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The (IPr)CuOtBu catalysed reduction of 11 aryl and alkyl isocyanates
with pinacolborane gave only the boraformamides, pinBN(R)C(O)H,
in most cases. Overreduction, which hampers almost all isocyanate
hydroborations, was restricted to electron poor aryl isocyanates (4-
NC-CgH4NCO, 4-F3C-CgH4NCO, 3-O,N-CcH4NCO). Computational
analysis showed stability of [(IPr)CuH],, which was proposed to be
the catalyst resting state, drives selectivity, suggesting an approach
to prevent overreduction in future work. In the case of iPrNCO,
formation of this species renders overreduction kinetically inacces-
sible. For 4-NC-CgH4NCO, however, the barrier height for the first
step of over-reduction is much lower, even relative to [(IPr)CuH],,
resulting in unselective reduction.

Catalytic reduction of isocyanates leveraging p-block hydrides
has emerged as a generalisable route to N-methyl amines via
the deoxygenation of intermediate formamide derivatives. This
transformation has been reported to be catalysed by zirconium,
magnesium,' platinum and boron-centred” catalysts; or via
the uncatalysed action of boranes® and alanes®® upon these
substrates. Selective generation of the partially reduced forma-
mide derivatives containing the -N(R)C(O)H fragment remains
challenging, limited to the stoichiometric action of alane and
zirconium derived systems upon these substrates’ and
restricted reports of hydrogenation'®'' and hydrosilylation
under palladium catalysis. A recent report by Nembenna
showed that a zinc catalyst can provide a highly chemoselective
route to boraformamides through the reaction of isocyanates
with pinacolborane via a zinc(n) hydride intermediate.”® This
was followed by a report of a similarly selective reduction
catalysed by LiHBEt; by Ding and co-workers.'* This dearth of
chemoselective transformations contrasts with another group
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of heteroallenes, the carbodiimides, where selective access to
the formamidine derivatives, containing -N(R)C(NR)H, is
facile.”

Following the initial report of [CuH(PPh;)]s in 1971,'® and
its subsequent exploration in reduction of carbonyl derivatives
by Stryker and co-workers,"”"*® copper(1) hydrides have emerged
as increasingly popular reducing agents.'® Subsequent exten-
sion of the ancillary ligand on copper to encompass NHCs (N-
heterocyclic carbenes)® has fuelled an explosion in the cataly-
tic and stoichiometric implication of copper(i) hydrides in
productive transformations. This growth is in no small part a
consequence of the facile synthesis of [(NHC)CuH], systems
via the action of main group hydrides on copper-element
bonds. For example, Sadighi and co-workers described the
synthesis and characterisation of [(IPr)CuH], (IPr = 1,3-
bis(2,6-diisopropylphenyl)imidazol-2-ylidene) via the reaction
of (IPr)CuOtBu with HSi(OEt);, which also generated tBuO-
Si(OEt);.%° Herein we report that the reaction of isocyanates
with pinacolborane to generate boraformamides, pinBN(R)
C(=O0)H, with high chemoselectivity can be catalysed by the
readily accessible, and stable precatalyst (IPr)CuO¢Bu.

We initially noted this reaction during our work on copper()
catalysed hydrophosphination of isocyanates using phosphines gen-
erated in situ as a result of P-O bond reduction by pinacolborane.*
When we added 2 mol% (IPr)CuOfBu to an equimolar mixture of
triphenylphosphinite, pinacolborane (pinBH) and phenyl isocyanate
we observed a number of products, including peaks we attributed to
pinBN(Ph)C(=O)H. We initially considered that this selective mono-
hydroboration may originate from the partial poisoning of the catalyst
by the phosphines present. The reaction in the absence of phos-
phines, however, disproved this hypothesis. 2 mol% of (IPr)CuO¢Bu
was added to an equimolar C¢Dg solution of pinBH and PhNCO and
within 30 minutes both pinBH and the isocyanate were consumed,
leaving only resonances attributed to pinBN(Ph)C(O)H and a minor
resonance in the B NMR spectrum at 21.7 ppm attributed to
pinBOtBu. While the hydroboration of carbodiimides is a well-
explored reaction,”> the monohydroboration of isocyanates to
give pinBN(R)C(O)H is underreported due to their propensity towards

This journal is © The Royal Society of Chemistry 2023
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Scheme 1 Catalytic hydroboration of heterocumulenes (0.10 mmol) with
pinBH (14.5 pL, 0.10 mmol) and 2 mol% (IPr)CuOtBu in CgDg (0.5 mL),
room temperature unless otherwise noted, NMR yields calculated based
on duplicate 'H NMR spectra compared to a 1,3,5-(MeQ)sCgHs standard.
2 Reaction was conducted at 80 °C for 16 h. © Evidence of other products
with inconsistent conversions, see ESI.¥

over-reduction to give methylamines.>* Despite its seeming simplicity,
no route has yet been described to access pinBN(Ph)C(O)H, with
Nembenna reporting the reduction of only substituted arenes."

To test if this hydroboration could be applied to other
substrates, pinBH was reacted with a selection of heterocumu-
lenes, in the presence of 2 mol% (IPr)CuOt¢Bu (Scheme 1). Small
alkyl groups were tolerated well under these reaction
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conditions (1a and 1b vs. 1c). Under the conditions reported
in Scheme 1, no hydroboration of isopropyl isocyanate was
observed in the absence of (IPr)CuOtBu (see ESIt).

Electron-donating aryl substitution also provided good con-
versions, albeit the very bulky 2,6-di-isopropylphenyl isocyanate
required 16 hours at 80 °C to provide a 94% NMR yield (1f). 1,4-
Di-isocyanatobenzene could be successfully dihydroborated in
71% yield (1k). Substitution of the aryl ring with electron
withdrawing trifluoromethyl, cyano- and nitro-groups (1h, 1i,
1j respectively), however, provided limited conversion to the
desired boraformamide and evidence of other products in the
"H and ''B NMR spectra (vide infra). Whilst carbodiimides were
also viable substrates (3a—c), providing good to excellent yields,
phenyl isothiocyanate provided limited conversion (2a). Only
one example of isothiocyanate hydroboration exists in the
literature.*

In the cases of alkyl and electron-rich aryl isocyanates the
only observable organic product was the boraformamide. More-
over, even in the presence of excess pinacolborane, no evidence
of further reduction was observed for phenyl isocyanate,
instead extended reaction times provided evidence of catalyst
death in the form of visible metallic copper. In contrast,
electron-poor arenes provided evidence of other products
which could be attributed to further reduction steps, including
complete deoxygenation of the isocyanate fragment to produce
the corresponding N-methylaniline. In the case of 4-
cyanophenyl isocyanate and 3-nitrophenyl isocyanate, compet-
ing reduction of the other arene substituents were also
observed providing complex product mixtures. Nevertheless,
the formation of 1h could be confirmed by the isolation of a
single crystal of this material from a reaction mixture which
was characterised by X-ray crystallography (Fig. 1). In contrast,
reaction of 4-trifluoromethylphenyl isocyanate with one equiva-
lent of pinBH provided only evidence of the boraformamide
and methylaniline products in a ~6:1 ratio. Addition of 3
equivalents of isocyanate provided a 99% conversion to the
boraformamide and 4-F;C-C¢H,N(Bpin)CH,OBpin in a ~11:1
ratio. Heating of this reaction mixture to 80 °C for 16 hours

(30%
CeH4N(Bpin)C(O)H (1h). Hydrogen atoms except on C8 are omitted for
clarity. For metric parameters see ESI.t

Fig. 1 Molecular structure probability ellipsoids) of 4-NC-
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provided 85% conversion
trifluoromethylaniline.
Copper(i)-catalysed hydroboration of other unsaturated
compounds in the literature generally occurs via the copper(i)
hydride, with insertion of the unsaturated moiety into the Cu-
H bond.>* A similar mechanism was expected here, and stoi-
chiometric reactions were used to garner evidence for this. The
6-Dipp ligand was used to ensure stability of the hydride
intermediate.”® Thus one equivalent of pinBH was added to a
solution of (6-Dipp)CuO¢Bu to give a bright orange solution,
characteristic of the copper(i) hydride. To this was added one
equivalent of isopropyl isocyanate. 'H and "B NMR spectro-
scopy revealed the formation of a single new 6-Dipp-containing
species and pinBO¢Bu, and crystalline material precipitated
from the reaction mixture. Recrystallisation of this material
yielded colourless crystals suitable for XRD (Fig. 2). This con-
firmed the new complex to be (6-Dipp)CuN(iPr)C(O)H, resulting
from the insertion of the isocyanate into the Cu-H bond.
Addition of pinacol borane to this compound reformed (6-
Dipp)CuH with concomitant elimination of pinBN(iPr)C(O)H.
With this insertion step experimentally validated, we turned
our attention to understanding the specific mono-hydroboration
observed with most isocyanates. In order to gain insight into the
energetic parameters of this reaction, we undertook a DFT study
at the BP86-D3BJ/BS2(benzene)//BP86/BS1 level of theory to
investigate the proposed hydroboration pathway (Scheme 2).
We initially focussed on the resting state of the copper catalyst.
Dimeric [(IPr)CuH], was found to be —14.8 kcal mol " lower
in energy than the monomer, (IPr)CuH, and conversion was

to N-methyl-N-(pinacolbora)-4-

iPrNCO

O
[
(6-Dipp)CuH ’ )J\N/CU(S-Dipp)
b pines | e
-pinBN(iPr)C(O)H
c2 C3
—_—

Fig. 2 Scheme depicting the reactivity and molecular structure (30%
probability ellipsoids) of (6-Dipp)CuN(iPr)C(O)H. Hydrogen atoms except
on C32 and solvent molecules are omitted for clarity. For metric para-
meters see ESI.}
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associated with a low barrier (TSigpycuny, 9-4 keal mol ™). In
contrast, the bridged borohydride [(IPr)CuH,Bpin] was found
to be slightly higher in energy (2.2 kcal mol ). Computational
investigation of the interaction between either of these species
and the isocyanate did not lead to a viable hydrocupration
pathway.

We thus turned our attention to reactivity predicated on
monomeric (IPr)CuH, which has been widely implicated in
catalysis, but with [(IPr)CuH], proposed as the resting state.
As shown, the stepwise formation of the hydride monomer,
(IPr)CuH, and subsequent insertion of the isocyanate proceeds
with a high but accessible barrier of 28.5 kcal mol™" (TS1)
relative to [(IPr)CuH],. This step is exergonic by —9.9 kcal mol ™"
towards Int1 (—24.7 kecal mol™') and is likely to be essentially
irreversible. 5-bond metathesis then proceeds with a barrier of
15.4 keal mol ™" (TS2), associated but is slightly endergonic by
2.9 keal mol ™" on forming the boraformamide product, 1a, and
reforming (IPr)CuH (—21.8 kcal mol '). Dimerisation of the
hydride to reform [(IPr)CuH], (—36.6 kcal mol '), however,
provides an energy decrease overall to these steps of
—11.9 keal mol ™. For the reaction to proceed to deoxygenation,
as observed with most systems, 1a could be expected to be
further hydrocuprated to a borylated aminolate, Int2, which
could then proceed in a stepwise fashion to an N-methylamine
with net elimination of a borate ester. Investigation of this step
from the [(IPr)CuH], resting state indicated that its barrier is
33.5 keal mol " (TS3), larger than that of the first insertion and
o-bond metathesis steps suggesting this step is kinetically less
accessible especially as this reaction is performed at room
temperature. This insertion product, Int2, is also higher in
energy than the resting state and 1a by 11.2 kcal mol " We thus
posit that the source of selectivity in this reaction is that the
first step of overreduction is both kinetically disfavoured and
significantly higher in energy than dimerization of the copper()
hydride in the presence of 1a. The copper(i) hydride dimer is
also well-established to show limited stability, converting to
free IPr, copper metal and hydrogen.>°

With a model for the selective mono-hydroboration
proposed we turned our attention to the cases where over-
reduction was observed, calculating a comparative pathway for
4-cyano-phenyl isocyanate. The initial reduction steps show a
generally similar pattern to the isopropyl isocyanate. An acces-
sible and stabilising initial hydrocupration is followed by a
slightly uphill Cu-N/B-H o-bond metathesis except when
dimerization is considered. The second hydrocupration shows
a significant deviation. In contrast to the isopropyl case, where
the calculated barrier was 33.5 kcal mol ' (TS2'), for the 4-
cyanophenyl isocyanate, this second hydrocupration is only
associated with an overall barrier of 26.3 kcal mol ™" (TS3')
relative to [(IPr)CuH],, much more accessible and commensu-
rate with that for the first hydrocupration. Moreover, the
resultant borylated aminolate, Int2’, shows similar stability to
1h and [(IPr)CuH], (energy difference: 0.4 kcal mol %). This
ensures that the second hydroboration competes with dimer
formation and consequent decomposition and contributes to
the reduced selectivity observed for electron-poor arenes.

This journal is © The Royal Society of Chemistry 2023
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Scheme 2 Computed pathways (free energy, kcal mol™?) for the hydroboration of iPrNCO (black/red) and 4-NC-CgH4-NCO (blue) at the BP86-D3BJ/
BS2(benzene)//BP86/BS1 level of theory. For full computational details see ESI.{

In conclusion, we have described a highly selective hydro-
boration system; the action of pinacol borane on a range, of
isocyanates gives, in most cases, only the boraformamide with
(IPr)CuOtBu as a catalyst. A computational study implied that
the origin of the selectivity is the barrier height to boracupra-
tion of the boraformamide, especially in competition with
dimerization of the copper(i) hydride to form [(IPr)CuH],. In
the presence of electron rich isocyanates, the formation of this
species was suggested to kinetically disfavour over-reduction
thus producing the observed selectivity. In future, carefully
designed reaction systems might leverage oligomerisation as
a source of selectivity based on this work.
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