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Carbodiimide and Isocyanate Hydroboration by a Cyclic
Carbodiphosphorane Catalyst**

Ben A. Janda,” Julie A. Tran,” Daniel K. Chang,” Gabriela C. Nerhood,” O. Maduka Ogba,**

and Allegra L. Liberman-Martin*®

We report hydroboration of carbodiimide and isocyanate
substrates catalyzed by a cyclic carbodiphosphorane catalyst.
The cyclic carbodiphosphorane outperformed the other Lewis
basic carbon species tested, including other zerovalent carbon
compounds, phosphorus ylides, an N-heterocyclic carbene, and
an N-heterocyclic olefin. Hydroborations of seven carbodiimides
and nine isocyanates were performed at room temperature to

Introduction

Formamidine and formamide products are important units in
biologically active compounds with bactericidal, fungicidal, and
insecticidal properties."™ The reduction of carbodiimides and
isocyanates is an appealing route to these functional groups;
however, the presence of multiple polar double bonds in these
heterocumulene substrates poses a challenge for selective
reduction reactions.

Traditional methods to reduce carbodiimides and isocya-
nates into formamidines and formamides involve stoichiometric
quantities of reducing agents such as NaBH, or Cp,ZrHCI.5”
Catalytic reduction reactions can decrease the amount of waste
generated in the synthesis of these products.

Catalytic carbodiimide hydroboration reactions were first
reported in 2016 using magnesium catalysts.®¥ Since then,
catalysts for carbodiimide hydroboration using pinacolborane
(HBpin) have been reported from across the periodic table,
including transition metal,"*'? main group,"*?" and actinide™
catalysts. Most carbodiimide hydroboration catalysts operate at
elevated temperatures (50-80°C).B10162427.28 Eyceptions that
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form N-boryl formamidine and N-boryl formamide products.
Intermolecular competition experiments demonstrated the
selective hydroboration of alkyl isocyanates over carbodiimide
and ketone substrates. DFT calculations support a proposed
mechanism involving activation of pinacolborane by the
carbodiphosphorane catalyst, followed by hydride transfer and
B—N bond formation.

operate at room temperature include a carbatrane magnesium
hydride complex,™ the 9-borabicyclo[3.3.1]nonane dimer,™
manganese(ll) bis(hexamethyldisilazide), "™ a boron-functional-
ized heptaphosphide Zintl cluster,* 9,10-dihydro-9,10-dibor-
aanthracene dianions,”® and an N-heterocyclic carbene-sup-
ported copper alkoxide complex."”

Initial studies of catalytic isocyanate hydroboration reactions
in 2016 and 2017 reported magnesium catalysts for the
dihydroboration of isocyanates to form N,0-bis(boryl) hemi-
aminal products or hydrodeoxygenation reactions to generate
N-methyl amines.”?” Subsequent work has revealed a range of
catalysts for the selective hydrodeoxygenation of isocyanates at
50-100°C.**38 The monohydroboration of isocyanates has
also been observed at long reaction times under catalyst-free
conditions® or using transiton metal,"*¥3%*?  main
group, 223032343840 gnd actinide®” catalysts. However, notably,
none of the existing catalysts for carbodiimide or isocyanate
hydroboration are neutral, Lewis basic organocatalysts.

In the present work, we have studied zerovalent carbon
compounds (Scheme 1) as catalysts for carbodiimide and
isocyanate hydroboration. Low-valent carbon species have
attracted significant attention in organic and organometallic
chemistry.#'*¥ Divalent carbon compounds such as N-hetero-
cyclic carbenes have been most extensively studied, and have
enabled innovations in materials chemistry,**® transition metal
catalysis,“”** and organocatalysis.**** Carbones, CL,, are zer-
ovalent carbon compounds that feature a carbon center with
two lone pairs flanked by two donors, such as phosphines or N-
heterocyclic carbenes (Scheme 1, top).*>*® While carbones have
achieved prominence as strongly donating ligands to support
transition metal and main group complexes,”’ " there are
limited reports of their use as metal-free catalysts.'***"

This work compares the catalytic activities of a series of
zerovalent carbon compounds (1-5; Scheme 1, bottom) for
isocyanate and carbodiimide reduction using pinacolborane.
These catalysts were selected to survey a range of carbone
species and include both acyclic®”" and cyclic”*®* carbodi-
phosphoranes (1-3), a carbophosphinocarbene (4)"¥ and a

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Scheme 1. Two bonding representations of zerovalent carbon (top) and the
carbone compounds investigated as hydroboration catalysts in this work
(bottom).

carbodicarbene (5)"¥ compound. A combination of catalytic

studies and DFT calculations provide insight into the fundamen-
tal reactivity of carbodiphosphoranes.

Results and Discussion
Carbodiimide hydroboration catalysis
We initially compared the catalytic abilities of a range of Lewis

basic carbon species to promote N,N'-diisopropyl carbodiimide
(6a) hydroboration reactivity (Table 1). Reactions were per-

Table 1. Catalyst comparison for N,N'-diisopropyl carbodiimide hydro-
boration.”!
| H
catalyst )\ J\
N=C=N + HBpin —— N)%N
\< 6De Boi
(1.1 equiv) 25°C pin
6a 7a
Entry Catalyst Catalyst loading [mol Time Yield
%) th] 9]
1 IPr 5 1 0%
2 IPrCH, 5 1 0%
3 Ph;PCH, 5 1 0%
4 Ph;PC(CH,), 5 1 0%
5 1 5 1 98%
6 2 5 1 82%
7 3 5 1 0%
8 4 5 1 0%
9 5 5 1 0%
[a] Reaction conditions: N,N'-diisopropyl carbodiimide (0.24 mmol), pina-
colborane (0.27 mmol), and catalyst (0.012 mmol) in benzene-d, (0.50 mL)
at 25°C. [b] Yields were determined by 'H NMR integration relative to a
1,3,5-tris(trifluoromethyl)benzene internal standard.
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formed using 1.1 equiv of pinacolborane and 5 mol % catalyst
loading in benzene-d; solvent. Reaction yields of the monohy-
droboration product 7a relative to a 1,3,5-tris(triffluorometh-
yl)benzene internal standard were determined after 1 h at 25°C.
The N-heterocyclic carbene IPr (IPr=1,3-bis(2,6-
diisopropylphenyl)imidazol-2-ylidene), N-heterocyclic  olefin
IPrCH,, phosphorus ylides Ph;PCH, and Ph;PC(CH;),, and
zerovalent carbon compounds 3-5 were catalytically inactive
(Table 1, entries 1-4 and 7-9). The highest activity for N,N'-
diisopropyl carbodiimide hydroboration was observed with
carbodiphosphoranes 1 and 2 (98% and 82% yield, respec-
tively; Table 1, entries 5 and 6).

The conversion of a range of carbodiimides (6b-6g) to their
monohydroborated derivatives (7 b-7 g) was investigated in the
presence of 5 mol % of cyclic carbodiphosphorane catalyst 1
(Scheme 2). Reaction times varied significantly based on the
carbodiimide substituents. Symmetrical carbodiimides with
cyclohexyl (6b) and sec-butyl (6c) substituents underwent
hydroboration in high yields (97% and 989%, respectively);
however, reaction times increased going from isopropyl (6a,
1 h) to cyclohexyl (6b, 7 h) and sec-butyl (6 ¢, 24 h) substituents.
Attempts to reduce N,N'-di-tert-butyl carbodiimide or N,N'-
bis(trimethylsilyl) carbodiimide were unsuccessful. Although
hydroboration of 1-tert-butyl-3-ethyl carbodiimide (7d) was
highly regioselective, a low yield (27 %) was observed for this
substrate after 72 h. Aromatic carbodiimides 6e-6g were
reduced in 79-98% vyield within 1 h. For all substrate tested,

catalyst 1 H
R 5 mol%
N=C=N"~  + HBpin —oO%) R~N)§N/R
R/ i CGDGv 25 °C |
(1.1 equiv) Bpin
6 7
O L0 i
| .
Bpin Bpin
7b, 97% 7c, 98%
7h 24 h
e QL
~ o
Bpin Bpin
7d, 27% 7e, 79%
72h 1h
H3;CO OCH iPr
N >N NJQN
H |
Bpin iPr Bpin iPr
7f, 86% 79, 98%
1h 1h

Scheme 2. Carbodiimide scope for hydroboration reactions. Reaction con-
ditions: carbodiimide (0.24 mmol), pinacolborane (0.27 mmol), and catalyst 1
(0.012 mmol) in benzene-d, (0.50 mL) at 25 °C. Yields were determined by
'H NMR integration relative to a 1,3,5-tris(trifluoromethyl)benzene internal
standard.
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further reduction beyond the monohydroboration product was
not observed, even in the presence of 3 equiv of pinacolborane.

Isocyanate hydroboration catalysis

We next compared carbon Lewis bases (1 or 5mol %) as
potential catalysts towards the reduction of hexyl isocyanate
(8a) to N-boryl formamide product 9a using 1.1 equiv of HBpin
in benzene-d, at 25°C (Table 2). The N-heterocyclic carbene IPr
and carbodicarbene 5 were catalytically inactive under the
conditions tested (Table 2, entries 1 and 14). However, a broad-
er range of catalysts exhibited hydroboration activity towards
isocyanate 8a than carbodiimide 6a. Moderate yields of hydro-
boration product 9a were observed using 5 mol % of the N-
heterocyclic olefin IPrCH, or the phosphorus ylide Ph;PCH,
(69% and 50% yield after 1 h, respectively; Table 2, entries 2
and 3). Quantitative (99%) yield of 9a was observed using
5 mol % of carbodiphosphorane 3 or carbophosphinocarbene 4
(entries 10 and 12); however, diminished yields were observed
when using 1T mol % catalyst loading (77 % after 1 h with 3 and
95% after 15 min with 4; Table 2, entries 11 and 13). Carbodi-
phosphoranes 1 and 2 exhibited the highest catalytic activity
for hexyl isocyanate hydroboration, furnishing 99% yield of 9a
within 15 min using 1 or 5mol % catalyst loading of either
catalyst (Table 2, entries 6-9). Attempts to observe hexyl
isocyanate deoxygenation products were unsuccessful, and

Table 2. Catalyst comparison for hexyl isocyanate hydroboration.”
| (0]
catalyst
N=C=0 + HBpin HeX~NJ\H
Hex C6D6 é i
(1.1 equiv) 25°C pin
8a 9a
Entry Catalyst Catalyst loading Time Yield
[mol %] [min] [9]"
1 IPr 5 60 0%
2 IPrCH, 5 60 69%
3 Ph,PCH, 5 60 50%
4 Ph,PC(CH,), 5 15 99%
5 Ph,PC(CH,), 1 15 95%
6 1 5 15 99%
7 1 1 15 99%
8 2 5 15 99%
9 2 1 15 99%
10 3 5 15 99%
11 3 1 60 77%
12 4 5 15 99%
13 4 1 15 95%
14 5 5 60 0%
[a] Reaction conditions: hexyl isocyanate (0.24 mmol), pinacolborane
(0.27 mmol), and catalyst (0.012 or 0.0024 mmol) in benzene-d, (0.50 mL)
at 25°C. [b] Yields were determined by 'H NMR integration relative to a
1,3,5-tris(trifluoromethyl)benzene internal standard.

Chem. Eur. J. 2024, 30, €202303095 (3 of 8)

monohydroboration of 8a was exclusively observed using
5 equiv of HBpin with either catalyst 1 or 2.

The conversion of various isocyanates (8b-8i) to their
corresponding N-boryl formamidine products (9b-9i) was
studied at 25°C in the presence of 1mol % of cyclic
carbodiphosphorane catalyst 1 (Scheme 3). Hydroboration of
cyclopentyl- and cyclohexyl-substituted isocyanates (8b and
8¢) was observed in >95% yield within 15 min. Reduction of 1-
adamantyl isocyanate (8d) was inefficient, achieving 23 % yield
after 20 h. Hydroboration of isocyanates with phenethyl (8e),
allyl (8f), and benzyl substituents required 30 min at 25°C,
while the electron-rich 4-methoxybenzyl derivative (8h) re-
quired 60 min to reach near-completion. Furthermore, quantita-
tive reduction of both isocyanate groups of hexamethylene
diisocyanate (8i) was observed within 15 min using 2.2 equiv of
HBpin. The attempted hydroboration of phenyl isocyanate with
1.1 equiv of HBpin was unselective, producing both monohy-
droboration and dihydroboration products. Hydroboration
attempts involving cyclohexyl isothiocyanate or p-toluenesul-
fonyl isocyanate were unsuccessful. Overall, isocyanate sub-
strates featuring primary and secondary aliphatic groups, allylic,
and benzylic substituents underwent rapid and selective
monohydroboration in the presence of cyclic carbodiphosphor-
ane 1 at 25°C.

In the absence of pinacolborane, cyclic carbodiphosphorane
1 catalyzed cyclotrimerization of alkyl or aryl isocyanates to
form isocyanurate products in >95% yield (see Supporting
Information for details). Lewis basic catalysts for isocyanate

catalyst 1 (0]
1 mol%
N=C=0 + HBpin —lmo%) R‘NJ\H
R . CeDe, 25 °C |
(1.1 equiv) Bpin
8 9
(o} (o}
At s °
N"H N”H A
Bpin Bpin N
P Bpin
9b, 95% 9c, 99% 9d, 23%
15 min 15 min 20 h
Ak i X
NJJ\H \/\NJJ\H N H
épin Bpin Bpin
9e, 79% 9f, 84% 9g, 99%
30 min 30 min 30 min
j)\ 0 Bpin
N"H HJ\N/\/\/\/N\H/H
Bpin é o)
H3CO pin
9h, 97% 9i, 99%
60 min 15 minl®]

Scheme 3. Isocyanate scope for hydroboration reactions. Reaction condi-
tions: isocyanate (0.24 mmol), pinacolborane (0.27 mmol), and catalyst 1
(0.0024 mmol) in benzene-d, (0.50 mL) at 25 °C. Yields were determined by
'H NMR integration relative to a 1,3,5-tris(trifluoromethyl)benzene internal
standard. [b] 2.2 equiv of pinacolborane.
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cyclotrimerization have been previously reported, including N-
heterocyclic carbenes,” N-heterocyclic olefins,”® phosphines,””
and carbodicarbene and carbophosphinocarbene compounds
in the presence of benzyl alcohol.®

Competition experiments

To assess the selectivity of hydroboration reactions catalyzed by
cyclic carbodiphosphorane 1, competition experiments were
performed (Scheme 4). In an experiment with 1equiv of
cyclohexyl isocyanate, 1equiv of N,N-dicyclohexyl carbodii-
mide, 1 equiv of pinacolborane, and 5 mol % of catalyst 1,
exclusive hydroboration of cyclohexyl isocyanate was observed
(Scheme 4a). Preferential reduction of hexyl isocyanate was also
observed in the presence of 3-pentanone (Scheme 4b). In an
experiment with equimolar N,N'-di-p-tolyl carbodiimide and 4-
methylacetophenone, an 8:1 ratio of carbodiimide and ketone
hydroboration products was observed (Scheme 4c). In contrast,

N X
Cy~
N=C=0 HBpin (1 equiv) Y N~ "H 83%
Cy catalyst 1 (5 mol%) Bpin
+ +
Cy CeDg 1h,25°C Cy
N=C=N N=C=N"" unreacted
Cy Cy
; i
Hex .
N=C=0 HBpin (1 equiv) l}l H 85%
Hex” catalyst 1 (5 mol%) Bpin
+ +
o CeDs, 1 h, 25 °C o
\)K/ \)J\/ unreacted
(©) y
p-tol p-tol < N /k NE p-tol
,N=C=N HBpin (1 equiv) o 7%
p-tol catalyst 1 (5 mol%) Bpin
+ +
CeDs, 1 h, 25 °C .
.Bpi
0 10%
H
p-tol CHg ptol” e,
" h
p-tol -tol < . p-tol
N=C=N HBpin (1 equiv) P N™=N PO 83%
p-tol catalyst 1 (5 mol%) Bpin
+ +
’ph CGDG, 1 h, 25°C /Ph
J‘\ )NJ\ unreacted
Ph” H Ph” H

Scheme 4. Intermolecular competition reactions demonstrating hydrobora-
tion preferences. Reaction conditions: substrates (0.24 mmol each), pinacol-
borane (0.24 mmol), and catalyst 1 (0.012 mmol) in benzene-d, (0.50 mL) at
25°C for 1 h. Yields were determined by 'H NMR integration relative to a
1,3,5-tris(trifluoromethyl)benzene internal standard.
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the exclusive hydroboration of N,N'-di-p-tolyl carbodiimide was
observed in the presence of N-benzylideneaniline (Scheme 4d).

Computational studies

Experimental results revealed that carbodiphosphoranes are
effective catalysts for carbodiimide and isocyanate hydrobora-
tion. However, questions remained about the catalyst geometry
and electronics, the nature of the catalyst-substrate interactions,
and the likely catalytic hydroboration mechanism. To address
these questions, we used DFT to compute plausible reaction
paths for carbodiphosphorane-catalyzed isocyanate hydrobora-
tion using the model system in Scheme 5. Methyl isocyanate 10
was used as the model substrate to represent the experimental
scope of alkyl isocyanates in this study, pinacolborane as the
reductant, and cyclic carbodiphosphorane 1 as the catalyst.

Conformational isomers at each stationary point along the
reaction coordinates were generated using molecular mechan-
ics based OPLS force field”® as implemented in Schrédinger.”
All isomers were subject to geometry optimization and vibra-
tional frequency analysis at the ©B97XD®*#"/6-31G(d,p)®*®!
level. Minimum and transition state stationary points were
verified by vibrational analysis. Intrinsic reaction coordinate
(IRC) analysis®®” of the highest energy transition states
confirmed connecting minima along the reaction coordinates
(see Supporting Information for details). Subsequent electronic
energy single point calculations were computed at the
®B97XD/def2-TZVPPBE? |evel, including the polarized continu-
um model (PCM)®"? for benzene, the solvent used in the
experimental study. All quantum mechanical calculations were
carried out in Gaussian 16, Revision B.01.%*

We first analyzed the geometry and electronics of cyclic
carbodiphosphorane 1 (Figure 1). The computed bond length
between the carbone center and each phosphorus atom is
1.65 A, and the computed P—C—P angle is 117°. These values
are consistent with previously reported X-ray crystallographic
data for cyclic carbodiphosphorane 1 (P—C bond lengths for 1=
164 and 1.65A and P—C—P angle for 1=116.8°."? Natural
atomic and bond orbital calculations reveal that catalyst 1
features significant electronic charge localization at the zerova-
lent carbon center (natural charge=—1.52). Moreover, the two
highest lying occupied orbitals (HOMO-1 and HOMO) are
occupied by sigma and pi type lone pairs at the zerovalent
carbon, consistent with computational reports for acyclic
carbodiphosphorane 3.5

0
catalyst 1 J\
N=C=0 + HBpin Me . “~n
Me oy |
CeHe, 25°C Bpin
10 1

Scheme 5. Computational model for investigating plausible hydroboration
mechanisms. Geometries and thermochemistry values (at 298 K) computed
at the ®B97XD/6-31G(d,p) level. Electronic energies on optimized geometries
computed at ®B97XD/def2-TZVPP/PCM(C¢H;) level.
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Ph-p_ 0 p-Ph

S r>r

2 T‘
Ph-1 R~
Ph—P\\\§ h
Ph
HOMO-1
32.41% s, 66.63% p
(sigma type lone pair)

HOMO

2.29% s, 96.78% p
(pi type lone pair)

Figure 1. Natural frontier orbitals of catalyst 1 occupied by the lone pairs on
the carbone center, computed at the ®B97XD/def2-TZVPP/PCM(C4H,) level.

Altogether, geometric and electronic data for 1 led to our
mechanistic hypothesis that the primary role of the carbodi-
phosphorane catalyst is to provide Lewis base activation of the
substrate(s) via o-donation from the carbone center in the
hydroboration reaction. We envisioned two plausible catalytic
cycles based on whether the carbodiphosphorane (CDP)
coordinates to pinacolborane first (CDP-borane adduct cycle) or
to the isocyanate substrate first (CDP-isocyanate adduct cycle);
for each, we computed the minimum energy pathway on the
reaction coordinate (Figure 2).

Carbodiphosphorane-borane adduct cycle (favored)

Facile coordination of carbodiphosphorane 1 to pinacolborane
yields adduct 12 (AG=-4.8 kcal/mol). We have reported
"B NMR data consistent with the formation of this adduct in
earlier studies of ketone hydroboration catalysis using carbodi-
phosphorane 1.9 Hydride transfer from 12 to methyl
isocyanate is the irreversible step in the CDP-borane adduct
cycle and results in an ion pair 13 consisting of a cationic
carbodiphosphorane-Bpin adduct and amide anion (AG=
—20.1 kcal/mol). Coupling of the ion pair through B-N bond
formation yields stabilized carbodiphosphorane-N-boryl forma-
mide adduct 14 (AG=—31.2 kcal/mol). The product release and
catalyst regeneration elementary step is endergonic by 4.8 kcal/
mol. However, upon product release, the reverse carbodiphos-
phorane-product adduct formation (i.e., from 11 to 14 through
TSpany AGF =93 kcal/mol) is less energetically likely than
coordination of carbodiphosphorane to another pinacolborane
(i.e, from 1 to 12 through TS;_;; AG™=6.6 kcal/mol) or the
irreversible hydride transfer step (from 12 to 13 through TS,
13y AG*=8.4 kcal/mol) in the forward reaction. The computed
reaction coordinate thus supports the efficient turnover of
carbodiphosphorane 1 as observed in experiments.

Chem. Eur. J. 2024, 30, €202303095 (5 of 8)

Carbodiphosphorane-isocyanate adduct cycle (disfavored)

On the other hand, coordination of carbodiphosphorane 1 to
methyl isocyanate is expected to be slower than coordination
to  pinacolborane  (AAG®T  TSy_15-TS;1_12=9.9 kcal/mol),
although the former results in a more stable adduct 15
compared to the latter adduct 12 (AAG 15-12=—8.2 kcal/mol).
Ramirez and co-workers have previously described the synthesis
of adducts between hexaphenylcarbodiphosphorane (3) and
aryl isocyanates and carbodiimides.”™ Adduct 15 features an
interaction between the isocyanate N and the P site of the
carbodiphosphorane (P—N distance=2.0 A, see Figure 2), thus
indicating that in addition to the o-donating ability at the
carbone center of carbodiphosphoranes, the phosphorus site
could also serve as a m-acceptor. Such interactions have been
observed in a previously reported solid state structure and DFT
calculations of carbodicarbene-isocyanate adducts.*” Subse-
quent coordination of 15 to pinacolborane via B—N bond
formation vyields 16. Intramolecular hydride transfer via a
strained 4-membered ring is the highest energy transition state
in this cycle (TSue.17, AGT=21.7 kcal/mol) and leads to the
carbodiphosphorane-product adduct 17. Here again, the
phosphorus site on the carbodiphosphorane serves as a -
acceptor, attenuating the charge buildup at the oxygen. A
related 1,2-oxaphosphetane generated by the treatment of
hexaphenylcarbodiphosphorane (3) with hexafluoroacetone has
been characterized by X-ray crystallography and NMR
spectroscopy.®®®” In this cycle, product release and catalyst
regeneration from 17 is exergonic by 4.2 kcal/mol.

The computed reaction is highly exergonic, with an overall
reaction Gibbs free energy (AG,, of —26.4 kcal/mol. The
carbodiphosphorane-borane adduct cycle, which is kinetically
favored, has a Gibbs free energy span®® of 14.1 kcal/mol (i.e.,
AG* at TSu,q-AG at 14). This is consistent with an
experimentally observed >95% yield of N-boryl formamide
products at room temperature within 30 min. In contrast, the
carbodiphosphorane-isocyanate adduct cycle, which is kineti-
cally disfavored, has a Gibbs free energy span of 39.8 kcal/mol
(i.e., AG" at TS;6.17-AG at 16); this computed free energy span
is inconsistent with experimental observations. Therefore, we
conclude that the likely catalytic hydroboration pathway
involves the activation of pinacolborane by the carbodiphos-
phorane catalyst, followed by hydride transfer to the isocyanate
and B—N bond formation to form the N-borylated products.

Conclusions

In summary, we report the efficient hydroboration of carbodii-
mides and isocyanates by cyclic carbodiphosphorane catalyst 1
at 25°C. Highly selective monohydroboration of carbodiimides
and alkyl isocyanates produce N-boryl formamidine and N-boryl
formamide products, respectively. For both carbodiimide and
isocyanate substrates, the cyclic carbodiphosphorane 1 out-
performed the other zerovalent carbon compounds (2-5) and
phosphorus ylides that were tested. To our knowledge, these
results represent the first report of carbodiimide or isocyanate

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 2. Computed catalytic cycles for carbodiphosphorane-catalyzed hydroboration of methyl isocyanate with pinacolborane. Geometries and
thermochemistry values (at 298 K) were computed at the ®B97XD/6-31G(d,p) level. Electronic energies on the optimized geometries were computed at the
©B97XD/def2-TZVPP/PCM(C4H,) level. Distances are reported in Angstroms (A).

Experimental Section
reduction catalyzed by a neutral, Lewis basic organocatalysts.

Furthermore, the DFT studies are a rare example of a computed
reaction mechanism for a zerovalent carbon catalyst.®**¥ The
present work suggests that the operative mechanism for
isocyanate hydroboration catalysis involves coordination of
cyclic carbodiphosphorane 1 to pinacolborane and subsequent Supporting Information

hydride transfer and B—N bond formation. However, our results

do not yet explain the differences in catalytic activity observed  The authors have cited additional references within the

Experimental procedures, characterization data, and details regard-
ing DFT calculations are described in the Supporting Information.

between carbone catalysts 1-5. In future work, we hope to  Supporting Information.”*-'%
demonstrate further catalytic applications of carbodiphosphor-

anes and elucidate why zerovalent carbon compound structure

substantially impacts catalytic activity. Acknowledgements
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