ EtOH 3-5 min. ‘A \ e

“ \,Tj e Ptl‘”lme ~85% U N pt 78 ""ive

Me
The procedure followed is identical to that for the synthesis of @a3p8. 10mg of
dimethyl complex2.3 was used as starting material. The yield is ~ 85%. mp 125-
127°C.
'H NMR (22C, acetone-d6)s: 8.43 (dt, 2H,J4.+=5.4 Hz, 1.4 HzJ..p=20.8 Hz),

7.74 (td, 2H,Jun=7.5 Hz, 1.5 Hz), 7.67 (dg, 2H=7.5 Hz, 1.0 Hz), 7.61 (vtd, 2H,
J=5.4 Hz, 1.7 Hz), 7.24 (td, 2B,+=7.5 Hz, 1.4 Hz), 3.51 (q, 2Hy.4=7.1 Hz,Jp:.

117



1=14.6 Hz), 1.17 (s, 3Hpw.y= 76.7 Hz), 0.96 (t, 3H}4.xn=7.1 HZz), 0.83 (s, 6Hlp.=

67.2 Hz), 0.47 (s, 3H).

3C NMR (22C, acetone-d6)p: 145.5 (c.p=19.8 Hz), 136.9, 127.8, 122.9¢(
p=18.0 Hz), 60.4, 17.8, -9.1, -10.8. Signals of the pyridine ipso carbon and BMe
fragment were not seen due to boron splitting. Some Pt couplingbsentved due to
high baseline.

Anal. Calcd for GeH2sBN,OPt: C, 41.12; H, 5.40; N, 6.00. Found: C, 41.01; H, 5.53;
N, 5.63.

Trimethyl(2-pyridyl)boratoplatinum(lV), (dp-B(Me) 2)Pt(Me)s, 3.5

®
Me Me Na

CHl

Me + Nal

e

N /Me
/ N\“\u Pt"l/lll////Me

1.06 Equivalents of methyl iodide (12.0 puL) were added to the reactisk Vla
microsyringe that contained compleékx3. An immediate reaction took place,
accompanied by the appearance of a fine white suspension. The proavait
soluble in ether and after five minutes of stirring, it wagtdt through a paper filter
that was washed several times with ether to give a liglhdw solution. Attempts to
filter out the white suspension (assumed to be Nal) through a qattgror a glass
frit proved to be unsuccessful. The ether solvent was evaporated walium to
obtain3.5 as a flaky white solid (59.5 mg, 74.9%). A very large excésded may
be used for the synthesis and it was found not to affect subsegaetivitg and
labeling studies when it was not removed by vacuum (NMR tube sig)theBhe
NMR estimated yield of3.5 is quantitative according to a diethyl ether internal
standard admitted before the reaction, meaning that 25% weredlosty the
filtration step to obtain an analytical sample. However, subsdly it was found

that the Nal byproduct does not affect reactivity and labetigjes discussed below,
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so the filtration procedure was omitted in the subsequent att@mgta sample with
one equivalent of Nal was used when repeating some labelpggieents. Crystals
of 3.5 were grown from such a sample by slowly evaporating ether MM tube.
Care must be taken when extracting the crystals as thex@aresoluble in ether and
will be destroyed when they are scraped off the walls and putibtcthe mother
liquor. Although this compound is stable under towards oxygen, it wilt regic
protic solvents, including water vapor. It should be stored under an inert atmosphere.
'H NMR (22C, THF-d8),5: 8.30 (d, 2HJ4.+=5.5 Hz,J4.p=18.2 Hz), 7.62 (t, 2Hy.
w=7.3 Hz), 7.58 (bd, 2H]=7.3 Hz), 7.12 (vtd, 2H}=5.5 Hz, 1.8 Hz), 1.67 (s, 3Hp

n= 84.9 Hz), 1.00 (s, 6Hp+=64.1 Hz), 0.22 (bs, 3Hz.n= 4.4 Hz),

-0.91 (S, 3HJp.v=58.1 HZ).

3¢ NMR (22C, THF-d8),5: 189.8 (q,Js.c=49.4 Hz), 145.4).»=19.6 Hz), 136.5,
128.8, 121.9Jc.p=19.9 Hz), 27.1 (9Js-c=39.6 Hz), 9.0 (qJs-c=45.0 Hz), 2.3 L.
p=802.4Hz), -9.7 Jc.p=632.9 Hz).

Anal. Calcd for GsH23BNoPt: C, 41.20; H, 5.31; N, 6.41. Found: C, 41.50; H, 5.29;
N, 6.24.

Trimethyl-methoxo(2-pyridyl)boratoplatinum(1V), (dp-B(OMe)(Me)) Pt(Me)s,

Me
An analytically clean sample &5 obtained by the method above (60.0 mg), was
dissolved in 2 ml of methanol under an inert glove box atmosphere in larsation
vial and the contents were stirred for a period of one week.e§ueéstly, the solvent
was evaporated under vacuum to give 39.2 mg.®{63.6%) as a white, crystalline
solid. In an NMR experiment with GDD, quantitative yield was obtained. The

reaction was monitored over time and the internal standard used g@aantity of
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diethyl ether admitted into the NMR tube. It is not possible toilltes complex,
with the methoxy scorpionate tail, by the method of dissolving tiiyheompound
2.3in methanol under air. CompouBidbis stable under air.

'H NMR (22C, THF-d8),8: 8.38 (d, 2HJ4.4=5.5 Hz,J4.p=15.8 Hz), 7.63 (t, 2HJ4.
nw=7.1 Hz), 7.56 (d, 2H)=7.1 Hz), 7.13 (vtd, 2H]J=5.4 Hz, 1.5 Hz), 3.09 (s, 3Hp:
4=12.7 Hz), 1.14 (s, 3Hlpw= 77.3 Hz), 0.77 (S, 6Hp.i=66.7 Hz), 0.43 (s, 3H).

¥C NMR (22C, THF-d8),8: 145.5 (C-Pt=19.9 Hz), 136.5, 128.0,

122.6 C-Pt=18.1 Hz), 52.5, -9.14{.p=678.5 Hz), -12.0X:.p=762.3 Hz). Signals of
the pyridine ipso carbon and BNtagment were not seen due to boron splitting.
Anal. Calcd for GsH23BN,OPt: C, 39.74; H, 5.13; N, 6.18. Found: C, 39.61; H, 4.98;
N, 5.96.

Diphenylmethyl(2-pyridyl)boratoplatinum(lV), (dp-B(Me) ,)Pt(Me)(Ph),, 3.7
@
Me Me Na Me

B\Me
CH,l

_— \(\ + Nal
\ / N Pt “””Ph / N Pt '””’/Ph

A sample of diphenyl comple.5 (43.0mg), synthesized by the procedure described

//, 1),
//, /

earlier, was dissolved in a few mL of ether in a smalttrea vial under an inert
glove box atmosphere. A 1.1 excess of methyl iodide (4.8 pL), was #nldbd
reaction vial with stirring. An immediate reaction took placel a white suspension
developed after one second. After five minutes of stirring, theesblwas filtered
through a paper filter (see synthesis3d) that was washed several times with ether.
The clear light yellow solution was evaporated under vacuum ® aierystalline
white powder (30.9 mg, 73.0% yield). The NMR estimated yield istifative
based on an anisole internal standard. As with the trimethydguela considerable
amount of the complex is lost to the cellulose filter in order tainkdan analytically

pure sample. The presence of possible OH groups in the cellllesesfdetrimental
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to the sample. Since the presence of Nal was found to have noaeffeeactions
reported here, subsequent repetitions of the procedure utilized atecgdfisample
for low-temperature NMR and reactivity studies. Also, as with trimethyl
analogue, a large methyl iodide excess can be used withoutirgffetibsequent
reactivity. The complex exists as a mixture of two intercaimg symmetric and
unsymmetric (sym and unsym) isomers in solution; the NMR spacin the

aromatic region is thus mostly second order.

A | _amPh ~———
N Pt"‘“lllulph

CH,
The equilibrium depends upon solvent, but the major isomer is the symmetrical one in
all cases (3:1 ration in acetone), meaning that only two aromat@&s of the
unsymmetrical isomer can be assigned. The aliphatic regiorecassigned for both
isomers. The interconversion of the isomers was determinedsbydissolving a
sample of3.7in THF-d;, in which a ratio of 3:1.3 sym to unsym was obtained. This
same sample showed, after being dried under high vaccum, redissol@0s] a

ratio of 3:1.8 sym to unsym was observed. After drying the samglesamder high
vaccum and redissolving in THFR;da ratio of 3:1.4 was seen after ~10 minutes.
Eventually, the ratios equilibrated to the original 3:1.3 sym to unsyithis same
experiment can be performed in acetone (ratio ~3:1) and benzene. Since both isomers
are clearly seen at room temperature, this exchange is honfttse NMR timescale.

The compound is stable under air, but reacts rapidly with protic sslaslt should
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be stored under an inert atmosphere. The sensitivity of the diphethylncomplex

to water vapor is greater than that of the trimethyl analogue.

Symmetrical isomer:

'H NMR (22°C, acetone-d6): 8.25 (d, 2HJy.4=5.5 Hz,J4.p=19.0 Hz),

7.73 (td, 2HJy-4=7.0 Hz,I4.n=1.6 Hz), 7.68 (d, 1H}4.x=7.0 Hz), 7.12-7.17 (M,

4H), 6.91-7.00 (m, 3H), 2.58 (s, 3Bk.+=83.5 Hz), 0.29 (bs, 3H), -0.45 (bs, 3H;
1=56.8 Hz)

Unsymmetrical isomer:

'H NMR (22°C, acetone-d6): 8.36 (d, 1HJ4.1=6.2 Hz,J4.p=15.8 Hz), 6.53 (d, 1H,
Jn-n=6.2 Hz,J4.p=66.9 Hz), 1.60 (s, 3Hp.1=65.1 Hz), 0.31 (bs, 3H),

0.18 (bs, 3HJP.41=60.5 Hz). Other aromatic peaks are obscured by the symmetrical
isomer.

Carbon NMR peaks seen for both isomers:

3C NMR (22C, THF-d8),8: 190.1 (m, B-C (pyridine), 148.7, 148.2, 147.6, 137,7,
137.2, 136.8, 135.8, 132.2, 129.2, 129.0, 128.9, 128.245.4 Hz), 126.2, 125.2,
124.9, 122.1, 121.8, 37.2 (m, B-gHboth isomers), 15.9¢.,=800.7 Hz), 9.0 (m, B-
CH3, both isomers), 0.9¢.p=626.9 Hz).

Some Pt signals not cleanly observed due to overlaps with the nsajoer;
including Pt satellites.

Anal. Calcd for GsH»;BN,Pt: C, 53.48; H, 4.86; N, 4.99. Found: C, 53.78; H, 4.50;
N, 5.07.

Unsymmetric-Dimethylphenyl(2-pyridyl)boratoplatinum(IV),
unsym-(dp-B(OMe)(Me))Pt(Ph)(Me) , 3.8

\.rF:’t/ Me + CeHs

ul”””Ph
Ph

Complex 3.7, obtained by the method above (29.3 mg), was dissolved in methanol
and allowed to stand for ten minutes. The solvent was evaporated uodemvin

give 3.8 as a crystalline, white solid in quantitative yield (27.0 mgprmation of
benzene was confirmed by NMR when carrying out the reaction y©8D Adding

a known amount of benzene (3 equivalents), confirmed that ~1 equivalent ofidenze
had been produced. Crystals308 can be grown by slow evaporation of the methanol

solvent. The compound is stable under air.
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'H NMR (22C, acetone-d6): 8.49 (d, 1HJ4.4=5.5 Hz,Ju.p=42.6 Hz), 8.12 (d, 1H,
Jnw=5.5 Hz, J4.p=43.6 Hz), 7.80 (td, 1H)4.+=7.3 Hz, 1.5 Hz), 7.77 (td, 1H.
nw=7.3 Hz, 1.5 Hz), 7.70 (d of multiplets), 1B7.8 Hz), 7.65 (d of multiplets), 1H,
J=7.8 Hz), 7.32 (vtd, 1H)=5.5 Hz, 1.5 Hz), 7.12 (vtd, 1H=5.5 Hz, 1.5 Hz), 6.93-
7.06 (m, 2H), 6.87-6.92 (m, 3H), 3.10 (s, 3p,+=12.1 Hz), 1.51 (s, 3Hlpr.= 77.2

Hz), 0.99 (s, 3HJpt.= 67.4 Hz), 0.52 (s, 3H).

¥C NMR (22C, acetone-d6)$: 147.0, 146.5, 137.4, 137.3, 135.2, 131.5, 128.6,
127.7, 127.6 Jo.p=47.8 Hz), 124.3, 123.5, 123.1, 52.9, -4.5, -6.2. Signals of the
pyridine ipso carbon and BMeagment were not seen due to boron splitting. Some Pt
couplings not observed due to high baseline.

Anal. Calcd for GoH2sBN,OPt: C, 46.61; H, 4.90; N, 5.44. Found: C, 46.88; H, 5.17;
N, 6.10. Although the complex was obtained cleanly and in high yield, and some of it
was recrystallized for Xray and elemental analyses, anisfagabry deviation from

the calculated value was obtained for nitrogen.

3.4.2 °C Isotopic Experiments

General Consideration: The presence of a small amouliCoin natural carbon
samples and a smafiC impurity in the sample dfCHsl, meant that smalff’C peaks
and*°C satellites can be observed even when it is said they anet abslee labeling
study. This natural concentration of impurities is insignificaloigs not affect the
outcome of the experiments, and is not taken into account in the descbptow.

All spectra referred to in this section dt¢ NMR spectra and th&C label was

observed by proton coupling to it.

Complex2.3
Dimethyl complex2.3 (10mg), was added to an NMR Young tube charged with THF-

ds and an excess amount bCHsl (5 pL) were added. Upon taking an NMR
spectrum 5 minutes later, it was found tB&-"*C obtained by this method contained
1/3 *C labeled Me groups in the equatorial and the axial position twathe thorate

moiety. Both of these NMR signals contairé@ satellites that each had their own
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Pt satellites with the exact same coupling as the p&@mieak. Each’C peak with

its associated Pt satellites integrates a¥ af@he total signal intensity. Thus, by the
time an NMR spectrum was taken, a statistical incorporatidhne label into all three
exclusively Pt bound methyl groups was obtained. Incorporation dfGhiabel into

the B-CH-Pt group, as well as the exclusively boron bound Me, was not observed
even after one day. Exchange with free, ex¢&Bisl also did not occur since the
12CHsl peak did not increase in relation to the tWeH;l satellites. A spectrum of

13C labeled comple8.5-*C is provided below.

After the above experiment was concluded, the solution in the NMR waise
collected in a small vial inside the glove box, and evaporated to sdrymeler high
vacuum for ~3 hours. The resulting sample was dissolved y©D2xNd put into a
Young tube. The labeled compl&8-*C formed over the period of three days as
with the unlabelled analogue and the reaction could be followed biR.NNhe
product contains the label only in the two equatorial Me positidfise *C label
constitutes 1/8 of the total carbons in the two equatorial positions. The axial Me
trans to the borate contains He label. There is no incorporation of the label into
the boron bound Me group as well during the reaction. The methane fénoned
this reaction has two well definefC satellites that represent ~1/3 of the total
methane formed, and appears to be exclusivelyHORIth perhaps some Ghbeing
present. This is difficult to distinguish due to the noise and ovenigppipurities
conflicting with the methane signal due its low concentration iditjued phase. A

spectrum of comple8.8-3C formed from the labeling experiment is provided below.

124



Complex2.5

Diphenyl complex2.5 (10 mg), was added to an NMR Young tube containing THF-
ds and an excess amount B€Hsl (5 pL) were added. The spectrum 27-°C,
taken five minutes after the addition of methyl iodide, contained botsythenetrical
and unsymmetrical isomers as before. However, the methyl group brcludively

to Pt in both isomers contained all of tHi€ label. The Me contained twSC
satellites with their own Pt satellite peaks; the entire signajraties as three protons.
There was no incorporation of th&C label into the borate bound €lgroups even
after one day. Concurrently, no exchange with ff&Hsl was observed. A

spectrum of°C labeled comple8.7-*C is provided below.

After the above experiment was ended, the solution in the NMRwalseemptied
into a small vial inside the glove box and concentrated under highunafor ~3
hours. The resulting sample was dissolved i@D and put into a Young tube.
Analogous to the unlabelled reaction, the labeled con®XC formed completely
by the time an NMR was obtained (5 minutes). Only one offri&iyl groups of the
product — the equatorial methyl — contained i@ label and nd*C. The methyl
group axial and trans to the borate, was entirely made tfg afarbon and n&C. A

spectrum of°C labeled comple8.8-C is provided below.
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Chapter 4. Bidirectional Transfer of Pheagtl Methyl
Groups between Ptand Boron in Platinum Dipyridylborato

Complexes

4.1 Introduction

This Chapter builds upon the methyl group transfer work reported in €&hapt
3. Based on our proposed mechanism in Chapter 3, (Schemes 3.9-3.10), we thought to
probe the formation of the proposed six coordinate tetrahydrocarbytdrplexes
that result in Me group transfer from B td"PiWe reasoned that if the nucleophile
was strong enough, it could bind to the B atom very strongliidfrtucleophile was
also not a source of 'Has the hydroxylic MeOH solvent utilized in previously
described research (Chapter 3), then the tetrahydrocarbyl iclietsé.1 may be

isolated (Scheme 4.1 DMSO depicted as the nucleophile).

Scheme 4.1 Strategy for isolating the tetrahydrocarbyl intermediate

CH;

0 \ O\
B/\ e S T B \\\
/ S\ N F|>t'V\’ RN CTtIV\*
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N
O\B/\CHB
N F|>t'V\’
| 4.1

tetrahydrocarbyl intermediate
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The nucleophile depicted in Scheme 4.1 is dimethylsulfoxide (DMSO) and it would
be an excellent choice because of its relatively strong donéity non-acidic

character. THF and g are both poorer donors than DMSO (Figure 4.1), but could
be active in the reaction as well and the stability of the intermediateaftegt the

nature of the nucleophile. Acetone, has a lower donicity than even diethyl ether, but
was deemed unsuitable due to the possibility of forming the acidic enol that would

protonate the very basicl

Figure 4.1 Donor Number of various non-acidic nucleophiles

DN (Donor Number)

0
Il
>> > N~
o\ /\_oj °

29.8 20.0 19.2
DMSO THF Et,0

According to our proposed mechanism in Scheme 3.9, the methyl transfer
from boron to platinum is energetically uphill as determined by DFT. However, the
reaction energy can be diminished and even become negative if the possible
stabilizational effect of the nucleophile is involved. A hydrocarbyl trarsfareen
Pt and B may be completely reversible unless some irreversible steipvaived
in a reaction: such as protonolysis of &t bond.

While we were unable to trap compkx, we did observe that under certain
conditions, with strong and non-hydroxylic nucleophiles, reversible methyl transfer

between PY and B could occur. This was a new reaction that has never before, to our
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knowledge, been documented. Boron to metal hydrocarbyl transfer (transnoetallat
is very common. It occurs in a number of important catalytic processesasuch
Suzuki Coupling (Scheme 3%3Yhe reverse reaction, metal to boron hydrocarbyl
group transfer is also common. Electron poor aryl boranes have been used as Me
group abstractors from metals in order to create a vacant coordinationtsite
activate a catalyst (Scheme 4°2Y.The novelty of our observations lie in being able
to observeeversible transfer between Btand B. These observations imply, in
particular, that under certain conditions there might be an additional pathwaglea
to products of homocoupling of organoboron compolinatscurring along with the

desired cross-coupling between a boron reagent and an aryl halide.

Scheme 4.2 Me group abstraction with an electron poor triarylborane

L CHj
oul )+ é)
L CHs
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4.2 Results and Discussion

To probe reversibility of methyl transfer i8.5 the Pt°C-labeled complex
(Me:Bpy,)PtY (‘Me)s, 3.5°C, prepared fron2.4 and one equivalent oMel (Me =
3CHs;) was utilized (Scheme 3.6). Five minutes after mixing thgews, a statistical
distribution of the label among the three Pt-bound methyl ligands neached
resulting in their effective 33%C-enrichment (see Chapter 3). We have shown that
the labeled comple8.5-Pt°C is stable in benzeng- or THF-dg in the temperature
range of 28-60°C for at least two weeks and shows no sigi’Gflabel incorporation

in the BMe moiety (Chapter 3).

This situation changed when we used DM&Da stronger non-hydroxylic Lewis
base compared to THF, as the solvent. Slow formatiéh5eB, Pt-*C isotopologues
with *°C-label incorporated in both methyl groups of the BNtagment could be
observed at 6 (Scheme 4.3; note that DMSO coordinates boranes typically though
the oxygen atorl). The®*C-enrichment of the BMegroup was 75% of the expected

purely statistical value of 20% after 19 days (Figure 4.2).
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Scheme 4.3 Conversion 0B.5-Pt-°C to 3.5-B,Pt*3C via 4.1
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e F t iy %
N\\ Ui (;H

*CHs
4.1

3.5-B,Pt-13C
To account for these observations we suggest the following mech¢@usieme 4.3).
The first step involves B-to-Ptmigration leading to a tetrahydrocarbyl'Pspecies
4.1 that is facilitated by concurrent nucleophilic attack of solheinthe B atom.
Dissociation of one of the pyridine nitrogens from"Me(R)LR’ in 4.1 with
subsequent scrambling of hydrocarbyl groups in the resulting five catedmetal
intermediate leading to transiefitl’, re-coordination of the pyridyl group ankfle
group transfer from Ptto B leads to a species with3¥C-labeled BMe group,3.5-
B,Pt-*C. An alternative pathway fromh.1to 4.1’ might include platinum chelate ring

inversion, but ring strain build-up may render this pathway impractisae

Experimental and Chapter 3).
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Figure 4.2 Transformation o-Pt-**C to 2-B,Pt-**C in DMSO-d;s solution at 66C:
left) plot of conversion vs. time; right) high-field regionéf NMR spectrum of-
B,Pt-*C with ***Pt and"*C satellites after 19 days.
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Similar experiments were performed with the diphenyl analogiué.5,
dpbPt'PhMe, 3.7. No reaction was seen in benzene solution3. pat 60C after 3
days. By contrast, isomerization &f7 to Cs-symmetricl methylphenylborato complex
[MeBPh(py}]PtYPhMe 4.2, involving Pt’-to-B phenyl migration, was complete at
60°C after 24h in THF solution (Scheme 4.4). As in the case of tiyhdt"
complex3.5, the use of more Lewis basic solvent DMSO allowed for fabtérless
clean, transformation. In DMSO solution, isomerization3af to 4.2 was possible
already at 2ZC, however.2 was just one of a complex mixture of products whereas

the transformation in THF gave only one major product that could be easilgdsolat
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Scheme 4.4 Transformation 08.7to 4.2, Ph group transfer from Pt to B

These observations suggest tHa?2 has a higher thermodynamic stability
compared to3.7. According to our DFT estimates, the standard Gibbs energy of
isomerization of3.7to 4.2 is -3.1 kcal/mol. The effect of the boron-bound Ph group
on the position of the hydrocarbyl transfer equilibrium may be duelietter ability
of the B-Ph fragment to donate to th& Renter compared to the B-Me group3i?
and it could have to do with the better ability of theystem of the phenyl ring to
stabilize the Pt center compared to an agostic CH bond of.CH

Complex4.2 could be isolated from the solution in THF in pure form in 89%
yield and was fully characterized by NMR, elemental ang/yand single crystal X-
ray diffraction analysis (Figure 4.3). The compound featurgseayl group attached
to B with the B1-C31 distance of 1.654(4) A. The B-bound phasgtcarbon atom
is involved in a weak interaction with the“Pwvith Pt1-C31 separation of 2.646(3) A.
The other carbon atoms of the boron bound phenyl ring are more thann3ofec:
from the metal center.

Interestingly, compared to the relatively slow methyl groxghange between
B and PY in 3.5, a similar methyl for phenyl group exchange3ii is more facile

under the same conditions. While one product is favored by ~4kcal/mol
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thermodynamically, the kinetic barrier towards forming the mestiate4.1 is not
affected by these considerations. This faster kinetic behavight stem from the
weaker trans-influence of phenyl vs. methyl, affecting the relative Kkinetic
accessibility of intermediaté.1 Isomerization taunsym 3.7 with the phenyl group
in the axial position, would lower the energy needed for Me trafrsfi; B to Pt as
seen in Scheme 3.9. Additionally, if one assumes that the isotr@rizach as of.1
and4.1's is the rate limiting step that involves the pyridyl disdgammamechanism,
the presence of a bulky Ph group in the equatorial plarg7afould diminish the
energy required for dissociation of an adjacent pyridyl.

Figure 4.3 Crystal structure of.2 and selected bond distances

Pt-C41(Ph) 2.014(3) Pt-C31(Ph-B) 2.646(3) B-C1(Me) 1.634(4)
B-C31(Ph) 1.654(4)
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To probe the reverse option of B-td"PtPh group transfer we attempted
transformation of diphenyldipyridylborato (L) complex L"Atles, 4.4 to its isomer
4.2 We synthesized the diphenyldipyridylborate ligand (dphdpb) and tbeiatesl
[dphdpbPt(Me),][Na] 4.3 which could be converted to the corresponding trimethyl

Pt¥ complex by the addition of Mel (Scheme 4.5).

Scheme 4.5 Synthesis oft.4and attempted isomerization4d®

==C - o = @

§ sl

) CH 2, N™ Pt "uCH
/L\j N™ Pt.""""CHS e @Pt "'CH3 DMSO

4.3 4.4 4.2

Complex4.4 was characterized bH and **C NMR spectroscopy and by X-ray
diffraction (Figure 4.4). Similar td.2, one of the boron-bound phenyl groupstid

is involved in stabilization of Pt center with B1-C31 distance of 1.643(7) A and Pt1-
C31 distance of 2.624(4) A. According to our DFT calculations, the themaouy
stability of4.2 and4.4 is not very different; the Gibbs energy of isomerizatiod.df

to 4.2 is -0.4 kcal/mol. In spite of that, no changes were seéH INMR spectra of
4.4in both THFdg and DMSO€s after 5 days at 6C. We presume that the stability
of this diphenylborato Pt species4.4 might be of kinetic origin and solvent
nucleophilicity is not sufficient to decrease the reaction brarie argument based
on trans effects of the Me vs. Ph can also be made here lsnsgdngetrans effect

of the methyl ligand may prevent it from forming 4al-like tetrahydrocarbyl
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intermediate when it has to compete with the trans effect afittayl group. This

situation is reversed wheh2is synthesized fror8.7.

Figure4.4 Crystal structure of.4and selected bond distances

Pt-C3(ax)  2.078(5) Pt-C2 (ph)  2.660(4)
B-C1 (ph)  1.626(7) B-C2 (ph-Pt) 1.649(7)

It is still possible to transfer the phenyl group from B t§ Binder certain conditions.
The viability of this transfer in Pt — dipyridylborate systemas demonstrated in a
reaction of [dphdpbP{Me),][Na], 4.3 with O, in i-PrOH solution leading to
isopropoxo-bridged PtMe,Ph complex4.5 (Scheme 4.6). In this case, the ligand
trans to phenyl is coordinatedi) which has a much weaker trans effect than Me

and allows for the formation of4.1-like intermediate, in this case a
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trihydrocarbyl/hydroperoxo (or hydroxo) complex that goes agivte product4.5 by
the mechanism laid out in Scheme 3.10. Strongly nucleophPIcO present in
reaction mixture also plays a role by potentially nucleophijicaitacking boron via
an S2 pathway and diminishing the activation barrier for the B-tb{ftienyl group
transfer.

Scheme 4.6 Formation of complex.5and Ph group transfer from B td*Pt

Figure 4.5Mercury drawing (ellipsoids at 50% probability level)4ob
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4.3 Conclusion

In summary, we showed that phenyl group migration betwenaht B
centers can occur in both directions and is accelerated bys Leages. To our
knowledge, this is a previously undescribed transformation in Organbmeta
chemistry. In the case of phenyl for methyl group exchange, thailimg product is
determined by a stronger donor group bridging Lewis acidic B 8haé&hters. In the
case the attempted isomerization4of to 4.2, the activation barrier is kinetically
inaccessible at 6C. According to DFT, this transformation is thermodynamically
allowed.

In the case of dimethylborato trimethyl‘Ptomplex3.5 and the use of aprotic
weakly nucleophilic DMSO, degenerate methyl migration betwé¢®raRd B centers
is reversible. These results may explain why many Suzuki couptogesses suffer
from undesirable homocoupling sideproducts that may result aftefetrrarisan aryl
from an electrophilic aryl-halide starting material, to a wiiB(OH),(OR) (where
R=H, Me, Et) that is formed during the reaction. Subsequent couplitingsdboronic
acid with another equivalent of aryl-halide would form the homocoupliogyut.
This must now be considered as one of the possible pathways tHtd nestese
undesirable byproducts. Moreover, our results show that this pathwag beul
utilized for the selective synthesis of novel organoboron compounds. We are

currently working on a way to exploit our system for this purpose.
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4.4 Experimental

4.4.1 Preparation of Complexes

Preparation of dimethyl-di(2-pyridyl)borato trimethylplatinum(l V)-**C, (dp-
BMe,)Pt" Me, Me, 3.5-Pt*°C

The complex was prepared as described before (Chapter 3) foabwlad complex
3.5 from complex2.3 and**CHsl in THF solution.

'H and *C NMR spectra for unlabeled complék5 were reported previously
(Chapter 3).

'H NMR (22°C, DMSO4g), &: 1.68 (axial PYCHs, Jo.n= 139.2Hz), 0.96 (equatorial
PtYCHs, Jon= 131.2Hz).

Symmetrical (methyl)phenyl-di(2-pyridyl)borato phenyldimethylplatinum(lV),

(dp-BMe(p-Ph))PtY Me,Ph, 4.2

THF-d8

Ph —»

N N\‘\\n-Fl)t"luu/”,Ph
60°C

! CH
N\\\“"Pt""”IIIIICH33

/N

CHs Ph

Compound3.7 was prepared as described in Chapter 3. 40.0 rBg efere put into a
Young tube and dissolved in 0.6 mL of THE-The Young tube was heated for 3
days at 65°C and an NMR was periodically taken to check the reaction progress.
Most of the reaction was complete after two days, but three ata@ysequired for

complete disappearance of starting material. Solution of compé@ndas filtered
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through Celite. The Young tube and filter were washed twostivith 1 mL of THF,
which was then evaporated under high vacuum. The resulting sligitbwysolid
was further dried under high vacuum for 8 hours to get gLlr€35.5mg, 88.8%).
Crystals of4.2 can be grown by slow evaporation of THF solvent.

'H NMR (22C, THF-@), &: 7.76-7.81 (m, 4H), 7.72 (dt, 2HH-H=7.5Hz, 1.5Hz),
7.28 (t, 1H,JH-H=7.4Hz), 7.05 (t, 2H,JH-H=7.5Hz), 7.02 (vt, 2HJH-H=5.8Hz),
6.91 (t, 1H,JH-H=7.2Hz), 6.72-6.81 (m, 4H), 6.27 (bd, 2HH-H=7.5Hz, JH-
Pt=66.8Hz), 0.62 (s, 6HH-Pt=64.8Hz), 0.34 (bs, 3H).

C NMR (22C, THF-g, 5: 188.1 (q,JB-C=40.9 Hz), 154.1 (qJB-C=53.0 Hz),
148.9 (C-Pt=16.2Hz), 138.4, 136.7, 136.4, 135XPt=13.4Hz), 129.9, 129.4,
129.2, 128.3JC-Pt=73.4Hz), 125.4JC-Pt=12.8Hz), 122.2JC-Pt=20.0Hz), 10.4 (q,
JB-C=49.2 Hz), 0.0JC-Pt=650.4Hz).

Preparation of diphenyl-di(2-pyridyl)borato trimethylplatinum (1V),
(dp-BPhy)Pt" Mes,
dphdpbH Hydrogen diphenyl-di(2-pyridyl)borate

X 1) Buli / -90°C .
[ —
P 2) BPhBr N
N Br 3) H,O ‘ \|
N- @
‘\/ N>H

G

Diphenylboron bromide was synthesized by the method of Haubold’ endlwas
used without further purification. Following the original procedure, tgyoivalents

of trimethylphenylsilane and one equivalent of tribromoboron were mired
Schlenk flask and sealed. With very large 50 ml total volume #sk fheeds to be
kept cool during initial mixing of reagents before it is sealefterisealing the flask,

it was heated at 188C anywhere from 18 to 40 hours with extra reaction times

having no apparent effect on reaction outcome. After reaction, tfle ilas cooled
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and attached to a high vacuum line. All the byproducts and potemtrahcted
material are conveniently distilled out at 0.3 Torr at room tenyerafter 1 hour. It

is advised to use a series of two liquid nitrogen traps to protect the vacuum pump.
Following a slightly modified procedure of Hodgkins and Poweli;bromopyridine
(13.5 g. 85.4 mmol) was loaded into a dry reaction flask under argon and 150 mL
anhydrous THF were added. The solution was cooled tdG9%nd 2.5 Mn-BulLi
(34.2 mL. 85.4mmol) was added over a one minute period. The color changed
immediately to deep red, but the reaction was allowed to starfother half an hour
during which the temperature was not allowed to rise abovéG7&fter half an
hour, diphenylboron bromide (42.7 mmol based onsB®as added via cannula from
the Schlenk flask, in which it was made, in entirety. The re@actias stirred for a
further half an hour at -78 and then the temperature was allowed to rise to room
temperature and quenched with water after another 18 hours. Téeuadayer was
drained and about 0.20 grams of solid material, which proved to bédmBPh)H,

was filtered out of the aqueous layer. The organic layer veated with two 75 ml.
portions of 1M acetic acid and the acid washings were collecteel.r@maining
organic layer contained a black solid mass that was collectedtdiyng off the
organic liquid, recrystallized from acetone over activated charweo times, and
purified by washing with cold acetone to give an additional 2.85 godutigght brown
colored (dp-BPHH. The acetic acid washings were made basic with 75 mL of 6M
NaOH solution, upon the addition of which a black liquid rose to the sudiade

solidified after a day. The solid was filtered out of solution ardghed with cold
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water and dried. It was recrystallized from acetone to giwet another additional
1.15 grams oflphdpb (total weight 4.20 g. 30.5% vyield).

'H NMR (22C, GDe), 8: 7.53-7.60 (m, 4H), 7.47 (bd, 4KH=6.1Hz), 7.34 (t, 4H,
J=7.5Hz), 7.18-7.25 (m, 2H), 6.88 (dt, 2B£7.5Hz, 1.7Hz), 6.31 (ddd, 2H=7.1Hz,
5.5Hz, 1.3Hz), 1.54 (s, 1H).

13C NMR (22C, GDg), &: 187.0 (q,Jc.e=51.2Hz), 157.1 (9Jc.s=50.2Hz), 140.1,
137.0, 135.5, 132.9, 127.6, 124.8, 119.5.

Anal. Calcd. for G;H19BN,: C, 82.01; H, 5.94; N, 8.69. Found: C, 81.80; H, 5.94; N,
8.63.

Sodium diphenyl-di(2-pyridyl)borate, dphdpbNa

© ©
NaH / THF
XeB 2 »- XyeB
| N | N
. ® . ®
‘\// = ‘\// ™=na

The protonated diphenyldi(2-pyridyl)borate liganghhdpbH, was added to a small
vial in the glove box (100 mg, 0.31mmol) and dissolved in 4 mL of THF. To this
solution, sodium hydride (37 mg, 1.55mmol) was slowly added to control gas
evolution. The reaction was left to stir overnight, after whicletihe resulting brown
solution was filtered through a Celite plug and the filter waghthes with 1 mL of
THF. The solvent was evaporated under high vacuum to give an offwbite solid

that can be washed with cyclohexane or a 4:1 hexane/ether mixtareried under
high vacuum overnight to give whithphdpbNa (105mg, 98% yield).

H NMR (22°C, acetone-), §: 8.31 (d, 2HJ=4.3Hz), 7.53 (bd, 2H]=7.6Hz), 7.28

(dt, 2H, J=7.6Hz, 1.6Hz), 7.21 (bm, 4H), 7.01 (t, 487.2Hz), 6.86 (bt, 2H,
J=7.2Hz), 6.76 (bt, 2H}=6.1Hz).
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3C NMR (22C, acetone-, &: 187.9 (q,Jc.5=53.9Hz), 161.8 (gJc.s=50.1Hz),
148.6, 136.2, 132.8, 129.8, 126.5, 123.0, 117.7.

Anal. Calcd. for G;H1gBN,: C, 76.77; H, 5.27; N, 8.14. Found: C, 76.56; H, 5.27; N,
7.84.

Sodium diphenyl-di(2-pyridyl)borato dimethylplatinate(ll), dphd pbPtMe,, 4.3

\/
\\\\“'Be + \ / \ / %
(N

X4 e
‘JN~N>Na® / \
G 0 5 eq.

dphdpbNa (20 mg, 0.058 mmol) was put into a small reaction vial and the
tetramethylbis(dimethylsulfide)diplatinum(ll) precursor (16.9mg, 0.02bith was
added. The solids were placed in 3 ml of diethyl ether and stAfest.five minutes,

the reactants had dissolved and a new, distinct precipitate fetif aaiution. The
reaction mixture was stirred for a further 4 hours, after wihime the solvent was
evacuated under high vacuum and the resulting off color white soéd tbr 10
hours to get pure target complex (33 mg, quantitative yield).

'H NMR (22C, THF-d), 8: 8.69 (d, 2H Jy.4=5.5Hz,J..p=18.6Hz), 7.35 (td, 2HJy.
4=7.8Hz, 1.4Hz), 7.24 (bd, 2Hl4.;=7.8Hz), 6.50-7.14 (m, 10H), 6.86 (t, 2B}
n=7.3Hz), 0.21 (s, 6H}y.p=73.9Hz).

3C NMR (22C, THF-d), 8: 150.7, 132.9, 132.8, 127.1, 120.8, -19kso-carbon
groups to Boron were not seen due to boron splitting and some of the signals were not
observed due to low solubility and eventual significant decompositiameasample

after one day inside the NMR tube.

Anal. Calcd for G4H24BN2NaPt: C, 50.63; H, 4.25; N, 4.92. Found: C, 50.96; H,
4.62; N, 4.56.

Diphenyl-di(2-pyridyl)borato trimethylplatinum(lV), (dp-BPh ;)PtMes, 4.4
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N B -Nal N
\

51.8 mg 0f4.3 (0.091 mmol) were put into a reaction vial and 4 mL of THF were
added. A large excess of Mel (8eq, 1QuD) was added to the vial with a
microsyringe. Immediately the suspension changed color to a brighiee. The
mixture was stirred for a further five minutes, after whichetithe solution was
filtered through Celite and cotton, and the filter washedtimes with 2 mL portions

of THF. The solvent was evaporated off under vacuum and the resutite solid
dried under high vacuum overnight to get pure comgldx36.7mg, 71.9 % yield).
Crystals of4.4 were grown by slow evaporation of THF or by layering TwdiEh
cyclohexane.

IH NMR (22C, THF-d;), &: 8.41 (d, 2HJ4.4=5.4Hz,Jn.p=13.6Hz), 7.84 (d, 2H\.
;._673;8(sz,)’2H,J=7.8Hz, 1.Hz), 7.36 (vt, 1H}y.4=7.4Hz), 7.19-7.34 (m, 2H), 7.17 (t,
2H, Ju.y=7.4Hz), 7.04-7.09 (m, 3H), 6.95-7.00 (bm, 2H), 6.51-6.56 (bm, 2H), 1.59 (s,
3H, Ju.p=82.7Hz), 0.23 (s, 6Hl.p=63.1Hz).

¥%C NMR (22C, THF-d;), &: 186.3 (q.Js.c=51.3Hz), 154.4J.c=55.9Hz), 148.9%.

c=51.6Hz), 146.9 Jo.p=19.5Hz), 141.3, 136.4, 136.2, 131.4, 130.1, 128.6, 127.6,
125.2, 122.61c.p=18.6Hz), 4.8 Jc.p=804.1Hz), -4.1]c.p=650.4Hz).
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Preparation of (u-isopropoxo)-phenyl-di(2-pyridyl)borato
dimethylphenylplatinum(IV), (dp-BPh( u-O-i-Pr))PtMe,, 4.5
®

Na

Complex4.3 that was prepared from 50.0 mg (0.145 mmol) of ligdplddpbNa and
corresponding amount of Pt precursor by the method outlined above, was used
without isolation. The product was exposed to air and isopropanol (2-3mi) wa
added to the reaction vial as soon as possible after exposureldti@swas stirred

for 3 minutes, after which time the murky, white solution wagddunder high
vacuum to get a grayish solid. The solids were re-dissolved in terazeal filtered
through Celite and cotton and the filter washed 2 times with 2 intlelmzene. After

the benzene was evaporated on the rotovap, pure comfiexas obtained as a
yellow tinged white solid (31.7 mg, 33.8% yield basediphdpb).

'H NMR (22°C, GDy), &: 8.04 (d, 2H,J4.1=6.7Hz), 7.92 (d, 2HJ4.u=5.7Hz, I
p=12.8Hz), 7.69 (d, 2HJyx=7.7Hz), 7.49 (t, 2HJ4-1=7.3Hz), 7.40 (t, 1HJu.
n=7.3Hz), 7.08 (t, 1HJy4=7.3Hz), 6.99 (bd, 2HJ4.xn=7.3Hz), 6.90 (td, 2H,].
nw=7.7Hz, 1.5Hz), 6.77 (d, 2Hl4.4n=7.3Hz, J4.p=51.4Hz), 6.22-6.27 (m, 2H), 3.85
(sep, 1H,J4.1=6.5 HZ,JH.pFlz.SHZ), 1.75 (S, 6|'UH.|DF68.2HZ), 0.98 (d, 6HJH.
1=6.5Hz).

13C NMR (22C, GiDg), &: 179.0-180.3 (m), 148.Q{.p=20.0Hz), 145.2-146.9 (bm),

136.5, 136.0, 135.3, 128.3, 127.9, 127.6, 127.0, 125.9, 124410.0Hz), 121.4
(Jo-p=18.5Hz), 71.7, 23.4, -4.84p=667.5 Hz).
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4.4.2 Isomerization experiments

Transformation of 3.5-Pt-*°C to 3.5-B-Pt**C

In THF solution. As reported in Chapter 2, compl&5-Pt-*C contained theé*C
label on the Pt bound methyl groups, where the label made up 33% ofahd&he
equatorial and the axial position are in equilibrium, and 5 minutes thle synthesis
of the complex, there is a perfect statistical distributiotheflabel. The complex was
heated in THFdg at 60C for two weeks, after which time r8C incorporation into

the boron bound methyl groups was observed.

In DMSO solution. A stronger Lewis base, DMS@; was used as a solvent for
complex3.5-Pt*C at 60C. Conveniently, thendo-B-Me group whose resonance
appears at -0.91 ppm and its Pt and C satellites can be cleastyaabésee Fig. 1b).
For theexo-B-Me group whose resonance was centered at 0.18 ppm the hdayh-fiel
13C-satellite was clearly observable, whereas the downfieldwarsealso seen but
overlapped with other signals.

After 6 days of heating, the carbon satellites aroundritie-B-Me and theexo-B-Me
were ~6% each (12% total), or a 30% possible incorporation. After 12 ttiay
satellites were ~11% for each of the BMe groups (22% totalg 55% possible
incorporation and after 19 days; the satellites totaled ~15% fér @athe B-Me
groups, or a 75% of the purely statistical distribution that was possible.

Importantly, no noticeable incorporation of twdC-labels and/or formation of
unlabeled complex.5 was detected. This conclusion can be made based on ESI-

mass-spectrometry of the solution resulting from methanolysis of the product
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(MeBpy,)PtMe; + MeOH - (MeBPy)(u-OMe)PtMeg + MeH
Simulated and experimentally observed mass spectra of [(MEBPY

OMe)PtMe'*CHz]-H" matched:; m/z calcd forG>CHx4N,"'B***PtO, 455.167, found

455.072:

Acq. Data Name: linkedbiphen-dpb Pt complexsytingepacid

Internal Sarmple | Spec. Record Intrval: 0.4[s]
lonization Mode: Dual ESl Oifica1 Valt Sweap: 21V Ring Lens Voit: 9[V]
MS Galibration Name: ESI p_Csl20080122 Acquired miz Range: 100.0.1500.0 Time of Maximum: 0.020[min]
Reduction History: Smooth(3[MS{ 1] DY
Experiment Date/Time: 6/2/2008 8:07:34 PM Operator Name: Mass
Intensity {1325)
45507197

12004 45408904

1000

00 -

500 -

400 -

200 -

T T T T T T T T T I T T
452 454 456 458 480 482

miz

CT4HZ4NZBPE0 . R.P.[10%): 1000, Charges: 1

Thearetical lsatope Distribution
Cornposition: C14 H24 M2 B1 Pt1 Hxl 01
Unzaturation: 5.5

sz Rel abundance
449165090 0.0074
4E0.1&1719 0.o0z10
451 166173 04120
452162825 17341 #
453167793 17732 FEEEREFEE
4541655332 91.0245
4EE 167138 100.0000
456 16T26T E29179
457170244 13,8113 FEiesss
458169220 18,7332 FEEEEEEE
459172715 25796 ¥
4601 754585 02248
481178023 00142
462180743 0.0007

Calculated average molecular weight: 455 245950
Firstizotope moment: 455072330
Second isotape rmoment: 1614011
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'H and"*C NMR spectra for unlabeled compl&6 were reported in Chapter 3
'H NMR (22C, DMSO4), &: 1.68 (axial PYCHs, Jo.n= 139.2Hz), 0.96 (equatorial
PtYCHs, Jon= 131.2Hz), 0.18 (endo-B-GHlc.n= 115 Hz), -0.87 (exo-B-CHJIc.n=

109.4 Hz).

A possible mechanism of thé&C-label migration between theado- andexo-positions

in the BMe fragment 0f3.5-B-*C is shown below.

pseudorotation at Pt"Y

chelate inversion
or pyridine arm

M dissociation/180° Pt-N rotation/association
e M
\ \ Me *Me T R
~ R "
*Me / ///.Pt|v\R | .
| vrisg I, Pt'V‘R
///,l.:)t|V\R" I I, P V\R BQ-N—N// |'Lt — Y VR
v <pr — v R - —_— l\l/|e
| . .
R R / “Me

N

6-coordinate agostic Y

5-coordinate

Isomerization of complex 3.7 to 4.2

In THF solution was described above.

In DMSO solution

B—CHj
§ DMSO0-d6
_-Ph —
Pt Tph rt

CH,
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Complex3.7 (10mg) was dissolved in DMSQ@y-in a Young tube under argon. An
NMR spectrum of the mixture taken a few hours after mixing revealed nstatting
material. The solution was monitored over a period of two weeks®at Abe last
spectrum revealed a mixture of products and just a littleantfirsy materials (~10%)
remaining. Major byproduct resulted from the reaction of teameunts of water with
complex 3.7. However, it was possible to tell that complkxX did indeed form
(~30%) due to tell-tale peaks whose coupling constants matchedyetkectralues
obtained in THFRdg where the transformation occurred cleanly at elevated
temperature. The chemical shifts were closely mirrorededls Whese peaks were the
equatorial CH-Pt peaks and the ortho protons of the axial Pt bound phenyl that are
located in the unique ~6.30 ppm region and have a Pt coupling constant of 66.8Hz

(see spectral data fdr2). The other aromatic peaks are obscured by byproducts.

Attempted isomerization of complex 4.4 to 4.2

weB DMSO-d6 No
)é Reaction
=N i, o \CHg - 60°C /5 days
N | ~NCHj,
CH,

Complex4.4 (10mg) was dissolved in 0.4 mL of DMS#g-in a Young tube under

argon. The solution was heated at®@ver a period of 5 days and an NMR spectrum
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was acquired every day. Throughout this time, no changes were obsetiedNMR

spectrum.

4.4.3 Kinetics of transformation of 3.5-B€ to 3.5-B-Pt°C

Me Me Me
\ \ \
~ ~
\Me Me Me
! | R
pre == Qenath, = Wert
*Me Me Me
- 2-Pt-13C -
k/2 “ k/3
[ Me Me* ]
\ \
~ N
fMe M(Ia
1 1
I vvMe I b viyMe
»Ptme 'Tt‘Me
L Me Me |
2-B-13C

For degenerate methyl group transfer between B dhd Mte = regular methyl) rate
constants for the direct and reverse reactions are idenkicalMhen one of the
methyl groups in the PMe; fragment is”CHj, the rate constant for its transfer to B
is k/3. For the reverse reaction involving B td’Rtansfer of the single lab&fCHs
the rate constant i¥2. Hence, the equilibrium constatfor the reaction above is
2/3 what corresponds to 40845-B-Pt-*C and 60%3.5-Pt-*C at equilibrium.

If Co is the total concentration of all labeled comple3&sin solution, [Pt] is
the concentration of complek5-Pt-*C and [B] is the concentration of compl&5-
B-'3C, then the rate of approaching to equilibrium is

d[B]/dt = k/3[Pt] - k/2[B] = k(Co — 5/6[B]) (S1)
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Integration of equation (S1) gives

In[1/(1-5/2([B]/Co))] = (5/6)t

In[L/(1-2.5[all

time, min all B(*Me)Cy B(*Me)/Cq))]
0 0 0

8640 0.12 0.356675
17280 0.22 0.798508
27360 0.30 1.386294

Data in the Table above allows to find the observed pseudo-firat @igeconstant

(solvent role is not taken into account):

1.600

1.400 y =5E-05x-0.041

R2=0.994 /’
1.200
1.000
0.800 /
0.600
0.400 //
0.200

0.000 & T T T T T 1
( 5000 10000 15000 20000 25000 30000

-0.200

Finally, the rate constaktis (5.1+0.2)-18 min™ at 60C in DMSOds solution.
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Chapter 5: Oxidation of monoalkyl'Romplexes
supported by dipyridylborate (dpb) and diphenyldigylborate
(dphdpb) ligands

5.1 Introduction

Oxidation of monoalkyl Ptcomplexes represents the second, oxidative step of the
Shilov catalytic cycle (Scheme 1.1). One of the goals of ouareses to substitute
expensive oxidants and indirect dioxygen activation via metat palyoxometalate
(POM)? benzoquinone mediators by direct Oxidation. Indirect oxidation with
mediators can lead to undesirable results such as low seledcind catalyst
decompositior’:* By modifying the ligand environment, it should be possible to
achieve direct oxidation of monoalkyl species by dioxygen.

An early report by Goldberg and Bercaw showed that oxidation cétbyh
Pt' complexes supported by neutral ligands is very faciiewever, changing the
two strongly donating Me groups for two phenyl ligands, shut down the tmada
reaction (Scheme 5.%).Removing electron density from the'Ptomplex, by
substituting one Me ligand for solvent (TFE, aqua, MeOH), shuts down rbet di
oxidation reaction as well (Scheme 5.1; 5.1-3). Similarly, it is kntvat cationic Pt
monoalkyl species supported by bidentate ligands do not react wikygdi
including the diketimine motif, and the dipyridyl methane ligand tes utilized in
Chapter 1 for CH activation studies in hydroxylic solvents (Sche@)e A dinuclear
complex1.10that is formed as a byproduct in CH activation reactions, wou&Vée

more stable towards direct oxidation since it possesses avpositarge and no
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strongly donating ligands. By contrast, dmdphi®e), 1.6, did react readily with ©
(our unpublished results; also see ref Byt the products of oxidation were not
characterized.

Scheme 5.1 Oxidation of electron rich Ptomplexes

\N/ \ / OH \N/
“n, “ MeOH “Ph MeOH No
P Pt —_— Reaction
/ o / | N / ph 92
/\ /\ Ove /\
511 51-2
\N/
"o,, & MeOH
t“ Regltgion
/ TFE ©2
/ \
51-3

Scheme 5.2 Stability of dmdpm supported'Ptomplexes towards-O

_ R _
H 2 2PBF,
HoD Hiic
o} 7
N Pt< > N7 0, /ROH No
/ (I) —_— Reaction
Chy,. D H 5.2-1
— H —
_ _+ _
H BF,
H
0, /ROH
2 N=Pte—cx, Reaction
> 5.2-2
CH, D"
CH,

155



By contrast, Pt complexes supported by the dipyridylborate ligand (dpb) introduced
in Chapter 2 (for oxidation reactions see Chapter 3) and the diplgymndylborate
(dphdpb Chapter 4), that both can be viewed as analogues of dpms with an even
poorer third donor instead the sulfonate, the boron-bound Me of Ph grouBidsee
2.11, 3.1 and 4.6), are reactive with dioxygen. Unlike the TMEDA compléxe
Scheme 5.1, dpb&Ph), does react with dioxygen virtually as rapidly as its dimethyl
analogue (Scheme 3.2). This activity can be rationalized by &utrai releasing
character of the dpb ligand and the ability of the boron-bound methydldizt the
emerging PY center. Although the ligand is altered during the oxidation psogies
methyl group transfer from boron to platinum, we were hopeful toredseidation

of monomethyl Pt complexes as a proof of concept that the oxidation reaction could
be promoted by anionic, tripod ligands, or even by a relatively poor donoasuaih
agostic bond arising from a methyl or phenyl group. Reports twg¢hanionic dpms
ligand show that this anionic ligand can mediate oxidation '{fve(OH) to a PY
complex that eventually eliminates MeOH under mild conditions (Schem&%[8e
analogous disolvento dpmé&Rtomplex that remains after methanol elimination, is

stable towards oxidation.
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Scheme 5.3 Oxidation of dpmsP{Me)(OH,) complex and MeOH elimination
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Thus, anionic ligands may represent a perfect scaffold for Shyljoe tatalytic
mechanisms with regard to oxidation potential. They do not promotetioxidd the
disolvento complexes that must activate a CH bond, but after theation of a
monomethyl complex, fast oxidation can occur. We decided to exaheneaction
of monoalkyl complexes supported by the dpb and dphdpb ligand with dioxygen and
were gratified to learn that the oxidation reaction occursdhagn hydroxylic
solvents just as was shown in Chapter 3. Although undesirable Mg ¢ransfer
from B to Pt occurs during oxidation in the case of monomethyl complag well,
by modifying the dpb ligand, we hope to prevent the transfer withleiting the
rapid CH activation and oxidation reactions. At the end of this Chaptssible

modifications of the dpb ligand motif will be discussed in detail.

157



5.2 Results and Discussion

When dpb supported dimethyl"Rtompelx2.3 was added to a methanol solution, an
immediate reaction took place, followed by vigorous evolution of methane gas to give
monomethyl methoxo comple%.1 in quantitative yield. The deuterated form of
complex5.1-OCD; was made by dissolving.3 in CD;OD. This led to deuterium
incorporation into the remaining Me ligand.

Exposure of CBOD solutions 065.1 or 5.1-OCD; to air led to a change in the NMR
spectrum towards deuterated compe2BOCD; or 5.2-BOCDs-OCD; respectively.
These complexes were formed by methyl group transfer fromM8't (see Chapters
3,4) upon oxidation of the Ptenter. A deprotonated molecule of solvent thaHis
NMR silent is incorporated into the final product (Scheme 5.4).atisol of complex
5.1 by concentrating solutions, and subsequent oxidation igOEBHleads to the
formation of completely non-deuterat&d2 Cross experiments with isolating the
deuterated.1-OCD; lead to the same set of results.

Scheme 5.4 Aerobic Oxidation of dpbP(Me)(OMe)
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: R'=H (5.1) ; Dor H (5.1-0CD3)
CD40D
or CH;0H
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= _\ T R=H; R'=H ; R"=D 5.2-BOCD;
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c|:H s R=D;R=DorH;R"'=D  5.2-BOCD3-CD,

Complexes 5.3, CR"5 replaced
by iPr
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The NMR spectra d6.1 and5.2 were not clean in the aromatic region, presumably
due to activation of MeOH solvent and formation of byproducts during the
methanolysis step to fori1l However, the relevant information regarding
methanolysis and oxidation could be extracted via deuterium labeling studies by
observing the aliphatic region. The elimination of the first methyl group &8 to
form complexe$.1 occurs by protonation @& 3to form an intermediate Bthydride
or deuteride (Scheme 5.5; ), that then undergoes reversible reductive coupling /
oxidative cleavage in a series of reversible steps that span intermeldiates |

before loss of a coordinated methane molecule from either intermediate/IV°

Scheme 5.5 Reaction sequence leading to formation of compl&xe©CD;

H3 + CD3OD
Pt“ PtIV [—— Pt“
< / < / | CH3 ) < /
H3C

- CD30O"

5.5-1
I Il Il
5.5-3

HC, CH L CHs
e (N s (5
N / |\CHD / A
/ CH,D 5.5-5 1 2 5.5-4 ¥ bH,c”
VI CD30D V Vv CD;0D
5.5-6 5.5-7
i
OocD
L\ ”/ 3 + CH4 CH3D + < Pt"
&N % . /" oco,
L/ CH,D (.:4 - <
\'Im L
Vil = VI
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That the barrier for reductive coupling 5.5-2 and 5.5-5 and oxidattavate 5.5-4
are less than that for loss of coordinated methane 5.5-6 and 5rgflecded in the
presence of unlabeled methane molecules, @H the product mixture when
protonation with CROD is carried out. The presence of £tan be explained by
substitution of coordinated GHh intermediate VI by a solvent molecule to form VI,
which is eventually deprotonated to give compfes with one deuterium in the
remaining Pt coordinated Me group. Alternatively, substitution of conatdd CHD
can take place in intermediate IV to give VIII (Scheme 5.5;7).5which is
deprotonated to give a molecule of compfes that has a non-labeled Me ligand
coordinated to the Pt.

If no reversible oxidative cleavage and CH bond scrambling cextdrefore
methane dissociation from the complex, then onlyg@Mould be observed in the
NMR spectrum. The observation of only ¢€Hwould not give information on the
reversibility of transformation Il to 1l (Scheme 5.5; 5.5-2) aindould suggest that
an alternative mechanism of direct protonation of the Pt boungwald functional.
This is not as likely with an electron rich metal center.

Since CH is observed, the accessibility of intermediates 1V, V, andsVI
verified. If reductive coupling (5.5-2) were irreversible and CH bslippage (5.5-3)
was reversible, intermediates Il and 1V would become the ootypied states and
solvent substitution of coordinated methane from these complexesnbatead to
CHzD. However, the presence of ¢Ruggests that all steps (5.5-2 to 5.5-5 are

reversible). Moreover, the ratios of ¢end CHD are close to the statistical value of
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3:4, implying that equilibrium is reached before coordinated metbalpstitution by
the solvent and that rapid interconversion between intermediates Il to VI is@thser
Moreover, free CkD, and/or CHIR were not observed in the spectra above
baseline noise and they may not be present in the solution abrd) alith CD.
Coordinated CH or CH,D remaining after deprotonation from VII and ViIiI
integrates as just less than 3 protons against the ortho pyigkamel Isignals and is
seen as a single peak with a small upfield shoulder, suggéstingt-CHD and Pt-
CD; are not significant byproducts of the reaction. These results f@oihe practical
irreversibility of the protonation step 5.5-1 (or, more likely, vepwstleprotonation
of Il) before coordinated methane substitution. If protonation equillveee fast,
then intermediate V could be deprotonated and then re-protonated Kyeranot
molecule of CROD to yield multiply deuterated methane and Pt-Me species. In
contrast, reversible protonation of [(dpms)PitMby D,O is much faster compared to
methane loss leading [(dpms)PtMe(ODip so that complete deuteration of the
methyl ligands was observed well before any significant degfrdwydrolysis could
be achieved in that dpms-systéhrHence, once again, dpb complexes showed much
faster ligand (methane) substitution dt &nter compared to their dpms analogues.
Similar reversible behavior was observed with this system ipt€éh2: The
complexes were protonated by@and coordinated methane in intermediates IV and
VI was substituted by a deuterated benzer®{digand. The isotopic distribution of
the final free methane molecules was more complex due tathehiat double CD

activation in benzenesdhad occurred and six deuterides (frorsDg} had to be
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accounted for in the case of the second molecule of methane loskpleutrental
data closely matched the calculated statistical equilibrium.

Oxidation experiments that included the transformation of labeled and non
labeled5.1 to various labele&.2 complexes with CEBDD show that the MeO ligand
in 5.1, does not form a bridging ligand between Pt and B in the synthieSig but
that a second solvent molecule fulfills this role. The non-label€dd in 5.1 can
be differentiated from the solvent molecule that forms the brgggand between Pt
and B if CB3OD is used in oxidation. OGHemains as an anionic ligand in the
equatorial position while OCforms the bridging species.3f1-OCD; is used, then
the '"H NMR signal of the remaining Pt bound Me group has a shoulder from the
presence of CHD. This labeled group remains in the equatorial position, while the
Me group that is transferred from boron ends up in the axial posiaos to the
boron moiety.

After Me group transfer from B to Ptoccurs, coordination of the second
MeO and formation of the B-O-Pt bridge is faster than isaagon of the
intermediate (see Chapter 4). This result might suggest an iovesk the boron
ligand as opposed to pyridine arm dissociation (that could be accompanied
isomerization) as the operative mechanism that explains eéhfpdron moiety ends
up trans to the Me group that was transferred from it. Alterdgtiygridine arm
dissociation-rotation-re-coordination is a much faster process itferd|scrambling
at five-coordinate metal center in LfNe(OMe), intermediate.

Although the information obtained from isotopic labeling studies in(ID

was invaluable, the formation 6f1 and5.2 was not clean. In order to obtain a clean

162



sample of PY complex after aerobic oxidation of a monoalkyl species, methanol
solvent was substituted for isopropyl alcohol. Switiching to a m@ephilic and
bulky alcohol gave a much cleaner oxidized pro&ugtvith a well-definied aromatic
region in the'H NMR spectrum (Scheme 5.6). Isotopologous complé&x@svere
used as surrogates to investigate the mechanism in Schemeftds.Sit avas
determined that the reactivity pattern was identical &u2dproved too difficult to

isolate and observe Byl NMR.

Scheme 5.6
® OH
& e
}\VN“" t=umCH, -NaOiPr N“‘ ""'"CH
5.1 5.3

Similar reactivity was observed with the related monometbiylpiexes supported by
dphdpb ligand. Loss of only one"Rtoordinated Me ligand of.3 was observed to
give complex5.4 cleanly, unlike in the case 6f2 Subsequent aerobic oxidation in
the presence of isopropyl alcohol gave the corresponding product of ightgansfer

5.5(Scheme 5.7).
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Scheme 5.7 Aerobic oxidation of dphdpbliiMe)(OMe)

B o
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{CH,

5.4 3.5

The two CH groups of the coordinatedPrO moiety are diastereotopic. Overall,
reactions with the bulky dphdpb scaffold gave much cleaner products herhig
yields, and this effect may be attributed to the higher lipophilafithe Pt complexes

supported by this ligand.

5.3 Conclusion

Although fast aerobic oxidation of monoalkyl complexes was observiegdiroxylic
solvents, the process is unsatisfactory from the point of view ¢td\Sthemistry as
the ligand is destroyed in the process via methyl or phenylféras addition, it is

very difficult to achieve reductive elimination from dialkyl"Ptomplexes resulting
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from these oxidation reactions; the products of oxidation areestdtd#r heating at
80°C in MeOD for prolonged periods. This behavior is similar to thdl we
documented stability of (dpms)PtMOH) toward reductive elimination. C-C
reductive elimination was observed with the similar trimeth§f Bomplex3.5 to
give ethane accompanied by decomposition of some part of the regnainin
organometallic species. In the case3dd however, the complex was predisposed
towards C-C reductive elimination since it was five coordinatgh v weak
stabilizing agostic CH bond interaction in the sixth coordination Biteect C-C
reductive elimination from unsupported, true square pyramidal tritne@ty
complexes has been reported by the Goldberg dfotipThe trimethyl complexes
utilized by Goldberg were precursors that eliminated ethane geotle heating to
form a (presumed) three coordinate intermediate that wasagde in intra and
inter-molecular CH activation reactions.

In the case of complexés3 and5.5, the isopropoxo bridging unit is bonded
too strongly to the Pt center. It is possible to de-coordinatéstipEopoxo unit in
trimethyl Pt complex5.3 by introducing one equivalent of strong acid such asHBF
(unpublished results), but reductive elimination studies in the preséstreng acids
have not been performed yet. Direct, acid promoted reductivenakliomn from5.3 or
5.5may lead to ethane or toluene respectively, and nucleophilik attacoordinated
Me groups from solvent or another equivalent of Pt coniglewould lead to MeOH.
We believe that a better route towards coupling aerobic oxidatdnreductive
elimination is to modify the ligand. Since reductive elimination f&aBwould leave

to a complex supported by a dipyridylborate with alkoxo and alkgsgligands.6),
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we might expect that ligands such%ag would carry out oxidation of Pttomplexes

and not be destroyed in the process (Figure 5.1).

Figure 5.1 Proposed ligands for promoting aerobic oxidation

Alternative strategies include decreasing electron density en atyl rings
coordinated to the boron atom. There is precedent that electron poor banelsnbBt

and electron poor C are more stable than bonds between B and electron rich €. This i
documented in the stability of the B(A)F aniort® as opposed to BRhanion that is

often used for Ph transf&t!’ There are reports of the splitting of electron poor B-C
bonds by organometallic reagefitsand this effect could be exacerbated by the
proximity of that bond irb.8 to the Pt center. The solution may be to make phenyl
group transfer impossible via sterics as in proposed ligéhdittempts to synthesize

the proposed ligands and studies of their potential in aerobic oxidatid®t' of

complexes are currently underway.
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5.4 Experimental

Sodium dimethyldi(2-pyridyl)boratomethylmethoxyplatinate(ll), Na(dp -
BMe,)Pt(OMe)(Me), 5.1

HaC
© _cH;, @
Na weB Na
MeOH
-CH, AN, WCH;

Previously reportetiNa(dp-BMe)PtMe; 2.3, (60.0mg, 0.135mmol) was weighed out
into a vial in the glove box, and one mL of MeOH was added and the costired.
Immediate gas evolution was observed and lasted for half a minute minues
later, MeOH was evacuated under high vacuum and the grey-yelloav \gab
washed several times with pentane and dried under vacuum overhigjhtas

obtained in 95.2% vyield (59.2 mg).

'H NMR (22°C, acetone-), 8: 8.95 (dq, 1H,J4.n=5.5Hz, 0.8Hz), 8.61 (d, 1H;.
1=5.9Hz,J..p=48.5Hz), 7.46 (d, 1H}4.xn=8.2Hz), 7.38-7.41 (m, 2H), 7.35 (td, 1H,
Ju-n=7.8Hz, 1.6Hz), 6.84 (m, 1H), 6.59 (m, 1H), 3.41 (s, k=46.6Hz), 0.82 (s,
3H, Ju-p=76.0Hz), 0.48 (bs, 6H).

3C NMR (22C, acetone), &: 154.1, 148.8, 133.3, 132.2, 127.9, 127.1, 120.0,
119.0, 59.0, 13.5 (dlz.c=41.9 Hz), -15.7.

Somelpso-carbon groups to Boron were not seen due to boron splitting.

Dimethylmethoxo-isopropoxo(2-pyridyl, methyl)boratoplatinum(lV), (dp-
B(OiPr)(Me))Pt(Me) ,(OMe), 5.3 versus 5.2

O,, iPrOH

—_—_—

-NaOiPr
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The procedure for the synthesis of com@e3Xwas the same as the one used for the
synthesis of comple®.5. The complex was not obtained in a completely pure form
and was not recrystallized to purity. However, the spectral Wlataunambiguous.
The aromatic region had impurities and the aliphaéigion was pure just as in
associated complexds?2 that were obtained in labeled and non-labeled methanol
mediated aerobic oxidation. However, the aromatic signals accounted for ~&586 of
total aromatic signals 5.3 as opposed to ~30% of the total signals5i@.

'H NMR (22°C, GsDy), 8: 8.46 (d, 1H,J4.4=5.8Hz,Jp.i=10.1Hz), 7.58 (d, 1H],.
1=5.8Hz,Jp.i=33.0Hz), 7.45 (d, 1H}.x=7.7Hz), 7.26 (d, 1H)}.u=7.7Hz), 6.97 (td,

1H, J4.x=7.7Hz;1.4Hz), 6.76 (td, 1Hx.x=7.7Hz; 1.4HZz), 6.50 (ddd, 1H-

nw=7.7Hz; 5.8Hz; 1.4Hz), 6.13 (ddd, 18}, 4n=7.7Hz; 5.8Hz; 1.4Hz), 4.54 (sep, 1H,
Jn-n=6.2Hz,Jp.1=12.2HZ), 3.56 (s, 3Hp.1=45.1Hz), 1.78 (s, 3Hlp.1=78.3HZz),

1.75 (s, 3H,)p.=68.3Hz), 1.47 (d, 3H}4.n=6.2Hz), 1.07 (d, 3H).n=6.2Hz), 0.77

(s, 3H).

Sodium diphenyldi(2-pyridyl)boratomethylmethoxoplatinate(ll), Na(dp-
BPhy)Pt(OMe)(Me), 5.4

@ @
Na Na
© ©
B MeOH - B
-CH,
/N/”/lu,,, t,\\\\\\CHg /N//”"u., t\.\\\\\CH3
N e, N TNoume

9.1 mg of4.3 were used to prepafe4 in quantitative isolated yield (9.1mg). The
procedure used was exactly the same as that for the synthésisafove.5.4 was
obtained as a dark gray solid.

'H NMR (22°C, acetone-), 8: 8.97 (d, 1HJ4.+=5.5Hz), 8.71 (d, 1HJ4.n=5.9Hz,
Jn-p=44.9Hz), 7.42 (td, 1H}y.4=7.5Hz, 1.6Hz), 7.34 (td, 1K,.x=7.5Hz, 1.4Hz),

7.31 (d, 1HJ4u=78.2H), 7.00-7.04 (m, 6H), 6.93-6.96 (M, 6H), 6.70-6.73 (M, 1H),
2.81 (s, 3H).p=39.1Hz), 0.51 (s, 3Hl-p=73.9Hz).
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13C NMR (22C, acetone-, 5: 186.7 (qJs.c=52.2 Hz), 183.6 (qlg.c=47.2 Hz),
159.7 (9Js.c=51.0 Hz), 153.4, 149.5, 136.8, 133.1, 132.3, 132.0, 130.9, 126.7, 123.7,
120.7, 119.9, 58.0, -13.7 (@h.c=858.6Hz).

Dimethylphenyl-isopropoxo(2-pyridyl, phenyl)boratoplatinum(IV), (dp-
B(OiPr)(Ph))Pt(Me),(Ph), 5.5

@
Na
HsC
S] )\
i wB
\\\\\\B 02, iPrOH A\ \O CH3
-NaOiPr N ’
iy CH
N/I/IIIII., t“‘\\\\CH3 / N I“”I'“ t‘;\\\OM:;
e
P N ~woMe =

The reaction was performed following the protocol for the syntlodsisS. 29.4 mg

(5.02e-5mol) ob.4 gave 25.8mg 06.5as a yellow tinged white solid (82.7% yield).

'H NMR (22C, GiDs), &: 8.36 (d, 1HJ4.n=5.0Hz), 8.03 (d, 1H}y.4=7.8Hz), 7.94
(d, 2H,JH.H:7.5HZ), 7.62 (d, 1|‘UH.H:5.2HZJH.pF30.1HZ), 7.52 (t, 2|‘UH.H:7.3HZ),
7.42 (t, 1HJ4.4=7.5Hz), 7.33 (d, 1H}y.x=7.7Hz), 7.09-7.24 (m, 5H), 6.95 (t, 1H,
JH-H:7.8HZ), 6.68 (t, 1H.J|-|-H:7.5HZ), 6.63 (t, 1H.J|-|-H:5.2HZ), 5.98 (t, 1HJH.
n=5.0Hz), 4.06 (sept, 1H,.4=6.2Hz), 3.42 (s, 3Hl4.p=41.9Hz), 2.29 (s, 3H.
pF67.9HZ), 151 (d, 3HJ|-|.H:6.2HZ), 1.13 (d, 3|‘UH.H:6.2HZ).

¥C NMR (22C, GiDg), &: 149.9 (p.=25.3Hz), 149.2, 136.3, 136.2, 136.0, 134.9,
129.2, 128.7, 128.6, 128.4, 127.4, 125.3, 121p&%39.8Hz), 121.0Jp.c=12.9Hz),
72.3, 59.1Jpr.c=21.1Hz), 23.5, 21.8, 5.0¢.c=640.2Hz).

|pso-carbon groups to Boron were not seen due to boron splitting and one signal not
seen due to overlap with solvent.
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Chapter 6: Catalytic Transfer Dehydrogematd Cyclic
Alkanes Promoted by Prtomplexes supported by a lipophilic

anionic borate ligand

6.1 Introduction

6.1.1 Alkane dehydrogenation as a CH bond functionalization strategy
Dehydrogenating alkanes towards olefins is a viable CH bond funiititian
strategy* A double bond is a lot easier to modify by further mild cai@lgkidation
methods such as Wacker oxidation or olefin epoxidat@nvia olefin metathests.
Catalytic dehydrogenation by homogenous metallic species wssréported by
Crabtree;” and in the 90s, well defined organometallic species with grouptal me
centers have proven to be active in catalytic transfer detgudtatiof'® and
acceptorless dehydrogenation of alkah&{Scheme 6.1).

Scheme 6.1 Examples of catalytic transfer and acceptorless dehydrogenation

Thermal Transfer Dehydrogenation

Hydrogen Hydrogen Olefinic Products Alkane product
Donor Acceptor .
catalyst:
0 Rh(PMe3)2(CI)(CO)
Q + 1000psi P + \
60°C 1p00 n::i 18 equiv. 106 equiv. 340 equiv.
Acceptorless Dehydrogenation
catalyst:
iPr
N //Pr

o~ I\ + H T
78 hours ; 250°C oil bath
3050 TON
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The systems shown in Scheme 6.1, operate at elevated tempefattiegs, effective
in terms of large turnover numbers (TONs). Systems that epexdh tert-
butylethene (TBE) acting as a sacrificial hydrogen accegéoerally have higher
TONs and are easier to quantify since the system is clobedrdnsfer of hydrogen
to a sacrificial olefin has to be thermodynamically feasibiethe reactions to work,
thus TBE is often utilized in this role, but the conditions for trardédydrogenation
are often milder than in its acceptorless counterpart. Accepsodehydrogenation is
desirable from the point of view of converting alkanes directly to tfonalized
products without wasting one equivalent of sacrificial olefin foheaguivalent of
product produced. The drawbacks of acceptorless dehydrogenation ireudeed
to utilize an open system (to drive off the, roduced) and a much higher
temperature required for the reaction. The iridium catalysfdheme 6.1 is also
active in transfer dehydrogenation at lower temperatures.

A variant of this catalyst has been used in tandem with Schrad&fs
metathesis catalyst to perform alkane metathesis in a chyséein, where Hgas is
recombined with olefins, at 125.*° The limiting factor for alkane metathesis was
believed to be the instability of the olefin metathesis catalyther systems that
utilize early transition metal hydrides adsorbed on silreaadso effective for alkane
metathesi¥™" and have been recently shown to operate via a similar dehydrogenation
/ olefin meathesis / hydrogenation pathwaynother possible use of acceptorless
dehydrogenation catalysts may be in hydrogen storage sincalkane can be

considered as a hydrogen reservdirFor this and other applications to become
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practical, the hurdles of catalyst stability and low operatia@raperature have to be
overcome.
6.1.2 Alkane dehydrogenation with Pt complexes

Group 10 metals have been shown to stoichiometrically dehydregenat
alkanes;? including our own results discussed in Chapter 2, but there has been no
report of catalytic dehydrogenation mediated by homogenous, orgatiaméa
based catalysts. It is not readily apparent why group 10 méialgdsbe less active
than their group 9 counterparts in this reaction, as both are extgrstivdied in CH
bond activation reactiofi$ and the breaking of a CH bond of an alkane often is the
rate determining step in a catalytic process with both groupd9geoup 10 metal
systems involved in rapid CH bond breaking reactfdfis.

Intriguing results that hint at the possibility of transfenydiogenation at a Pt
center have been obtained by Goldberg and Fekl at the early plait decade. The
system utilized was a trimethyl "Ptcomplexes supported by a diketiminate (also
termed ‘nacnac’) ligands:?3 Unusually, the Pt complexes were of a five-coordinate
square pyramidal geometry and predisposed toward ethane eliminaibevated
temperature of about 1%D (a subsequent study in 2007 found that lower
temperatures could be utilizietf)In the case of our trimethyl 'Ptcomplex3.5, the
geometry can be classified as square pyramidal, but therewsal, stabilizing,
agostic CH bond interaction in the sixths coordination site that megspensible for
the high temperature required for ethane elimination @20 THF) at which
decomposition of the complex is also observed (unpublished results). In 2002,

Goldberg and Fekl reported that trimethyl'Psupported by a diketiminate ligand
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with isopropyl moieties on the aryl arms, underwent clean reduetirenation of
ethane (Scheme 6.2; 6.2-1) and subsequent intramolecular CH activaiion affthe
isopropyl group$? After activation, a cyclometalated"Phydride would presumably
be formed (6.2-2), and it undergoes reductive coupling and eliminatioretbiarme.
After the formation of coordinated GHor a vacant coordination site, the
cyclometalated complex undergopshydride elimination to give the final olefin

hydride product (6.2-3).

Scheme 6.2 Intramolecular CH activation and dehydrogenation with diketimainat
supported Pt complex

and/or

-CH,

6.2-3

Remarkably, reaction 6.2-3 could be rendered reversible by choosinghhalkane.
The coordinated olefin formally inserts into Pt-H bond to form a tlea@dinate

intermediate that then could bind an alkane CH bond, subsequently splitting i
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Although the olefin hydride complex failed to activate metham@entaned;,
activation was evident at elevated temperatures. The reactido leaimplete H/D
exchange between the deuterated alkane and isopropyl groups of thdypartial
dehydrogenate nacnac ligand L in LPtH after 62h &€8%he use of §D¢ allowed

for the observation of deuterium incorporation at lower temperatGasee 6.3).
f—Hydride elimination at coordinated pentane give pentene hydridesthbsé
products were not seen because of a preference of the complex tihdviside-arm
rather than an external olefin. Thus pentene hydrides were preésoi@aenediates in

the H/D exchange reaction withpentaned;».

Scheme 6.3 Activation of alkanes and arenes with diketiminated®efin hydride

Substituting the isopropyls on the pendant aryl groups by methyl gtbap would
not undergoB—hydride elimination after intramolecular CH activation, allowed f
observation of alkane dehydrogenation products with a coordinatethalxblefin
(Scheme 6.4 Free cyclohexane andert-butylethane (TBA) could be

dehydrogenated to give corresponding olefin hydrides. The TBE hydride coraplex c
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undergo olefin insertion and will activate cyclohexane. EventuallyTBE will be
converted to TBA and a cyclohexene hydride complex forms. The meahahbwn
in Scheme 6.4 is also believed to be the one operative in tratedfgdrogenation
catalyzed by Ir complexes and was the first proposed mechdBisneme 6.5)
Unlike the latter case however, the cyclohexene hydride coemlesported by
Goldberg were not catalytically active as the last rea¢tiariose the catalytic cycle,
substitution of coordinated cyclohexene by TBE, was not possible nfdysbe due
to the steric demands imposed by the relatively large penddstaad cyclohexene

itself.

Scheme 6.4 Attempt at transfer dehydrogenation with diketiminatedefin hydride

t
Bu Bu ‘Bu
§

o &
N °
‘u, ““\ N
by, W # \}
C P iy ww
o

Pt

N N, NS, H
C Pt - C "t - C “pt
\! l \! l N\
Bu Bu Bu
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Scheme 6.5 First proposed mechanism for transfer dehydrogenation aatalts Ir
pincer complexes

(PCP)IrH,

PtBuz
Iril‘“n
Q220

COE (PCP)IrH, TBE
v

Ir(PCP) (PCP)Ir\_/ B“
uvon)

"(PCP)Ir* TBA

COA _1BE 4L TBE

-H
(PCP)Irg .
Bu

In 2006, Templeton observed alkane dehydrogenation with Pt complexes supported
by a trispyrazolylborate (TPB) motif (Scheme 6%).Recently, transfer
dehydrogenation was attempted with this system and catalytiover was reported

for the case of diethylether and THF dehydrogenation (1.1-1.3 T®Mswever, a

clear case has yet to be made for catalysis, as the codglerposed even at %D

and the reactions were accompanied by large amounts of Pt blac&titor. The

TONs were also limited and may well fall within experingrgrror that was not

reported in the original manuscript. Nonetheless, it appears pogbialethe
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trispyrazolyl motif can in fact be active in catalyticnséer dehydrogenation as it is
an electron rich anionic ligand just as in the case of the diketigs, that can

stabilize the P{ hydride intermediates (Scheme 6.3) to a greater extent figan t

diketiminate.

Scheme 6.6 Alkane dehydrogenation with TPB supported Pt complexes
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6.1.3 Alkane dehydrogenation with t-bu-dpb supported Pt complexes

There were other reports of note in stoichiometric dehydroigenaith Pt
centers that were not subsequently pursued for possible use iyticatansfer
dehydrogenation, or in acceptorless dehydrogenation. In 1997 Bercawedepor
dehydrogenation of ED, THF and cyclohexane by (tmeda)PtMe(pyridirg-F
complexX’ and Vedernikov and Caulton reported mild and clean dehydrogenation of
ethane, propane, n-butane, cyclopentane and cyclohexane with (2.1.1-
pyridinophane)PtMgH® complex in dichloromethane solutions at room
temperaturé®%®

Encouraged by alkane dehydrogenation results obtained by others, weldecide
to see if olefin hydride complexes that we obtained as a retwdtoichiometric
alkane dehydrogenation in biphasic water/alkane mixtures with theigipta, 2.9
and2.10 would be active in transfer dehydrogenation. Unlike the bulkytichkeate
motif, these olefin hydrides were relatively sterically unhrede The resonances of
the olefinic protons in the NMR spectra ~5 ppm were downfieldeshdind close to
the signals of free olefins, hinting that substitution by TBE shbeldhore facile than
in diketiminates. We were hindered in exploring the reactivit.8fand2.10 by the
low yields (30-40%) and the low purity of the resultant complemreka majority of
the reactions. We reasoned that both problems may have beenfact aftithe
relatively short half-life of Pf hydride complexes with these ligands. After
protonation of2.3 in benzene, the clean double CH activation that ensued may have
been a factor of the solubility of the"Phydrides in the reaction medium. Complex

2.3 was soluble in benzene, but it was not at all soluble in cycloeexand
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cyclopentane, and the reaction appeared to take place at gréalkane interface. In
order to transfer the short-livedPhydride intermediates to the hydrocarbon phase
more effectively, we decided to make the dpb ligand more lipophilimtooducing
two t-butyl groups onto the pyridine rings in the para positions away the metal.
While these groups are electron donating, the modest electronigeckhauld be
easy to separate from effects conferred by better solubdhtgtifyingly, sodium
dimethyl P! borate complexes produced with the new lipophiliert-
butyldipyridylborate {-bu-dpb) ligand proved to be soluble in alkane mixtures. Upon
addition of water, a fast CH activation reaction occurred to miveh cleaner olefin
hydride products in quantitative yield. These complexes were actal&ane transfer
dehydrogenation of cyclic alkanesHs, (n=5,6,8) at 80-10C with TBE acting as

the sacrificial olefin.

6.2 Results and Discussion

6.2.1 Synthesis of lipophilic complexes and alkane dehydrogenation
4--Bu-2-bromopyridine was prepared by a slightly modfffetiterature procedure. It
was lithiated at -HC and reacted with BMBr to give the protonated form of the t-
Budpb ligand 6.1 (Scheme 6.7). The ligand was deprotonated under an inert
atmosphere with sodium hydride to produce the sodium form of the I§&reb a
white, flaky, hydroscopic solid. Reacting with half an equivalenttqfr®cursor gave

the dimethyl comple%.3 an analogue &.3as a light yellow powder.
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Scheme 6.7 Synthesis oftfBu-dpbPt(Me),][Na]

X H3C\ -90°C , THF
—_—
_|_ /BBI" BuLi, Argon
= HsC

N Br

THF / Argon

NaH | -H,

Complex6.3 is soluble in alkanes to an appreciable extent (10 mg/ml cycokg
unlike 2.3 which did not dissolve in cyclohexane at all. Upon adding a few
equivalents of water to cyclohexane mixture$ & rapid methane gas evolution was
observed. After five minutes, gas evolution had stopped and the solutiod &rne
deeper, yellow color. There was not as much precipitate as an#iegous reaction
with 2.3, suggesting that decomposition was minimal. After filtering sbeition
through celite, and concentrating under vacuum, cyclohexene hydridaesotnd
was obtained in quantitative yield (Scheme 6.8). The olefinic prot@nprasent at
4.92 ppm in the NMR spectrum, close to the value of free cyclohereteuterated
acetone (5.6ppm). This suggests that the olefin may be weakly bound eepitiles

to substitution. Indeed, adding an equivalent of TBE cleanly displacddhexene

and formed the associated TBE compk¥,(Scheme 6.8). This was the reaction that
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could not be accomplished by diketiminate complexes and suggestedatisiért

dehydrogenation may be possible in our system.

Scheme 6.8 Stoichiometric alkane dehydrogenation and subsequent alkene
substitution in dtBudpb supported' Romplex

NR N

«CHs N, H
N=—=Pt
~CH, n-pentane - N=—=Pt \',/J/
3 eq. H,O
5 min
6.3 6.6 1 day
cyclohexane cyclohexane
3eq. HO
S min Isomerization to
quntitative various pentenes
N~ 2
tBu B €q.
Bu Y\ =
S O
|I\¢ N;""I \\‘\H CBD12
N=Pty; 1 hour
quntitative
6.4 6.5

Complex6.6 also showed evidence of chain walking (Scheme 6.9), suggesting that
rapid enough insertion of olefin into the Pt-H bond could occur even at room
temperature. Bercaw and Labinger observed this phenomenon in thdi@ctofa
linear alkanes by diketimine supported Bomplexes® They were not only able to
isolate internal olefins from reaction mixtures, but were ablafer from deuterium
labeling studies that initial activation took place at the termaazabon. When
activating n-pentane with.3 and leaving the mixture to stir for half an hour, we
observed a mixture of various hydrides that we assumed were varsinans and

regio isomers.
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Scheme 6.9 Mechanism of 1-pentene isomerization via olefin ‘chain-walking’

' ' B-hydride
(N.,,,," WH Pt-H insertion N.,, elimination N., |.l|/\
’llpt\‘ —' g, —_— gy,
N="""%] B-hydride N’Pt\/r Pt-H insertion N=Pl7
elimination
cis/trans
N\ _/
t
N B
1 (¢
<N = B

Due to the multitude of products, it was difficult to analyze tluenatic region and
the hydride region proved the most informative. However, if thetimawas quickly
fillered less than 5 minutes after addition ofOHand rapidly dried under high
vacuum, we were able to observe only one hydride signal (congpbgxthat we
assumed was the product of primary CH bond activation. Leaving thpleonm
cyclo-GsD12 over a period of a few days, led to isomerization and the rgemss of

a similar hydride pattern, that was seen in the reactionwhatleft to stir in n-
pentane for half an hour. Since ability to form a three-coordimi¢emediate after
olefin insertion was considered crucial in our proposed mechanisner(tec6.10),
we decided tha6.4-6.6 had a very good chance to be active catalysts for transfer
dehydrogenation and we decided to settl® dras our catalyst of choice as it was the

most easily obtained complex with a simple NMR pattern.
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Scheme 6.10 Proposed mechanism of catalytic transfer dehydrogenation with
tBudpbP! cyclohexene hydride complex
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6.10-1 I tBu I
6.4 O - o
A olefin substituion BU ~+ ,1Bu O
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6.2.2 Catalytic transfer dehydrogenation and evaluation of alternasiggficial
olefins

Indeed, preliminary results with TBE as the sacrificialfinlecyclohexane as the
solvent, showed that catalysis was already possible everfGyt &€hough the TON
number was limited to 2-3 even after long reaction times. We @asignsettled on
the optimum temperature of 1% for the reaction, which gave the most TONs, but
resulted in a fast decomposition of the catalyst complex towandetermined
organometallic species after 1 day. Analysis of the dark yel&sidues revealed a
mixture of complexes as determined by the multitude of arom@pials and the

disappearance of all hydride signals. Stopping the catalyticioeaafter 6 hours
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revealed that only a little starting complex remained witlamgdgo aromatic signals,
and that a new small hydride signal at -17 ppm was evident tdatdwpling of
~560Hz. We are unsure of the nature of this complex, but based on veigogher
metal dihydride§' we suggest that this may be d'Rdihydride that undergoes
further decomposition. No Pt black was observed to form during the reaction.
Based on the mechanism in Scheme 6.10, we reasoned that we mag tioe abl
improve the outcome of the catalytic reaction by increasingdtesof 6.10-2 and
6.10-5. Since 6.10-1 occurs very readily a bulkier olefin should be abledmplish
this reaction as well. Insertion and reductive coupling in the 6 Afd2.10-5 will be
driven by relieving steric strain with a disubstituted or trisitited sacrificial olefin.
Steric strain may also prevent sacrificial olefin binding riteimediatell , which
could be a significant alternative reaction route that lowersvheall rate of reaction
by forming stable intermediatéll . This same reasoning would increase the barrier
for reactions 6.10-1 and 6.10-3, but the overall outcome will be based on witeh of
steps is rate determining and the thermodynamic stabilityn@rmediateViIl .
Certainly, VIl is believed to play a large role since the optimum TONSs v¥eened
when only 20 equivalents of TBE (5% catalyst) were used. Larger asnoliiBE
led to lower TONs, with the reaction being completely suppresseen wi00
equivalents of TBE were used; lower amounts of TBE limited maximum (and overall)
TON to the maximum amounts of TBE utilized. We attempted totrusethyl and
tetramethyl ethylene as bulkier olefins. Thermodynamicdily,ttansfer of hydrogen
from cyclohexane to these two olefins is favorable. However, we weable to

observe clear cut cases of catalysis with the latter ol&imethylethylene gave
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lower TONs than TBE as sacrificial olefin, and clear isonation to the terminal
olefin position (towards 3-methyl-1-butene) was evident in a lame @f the
remaining unreacted olefin.

The most remarkable conclusion that we could extract from oempttto
utilize alternative sacrificial olefins, was in equilibriumpeximents of6.4 mixed
with trimethylethylene and tetramethylethylene. Despite iotial assumption that
cyclohexene, being a less bulky disubstituted alkane, would be a ratteh llgand
for Pt than even trimethylethylene, a surprisingy Kf 0.36 (average of two
experiments) was measured at room temperature. Even mor&abfeawas that we
could detect by NMR, the tetramethylethylene complex witlnRhe presence of
cyclohexene. Although the equilibrium lies far on the cyclohexene exngudle, it is
possible to clearly observe the Pt-H signal of the new comflakl€ 6.1). These
results suggest that sterics is not a crucial factor in dbéfiding to the Pt complex,
possibly due to the relaxed steric environment around the metal dbatrds
supported by the dpb ligand motif. Secondly, these results suggestaittairne.10-
1 is reversible and may play a larger role in the overadlyat process; ready olefin
substitution in dtBudpb complexes on the other hand, is the featurerthbles

catalysis in this system and not in the system reported by Goldberg (S&lgme

186



Table 6.1 Equilibrium constants for the reaction@# with sterically bulky olefins

Olefin egK Hydride shift)
and coupling
-22.19 ppm
— 3.64¢-1

Jp=1312.9Hz

-21.89 ppm

— 2.06e-4
Jpar=1279.6Hz

Ultimately, the optimal conditions for catalytic transfer dealggnation with6.4 as
the catalyst were found to be 1 day of heating af@®® a closed Schlenk flask. The
amount of cycloalkane utilized was 3 mL in all cases and theuatmof TBE
sacrificial olefin was 20 equivalents with regard to catalymount, 5mg (8.51e-5
mol). Unlike previous reports by Goldman and Templeton, the amount of olef
produced was quantified vidd NMR and not by GC/MS. Accurate measurements
were obtained by adding an external standard (10 eq of mesitylemasote) after
completion of reaction and dissolving a sample of the reaction mixtu@&DClk.
Table 6.2 contains a summary of the optimized results and TONbré= different
cyclic olefins — products of dehydrogenation of respective cikdoas. The numbers
are an average of two good runs and the catalysis is reproducétery single case.

There is discrepancy between conversion and TON for cyclopentaseaate. The
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conversion represents equivalents of TBA produced, and the latteguivalents of
cycloolefin formed. Although relaxation delay was taken intooant when
calculating both numbers, the discrepancy may be due to experireemalwhen
measuring effects of;Trelaxation on free cyclohexene and the assumption made that

this would be the same for cyclopentene and cyclooctene.

Table 6.2 Conversion oftert-butylethene, TON and yield of products of catalytic
transfer dehydrogenation, TON with 584! after 24h. at 10T

Product Conversion TON
11 6.6
15 13
7.5 8

a. For cyclohexene, 2 protons were subtracted from the product to
account for 1 equivalent formed from the release of cyclohexene
from the catalyst. In other cases, free cyclohexene was observed.

It is surprising that the least strained cycloalkane estnneactive towards transfer
dehydrogenation and for now, we do not have a satisfactory explarwdtitms

selectivity, except to note that the reaction outcome probably depem@son the
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energetics of the CH bond being cleaved (6.10-4; Scheme 6.10) than on the ring strain
of the parent alkane. This would suggest that linear alkaneseattty accessible
primary CH bonds would give better results. However, initial transfe
dehydrogenation results are inconclusive since the method of anéhsNMR)
does not lend itself well towards separating and quantifyirgge laumbers of alkane
isomers. Another possibility is the stability of the resultindioléydrides toward
ligand substittion (step 6.10-1): more strained olefins (cyclopentesseyclooctene)
are known to be better ligands for Pt, compared to unstrained cycheheaed
therefore, less prone to substitution by TBE. At®@Bowever, substitution by TBE
is expected to be rapid for all disubsituted cyclic substratethel future, we plan to
carry out transfer dehydrogenation of relatively simpédkanes such as pentane, and
will quantify the results via GC/MS. Acceptorless dehydrogenawill also be

attempted.

6.3 SUmmary

In conclusion, we were able to show the first, unambiguous case okalka
transfer dehydrogenation that could be carried out with a group tHD acéng as the
homogenous catalyst: compléx. The catalyst decomposes after 1 day of reaction
time, but only towards organometallic products. We could not identifychrthe
decomposition products or prove if they are catalytically activevdyer, based on
earlier reports regarding the mechanism of transfer dehyalatiga, we propose the
mechanism outlined in Scheme 6.10 as the one that is active in ®msyge were

able to demonstrate equilibrium between Pt bound and free olefins iroschnd
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suggest that the existence of this equilibrium even with sligricandered olefins
plays a large role in the overall catalytic success of the system.

An advantage of our system is that slightly lower temperataede used for
the reaction than those used with group 9 catalysts by the Goldman group. Indeed, our
system is already active at °80 while Goldman’s Ir systems need an operating
temperature of at least 120 This may lead to more effective alkane metathesis
catalysts since the main drawback of the tandem alkane me&athisem (Ir alkane
dehydrogenation / Mo olefin metathesis) reported by Goldfveas the instability of
the olefin metathesis catalyst at the high temperatutef€) required for catalysis.
Operational temperatures also have to be lowered if olefindoat®e seriously
considered as repositories for hydrogen gas storage.

Although the number of TONs is limited in our system, the casedtalysis is
unambiguous® these first results point towards including group 10 metals in the

toolkit of the very promising alkane dehydrogenation reaction.

6.4 Experimental

6.4.1 Synthesis of ligands and complexes

Hydrogen dimethyldi(2-(4--butyl-pyridyl)borate, H(dt-Bu-p-BMe »), 6.1

Bu
HaC -90°C , THF
BBr .
J/ BuLi, Argon
= H4C
N Br
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The known compound, 2-bromotdutyl-pyridine, was prepared via Chichibabin
aminatiori* of 4+-butyl-pyridine followed by its subsequent bromination following
the method of Adams and Miyatio After amine purification via column
chromatography or recrystallization, bromination usually affords prgéuct via the
published procedure (>95%), and no further purification is required. Pure'fby
NMR) 2-bromo-4t-butyl-pyridine is a dark red solid/liquid dual phase mixture at
room temperature. The procedure for the preparati@nlo$ similar to the published
procedure of Hodgkirf& 9.60 grams (4.48e-2 mol) of the Bromide were put into a
flame dried flask under an argon atmosphere and 150 mL of dry dedtied were
added. The temperature was lowered to °©0and 17.9 mL of 2.5 M solution of
BuLi (4.48e-2 mol) were added dropwise with vigorous stirring. Timpégature was
allowed to slowly rise to -86C over the span of the next half an hour. Raising the
temperature further usually results in the decomposition ahtttalated pyridine and
subsequent lower yields. After half an hour, the temperature geas lawered to -90

°C and 2.19 mL of dimethylboronbromide (2.24e-2 mol) were added dropwise to the
solution, which took on a dark black color. The reaction was continuedftother

18 hours, during which time it was allowed to come to room temperdtuneas
guenched with water and the organic layer washed with 2x100 bl &cetic acid.

To the aqueous washings, 100 mL. of 6M NaOH were added and a blatk soli
formed at the top of the liquid after a few hours. The black sol&l selected and
washed with cold water, then recrystallized from hexane, to oltdidg. of6.1

(10.1% yield).
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'H NMR (22°C, acetone- 400MHz),5: 14.31 (bs, 1H), 8.45 (d=5.92Hz, 2H),

7.79 (s, 2H), 7.26 (dd=5.92, 2.17Hz, 2H), 1.35 (s, 18H), 0.05 (bs, 6H).

13C NMR (22C, acetone+ 400MHz),5: 191.7 (quartet)c.s=47.2Hz), 161.2, 141.5,
125.8, 117.4, 35.7, 30.8, 14.65 (quardetz=40.85 Hz).

Anal. Calcd. for GoH3z:BN2: C, 77.42; H, 10.07; N, 9.03. Found: C, 77.42; H, 10.36;
N, 9.11.

Sodium dimethyldi(2-(44-butyl-pyridyl)borate, Na(d-t-Bup-BMe ,), 6.2

THF / Argon

100 mg. of H(tBup-BMe), 6.1 (3.22e-4 mol), was dissolved in 3-4mL. of THF in a
small vial in the glove box and 50 mg. of dry NaH (3.5x excess)addsd slowly
accompanied by vigorous evolution of hydrogen gas. The reaction we®dlto stir
overnight, after which time it was filtered through celite arashed two times with
1mL. of THF. The solution was dried under high vacuum and washed tw® witte
a minimum amount of benzene. After the washings, the remainirds seére once
again dried under high vaccum to give 61.2 mgb.@fas a flaky, white solid (57.2%
yield). The benzene washings can be omitted to obtain, yelld2sin quantitative
yield that is >95% pure. The product is highly hydrolysable and thus shewdtbred
and used under an inert atmosphere.

'H NMR (22°C, THF-d;, 500MHz),5: 8.19 (d,J=5.5Hz, 2H), 7.59 (s, 2H), 6.69 (d,
J=5.5Hz, 2H), 1.24 (s, 18H), 0.42 (bs, 6H).

¥%C NMR (22C, THF-d, 125MHz),5: 194.06 (quartetlc.s=50.7Hz), 155.65,
147.52,123.61, 114.62, 35.02, 31.26, 13.56 (quadet42.3Hz).

Anal. Calcd. for GgH3BN>oNa: C, 72.30; H, 9.10; N, 8.43. Found: C, 72.05; H, 9.39;
N, 7.99.
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Sodium dimethyldi(2-(44-butyl-pyridyl)boratodimethylplatinate(ll), Na(d-t-
Bup-BMey)PtMe,, 6.3

100 mg of6.2 (3.01e-4 mol), and 86.5 mg of Platinum dimethyl precursor (1.50e-4
mol) were added to a vial inside the glove box containing 4 mL dfiydiether. The
reaction mixture was stirred overnight, then dried for under high vacwashed
with heptanes and further dried under high vacuum 12 hours to &24it63.7 mg;
99.0% yield) as an air sensitive white solid.

'H NMR (22°C, THF-&;, 500MHz),8: 8.52 (d,J4.+=6.3Hz,Jpr.=22.0Hz, 2H), 7.58
(d, Jyn=2.4Hz, 2H), 6.71 (dd}4.n=6.3, 2.4Hz, 2H), 1.25 (s, 18H), 0.46 (bs, 6H),
0.24-0.46 (bs, 6H).

13C NMR (22C, THF-ds, 125MHz),5: 189.15 (quartet]c.s=51.8Hz), 155.40,
149.54, 124.60, 116.74.c=24.5Hz), 35.18, 30.96, 13.0-15.0 (bs), -20.&4 (
c=768.0Hz).

Anal. Calcd. for G;H3eBNoNaPt: C, 47.40; H, 6.51; N, 5.03. Found: C, 47.46; H,
6.94: N, 4.85.

Cyclohexene hydrido dimethyldi(2-(4t-butyl-pyridyl)boratoplatinum(ll), (d- t-
Bup-BMe,)PtH(cyclo-CgH 1), 6.4

~3eq. H,O / Argon

Y

cyclohexane
- NaOH

40.2 mg. of3 (7.21e-5 mol) was added to a reaction vial in the glove box and 4 mL of

cyclohexane were added to the vial and the contents stirred vigorously. Most of the
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dimethyl complex dissolved, with the rest forming a fine, light-yellow suspens

pL of HoO Were added to the solution, after which a vigorous evolution of methane
gas occurred. The suspension became a clear, yellow liquid with larigellpset

after five minutes. After half an hour, the contents of the vial were filtGredgh

celite and washed two times with 1mL of cyclohexane. The clear, yellow liquid was
dried overnight under high vacuum to obtéis (42.0 mg, quantitative yield).

'H NMR (22C, acetone- 400MHz),5: 8.68 (d,Jy.+=6.16Hz;Jp.=61.18Hz, 1H),
8.06 (d,J4.n=6.06Hz;Jp.+=23.8Hz, 1H), 7.73 (bs, 2H), 7.06 (di,4=6.16, 2.33Hz,
1H), 6.96 (ddJ4.n=6.16, 2.33 Hz,1H), 4.92 (b3y.=71.69Hz, 2H), 2.40-2.62 (bm,
4H), 1.73-1.84 (bm, 2H), 1.38-1.29 (bm, 2H), 1.26 (s, 9H), 1.25 (s, 9H), 0.46 (bs,
6H), -21.27 (sJpt.+=1269.35Hz, 1H).

Anal. Calcd. for GgH41BN,Pt: C, 53.15; H, 7.03; N, 4.77. Found: C, 53.47; H, 7.17;
N, 4.71.

t-Butylethene hydrido dimethyldi(2-(44-butyl-pyridyl)boratoplatinum(ll), (d- t-
Bup-BMe,)PtH(TBE-CgH12), 6.5

Complex 6.4 (5.0 mg, 8.5e-5 mmol) was dissolved in 0.5 mL of deuterated
cyclohexane in a Young tube under Argon and 2 eq. of TBEu(2.3vere added to
ensure an excess of TBE. Although the reaction was relatively at room
temperature and both the starting material and the product could beenbsgen
half an hour after mixing at room temperature, complete olafthange took place

90 minutes after addition.
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lH NMR (22’0, CeDlz), o: 8.58 (d,JH.H:6.1HZ;th.H:56.7HZ, lH), 7.86 (bCﬂH

1=6.1Hz, 1H), 7.81 (bs, 2H), 6.82 (m, 1H), 6.70 (m,1H), 4.32Jdd=13.5, 8.2Hz;
th.H:66.5HZ, lH), 3.64 (dJH.H: 13.5Hz; th-H:60.4HZ, lH), 3.47 (dJH.H:8.2HZ;
Jpev=61.4Hz, 1H), 1.26 (s, 9H overlapping), 1.20 (s, 9H), 1.00 (s, 9H), 0.43-0.46 (bd,
6H), -21.82 (SJper=1151.0Hz, 1H).

6.4.2 Dehydrogenation and catalytic experiments

n-Pentane dehydrogenation experiment witl6.3

~3eq. H,O / Argon

n-pentane
- NaOH

isomerization

The reaction with n-pentane was performed in the same mannéhakevformation

of complex6.4 detailed above. However, a clean, single complex was not formed
when stopping the reaction after half an hour, giving rise to a complexwsped a
number of Pt hydride signals. When the reaction was stopped afteufesjia single
major hydride could be observed while the aliphatic and aromationresill
exhibited considerable complexity. A single complex tentativelsigasd as 1-
pentene bound complex could be assigned as the major species. @haydetle
signal appears at -20.98 as the major hydride W#h=1189.0 Hz at ~90%.
Thereafter, the complex was observedMMR every three days.

'H NMR (22°C, GiDe), 8: 8.73 (d,Jn.v=6.7Hz, 1H), 8.20-8.25 (m, 2H), 7.72-7.80 (m,
1H), 6.61 (m, 1H), 6.41 (m,1H), 3.90-4.20 (m, 2H), 3.62)(d;=7.7Hz; Jp.

n=71.2Hz, 1H), 2.44 (MJp.+=88.1Hz, 1H), 1.09 (s, 9H overlapping), 1.00 (s, 9H,
overlapping), -20.98 (Ip.1=1189.0Hz, 1H).

Not all NMR signals could be assigned due to large overlap of signals in thdialipha

region and some isomerization that had already taken place. See spectrumEEjgure
below.
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Transfer dehydrogenation experiments with 6.4 as catalyst; sample procedu
for cyclohexane dehydrogenation.

In a 50 mL Schlenk flask under an inert atmosphere, 5.0 rigt¢8.5e-5 mol) were
added to 3mL of cyclohexane. 23 pL of 3,3-dimethylbutene (1.7e-4 mol, 20=¢.)
then added and the flask sealed. The contents were heated irbathait 108C for
24 hours, after which time the flask was opened, 10 equivalents ofileresynternal
standard were added, and an NMR spectrum was obtained in; GD&tetone-¢l
Conversion was based on the integration of remaining 3,3-dimethylbutdnBCQiN

is based on the signals of olefinic protons of the cycloalkene for8iade these
signals were found to be underestimated by a factor of 2 in a spectrum of ggclehe
with standard at a delay time of two seconds, they are multiplyed. This also
results in a better agreement with the conversion number. The ruasfouad to
give catalytic turnover at least three times for eachrgleéisults summarized in the
table are an average of 2 best runs. A large excess of sacrificialvesef found to be
detrimental for the reaction. For example, 100 eq. of 3,3-dimethylbuteree rga
catalysis with the same amount of substrate and catalyst.

An experiment was set up to determine the fate of the catdljtst 24 hours of
reaction at 100°C, all the volatiles were removed under high vacuum, and the
resulting dark orange solid was dissolved in acetread an NMR spectrum was
taken. A large number of complex decomposition products, many of them still
containing Pt (as evidenced by Pt-H pyridine ortho couplings), anthyarede peak
at ~-17ppm were observed. The presumed catalyst, or catalytiergoe does not
survive under the reaction conditions. This explains why higher yiekfe wot

observed, when the reaction was stopped after >24 hours.
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6.4.3 Equilibrium constant measurements

Equilibrium constants measurements with 2methyl-2-butene and
tetramethylethylene.

6.6 mg 0f6.4 (1.1e-5 mol) were added to a Teflon valve NMR tube in the glove
box and dissolved in acetodg-5 Equivalents of 2-methyl-2-butene were added to
the NMR tube, after which it was sealed. The system comeguitibrium after two
days, after which the Keq was measured. It is reported hereaage of two runs.
For tetramethylethylene, 10 equivalents of olefin were used.

In transfer dehydrogenation reactions with cyclohexane asratéysto catalytic
(tetramethylethylene), or poor in the case of 2-methyl-2-bute?eq.), turnover was
observed when using 20 equivalents of these olefins. Minor isomerizititree
olefin to 1-butenes was also observed at the end of these reactieasurvg
accurate Keq for the disubstituted olefin, 2-butene, was problematic sis@egas at
room temperature. It was also not active in catalytic tramsbydrogenation (~100

equivalents).

6.4.3 'HNMR spectra

Figure 6.1 'HNMR spectrum of Cyclohexene hydrido dimethyldi(2-(4tertbutyl-
pyridyl)boratoplatinum(ll), ((Bup-BMey)PtH(cyclo-CsHio) (6.4) in acetoneyd
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Appendix

General Specifications

All manipulations were carried out under purified argon using stdndar
Schlenk and glove box techniques. All reagents for which synthesis ggveat are
commercially available from Aldrich, Acros, or Alfa-Aesar and wesed as received
without  further  purification. Tetramethylbis(dimethylsulfide)dihum(ll)
(Pt(CHy)2(SMey)],) complex was synthesized according to published procedure.
Water was deaerated by repeating freezing — pumping cyutestared under argon
in a Teflon-sealed Schlenk flask in a glove box. Tetrahydrofdgaoyclohexane-g
from Cambridge Isotope Laboratories were dried with LiAlbi Cahb, vacuum-
transferred and stored in Teflon-sealed flasks in an arged-fijlove box. Labelled
methyl iodide t°CHsl) was also obtained from Cambridge Isotope Laboratories; it
was dearated via repeating freezing — pumping cycles and stside the glove box
freezer at -2%C over a copper wiréH (400.132 MHz) and®C NMR (100.625 MHz)
spectra were recorded on a Bruker Avance 400 spectrometer. kipdRmeents were
carried out in NMR tubes fitted with Teflon stopcocks (J. Young fub&hemical
shifts are reported in ppm and referenced to residual solvenhaece peaks.
Elemental analyses were carried out by Chemisar Laboratories tredpizCanada.

Computational details

Theoretical calculations in this work have been performed using gensit
functional theory (DFT) methospecifically functional PBE,implemented in an
original program package “Prirod4®. In PBE calculations relativistic Stevens-
Basch-Krauss (SBK) effective core potentials (EGRtimized for DFT-calculations
have been used. Basis set was 311-split for main group elememtsnsiadditional
polarization p-function for hydrogen, additional two polarization dions for
elements of higher periods. Full geometry optimization has beéorped without
constraints on symmetry. For all species under investigationeneguanalysis has
been carried out. All minima have been checked for the absenceaginamy
frequencies. All transition states possessed just one imaginary frequency

Computational work in Chapters 2-4 and the Appendix was performé&xu. by

Andrei Vedernikov and computations in Chapter 1 were performed lgerieu
Khaskin and Dr. Andrei Vedernikov.
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Chapter 1

X-Ray Sructure Determination for Complex 1.3

Figure A1 A view of (CRCHO)(CHs)Pt(dpy) showing the numbering scheme
employed. Anisotropic atomic displacement ellipsoids for the non-ggdr@toms
are shown at the 30% probability level. Hydrogen atoms are y&plavith an
arbitrarily small radius.
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A colorless needle of gH1dF3N2OPt, approximate dimensions 0.410.22 x

0.44 mn®, was used for the X-ray crystallographic analysis. The Xsnsity data
were measured at 223(2) K on a three-circle diffractomsiste®m equipped with
Bruker Smart1000 CCD area detector using a graphite monochromdtar MoKo.
fine-focus sealed tubé.£ 0.71073 A) operated at 50 kV and 40 mA. The detector
was placed at a distance of 4.958 cm from the crystal.

A total of 1045 frames were collected with a scan width of (h3& iand an
exposure time of 13 sec/frame using SMARThe total data collection time was
5.85 hours. The frames were integrated with SAINT software paclamm a
narrow-frame integration algorithm. The integration of the daitagus Monoclinic
unit cell yielded a total of 8142 reflections to a maximiuangle of 27.50°, of which
3759 were independent (completeness = 97.2%+R.57%, RBi; = 3.17%) and 3229
were greater thand?l). The final cell dimensions of = 8.1907(13) Ab =
10.7192(17) Ac = 19.390(3) A,a= 90°, p= 98.623(3)°y= 90°,V = 1683.1(5) &
are based upon the refinement of the XYZ-centroids of 5370 refleatitim®2.1 <6
< 29.0° using SAINT. Analysis of the data showed 0.00 % decay during data
collection. Data were corrected for absorption effects withSimi-empirical from
equivalents method using SADABSThe minimum and maximum transmission
coefficients were 0.113 and 0.398.

The structure was solved and refined using the SHELX%&®idl SHELXL-97°
software in the space grolg2:/n with Z = 4 for the formula unit ¢H1oF3N,OPt.
The final anisotropic full-matrix least-squares refinement dmwigh 268 variables
converged at R= 2.45 % for the observed data and wR6.71 % for all data. The
goodness-of-fit was 1.000. The largest peak on the final difference wasap
1.802 /A% and the largest hole was -1.48823. On the basis of the final model, the
calculated density was 2.002 gftemd F(000), 96&.

Table A1 Bond lengths (A), (CFEEH,0)(CHs)Pt(dpy).

Pt1-O1 1.999(3) Pt1-N10 2.016(3)
co9-c11 1.505(5) c9-c21 1.511(5)
C11-C12 1.387(5) C12-C13 1.371(6)
C15-C16 1.487(6) N20-C21 1.343(5)
C22-C23 1.385(6) C23-C24 1.378(6)
o1-Cc1 1.396(6) c1-c2 1.459(8)
C2-F2 1.355(7) C1A-C2A 1.462(11)
C2A-F2A 1.352(10) 01-Pt1-N10 174.97(12)
Pt1-C3 2.048(5) Pt1-N20 2.155(3)
N10-C11 1.355(5) N10-C15 1.360(5)
C13-C14 1.371(7) C14-C15 1.384(5)
N20-C25 1.366(5) C21-C22 1.381(5)
C24-C25 1.378(6) C25-C26 1.500(6)
C2-F1 1.291(8) C2-F3 1.327(8)
C2A-F1A 1.291(11) C2A-F3A 1.326(12)
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Chapter 2
DFT-calculated structures of LPtiMé, LPtMe(CH,), LPtMe(OH), LPtMe,

LPtMen?CeHe), LPtMe(Ph)H, LPtPh(MeH), LPtPh, LPtPh(QHLPtPhH,
LPtPh’, LPtPh(OH) and the transitions states for the reductive coupling of
LPtMe;H, LPtMe(Ph)H, and LPtRh

More complete Schemes representing the DFT-calculated mechanism of

LPtMe,H to LPtPhH transformation are given below:

Scheme Al
\B/
AG®50s, kcal/mol L= @ ?@
TSphH
TSmen + 2PhH+ H,O + MeH
8.4 m——--cocooooocooos + PhH TSIMEH
LPtMe + MeH +H0 + MeH
+ 2PhH 6.2 mmm—-crre +PhH
. 44 O + H,0 TSy
4.0 — - Y + 2MeH
LPtMe(MeH) 33 +H,0
+2PhH 3-2 - LPtPh --i-eeeee- —
+ H0 34 35 L oMen
0 — + PhH
LPtMe,H DY W AR 12 —2 g H20
+ 2PAH LPtMe(PhH) LPtPh(MeH) = = 7
2 + MeH+ PhH +MeH
+ Hzo 42— eeeeeeee + PhH 3-6 5.4
LPtMe(Ph)H +H,0 Y —
+ MeH LPtPh,H
LPtMe(OH,) +PhH 1= IMeH
+ 2PhH + H,0 LPtPh(PhH) + H,0
0.0 ==+ MeH +2MeH
+ Hzo
LPtPh(OH,)
+ PhH
-16.6 — + 2MeH
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Scheme A2

AHP®5qg, kcal/mol

LPtMe + MeH
+2PhH »
171 +H,0 s
=1 N N~
LPtPh
+2MeH
TSpeH + Ehg
+ 2PhH 101 *H2
+H0 o —s
92 — e e
TSpnn TSven
* MeH +MeH
+PhH + PhH
+H,0 o
5.2 e 5.4 w—eeeeeee 5 >
LPtMe(MeH) 4. TS'onm
+ 2PhH o
+ 20 +H,0
Lo4
O 05 — e
Lf’é“éﬁﬁ.” LPtPh(MeH)
+H,0 2.6 mm—eooeoeoeoen e + MeH
2 LPtMe(PhH) <Y S . + PhH
+MeH+ PhH LPtMe(Ph)H +H,0
+H0 + MeH
75— +PhH 6.9
o v
+ e
o
+H,0
LPtPh(OH,)
+PhH
2163 m— 2MeH

An attempt to locate a transition state corresponding to arciasge

MeH for PhH substitution failed.

Since the basicity of LPtR(R’)s expected to decrease in the row of, R’

Me,Me > Me,Ph > Ph,Ph, actually, loss of the second mole of methasaalbe

occur faster than of the first one.

This reduced basicity adds to the relative stabilization of (FP)Rand

an effective increase of barriers of C-H reductive elimination.

DFT optimized structures with selected distanc&$ énd reaction standard

Gibbs energies (kcal/mol, 298K) are given below. Most hydrogen atwens

omitted for clarity.
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2PhH + (dp-BMe,)PtMe,H (0)

MeH + PhH + (dp-BMe,))PtMe(Ph)H (-

4.2)

Pt-H, O Pt-H, 1.537
1.538 ~ L o Pt-C1, 2.749
Pt-C1, 7 o &= | Pt-B, 3.082
2.740 \:\fmi ) Tne © Pt-N1, 2.171
Pt-B, -~ Pt-N2, 2.164
3.075 - \ﬁ/ Pt-C2, 2.088
Pt-N1, TN - Pt-C3, 2.051
2.168 ”Cé/:\i/
Pt-N2,
2.168
C2-H,
2.469

2PhH + TSyen (8.4) MeH + PhH + TSy (6.2)
Pt-H, Pt-H, 1.579
1.569 Pt-C1, 3.139
Pt-C1, Pt-B, 3.243
3.196 Pt-N1, 2.173
Pt-B, O~ % Pt-N2, 2.118
3.253 Y cal Pt-C2, 2.084
Pt-N1, Y0 Pt-C3, 2.104
2.162 o C3-H, 1.581
Pt-N2,
2.105
Pt-C3,
2.152
C3-H,
1.583

2PhH + (dp-BMe&y)PtMe(MeH) (4.0)

MeH + PhH + (dp-BMe&)PtMe(PhH) (-2.1)

Pt-H1,
1.822
Pt-H2,
2.316
Pt-C1,
2.397
Pt-C2,
3.325
Pt-B,
3.257
Pt-N1,
2.152
Pt-N2,
2.013
C1-H1,
1.166

Pt-C1, 3.305
Pt-B, 3.259

Pt-N1, 2.168
Pt-N2, 2.062
Pt-C2, 2.082
Pt-C3, 2.259
Pt-C4, 2.304
C3-C4,1.431
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2PhH + MeH + (dp-BMe,)PtMe (4.4)

(dp-BMe,)PtMe(OH,)

Pt-C1,
2.049
Pt-C2,
3.360
Pt-B,
3.264
Pt-N1,
2.132
Pt-N2,
1.968

( D) Pt-C1, 3.358
el Pt-B, 3.266
Q/&/\B,\ . Pt-N1, 2.131
/ A Pt-N2, 1.993
<N1 mNZ /\C Pt-C2, 2.070
A~ 3L g Pt-O, 2.167
. PO /\d;«)
oK 0y -
LY 2

MeH + PhH + TS'yen (4.0)

Pt-C, 2.152 Q Pt-C1, 2.408
Pt-H, 1.566 \ Pt-H1, 1.832
C-H, 1.611 C1-H1, 1.163
Pt-N1, Pt-N1, 2.020
2.113 Pt-N2, 2.150
Pt-N2,
2.163
2MeH + P 2MeH + (dp-BMe)PtPh,H (-5.4)
Pt-C, 2.003 Pt-C1, 2.058
Pt-N1, Pt-C2, 2.056
1.984 Pt-N1, 2.170
Pt-N2, Pt-N2, 2.175
2.129 Pt-H, 1.535
C1-H, 2.450
2MeH + TS’ppy (1.6) 2MeH + (dp-BMe)PtPh(PhH) (-7.1)
Pt-C1, Q@ Pt-C1, 2.276
2.103 L Pt-C2, 2.327
Pt-C2, ® / o Pt-C3, 2.045
2.046 W?/ O E\Qf’\ PtNL, 2.164
Pt-H, 1.575 N1 In2 | Pt-N2, 2.069
N
C1-H, dﬁ\Q/ (T pt VN
1.642 5 L Z A
Pt-N1, jﬁ%;}%%
2.136 ( r%C (O
PE-N2, iy
2.173

207




~

(dp-BMe,)PtPh(OH,)
Pt-C, 2.027
Pt-0, 2.171
Pt-N1,
2.001
Pt-N2,
2.130
H0 + (dp-BMe,)PtPh; (0) PhH + (dp-BMe,)PtPh(OH) (0.4)
Pt-C1, 2.027 O 5P Pt-C,
Pt-C2,2.026( | ﬂ 1 2.020
PENL, 2,150 -~ b ) \ ‘ Pt-O,
Pt-N2,2.153) [ Tro 2.025
) \/ / N1,
(Pt 2.049
O N Pt
e e N2,
L O O 2.133
()(/ N~
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