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ABSTRACT: The use of a N-phosphinoamidinato NHC-diborene catalyst 2 for hydroboration is described. The N-
phosphinoamidine tBu,PN(H)C(Ph)=N(2,6-iPr,C¢Hs) was reacted with nBuLi in Et,O to afford the lithium derivative, which was
then treated with B2Brs(SMe,), in toluene to form the N-phosphinoamidinate-bridged diborane 1. It was then reacted with N-
heterocyclic carbene, IMe (:C{N(CH3)C(CHs)},), and excess potassium graphite at room temperature in toluene to give the N-
phosphinoamidinato NHC-diborene compound 2. It can stoichiometrically activate ammonia-borane and carbon dioxide. It also
showed catalytic capability. 2 mol% of 2 catalyzed hydroboration of carbon dioxide (CO_) with pinacolborane (HBpin) in deuterat-
ed benzene (CsDs) at 110 °C (Conversion: >99%), which afforded methoxyborane [pinBOMe] (Yield: 97.8%, TOF: 33.3 h™) and
bis(boryl)oxide [(pinB).Q]. In addition, 5 mol% of 2 catalyzed N-formylation of secondary and primary amines by carbon dioxide
and pinacolborane to yield the N-formamides (Average yield: 91.6%, TOF: 25.9 h'). Moreover, 2 showed chemoselectivity toward
catalytic hydroboration of carbonyl compounds. In mechanistic studies, the B=B double-bond in compound 2 activated the sub-
strates, the intermediates of which then underwent hydroboration with pinacolborane to yield the products and regenerate catalyst 2.
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tivity to activate and functionalize small molecules due to
possession of HOMO and LUMO with small energy differ-
ence.! As an illustration, stable diboryne, diborene, dialumene,
disilene, digermyne and distannyne were capable of non-
catalytically activating a diversity of small molecules, namely
dihydrogen, ammonia, nitrous oxide, carbon monoxide and
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cloaddition with ethylene and norbornadiene,® in addition to
the reversible oxidation with H..° These results indicate that
small molecules are difficult to dissociate from the main-group
element centers after activation. As such, catalytic organic
transformations mediated by multiply bonded main-group €O, + HBpin
compounds are rare, with only two examples reported. The
first example was digermyne-catalyzed cyclotrimerization of
terminal alkynes, where the digermyne [TbbGeGeThb] (Thb =
4-tBu-2,6-[CH(TMS),]-CsH,, TMS = SiMes) was a pre- Fresent work
catalyst (Figure 1), which reacted with alkyne to afford the
digermabenzene.” It acted as the active catalyst to react with
three more molecules of alkynes to form 1,2,4-triarylbenzene
with high regioselectivity. The second example was the dial-
umene-catalyzed CO, hydroboration, where the NHC-
dialumene [(IPrMe)(tBu.MeSi)AIAI(SiMetBuy)(IPrMe)] )L
(IPrMe = :C{N(iPr).C(Me)}.) was a pre-catalyst, which react-
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It acted as the active catalyst to react with HBpin and CO, to ® Chemoselective (High Selectivity)
form formoxyborane. In these catalyses, the Al=Al and Ge=Ge

multiple bonds were not able to regenerate after the catalytic

cycle. These results give rise to the question of whether main- Figure 1. Multiply bonded main-group compounds for catalytic

group multiple bond can involve in a catalytic cycle. organic reactions.



To proof the concept, we were interested in synthesizing a
main-group element multiply bonded delocalized compound
for catalytic organic reactions because the delocalization effect
could facilitate restoration of the main-group element multiple
bond after a catalytic cycle. In this article, we report the syn-
thesis of a N-phosphinoamidinato N-heterocyclic carbene-
diborene catalyst and its application toward catalytic hydrobo-
ration of CO,, catalytic N-formylation reaction of secondary
and primary amines by carbon dioxide and pinacolborane, as
well as chemoselective catalytic hydroboration of carbonyl
compounds. DFT calculations are also reported to rationalize
our experimental findings.

Results and Discussion

To begin with, the N-phosphinoamidine® was reacted with
nBuLi in Et,O for 3 h to afford the lithium derivative, which
was then reacted with B,Brs(SMe;),!° in toluene for 12 h
(Scheme 1). The LiBr formed in the reaction mixture was sep-
arated by filtration. After that, the filtrate was concentrated to
afford the N-phosphinoamidinate-bridged diborane 1 as color-
less crystals. The 'B{*H} NMR spectroscopy shows two sig-
nals at 55.5 and -11.9 ppm for sp? and sp® boron centers, re-
spectively. The 'P{*H} NMR spectroscopy shows one signal
at 35.9 ppm. X-ray crystallography of 1 shows that the ligand
is bridged between two boron centers, where the length of B1-
B2 bond is 1.704(5) A (Figure 2). Moreover, the length of N1-
B1 bond is 1.428(5) A, indicating that the N1 lone pair of elec-
trons delocalize to the vacant p orbital of the B1 center more
than the amidinate N1-C13-N2 skeleton (C13-N2: 1.279(4) A,
C13-N1: 1.423(4) A).
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Scheme 1. Synthesis of 2.

Figure 2. Molecular structure of 1 obtained by X-ray crystallog-
raphy. Thermal ellipsoids are set at 50 % probability. All hydro-
gen atoms are deleted for clarity. Selected bond lengths (A) and
angles (deg): B1-B2 1.704(5), P1-B2 1.940(4), N1-B1 1.428(5),
N1-C13 1.423(4), N2-C13 1.279(4), P1-N2 1.673(3), N1-B1-B2
124.3(3), B1-B2-P1 103.9(2), B2-P1-N2 104.53(15), P1-N2-C13
127.8(2), N2-C13-N1 126.3(3), C13-N1-B1 120.8(3).

Compound 1 was reacted with IMe (:C{N(CH3)C(CH3)}.)
at room temperature in toluene for 4 h to yield a red precipi-
tate, which was then reacted with excess KCsg in toluene for 3
h at room temperature to yield a purple-red mixture (Scheme
1). The precipitate (graphite and KBr) formed in the reaction

mixture was removed by filtration. After that, the filtrate was
concentrated to afford the phosphinoamidinato NHC-diborene
compound 2 as a red crystalline solid. The *B{*H} NMR
spectroscopy displays 2 signals at 28.8 and 10.5 ppm, indicat-
ing that compound 2 is composed of a highly polarized B=B
double-bond. The signals are in the range of the !B NMR
signals (12 — 32 ppm) of similar Lewis base-diborene com-
plexes.’t? The 3P{*H} NMR signal (45.9 ppm) is downfield
shifted when comparing with that of 1. The BC{*H} NMR
signal at 152.9 ppm is attributable to the Ccarene Center coordi-
nating with the boron atom. The molecular structure of com-
pound 2 obtained by X-ray crystallography is composed of a
planar boron-containing six-membered ring with the N2-C1-
N1-B2 torsion angle of -0.07° (Figure 3). This indicates that
there is 6m-electron delocalization along the N2-C1-N1-B1-B2
skeleton. The N1 lone pair electrons delocalize along the
amidinate skeleton, as indicated by the length of C1-N1 and
C1-N2 bonds. This results in lengthening of N-B bond length
(N1-B1: 1.526(4) A) in comparison with that of 1. The length
of B2-B1 bond (1.562(5) A) falls in the range of B=B double-
bond length (1.546-1.625 A) in similar Lewis base-diborene
complexes.'?® The NHC (B1-C20: 1.590 A) and phosphine
(P1-B2: 1.852(3) A) of the phosphinoamidinate ligand are
bonded with the B=B bond. Their bond lengths are similar to
those of other NHC/Phosphine-diborene complexes (C-B:
1.532 - 1.603 A; P-B: 1.863 — 1.929 A).1--%5

Figure 3. Molecular structure of 2 obtained by X-ray crystallog-
raphy. Thermal ellipsoids are shown at 50 % probability. All hy-
drogen atoms are removed for clarity. Selected bond lengths (A)
and angles (deg): B2-B1 1.562(4), P1-B2 1.851(4), N1-Bl
1.526(4), N2-P1 1.641(2), C1-N2 1.312(4), N1-C1 1.366(4); N1-
B1-B2 123.8(3), B1-B2-P1 112.5(2), B2-P1-N2 106.45(14), P1-
N2-C1 129.8(2), N2-C1-N1 125.0(3).

DFT calculations (M06-2X/def2-TZVP, Fig. S68) were per-
formed to elucidate the electronic structure of 2. The
HOMO-1 shows the o orbital of the B=B double-bond arising
from the mixing of B 2p orbitals (Figure 4). The HOMO ex-
hibits the & orbital of the B=B double-bond, while the LUMO
represents the N 2p orbital conjugated with the 7 system of the
phenyl group. Accordingly, the natural bond orbital (NBO,
Table S8) analysis illustrates that the B1-B2 ¢ bond is arisen
from the mixing of sp hybrids on the boron atoms (B1: sp*%;
B2: sp'#!). The B1-B2 & bond is slightly polarized toward the
B1 atom (54.2 % B1 + 45.8 % B2). It is generated by the mix-
ing of B p orbitals. The Wiberg Bond Index of 1.55 suggests



that the B2-B1 is a double bond. In addition, Natural Popula-
tion Analysis (NPA) shows that the charge on the B1 and B2
atoms are —0.55 and 0.09 e, respectively. The dissected nucle-
us independent chemical shift (NICS.(1): -4.6 ppm, Table S9)
shows that the diboron-containing six-membered ring in 2 is
slightly aromatic.

Figure 4. Calculated frontier orbitals of compound 2 (B: pink, Br:
brown, C: yellow, H: white, N: blue, P: orange).

The B=B double-bond character in 2 was illustrated by its
reactivity with NH3;BHj3 in toluene at -78 °C (Scheme 2). The
reaction mixture was warmed to room temperature and stirred
for 3 h. The precipitate formed was discarded by filtration.
After that, the borylboronium cation 3 was isolated as a color-
less crystalline solid from the concentrated filtrate. It is pro-
posed that the reaction proceeds through the addition of H*
and H- from NH3BHjs to the B=B double-bond in 2 to form a
diborane intermediate | and NH,BH,. The second pair of H*
and H- from NH;BH; attacks the N-phosphinoamidinate ligand
and NHC-borane center, respectively, to form the N-
phosphinoamidine ligand, which then displaces the Br- moiety
to form 3. Its 'H NMR spectrum exhibits signals for the N-
phosphinoamidine and 1Me backbone. The B—H signal cannot
be found in the spectrum due to quadrupolar boron nucleus.
The 3P{*H} NMR spectrum shows a multiplet at 85.6 ppm
due to the coupling with N-H and B-H protons. The “B{*H}
NMR spectrum shows two broad signals for the boronium
cation (-14.2 ppm) and borane center (-36.2 ppm). The molec-
ular structure of 3 obtained by X-ray crystallography (Figure
5) illustrates that the N-phosphinoamidine chelates to the bo-
ronium B1 cation, while IMe coordinates to the borane B2
atom (C28-B2: 1.603(3) A). Both boron centers adopt a tetra-
hedral geometry. The B1- + * Br distance is 9.331 A, indicating
that there is no interaction between these atoms. The length of

B2-B1 bond is 1.749(4) A. It is comparable to the B-B single
bond length in compound 1 (1.704(5) A). The N1-B1 bond
(1.617(3) A) is considerably lengthened when compared with
the N-B single bond length (1.428(5) A) in compound 1 indi-
cating that the former is a coordinative covalent bond. In addi-
tion, the B1-P1 bond (1.970(2) A) is comparable with the B-P
coordinative covalent bond (1.940(4) A) in compound 1.
These data support that the N-phosphinoamidine ligand che-
lates the boronium B1 cation.

e 7 N [ wd

BuF N—A M= oA | N—A
Uy —Ar o . —Ar
\B:B/ NHqBH; _ [1BUF (/N + BN BuPwy 1 g
/ \ -78°C to rt, 3h B—B H H / \BLH
BY Y toluene A NN Ho¥

Scheme 2. Synthesis of 3.
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Figure 5. Molecular structure of 3 obtained by X-ray crystallog-
raphy. Thermal ellipsoids are displayed at 50 % probability. All H
atoms are omitted for clarity. Selected bond lengths (A) and an-
gles (deg): B2-B1 1.749(4), C28-B2 1.603(3), N1-B1 1.617(3),
P1-B1 1.970(2), P1-N2 1.6987(19), N2-C13 1.360(3), N1-C13
1.313(3), N1-B1-P1 96.19(14), N1-B1-B2 120.62(19), P1-B1-B2
116.79(16), B1-B2-C28 114.2(2).

Compound 2 was capable of activating small molecule,
namely carbon dioxide (CO-, 1 atm) in toluene at room tem-
perature (Scheme 3). The reaction mixture changed from red-
dish purple to colorless immediately. After filtering the reac-
tion mixture, compound 4 was isolated as a colorless crystal-
line solid from the concentrated filtrate. In the reaction, the
B=B double-bond in 2 undergoes a [2+2] cycloaddition with
CO; to give compound 4. Its spectrum of *H NMR spectrosco-
py displays signals of the N-phosphinoamidinate and IMe lig-
and. The *B{*H} NMR signals are -5.5 and -17.9 ppm, which
are upfield shifted comparing with that of compound 2,
demonstrating that the boron centers are four-coordinate.
Moreover, the 3P{*H} NMR signal (39.7 ppm), which is
comparable with that of compound 1, is upfield shifted when
compared with that of compound 2. These spectroscopic data
indicate that the B-B bond in compound 4 is a single bond. It
is consistent with the molecular structure of 4 (Figure 6) ob-
tained by X-ray crystallography where the length of B-B bond
(1.770(3) A) is comparable with the length of B-B single bond
in compound 1. The B,CO four-membered ring is planar with
the endocyclic 01-C28 bond (1.349(3) A) being longer than



the exocyclic 02-C28 bond (1.218(3) A). In addition, the Br
and IMe moieties are positioned in a cis fashion in reference to
the boron-containing four-membered ring. Compound 4 is
stable in solution and the solid state, which does not decom-
pose in refluxing toluene. Recently, Braunschweig et al. re-
ported that the treatment of the NHC-diborene
[IPr(Br)BB(Br)IPr] (IPr = :C{N(2,6-iPr,C¢H3)CH},) with CO;
formed a [2+2] cycloaddition product, which was thermally
unstable and could not be isolated in quantity. It rearranged to
form the 2,4-diboraoxetan-3-one containing oxo and carbonyl
groups bridged between two boron centers.?
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Scheme 3. Formation of compound 4 and 5.

Figure 6. Molecular structure of 4 obtained by X-ray crystallog-
raphy. Thermal ellipsoids are illustrated at 50 % probability. All
hydrogen atoms are erased for clarity. Selected bond lengths (A)
and angles (deg): B2-B1 1.770(3), B2-C28 1.625(3), B1-O1
1.538(3), 01-C28 1.349(3), 02-C28 1.218(3), B2-P1 1.940(2),
B1-N1 1.562(3), B1-C29 1.632(3), N1-B1-B2 118.67(17), B1-B2-
P1 109.43(14), B1-B2-C28 78.73(15), B2-C28-O1 98.72(17),
C28-01-B1 96.48(15), O1-B1-B2 86.06(15).

It is anticipated that the activated CO, moiety in compound
4 can further be functionalized. As such, compound 2 was
treated with CO; and tris(pentafluorophenyl)borane in toluene
at room temperature, where the reaction color instantly
changed from red-purple to colorless (Scheme 3). After stir-
ring for 30 min, the solution was filtered. Compound 5 was
isolated as colorless crystals from the concentrated filtrate.
The reaction proceeds through the formation of compound 4,
where the exocyclic C=0 double-bond further coordinates to
B(C¢Fs)s to form compound 5. Its *B{*H} NMR signals (-5.7,
-20.3 ppm) are comparable with that of 4, indicating the pres-
ence of a B,CO four-membered ring. Moreover, the “'B{*H}
NMR signal of -26.9 ppm is attributable to the four-coordinate
B(CsFs)s. The molecular structure of 5 obtained by X-ray crys-
tallography illustrates that the electronic structure of the B,CO
four-membered ring in 5 is different from that of 4 (Figure 7).
The 01-C28 (1.292(4) A) and 02-C28 (1.280(4) A) bond

lengths are almost identical, indicating that the double-bond in
exocyclic C=0 bond delocalizes along the Oengo-C-Oexo Skele-
ton. The B2-C28 (1.593(5) A) is shortened and the B1-O1
(1.625(5) A) bond is lengthened in comparison with those in
compound 4. The experimental results show that 5 should
comprise of canonical forms as illustrated in Scheme 4.

Figure 7. Molecular structure of 5 obtained by X-ray crystallog-
raphy. Thermal ellipsoids are set at 50 % probability. All hydro-
gen atoms are deleted for clarity. Selected bond lengths (A) and
angles (deg): B1-B2 1.791(6), B2-C28 1.593(5), B1-0O1 1.625(5),
01-C28 1.292(4), 02-C28 1.280(4), 02-B3 1.551(5), B2-P1
1.950(4), B1-N1 1.544(5), C29-B1 1.619(6), N1-B1-B2 121.2(3),
01-B1-B2 83.8(2), B1-B2-P1 106.6(2), B1-B2-C28 77.6(2), B2-
C28-01 104.2(3), C28-01-B1 92.9(3), 01-C28-02 122.7(3), B2-
C28-02 132.5(3), C28-02-B3 128.1(3).
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Scheme 6. DFT calculations of catalytic mechanism
It is anticipated that if B(C¢Fs)s in 5 is replaced by HBpin, When  more  sterically  hindered  9-BBN  (9-

the B-H bond could attack the C=0 bond to form formoxy-
borane [pinBOC(O)H] and regenerate compound 2. As such,
compound 2 should show catalytic reactivity toward CO,. To
begin with, no reaction between carbon dioxide and pinacol-
borane in deuterated benzene (C¢D¢) at 110 °C was observed.
2 mol% of 2 was then used to catalyze reaction of CO, with
HBpin in Ce¢Ds at room temperature (Table S1). In the first 1
h, a mixture of formoxyborane [pinBOC(O)H] (6a, reaction
time: 1 h, yield: 7.5%, Fig. S21) and bis(boryl)oxide
[(pinB).0] (6¢, reaction time: 1 h, yield: 8.2%) were formed.
After 20 h, the conversion was still less than 30% and only 6¢
was observed (reaction time: 20 h, yield: 26%). When reaction
temperature increased to 110 °C (Scheme 5), the catalytic re-
action was much more efficient and extremely clean (Conver-
sion: >99%), forming a mixture of methoxyborane [pinBOMe]
(6b, yield: 97.8%, TOF: 33.3 h?, Fig. S22) and 6¢ in a 1:1
ratio. The activity of compound 2 is outstanding by consider-
ing turnover frequency and product yield. The turnover fre-
quency (TOF) far surpasses those of main-group element hy-
dride compounds (TOF, Mg: 0.07, Ca: 0.1, Ge: 2.1, Sn: 145 h"
1y for such catalysis.?” Our results are different from the NHC-
dialumene-catalyzed hydroboration of CO, with HBpin, where
80% conversion of CO, to [pinBOC(O)H] was achieved at 80
°C for 3 h via the dialuminum carbonate active catalyst.®

Catalyst 2 (2 mol%) . ) .
MeOBpin + pinBOBpin
C6D67 110 OC Gb Gc

Conversion > 99%

CO, + 3 HBpin

Yield: 97.8 %
TOF: 33.3 h"

Scheme 5. Catalytic hydroboration of CO;

borabicyclo[3.3.1]nonane) was used instead of HBpin (Table
S2, Fig. S25), 2 mol% of 2 catalyzed the hydroboration of CO,
in CgDs at 110 °C to form small amounts of formoxyborane 7a
at time zero. When the reaction continued to proceed,
bis(boryl)acetal (7b, reaction time: 1 h, yield: 27.5%) and
methoxyborane (7c, reaction time: 20 h, yield: 92%) were
sequentially observed. The chronological formation of hy-
droborated products suggest that the B=B double-bond was
recurrently restored in a catalytic cycle. Therefore, the B=B
double-bond in compound 2 is the active site in the catalytic
hydroboration of CO5.

To prove that compound 4 is an intermediate in the cataly-
sis, 2 mol% of 4 was utilized to mediate the catalytic reaction
of carbon dioxide and pinacolborane in deuterated benzene
(CeDg) at 110 °C for 2 h to afford a mixture of 6b (Yield:
92.7%, TOF: 23.6 h') and 6¢ in a 1:1 ratio. This illustrates
that compound 4 further reacts with HBpin to form a zwitteri-
onic moiety in resemblance of compound 5.

On the basis of these experimental studies, the catalytic cy-
cle for the hydroboration of CO, with HBpin is proposed
(Scheme 6) and studied by DFT calculations (M06-2X/def2-
TZVP/IM06-2X/def2-SVP/SMD(Benzene)). The B=B double-
bond in 2 activates CO, with HBpin via TS01 (AG = 20.7
kcal/mol). Subsequently, the H-B bond undergoes nucleophilic
attack to the C=0 bond to form Int01 (AG = -26.1 kcal/mol).
It appears as a [2+2] cycloaddition between 2 and a formoxy-
borane [HC(O)OBpin]. The second HBpin then coordinates
with the acetal oxygen atom in Int01 via TS02 (AG = -10.4
kcal/mol) to give Int02 (AG = -11.0 kcal/mol). Its B-H bond
attacks the acetal carbon atom via TS03 (AG = -10.6
kcal/mol), which induces nucleophilic attack of OBpin, lead-



ing to the formation of pinBOBpin coordinated to the formal-
dehyde oxygen atom in Int03 (AG = -39.0 kcal/mol). At this
point, it is obvious that the first two C-H bond formations are
kinetically facile processes. The steric effect between IMe and
pinBOBpin leads to dissociation of the latter to form Int04
(AG = -58.2 kcal/mol). Int04 is considered as a [2+2] cy-
cloaddition product between 2 and a formaldehyde. The B-O
bond in Int04 then undergoes o-bond metathesis reaction with
the B-H bond of the third HBpin via TS04 (AG = -30.2
kcal/mol) to form Int05 (AG = -71.9 kcal/mol). The fourth
HBpin coordinates with the O atom in Int05. The B-H bond
subsequently attacks the methylene carbon via TS05 (AG = -
46.7 kcal/mol), which results in cleaving the B-Crethylene bond
and forming the B-Bpin bond, affording Int06 and MeOBpin
(AG = -72.0 kcal/mol). Int06 undergoes 1,2-elimination of
HBpin via TS06 (AG = -41.1 kcal/mol) to generate 2 and
HBpin (AG = -73.2 kcal/mol). The computed barriers of
Int04—>TS04 (28.0 kcal/mol) and Int06—TS06 (30.9
kcal/mol) are consistent with the catalysis requiring 110 °C to
occur. The calculation results are in accordance with the ex-
perimental conditions and observations. Reaction temperature
of 25 °C resulted in 6¢ with 26% yield (20 h), suggesting that
the reaction ends at Int04. Reaction temperature of 110 °C
provides sufficient energy to overcome the kinetic barrier
(TS04 and TS06) and hence a mixture of 6b and 6¢ was
formed in a 1:1 ratio.

Then, the catalytic ability of 2 towards N-formylation of
primary and secondary amines, carbon dioxide and pinacol-
borane was examined (Table 1, Table S3). To begin with,
compound 2 (5 mol%) cannot catalyze the reaction of 8e and
carbon dioxide at 90 °C without HBpin (Table S4). However,
5 mol% of 2 catalyzed the N-formylation of primary aliphatic
n-butylamine 8b and 3-methoxypropan-1-amine 8c, with CO,
and pinacolborane in deuterated benzene (CsDs) at 90 °C to
yield the corresponding N-formamides [yield (TOF), 9b: 95
(40.0), 9c¢: 96% (40.0 h')], bis(boryl)oxide 6¢ and H,. Second,
high yield and TOF were accomplished for the N-formylation
of aliphatic secondary diethylamine 8d (yield: 92%, TOF: 50
ht), diisopropylamine 8a (yield: 98%, TOF: 13.3 h*) and pi-
peridine 8e (yield: 98%, TOF: 33.3 h'1). Third, aromatic N-
methylaniline 8f (yield: 81%, TOF: 3.1 h*) and indoline (8g,
yield: 91%, TOF: 1.4 h') were less active in the catalyses. It is
noteworthy that compound 2 is one of the rare main-group
catalysts that mediate N-formylation using carbon dioxide and
pinacolborane, including the NHC-silyliumylidene cation
[(IMe),SiH]1.2¢ Moreover, 2 exceeds the latter in view of both
reaction time and TOF (Example of [(IMe),SiH]I, 9a: Yield:
68%, TOF: 6.8 h). Other main-group element catalysts,
namely proazaphosphatrane® and carbodicarbene®® can only
use potent 9-BBN for the N-methylation of amines with car-
bon dioxide. To understand catalytic mechanism, piperidine 8e
was reacted with HBpin in C¢Ds at 90 °C, resulting in the for-
mation of the borylamine and H,. This suggests that the for-
mation of H; in the above catalysis arose from the coupling
reaction of amines and HBpin. In this context, the catalytic
mechanism is proposed (Scheme 7). Compound 2 catalyzes
the reaction of CO, and HBpin to form formoxyborane [pin-
BOC(O)H] (6a). It then undergoes substitution reaction with
borylamine, which is formed by the dehydrogenation reaction
of amine and HBpin, to form N-formamide and pinBOBpin
6c.

Table 1. 2-catalyzed N-formylation?

Catalyst 2 (5 mol %) R R2?

. _R? 2 equiv. HBpin -
CO, + N |
FIl CgDg, 90 °C 9y /C\\o
-H,
8 - (pinB),O (6c)  °
H
/LNJ\ H o Me. ~_N. 20 /\'\L/\
N SN o
9a 9b 9c 9d
>99 (98)%, >99 (95)%, >99 (96)%, >99 (92)%,
13.3h? 40.0ht 40.0 h? 50 ht
QO oy
K\O k\o So
9e of 9g
>99 (98)%, 91 (81)%, 82 (81)%,
33.3ht 3.1h? 1.4ht

@Reaction conditions: Amine (0.10 mmol), HBpin (0.20 mmol, 2 equiv.), 2 (5 mol%),
CsDs (0.50 mL), CO. Yields were calculated by *H NMR spectroscopy based on the
amount of the consumed amine with reference to cyclohexane (internal standard).
They were reported in parenthesis. R'R?NC(O)H was identified as the sole product.
All substrates were performed thrice.

Ph Ph
N—( N:<
/ co, / o o
IBuzP\ /NfAr —_— tBuZP\ @/N—Ar I B\
B=R HBpin /BﬁB\ ’\‘ 2 H O/ ~o
B/ X, Br [t
’ c=0 / 6a
N o M7 N
TN 0-B—0O 4

+ pinBOBpin 6¢
Scheme 7. Proposed catalytic N-formylation mechanism.

Besides catalytic hydroboration of carbon dioxide and N-
formylation, 2 (5 mol%) was able to catalyze chemoselective
hydroboration of aldehyde and ketone compounds 10 in C¢Ds
at room temperature to form borate esters (11, 16 examples,
aldehydes: yield = 99%, TOF = 4 - 120 h; ketones: yield = 80
- 98%, TOF = 0.4 - 10 h!, Scheme 8, Table S5). The results
further support that compound 2 is an active catalyst in >C=0
hydroboration.

R2
JOJ\ . O\B_H Cat 2 (5 mol %) J\
R2”OR! g CeDe, 24 °C R! OBpin
R'=H or Me 1
R? = alkyl or aryl
substituents
10

Scheme 8. Chemoselective hydroboration of carbonyl com-
pounds.

Conclusion



In conclusion, the phosphinoamidinato NHC-diborene com-
pound 2 is a multiply bonded boron catalyst showing catalytic
capability toward the hydroboration of CO, with HBpin, N-
formylation of primary and secondary amines by CO, and
HBpin, as well as chemoselective hydroboration of carbonyl
compounds. In particular, compound 2 efficiently reduces CO,
with HBpin to form MeOBpin and pinBOBpin. Its catalytic
activity is superior to that of existing main-group element
catalysts employed for such reaction. In the mechanistic stud-
ies, compound 2 exhibits reactivity resemble to transition met-
al in the catalytic hydroboration of CO.. Its B=B double-bond
activated CO, with HBpin, the initial intermediate of which
was further reacted with HBpin molecules to form MeOBpin
and pinBOBpin, along with the regeneration of 2. It is antici-
pated that compound 2 can mediate a variety of other catalytic
reactions and they are currently under investigation.

Experimental Section

General procedure. All experiments were performed under
an argon gas atmosphere by standard Schlenk procedures.
Chemicals were acquired from Sigma-Aldrich and utilized
directly without further purification. All solvents were dried
over K metal or CaH; prior to use. The 'H, “B{*H}, *C{*H}
and *P{*H} NMR spectroscopy were performed using a JEOL
ECA 400 MHz spectrometer. All NMR spectra were recorded
in deuterated benzene (C¢Dg). The chemical shifts (ppm) are
respective to SiMes for *C and 'H; BFzEt,O for 'B; 85%
HsPO, for 3P, respectively. HRMS spectrometry were per-
formed at the Mass Spectrometry Laboratory in the Division
of Chemistry and Biological Chemistry, Nanyang Technologi-
cal University. Melting points were recorded using an Op-
tiMelt automated melting point machine.

Synthesis of 1. A solution of nBuLi (2.6 M, 0.4 mL, 1.05
mmol) in hexane was added into a 100 mL Schlenk flask con-
taining a stirring diethyl ether solution of N-phosphinoamidine
(0.425 g, 1 mmol) at -78 °C, following which, the solution was
warmed to room temperature and stirred for 3 h. The resulting
yellow solution was dried under vacuum to remove all vola-
tiles. A solution of B,Brs(SMey), (0.466 g, 1 mmol) in toluene
was then slowly added into the Schlenk flask at -78 °C. The
reaction mixture was stirred at room temperature for 12 h. It
was filtered. The filtrate was then concentrated and stood at 4
°C for two days to yield 1 as a colorless crystalline solid (0.52
g, 76% yield). M.p.: 177 °C. *H NMR (399.5 MHz, 25 °C,
CeDs): & 7.33-7.30 (m, 2 H, ArH), 7.05-6.77 (m, 6 H, ArH),
3.38 (sept, 2 H, CHMe,, Jun = 6.8 Hz), 1.44 (d, 18 H, tBu, Jpn
= 14.2 Hz), 1.32 (d, 6 H, CHMez, Ju+= 6.8 Hz), 0.93 (d, 6 H,
CHMe,, Jun = 6.8 Hz). “B{*H} NMR (128 MHz, 25 °C,
CeDe): 8 55.50 (s), -11.94 (s). **P{*H} NMR (162 MHz, 25 °C,
CeDe): & 35.72 (br). BC{*H} NMR (101 MHz, 25 °C, C¢D):
168.14 (d, J = 11.6 Hz, NCN), 145.41 (CH-Ar), 140.05 (CH-
Ar), 138.74 (d, J = 13.5 Hz, C-Ar), 129.44 (CH-Ar), 128.89
(CH-Ar), 128.78 (CH-Ar), 128.45 (CH-Ar), 127.62 (CH-Ar),
126.99 (C-Ar), 124.45 (C-Ar), 38.28 (d, J = 34.8 Hz,
PC(CHs)), 28.62 (CH(CHs),), 27.77 (PC(CHg)), 25.14
(CH(CHa),), 23.34 (CH(CHs)2). HRMS (ESI): m/z calcd for
C27H41827gBr3N2P: 683.0744 [(M + H)]+, found: 683.0761.

Synthesis of 2. A toluene solution of 1,3,4,5-tetramethyl-
imidazolin-2-ylidene (IMe, 0.149 g, 1.2 mmol) was added into
a 100 mL Schlenk flask containing 1 (0.685 g, 1 mmol) at
room temperature. After 10 minutes, the color of the reaction
mixture turned red with some precipitate. The resulting sus-
pension was stirred for 4 h. Subsequently, it was filtered and

the pale red residue was then dried under vacuum for 2 h. The
red residue was 1+IMe adduct and used without further purifi-
cation. 30 mL of toluene was added into a 100 mL Schlenk
flask containing the mixture of 1+I1Me (0.809 g, 1 mmol) and
excess potassium graphite (0.54 g, 4 mmol) at room tempera-
ture, turning the reaction mixture to purplish red immediately.
The resulting suspension was stirred for 3 h and filtered. The
filtrate was concentrated to 5 mL and stored at -20 °C for 1
day to get 2 as a red crystalline solid (0.24 g, 37% yield).
M.p.: 198 °C (dec.). 'H NMR (399.5 MHz, 25 °C, CgDs): &
7.66-7.64 (m, 2 H, ArH), 7.05-6.88 (m, 6 H, ArH), 3.37 (sept,
2 H, CHMey, Jun= 7.2 Hz), 3.19 (s, 6 H, N-CH3), 1.71 (d, 18
H, tBu, Jew = 12.8 Hz), 1.23 (s, 6 H, C-CHs), 0.85 (d, 6 H,
CHMe;, Jun = 6.4 Hz), 0.80 (d, 6 H, CHMey, Jun = 6.8 Hz).
UB{'H} NMR (128 MHz, 25 °C, CeDe): & 30.64, 9.16.
$1pLIH} NMR (162 MHz, 25 °C, C¢D¢): § 45.93 (br). ¥*C{*H}
NMR (101 MHz, 25 °C, CgD¢): 152.85 (C-carbene), 145.37 (CH-
Ar), 144.46 (CH-Ar), 141.05 (d, J = 16.4 Hz, C-Ar), 130.72
(CH-Ar), 129.01 (CH-Ar), 128.25 (CH-Ar), 127.62 (CH-Ar),
126.90 (CH-Ar), 126.70 (C-Ar), 126.65 (C-Ar), 124.13 (C-
Ar), 123.04 (CCHs), 38.65 (d, J = 42.5 Hz, PC(CH3)), 33.13
(NCH3), 28.47 (CH(CHsa)2), 27.72 (d, J = 1.9 Hz, PC(CHj3)),
24.95 (CH(CHs)), 23.55 (CH(CHs)), 7.82 (CHs). HRMS
(ESI): m/z calcd for C3qHssBo"°BrNaP: 649.3377 [(M + H)]*;
found: 649.3395.

Synthesis of 3. 20 mL of toluene was added into a 100 mL
Schlenk flask containing 2 (0.130 g, 0.2 mmol) and NH3;BH3
(0.007 g, 0.2 mmol) at -78 °C. The resulting solution was
warmed to room temperature and stirred for 3 h with the color
changing from red-purple to pale red. The reaction solution
was filtered. The filtrate was then concentrated and kept at
room temperature to give 3 as a colorless crystalline solid
(0.07 g, 54% vyield). M.p.: 147 °C. 'H NMR (399.5 MHz, 25
°C, C¢Ds): & 7.78-7.76 (m, 2 H, ArH), 6.87-7.04 (m, 4 H,
ArH), 6.75-6.69 (m, 2 H, ArH), 3.29 (sept, 1 H, CHMey, Jun=
7.2 Hz), 2.78 (sept, 1 H, CHMey, Jun = 7.2 Hz), 2.61 (s, 6 H,
N-CHs), 1.78 (dd, 18 H, tBu, Jpn = 14.2 Hz, Jpy = 15.1 Hz),
1.44 (d, 3 H, CHMey, Jun = 6.4 Hz), 1.27 (s, 6 H, C-CHs), 1.11
(d, 3 H, CHMe,, Jun = 6.8 Hz), 0.46 (d, 3 H, CHMe,, Ju1=6.8
Hz), 0.12 (d, 3 H, CHMe;, Jun = 6.8 Hz). *B{*H} NMR (128
MHz, 25 °C, Ce¢Ds): & -14.24 (br), -34.15 (br). 3P{*H} NMR
(162 MHz, 25 °C, C¢Dg): & 85.62 (br). ®C{*H} NMR (101
MHz, 25 °C, Ce¢De): 167.13 (d, J = 11.5 Hz, NCN), 145.90 (C.
carbene), 144.89 (CH-AI’), 143.81 (CH-AI‘), 139.24 (d, J =286
Hz, C-Ar), 132.17 (CH-Ar), 131.83 (CH-Ar), 130.23 (CH-Ar),
126.70 (CH-Ar), 126.11 (CH-Ar), 125.25 (C-Ar), 124.63 (C-
Ar), 124.38 (C-Ar), 123.74 (CCHs), 121.75 (CCHs), 37.72 (d,
J = 23.1 Hz, PC(CHz3)), 35.50 (d, J = 25.1 Hz, PC(CHa)),
34.68 (NCH3), 31.50 (NCHjs), 28.64 (CH(CHs3),), 28.08 (d, J =
28.9 Hz, PC(CHz3)), 27.74 (d, J = 28.9 Hz, PC(CHs3)), 25.48
(CH(CHz3)), 24.80 (CH(CHa)2), 23.94 (CH(CHza)), 23.10
(CH(CHs)z), 22.67 (CH(CHs)z), 7.89 (CHs), 7.58 (CHa).
HRMS (ESI): m/z calcd for CasHs7B2"°BrN4P: 653.3690 [(M +
H)]*; found: 653.3705.

Synthesis of 4. A toluene solution of 2 (0.130 g, 0.2 mmol)
in a Schlenk flask was degassed by a freeze-pump-thaw
method. Then, CO; (1 bar) was filled. The resulting solution
changed from reddish purple to colorless immediately. After
10 minutes of stirring, the solution was filtered. The filtrate
was concentrated and kept at — 20 °C for one day to get 4 as a
colorless crystalline solid (0.12 g, 88% yield). M.p.: 193 °C.
'H NMR (399.5 MHz, 25 °C, CsDe): § 7.66-7.64 (m, 2 H,
ArH), 7.14-7.02 (m, 2 H, ArH), 6.92-6.88 (m, 3 H, ArH),



6.79-6.75 (m, 1 H, ArH), 3.83 (sept, 1 H, CHMe,, Jun = 7.2
Hz), 3.63 (s, 3 H, N-CHz), 2.83 (sept, 1 H, CHMey, Jun= 7.2
Hz), 2.61 (s, 3 H, N-CHs), 1.69 (d, 3 H, CHMey, Jun = 7.3 Hz),
1.67 (dd, 18 H, tBu, Jp= 7.3 Hz, Jpu= 8.2 Hz), 1.37 (s, 3 H,
C-CHg), 0.92 (d, 3 H, CHMey, Jun = 6.8 Hz), 0.87 (s, 3 H, C-
CHs), 0.74 (d, 3 H, CHMe,, Jun = 6.4 Hz), 0.09 (d, 3 H,
CHMe,, Jun = 6.8 Hz). “B{'H} NMR (128 MHz, 25 °C,
CeDe): & -5.47, -17.86. 3'P{'*H} NMR (162 MHz, 25 °C,
CeDs): & 39.66 (br). BC{*H} NMR (101 MHz, 25 °C, CeDs):
168.72 (d, J = 8.7 Hz, NCN), 148.99 (C.carbenc), 144.31 (CH-
Ar), 142.42 (CH-Ar), 141.10 (d, J = 15.4 Hz, C-Ar), 130.53
(CH-Ar), 128.52 (CH-Ar), 127.28 (CH-Ar), 127.10 (CH-Ar),
126.76 (CH-Ar), 125.71 (C-Ar), 124.72 (C-Ar), 124.45 (C-
Ar), 123.88 (CCHs), 123.72 (CCHs), 38.46 (d, J = 44.3 Hz,
PC(CHa)), 38.08 (d, J = 44.3 Hz, PC(CHy)), 34.37 (NCHs),
31.85 (NCHs), 28.64 (CH(CHa),), 27.88 (d, J = 28.9 Hz,
PC(CH3)), 26.71 (CH(CHs),), 25.66 (CH(CHs),), 25.09
(CH(CHs)), 24.86 (CH(CHa),), 22.87 (CH(CHs)2), 7.53
(CH3), 731 (CHs). HRMS (ESI): m/z caled for
C35H53827gBrN4OZP: 693.3276 [(M + H)]+, found: 693.3302.

Synthesis of 5. A toluene solution of 2 (0.130 g, 0.2 mmol)
and tri(pentafluorophenyl)borane (0.110 g, 0.2 mmol) in a
Schlenk flask was degassed by a freeze—pump-thaw method.
Subsequently, CO, (1 bar) was filled. The resulting solution
changed from red-purple to colorless immediately. After 30
minutes of stirring, the solution was filtered. The filtrate was
concentrated and kept at — 20 °C for one day to afford 5 as a
colorless crystalline solid (0.20 g, 84% vyield). M.p.: 161 °C.
'H NMR (399.5 MHz, 25 °C, Cg¢De): & 7.27-7.25 (m, 2 H,
ArH), 7.08-6.90 (m, 2 H, ArH), 6.80-6.78 (m, 3 H, ArH),
6.64-6.61 (m, 1 H, ArH), 3.56 (s, 3 H, N-CHs), 2.82 (sept, 1 H,
CHMey, Jun= 7.2 Hz), 2.49 (sept, 1 H, CHMey, Jun= 7.2 Hz),
2.14 (s, 3 H, N-CHg), 1.42 (dd, 18 H, tBu, Jpn= 13.7 Hz, Jpr=
15.1 Hz), 1.42 (s, 3 H, C-CHs), 1.13 (s, 3 H, C-CHs3), 0.95 (d,
3 H, CHMe,, Jun = 6.4 Hz), 0.81 (d, 3 H, CHMey, Jun = 6.8
Hz), 0.21 (d, 3 H, CHMe,, Jun = 6.8 Hz), 0.10 (d, 3 H, CHMey,
Jun = 6.8 Hz). UB{*H} NMR (128 MHz, 25 °C, C¢Ds): 5 -
5.71, -20.32, -26.89. F{*H} NMR (376 MHz, 25 °C, C¢D¢): &
-131.31(s,1F), -159.34 (t, 1 F, J = 21.7 Hz), -164.69 (dt, 1 F,
J =217, 21.7 Hz). *P{*H} NMR (162 MHz, 25 °C, C¢Ds¢): &
37.44 (br). BC{*H} NMR (101 MHz, 25 °C, CsDs): & 168.48
(d, J = 8.7 Hz, NCN), 149.56 (C-F), 147.42 (C_carbene), 147.11
(C-F), 144.05 (CH-Ar), 141.74 (CH-Ar), 139.66 (d, J = 16.3
Hz, C-Ar), 138.33 (C-F), 137.58 (C-F), 135.73 (C-F), 130.89
(CH-Ar), 129.27 (CH-Ar), 129.01 (CH-Ar), 128.24 (CH-Ar),
127.61 (CH-Ar), 126.81 (C-Ar), 126.16 (C-Ar), 125.95 (C-
Ar), 125.72 (C-Ar), 125.37 (CCHg), 123.58 (CCHs3), 39.34 (d,
J = 45.7 Hz, PC(CHg)), 37.94 (d, J = 39.5 Hz, PC(CHa)),
35.79 (NCHs), 32.10 (NCHs), 28.31 (d, J = 385 Hz,
PC(CH3)), 27.54 (CH(CHs)), 26.82 (CH(CHs)2), 25.03
(CH(CHa)2), 24.21 (CH(CHa)z), 22.20 (CH(CHa)z), 21.11
(CH(CHg),), 7.60 (CHs3), 7.53 (CH3). HRMS (ESI): m/z calcd
for CssHs3sBs®BrFisNsO,P: 1205.3129 [(M + H)]*; found:
1205.3145.

Synthesis of compound 6a — 6c. Catalyst 2 (0.026 g, 0.04
mmol), cyclohexane (internal standard, 0.168 g, 2 mmol, 50
equivalents) and deuterated benzene (Cg¢Ds, 0.5 ml) were add-
ed in a J-Young NMR tube. HBpin (0.256 g, 2 mmol, 50
equivalents) was subsequently added. After that, the J-Young
NMR tube was dipped in liquid nitrogen and frozen the reac-
tion mixture. It was degassed using freeze-pump-thaw cycle.
Carbon dioxide (1 bar) was subsequently filled. The reaction
mixture was warmed from room temperature to 110 °C for 1.5

hours. The catalysis was monitored using *H NMR spectros-
copy. The yields were calculated based on the integration of
'H NMR signals of pinBOMe (6b) at 1.05, 3.51 ppm and
(pinB).0 (6¢) at 1.02 ppm relative to that of the —CH; of cy-
clohexane (internal standard) at 1.37 ppm. The chemical shifts
of the products agree with the reported values in the literature
and independent in-situ NMR-scale syntheses.®

Synthesis of compounds 7a — 7d. Catalyst 2 (1.3 mg, 0.002
mmol), 9-BBN (0.012g, 0.1 mmol, 50 equivalents) and C¢Ds
(0.5 mL) were added in a J-Young NMR tube. The solution
was degassed by freeze—pump-thaw method as described in
the synthesis of 6a - 6¢. Carbon dioxide (1 bar) was then filled.
After that, the resulting mixture was warmed from room tem-
perature to 110 °C. The catalysis was checked by 'H NMR
spectroscopy at time intervals of 20 minutes, 40 minutes, 1 h,
4 h, 12 h and 20 h. The NMR data are written in the Support-
ing Information.

Catalytic N-formylation of primary and secondary
amines by CO: and HBpin (General procedure). Catalyst 2
(0.0032 g, 0.005 mmol), cyclohexane (internal standard, 8.4
mg, 0.10 mmol), HBpin (0.0256 g, 0.20 mmol), amine (0.10
mmol) and deuterated benzene (CsDs, 0.5 mL) were added in a
J-Young NMR tube. Subsequently, the latter was dipped in
liquid nitrogen and the reaction mixture was frozen. It was
degassed using freeze-pump-thaw cycle. Carbon dioxide (1
bar) was subsequently filled. The details of catalytic settings
are stated in Table S3 — S4 in the Supporting Information. The
catalysis was checked by 'H NMR spectroscopy. The yields of
products were calculated on the basis of the integration of H
NMR signals of R'R?NC(=0)H at ca.8 ppm relative to that of
cyclohexane (CHz, 1.37 ppm). The NMR data are written in
the Supporting Information.

Catalytic reaction of aldehydes and ketones with HBpin
(General procedures). Catalyst 2 (0.013 g, 0.02 mmol) and
CsDs (0.5 mL) were mixed in a J-Young NMR tube. Pinacol-
borane (0.052 g, 0.41 mmol, 20.1 equivalents) and carbonyl
compounds (0.40 mmol, 20 equivalents) were subsequently
mixed. The catalytic settings are stated in Table S5. The catal-
yses were checked by 'H NMR spectroscopy to calculate their
yields. The chemical shifts of the products are consistent with
the reported values in the literatures.®® All the catalytic trials
were performed thrice.
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