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Gold()) triphenylphosphine phenylacetylide reacts with bis(1-methyl-
ortho-carboranyl)borane to give a hydroboration product that is best
described as an n2-1-borataallene gold complex. Contrarily, the ana-
logous reaction with the copper acetylide undergoes transmetalation
to furnish an alkynylborate with the CuPPhs* moiety bound to the
alkyne and a hydride bridging boron to copper. The compounds were
analyzed by single crystal X-ray diffraction and DFT computations that
rationalize the unusual bonding arrangements.

The hydroboration reaction is a versatile synthetic tool to intro-
duce functionalization on unsaturated carbon-carbon bonds with
anti-Markovnikov selectivity." The boryl group in hydroboration
products is a convenient handle that can be oxidized to a variety of
functional groups or used as a building block for coupling
reactions.” Borane (BHj;) is an effective hydroboration reagent,
however, it bears three reactive B-H bonds, thus secondary
boranes offer more control with the reactivity of the borane tuned
by the two other substituents on boron.> Secondary boranes
featuring chelating n-donors increase stability but reduce reac-
tivity that typically necessitates a catalyst.* Electron withdrawing
groups increase the electrophilicity at boron and enhance hydro-
boration reactivity.? Fluoroaryl groups have been very effective and
recently, it has been demonstrated that ortho-carborane substitu-
ents give rise to potent organoborane Lewis acids.®

The first catalyzed hydroboration reactions were with rho-
dium and since then, other late transition metals have become
prominent.” In recent years, gold and copper catalysts have
demonstrated high efficacy in the hydroboration of alkynes.®
In copper catalyzed hydroborations of terminal alkynes, copper
acetylide species are proposed intermediates in the catalytic
cycle.’ Despite this, direct stoichiometric reactions between
gold or copper acetylides and secondary boranes have not been
reported. In fact, the only stoichiometric reaction reported of a
metal acetylide with a secondary borane is that of a bis(imino)-
pyridine ligated cobalt(u) acetylide with HBPin that furnished
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Fig. 1 Reported Co(i) phenylacetylide hydroboration with HBPin.

E and Z 1,1-hydroboration products, where the hydrogen and
boryl group are on the same carbon (Fig. 1).'° In addition to the
hydroboration catalysis, it is known that electron rich metal
centers proximal to main group Lewis acidic centers, including
tricoordinate boranes, readily engage in Z-type interactions.'*
In this work, we investigate the reactivity of a gold and copper
acetylide with the extremely potent hydroboration reagent,
bis(1-methyl-ortho-carboranyl)borane (HB™°oCb,, M°0Cb = 1-
methyl-ortho-carborane)'” to determine whether typical hydro-
boration reactivity occurs, Z-type bonding, or a different outcome.

The equimolar reaction of Ph;PAUCCPh and HBM®0Cb, in
toluene at 23 °C was monitored by NMR spectroscopy (Fig. 2).
After 30 minutes, a "'B{'"H} NMR resonance was observed at
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Fig. 2 Synthesis of 1 with different structural representations (1’ and 1”),
reported syn-1,2-hydoboration product of phenylacetylene (A) and the
only known 1-borataallene metal complex (B, IPr = 1,3-bis(2,6-diiso-
propylphenyl)imidazol-2-ylidene).
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Fig. 3 (a) X-ray diffraction structure of 1. Selected bond lengths (A) and
angles (°): Au(1)-B(1) 2.430(4), Au(1)-C(7) 2.135(4), B(1)-C(7) 1.469(6),
C(7)-C(8) 1.331(5), P(1)-Au(1)-C(7) 171.24(10), C(7)-C(8)-B(1) 155.2(4). (b)
HOMO-1 of 1.

25.0 ppm, shifted upfield from HB™®oCb, (70.9 ppm) and in the
*IP NMR spectrum, a resonance at 41.7 ppm is observed,
shifted slightly from Ph;PAuCCPh (44.7 ppm) with complete
consumption of the two starting materials. Upon work up, the
new species was isolated in 57% yield. X-ray diffraction of
crystals grown from vapor diffusion of n-pentane into a con-
centrated toluene solution revealed a product consistent with a
syn-1,2-hydroboration reaction with the substituents intro-
duced according to the polarity of the acetylide. The boryl
group is introduced on the a-carbon of Ph;PAuCCPh and the
hydrogen to the B-carbon (1, Fig. 3a).

Close analysis of the structure reveal that the structure of
1 deviates from an idealized vinyl borane from a syn-1,2-
hydroboration (1). While the bond distance between the for-
merly acetylide carbons, C(7) to C(8), is 1.331(5) A and consis-
tent with a double bond, the C(7) to B(1) bond length is shorter
than a single bond at 1.497(9) A, lying in the range of a
borataalkene."** However, the C(8)-C(7)-B(1) bond angle of
155.2(4)° is considerably perturbed from an idealized trigonal
planar geometry at C(7). Comparing this angle in 1 to the
analogous complex with a proton in place of gold, E-PhHC =
CHB™®0Cb, (A: 128.8(6)°) reveals considerable expansion.
Based on these metrical parameters, two other bonding
descriptors were considered that would impact this angle, a
vinyl borane that features a gold to boron Z-type interaction (1”)
and an n*coordinated 1-boratallene gold complex. The Au-B
distance of 2.436(1) A is in the range of both a Z-type (2.26 to
2.59 A) or an n*boratalkene interaction (2.29 to 2.42 A).***3

DFT analysis reveals a gold to carbon Wiberg bond index
(WBI) less than unity of 0.68 and from gold to boron at 0.41.
The B(1) to C(7) WBI is 1.29, considerably higher than that of
the analogous complex with a proton in place of gold (A, WBI =
0.91). Combined with a WBI of 1.81 for the C—=C bond, these
results indicate the best descriptor is a Au-borataallene
complex. The gold center interacts stronger with the central carbon
atom of the borataallene fragment than the boron [Au-B =
2.436(1) A and Au-C = 2.135(4) A), in line with the polarized
nature of Au-borataalkene systems.'* The NPA charge at B(1) is
positive at 0.651, attributed to the electron withdrawing power of
the carborane substituents. The central carbon, C(7) has an NPA
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charge of —0.530, consistent with the polarization of a borataalk-
ene while the gold atom bears a positive charge of 0.454, in line
with boratalkene m-complexation to AuPPh;'. Analysis of the
frontier orbitals revealed the HOMO—1 features a bonding
interaction between the gold center and the BC
n-bond (Fig. 3b).

In the literature, borataallene structures are rare. There have
been four 1-borataallenes reported with two being this year
and only one 2-boratallene.® Regarding borataallene metal
complexes, only one exists, a gold 1-borataallene complex
reported by Yamashita and co-workers (B) that features ortho-
tolyl groups on boron, two trimethylsilyl groups on the allenic
carbon, and the IPr carbene on gold (IPr = 1,3-bis(2,6-
diisopropylphenyl)imidazol-2-ylidene).'® Their method of pre-
paration involved reacting IPrAu-B(o-toyl), with bis(trimethyl-
silyl)acetylene. The solid-state structures of 1 and B are similar
with the pertinent Au-B, Au-C, B-C, and C-C distances close to
or within error of measurement of each other [Au-B = 2.430(4)
vs. 2.441(4) A, Au-C = 2.135(4) vs. 2.164(4) A, B-C = 1.469(6) vs.
1.509(6) A, and C-C = 1.331(5) vs. 1.338(5) A] despite featuring
very different substituents on the allenic carbon and boron
atoms as well as a different ancillary ligand on gold. Interest-
ingly, neither 1 or B were generated from the free 1-borataallene
and are distinct synthetic routes.

Treatment of Ph;PCuCCPh with HB™0Cb, in toluene at
23 °C and examining the "'B{"H} NMR spectrum after 30 minutes
revealed a resonance upfield from the cluster boron region
at —18.5 ppm, very different than the boryl resonance for 1 at
25.0 ppm (Fig. 4). This peak became a doublet in the "B NMR
spectrum, consistent with the hydride retained on boron. The
*'p NMR resonance is at —1.4 ppm, slightly shifted from
Ph;PCuCCPh at —4.6 ppm. Obtaining a single crystal X-ray
diffraction structure reveals the product as the copper-alkyne -
complex, 2, with the HB™®0Cb, moiety covalently bound to the
a-carbon (Fig. 5). The borane underwent transmetalation with
copper to furnish the borate functionalized alkyne and CuPPh;"
migrated to the alkyne. In the "H NMR spectrum, the hydrogen in
the B-H-Cu unit is in the region of the carborane cluster B-H
atoms. Conducting the reaction with DBM®0Cb, and analyzing the
*H NMR spectrum reveals a peak at 2.38 ppm corresponding to
the bridging deuteride.”” To determine if 2 would isomerize to
give a hydroboration product, the toluene solution of 2 was stirred
for 16 h at 23 °C but no change was observed by *'P or ''B NMR
spectroscopy. Heating at 80 °C for 72 hours gave an indiscernible
mixture.

The CC bond in 2 is 1.218(2) A and the FT-IR CC stretching
frequency is 2211 cm ™, both in the range of alkynes (CC bond
lengths range 1.20 to 1.22 A and FT-IR frequencies lie between
2100 and 2260 cm ™). The copper atom is equidistant to the two
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Fig. 4 Synthesis of 2.
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Fig. 5 Two views of the X-ray diffraction structure of 2. Selected bond
lengths (A) and angles (°): Cu(1)-C(7) 2.0037(14), Cu(1)-C(8) 2.0083(16),
C(7)-C(8) 1.218(2), C(7)-B(1) 1.590(2), C(8)-C(7)-B(1) 165.11(15), C(7)-
C(8)-C(9) 165.37(18), C(4)-B(1)-C(1) 122.73(12), C(1)-B(1)-C(7) 108.36(11),
C(4)-B(1)-C(7) 112.02(12).

carbon atoms [Cu(1)-C(1) 2.0037(14) A and Cu(1)-C(2)
2.0083(16) A] and the bond angles about the two alkyne carbon
atoms are close to linear [C(8)-C(7)-B(1) 165.11(15)° and C(7)-
C(8)-C(9) 165.37(18)°]. The sum of the C-B-C bond angles
about B(1) is 343.11(18)°, consistent with a distorted tetrahedral
environment with a hydride bound to boron. In the mass
spectrum, a peak was observed in the cation mode for CuPPh;"
(m/z =325.0185) and in the negative mode for the alkynylborate
fragment (m/z = 427.4581).

The isolated species 2 resembles cobalt hydride alkyne
n-complexes that have been proposed as catalytic intermediates
in cobalt-mediated alkyne hydroboration reactions with HBPin
by Chirik as well as by Grutzmacher and Hu.'®'® Their cobalt
complex reacted with an equivalent of terminal alkyne to
release the vinyl borane hydroboration product and regenerate
the metal acetylide. Given this, 2 was subjected to stoichio-
metric reactions with terminal alkynes (phenylacetylene and
trimethylsilyl acetylene) and heated in toluene to 80 °C for 16 h,
however no reaction was observed. The high hydride affinity
of the bis(1-methyl-ortho-carboranyl)boryl unit rationalizes the
trapping of 2. The mechanism to form 2 could be via a
hydroboration sequence involving metalate shift of the CuPPh;
moiety or through a direct transmetalation. Copper acetylides
are more susceptible to transmetalation than gold acetylides,
that may be the root of the differing reactivity."®

The Cu-C WBIs approach 0.5 that is in line with =n-
complexation and reveal a slightly stronger bond to the borate
functionalized carbon of the alkyne [C(7)-Cu = 0.41, C(8)-Cu =
0.33]. The computed NPA charges show significant cationic
charge on copper (+0.83) and slight negative charges on the
alkyne carbon atoms, with the borate carbon being higher in
magnitude [C(7) (—0.29) and C(8) (—0.07)]. Regarding the
hydride, the B-H interaction is computed to be much stronger
than the Cu-H interaction (WBI = 0.69 vs. 0.20) but consistent
with the bridged hydride. The NPA on the central boron atom is
+0.19, attributed to the strong electron withdrawing ability of
the carborane substituents and the “hydride” is 0.00, indicative
of the contacts to copper and boron.
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This work demonstrates that HBM©oCb, reacts with
Ph;PAuCCPh and Ph;PCuCCPh to give two distinct products.
The gold complex is best described as an m*coordinated
1-boratallene gold complex while the copper species is an
alkynylborate complexed to CuPPh;" via the alkyne. The former
is a rare example of a 1-boratallene or a borataalkene unit
complexed to gold. The copper species features a bridging
hydride between boron and the metal that is reminiscent of
proposed intermediates in metal catalyzed hydroborations. The
resilient B-H interaction is attributed to the high hydride
affinity of the bis(ortho-carboranyl)boryl moiety and provides
insight into unique reactivity of secondary boranes with CC
triply bonded species.
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