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Phosphinine-Based Ligands in Gold-Catalyzed Reactions
Massimo Rigo,” Evi R. M. Habraken,” Koyel Bhattacharyya,'” Manuela Weber,”
Andreas W. Ehlers,™ ¥ Nicolas Mézailles,' J. Chris Slootweg,™ and Christian Miiller*®
Dedicated to Professor Lothar Weber on the occasion of his 75th birthday
(Abstract: A series of substituted phosphinines, 1-phospha-  an estimation of the o- and m-contributions to the L—M in—\
barrelenes and 5-phosphasemibullvalenes were synthesized  teraction. Au' coordination compounds of selected examples
and evaluated for their potential application as ligands in  were prepared and characterized by single crystal X-ray dif-
homogeneous catalytic reactions. While their buried volume  fraction. Finally, the three classes of P" compounds were suc-
(%V,,,) was calculated to get insight into the steric proper-  cessfully used in the Au'-catalyzed cycloisomerization of N-2-
ties, [LNi(CO);] complexes were prepared in order to deter-  propyn-1-ylbenzamide, showing very good activities and se-
mine the corresponding Tolman electronic parameter. ETS-  lectivities, which are comparable with the reported data of
NOCV (extended-transition-state natural orbital for chemical cationic phosphorus-based gold catalysts.
Kvalence) calculations on [LAuCI] complexes further allowed )

Introduction

Since the first successful preparation of phosphinines (I,
Figure 1) by Markl and Ashe, the rich and fascinating coordina-
tion chemistry of these aromatic phosphorus heterocycles has
been explored extensively during the last decades."? In 1996,
Zenneck and co-workers reported on the first application of a
phosphinine-based catalyst in the [242+2]-cyclotrimerization
of alkynes.”! Since then the m-accepting ligand properties of
phosphinines have been explored in several catalytic reactions,
such as hydroformylations, (transfer-)hydrogenations, hydrosily-
lations, ethylene oligomerizations, hydroborations, cycloaddi-
tions and cycloisomerizations?9** The formal [4+2]-cycloaddi-
tion reaction of phosphinines with activated alkynes leads to
the formation of 1-phosphabarrelenes, the phosphorus conge-
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Figure 1. Phosphinine (I), 1-phosphabarrelene (1) and 5-phosphasemibullva-
lene (I1).

ners of barrelenes, according to the isolobal principle (I,
Figure 1).”) The incorporation of a phosphorus atom into the
rigid [2.2.2]-bicyclic framework causes a strong pyramidaliza-
tion of the donor atom, resulting in a lower o-character of the
P-lone pair along with a more pronounced m-accepting capaci-
ty of the ligand compared to a classical triarylphosphine.®%"
1-Phosphabarrelenes have already shown excellent per-
formance as P" ligands in various transition-metal-catalyzed re-
actions, such as hydroformylations and C—C cross-coupling re-
actions.*9**m?! |n 2017, we reported on the quantitative and
selective photochemical di-ni-methane rearrangement of 1-
phosphabarrelenes into 5-phosphasemibullvalenes, the isolo-
bal phosphorus analogues of semibullvalenes (lll, Figure 1)." It
turned out that these novel, rigid phosphorus cages have elec-
tronic properties similar to 1-phosphabarrelenes. However, the
application of 5-phosphasemibullvalenes as ligands in homo-
geneous catalysis remains so far elusive. We also recently re-
ported on 2,4,6-triarylphosphinine-based Au' complexes, which
were used for the first time in the Au'-catalyzed cycloisomeriza-
tion of dimethyl 2-(3-methylbut-2-enyl)-2-(prop-2-ynyl)malo-
nate and the more challenging substrate N-2-propyn-1-ylben-
zamide.®® We found that the phosphinine-based catalytic
system is more active and selective than the Au' complex con-
taining a related, but strongly o-donating mesoionic carbene
as ligand. This prompted us to investigate and to evaluate in

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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detail the application of phosphinines, 1-phosphabarrenelenes
and 5-phosphasemibullvalenes in Au'-catalyzed cycloisomeriza-
tion reactions.

Results and Discussion

Phosphinines 1 and 2 were prepared by the classical pyrylium
salt route and from the corresponding 1,3,2-diazaphosphinine,
respectively (Figure 2)."*” The [44-2]-cycloaddition reaction of
1 and 2 with in situ generated benzyne affords the literature-
known 1-phosphabarrelene 3 and the new 1-phosphabarrelene
459 The bis(trifluoromethyl)-substituted 1-phosphabarrelene 5
was prepared by a modified literature procedure from 1 and
hexafluoro-2-butyne, which allowed an easier purification from
unreacted 2,4,6-triphenylphosphinine.®® 1-Phosphabarrelene 6
was obtained by heating a toluene solution of 2 to 60°C for
16 h in the presence of an excess of hexafluoro-2-butyne.
Compound 6 shows a quartet (CJ(PF)=29.4Hz) in the
3P{'"H} NMR spectrum at d=—50.6 ppm, which confirms the
coupling between the phosphorus and the three adjacent fluo-
rine atoms. Recrystallization from methanol afforded pure 6 as
a white solid in 85% isolated yield. 5-Phosphasemibullvalenes
7 and 8 are formed quantitatively and selectively as a racemic
mixture in a photochemical di-t-methane rearrangement from
3 and 4 and were obtained as pale-yellow solids after removal
of the solvent. 7 and 8 show resonances in the *'P{'"H} NMR
spectrum at 0=33.1ppm and 0=49.0 ppm, respectively
(Figure 2). The di-t-methane rearrangement of 5 and 6 turned
out to be unselective and led to a mixture of several trifluoro-
methyl-substituted products, which were not separated.”

Ph
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PH~ P~ “Ph Me,si” P~ “SiMe,
1
Ph
2P/ ZaP
PH Ph Me,Si iMte,
3 4
CF, Fs
FiCy Ph F3C/
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Figure 2. Phosphinine-based ligands 1-8.
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Single crystals suitable for X-ray analysis were obtained for
1-phosphabarrelenes 4 and 6 by slow evaporation of the sol-
vent from concentrated solutions of the compounds in metha-
nol. The molecular structures in the crystals are depicted in
Figures 3 and 4, along with selected bond lengths and angles.
Except for the interatomic distance C(18)—C(19), all bond
lengths within the [2.2.2]-bicycle are slightly longer compared
to the reported values found for 3. Thus, the pyramidalization
of the phosphorus atom in 4 is with X (CPC)=286.9° less
strong than in 3 (% (CPC)=283°), which suggests that the o-
donating properties of the Si(CH,);-substituted 4 are higher
than for the aryl-substituted 1-phosphabarrelene 3 (PPh;:
3 X (CPC)=308°). According to the Walsh diagram of a phos-
phine PR;, both the HOMO (lone pair) and the LUMO energy
markedly fall in energy upon deformation of the phosphine

Figure 3. Molecular structure of 4 in the crystal. Displacement ellipsoids are
shown at the 50% probability level. Selected bond lengths [A] and angles
[°]: P(1)—C(1) 1.868(3), P(1)—C(5) 1.869(3), P(1)—C(18) 1.842(3), C(1)-C(2)
1.344(3), C(2)—C(3) 1.538(3), C(3)—C(4) 1.538(3), C(4)—C(5) 1.343(4), C(18)—
C(19) 1.402(3), C(19)—-C(3) 1.517(3), Si(1)—C(1) 1.874(3), Si(2)—C(5) 1.881(3),
C(1)-P(1)-C(5) 97.0(1), C(1)-P(1)-C(18) 94.9(1), C(5)-P(1)-C(18) 95.0(1).

Figure 4. Molecular structure of 6 in the crystal. Displacement ellipsoids are
shown at the 50% probability level. Only one independent molecule is
shown. Selected bond lengths [A] and angles []: P(1)—C(1) 1.869(2), P(1)—
C(5) 1.864(2), P(1)—C(18) 1.858(2), C(1)—C(2) 1.341(3), C(2)—C(3) 1.544(3),
C(3)—C(4) 1.544(2), C(4)—C(5) 1.338(3), C(18)—C(19) 1.328(3), C(19)-C(3)
1.520(3), Si(1)—C(1) 1.883(2), Si(2)—C(5) 1.881(2), C(1)-P(1)-C(5) 96.75(8), C(1)-
P(1)-C(18) 94.16(9), C(5)-P(1)-C(18) 95.53(8).
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from a planar to a pyramidal structure. Consequently, the
phosphine becomes a less good o-donor, but a better m-ac-
ceptor as it becomes more pyramidal.®%?

The situation is comparable with the bis-CF;-substituted 1-
phosphabarrelene 6. All bond lengths within the [2.2.2]-bicycle
of 6 are very similar to the ones found for 4, except for the in-
teratomic distance C(18)—C(19), which is with 1.328(3) A con-
siderably shorter than in 4 (1.402(3) A). Nevertheless, the pyra-
midalization found for the phosphorus atom in 6 is with
> X (CPC)=286.5° almost identical to the value found for 4.

Unfortunately, we were not able to obtain any crystallo-
graphic data on the 5-phosphasemibullvalenes 7 and 8. How-
ever, compound 8 could easily be converted quantitatively
into the corresponding selenide (8 =Se) upon reaction with an
excess of grey selenium, subsequent filtration and removal of
the solvent. 8=Se shows a single resonance at 6 =69.1 ppm
in the *'P{"H} NMR spectrum with characteristic satellites and a
phosphorus-selenium coupling constant of 'J(P,Se)=784.3 Hz.
Single crystals suitable for X-ray diffraction were obtained by
slow evaporation from a saturated solution of 8=Se in tolu-
ene. The molecular structure of 8=Se in the crystal, along
with selected bond lengths and angles, is depicted in Figure 5
and allows a direct comparison with the crystallographically
characterized selenide 7 =Se.”

The P—C bond lengths in 8=Se are very similar to the
values found for 7=Se, while the bond length of P=Se
(2.098(1) &) is slightly longer in 8=Se than in 7=Se
(2.0814(6) A). The C(4)-C(3), C(3)-C(2) and C(2)-C(1) bond
lengths in 8=Se are slightly longer compared to correspond-
ing values found for 7=Se. Thus, the pyramidalization of the
phosphorus atom is with 2 (CPC)=289.9° smaller than the
situation in 7=Se (ZX(CPC)=286°). This should result in a
higher p-character of the phosphorus lone pair in 8, which is

v

Figure 5. Molecular structure of 8 =Se in the crystal. Displacement ellipsoids
are shown at the 50% probability level. Selected bond lengths [A] and
angles [°]: P(1)—C(1) 1.839(5), P(1)—C(4) 1.817(5), P(1)—C(5) 1.805(5), P(1)—
Se(1) 2.098(1), C(1)-C(2) 1.526(7), C(1)-C(7) 1.526(6), C(1)-Si(1) 1.880(5),
C(2)—C(7) 1.552(7), C(2)—-C(3) 1.496(7), C(3)—C(4) 1.361(7), C(4)-Si(2) 1.877(5),
C(5)—C(6) 1.398(7), C(6)—C(7) 1.499(7), C(1)-P(1)-C(5) 94.8(2), C(1)-P(1)-C(4)
96.22(2), C(4)-P(1)-C(5) 98.7(2).
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also in line with a smaller "J(PSe) coupling constant ("J(PSe) =
824.9 Hz versus 784.3 Hz).'”' Therefore, 5-Phosphasemibullva-
lene 8 should show slightly better o-donating properties as 7.

Next, we started to evaluate the steric properties of com-
pounds 1-8. Several concepts have been developed during
the last decades to describe the steric bulk of a ligand, espe-
cially with respect to applications in catalysis. In this respect,
Tolman cone angle () is probably the most widely used pa-
rameter.""’ The steric properties of phosphinines have so far
mainly been described using the occupancy angles a and 8.2
However, this method only allows an estimation of the steric
bulk of flat heterocycles and is, therefore, not suitable for a
comparison with classical phosphine ligands. Even though 1-
phosphabarrelenes are commonly regarded as bulky ligands,
their steric properties have not been studied and compared so
far. The same applies to 5-phosphasemibullvalenes, which are
a completely new class of ligands. Another method for the
evaluation of the steric hindrance of a given ligand is the cal-
culation of the corresponding buried volume (%V,,)."* This
descriptor, developed by the groups of Nolan and Cavallo, is
the volume occupied by the atoms of the ligand (van der
Waals radii) in a sphere of r=3.5 A. The ligand is computed at
an interatomic distance of 2.00 or 2.28 A from the metal center
without considering the hydrogen atoms. %V, can be used
for both planar and three-dimensional ligands, which allows a
better comparison between structurally different ligands. A
large number of data for common phosphorus-containing
compounds and N-heterocyclic carbenes have been reported
and were obtained from the corresponding gold complexes of
the type [(L)AuCI]."™ These values can be calculated using a
software developed by Cavallo et al., which is also able to cal-
culate topographic steric maps.'”” Because of their relatively
different shape, we decided to use this methodology for a
comparison between phosphinines, 1-phosphabarrelenes and
5-phosphasemibullvalenes. Table 1 summarizes the calculated
%V, values for compounds 1-8, with the ligand located at an
intermolecular distance of d=2.28 A from the center of a
sphere with r=3.50 A.

Table 1. Calculated buried volumes (%V,,,) for compounds 1-8.

1 2 3 4 5 6 7 8

%V,, 292 380 346 430 395 495 318 356

The buried volume of phosphinine 1 is very similar to that
of PPh; (29.2% versus 29.6%)."¥ The value for 2 is much
higher due to the presence of the sterically demanding
Si(CH;); substituents at the a-carbon atoms. As expected, 1-
phosphabarrelenes 3 and 5 have larger buried volumes than
phosphinine 1 due to their three-dimensional nature com-
pared to the rather flat phosphinine 1 (34.6% and 39.5%, re-
spectively). The Si(CH;);-substituted 1-phosphabarrelenes 4
and 6 have even larger buried volumes than extremely bulky
phosphines, such as P(o-Tol); (41.4%) and P(Mes); (47.6%).""
Finally, the values for 5-phosphasemibullvalenes 7 and 8 are

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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lower than the ones of their precursors 3 and 4, respectively.
In fact, the internal angles are smaller in the fused 5-mem-
bered rings of 5-phosphasemibullvalenes and, consequently,
the substituents on the a-carbons are pointing away from the
metal center compared to 1-phosphabarrelenes.

In order to determine Tolman electronic parameter (TEP, y)
of the phosphorus ligands 1-8, we synthesized the corre-
sponding [(L)Ni(CO);] complexes, which were described for 1-
phosphabarrelenes and 5-phosphasemibullvalenes for the first
time by our group.®"™ An excess of [Ni(CO),] was transferred
at —196°C to a frozen solution of 1-8 in tetrahydrofuran in a
J-Young NMR tube. Upon thawing of the mixture, a violent gas
evolution was detected. The formation of the corresponding
[(L)Ni(CO);] complexes was confirmed by *'P{'"H} NMR spectros-
copy. The reactions were generally fast but in some cases, it
was necessary to remove the liberated CO from the NMR tube
in order to reach full conversion. Evaporation of the volatiles
quantitatively yielded the new coordination compounds as off-
white solids. Unfortunately, the Si(CH,);-substituted phosphi-
nine 2 and the bis(trifluoromethyl)-substituted phosphabarre-
lene 6 did not react with [Ni(CO),]. We anticipate that this is
due to the close proximity of the sterically demanding Si(CH,);-
and CF;-substituents to the phosphorus atom. In fact, it is
known that 2,6-disubstituted Si(CH,);-phosphinines prefer -
coordination through the aromatic ring towards a metal frag-
ment, rather than o-coordination." Single crystals of
[(3)Ni(CO);] were obtained by slow evaporation of the solvent
from a concentrated solution of the coordination compound in
THF, the crystal structure of [(3)Ni(CO),] is depicted in Figure 6,
along with selected bond lengths and angles. Interestingly, this
compound is one of the few crystallographically characterized
[(L)Ni(CO);] complexes. Compared to 1-phosphabarrelene 3,
the three P—C bond lengths, as well as the double bonds be-
tween C(1) and C(2) in [(3)Ni(CO);] become slightly shorter

w

Figure 6. Molecular structure of [(3)Ni(CO)] in the crystal. Displacement el-
lipsoids are shown at the 50% probability level. Selected bond lengths [A]
and angles [°]: P(1)—C(1) 1.853(3), P(1)—C(5) 1.835(3), P(1)—C(24) 1.829(3),
P(1)-Ni(1) 2.1976(8), C(1)—-C(2) 1.329(4), C(2)—C(3) 1.533(4), C(3)—C(4)
1.537(4), C(4)—C(5) 1.320(4), C(24)—C(25) 1.401(4), C(25)—C(3) 1.548(4), C(1)-
P(1)-C(5) 96.0(1), C(1)-P(1)-C(24) 94.7(1), C(5)-P(1)-C(24) 96.3(1).
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upon coordination, which results in a smaller pyramidalization
of the phosphorus atom with Xx (CPC)=287° with respect to
the free ligand 3 (Zx.(CPC)=283°). The Ni° atom displays the
expected distorted tetrahedral coordination environment with
a P(1)-Ni(1) distance of 2.1976(8) A.

The corresponding IR spectra of the synthesized [(L)Ni(CO),]
complexes were measured in dichloromethane and the experi-
mental values along with the calculated Tolman electronic pa-
rameter (y) are listed in Table 2.

Table 2. Experimental and calculated wavenumbers in [cm~'] for the A,
stretching modes and corresponding Tolman electronic parameter (y).

Complex HCO)expu (CO) carea Al(calcd-exptl) Keorpit™
[(1)Ni(CO);] 2079.2 2080.5 1.3 23.1
[(2)Ni(CO);] - 2073.6 - 17.5 (calcd)
[(3)Ni(CO);] 2075.0 2075.3 0.3 18.9
[(4)Ni(CO);] 2069.5 2068.5 —-1.0 13.4
[(5)Ni(CO);] 2081.2 2080.7 —0.5 25.1
[(6)Ni(CO);] - 2075.3 - 19.2 (calcd)
[(7)Ni(CO);] 2074.2 20734 —-0.8 18.1
[(8)Ni(CO);] 2069.0 2068.2 —0.8 12.9

[a] based on #(CO),,,y=2056.1 cm™" for P(tBu),.

Since the y values for phosphinine 2 and phosphabarrelene
6 could not be identified experimentally, we decided to deter-
mine the electronic ligand parameter for all compounds 1-8
by means of DFT calculations and to compare the results with
the experimental values. The DFT calculations were carried out
with Gaussian 09 (Revision D.01"7%) at the B3PW91/6-31G(d)
(LanL2DZ with an additional f-polarization function for Ni) level
of theory. For the CO vibration with A, symmetry a scaling
factor of 0.9753 was applied.'”™ Interestingly, the DFT calcula-
tions are an excellent approximation of the experimental
values, and allowed to assign reliably y values also for ligands
2 and 6. Nevertheless, the Tolman electronic parameter reflects
only the net-donating ability of a given phosphorus ligand as
a separation into o- and m-contribution is not possible from
the IR data. As anticipated, 2,4,6-triphenylphosphinine 1 ap-
pears as a very poor net donor with a y value typical for
strongly m-accepting ligands (y =23.4 for P(OMe),).""¥ Phosphi-
nine 2 is a stronger donor as expected for the presence of a f3-
silyl effect of the Si(CH,); groups in a-position to the phospho-
rus atom."® The calculated y value of 17.5 for 2 suggests that
this ligand is a weak donor, with properties similar to the sec-
ondary phosphine HPPh, (#C0)=2073.3cm™', y=17.2)."9
From the overall data, it is clear that this trend is similar for
the two sets of differently substituted ligands based on 1 and
2. The electronic properties of the 1-phosphabarrelenes strong-
ly depend on the alkyne that is employed in their synthesis.
The benzophosphabarrelenes 3 and 4 show higher net-dona-
tion, whereas the bis(trifluoromethyl)-substituted derivatives 5
and 6 are weaker net donors (see Table 2). In fact, 5 is the
weakest net donor among the whole series. Finally, the 5-phos-
phasemibullvalenes 7 and 8 show only slightly higher net-do-
nating properties as the corresponding 1-phosphabarrelene

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

AP ChemPubSoc
\{* Europe

isomers. It should be noted that the Si(CH;);-substituted phos-
phabarrelene 4 and the Si(CH,);-substituted 5-phosphasemi-
bullvalene 8 have y values of 13.4 and 12.9, respectively and
thus, are similar to the good donor PPh; (#(CO)=2068.9 cm ',
¥ =12.8).""9 Figure 7 displays ligands 1-8 ordered by increas-
ing net-donation. These values can be compared with the
large library that has been compiled by Tolman.

Fac/Ph FC/

\>‘Ph Ph.

Me,Si i
PH 5 s.Me3 Me,S Site,

4
/ increasing
net-

donation
t I + I + I l + I + I + I + I + I + I >

2082 2080 2078 2076 2074 2072 2070 2068 2066 2064 [em™]

Z h
)

PH~ “P” “Ph PH Me;Si iMe;  Ph
i Ph

SlMe3

—

Figure 7. Overview on the experimentally (1, 3-5, 7, 8) and theoretically (2,
6) determined wavenumbers of the A, stretching mode for 1-8.

Additional information can be obtained from further theo-
retical calculations. In particular, ETS-NOCV is a powerful tool
for the quantitative analysis of chemical bonds, combining the
extended-transition-state (ETS) method for energy decomposi-
tion analysis with the natural orbitals for chemical valence
(NOCV) theory." With this method, the energy contributions
to the total bond energy are calculated for each specific orbital
interaction between the ligand and the metal fragment. In this
way, it is possible to decompose the bond into its different
components (such as o, m, d), providing the corresponding
energy contributions to the total bond energy. Calculating the
contributions for a set of ligands bound to the same metal
fragment allows for a precise comparison of their electronic
properties. An extensive overview of the donor and acceptor
ability of phosphines obtained by applying ETS-NOCV calcula-
tions has recently been reported by Brenna and co-workers.””

Also, with respect to applications in gold-catalyzed reactions
(vide infra), calculations were performed for [(L)AuCl] com-
plexes containing ligands 1-8. The geometry optimizations
and ETS-NOCV analyses were performed at the ZORA-PW91/
TZ2P level of theory using ADF2016.105 and ADF2016.102, re-
spectively, and the results for o- and m-contributions in
[(L)AuCl] type complexes are summarized in Figure 8 (see Sup-
porting Information for details). The L—M distance is an impor-
tant parameter because it reflects the overlap between the
ligand and the metal orbitals, which affects the efficiency of
the net-donation. Thus, this can also be influenced by the
steric demand of the corresponding ligand.

From the diagrams it is clear that phosphinines are the
weakest o-donors and the strongest m-acceptors. The trime-
thylsilyl groups in 2 lead to a considerable stronger o-contribu-
tion. The benzophosphabarrelenes 3 and 4 are stronger o-
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Figure 8. Calculated o- (top) and m-contribution (bottom) to the L—Au bond
n [(L)AuCl] type complexes of 1-8, with PPh; as a reference. Note the re-
versed scale of the mt-contribution. Different grey shades correspond to dif-
ferent ligand classes: from left to right are reported the values for phosphi-
nines 1 and 2, benzophosphabarrelenes 3 and 4, bis(trifluoromethyl)-substi-
tuted 1-phosphabarrelenes 5 and 6, 5-phosphasemibullvalenes 7 and 8, and
PPh.

donors than phosphinines 1 and 2, but weaker m-acceptors.
However, they show smaller o- and a larger m-contributions
than PPh;. The bis(trifluoromethyl)-substituted phosphabarre-
lenes 5 and 6 are weaker o-donors than the benzo-substituted
counterparts, yet they are much stronger mt-acceptors.

5-Phosphasemibullvalenes 7 and 8 are stronger o-donors
and m-acceptors than the corresponding 1-phosphabarrelenes.
Overall, however, they behave as only slightly stronger net-
donors. Notably, the selected ligands are weaker o-donors and
stronger m-acceptors than PPh;. Also, it is evident that the
presence of trimethylsilyl groups increases the o- and decreas-
es the m-contribution, as suggested by the TEP values reported
above. This is consistent with the +l effect of the Si(CH,);
group, while the negative hyperconjugating effect, which
should increase the m-accepting properties, is only marginal.
To conclude, phosphinines are strong m-acceptors and weak o-
donors. The properties of the corresponding phosphabarre-
lenes are dependent on the alkyne that is employed in their
synthesis. The electron-poor bis(trifluoromethyl)-substituted
phosphabarrelenes are stronger m-acceptors, while benzophos-
phabarrelenes are stronger o-donors. The corresponding 5-
phosphasemibullvalenes are slightly stronger donors. In gener-
al, these ligands have electronic properties, which range
among differently substituted phosphites. These results are in
line with the molecular orbital scheme of selected compounds.
Figure 9 shows a graphical representation of the relevant fron-
tier orbitals of 1, 3, 5 and 7.
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Figure 9. Molecular orbital (MO) scheme for 1, 3, 5, 7 (from left to right). Or-
bitals from LUMO to HOMO-3 are shown. The molecular orbital, which rep-
resents the lone pair, is depicted in red.

The lone pair of 2,4,6-triphenylphosphinine 1 is essentially
represented by the energetically low-lying HOMO-3. 5 has
similar o-donor properties, while 3 and 7 are the strongest o-
donors of the series. The trend is confirmed also for the LUMO
orbitals. Phosphinine 1 and bis(trifluoromethyl)-substituted 1-
phosphabarrelene 5 have strong m-acceptor properties, while
the energy level of their lowest unoccupied molecular orbitals
is similar and low in energy. 1-Phosphabarrelene 3 and 5-phos-
phasemibullvalene 7 are weaker m-acceptors, therefore the
LUMO orbitals are located higher in energy. As expected for
phosphine derivatives, the LUMOs of phosphabarrelenes and
phosphasemibullvalenes correspond to o*-orbitals of the P—C
bonds, whereas it is of t-symmetry for the phosphinine.

Before we started to investigate the application of 1-8 as li-
gands in gold-catalyzed reactions, we explored their coordina-
tion chemistry towards Au'. According to *'P{'"H} NMR spectros-
copy, all these phosphorus compounds react quantitatively
with [AuCl(SMe,)] in dichloromethane to form the correspond-
ing Au' complexes [(L)AuCl]. This is particularly important for
phosphinine 2, as the sterically demanding Si(CH); groups
could prevent o-coordination to a metal fragment, although it
is not the case for [(2)AuCl]. All coordination compounds were
obtained as off-white solids after removal of the solvent and
all the volatiles. Single crystals of [(2)AuCl], suitable for X-ray
diffraction, were obtained by slow evaporation of solvent from
a concentrated solution of [(2)AuCl] in dichloromethane at
—35°C. The molecular structure of this compound in the crys-
tal, along with selected bond lengths and angles, is depicted
in Figure 10.

As also observed for the few crystallographically character-
ized phosphinine-Au' complexes, the metal center in [(2)AuCl]
is coordinated in a nearly linear fashion with a P-Au-Cl angle of
176.82(3)° and a P(1)—Au(1) bond length of 2.2083(7) A. Inter-
estingly, as observed also for a related Au' complex, the inter-
nal C(1)-P(1)-C(5) angle is surprisingly large compared to 2,4,6-
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Figure 10. Molecular structure of [(2)AuCl] in the crystal. Displacement ellip-
soids are shown at the 50% probability level. Selected bond lengths [A] and
angles [°]: P(1)—C(1) 1.722(3), P(1)—C(5) 1.721(3), P(1)—Au(1) 2.2083(7), Au(1)—
Cl(1) 2.2707(7), C(1)—C(2) 1.410(4), C(2)—C(3) 1.399(4), C(3)—C(4) 1.401(4),
C(4)—C(5) 1.411(4), C(1)-Si(1) 1.914(3), C(5)-Si(2) 1.915(3), C(1)-P(1)-C(5)
112.0(1), P(1)-Au(1)-CI(1), 176.82(3).

triaryl-substituted phosphinine metal complexes (112° versus
106°).2" This can be attributed to the large steric demand of
the Si(CH;); groups at the a-carbons. A closer look to the pack-
ing of [(2)AuCl] in the crystal lattice shows no aurophilic inter-
actions between neighboring molecules.

We were also able to characterize [(3)AuCl] and [(4)AuCl]
crystallographically. Single crystals, suitable for X-ray diffraction,
were again obtained by slow evaporation of the solvent from
concentrated solutions of the coordination compounds in di-
chloromethane at —35°C. The molecular structures of [(3)AuCl]
and [(4)AuCl] in the crystal, along with selected bond lengths
and angles, are depicted in Figures 11 and 12, respectively. As

v

Figure 11. Molecular structure of [(3)AuCl] in the crystal. Displacement ellip-
soids are shown at the 50% probability level. Only one independent mole-

cule is shown. Selected bond lengths [A] and angles [°]: P(1)—C(1) 1.829(4),
P(1)—C(5) 1.840(4), P(1)—C(24) 1.815(4), P(1)—Au(1) 2.216(1), Au(1)—Cl(1)
2.283(1), C(1)—C(2) 1.333(6), C(2)—C(3) 1.525(5), C(3)—-C(4) 1.540(6), C(4)—C(5)
1.331(6), C(24)—C(25) 1.403(6), C(25)—C(3) 1.551(6), C(1)-P(1)-C(5) 99.1(2), C(1)-
P(1)-C(24) 98.3(2), C(5)-P(1)-C(24) 95.9(2), P(1)-Au(1)-Cl(1) 174.79(4).
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Figure 12. Molecular structure of [(4)AuCl] in the crystal. Displacement ellip-
soids are shown at the 50% probability level. Selected bond lengths [A] and
angles []: P(1)—C(1) 1.836(4), P(1)—C(18) 1.817(5), P(1)—Au(1) 2.2286(13),
Au(1)—CI(1) 2.2827(13), Si(1)—C(1) 1.889(4), C(1)—C(2) 1.347(5), C(2)—C(3)
1.535(5), C(18)-C(19) 1.399(8), C(19)-C(3) 1.533(7), C(1)-P(1)-C(1_i) 100.8(2),
C(1)-P(1)-C(18) 99.10(17), P(1)-Au(1)-CI(1) 175.98(5).

both 3 and 4 have been characterized by means of X-ray dif-
fraction, structural changes upon coordination of the ligands
to the [AuCl] fragment can be discussed. In [(3)AuCl], the three
P—C bond lengths are by approximately 0.02 A shorter com-
pared to uncomplexed 3, while all C—C bond lengths within
the [2.2.2]-bicycle are very similar for both [(3)AuCl] and 3.
Therefore, a significant smaller pyramidalization of the phos-
phorus atom with Xx (CPC)=293.3° with respect to the free
ligand 3 (22X (CPC)=283°) is observed. The Au(1) atom displays
the expected linear coordination environment with a P(1)-
Au(1)-Cl(1) angle of 174.79(4)° and a P(1)—Au(1) interatomic
distance of 2.216(1) A.

A similar situation is observed when comparing 4 with
[(4)AuCl]. The three P—C bond lengths in the coordination
compound are approximately 0.03 A shorter than in the free
ligand, while the C—C interatomic distances in both [2.2.2]-bi-
cycles are very similar. This results in a pyramidalization of the
phosphorus atom of Xx(CPC)=300.7° compared to
3X (CPC)=286.9° in the free ligand. Again, an almost linear co-
ordination environment for the gold atom is observed (P(1)-
Au(1)-Cl(1)=175.98(5)°). The P(1)—Au(1) bond length of
2.2286(13) A is slightly longer than in [(3)AuCl].

Finally, we could also obtain single crystals suitable for X-ray
diffraction of the Au' complex containing the 5-phosphasemi-
bullvalene 7, as the first example of a crystallographically char-
acterized 5-phosphasemibullvalene metal complex (Figure 13).
As the photochemical di-it-methane rearrangement of 3 to 7
produces a mixture of enantiomers of 7, [(7)AuCl] exists as a
racemate in the asymmetric unit. The P(1)—Au(1) bond length
is with 2.211(3) A shorter than in [(3)AuCl] (2.216(1)).

During the last two decades, homogeneous gold-catalyzed
reactions underwent a major development.”? The reactivity of
AU' species towards unsaturated C—C bonds, which for a long
time was neglected, is the main focus of a large number of re-
views.”? These reports mostly deal with reactions where an
electrophilic, usually cationic, gold center activates a C—C mul-
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Figure 13. Molecular structure of [(7)AuCl] in the crystal. Displacement ellip-
soids are shown at the 50% probability level. Only one enantiomer is
shown. Selected bond lengths [A] and angles [°]: P(1)—C(1) 1.853(12), P(1)—
C(4) 1.827(11), P(1)—C(5) 1.795(12), P(1)—Au(1) 2.211(3), Au(1)—CI(1) 2.277(3),
C(1)—C(2) 1.508(15), C(1)—C(7) 1.522(15), C(2)—C(7) 1.558(15), C(2)—C(3)
1.514(16), C(3)—C(4) 1.331(16), C(5)—C(6) 1.410(15), C(6)—C(7) 1.492(15), C(1)-
P(1)-C(5) 94.1(5), C(1)-P(1)-C(4) 94.5(5), C(4)-P(1)-C(5) 95.8(5), P(1)-Au(1)-CI(1)
176.11(11).

tiple bond by coordination, allowing a nucleophilic attack on
the otherwise unreactive substrate. The cationic gold species is
usually formed from the corresponding [(L)AuCl] type complex
and a chloride scavenger, such as a silver salt. This approach
has been extended to intramolecular reactions, such as cycloi-
somerizations.*¥

In these reactions the choice of the ancillary ligands is cru-
cial, as the putative cationic gold species usually needs to be
stabilized by relatively bulky and strong donor ligands, such as
phosphines or carbenes.”“?' However, strong m-accepting
phosphites in combination with Au' precursors often show re-
markable catalytic activities in such reactions, but these sys-
tems sometimes suffer from their instability.”® So far, none of
the new ligands described in this work, except for 1, have ever
been employed in a gold-catalyzed homogeneous transforma-
tion.”® Since their electronic properties have been carefully
evaluated and span across a large range of phosphites, it is in-
teresting to test them in these reactions.

A typical benchmark reaction in homogeneous Au' catalysis
is the cycloisomerization of the 1,6-enyne dimethyl 2-(3-meth-
ylbut-2-enyl)-2-(prop-2-ynyl)malonate towards the correspond-
ing cyclopentene-derivative.?” Several phosphorus-containing
ligands have been employed in this metal-mediated transfor-
mation.””? Yoshifuji and Ito have successfully applied also phos-
phaalkenes as ligands, even without any additive.”® Apparent-
ly, the highly m-accepting properties of phosphaalkenes are
beneficial for increasing the Lewis acidity of the gold centers.
In a comparison study with a structurally related mesoionic
carbene, we recently investigated the use of phosphinine-
based Au' complexes as precatalysts in the cycloisomerization
of dimethyl 2-(3-methylbut-2-enyl)-2-(prop-2-ynyl)malonate
and N-2-propyn-1-ylbenzamide (9), respectively (Scheme 1).
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Scheme 1. Cycloisomerization of N-2-propyn-1-ylbenzamide (9) towards oxa-
zoline (10) and oxazole (11).

We found that the phosphinine-based catalytic system is
more active and selective than the mesoionic carbene-based
one, particularly in the transformation of the more challenging
substrate 9.” These results demonstrated for the first time,
that particularly sterically demanding 2,4,6-triarylphosphinine-
derivatives can be used efficiently as m-accepting ligands in
Au'-catalyzed homogenous transformations. Therefore, we de-
cided to compare phosphinines, 1-phosphabarrelenes and
phosphasemibullvalenes 1-8 in the Au'-catalyzed cycloisomeri-
zation of 9, which is more difficult to convert than the stan-
dard reagent dimethyl 2-(3-methylbut-2-enyl)-2-(prop-2-ynyl)-
malonate.

We first evaluated the reactivity of phosphinine-gold com-
plexes towards 9.2% It is well established that the P=C bond in
phosphinine-based coordination compounds can react irrever-
sibly with protic reagents, such as amines, alcohols and
water.”” This would lead to a modified catalytic system. Even
though amides are very weak acids, the N—H functionality of
the substrate could undergo a formal addition to the P=C
double bond of the phosphinine ligands. To exclude this possi-
bility, an equivalent of the substrate was added to [(L)AuCl]
complex (L=1 or 2) and the resulting mixture was stirred in di-
chloromethane at room temperature. As expected, the
3'P{'"H} NMR spectrum did not show any reaction between the
substrate and the coordinated ligand, even after 16 h.

Next, the reactivity of the substrate 9 towards either AgSbF,
or the Au' precursor [AuCl(SMe,)] was investigated and no con-
version was detected (Table 3, entries 1 and 2). Combination of
[AuCl(SMe,)] and AgSbF, led to a high conversion, but the re-
action was rather slow (24 h) and unselective (entry 3). In the
absence of any silver salt, the neutral [(L)AuCl] complexes con-
taining phosphinines 1 and 2 showed only low catalytic activi-
ty in the cycloisomerization reaction (entries 4 and 6). However,
a clear contrast between the two phosphinine-based com-
plexes was observed in the presence of the chloride scavenger,
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Table 3. Catalytic cycloisomerization of substrate 9 to oxazoline (10) and
oxazole (11). Conditions: catalyst precursor: 1 mol%, chloride scavenger:
1 mol % AgSbF,, dichloromethane, room temperature.

Entry  Precatalyst Additive Time Conv  Product ratio 10:11
[h] [%]
1 AgSbF, 24 0 -
2 [ uCl(SMe,)] - 24 0 -
3 [AuCl(SMe,)] AgSbFs 24 85  9:1
4 [(MAuCI] - 24 25 0:1
5 [(1)AuCI] AgSbF, 24 40 41
6 [(2)AuCl] - 24 40 9:1
7 [(2)AuCl] AgSbF 6 >99 91
8 [(PPh;)AuCl] AgSbF, 7 >99  96:4
9 [(P(OR);)AuCI®  AgSbF, 11 >99  98:2

[a] P(OR); = tris(2,4-di-tert-butylphenyl)phosphite.

is reasonable to assume that 2,4,6-triphenylphosphinine (1)
forms a kinetically less stable Au' complex compared to ligand
2, most likely due to a combination of steric and electronic ef-
fects (29.2%V,,, versus 38.0%V,,). The ETS-NOCV analysis sug-
gests that phosphinine 2, as a considerably stronger o-donor,
stabilizes the putative catalytically active cationic gold species
better than 1.

Neither 1-phosphabarrelenes, nor 5-phosphasemibullvalenes
have so far been applied as ligands in homogeneous Au'-cata-
lyzed reactions. Table 4 shows the results of the cycloisomeriza-
tion of 9 with 1-phosphabarrelenes 3-6 as ligands. In the ab-
sence of AgSbF, the 1-phosphabarrelenes 3 and 5, based on
phosphinine 1, led to a low catalytic activity of the correspond-
ing catalyst, while the 1-phosphabarrelenes 4 and 6, based on
phosphinine 2, formed inactive catalysts (entries1 and 5
versus entries 3 and 7). On the other hand, a much higher ac-
tivity for all the Au' complexes was observed in the presence
of the silver salt. Catalysts based on benzophosphabarrelenes
3 and 4 performed similarly and reached full conversion within
2.5 h with a substrate selectively of 100% towards oxazoline
10 (entries 2 and 4). Likewise, trifluoromethyl-substituted deriv-
atives 5 and 6 formed active species that showed very high
conversions (96% and >99%, respectively, entries6 and 8)
and a high selectivity towards oxazoline 10, even though the
substrate took longer to be fully converted. The longer reac-

which indicates the presence of the putative [(L)Au]™ species.
In combination with AgSbF, a very active catalytic species was Table 4. Results for the catalytic cycloisomerization of substrate 9 to 10
. . . X and 11. Conditions: catalyst precursor: 1 mol%, chloride scavenger:
formed using 2 as ligand, and a high conversion and a good )
. ) . 1 mol% AgSbF,, dichloromethane, room temperature.
selectivity towards the oxazoline 10 (9:1) was achieved after
6 h (entry 7). On the other hand, the catalyst based on phos- Entry Precatalyst Additive Time Conv Product ratio 10:11
phinine 1 was less active and gave 40% of a mixture of prod- [h] %]
ucts within 24 h (entry 5). Interestingly, both catalytic activities 1 [(3)Aucl] - 24 50  92:8
and selectivities of [AuCI(PPh,)]/AgSbF, and [(P(OR),AuCll/ ; Eiiﬁugg AgsbFe 2i~5 >9(9) 1:8
. N . u -
AgSbF¢  (P(OR); =tris(2,4-di-tert-butylphenyl)phosphite) were 4 [(4)AuCl] AgSbF, 25 <99 10
very similar, whereas the catalyst based on 2 outperformed 5 [(5)AuCl] - 24 65 31
these systems (entries 8 and 9 versus entry 7). 6 (5)AuCh AgSbF, 6 9%  98:2
At this point, the evaluation of the electronic properties re- 7 [(6)Aucl] - 24 0 0
. . 8 [(6)AuCl] AgSbFg 5 >99 1:0
ported above can help to shed light on the obtained results. It
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tion time could be due to the weaker o-donation of these li-
gands, which is comparable to that of phosphinines. Interest-
ingly, the comparison between benzophosphabarrelene 3 and
trifluoromethyl-derivative 6 shows that even though the elec-
tronic properties of these ligands are almost identical, a rather
different reactivity is observed (full conversion in 2.5 h versus
5 h). This can only be attributed to the considerably different
steric bulk of the two ligands, which is extremely large for 6
(34.6 %V, versus 49.5%V,,).

Finally, the 5-phosphasemibullvalenes 7 and 8 were investi-
gated in the Au'-catalyzed cycloisomerization of 9 and the re-
sults are summarized in Table 5. Au'-catalysts based on 7 and 8
reacted in a similar way as the corresponding benzobarrelenes

Table 5. Results for the catalytic cycloisomerization of substrate 9 to 10
and 11. Conditions: catalyst precursor: 1 mol%, chloride scavenger:
1 mol% AgSbF,, dichloromethane, room temperature.

Entry Precatalyst ~ Additive  Time  Conv  Product ratio 10:11
[h] [%]

1 [(7)AuCl] - 24 0 -

2 [(7)AuCl] AgSbF, 3 >99 1:0

3 [(8)AuCl] - 24 62 98:2

4 [(8)AuCl] AgSbFg 3 >99 1:0

3 and 4. Full conversion of the substrate exclusively to 10 with
only slightly longer reaction times were observed (3 h versus
2.5 h, entries 2 and 4). As already mentioned, considerable dif-
ferences in the electronic properties exist especially between
aryl- and Si(CH,);-substituted derivatives. In fact, the latter ones
are both stronger o-donors and weaker m-acceptors than the
aryl-substituted counterparts. This results in a higher net-dona-
tion, as observed for the y values of the corresponding
[(L)Ni(CO);] complexes (vide supra). The difference in the cata-
lytic activity seems to correlate with the steric bulk of the li-
gands, which is lower for 5-phosphasemibullvalenes (34.6 %V,
and 43.0%V,,, versus 31.8%V,, and 35.6%V,,). In fact, this
could lead to less kinetically stable gold complexes.

The reactivity of cationic Au' species is usually considered to
strongly correlate with the stabilization of cationic intermedi-
ates by means of st-back-bonding from the gold atom.®" How-
ever, some theoretical studies state that this contribution has
only a marginal effect.®” The results presented here suggest
that the o-donor properties of the ancillary ligands are the
most important contribution for the achievement of a kineti-
cally stable catalytic species. On the other hand, the large dif-
ference in the m-back-donation properties of the selected li-
gands is not reflected by the catalytic activity. This data sug-
gest that the m-accepting properties of the ligand have a sec-
ondary role in this reaction, while the o-donation and the
steric bulk seem to be the most important parameters. A com-
plex interplay between these two characteristics appears to be
the key to a successful stabilization of the catalytic species. In
this respect, bulky benzophosphabarrelene and related 5-phos-
phasemibullvalenes are good candidates for this reaction.
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Finally, a time-conversion plot for the cycloisomerization of
9 with the best performing catalytic systems in terms of activi-
ty and selectivity ([(3)AuCll/AgSbFs and [(7)AuCll/AgSbF)
allows a direct comparison with Au' catalysts based on classical
ligands, such as PPh; and P(OR); (tris(2,4-di-tert-butylphenyl)-
phosphite). The conversion of the substrate was determined
by means of 'H NMR spectroscopy during specific time inter-
vals (Figure 14). From Figure 14 is it possible to extrapolate the
turnover frequencies (TOF) values for these catalysts at 20%
conversion (Table 6). These values show that the activity of the
catalytic systems described in this work is comparable with the
reported data of state-of-the-art cationic phosphorus-based
gold catalysts used for this particular substrate.?*#%33 |nterest-
ingly, the highest value is observed for the catalytic system
based on the novel 5-phosphasemibullvalene 7 (TOF=

104 h™).
100 -
80 -
=
S 60+ -
2
g
- —— [(PPh,)AUCI)/[AgSbF] |
© —— [(P(OR),AUCI]/[AgSbF]
—— [(7)AUCI]/[AgSbF]
204 —— [(3)AUCIJ/[AgSbF] r
0

T T T T T T T
0 100 200 300 400 500 600 700
Time (min)
Figure 14. Conversion versus time plot for the catalytic systems based on 1-

phosphabarrelene 3 and 5-phosphasemibullvalene 7, as well as PPh, and
P(OR); (tris(2,4-di-tert-butylphenyl)phosphite) as reference catalysts.

Table 6. TOF values for the catalytic systems based on 3, 7, and the refer-
ence catalysts.

Ligand Catalyst TOF [h™]
3 [(3)AuCl)/[AgSbF] 98
7 [(7)AuCI1/[AgSbF,] 104
PPh, [(PPh,)AuCI)/[AgSbF] 91
P(OR),™ [(P(OR);)AuCI)/[AgSbF] 49

[a] P(OR); = tris(2,4-di-tert-butylphenyl)phosphite.

Conclusions

The steric and electronic properties of the related phosphi-
nines, 1-phosphabarrelenes and 5-phosphasemibullvalenes
with respect to potential applications as phosphorus ligands in
homogeneous catalysis have been thoroughly evaluated. The
steric properties of these compounds have been determined
by calculating their buried volume (%V,,,). In the case of phos-
phinines, the steric bulk is related to the substituents on the
a-carbon atoms. The corresponding 1-phosphabarrelenes are
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remarkably  bulky, trifluoromethyl-substituted derivatives
having the highest %V,,. In contrast, 5-phosphasemibullva-
lenes are less sterically demanding. The electronic properties
of the ligands have been evaluated both theoretically and ex-
perimentally. The Tolman electronic parameter was measured
or calculated for all the ligands, which provides a detailed
comparison of the net-donation properties of the three classes
of ligands. Trifluoromethyl-substituted phosphabarrelenes are
the weakest net donors, followed by phosphinines. The net-
donation of phosphabarrelenes and phosphasemibullvalenes is
higher and very similar, making them the strongest donors
among the ligands of this work. ETS-NOCV calculations on
[(L)AuCI] complexes allowed the evaluation of the single o-
and m-contributions to the L—M bond, thus giving a deeper in-
sight into their electronic properties. Moreover, new Au' com-
plexes bearing phosphinines, 1-phosphabarrelenes and 5-phos-
phasemibullvalenes as ligands have been characterized. In
combination with Au', most of these ligands quantitatively and
selectively performed the cycloisomerization of N-2-propyn-1-
ylbenzamide towards its oxazoline constitutional isomer in a
short time. The results are comparable to the best catalytic sys-
tems found in the literature. Although the strong m-accepting
properties of these ligands could be beneficial for the forma-
tion of strongly electrophilic Au* centers, these properties
seem to have a minor role for the successful conversion of
propargyl amides. The stabilization of the catalytic species ap-
pears to benefit from a relatively strong donation and large
steric bulk.

Experimental Section

CCDC 1896131, 1896132, 1896133, 1896134, 1896135, 1896136,
1896137 and 1896138 contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre.
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