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Introduction

B-(Z2)-Selective alkyne hydrosilylation by a N,O-
functionalized NHC-based rhodium(i) catalyst+

Miguel Gonzalez-Lainez, M. Victoria Jiménez, "2 * Vincenzo Passarelli and
Jesus J. Pérez-Torrente & *

Neutral and cationic cyclooctadiene rhodium() complexes with a lutidine-derived polydentate ligand
having NHC and methoxy side-donor functions, [RhBr(cod)(xC-BulmCH,PyCH,OMe)] and [Rh(cod)(k>C,
N-‘BulmCH,PyCH,OMe)]PFg, have been prepared. Carbonylation of the cationic compound vyields the
dicarbonyl complex [Rh(CO)z(KZC,N—tBuImCHzPyCHZOMe)]PF6 whereas carbonylation of the neutral
[RhBr
complexes

compound affords a mixture of di- and monocarbonyl neutral
(CO),(kC-"BulmCH,PyCH,OMe)] [RhBr(CO)(x2C,N-BulmCH,PyCH,OMe)].
efficiently catalyze the hydrosilylation of 1-hexyne with HSiMe,Ph with a marked selectivity towards the
B-(2)-vinylsilane product. Catalyst [RhBr(CO)(x2C,N-BulmCH,PyCH,OMe)] showed a superior catalytic
performance, in terms of both activity and selectivity, and has been applied to the hydrosilylation of a

complexes

and These

range of l-alkynes and phenylacetylene derivatives with diverse hydrosilanes, including HSiMe,Ph,
HSiMePh,, HSiPhs and HSiEts, showing excellent $-(2) selectivity for the hydrosilylation of linear aliphatic
1-alkynes. Hydrosilylation of internal alkynes, such as diphenylacetylene and 1-phenyl-1-propyne, selec-
tively affords the syn-addition vinylsilane products. The p-(2) selectivity of these catalysts contrasts with
that of related rhodium(l) catalysts based on 2-picolyl-functionalised NHC ligands, which were reported
to be p-(E) selective. An energy barrier AG* of 19.8 + 2.0 kcal mol™ (298 K) has been determined from
kinetic studies on the hydrosilylation of 1-hexyne with HSiMe,Ph. DFT studies suggest that the methoxy-
methyl group is unlikely to be involved in the activation of hydrosilane, and then hydrosilane activation is
likely to proceed via a classical Si—H oxidative addition.

the preferred method for the production of vinylsilanes to
date. A large number of catalysts based on both noble metals

Unsaturated silyl derivatives are valuable synthetic intermedi-
ates due to their versatility, ease of handling, low toxicity and
stability, as well as their compatibility with many organic
transformations.’ In particular, vinylsilanes have applications
as crosslinking agents in the silicone industry and, in general,
in the polymer industry.> In this regard, the hydrosilylation of
terminal alkynes is the most direct, powerful and atom-econ-
omical route for the preparation of vinylsilanes.? Since the first
example of metal-catalyzed hydrosilylation of terminal alkynes
described by Sommer et al. in the mid-1940s,* this has been
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and more abundant, cheaper and harmless metals, have been
developed.’ However, in spite of their great projection at the
industrial level, most metal catalysts present the disadvantages
derived from the formation of isomers, which implies lower
selectivity and yield, and consequently, lower quality of the
final products.

The hydrosilylation of terminal alkynes can give rise to
three possible vinylsilane isomers: the isomers p-(Z) and f-(E)
derived from anti-Markovnikov addition, ¢rans and syn
addition, respectively, and the isomer o derived from
Markovnikov addition (Scheme 1). In addition, in some cases,
the dehydrogenative silylation products, the silyl-alkyne deriva-

R————H
R hydrosilylation H H R H R H
—_— )= + )= + —
HSIR'; R SiR3 H SRy R3S H
B-(2) B-(E) a

Scheme 1 Possible vinylsilane products in the hydrosilylation of term-
inal alkynes.

Dalton Trans., 2023, 52, 1503-11517 | 11503


http://rsc.li/dalton
http://orcid.org/0000-0002-0545-9107
http://orcid.org/0000-0002-3327-0918
https://doi.org/10.1039/d3dt01911j
https://doi.org/10.1039/d3dt01911j
https://doi.org/10.1039/d3dt01911j
http://crossmark.crossref.org/dialog/?doi=10.1039/d3dt01911j&domain=pdf&date_stamp=2023-08-18
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3dt01911j
https://pubs.rsc.org/en/journals/journal/DT
https://pubs.rsc.org/en/journals/journal/DT?issueid=DT052033

Open Access Article. Published on 28 July 2023. Downloaded on 4/10/2025 10:39:50 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

tive and the alkene resulting from the reduction of the alkyne,
are obtained as by-products.® In general, the selectivity
depends on several factors including the catalyst, the substitu-
ents on the hydrosilane and alkyne, and the reaction con-
ditions. Therefore, the design of new ligands to modulate the
electronic and steric properties of the metal centre is key to
achieve selective and efficient catalysts for the large-scale appli-
cation of this methodology.

Transition-metal complexes containing N-heterocyclic car-
benes (NHCs) have been powerful tools in catalysis for the past
20 years,” with a wide range of applications illustrating the ver-
satility of this type of compounds. In this regard, there has
been significant interest in the design of NHC-based alkyne
hydrosilylation catalysts that include noble® and, more
recently, non-noble transition metals® with the aim of develop-
ing active catalysts to control both regioselectivity and stereo-
selectivity. Despite the high price, the high activity and stabi-
lity of rhodium, iridium and platinum based catalysts have
stimulated research in this field. In this context, it is worth
mentioning the excellent performance of NHC-Pt(0) catalysts
developed by Marko, that preferentially afford the f-(E)-vinylsi-
lane isomer in the hydrosilylation of terminal alkynes.'
Interestingly, a selectivity model based on structural para-
meters of the NHC ligand has been devised to rationalize the
regioselectivity."®'" In contrast, NHC-Rh(i) and Ir(1) catalysts
have shown high activities but with variable selectivity, in
some cases due to their ability to perform the isomerization of
the less thermodynamically stable p-(Z) isomer into the B-(E)-
vinylsilane isomer.*'*> A preference for the p-(Z)-vinylsilane
isomer was found for coumarin-"* and alkenyl-functionalized*
NHC-Ir(1) catalysts. Similarly, rhodium(i) catalysts based on
triazolylidene ligands exhibited good selectivity for the p-(2)
vinylsilane isomer with the related cyclometalated Cp*-Rh(im)
catalysts being even much more active and selective."
However, B-(E) selectivity was observed in the hydrosilylation of
aromatic alkynes with a 3-(trimethoxysilyl)propyl-functiona-
lized NHC-Rh(1) catalyst, whereas related NHC-Cp*Rh(m) cata-
lysts showed excellent p-(Z) selectivity. Interestingly, a selecti-
vity shift towards p-(Z) was observed after immobilization of
the NHC-Rh(1) catalyst on mesoporous SBA-15.°

Rhodium(1) complexes bearing N-functionalized NHC
ligands have received considerable attention as hydrosilylation
catalysts (Fig. 1). Our research group described amino-alkyl-
functionalized NHC-Rh(1) catalysts that proved to be f-(2Z)
selective in 1-hexyne hydrosilylation but B-(E) selective in the
hydrosilylation of sterically hindered alkynes. In addition, $-(Z)
— B-(E) vinylsilane isomerization was observed at prolonged
reaction times, along with extensive polymerization of phenyl-
acetylene."”” Cassani and Mazzoni also observed p-(2) — B-(E)
isomerization for neutral Rh(1) complexes containing a BOC-
protected amino-alkyl-functionalized NHC ligand, but phenyl-
acetylene polymerization was not observed. Although a slight
increase in activity was observed due to the presence of the
bulky hemilabile group, steric hindrance on the substituent in
the NHC ligand or alkyne substrates affected conversion and
selectivity very negatively.'® The catalytic activity of 2-picolyl-
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Fig. 1 Rhodium() catalysts based on 2-pyridylmethyl-functionalized
N-heterocyclic carbene ligands for the hydrosilylation of terminal
alkynes.

functionalized NHC-Rh(1) catalyst in alkyne hydrosilylation
was studied by Peris'® and, recently, by Salazar and Suérez."
Peris’ catalyst afforded a mixture of p-(Z)/B-(E) vinylsilane
isomers in the hydrosilylation of phenylacetylene with
HSiMe,Ph at high temperature (60 °C), although p-(2) selecti-
vity was improved at room temperature.'” Salazar and Suarez
reported a series of cationic picolyl-functionalized NHC-Rh()
catalyst precursors having different substituent at the 6-posi-
tion of the pyridine donor. These compounds efficiently cata-
lyzed the hydrosilylation of terminal alkynes with excellent
B-(E) selectivity. The increase of the steric hindrance in the
picolyl fragment resulted in a very efficient catalyst with
improved selectivity for the p-(E)-vinylsilane isomer in the
hydrosilylation of a variety of alkynes with both electron-rich
and electron-poor hydrosilanes.'® Aiming at studying the effect
of ligand rigidity, Bera and co-workers have recently reported a
Rh(1) complex with a NHC ligand based on fused n-conjugated
imidazo[1,5-aJnaphthyridine bearing a bulky diisopropyl-
phenyl substituent on the imidazole ring (Fig. 1). This com-
pound has been shown to be an excellent catalyst precursor for
accessing f-(E)-vinylsilanes in the hydrosilylation of a range of
terminal alkynes with the hydrosilanes Et;SiH and
(Et0),SiH.>°

Inspired by these results, we envisaged the potential of Rh
(1) complexes based on a lutidine-derived polydentate ligand
having NHC and methoxy side-donor functions as hydrosilyl-
ation catalysts. The incorporation of a flexible methoxy-methyl
functionality, -CH,OMe, at the 6-position of the pyridine
donor moiety, in close proximity to the rhodium centre, might
have an impact on the outcome of the hydrosilylation reac-
tions. The potential hemilabile character of this donor func-
tion could enable the stabilization of coordinately unsaturated
or polar catalytic intermediates, or the promotion of directing
effects with substrates.>! In this connection, it is worth noting

This journal is © The Royal Society of Chemistry 2023
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that improved catalytic performance in transfer hydrogenation
and hydrogen autotransfer reactions has been observed for
iridium catalysts based on methoxy-functionalized NHC
ligands.>” Herein we report on the synthesis of neutral and cat-
ionic rhodium(r) diene and carbonyl complexes based on this
N,O-functionalized NHC ligand (Fig. 1) and their remarkable
B-(2) selectivity in catalyzed hydrosilylation of terminal alkynes
under mild conditions.

Results and discussion

Synthesis and structure of rhodium(r) diene complexes with an
N,O-functionalized NHC ligand

The direct deprotonation of the methoxy-functionalized luti-
dine-derived imidazolium salt [‘BuHImCH,PyCH,0OMe]Br (1)
by the bridging methoxo ligands of the dinuclear complex [Rh
(n-OMe)(cod)], gave the square planar neutral bromo complex
[RhBr(cod)(xC-‘BulmCH,PyCH,0Me)] (2) which was isolated as
a yellow solid in 96% yield (Scheme 2). Compound 2 is soluble
in both polar and non-polar solvents and, in agreement with
its neutral character, is non-conductor in acetone. The for-
mation of the Rh-NHC bond was confirmed by the presence of
a low-field doublet resonance at § 182.3 ppm (Jrn-c = 50.1 Hz)
in the "*C{"H} NMR spectrum which was assigned to the C2
carbene carbon atom of the imidazole ring (NCN)."” The =CH
protons and carbons of the cod ligand showed four resonances
in the spectra, which is in accordance with the axial chirality
arising from restricted rotation around the Rh-NHC bond. The
=CH trans to the NHC moiety were observed more unshielded
both in the 'H and *C{"H} NMR spectra, with smaller Jpp, ¢
coupling constants, compared to the =CH trans to
bromido."*** The diastereotopic protons of the methylene
linker Im-CH,-Py were observed as two well-separated doub-
lets at § 6.91 and 5.99 ppm (Juu = 14.7 Hz). However, the
methylene protons of Py-CH,-OMe showed an AB system with
very close chemical shifts, which is attributed to the confor-
mational freedom of this uncoordinated fragment.>*

Reaction of 2 with one equivalent of AgPF, in dichloro-
methane resulted in the precipitation of AgBr and the for-
mation of a yellow solution of the cationic complex [Rh(cod)
(x*C,N-BulmCH,PyCH,0Me)]PF, (3), which was isolated as a
yellow microcrystalline solid in 96% yield (Scheme 2). The
abstraction of the bromido ligand allows the generation of a
coordination vacancy which is occupied by the pyridine frag-
ment of the functionalized NHC ligand thus adopting a k*C,N
coordination (see below). The high-resolution ESI' mass spec-
trum, that shows the molecular ion at 470.1673 m/z, and the
conductivity of 78 Q™' em® mol™" measured in nitromethane,
a typical value for 1:1 electrolytes, support the cationic formu-
lation of 2. The coordination of the pyridine fragment in 3 is
evidenced in the "H NMR spectrum by the high field shift of
the resonances ascribed to the diastereotopic protons of the
methylene linker Im-CH,-Py.

The molecular structure of compounds
(xC-"BuImCH,PyCH,0OMe)] (2) and

[RhBr(cod)
[Rh(cod)(x*C,

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

/

o
NAKI/%
\—/ 1

1/2 [Rh(n-OMe)(cod)],

- MeOH
_| PFes
@
~ Br,, AgPFs N
Rh =8, Rh
N\\( \‘ - AgBr \N/ \,
<\/N 4 >
N= (0]
\Q\Z O— 3
co(g) l cod Co(g)l‘ cod

Br _| PFs
NW;Rh\ (/N\JN ©

o RS
\ 4 F
5 O— 4
Colvacuum
/)N
NI _cO
Rh\
\N/ Br
| =
o— 8

Scheme 2 Synthetic pathway for the preparation of rhodium() com-
plexes bearing a lutidine-based NHC/OMe functionalized ligand.

N-‘BulmCH,PyCH,OMe)]PF; (3) were determined by an X-ray
diffraction analysis. The molecular structure of 2 (Fig. 2 - top)
shows a distorted square planar geometry of the metal centre
with a cis arrangement of the NHC and bromido ligands [C1-
Rh1-Brl 86.48(6)°, Rh1-C1 2.042(2) A, Rh1-Br1 2.5156(3) A]
and with the cod ligand occupying the two remaining cis posi-
tions [ct1-Rh1-ct2 87.387(10)°]. Reasonably as a consequence
of the higher trans influence of the NHC ligand when com-
pared to the bromido ligand, the Rhi-ct1 distance [2.0783(2)
A] is longer than the Rhil-ct2 distance [1.9924(2) Al.
Accordingly, the C20-C21 bond length [1.376(4) A] is shorter
than the C24-C25 bond length [1.410(3) A] confirming a
higher degree of n-backdonation to the olefin bond C24-C25
when compared with C20-C21. The NHC ring lies almost per-
pendicular to the coordination plane [N2-C1-Rh1-Brl —93.24
(21)°], which corresponds to the least hindered disposition,
and exhibits a slightly distorted arrangement with respect to
the Rh1-C1 bond (pitch, 6 2.3°; yaw, y 4.7°).

Dalton Trans., 2023, 52, 1503-11517 | 11505
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Fig. 2 ORTEP view of 2 (top) and 3 (bottom). Thermal ellipsoids are at
50% probability. For the sake of clarity, hydrogen atoms are omitted and
only the cation is shown for 3. Selected bond lengths (A) and angles (°) are:
2, C1-Rh1 2.042(2), Br1-Rh1 2.5156(3), ct1-Rh1 2.0783(2), ct2—Rh1 1.9924
(2), C20-C21 1.376(4), C24-C25 1.410(3), C1-Rh1-Brl 86.48(6), C1-Rh1-
ctl 178.09(6), ct2—Rh1-ctl 87.387(10), ct2—Rh1-C1 93.74(6), ct2—Rh1-Brl
169.639(10), ctl-Rh1-Brl 92.682(11); 3, C1-Rhl 2.0618(19), N12-Rhl
2.1331(17), Rhl-ct2 2.0215(2), Rhl-ctl 2.0989(2), C20-C21 1.366(3), C24—
C25 1.379(3), C1-Rh1-N12 81.23(7), C1-Rhl-ctl 163.20(5), ct2—-Rh1-C1
95.52(5), ctl-Rh1-N12 93.37(4), ct2—Rh1-N12 168.02(5), ct2—Rhl-ctl
86.488(10). ctl and ct2 are the centroids of the olefinic bonds.

Fig. 2 — bottom shows the molecular structure of 3. A dis-
torted square planar coordination of the metal centre is
observed with the cod ligand occupying two mutually cis posi-
tions [ct2-Rhi-ctl 86.488(10)°] and the k’C,N coordinated
ligand at the remaining coordination sites [C1-Rh1 2.0618(19)
A, N12-Rh1 2.1331(17) A, C1-Rh1-N12 81.23(7)°]. The biden-
tate coordination of the functionalized NHC ligand renders
the six-member metalacycle Rh1-C1-N5-C10-C11-N12 exhi-
biting a boat conformation with the atoms Rh1 and C10 occu-
pying the out-of-plane positions.

Notably, as a consequence of the bidentate coordination of
the functionalized NHC ligand, the NHC moiety tilts away
from the almost perpendicular arrangement with respect to
the coordination plan [N5-C1-Rh1-N12 54.43(14)°]. By the
same token, the pyridine core also deviates from the least hin-
dered perpendicular arrangement with respect to the coordi-
nation plane [C11-N12-Rh1-C1 —59.87(15)°]. Also, the NHC
moiety significantly deviates from the ideal arrangement with
respect to the bond Rhi1-C1 (pitch, 6 3.1° yaw, y 15.6°)
whereas a smaller deviation of the pyridine core is observed
with respect to the bond Rh1-N12 (pitch, 6 6.8°; yaw, y 5.6°).
Finally, it is worth a mention that similar Rhi-ct1 [2.0989(2)
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A] and Rh1-ct2 distances [2.0215(2) A] along with similar C20-
C21 [1.366(3) A] and C24-C25 bond lengths [1.379(3) A]
suggest that the trans influence of the pyridine and NHC moi-
eties are similar in 3.

Carbonylation of rhodium(i) diene complexes 2 and 3

The 1,5-cyclooctadiene ligand in complexes [RhBr(cod)
(xC-"BulmCH,PyCH,OMe)] 2) and [Rh(cod)(x*C,
N-‘BulmCH,PyCH,0Me)]PF, (3) is readily displaced by carbon
monoxide. Bubbling of carbon monoxide through a dichloro-
methane solution of the cationic complex 3 for 5 min at room
temperature afforded a pale yellow solution from which com-
pound [Rh(CO),(x*C,N-BulmCH,PyCH,OMe)]PF, (4) was iso-
lated as a yellow solid in 78% yield (Scheme 2). The ATR-IR
spectrum of 4 showed two strong v(CO) stretching bands at
2081 and 2008 cm™" which agrees with the presence of two car-
bonyl ligands in cis-arrangement.”*** The low-field region of
the "*C{"H} NMR spectrum showed three doublets, two of
them at 6 185.5 (Jrh-c = 74.0 Hz, COyupnspy) and 184.6 ppm
(Jrn-c = 55.9 Hz, COuunsnuc) correspond to the carbonyl
ligands, and the third one at § 168.9 ppm (Jrn_c = 43.7 Hz) is
assigned to the NCN carbenic carbon atom. In agreement with
the unsymmetrical structure of 4, resulting from the x*C,N
coordination of the ligand, the protons of both methylene
linkers are diastereotopic and, consequently, were observed as
two AB systems centered at § 5.75 (Im-CH,-Py) and 4.67 (Py—
CH,-OMe) ppm.*?

Carbonylation of the neutral compound [RhBr(cod)
(kC-"BulmCH,PyCH,OMe)] (2) in dichloromethane for 5 min at
room temperature also gave a pale-yellow solution. However,
standard work up resulted in a mixture of complexes [RhBr
(CO),(xC-"BulmCH,PyCH,0Me)] (5) and [RhBr(CO)(x’C,
N-‘BulmCH,PyCH,0Me)] (6). The neutral cis-dicarbonyl
complex 5 is the expected compound resulting from the substi-
tution of the cod ligand by two carbonyl ligands. However, the
formation of 6 is a consequence of the elimination of a CO
ligand in 5 under vacuum, and the coordination of the pyri-
dine fragment of the ligand (Scheme 2). Compounds 5 and 6
were prepared independently using different synthetic strat-
egies. Bubbling CO(g) through a solution of 2 in dichloro-
methane until complete evaporation of the solvent gave 5,
which was isolated under a carbon monoxide atmosphere as a
yellow solid in 94% yield. On the other hand, if after bubbling
CO(g) for 5 min the solution is evaporated to dryness under
vacuum, compound 6 can be extracted from the resulting oily
residue by successive washing with diethyl ether and isolated
as a yellow solid in 49% yield. Accordingly, the solid residue
obtained after extraction of 6 was identified as compound 5.

The ATR-IR spectrum of 5 showed two strong v(CO) stretch-
ing bands at 2066 and 1988 cm ™', with a Avgo of 78 em™ in
agreement with a cis di-carbonyl compound, while a single
strong band at 1963 cm ™" was observed in the spectrum of 6.
The "C{"H} NMR spectrum of 5 showed two doublet reso-
nances at § 186.1 (Jrn_c = 54.1 Hz) and 182.4 (Jrn_c = 77.8 Hz)
ppm assigned to the carbonyl ligands trans to NHC and Br,
respectively."> As expected, a single resonance at § 191.2 ppm

This journal is © The Royal Society of Chemistry 2023
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(Jrh-c = 34.6 Hz) was observed for 6. The "H NMR spectrum of
5 evidenced that, despite the presence of much less bulky car-
bonyl ligands, the rotation around the Rh-C bond is restricted.
The methylene linker Im-CH,-Py were observed as an AB
system in 5 and two doublets in 6. However, the methylene
protons of Py-CH,-OMe were observed as a singlet in 5 and as
two doublets in 6 which agree with the conformational
freedom of the uncoordinated Py-CH,-OMe fragment in 5 and
the conformational restriction imposed by the coordination of
the pyridine moiety in 6 (see Fig. S22 of the ESIf).

The molecular structure of [RhBr(CO)(x*C,
N-‘BulmCH,PyCH,0Me)] (6), determined by means of an X-ray
diffraction study on a single crystal of 6, confirms the for-
mation of the SP-4-4 isomer having the carbonyl ligand trans
to pyridine (Fig. 3). A distorted square planar geometry is
observed at the metal centre in 6. The k*C,N coordinated
ligand occupies two mutually cis position [C1-Rh1 1.988(3) A,
N12-Rh1 2.165(3) A, C1-Rh1-N12 83.17(11)°] and the bromido
and carbonyl ligands lie at the remaining cis coordination
sites [N12-Rh1 2.165(3) A, Br1-Rh1 2.5162(4) A, C20-Rh1-Br1
89.94(10)°], with the bromido ligand trans to the carbenic
carbon atom C1 [C1-Rh1-Br1 176.31(9)°]. Similar to 3, a boat
conformation of the six-member cycle Rh1-C1-N5-C10-C11-
N12 is observed in 6 with the atoms Rh1 and C10 at the out-of-
plane positions. Also, both the NHC and pyridine cores deviate
from the least hindered disposition perpendicular to the
coordination plane [C1-N12-Rh1-C1 -57.97(24)°; N5-C1-
Rh1-N12 47.53(24)°]. Nonetheless, it is worth a mention that
when comparing 6 with 3, even if similar pitch and yaw angles
are observed for the NHC moieties (3: pitch, 6 3.1°; yaw, y
15.6% 6: pitch, 6 3.5° yaw, y 11.1°), and the pyridine cores
feature similar yaw angles (3: yaw, y 5.6°; 6: yaw, y 5.2°), sub-
stantially different pitch angles are observed for the pyridine
moieties (3: pitch, 6 6.8% 6: pitch, 6 12.5°) reasonably
suggesting that a subtle electronic influence of the ancillary
ligands is exerted on the coordination of the pyridine moiety.
Interestingly, related halo-carbonyl complexes featuring k*C,N
bidentate oxazolinyl- and benzoxazole-functionalized NHC

Fig. 3 ORTEP view of 6. Thermal ellipsoids are at 50% probability and
hydrogen atoms are omitted for clarity. Selected bond lengths (A) and
angles (°) are: C1-Rh1 1.988(3), N12—-Rh1 2.165(3), Br1-Rh1 2.5162(4),
C20-Rh1 1.814(3), C20-021 1.140(4), C1-Rh1-N12 83.17(11), C20-
Rh1-N12 168.08(12), C1-Rh1-Br1 176.31(9), C20-Rh1-Brl 89.94(10).

This journal is © The Royal Society of Chemistry 2023
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ligands also exhibited the halogenido ligand trans to the NHC
moiety.>¢

Hydrosilylation of 1-hexyne catalyzed by rhodium(i) complexes:
catalyst screening

The potential of the rhodium(i) compounds based on the N,O-
functionalized NHC ligand shown in Scheme 2 as hydrosilyl-
ation catalysts has been investigated using the hydrosilylation
of 1-hexyne with HSiMe,Ph as the model reaction. The catalytic
reactions were performed under an argon atmosphere in
CDCl; (0.5 mL) at 333 K with 1 mol% catalyst loading, [cata-
lyst] = 2.2 mM, and routinely monitored by "H NMR until prac-
tically quantitative conversions. The outcome of these prelimi-
nary experiments is summarized in Table 1.

Rhodium compounds 2-6 were found to be selective to the
p-(2)-vinylsilane isomer (62-90%). The neutral complexes were
more selective for the p-(Z)-vinylsilane isomer than the cationic
counterparts.  For  instance, compound [RhBr(cod)
(kC-‘BulmCH,PyCH,0Me)] (2) yielded 79% of the p-(Z)-vinylsi-
lane isomer (entry 2) whereas 57% of this isomer was obtained
with the cationic analogue [Rh(cod)(x*C,
N-‘BulmCH,PyCH,OMe)]PF, (3) (entry 3). The same trend was
observed when comparing the cationic [Rh(CO),(x*C,
N-‘BulmCH,PyCH,0Me)]JPF, (4) and the neutral [RhBr
(CO),(xC-"BulmCH,PyCH,0Me)] (5) carbonyl complexes, which
afforded selectivities of 62% and 89% to the p-(Z)-vinylsilane
isomer, respectively (entries 4 and 5). When comparing the
selectivity for the §-(Z)-vinylsilane isomer achieved with related
diene and carbonyl compounds, the neutral carbonyl complex
5 was more selective than the diene complex 2, 89 vs. 79%,
respectively (entries 2 and 5). However, similar selectivities of
around 60% were attained with both the cationic diene 2 and
carbonyl complexes 3 and 4 (entries 3 and 4). From the activity
point of view, the neutral diene complex 2 and the cationic car-
bonyl complex 4 proved to be the most active, with complete
conversion in 35 min (entries 2 and 4). To our delight, the
unusual complex [RhBr(CO)(x*C,N-BulmCH,PyCH,OMe)] (6)
showed the best catalytic performance, both in terms of
activity and selectivity, providing complete conversion with
90% selectivity for the p-(Z)-vinylsilane isomer in 30 min (entry
6). Finally, for the sake of comparison, the diene iridium(r)
compound, [IrBr(cod)(xC-"BulmCH,PyCH,OMe)] (7),>* was
found to be much less active than the related rhodium
complex 2, affording the p-(Z)-vinylsilane product with moder-
ate selectivity (entry 7). The catalytic performance of 6 was
evaluated at 0.1 mol% catalyst loading, giving 99% conversion
after 8 h with a 85% selectivity for the p-(Z)-vinylsilane
product.

It is worth noting that the p-(Z) selectivity observed in the
hydrosilylation of 1-hexyne with HSiMe,Ph with rhodium(i)
catalysts 2-6 contrasts with that observed by Salazar and Bera
with related cationic diene compounds based on NHC-Py"® or
NHC-naphthyridine®® bidentate ligands with very bulky substi-
tuents on the NHC fragment, as both showed excellent $-(E)
selectivities in the hydrosilylation of a number of terminal
alkynes.
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Table 1 Hydrosilylation of 1-hexyne with HSiMe,Ph catalyzed by Rh()—~NHC—-Py—OMe compounds?

H CiHg H H CqHo
- 1 mol% [cat] — — __
C4Hg——=—H + HSIMerPh ——> + +
CDCl3, 333K c,Hg  SiMe,Ph  H SiMe,Ph  H SiMe,Ph
B-(2) B-(E) o
Selectivity” (%)
Catalyst Time Conversion” (%) B-(2) B-(E) o
1 No catalyst 3h 0 — — —
2 Br i 2 35 min 100 79 16 5
N
N AN
© /
N Ne. o
ol
3 N T PR 3 2h 98 57 33 10
/N
N) {
Rh/
e
>
4 N s 4 30 min 97 62 29 9
o e
) ¢
N /
Rh
L oo
[~
O0—
5 Br c© 5 75 min 100 89 7 4
>< Sril
N N
\) © a
N N0
\_/
6 e 6 30 min 100 90 6 4
/N
NA\Rh/Co
if“{ e
[
O—
7 N 7 70 h 100 65 22 12
N Ir\
aC
N
N= O
\_/

“Reaction conditions: 1-hexyne (0.11 mmol), HSiMe,Ph (0.11 mmol) and catalyst (0.0011 mmol, 1.0 mol%), in CDCl; (0.5 mL) at 333 K.
[HSiMe,Ph] = [1-hexyne] ~ 0.22 M. ” Conversion, based on HSiMe,Ph, and selectivity determined by "H NMR using anisole as internal standard.

Hydrosilylation of alkynes catalyzed by [Rh(CO),(k>C,
N-‘BulmCH,PyCH,0Me)]PF; (6): substrate scope

The catalytic performance of compound 6 prompted us to
explore the substrate scope in the hydrosilylation of 1-alkynes
using different hydrosilanes under the reaction conditions
described before (Table 2).

The hydrosilylation of linear aliphatic 1-alkynes, such as
1-hexyne and 1-octyne, was completed in 30 and 20 min,
respectively, with selectivities to p-(Z)-vinylsilane around 90%
(entries 1 and 2). In contrast, the hydrosilylation of a branched
aliphatic alkyne, such as the bulky 3,3-dimethyl-1-butyne, was
much slower, reaching 92% conversion in 6 h to give a mixture
of B-(E)- and a-vinylsilane products (entries 3 and 4). Similarly,
hydrosilylation of ester-functionalized alkynes, such as methyl

1508 | Dalton Trans., 2023, 52, 11503-11517

propiolate, was unselective and gave the f-(2)- and
a-vinylsilane products, 44 and 47%, respectively, along with
13% methyl acrylate, the hydrogenation product, after 3 h
(entry 5).

The hydrosilylation of phenylacetylene with HSiMe,Ph was
completed in 3 h and provided a 67% p-(2) selectivity (entry 6).
Interestingly, the formation of polyphenylacetylene was not
observed. In sharp contrast, the neutral diene catalyst [RhBr
(cod)(x-C-"BulmCH,PyCH,OMe)] (2) quantitatively polymerized
phenylacetylene in 30 min under the same reaction con-
ditions, in agreement with what was observed with previously
reported Rh(i)-diolefin catalysts.>” The influence of electronic
effects on the hydrosilylation of terminal alkynes was studied
in a series of phenylacetylene derivatives with different substi-

tuents at the para position. The hydrosilylation of 4-ethynylani-

This journal is © The Royal Society of Chemistry 2023
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Table 2 Hydrosilylation of terminal alkynes with HSiMe,Ph catalyzed by [RhBr(CO)(xC,N-‘BulmCH,PyCH,OMe)] (6)?
H R H H R
- 6 (1 mol%) — —
R—=——H + HSiMe,ph —————> + +
CDCl3, 333K R SiMe,Ph  H SiMe,Ph  H SiMe,Ph
B-(2) B-(E) o
Selectivity” (%)
Silane Alkyne Time Conversion” (%) B-(2) B-(E) o
1 HSiMe,Ph /\/\\ 30 min 100 90 6 4
AN
2 HSiMe,Ph 20 min 100 88 6 6
X
3 HSiMe,Ph 30 min 28 2 67 31
4 — 6h 92 5 55 40
5¢ HSiMe,Ph O— 3h 100 — 44 47
e}
6 HSiMe,Ph ( ) L 3h 100 67 21 12
7 HSiMe,Ph ( > _ 1 h 15 min 91 68 24 8
o) =
/
84 HSiMe,Ph < > _ 5h 95 57 26 17
F3C ——
9 HSiMe,Ph Vi r\{ 24 h 23 43 49 8
10 HSiMe,Ph S 6h 96 77 15 8
A
11 HSiMePh, /\/\\ 30 min 95 100 — —
AN
12 HSiPh, /\/\ 24h 87 100 — —
X
13 HSiEt; /\/\\ 1 h 30 min 97 89 6 5
A
14 HSiMe,Et /\/\\ 30 min 98 89 7 4
A
15 HSiMePh, ; _ 24h 100 8 40 52
16 HSiMePh, ( ) . 24h 59 29 43 28
17 HSiMePh, ( > _ 24 h 59 22 51 27
FsC =
18 HSiMePh, 24 h 100 42 39 19

5?

“Reaction conditions: alkyne (0.11 mmol), HSiR; (0.11 mmol) and 6 (0.0011 mmol, 1.0 mol%), in CDCl; (0.5 mL) at 333 K. [HSiR;] = [1-alkyne] ~

0.22 M. ¥ Conversion, based on HSiR;, and selectivity determined by 'H NMR using anisole as internal standard. ° 9% of methyl acrylate.

of 1-trifluoromethyl-4-vinylbenzene were observed.

sole is faster than that of phenylacetylene, reaching 91% of
conversion in 75 min with similar selectivity (entry 7).
However, the hydrosilylation of 1-ethynyl-4-(trifluoromethyl)
benzene was slower, requiring 5 h to reach 95% conversion,
with a decrease of p-(Z) selectivity to 57% (entry 8). The differ-
ence of activity observed for the hydrosilylation of 4-R-C¢H,—
C=CH derivatives (R = H, MeO and CF;) with HSiMe,Ph is in
agreement with the negative slope of the Hammett plot (p =
—0.37 for TOFs5; see ESIf). As a matter of fact, the activity
slightly increases with the alkyne with an electron-donating
group and decreases when an electron-withdrawing substitu-

This journal is © The Royal Society of Chemistry 2023

4 Traces

ent is present, taking phenylacetylene as the benchmark.
Thus, it can be argued that a positive charge accumulation is
occurring in the transition state and, consequently, a rate
increase by electron donating groups is observed due to reso-
nance stabilization. It should be noted that a similar behavior
has also been observed for related triazolylidene-based
rhodium and iridium catalysts.'*>*®

The hydrosilylation of 2-ethynylpyridine, an alkyne functio-
nalized with a =-electron-deficient heterocycle, had a poor
outcome as only 23% conversion was achieved in 24 h (entry
9), probably due to the coordinative ability of the pyridine frag-
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ment which competes with the triple bond. Finally, the benzyl
alkyne 3-phenyl-1-propyne was much more reactive reaching a
96% conversion in 7 h with 77% selectivity to the -(Z)-vinylsi-
lane isomer (entry 10).

The influence of the hydrosilane on the 6-catalyzed hydro-
silylation of 1-hexyne has also been studied. For this purpose,
hydrosilanes with different steric hindrance such as
HSiMePh,, HSiPh;, HSiEt; and HSiMe,Et have been used
(Table 2, entries 11-14). The hydrosilylation of 1-hexyne with
HSiMePh, and HSiPh; selectively produced the -(Z)-vinylsi-
lane isomer. However, the catalytic activity is largely influ-
enced by the steric demand of the hydrosilane. Thus, 95% con-
version was achieved with HSiMePh, in only 30 min, although
in the case of the bulkier HSiPhj; it took 24 h to reach 87% of
conversion (entries 11 and 12). On the other hand, less bulky
hydrosilanes, such as HSiEt; and HSiMe,Et, were much more
reactive affording conversions higher than 95% in 1.5 and
0.5 h, respectively, with 89% selectivity for the p-(Z)-vinylsilane
isomer (entries 13 and 14). The excellent catalytic performance
of catalyst 6 in the hydrosilylation of 1-hexyne with HSiMePh,
prompted us to study its reactivity with other terminal alkynes.
Hydrosilylation of 3,3-dimethyl-1-butyne with HSiMePh, pro-
ceeded slowly, with complete conversion in 24 h, to give a
mixture of isomers in which a-vinylsilane (52%) was the major
product (entry 15). Unfortunately, also the hydrosilylation of
aromatic alkynes with HSiMePh, was not selective regardless
of the electronic character of the para substituent, although
the same reactivity trend as found for HSiMe,Ph was observed
(entries 16-18).

Finally, 6 is a good catalyst for the hydrosilylation of sym-
metric (diphenylacetylene) and asymmetric (1-phenyl-1-
propyne) internal alkynes under the same conditions (Table 3,
entries 1-4). The hydrosilylation of diphenylacetylene with
HSiMe,Ph was completely selective to the syn addition
product, E isomer, reaching 94% conversion in 2 h (entry 2).

View Article Online
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However, the hydrosilylation of 1-phenyl-1-propyne was slower,
95% conversion in 5 h, to afford roughly an equimolar mixture
of the two possible syn-addition reaction products, syn-(E) and

syn-(Z) (entry 4).
Kinetics studies of the terminal alkyne hydrosilylation reaction

The hydrosilylation of 1-hexyne with HSiMe,Ph catalyzed by
[RhBr(CO)(x*C,N-‘BulmCH,PyCH,0Me)] (6) proceeded slowly
at room temperature but was completed in only 30 min at
333 K (entry 1, Table 1). The reaction was monitored by 'H
NMR, using anisole as an internal standard, and the reaction
profile showing the evolution of the concentrations of
1-hexyne and of the three vinylsilane isomers (%mol) over
time is shown in Fig. 4a. The consumption of 1-hexyne is fol-
lowed by the gradual formation of the p-(Z)-vinylsilane isomer.
Although a steady increase in the amount of p-(E)- and
a-vinylsilane isomers was also observed, the selectivity for the
p-(2)-vinylsilane isomer remained approximately constant over
the course of the reaction. The "H NMR spectra did not show
the presence of 1-hexene and a GC-MS analysis of an aliquot of
the reaction mixture showed only three peaks at m/z ratio of
218 corresponding to the three vinylsilane isomers, excluding
the formation of the dehydrogenative silylation products.

The selectivity in the hydrosilylation of terminal alkynes is
influenced by ability of the catalyst to promote isomerization
reactions once the reactants have been completely consumed.
Thus, both the transformation of the p-(Z)-vinylsilane isomer
into the more thermodynamically stable f-(E) isomer, and the
formation of allyl-silyl derivatives in the case of aliphatic
alkynes have been previously described in the
literature."**'%2° The evolution of the p-(2)/p-(E) ratio in
different hydrosilylation reactions catalyzed by 6 is shown in
Fig. 4b. The p-(Z) — p-(E) vinylsilane isomerization was slow in
the case of 1-hexyne hydrosilylation with HSiMe,Ph, as the
B-(2)/p-(E) ratio of 15.0 observed at the end of the reaction

Table 3 Hydrosilylation of diphenylacetylene and 1-phenyl-1-propyne with HSiMe,Ph catalyzed by [RhBr(CO)(k?C,N-‘BulmCH,PyCH,OMe)] (6)*

Selectivity” (%)

Ph H Ph Ph
b Si Ph Si H
Silane Alkyne Time Conversion” (%) 4 E
1 HSiMe,Ph Ph—=—=—"P"Ph 20 min 49 0 100
2 2h 94 0 100
Selectivity” (%)
'V'e: zph Ph,  Me
s’ H s _H
Silane Alkyne Time Conversion” (%) syn-(E) syn-(2)
3 HSiMe,Ph Ph———— 50 min 26 42 58
4 5h 95 46 54

“Reaction conditions: alkyne (0.11 mmol), HSiMe,Ph (0.11 mmol) and 6 (0.0011 mmol, 1.0 mol%), in CDCI, (0.5 mL) at 333 K. ” Conversion,
based on HSiMe,Ph and selectivity determined by "H-NMR using anisole as internal standard.

NM510 | Dalton Trans., 2023, 52, 11503-11517

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3dt01911j

Open Access Article. Published on 28 July 2023. Downloaded on 4/10/2025 10:39:50 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Dalton Transactions

a) 100+
80+
6 60 9
% —e— % 1-hexyne
S~ 40- - % pB-(2)
—— % B-(B)
% a
201
0 T T L) v
0 10 20 30 40
Time (min)
b) 1-hexyne/HSiMe,Ph
15de== - 1-hexyne/HSiEt;
—&—  phenylacetylene/HSiMe,Ph

B-(2)IB-(E)

) ——

0 5 10 15 20
Time (h)

Fig. 4 (a) Reaction profile for the hydrosilylation of 1-hexyne with
HSiMe,Ph monitored by *H NMR. (b) Evolution of the p-(2)/p-(E) ratio for
the hydrosilylation of various alkynes and silanes catalyzed by 6.
Reaction conditions: hydrosilane (0.11 mmol), alkyne (0.11 mmol) and 6
(1 mol%) in CDClz (0.5 mL) at 333 K.

(30 min) decreased to 14.4 after 2.5 h and to 10.9 after 24 h.
The isomerization rate was higher in the case of the hydrosilyl-
ation of 1-hexyne with HSiEt;. The ratio p-(2)/p-(E) at the end of
the reaction (1.5 h) was 14.8 but it decreased to 9.1 after 3 h
and evolved less markedly to 6.3 after 24 h. Finally, the p-(Z) —»
B-(E) isomerization was particularly significant in the case of
the hydrosilylation of phenylacetylene with HSiMe,Ph. The
ratio p-(Z)/p-(E) of 3.1 at the end of the reaction (3 h) decreased
to 0.5 after 24 h (see ESIt). The moderate p-(Z) selectivity of
67% for the f-(Z)-vinylsilane isomer achieved in the phenyl-
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acetylene hydrosilylation is not a consequence of the p-(Z) -
B-(E) isomerization along the reaction, since the same selecti-
vity was obtained after 0.5 h and 1 h with conversions of 57
and 73%, respectively.

The possible influence of the solvent on the catalytic reac-
tion was also investigated. Hydrosilylation of 1-hexyne with
HSiMe,Ph catalyzed by 6 in acetone-ds at 323 K was slower
than in CDCl;, with 90% conversion in 2 h, and much less
selective, 69% to the p-(Z)-vinylsilane isomer. Thus, acetone
has no positive effect on the catalyst performance and its
active participation in the activation of the hydrosilane by an
outer sphere mechanism is ruled out.*® Other non-polar sol-
vents, such as toluene-dg or benzene-d;, were not effective in
improving either the activity or the selectivity.

The hydrosilylation of 1-hexyne with HSiMe,Ph catalyzed by
6 in CDCl; is highly temperature-dependent, with the catalytic
productivity of the p-(Z)-vinylsilane increasing with tempera-
ture. At 30 °C, the hydrosilylation proceeds up to 92% of con-
version in only 80 min with a 87% f-(Z) selectivity. The cata-
Iytic performance of 6 was studied in the temperature range
30-60 °C in order to determine the activation parameters for
the hydrosilylation of 1-hexyne with HSiMe,Ph in CDCl; (see
ESIf). TOF values determined at 15 min of reaction time
(Table 4) were used to calculate the activation parameters by
means of an Eyring plot: AH* = +7.8 + 1.0 kcal mol™*, AS* =
—40.2 + 3.3 cal K~ mol™* and AG* = +19.8 + 2.0 kcal mol™* at
298 K (Fig. 5 and ESIf).

-8.01
o~
o .
-8.5- \\~
= el
E \~\
E '9.0' .\\\
Y =-3906°X + 3.527 N
9.5 R?=0,9479
00030 00031 0.0032 0.0033

1T

Fig. 5 Eyring plot for the hydrosilylation of 1-hexyne with HSiMe,Ph
catalyzed by 6 in CDCls.

Table 4 Influence of the temperature in the hydrosilylation of 1-hexyne to p-(Z)-hex-1-enyldimethyl(phenyl)silane catalyzed by 6°

Entry Catalyst T (K) Conversion” (%) B-(Z) Selectivity” (%) TON* TOF? (s7™)
1 6 303 34 71 24 0.02667

2 6 313 43 77 33 0.03667

3 6 318 53 85 45 0.05000

4 6 323 77 84 65 0.07222

5 6 333 86 89 77 0.08556

“Reaction conditions: 1-hexyne (0.10 mmol), HSiMe,Ph (0.10 mmol) and 6 (0.001 mmol, 1.0 mol%), in CDCl; (0.5 mL). [HSiMe,Ph] = [1-hexyne]
~ 0.22 M. ? Conversion, based on HSiMe,Ph, and selectivity determined by "H NMR after 15 min. ° TONs for the formation of f-(Z)-vinylsilane.

4TOFs calculated at 15 min.

This journal is © The Royal Society of Chemistry 2023
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Scheme 3 Calculated reaction sequence for the hydrosilane activation by 6 involving the methoxy fragment of the functionalized lutidine-derived
ligand. Relative Gibbs free energies are given in kcal mol™ (B97D3/def2svp, 298 K, 1 atm, CPCM/chloroform).

Mechanistic considerations for the terminal alkyne
hydrosilylation reaction catalyzed by 6

Compound [RhBr(CO)(x*C,N-‘BulmCH,PyCH,0Me)] (6) does
not react with either HSiMe,Ph or 1-hexyne in acetonitrile-d;
at 333 K for 24 h. However, in the presence of both reagents
the hydrosilylation proceeds at room temperature with p-(2)
selectivity. DFT calculations were performed in order to assess
the possible involvement of the -OMe group in the activation
of hydrosilane as the cause of the observed change in stereo-
selectivity with respect to related rhodium(i) catalysts based on
2-picolyl-functionalized NHC ligands (Scheme 3). The dis-
sociation of the bromido ligand in 6 should lead to the tricoor-
dinate rhodium(i) species (I) containing the ¥°C,
N-‘BulmCH,PyCH,OMe ligand and a carbon monoxide ligand.
The reaction of I with HSiMe,Ph should provide the square
planar intermediates II containing the coordinated hydrosi-
lane. Intermediate II may undergo an -OMe assisted Si-H acti-
vation rendering the hydrido derivative III featuring an oxonio
group resulting from the silylation of the CH,OMe moiety.
Notably, the transition state of the transformation II — III
could not be located on the PES, nonetheless the scan of the
Si---O coordinate from II to III revealed that the activation
energy for this step (AE,.) should be around 27 kcal mol™*
(see ESIt). Thus, taking into account the above mentioned
experimental activation parameters, it can be argued that the
direct participation of the -OMe group in the hydrosilane acti-
vation should be ruled out.}

On this basis, hydrosilane activation is likely to proceed via
a classical Si-H oxidative addition. As a confirmation, the 'H
NMR of the mixture resulting from the reaction of 6 with HSi
(OEt); (20 equiv.), a more reactive hydrosilane, in acetonitrile-
d; at 333 K for 1 h showed a small high-field doublet at §
—16.64 with a Jrh-g coupling constant of 29.9 Hz, which
corresponds to a Rh(m)-H species which could result from the
oxidative addition of the hydrosilane to 6 (see ESI}).

A mechanistic proposal based on the classical modified
Chalk-Harrod mechanism is depicted in Scheme 4. The pro-

i Note that although dissociation of the pyridine fragment of the NHC ligand in
6 might also be possible, the formation of the oxonium group would involve a
transition state with an 11-membered metallacycle which should be highly unfa-
vorable from an entropic point of view. On this ground, this route has not even
explored by DFT calculations.

NM512 | Dalton Trans., 2023, 52, 1503-11517
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Scheme 4 Proposed modified Chalk—Harrod mechanism for the
hydrosilylation of terminal alkynes by 6 leading to the formation of the
vinylsilane isomers.

posed key intermediate should result from the Si-H oxidative
addition of the hydrosilane followed by the coordination of the
alkyne, thus rendering an octahedral rhodium(m) species with
the hydrido, silyl and alkyne ligands mutually cis-disposed. At
this point, silylmetalation of the alkyne by migratory insertion
into the Rh-Si bond should occur. 1,2-Alkyne insertion gener-
ates the vinylsilane intermediate A which, upon reductive elim-
ination and activation of a new hydrosilane molecule, gives
rise to the o-isomer and regenerates the catalytic active
species. Alternatively, 2,1-alkyne insertion results in the for-
mation of the (Z)-silylvinylene rhodium(m) intermediate B,
which leads to the p-(E)-vinylsilane isomer after reductive elim-

This journal is © The Royal Society of Chemistry 2023
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ination. However, the metal-assisted isomerization of the (2)-
silylvinylene intermediate into the thermodynamically more
stable (E)-silylvinylene complex C, via a zwitterionic carbene or
an n*vinyl complex,>'** followed by reductive elimination
results in the formation of the p-(Z)-vinylsilane product. The
driving force of the isomerization process is the relief of steric
congestion between the metal and the adjacent bulky silane in
intermediate B. Thus, as the reductive elimination is assumed
to be the rate-determining step, the thermodynamically less
stable -(Z)-vinylsilane isomer forms as the kinetic product.

As has become apparent in this study, the size and elec-
tronic characteristics of the R substituent in the alkyne have a
major influence on the selectivity of the hydrosilylation reac-
tion. When the R substituent is not very bulky, as for example
in 1-hexyne, the p-(Z) isomer selectively forms because the
equilibrium between B and C is expected to shift towards C,
which allows steric congestion between the metal and the silyl
group to be reduced. On the contrary, when the R substituent
is bulky, as is the case for 3,3-dimethyl-1-butene, the reaction
is not selective. Thus, the R substituent introduces additional
steric congestion in C and an equilibrium probably establishes
between B and C thereby resulting in the formation of the p-(2)
and B-(E) vinylsilanes.®*" Additionally, the bulkiness of the R
group can stabilize the alkenylsilane A, with lower steric
pressure on the metal centre, from which the a-vinylsilane is
obtained.?*

Conclusions

The neutral compound [RhBr(cod)(xC-"BulmCH,PyCH,0Me)]
has been straightforwardly prepared by reaction of the
methoxy-functionalized lutidine-derived imidazolium salt
['BuHIMCH,PyCH,OMe]Br with [Rh(-OMe)(cod)],. Coordination
of the pyridine moiety of the ligand is induced by abstraction of
the bromido ligand to afford the cationic compound [Rh(cod)
(x*C,N-BulmCH,PyCH,OMe)|PF,. Carbonylation of the Ilatter
affords the dicarbonyl compound [Rh(CO),(*C,
N-BulmCH,PyCH,0Me)|PF; whereas carbonylation of the
neutral compound affords a mixture of di- and monocarbonyl
neutral complexes [RhBr(CO),(xC-‘BulmCH,PyCH,0OMe)] and
[RhBr(CO)(x*C,N-"BulmCH,PyCH,OMe)] which can be separated
due to their different solubility. All these complexes efficiently
catalyzed the hydrosilylation of 1-hexyne with HSiMe,Ph,
showing selectivity towards the p-(Z)-vinylsilane product. Among
these, the unusual compound [RhBr(CO)(x*C,
N-BulmCH,PyCH,0Me)] gives the best results in activity and
selectivity. This catalyst has been successfully applied to the
hydrosilylation of a range of terminal and internal alkynes with a
variety of hydrosilanes having different steric properties. It has
been observed that the selectivity depends on the steric and elec-
tronic characteristics of the alkyne. In general, excellent p-(2)
selectivity has been observed in the hydrosilylation of linear ali-
phatic 1-alkynes even with bulky hydrosilanes, although for very
bulky hydrosilanes, such as HSiPh;, the activity decreases dra-
matically. The hydrosilylation of phenylacetylene derivatives,
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2-ethynylpyridine or 3-phenyl-1-propyne, also proceeds efficiently
although with moderate selectivity to the p-(Z)-vinylsilane
product. In contrast, the hydrosilylation of the bulky 3,3-
dimethyl-1-butyne was unselective. Compound [RhBr(CO)(x*C,
N-BulmCH,PyCH,0Me)] catalyzes the p-(Z) — B-(E) vinylsilane
isomerization, the rate of this process being faster with aromatic
alkynes than with aliphatic alkynes. On the other hand, the
hydrosilylation of internal alkynes proceeds with complete
selectivity towards the syn-addition vinylsilane products.

The B-(Z) selectivity of these catalysts, featuring a methoxy-
methyl functionality in close proximity to the rhodium centre,
contrasts with that of related rhodium(i) catalysts based on
2-picolyl-functionalised NHC ligands which were reported to
be B-(E) selective. The possible involvement of the methoxy-
methyl fragment in the activation of hydrosilane as the cause
of the observed change in stereoselectivity has been investi-
gated by DFT calculations. The calculated energy barrier for
this process is higher than the determined from experimental
kinetic studies, AG* of 19.8 + 2.0 kcal mol™* (298 K),
suggesting that hydrosilane activation is likely to proceed via a
classical Si-H oxidative addition. However, possible involve-
ment of the -OMe group in the key isomerization of the (2)-
silylvinylene intermediate and/or the activation/insertion of
the incoming alkyne cannot be excluded.

Experimental section
General considerations

All reactions were carried out with rigorous exclusion of air
using Schlenk-tube techniques or glovebox. Organic solvents
were dried by standard methods and distilled under argon
prior to use or obtained oxygen- and water-free from a Solvent
Purification System (Innovative Technologies). The starting
materials [Rh(p-Cl)(cod)], ** and [Rh(p-OMe)(cod)], ** were pre-
pared as previously described in the literature. The imidazo-
lium salt ['BuHImCH,PyCH,OMe]Br (1)** was prepared follow-
ing the procedure recently described by us. Deuterated sol-
vents (Euriso-top) CDCl; and C¢Dg were dried using activated
molecular sieves.

Scientific equipment

C, H, and N analyses were carried out in a PerkinElmer 2400
Series II CHNS/O analyzer. Infrared spectra were recorded on a
100 FTIR-PerkinElmer Spectrophotometer equipped with a
Universal Attenuated Total Reflectance (UATR) accessory. 'H
and "*C{'H} NMR spectra were recorded on a Bruker Avance
300 (300.1276 MHz and 75.4792 MHz). Chemical shifts are
reported in ppm relative to tetramethylsilane and coupling
constants (/) are given in Hertz (Hz). Spectral assignments
were achieved by combination of 'H-'H COSY, '*C APT,
"H-"*C HSQC and "H-">C HMBC experiments. High-resolution
electrospray ionization mass spectra (HRMS-ESI) were recorded
using a Bruker MicroToF-Q equipped with an API-ESI source
and a Q-ToF mass analyzer, which leads a maximum error in
the measurement of 5 ppm, using sodium formate as refer-
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ence. Conductivities were measured in ca. 5 x 10~* M nitro-
methane solutions of the complexes using a Philips PW 9501/
01 conductimeter.

Synthesis of [RhBr(cod)(kC-‘BulmCH,PyCH,OMe)] (2)

[Rh(p-OMe)(cod)], (142 mg, 0.294 mmol) was added to a solu-
tion of ['BuHIMCH,PyCH,OMe]Br (1) (200 mg, 0.588 mmol) in
dichloromethane (5 mL) and stirred for 15 h at room tempera-
ture. The resulting yellow solution was brought to dryness
under vacuum to give an oily residue that was disaggregated by
stirring with cold pentane. The solid was filtered, washed with
pentane (2 x 5 mL) and dried under vacuum. Yield: 312 mg,
96% (pale yellow solid). Anal. caled for C,3H;33;BrN;ORh: C,
50.20; H, 6.04; N, 7.63. Found: C, 50.33; H, 6.01; N, 7.55.
HRMS (ESI', MeOH, m/z): calcd for C,3H33BrN;ORh, 549.0862;
found, 470.1673 [M — Br]". "H NMR (298 K, 300 MHz, C¢Dg): 6
7.68 (d, Ji_y = 7.4 Hz, 1H, H,, Py), 7.22-7.13 (m, 2H, H,, and
H, Py), 6.91 (d, Jy_ = 14.6 Hz, 1H, CH,Im), 6.54 (d, Ji_pz = 2.1
Hz, 1H, =CH Im), 6.36 (d, Ji i = 2.1 Hz, 1H, =CH Im), 5.99
(d, Jy_us = 14.7 Hz, 1H, CH,Im), 5.52 (m, 1H, =CH cod), 5.45
(m, 1H, =CH cod), 4.53 (ABq, 6, = 4.56, 6y = 4.50 Jo_p = 4.0 Hz,
2H, CH,OMe), 3.43 (m, 1H, =CH cod), 3.30 (m, 1H, =CH
cod), 3.16 (s, 3H, OCH,), 2.37-2.01 (m, 4H, >CH, cod), 1.73 (s,
9H, ‘Bu), 1.71-1.51 (m, 4H, >CH, cod). *C{"H} NMR (298 K,
75 MHz, C¢Dg): 6 182.3 (d, Jrn_c = 50.1 Hz, Cycn), 158.5, 156.2
(C, Py), 137.4 (C, Py), 122.5 (C,, Py), 120.1 (=CH Im), 120.1
(Cp, Py), 119.9 (=CH Im), 96.0 (d, Jrn-c = 7.5 Hz, =CH
codyransntic), 93-8 (d, Jrnc = 7.3 Hz, =CH codygns-nmic), 75.5
(CH,OMe), 70.6 (d, Jrn-c = 15.1 Hz, =CH cod,ans.sr), 67.8 (d,
Jrh-c = 14.1 Hz, =CH c0d;sgns.pr), 58.4 (CH,Im), 58.2 (OCHj3),
58.1 (C ‘Bu), 33.2 (>CH, cod), 31.7 (CH; ‘Bu), 31.6 (>CH, cod),
29.8 (>CH, cod), 28.7 (>CH, cod).

Synthesis of [Rh(cod)(x”C,N-"BulmCH,PyCH,0Me)|PF; (3)

AgPF, (92 mg, 0.364 mmol) was added to a solution of [RhBr
(cod)(*BulmCH,PyCH,OMe)] (2) (200 mg, 0.360 mmol) in di-
chloromethane (5 mL). The suspension was stirred at room
temperature for 30 min, filtered through Celite to remove the
silver bromide formed, and washed with dichloromethane (2 x
5 mL). The solution was brought to dryness under vacuum to
give an oily residue which was disaggregated by stirring with
cold diethyl ether. The solid was filtered, washed with diethyl
ether (2 x 5 mL) and dried under vacuum. Yield: 212 mg, 96%
(pale yellow solid). Anal. caled for C,3H;3F¢N3;OPRh: C, 44.89;
H, 5.40. Found: C, 44.70; H, 5.65; N, 6.48. HRMS (ESI', MeOH,
m/z): caled for C,3H33N;0Rh, 470.1679; found, 470.1679 [M]'.
Ay (nitromethane, 5.0 x 107* M) = 78 Q7! em® mol™. '"H NMR
(298 K, 300 MHz, CDCl;): 6 7.91-7.80 (m, 2H, H,, and H,, Py),
7.46 (d, Jyu = 2.0 Hz, 1H, =CH Im), 7.34 (d, Jy.u = 7.7 Hz,
1H, H,, Py), 6.90 (d, Ji_yy = 2.3 Hz, 1H, =CH Im), 6.52 (d, Ji_n
= 14.9 Hz, 1H, CH,Im), 5.76 (d, Jy = 14.9 Hz, 1H, CH,Im),
4.63 (ABq, 64 = 4.72, 6 = 4.54 J5_p = 4.5 Hz, 2H, CH,OMe), 4.44
(m, 1H, =CH cod), 4.25 (m, 1H, =CH cod), 3.99 (m, 1H, =CH
cod), 3.85 (m, 1H, =CH cod), 3.58 (s, 3H, OCHj,), 2.60-2.23
(m, 4H, >CH, cod), 2.18-1.82 (m, 4H, >CH, cod), 1.71 (s, 9H,
‘Bu). *'P{"H} NMR (298 K, 121.4 MHz, CDCl): § —144.0 (sept).
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BC{"H} NMR (298 K, 75 MHz, CDCl,): § 175.5 (d, Jrnc = 49.5
Hz, Cyen), 158.8, 155.2 (C, Py), 139.4 (C, Py), 124.9, 124.0 (C,,
Py), 122.9, 119.0 (—CH Im), 98.7 (d, Jrn-c = 8.4 Hz, =—CH
codyransnmic), 92.7 (d, Jrnc = 7.0 Hz, =CH c0od ;runsnuc), 75.1
(CH,OMe), 74.8 (d, Jrn-c = 15.4 Hz, =CH c0d ;ans.py), 68.8 (d,
Jrh-c = 13.1 Hz, =CH c0dyynsrpy), 59.3 (OCHs), 59.0 (C ‘Bu),
58.1 (CH,Im), 32.1 (>CH, cod), 31.9 (CH; ‘Bu), 29.8 (>CH,
cod), 29.0 (>CH, cod), 28.7 (>CH, cod).

Synthesis of [Rh(CO),(k*C,N-‘BulmCH,PyCH,0Me)|PF (4)

Carbon monoxide was bubbled through a solution of [Rh(cod)
(x*C,N-‘BulmCH,PyCH,0Me)]PF, (3) (100 mg, 0.162 mmol) in
dichloromethane (5 mL) for 5 min to give a yellow solution.
The solution was brought to dryness under vacuum to give an
oily residue which was disaggregated by stirring with cold
hexane. The solid was filtered, washed with hexane (2 x 5 mL)
and dried under vacuum. Yield: 71 mg, 78% (yellow solid). Anal.
caled for C;;H,,FgN3O3PRh: C, 36.25; H, 3.76; N, 7.46. Found: C,
36.64; H, 3.59; N, 7.01. HRMS (ESI', MeOH, m/z): calc. for
C,,H,:N;0;Rh, 418.0638; found, 390.0681 [M — COJ’, 362.0792
[M — 2COJ". IR (ATR, cm™"): 2081, 2008 (vco). Am (nitromethane,
5.0 x 107* M) = 77 Q" em® mol™". "H NMR (298 K, 300 MHz,
CDCly): 5 8.04-7.95 (m, 2H, H,, and H,, Py), 7.60 (d, J_n = 2.0 Hz,
1H, =CH Im), 7.56 (d, Ji_y = 7.2 Hz, 1H, H,, Py), 7.17 (d, Jy_iz =
2.0 Hz, 1H, =CH Im), 5.75 (ABq, 6 = 5.77, 6g = 5.73 Jas = 5.0
Hz, 2H, CH,Im), 4.67 (ABq, 6, = 4.73, 63 = 4.71 J,_3 = 4.0 Hz, 2H,
CH,OMe), 3.54 (s, 3H, OCHj), 1.76 (s, 9H, ‘Bu). *'P{'"H} NMR
(298 K, 121.4 MHz, CDCl,): § —144.2 (sept). "*C{'H} NMR (298 K,
75 MHz, CDCly): & 185.8 (d, Jrn-c = 74.0 Hz, COpgnsry), 184.6 (d,
Jrhec = 55.9 Hz, COpygnsntic), 168.9 (d, Jrnc = 43.7 Hz, Cnen),
159.4, 154.9 (C, Py), 141.8 (C, Py), 126.2, 124.9 (C,, Py), 123.7,
120.3 (—CH, Im), 75.8 (CH,OMe), 59.4 (OCH3), 59.2 (C ‘Bu), 56.9
(CH,Im), 31.9 (CH; ‘Bu).

Synthesis of [RhBr(CO),(kC-"BulmCH,PyCH,0Me)] (5)

Carbon monoxide was bubbled through a solution of [RhBr
(cod)(kC-"BulImCH,PyCH,0Me)] (2) (100 mg, 0.182 mmol) in
dichloromethane (2 mL) until complete evaporation of the
solvent. The oily residue was disaggregated by stirring with
cold hexane to give a yellow solid which was filtered, washed
with hexane (2 x 5 mL) and dried by prolonged exposure to a
stream of CO. Yield: 85 mg, 94% (yellow solid). Anal. calcd for
C,,H,,BrN,;O;Rh: C, 40.99; H, 4.25; N, 8.44. Found: C, 41.17; H,
441; N, 8.43. HRMS (ESI', MeOH, mj/z): cale. for
C;,H,:BrN;05Rh, 496.9821; found, 362.0766 [M — 2CO — Br]". IR
(ATR, cm™): 2066, 1988 (vco). "H NMR (298 K, 300 MHz, CDCl,):
87.69 (t, Juu = 7.7 Hz, 1H, H, Py), 7.37 (d, Ju_u = 7.7 Hz, 1H, H,,
Py), 7.32 (d, Jz_i = 7.8 Hz, 1H, H,, Py), 7.19 (d, Jizi; = 1.8 Hz, 1H,
=CH Im), 7.13 (d, Jizu = 1.9 Hz, 1H, =CH Im), 5.80 (ABq, 6, =
5.92, 85 = 5.69 Ja_s = 15.0 Hz, 2H, CH,Im), 4.56 (s, 2H, CH,OMe),
3.48 (s, 3H, OCHj3), 1.82 (s, 9H, ‘Bu). *C{'"H} NMR (298 K,
75 MHz, CDCl;): 5 186.1 (d, Jrn—c = 54.1 Hz, COyynsnmic), 182.4 (d,
Jrn-c = 77.8 Hz, COpuns-nr)y 172.3 (d, Jrn-c = 41.6 Hz, Cnen) 158.7,
154.9 (C, Py), 137.7 (C, Py), 122.0 (C,, Py), 121.5 (=CH, Im),
120.8 (C,, Py), 120.3 (—CH, Im), 75.5 (CH,OMe), 66.0 (C ‘Bu) 59.0
(OCHj), 58.1 (CH,Im), 32.3 (CH; ‘Bu).
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Synthesis of [RhBr(CO)(x”C,N-‘BulmCH,PyCH,0Me)] (6)

Carbon monoxide was bubbled through a solution of [RhBr
(cod)(xC-"BulImCH,PyCH,OMe)] (2) (100 mg, 0.182 mmol) in
dichloromethane (10 mL) for 5 min to give a pale yellow solu-
tion. The solution was brought to dryness under vacuum to
give an oily residue obtained which was partially dissolved by
addition of diethyl ether (2 x 5 mL). The suspension was fil-
tered and washed with diethyl ether (2 x 5 mL). The obtained
solution was brought to dryness under vacuum yielding the
compound as a pale-yellow solid. Yield: 42 mg, 49% (yellow
solid). Anal. caled for C;H,;BrN;O,Rh: C, 40.87; H, 4.50; N,
8.94. Found: C, 40.42; H, 4.66; N, 8.84. HRMS (ESI', MeOH, m/
2): cale. for C;6H,,BrN3;O,Rh, 468.9872; found, 390.0683 [M —
Br]". IR (ATR, ecm™'): 1963 (vco). '"H NMR (298 K, 300 MHz,
CDCLy): & 7.73 (t, Ju_u = 7.8 Hz, 1H, H, Py), 7.51 (d, Ju_u = 7.8
Hz, 1H, H,, Py), 7.30 (d, Jz_ = 7.2 Hz, 1H, H,, Py), 7.05 (d, Ji_i1
=1.9 Hz, 1H, =CH Im), 7.02 (d, Ji_y = 1.8 Hz, 1H, =CH Im),
6.47 (d, Jy_u = 14.3 Hz, 1H, CH,Im), 5.49 (d, Jy_y = 14.4 Hz,
1H, CH,OMe), 5.02 (d, J_y = 14.4 Hz, 1H, CH,Im), 4.93 (d,
Jin = 14.4 Hz, 1H, CH,0OMe), 3.50 (s, 3H, OCH,), 1.88 (s, 9H,
‘Bu). C{'H} NMR (298 K, 75 MHz, CDCl3): § 191.2 (d, Jrnc =
34.6 Hz, CO), 176.4 (d, Jrn_c = 38.7 Hz, Cycn), 163.5, 153.8 (C,
Py), 138.9 (C, Py), 123.1, 121.6 (C,, Py), 119.9, 118.6 (=CH,
Im), 77.0 (CH,OMe), 59.4 (OCHj,), 58.9 (C ‘Bu), 57.3 (CH,Im),
31.7 (CH; ‘Bu).

Catalytic hydrosilylation reactions

Hydrosilylation catalytic tests were carried out in NMR tubes
under argon atmosphere. In a typical procedure, an NMR tube
was charged under argon with the catalyst (0.0011 mmol),
CDCl; (0.5 mL), anisole as internal standard (0.009 mmol),
hydrosilane (0.11 mmol) and alkyne (0.11 mmol). The solution
was kept at room temperature or in a thermostated bath at
333 K and monitored by "H NMR spectroscopy. The vinylsilane
reaction products were unambiguously characterized on the
basis of the *J;;_y coupling constants of the vinylic protons in
the NMR spectra and subsequent comparison to literature
data. Values of J ranged from 17 to 19 Hz for p-(E), 13 to 16 Hz
for B-(Z), and 1 to 3 Hz for a-vinylsilanes.**® Yields and selec-
tivities were determined by "H NMR spectroscopy.

Crystal structure determination

Single crystals of 2 were obtained by cooling a saturated solu-
tion of the compound in toluene at 278 K. Single crystals suit-
able for the X-ray diffraction studies were grown by slow
diffusion of diethyl ether and hexane into a concentrated solu-
tion of the complexes in acetone (3) and dichloromethane (6),
respectively. X-ray diffraction data were collected at 100(2) K on
a Bruker APEX DUO (2, 3) or APEX SMART (6) diffractometer
with graphite-monochromated Mo-Ka radiation (1 = 0.71073 A)
using <1° @ rotations. Intensities were integrated and cor-
rected for absorption effects with SAINT-PLUS®” and SADABS>®
programs, both included in APEX2 package. The structures
were solved by the Patterson method with SHELXS-97*° and
refined by full matrix least-squares on F> with SHELXI.-2014,*°
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under WinGX.*' Pitch and yaw angles were calculated accord-
ing to the literature.*?

Crystal data and structure refinement for 2

C,3H33BrN;ORh, 550.34 ¢ mol ™', monoclinic, P24/c, a = 8.5969
(9) A, b = 11.0481(11) A, ¢ = 24.128(2) A, = 98.620(2)°, V =
2265.7(4) A%, Z = 4, Dege. = 1.613 g em™>, p = 2.536 mm™ %,
F(000) = 1120, yellow prism, 0.160 x 0.140 x 0.060 mm?®, i,/
Omax 1.707/29.620°, index ranges —11 < h < 11, —15 < k < 14,
—33 < I < 26, reflections collected/independent 35 831/6056
[R(int) = 0.0411], data/restraints/parameters 6056/0/266, GOOF
(F*) = 1.045, Ry = 0.0287 [I > 206(I)], wR, = 0.0691 (all data),
largest diff. peak/hole 1.499/-0.590 e A™. CCDC deposit
number 2248982.F

Crystal data and structure refinement for 3

C,3H;33F¢N;OPRh, 615.40 ¢ mol ™", triclinic, P1, a = 9.7280(13)
A, b = 11.3893(15) A, ¢ = 12.1763(16) A, a = 104.166(2)°, § =
104.253(2)°, 7 = 100.643(2)°, V = 1224.0(3) A%, Z = 2, Deaie. =
1.670 g em™>, u = 0.831 mm™', F(000) = 628, yellow prism,
0.155 x 0.120 x 0.085 mm?>, Omin/Omax 1.812/29.605°, index
ranges —13 < h < 13, —15 < k < 15, —16 < [ < 16, reflections
collected/independent 13271/6215 [R(int) = 0.0231], data/
restraints/parameters 6215/2/320, GooF(F*) 1.034, R, = 0.0284
[I > 20(I)], wR, = 0.0682 (all data), largest diff. peak/hole

0.736/—0.637 e A=>. CCDC deposit number 2248981.t

Crystal data and structure refinement for 6

C3,H4,Br,NqO4Rh,, 940.35 g mol™', monoclinic, P2,/n, a =
11.9388(8) A, b = 9.9973(7) A, ¢ = 14.8252(10) A, § = 107.1460
(10)°, V = 1690.8(2) A%, Z = 2, Dege. = 1.847 g cm™, p =
3.386 mm™', F(000) = 936, yellow prism, 0.220 x 0.095 X
0.075 MmM?®, Oin/Omax 2-494/28.538°, index ranges —15 < h <
15, —13 < k <13, —19 < I £ 19, reflections collected/indepen-
dent 19228/4097 [R(int) = 0.0385], data/restraints/parameters
4097/0/212, GooF(F?) = 1.048, R, = 0.0321 [I > 20(I)], WR, =
0.0801 (all data), largest diff. peak/hole 0.667/—1.196 e A,
CCDC deposit number 2248980.F

DFT calculations

Molecular structure optimizations and frequencies calcu-
lations were carried out with the Gaussian16 (revision C.01)"
using the method B97D3, including the D3 dispersion correc-
tion scheme by Grimme with Becke-Johnson damping.** The
def2-SVP*® basis and pseudo potential, if applicable, were used
for all atoms and the “ultrafine” grid was employed in all cal-
culations. Stationary points were characterized by vibrational
analysis. The structures were optimized in chloroform (298 K,
1 atm) using the CPCM method.*®
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