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Reactivity of Stabilized Li/Cl Carbenoids towards Lewis Base Adducts of
BH;: B—H Bond Activation versus Carbene Dimerization
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For many years the activation of small molecules had
been a research field limited to transition-metal complexes.
However, the past few decades have revealed several exam-
ples of non-metallic systems also applicable in bond activa-
tion reactions.!! Without doubt, one of the most prominent
examples are singlet carbenes, which have been shown to ac-
tivate a variety of small molecules amongst others dihydro-
gen, CO, P,, and even ammonia.? Thereby, in some cases
substituent effects at the carbene carbon atom have been
shown to be crucial for the activity of a particular carbene.
Another—not less impressive—non-metal system establish-
ed in small molecule activation chemistry is that of the so-
called frustrated Lewis pairs (FLPs).'! Comparable to car-
benes, this class of compounds has proven to be applicable
in a variety of activation reactions. In recent years, the acti-
vation of B—H bonds has received special attention due to
the versatile utility of boranes in many organic transforma-
tions. B—H activation or splitting had been reported with
the aid of transition metals as early as the 1980s.) However,
non-metallic systems have long been reluctant in this reac-
tion. For example, N-heterocyclic carbenes (NHCs) general-
ly react with the parent BH; and its Lewis base adducts
under simple formation of the corresponding NHC-BHj;
adduct (such as A Figure 1). No hydroboration of the car-
bene center is usually observed. The hitherto only example
of B—H bond activation of a carbene species was reported
by Bertrand and co-workers using a cyclic (alkyl)-
(amino)carbene (CAAC) in combination with the more hy-
dridic pinacolborane to selectively form 1.F! Earlier the
group of Stephan had shown that FLPs are also applicable
in the B—H bond splitting reaction by formation of salt 2.
An analogous salt formation was reported by Alcarazo and
co-workers with carbodiphosphorane as Lewis base even al-
lowing an activation of the less hydridic parent borane,
BH,.

In the course of our investigations on the general reactivi-
ty patterns of electronically stabilized Li/Cl carbenoids we
became interested in their reactivity towards boranes. Sever-
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Figure 1. Compounds formed by B—H bond activation and selected reac-
tivities towards boranes.

al reaction pathways are feasible: i) the formation of a
simple carbene borane adduct such as A after elimination of
lithium chloride, ii) formation of borate B analogous to or-
ganolithium compounds, or iiij) B—H bond activation. In re-
lated work that appeared during the final stages of prepara-
tion of this Communication, So, Mézailles and co-workers
reported on the B—H bond activation using a carbenoid
stable at room temperature, which resulted in the formation
of a dimeric borane adduct.®’! Herein however, we show that
with more reactive carbenoids different reactivities are ob-
served depending on the borane source. Whereas with
borane-THF and thioether adducts B—H bond activation
and subsequent formation of a borate species is observed,
the carbenoids were shown to be unreactive towards trial-
kylamine adducts, leading to the dimerization of the corre-
sponding carbene.

The a-chlorinated carbenoid precursor 2 was obtained by
straightforward lithiation of the silyl-substituted phosphane
sulfide 1 and subsequent chlorination with hexachloroethane
(Scheme 1, see also the Supporting Information). As report-
ed earlier, compound 2 is selectively deprotonated at low
temperatures by using methyllithium as deprotonation re-
agent. The thus formed Li/Cl carbenoid 3 is stable at tem-
peratures up to —30°C and can be used for in situ transfor-
mations.””’ To examine the reactivity of carbenoid 3 towards
B—H bonds we first studied the reactivity towards catechol-
borane and pinacolborane. However, the addition of both
boranes resulted in the formation of a complex mixture of
compounds, with 1 and 2 being the main products. This ob-
servation indicated that—amongst other pathways—hydride
transfer (to form 1) occurs during the reaction process.
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Scheme 1. Reactivity of carbenoid 3 towards different boranes; formation
of borate 4.

Thus, we turned our attention towards the less hydridic
parent borane BHs.

Warming of a solution of 3 in THF with an excess of
BH; - THF adduct from —78°C to room temperature led to a
complete decoloration of the yellowish carbenoid solution.
NMR spectroscopic studies of the crude product showed the
selective formation of a single new species featuring a signal
at 6 =58.3 ppm (C¢D;) in the *'P{'"H} NMR spectrum (2: 6 =
46.3 ppm). Work-up delivered a colorless, moisture-sensitive
solid in 83 % yield, which was characterized by multinuclear
NMR spectroscopy, as well as elemental and single-crystal
X-ray diffraction analysis. All methods confirmed the unex-
pected formation of lithium borate 4 formed by additional
protonation of the former carbenic carbon atom (Scheme 1).
The proton is clearly evident as a broad doublet at 6=
2.66 ppm in the 'H NMR spectrum. The "B NMR resonance
of 4 (6=-28.6 ppm; 'J('H,""B)=81.4 Hz) further confirms
the four-coordinate boron atom involved in coupling to the
adjacent hydrides. The 'Li and *Si NMR signals appear at
0=0.47 and 6=-9.9 ppm, respectively. Borate 4 is highly
moisture sensitive and hydrolyzes quantitatively in the pres-
ence of water under formation of starting compound 1. The
formation of borate 4 is quite remarkable as lithium carbe-
noids usually react under elimination of lithium chloride.'”)
Also the B—H bond activation product previously reported
is formed by LiCl elimination.®

The selective formation of lithium borate 4 was also ob-
served with BH;'SMe, and (BH;),'BuSCH,CH,StBu as
borane sources, all leading to the THF-coordinated product.
The same holds true for changing the silyl moiety in the car-
benoid to SiMePh,. In the resulting borate 4-SiMePh,, the
phenyl substituents at both the silicon and phosphorus cen-
ters, become diastereotopic and appear as separate multip-
lets in the 'H NMR spectrum. Due to the synthetic method,
the lithium borates 4 and 4-SiMePh, are formed as racemic
mixtures.

The molecular structure of lithium borate 4 and its deriva-
tive 4-SiMePh, are depicted in Figure 2. Compound 4 crys-
tallizes as a monomer in the monoclinic space group P2,/n,
4-SiMePh, as a pseudo-C, symmetric dimer in the triclinic
space group P1. The unit cell of 4-SiMePh, contains two
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Figure 2. Molecular structures of lithium borate 4 (top) and (S,5)-4-
SiMePh, (bottom). Selected bond lengths [A] and angles [°]: 4: S—P
1.9622(6), P—C13 1.7926(15), Si—C13 1.8930(16), B—C13 1.660(2), B—Li
2.259(3); B-C13-P 111.2(1), B-C13-Si 109.3(1), P-C13-Si 117.25(8), C13-
B-Li 173.76(14). 4-SiMePh,: S1-P1 1.990(2), S2-P2 1.984(2), S3—P3
1.9858(19), S4-P4 1.981(2), S1-Lil 2.548(8), S2—Lil 2.491(8), S3-Li4
2.431(8), S4-Li4 2.489(9), P1-Cl1 1.794(4), P2—C2 1.777(3), P3—C3
1.773(4), P4—C4 1.790(4), Si1—C1 1.913(5), Si2—C2 1.879(4), Si3—C3
1.882(4), Si4—C4 1.864(5), C1-B1 1.654(6), C2-B2 1.670(6), C3—B3
1.674(6), C4-B4 1.658(6); B1-C1-P1 107.5(3), B1-C1-Sil 110.7(3), P1-C1-
Sil 117.7(2), B2-C2-P2 108.2(3), B2-C2-Si2 108.6(3), P2-C2-Si2 119.1(2),
B3-C3-P3 107.4(3), B3-C3-Si3 108.4(3), P3-C3-Si 121.4(2), P4-C4-Si4
117.8(2) (toluene solvent omitted for clarity).

molecules, one of which is depicted in Figure 2. Both dimers
differ from each other in the configuration at the stereogen-
ic carbon atom. In the crystal, only the homochiral dimers,
(R,R)- and (S,5)-4-SiMePh,, were found. Both structures
clearly confirm the presence of the borate unit as well as the
hydrogen atom at the central carbon atom. These hydrogen
atoms were all found in the difference Fourier map and re-
fined independently. The B—C distances (4: 1.660(2) A; 4-
SiMePh, (av) 1.664(6) A) are in the range of known alkyl-
borates.!"!! The P-C-Si backbone shows only marginal differ-
ences compared with the PCH,Si derivative 1 (see the Sup-
porting Information). In both structures the lithium atoms
show interactions with the hydridic hydrogen atoms at the
boron atoms. Such stabilizing metal hydrogen interactions
are typical for metal hydrides and have—in the case of lithi-
um—first been introduced by Wade and co-workers.">"! In
4, the coordination sphere of lithium is completed by coordi-
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nation of three THF molecules, whereas in 4-SiMePh, addi-
tional coordination of the thiophosphinoyl moieties is ob-
served.

The observed reactivity of the lithium carbenoids to form
the corresponding borates 4 under simultaneous reduction
is—to the best of our knowledge—unprecedented. The ob-
served hydration reaction with the more hydridic catechol
and pinacol borane suggests
that the hydrogen chloride ex-

ment. Indeed, borate formation was found to possess the
lowest reaction barrier of only 11.5 kcalmol™. The alterna-
tive carbene formation as well as hydride chloride exchange
turned out to be much higher in energy with barriers of 34.3
and 50.4 kcalmol ™!, respectively (for details on alternative
mechanisms and computational methods, see the Supporting
Information). Scheme 2 depicts the whole reaction pathway

. . Me,0 OMe,
change proceeds via an intra- N i
i R
molecular borane/borate spe- & VH OMe, S/L"H}*
. . \ L \
cies and thus via an overall B— | H-C - = \ B~y
— < H -OM Me—-P
H bond activati " BH;-OMe, Me ,P7\ OMe,  Me= 7< BH,-OMe,
ond activation reaction. ~ oMe, Me SiMe; o siMes OMe,
However, to exclude the in- cl i
| f th | in th TS1 Int1 S/~
volvement of the sc? vent 1n the OMe, 15 296 Me<l Hs _H
course of the reaction, we per- s— | Me”™ S —B\H
.. . ” LI—OMGZ H-B" ; ==
formed additional deuteration Me—F s LY e,
experiments. In the past, pro- me i Mes -16.9
tonation reactions in the pres- R
R eact
ence of alkaline-earth metals 0 P
ro
TS3 Int2
have often been reférenced to Ome, 672 a7z ens
hydrogen abstraction from | Me,O OMe,
[14] Li. U OMe, TR H
ethereal solvents. Thus we Id SrH s le HE s }I-iH B
. | B ——
repeated the reaction of 3, pre- Me—l|3| B-yy — ok H £/ C ok wh o
. . . — . e—| - e—
pared from solid methyllithi- Me’ H\/( BHCIOMe; e 0 M OH
. iM . .
um, with SiMe; SiMe; SiMe,
(BH;), s BuSCH,CH,SfBu  in  Scheme 2. Calculated mechanism for the formation of 4.

deuterated [Dg]THF. No incor-

poration of deuterium could

be identified in the *H NMR spectrum, but exclusive forma-
tion of the protonated compound 4, as evidenced by 'H and
"B NMR spectroscopy. This strongly suggests that replace-
ment of the chloride should occur via reduction by a
borane/borate species.'"”! We envisioned that in our case re-
duction would be facilitated by a second borane molecule,
which would finally lead to 4 and the formation of a chloro-
borane species. Indeed, it was found that a slight excess of
borane source is necessary for quantitative formation of
4.5 Repeating the reaction with BD; THF (freshly prepared
from NaBD, and BF;-OEt,) finally confirmed the B—H split-
ting. No signal for the methylene proton was observed any-
more in the 'HNMR spectrum and only a singlet in the
"B NMR spectrum at § =—29.1 ppm (see the Supporting In-
formation).

To gain further insight into the reaction mechanism, DFT
calculations [B3LYP/6-311+g(d,p)] on a monomeric model
system of 3 (Ph substituents and THF replaced by Me and
Me,0, respectively) were performed. Three reaction path-
ways were studied: i) formation of the corresponding lithium
borate followed by chloride hydride exchange (Path A); ii)
chloride hydride exchange followed by borate formation
(Path B), and iii) formation of the corresponding free car-
bene after LiCl elimination and subsequent hydroboration
via B—H bond activation (Path C). Due to the high nucleo-
philicity of carbenoid 3, Path A was expected to be prefer-
red over Path B. Furthermore, Path C can be ruled out, as
no lithium chloride formation was observed in the experi-
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for the formation of 4, Figure 3 the energy profile of the re-
action. The borate formation via TS1 was found to be the
crucial reaction step determining the course of the reaction.
The formed intermediate borate Intl next reacts—mediated
by a second borane molecule (TS2) under hydride chloride
exchange—to form the alkylborane species Int2, thus com-
pleting the hydroboration at the carbenic carbon atom.
Elimination of BH,Cl finally furnishes the product.

Overall the mechanism can be described as a stepwise B—
H bond splitting reaction through a nucleophilic attack of
the carbenoid at the borane (borate formation) followed by
hydride—chloride exchange. Surprisingly, despite the highly

B
A\G — TS-Cl/H exchange 50.4
[kecal mol1] ','
/

i
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Figure 3. Energy profile of the calculated mechanism for the formation of
4 (=Pro); free energies are given in kcalmol ..
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exergonic nature of this reaction (AG*=—67.2 kcalmol ') a
different reactivity was observed when BH;NMe; (or
BH;'NEt;) was used as borane source. In this case no borate
formation was observed, but dimerization of the intermedi-
ate formed carbene. Interestingly, dimerization (CI/MS: m/z
976) did not lead to olefin formation as known for carbenes
(such as in the Wanzlick equilibrium) and other carbe-
noids."*" Instead the dimerization was found to occur via
sulfur transfer to selectively form bis-ylide 5 (Scheme 3).

Ph
) BH3'NR lg BHy NR; Ph\l\:’e—s .
2 Ph-, SiPhy ————— ph Si—<@ NS

P K _2Licl s o P—Ph

L’ ¢l S ~Ph
rac-3 48% 5 SiPhy

Scheme 3. Dimerization of carbenoid 3.

Ylide 5 was isolated as an orange air-stable solid in 48 %. It
is characterized by a single signal at 6 =37.8 ppm in the
'P NMR spectrum. In the 'H NMR spectrum ([Dg]THF)
only broadened resonances in the aromatic region were ob-
served, which sharpened upon cooling of the sample to
—80°C (see Supporting Information for VI-NMR spectro-
scopy). X-ray diffraction analysis confirmed the constitution
of 5. The central structural motif consists of an S-P-C-S-C-P
six-membered ring featuring saddle conformation, which ex-
plains the complex splitting in the '"H NMR spectrum (axial
and equatorial positions of the phenyl substituents at phos-
phorus). The carbon atom in 5 features a planar environ-
ment (sum of angles: 360.0(4)° and 159.1(4)°) with short-
ened P—C bond lengths due to electrostatic interactions (see
Supporting Information).!'!

The formation of 5 is also observed without addition of
any borane source. This is contrary to the methylsilyl-substi-
tuted derivatives of 3, which solely furnished complex prod-
uct mixtures upon warming, thus underlining the stabiliza-
tion by the phenyl substituents.”] Chivers and co-workers
have recently reported on the formation of a dimeric species
analogous to 5§ as a by-product of a two-electron oxidation
of a dilithio methandiide."**"! They suggested a carbene spe-
cies as intermediate, which undergoes electrophilic attack at
the sulfur of the P—S bond. An analogous mechanism might
also be applicable for carbenoid 3. Indeed computational
studies confirm that borate formation possesses a much
higher reaction barrier for the amine adduct, BH;-NMe;,
compared to the ether and thioether adducts. In fact, when
using a phenyl-substituted model system the carbene forma-
tion (AG*=24.0 kcalmol™") was revealed to be slightly fa-
vored over the nucleophilic attack of the carbenoid at the
borane (AG*=30.2 kcalmol ™). These findings demonstrate
that borate formation is the crucial step for the B—H bond
activation of carbenoid species. This depends on the stability
of the borane (as demonstrated above) but also on the nu-
cleophilicity of the carbenoid itself. The formation of § ac-
counts for the great electronic stabilization of the carbenoid
by the thiophosphinoyl and silyl moiety. More nucleophilic
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carbenoids might also furnish the B—H bond activation with
the less reactive BH;:NMe;.

In conclusion, we have reported on the reactivity of elec-
tronically stabilized Li/Cl carbenoids towards different
Lewis base adducts of parent BH;. This reactivity strongly
differs from the reactivity usually observed with simple or-
ganolithium compounds and NHCs. Depending on the sta-
bility of the borane adduct either B—H bond activation at
the carbenic carbon center or dimerization of the carbene is
observed. DFT calculations showed that the B—H bond acti-
vation proceeds in a stepwise fashion during which the nu-
cleophilic attack of the Li/Cl carbenoid at BH;LB is the
crucial reaction step. In the case of more stable borane ad-
ducts, borate formation competes with carbene formation
and therefore further reaction pathways. These findings sug-
gest that also other—Iless stable carbenoids—should be ap-
plicable in B—H bond activation reactions and that the
choice of the borane source might be crucial for selective
transformations.
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