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We show that, unlike other aromatic molecules, inorganic/organic hybrid benzene,
namely diazadiborinine, effectively accelerates hydroboration of carbonyl
derivatives. Experimental mechanistic investigations indicate that the adduct of
diazadiborinine with a carbonyl derivative formed at the initial step of the reaction
serves as the actual active catalyst. Computational studies suggest that the
transition state is stabilized by an electrostatic effect.
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SUMMARY

Since the seminal discovery by van der Waals in the late 19" century that weak
attractive forces exist between even electrically neutral atoms or molecules, a
number of noncovalent interactions have been recognized. Among them, elec-
trostatic interactions such as hydrogen bonds play pivotal roles in countless
chemical processes and biochemical living systems. By mimicking biocatalysis,
various organocatalysts equipped with hydrogen-bond functionality have
been developed; however, a challenge has persisted in designing catalysts ex-
ploiting other types of noncovalent interactions. Here, we report metal-free
hydroboration reactions of carbonyl compounds and CO, catalyzed by aro-
matic diazadiborinine. A joint experimental and computational study on the
reaction mechanism suggests that adducts of diazadiborinine with carbonyl
and CO, formed at the initial stage of the reactions serve as actual catalysts.
The former stabilizes the transition state by using the electrostatic interaction
between the hydride of borane and the polar, hole-shaped structure of the
adduct.

INTRODUCTION

Noncovalent interactions such as hydrogen bonding, halogen bonding, -7 stack-
ing, and ion/lone pair T interactions, are ubiquitously involved in a myriad of chem-
ical transformation processes.'~> Notably, such interactions contribute significantly
to catalytic processes found in nature. For instance, enzymes use hydrogen bonding
as one of the major catalytic factors that stabilize transition states, thereby facili-
tating chemical transformations of substrates.®”® By mimicking enzymatic bio-
catalysis, diverse small-molecule catalysts that exploit hydrogen bonds have
emerged over the past several decades.””'* However, the development of cata-
lysts relying on electrostatic effects other than hydrogen bonding still remains

challenging.">"?

Carbonyl reductions are useful methodologies for the synthesis of various products
and hence have been extensively used in organic syntheses and industrial pro-
cesses.””** Among them, hydroboration has attracted considerable attention,
because boron hydrides are relatively stable and can easily be stored, which cir-
cumvents the drawbacks of the use of highly flammable and highly pressurized
hydrogen gas.?>~*° In addition, the resulting boric and borinic esters serve as ver-
satile synthetic intermediates for the preparation of a wide range of chemicals and
materials.>’? In this regard, a variety of transition-metal complexes capable of
promoting hydroboration of carbonyl derivatives have been developed over the
past two decades.® By contrast, despite recent advances in main-group chemistry

35-37

made with these elements as alternatives to transition metals, catalytic hydro-

boration reactions that operate with well-defined main-group catalysts are still
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The Bigger Picture
Noncovalent interactions are
ubiquitously used for chemical
transformations in nature. For
instance, one of the major
catalytic factors of enzymes is the
electrostatic effect that stabilizes
transition states. By mimicking
geometric and electronic
structures of enzymes, small
organic molecules featuring
similar functionality to enzymes
can be produced. This work
presents metal-free catalytic
hydroboration of carbonyl
compounds promoted by
aromatic diazadiborinine. In stark
contrast to the reaction pathways
proposed for catalytic
hydroboration with other main-
group catalysts, the mechanism
for the reaction reported here
does not involve bond formation
or dissociation between the
catalyst and substrate. The
computational analysis provides a
rationale for the catalytic action, in
which a low-energy pathway is
achieved by an electrostatic
effect.
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Figure 1. Catalytic Cycles for Hydroboration of Carbonyls with Main-Group Catalysts
Commonly proposed hydride insertion — o-bond metathesis pathway for catalytic hydroboration
reactions with main-group hydride catalysts ([E] = Mg, Ge, Sn, Al, B, P).

limited, and in particular, the metal-free catalytic system remains virtually unex-
plored.38'39 Thus far, main-group metal catalysts based on Mg,**> Ge(ll) and
Sn(l1),*¢=>% AlL°"°? and alkali metal borates® have been reported, whereas our
group has demonstrated that even nonmetal 1,3,2-diazaphospholene can be
used as a catalyst for hydroboration of carbonyl compounds.®® Remarkably, irre-
spective of the main-group element involved, a common reaction pathway for hy-
droboration is proposed involving the following steps (Figure 1): (1) insertion of the
C=0 bond of a carbonyl compound into the [E]-H bond of main-group catalysts to
generate intermediate INT, (2) interaction between INT and HBpin to form four-
membered transition state TS, and (3) formation of the hydroboration product
via o-bond metathesis. As far as we are aware, a main-group catalytic system based
on a mechanism other than the insertion-metathesis pathway has never been
described.

Recently, we have reported the isolation of aromatic diazadiborinine derivatives 1a
and 1b (Figure 2A) and have shown that the two boron centers in these molecules
cooperatively activate unsaturated substrates such as alkynes and alkenes.”®™’
For instance, 1c can be obtained from the reaction of 1a with ethylene. Although
these findings demonstrate the potential of B,N-cyclic molecules for broad applica-

860 {6 the best of our knowledge, aromatic six-membered B,N-heterocycles

tions,
have never been used as promoters for catalytic reactions.®’*” Here, we report dia-
zadiborinine-catalyzed hydroboration of carbonyl derivatives as well as N-formyla-
tion of amines with the use of CO, under ambient conditions. We demonstrate
that different pathways are used for these catalytic reactions, one of which exploits

a unique electrostatic effect.

RESULTS AND DISCUSSION

Catalytic Hydroboration of Ketones and Aldehydes

Our preliminary studies showed that 1b activates both unsaturated bonds and E-H o
bonds (E = B, Si, P), whereas 1a reacts only with unsaturated bonds at ambient con-
dition (see below), which prompted us to use 1a as the catalyst for the investigation
of catalytic hydroboration. Initial assessments of the catalytic activity of 1a were
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Figure 2. Schematic Representation of Diazadiborinine Derivatives and Their Reactivity
(A) 1,3,2,5-Diazadiborinine 1a, 1,4,2,5-diazadiborinine 1b, and 1a-ethylene adduct 1c.
(B) Synthesis of 6.

(C) Solid-state structure of 6.

(D) Reaction of 6 with HBpin and 2a.

(E) Reaction of 2g and HBpin in the presence of 6.

undertaken for the reduction of acetophenone 2a (Table 1). At first, the control
experiment confirmed that no reaction between acetophenone and HBpin pro-
ceeded in the absence of 1a (entry 1). With 5 mol % of 1a, acetophenone 2a was fully
converted to the corresponding boric ester PhMeHC-OBpin 3a after 2 hr (entry 2).
When the catalyst loading was decreased to 2 mol %, the boric ester 3a was still ob-
tained quantitatively within 2 hr (entry 3), whereas further reduction of the catalyst
loading to 1 mol % required longer reaction time (entry 4). Interestingly, the reaction
in CD3CN was completed within 30 min (entry 5). When 9-borabicyclo[3.3.1]nonane
(9-BBN) was used, borinic ester 3a’ was formed in excellent yield after 6.5 hr (entry 6).

136 Chem 3, 134-151, July 13, 2017



Chem

Table 1. Optimization of the Reaction Conditions

0 cat. 1a 0/[B]
: I Ve borane H-[B] ©)\Me 3a ([B] = Bpin)
solvent / RT 3a ([B] =*B@)

2a
Entry Catalyst (mol %) Borane (1.0 equiv) Solvent Time (hr) Yield (%)"
1 0 HBpin CyDs 2 0
2 5 HBpin CeDg 2 95
3 2 HBpin CeDg 2 98
4 1 HBpin CeDg 8 98
5 2 HBpin CDsCN 0.5 98
6 2 9-BBN CeDs 6.5 98

Reaction conditions: acetophenone (0.269 mmol), H source (0.269 mmol), solvent (0.5 mL).
*Yields were determined by "H NMR spectroscopy using 1,3,5-trimethoxybenzene as an internal
standard.

The use of triethoxysilane ((EtO)3SiH) did not afford the corresponding hydrosilyla-
tion products (see Supplemental Information and Figure S1). Note that the result
presents a rare example of metal-free organoboron-catalyzed hydroboration of
carbonyl derivatives.

With the optimized reaction conditions in hand, the scope of the catalytic reaction
was briefly examined with the use of various ketones (Table 2). Aliphatic ketones
2b-2e afforded the corresponding boric esters 3b-3e in excellent yields. Ketone
derivatives 2f-2j involving electron-withdrawing as well as electron-donating aro-
matic groups were well tolerated. When o,B-unsaturated ketones 2k and 2| were
used, hydroboration occurred selectively only at the carbonyl functional groups.
Benzoquinone 2m furnished 1,4-(pinBO),C¢H4 3m. The scope of the reaction was
further studied with aldehyde substrates (Table 3). Both aliphatic and aromatic alde-
hydes 4a-4h afforded the corresponding boric esters 5a-5h nearly quantitatively.
With 2 equiv of HBpin, hydroboration of terephthalaldehyde 4i proceeded smoothly
and bis-boric ester 5i was gained in excellent yield. Although a longer reaction time
was required, a similar process was observed for 4-acetylbenzaldehyde 4j, which
afforded 5j.

To gain insight into the reaction mechanism, we performed several control reactions
in a stoichiometric manner. Although compound 1a did not react with HBpin, 1a
cleanly underwent [4 + 2] cycloaddition with acetophenone 2a, and the correspond-
ing bicyclo[2.2.2] derivative 6 was obtained in 95% isolated yield (Figure 2B). Com-
pound 6 was fully characterized by standard spectroscopic methods and X-ray
diffraction analysis (Figure 2C). The formation of 6 via a regioselective [4 + 2] cyclo-
addition is in line with our previous observation for 1a. Thus, the B atom between two
carbon atoms serves as a Lewis basic center, whereas the B atom between two
N atoms acts as a Lewis acidic center.’>°® We also confirmed that retro-[4 + 2] cyclo-
addition of 6 did not take place even at 70°C. Surprisingly, compound 6 did not react
with HBpin (Figure S2). Addition of acetophenone 2a to a C¢D, solution of a mixture
of 6 and HBpin afforded product 3a at ambient conditions (Figure 2D). These obser-
vations suggest that dissociation of the PhMeCO fragment from 6 concomitant with
the regeneration of 1a is not involved in the reaction to produce 3a. To confirm this
hypothesis, we performed a further reaction (Figure 2E). To the mixture of 6 and
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Table 2. Scope of Catalytic Hydroboration of Ketones

[e]
.
2
2
2b }).L
2d ioj
2e 2-adamantanone
2f ¢ o
oh
29 o
o
MeO
2h o
2i¢ o
2 o
2k o)
o~
2| ioj
2m°

.

1a (2 mol%)
—_—

Time

2.75 hr

168 hr

<10 min

<10 min

2 hr

48 hr

2.5hr

3hr

7.5 hr

10 hr

3hr

<10 min

HBpin (1 eq)
CD3CN / RT

Product 3

3b

3c

3d

3e
3f

39

3h

3i

3

3k

3l

3m

.
g oo
3
Yield (%)" TON
98 49
85 43
98 49
98 49
98 49
95 48
98 49
98 49
96 48
98 49
98 49
98 49

TOF (hr")®
18

0.3

>288°

>288°
25

20

>288°

2Yields were determined by 'H NMR spectroscopy using 1,3,5-trimethoxybenzene as an internal

standard.

PTurnover frequency (TOF) = turnover number (TON)/average reaction time.

“TOF lower limit.

9Reaction conducted with C4Dyg as solvent.
°HBpin (2 equiv) was used in this reaction.

4'-methoxyacetophenone 2g in C4Dy, 3 equiv of HBpin was added, and the reaction

was monitored by NMR spectroscopy. Within 50 min, full conversion of 2g to 3g was

observed without formation of a trace amount of 3a (Figure S4). We also confirmed

that compound é remained unchanged during the reaction, which led us to
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Table 3. Scope of Catalytic Hydroboration of Aldehydes

j\ 1a (2 mol%) B
R HBpin (1 eq) R™ 0
CD5CN/RT
4 Time Product 5 Yield (%)* TON TOF (hr")®
4a )\i 1.83 hr 5a 98 49 27
H
4b o <10 min 5b 98 49 >288°
%H
4c o) 15 min 5c 98 49 196
Cr
4d o <10 min 5d 98 49 >288°
jeon
NC
4e c o <10 min 5e 98 49 >288°
o
4f o 20 min 5f 98 49 148
CI\©)LH
4g o) 50 min 59 98 49 59
H
SN
\
4h o 7 hr 5h 98 49 7
o
MeO
4i° o 1 hr 5i 98 49 49
H
H
(0]
4 o 168 hr 5§ 57 29 0.2
o
(e}

Yields were determined by 'H NMR spectroscopy using 1,3,5-trimethoxybenzene as an internal
standard.

®Turnover frequency (TOF) = turnover number (TON)/average reaction time.

“TOF lower limit.

dHBpin (2 equiv) was used in this reaction.

postulate that 6 is the true active catalyst rather than the resting state in the hydro-
boration reaction.

Kinetic Study

To better understand the reaction pathway, we carried out further analysis of the
catalytic reaction. C¢D, solutions of various concentrations of 1a, HBpin, and
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diisopropyl ketone 2c were prepared in a sealed NMR tube, and the reactions were
monitored at room temperature by 'H NMR at 2-min intervals. On the basis of the
rate constants kops simulated from the kinetic conversion charts (see the Supple-
mental Information), we determined the rate law, which can be represented by
kobs = k’[1a]1[HBpin]1[2c]1. An Eyring plot was constructed for kinetic data obtained
at 10°C intervals from 35°C to 65°C, and activation parameters extracted from the
Eyring analysis yielded values of AH! = 8.6 + 1.0 kcal mol™', AS* = —50.7 + 3.1
e.u., and AGH(298) = 23.7 + 1.9 kcal mol™". The large negative AS is in line with
the high molecularity of the rate law. Next, deuterated kinetic isotope effects (DKIEs)
on the reactions with diisopropyl ketone 2c were investigated with deuterated pina-
colborane (DBpin). To a C4Dg solution of diisopropyl ketone 2¢ with 3 mol % of 1a,
excess amounts of deuterated pinacolborane (5.1 equiv) were added at room tem-
perature, and the reaction was monitored by NMR every 10 min. The DKIE value was
estimated on the basis of the rate constants, and a DKIE of 3.65 was obtained for the
reactions. We also performed the same reaction with '®O-labeled diisopropy! ke-
tone 2¢-"80, for which a '°0/'80 KIE value of 1.83 was determined.®*** The double
KIE reaction using both DBpin and 2c-"80 provided the largest DKIE of 5.97, thus
suggesting that the rate-determining step could involve the dissociation of the
B-H bond in HBpin and the C=0 bond in 2c and/or the formation of B-O and
C-H bonds.

DFT Study for the Reaction Profile of Hydroboration

Pathways for the reaction of acetophenone (2a) with pinacolborane (HBpin), cata-
lyzed by 6, were explored theoretically by density functional theory (DFT) calcula-
tions at the M06-2X(SCRF)/def2-TZVP//M06-2X(SCRF)/6-31G* level. The solvent
effect of acetonitrile was described by the SCRF (IEFPCM) solvent model. An ener-
getically feasible reaction pathway was obtained and is depicted in Figure 3A. The
barrier for this pathway via TS was calculated as 27.1 kcal mol™", which is reasonably
low and the lowest of all the barriers obtained (Figure S46). Interestingly, no intramo-
lecular bond dissociation/recombination of 6 is involved in this path. Instead, com-
pound 6 cuddles up to the migrating hydride and assists a direct insertion of the B-H
bond of HBpin into the C=0O moiety of 2a at the transition state. Figure 3B (left and
middle) illustrates an electrostatic potential map at the transition state in which the
electrostatically positive and hole-shaped site of 6 interacts with the negatively
charged hydride of HBpin. Thus, 6 can be viewed as an electrostatic catalyst pos-
sessing a B-H hydride hole. The key interatomic distances at the transition state (Fig-
ure 3B, right) confirm that the hydride of HBpin is surrounded by the hydrogen atoms
carrying partial positive charges (highlighted in yellow; see Figure S47). In this tran-
sition state, which corresponds to the rate-determining step of this reaction, both
the cleavage of the B-H and C=0O bonds and the formation of the B-O and C-H
bonds are involved, which is therefore consistent with the result of double KIE anal-
ysis. Note that the optimized structure of the transition state in the reaction with
9-BBN is essentially identical to that obtained with HBpin (Figure S48). Other reac-
tion pathways that use the B-O-C-B moiety of 6 as the active site were found to
have much higher barriers (Figure S46), which indicates that these processes are un-
likely to occur.

Catalytic Hydroboration with 1c and Related Molecules

To further prove the catalytic mechanism based on electrostatic interaction and to
confirm the innocence of the B-O-C-B moiety of the 1a-carbonyl adducts in the cat-
alytic process, we carried out a catalytic reaction by using 1c. First, we confirmed that
there was no conversion of 1c to 6 in a C¢Ds solution even in the presence of 2a
(1.0 equiv) (Figure S28). A CD3CN solution of 2a and HBpin (3 equiv) in the presence
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Figure 3. DFT-Calculated Free-Energy Profile of a Plausible Mechanism

(A) Free-energy profile (in kcal mol~") for the reaction between 2a and HBpin catalyzed by 6 in
CH3CN at 298 K, as determined at the M06-2X(SCRF)/def2-TZVP//M06-2X(SCRF)/6-31G* level of
theory.

(B) Electrostatic potential map for the transition state.

of 2 mol % of 1c was prepared in a sealed NMR tube, and the reaction was monitored
by NMR spectroscopy. After 10 hr at room temperature, nearly quantitative forma-
tion of 3a was confirmed (Figures S29 and S30). With 2h under the same conditions,
3h was obtained in 93% yield after 21 hr (Figures S31 and S32). These observations
demonstrate that the B-O-C-B moiety of 1a-carbonyl adducts does not serve as an
active site during the hydroboration reactions with 1a as pre-catalysts. Compared
with the reaction with 1a (Table 2), longer reaction periods were required with the
1c catalyst for the quantitative formation of 3a and 3h, which is probably as result
of the less polar nature of 1c with respect to 1a-carbonyl adducts. Thus, a more polar
catalyst could stabilize the transition state more effectively, which is in line with the
computational result. In fact, the sum of natural population analysis charge (+0.65)
for the 1a fragment in 6 is found to be larger than that (+0.39) for the corresponding
moiety in 1c.

The electrostatic interaction is different from the charge-transfer interaction
via orbital interactions but can be accounted for by static coulombic-like
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Table 4. Examination of Catalytic Activity of the Related Compounds

1 BPh; (100) CDsCN 12 0
2 B(C4Fs)s (100) CDsCN 12 0
3 N CDsCN 12 0
@lil/\fo 3
1
ot -0
B
[ o0
N
/
MIDA (2 or 100)
4 o CD5CN 12 0
/ oTf
>|:N®
)
o
[2-Ph-N-MeOx]OTf (100 or 2)
5 BPh, CDCls 5 0
N+ )
>[ N N,BP'"
o >[ »—ph 89%
2-PhOx (100) °©
2-PhOx-HBpin
[ / CDC|3b 48 12 (100 mol % of catalyst)
>[N\§_C§ph CDsCN 12 6 (2 mol % of catalyst)
8|
o
N-MeOx-BPh; (100 or 2)
7 Ph Ph CD3CN 0.5 97
& \B/G)@
Nl
T e
\
Ph Me
1d (2)
8 o O o CDCl5° 12 0
@‘N ) ”‘@
(o) o]

NDI (100 or 2)

Reaction conditions: acetophenone (0.269 mmol), HBpin (0.269 mmol), solvent (0.5 mL).
2Yields were determined by "H NMR spectroscopy.
PBecause of the poor solubility of N-MeOxBPh3 and NDI in CD3CN, the reactions were performed in CDCl3.

interactions.®®™” To gain more insight into the catalytic mechanism, we further
investigated the hydroboration reaction of 2a by using several related compounds
as the catalysts (Table 4).

When a stoichiometric amount of BPhz or B(C4Fs)3 was used, no reactions were

observed, even after 12 hr (Figures S5 and Sé, entries 1 and 2), confirming that
typical Lewis acids do not catalyze the hydroboration reaction under the reaction
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conditions. Thus, unoccupied orbitals such as an empty p orbital on the B atom or

any o holes (o* orbitals)®®

seem to be irrelevant to the hydroboration reaction
with 6. Neither a catalytic amount (2 mol %) nor a stoichiometric amount of 1-meth-
ylindole-2-boronic acid MIDA ester MIDA featuring a dative N: — B bond promoted
the reaction (Figure S7, entry 3). Analogously, 2-phenyl-N-methyloxazolium ion
[2-Ph-N-MeOx]OTf was not effective as the catalyst at all (Figure S8, entry 4). We
also examined a combination of an oxazoline and a borane (entry 5). At first, we
confirmed that no adduct was formed between 2-phenyloxazoline 2-PhOx and
BPh; in CD3CN. Both 2a and HBpin were added to this solution, and the reaction
was monitored by NMR spectroscopy. 2a remained stable after 5 hr, but the hydro-
boration of 2-PhOx proceeded to afford 2-PhOx-HBpin cleanly (Figure S9). Thus, the
Lewis pair 2-PhOx/BPh3 does not serve as the catalyst for the hydroboration of 2a,
suggesting that the dissociation of the B-N bonds in 6 and 1c to function as if to
act as the frustrated Lewis pairs is unlikely during the hydroboration reaction of car-
bonyls in our system.®”” Interestingly, with a stoichiometric amount of the adduct
of N-methyloxazol-2-ylidene with BPh; N-MeOx-BPh3 in a CDCl3 solution, a small
amount of 3a was formed (12%) after 48 hr (Figure S10, entry 6). We confirmed
that the use of a catalytic amount (2 mol %) of N-MeOx-BPh; also afforded 3a, albeit
in very low yield (6%) (Figure S11). Because no dissociation of N-Me-OxBPhj3 to the
corresponding oxazol-2-ylidene and BPhz was observed in either a CDCl; or a
CD3CN solution, N-MeOx-BPhs is also likely to function as an electrostatic catalyst.
Remarkably, we found that compound 1d featuring a B,C;N; six-membered ring
akin to those of 6 and 1c, effectively promoted the reaction (entry 7). With
2 mol % of 1d, nearly quantitative formation of 3a was observed after 30 min (Fig-
ure S12). From these results, the polarized B,C,N; skeleton is putatively a key struc-
ture to enhance the catalytic activity as an electrostatic functionality. In addition, we
tested a m-acidic naphthalene diimide NDI,”" known for its ability for noncovalent
electrophilic activation of organic substrates as pioneered by Matile et al.,”*”* but
no formation of 3a was observed (Figure S13, entry 8).

Catalytic N-Formylation of Amines with CO,

Over the past few decades, various strategies have been developed for activating
thermodynamically highly stable carbon dioxide (CO,) and achieving its subse-
quent transformation into commodity chemicals with both metal and nonmetal
catalysts.”*®> Among them, N-formylation of amines with CO, as the carbon
source has been attracting great interest because the reaction products, that is,
formamides, are ubiquitous in organic syntheses as well as industrial products as
synthetic intermediates and solvents.®*~”? Previously, we showed that compound
1a reversibly undergoes a [4 + 2] cycloaddition reaction with CO,,*® which
prompted us to investigate further the catalytic activity of 1a for functionalization
of COs.

We began our investigation by using N-methylaniline 7a as a test substrate for N-for-
mylation with CO,. After a brief screening of the reaction conditions (Table S1), we
obtained the optimal conditions under which, with 1a (2 mol %) and HBpin (3 equiv)
under a CO, atmosphere, 7a was transformed nearly quantitatively to N-methyl-N-
phenylformamide 8a after 5.5 hr at room temperature (Figure 4).

Next, the scope of the N-formylation reaction was studied with various amines
(Table 5). Aromatic primary amines 7b-7g were well tolerated and the corresponding
formamides 8b-8g were obtained in good to excellent yields (76%-95%). Secondary
amines 7h-7n bearing an aromatic ring with varying degrees of electronic features af-
forded the corresponding N-formylated products 8h-8n in high yields (80%-98%).
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co, o
H . Y
N 1a (2 mol%) . Ht

“Me  + HBpin (3 eq) N\Me
CDsCN/RT/55h ©/ + O(Bpin),

7a 8a (95%)

Figure 4. Catalytic N-Formylation with 1a
N-Formylation reaction of PhMeNH with CO, catalyzed by 1a.

We observed that dialkylamines such as diethylamine and diispropylamine predom-
inantly underwent dehydrocoupling with HBpin. The strong nucleophilic nature of
dialkylamines probably accelerated the dehydrocoupling reaction before the N-for-
mylation, which is in line with the recent report by Romero et al.’’ on the noncata-
lyzed dehydrocoupling reaction between amines and boranes.

Mechanistic Study and a Proposed Catalytic Cycle

To identify a plausible reaction mechanism, we performed several control reactions.
In the absence of 1a, a mixture of N-methylaniline 7a and HBpin (3 equiv) afforded
N-formyl-N-methylaniline 8a only in 5% yield even after 20 hr, confirming the essen-
tial involvement of the catalyst in the N-formylation reaction (Table S1, entry 1).
Neither HBpin nor 7a reacted with 1a, suggesting that compound 10, an adduct
of 1a with CO,, must be formed in the initial step of the reaction. We confirmed
that 10, independently prepared from the reaction of 1a with CO,, did not react
with 7a (Figure 5A, top). By contrast, treatment of a CD3CN solution of 10 with HBpin
(3 equiv) under an argon atmosphere produced HCOOBpin 11 as the major product
along with other minor side products, including O(Bpin), (Figure 5A, bottom; Fig-
ures S14 and S15). We found that with 2 mol % of 1a, hydroboration of CO; pro-
ceeded smoothly and 11 was formed in 48% yield after 34 hr (Figures 5B, S16,
and S17). The yield of 11 increased (70%) when 9 mol % 1a was used (Figures S18
and S19). Moreover, a stoichiometric reaction of HCOOBpin 11 and 7a with HBpin
(2.5 equiv) afforded N-formyl-N-methylaniline 8a quantitatively, confirming that
this process does not require any catalysts (Figures 5C, S20, and S21). Interestingly,
the reaction of 7a (1 equiv) with HBpin (3 equiv) in the presence of 10 furnished
dehydrocoupling product PhMeNBpin 9a without formation of 8a (Figures 5D,
S22, and S23). This result indicates that 10 only promotes the dehydrocoupling re-
action'?"""%% in the presence of amine rather than reacting with HBpin to afford 11
(Figure 5A, bottom). In order to confirm whether dehydrocoupling product 9a is
involved as the key intermediate in the catalytic cycle, 9a was reacted with HBpin
undera CO; atmosphere (Figure 5E). Without 1a, no reaction between 9a and HBpin
was observed, whereas the same reaction in the presence of 1a (2 mol %) afforded 8a
in 15% yield after 7 hr (Figure S24). Although the result shows that 1a can marginally
promote the formation of 8a from 9a, this reaction is much slower than that shown in
Figure 4, suggesting that the reaction pathway involving a dehydrocoupling inter-
mediate such as 9a is subordinate for N-formylation of amines. We synthesized
10-("3C0O,) by the treatment of 1a with 3C0O,, and conducted the reaction of
10-(*3CO,) with 7a (1 equiv) and HBpin (3 equiv) under CO, (Figures 5F and S25-
S27). After 7 hr, we observed the formation of 8a in 95% yield, which is in stark
contrast to the exclusive formation of dehydrocoupling product 9a from the reaction
without CO; (Figure 5D). The '3C NMR spectrum of formamide 8a confirmed that the
'3C atom was not incorporated in product 8a, indicating that transfer of the CO,
fragment from 10-(*3CO,) to HBpin as observed in Figure 5A did not take place dur-
ing the catalytic N-formylation. Thus, compound 10 is not the resting state but is a
species that serves as the active catalyst in the N-formylation reaction.
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Table 5. Scope of Catalytic N-Formylation of Amines with CO,

7b NH, 10 8b 95 48 5
7c /\52/\ 23 8c 81 41 2
7d % 16 8d 87 44 3
Te OMe 20 8e 94 47 2
7f cl 12 8f 87 44 4
T
79 22 8g 76 38 2
MeO—@NHZ
7h H 11 8h 85 43 4
-
7i OMe H 515 8i 98 49 9
o
7j H 4 8j 93 47 12
joh
MeO
7k H 21 8k 80 40 2
o
NC
71 H 8 8l 94 47 6
jo
Br
7m H 21 8m 80 40 2
O

.n
@
(¢}

8n 83 42 8

~N
3
=z :
ul

*Yields were determined by 'H NMR spectroscopy using 1,3,5-trimethoxybenzene as an internal
standard.
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Figure 5. Control Reactions for Mechanistic Studies
(A) Reactions of 10 with 7a (top) and HBpin (bottom).

(B) Catalytic hydroboration of

CO; using 1a.

(C) Synthesis of 8a from 1a and 7a.
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Figure 5. Continued

(D) Reaction of 7a and HBpin in the presence of 10.

(E) Reactions of 9a and HBpin, with and without 1a under CO,.
(F) Reaction of 10-("3CO,), 7a, and HBpin under CO,.

(G) Catalytic hydroboration of CO, using 1c.

A series of recent seminal works'%°"'% demonstrated that the formaldehyde
adducts'®?

droboration of CO,, and the CH,O moiety remained in the ambiphilic system

of ambiphilic phosphine-borane catalysts were generated in catalytic hy-

throughout the catalysis. Thus, it is postulated that the formaldehyde adducts are
active catalysts in their catalytic hydroboration reaction. On the basis of the outcomes
of our control reactions (Figure 5), itis well conceivable that CO,-adduct 10 could also
serve as the catalyst, which was confirmed by DFT calculations (Figure S49). Accord-
ingly, one of the most plausible reaction mechanisms is proposed in Figure 6. At the
initial stage of the reaction, compound 10is formed in situ after the reaction of 1a with
CO,. Compound 10 can activate the B-H bond of HBpin, which is followed by transfer
of the hydride to CO; to furnish HCOOBpin 11, concomitant with regeneration of
10. The activation barrier (18.8 kcal mol™") of this process is lower than that
(40.1 kcal mol™") of another path involving the transition state stabilized by an elec-
trostatic interaction of 10 (Figure S49). The non-catalytic reaction between 11 and
amines 7 should produce formamides 8 as well as HOBpin, which can undergo dehy-
drocoupling with HBpin to form O(Bpin),. Note that although a number of reaction
mechanisms have been proposed for the p-block compound-catalyzed hydrobora-
tion of CO,**""%"""* and/or N-formylation of amines with CO,,”* "7 to the best of
our knowledge, none of these studies has assumed that main-group compound-
CO; adducts play a role as the actual active catalysts.

Analogous N-formylation could take place when 1c was used as the catalyst. Thus,
under similar reaction conditions, amines 7a and 7i were cleanly transformed to
the corresponding formamides 8a and 8i, respectively (Figure 5G). Experimentally,
we confirmed that 1c cannot be converted to 10 in a CD3CN solution under a CO»,
atmosphere (Figures S35 and S36). Because 1c does not possess a strong Lewis
basic site akin to the O-C=0 moiety of 10 to activate HBpin, on the basis of the

Ph
|
B—

co, << CIJ
1a 0

| ~o U . Bpin _N

o H™ "0 R 'R
o, 10 " 7
HBpin
I|3h o o _H
5 N Y .
—~0 H’/ \O N + HOBpin
| N R” 'R
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| ° 9 “H,
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Ts' O(Bpin),

Figure 6. Proposed Reaction Mechanism
Plausible catalytic cycle for the N-formylation of amines with HBpin under CO5.
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above-mentioned results for the catalytic hydroboration of ketones (2a and 2h)
with 1c, we tentatively postulate that 1c could act as an electrostatic catalyst for
the formation of formamides (8a and 8i).

Conclusions

We have demonstrated that a catalytic amount of inorganic/organic hybrid benzene,
1,3,2,5-diazadiborinine 1a, effectively promotes hydroboration of carbonyl deriva-
tives involving ketones, aldehydes, and CO, under metal-free and ambient condi-
tions. Mechanistic studies suggest that the corresponding carbonyl adducts 6 and
10 are formed in the initial steps of those reactions. Significantly, neither of the cat-
alytic cycles seems to involve the regeneration of 1a, and thus, adducts 6 and 10
serve as the actual active catalysts rather than the resting states, which is in contrast
to the proposed mechanisms for other main-group compound-catalyzed reduction
of carbonyl derivatives. Computational studies suggest that among various possible
factors, a noncovalent interaction plays a critical role in facilitating some of the
reactions examined here. Thus, the electrostatic effect induced by the polar and
hole-shaped structures of the carbonyl adduct 6 helps decrease the activation
barrier for the hydroboration reactions of ketones and aldehydes. In contrast, the
CO,-adduct 10 serves as a Lewis base to activate the B-H bond of HBpin during
the reduction of CO,. We believe that the findings described here pave the way
for the design of novel nonmetal p-block catalysts.
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