
rsc.li/greenchem

Green
Chemistry
Cutting-edge research for a greener sustainable future

rsc.li/greenchem

ISSN 1463-9262

PAPER
Paul T. Anastas et al. 
The Green ChemisTREE: 20 years after taking root with the 12 
principles

Volume 20
Number 9
7 May 2018
Pages 1919-2160Green

Chemistry
Cutting-edge research for a greener sustainable future

This is an Accepted Manuscript, which has been through the  
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after acceptance, 
before technical editing, formatting and proof reading. Using this free 
service, authors can make their results available to the community, in 
citable form, before we publish the edited article. We will replace this 
Accepted Manuscript with the edited and formatted Advance Article as 
soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes to the 
text and/or graphics, which may alter content. The journal’s standard 
Terms & Conditions and the Ethical guidelines still apply. In no event 
shall the Royal Society of Chemistry be held responsible for any errors 
or omissions in this Accepted Manuscript or any consequences arising 
from the use of any information it contains. 

Accepted Manuscript

View Article Online
View Journal

This article can be cited before page numbers have been issued, to do this please use:  X. Jiang, Z.

Huang, M. Makha, C. Du, D. Zhao, F. Wang and Y. Li, Green Chem., 2020, DOI: 10.1039/D0GC01741H.

http://rsc.li/greenchem
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d0gc01741h
https://pubs.rsc.org/en/journals/journal/GC
http://crossmark.crossref.org/dialog/?doi=10.1039/D0GC01741H&domain=pdf&date_stamp=2020-07-01


Journal Name

ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 1 

Please do not adjust margins

Please do not adjust margins

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

www.rsc.org/

Tetracoordinate Borates as Catalysts for Reductive Formylation of 
Amines with Carbon Dioxide
Xiaolin Jiang†,‡, Zijun Huang†,§, Mohamed Makha†, Chen-Xia Du‖, Dongmei Zhao*,‡, Fang Wang*,†, 
and Yuehui Li*,†

We report sodium trihydroxyaryl borates as the first robust tetracoordinate organoboron catalysts for reductive 
functionalization of CO2. Easily synthesized from condensing boronic acids with metal hydroxides, these catalysts activate 
main group element-hydrogen (E-H) bonds efficiently. In contrast to BX3 type boranes, boronic acids and metal-BAr4 salts, 
under transition metal-free conditions, sodium trihydroxyaryl borates exhibit high reactivity of reductive N-formylation 
toward a variety of amines (106 examples), including those with functional groups such as ester, olefin, hydroxyl, cyano, 
nitro, halogen, MeS-, ether groups etc. The over-performance to catalyze formylation of challenging pyridyl amines affords 
a promising alternative method to the use of traditional formylation reagents. Mechanistic investigation supports the 
electrostatic interaction as the key for Si/B-H activation, enabling alkali metal borates as versatile catalyst for 
hydroborylation, hydrosilylation, and reductive formylation/methylation of CO2.

Introduction
Boron-based catalysts such as BF3, HB(C6F5)2 (Piers borane), 
B(C6F5)3, Corey-Bakshi-Shibata oxazaborolidine reduction 
catalysts, boron nitrides, boronic acids and borinic acids etc are 
widely used in organic synthesis and/or industrial applications.1-

4 In the procedures using boron-based catalysts and the related 
borylation reactions, tetradentate borates are known as key 
intermediates formed due to the Lewis acidity of boron atom 
originated from the existence of empty 2p orbital.5-7 Here, these 
borate intermediates are treated as active species assisting the 
chemical reactions (Figure 1a). 

CO2 reduction with functionalization for the preparation of 
formamides and methylated amines represents one of the most 
important ways to incorporate CO2 into organic molecules as C1 
building block. Other than the use of transition metal catalysts,8-

12 non-covalent weak interactions such as Van der Waals, 
hydrogen and halogen bondings are widely involved weak 
forces in organo-activation of chemical bonds.13-15 In this 
respect, although quite many types of transition metal-free 

catalysts were shown to be active in the titled reaction,16 the 
principle governing transition metal-free 
catalysis mainly relies on acid-base interactions between the 
catalyst and reductant. For instance, FLPs (Frustrated Lewis 
Pairs) are used as efficient and successful catalysts to activate 
small molecules including even dihydrogen.17-18 Therefore, the 
presence of strong acids or bases tends to be the preferred 
choice to activate main group element-H (E-H) bond. However, 
these known systems often suffer from limited substrate scope 
drawbacks, especially for the acidic or basic groups containing 
substrates (e.g. phenolic, pyridyl amines).
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Figure 1. Metal hydroxyaryl borates for activation of E-H to selectively reduce CO2.

Electrostatic catalysis refers to substrate activation by catalyst 
via electrostatic interactions.19-21 The strategy is late emerging 
approach to activate B-H bond with the recent report by Hirao 
and Kinjo et al on elegant reduction of ketone/aldehyde/CO2 

using diazadiborinine compounds as pre-catalyst.22 However, to 
the best of our knowledge, there is no previous report on the 
use of metal borates for Si-H activation and reductive 
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funcationalization of CO2, even though they contain multiple 
functional sites such as acidic proton, basic oxygen atom, aryl 
group possibly useful for catalysis. Our design strategy stem 
from the use of aryl bronate base catalysts to activate Si-H 
through electrostatic interactions, which in turn reacts with 
acidic CO2 to form the silyl formate reagent required for N-
formylation (Figure 1b). Such electrostatic interaction induces 
hydride transfer to affect hydrosilylation of CO2 and form silyl 
formates. Herein, we demonstrate the use of transition metal-
free arylborates, well-known Suzuki coupling reagents, for an 
efficient catalytic reduction of CO2 and selective N-
formylation/methylation of a broad scope of aromatic and 
aliphatic amines (Figure 1c).

Results and discussion

Formates and formamides are ever present functionality in 
many drug intermediates, fine chemicals and polymer materials 
etc.23 From the multitude of methods for the preparation of 
formamides, direct N-H formylation using CO2 in the presence 
of reductants represents the most viable approach.24-27 
Generally, selective formylation of primary amines is always 
challenging because of possible formation of di-formylated or 
methylated by-products, and moreover occurrence of serious 
over-reduction or side-reactions of functional groups in 
complex amine substrates. In our continuing interest on CO2 
utilization and of using hydrosilane as reductant28-32 and boronic 
acid as catalyst,33 we considered the use boron-contained 
compounds as catalyst for the N-formylation of amines.

Table 1. Discovery of the new borate catalysta

N B(OH)2
3d

B(OH)2
B(OH)2

B
OH

OH
OH

Na

B(OH)3

N

B(OH)2

N
B(OC3H7)3

3j

B(OH)2

N
OB

O

O

S
B(OH)2

3a 3b 3c 3e

3f 3g 3h 3i

H
N N O

1aa 2aa

+ CO2

catalyst (10 mol %)
silane

60 oC, 12 h
- silanol

Entry catalyst Yield (%)b Entry catalyst Yield (%)b

1 - 0 9 3h <3

2 3a 0 10 3i <3

3 3b 0 11 3j 48

4 3c 0 12c 3j 68

5 3d 9 13d 3j 88

6 3e 5 14e 3j 25

7 3f 0 15f 3j 20

8 3g <3 16g 3j trace
aReaction conditions: 1aa (0.2 mmol, 1 equiv.), catalyst (0.02 mmol, 10 mol %), 
phenylsilane (0.2 mmol, 1equiv.), CO2 (0.25 MPa) in diglyme (diethylene glycol 
dimethyl ether, 1 mL) at 60 oC for 12 h. bYields determined based on GC analysis 
using n-hexadecane as internal standard. cReaction carried out at 100 oC. 
dReaction carried out using 2 equiv. of phenylsilane at 100 oC. eUsing 5 equiv. of 

PMHS (polymethylhydrosiloxane) at 100 oC for 12 h. fReaction carried out at 100 
oC with THF (tetrahydrofuran) as solvent. gToluene as solvent.

Initial investigation of N-formylation of aniline with CO2 in the 
presence of hydrosilanes was examined (Table 1). Surprisingly, 
we find that boronic acids 3a-c were ineffective for N-
formylation even though aromatic boronic acids were used for 
the hydrosilylation reduction of amides.34 Boronic acids bearing 
pyridyl group were beneficial, albeit only low yields were 
obtained (Table 1, entries 5 - 7). The exploration of other 
aromatic heterocyclic boronic acids and borate esters were 
unsuccessful (Table 1, entries 8 - 10). To our delight, when ionic 
sodium trihydroxyphenyl borate 3j was used, moderate 
reactivity could be achieved (Table 1, entry 11). Increasing the 
temperature to 100 oC led to higher yield of 88% while lower 
yields were obtained when using other types of silanes or 
solvents (Table 1, entries 11 - 16). We believe that the 
aggregation and shielding of hydridic silanes around the catalyst 
induce hydride transfer to CO2. And, the choice of hydrophobic 
diglyme as solvent is effective for the adsorption of CO2 in the 
presence amines.35 Notably, such kind of catalyst working under 
heating conditions in polar solvents implying special activation 
mode different from the known σ-hole catalysis.36 Notably, 
when 1.0 gram of N-methylaniline was used as substrate, the 
desired product 2aa was obtained in 86% yield (1.1 gram) under 
the optimized conditions.

As shown in the work of Hall et al, aromatic borates (such as 
sodium trihydroxyphenyl borate, phenoxy-dialkoxy borates) 
were elegantly applied into base-free Pd-catalysed Suzuki 
coupling reactions.37-38 Here, we stress that the use of such 
compounds as catalysts for E-H bond activation have never 
been reported nor discussed before this work.39 Metal borates 
are known as core structure of natural products (e.g. 
boromycin),40 Lewis acid catalysts,41-42 and boron “ate” complex 
related reaction intermediates.43-44 However, borates are 
unstable/reactive intermediates in these reactions.
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Figure 2. Screening of the sodium arylborates. aReaction conditions: 1aa (0.2 mmol, 1 
equiv.), catalyst (0.04 mmol, 20 mol %), phenylsilane (0.2 mmol, 1 equiv.), CO2 (0.25 MPa) 
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in diglyme at 60 oC for 12 h. bPhenylsilane (0.4 mmol, 2 equiv.) at 100 oC for 12 h. Yield 
of 2aa shown in brackets was determined by GC analysis using n-hexadecane as internal 
standard. The catalyst was prepared quantitatively from in situ reaction of aryl boronic 
acids with the base.

Hence, we embarked into a systematic study probing the 
catalytic activity of various borates to verify the reliability of 
catalysis by borates, and ultimately further discover more 
efficient catalysts. As shown in Figure 2, a variety of sodium 
aromatic borates were conveniently prepared by in-situ mixing 
aromatic boronic acids with NaOH or sodium alkoxides.45-46 It is 
interesting that different reactivity was observed depending on 
the counter base used. Specifically, when using MeONa, EtONa, 
tBuONa or PhONa as the base (catalyst 3k-3n), the yields 
ranging from 34 to 68% were obtained, with catalyst 3l from 
EtONa giving better reactivity. Meanwhile, ortho-substitution 
by alkyl groups on aryl ring influenced the reactivity significantly 
with methyl substitution to form 3o giving the highest yield of 
the desired product of 65%. Meta or para-substitution with 
methyl group decreased the reactivity (47 - 58% yields).

Finally, when catalyst 3u was used, the highest yield of 82% was 
achieved. When lowering catalyst loading (10 mol%) under 
elevated temperature, higher yields were obtained for both 3j 
and 3u. Notably, in principle, unlimited number of metal 
aromatic borates type compounds could be obtained by 
combining different aromatic boronic acids with metal 
hydroxide/alkoxides. To the best of our knowledge, metal 
borates have never been used for catalytic reduction reactions. 
We also compared the reactivity of other types of boron-
contained compounds. As shown in Table 2, only the use of 
borate 3r led to high reactivity under similar conditions. Even 
the use of strong base NaOH or strong Lewis acids such as BF3 
or B(C6F5)3 resulted in poor reactivity for the desired reaction, 
with significant amounts of aniline starting material recovered.
Substrate-catalyst activation via weak interactions could be 
tested by NMR techniques. Therefore, 1H NMR measurement of 
mixtures of CO2, PhSiH3 or N-Me aniline, individually with 3j 
were performed (See the SI). Initially, when 3j was added to 
PhSiH3, chemical shift changes of Si-H of PhSiH3 and C-H on 
phenyl ring of 3j were not observed (Si-H at 4.03 ppm for 
PhSiH3). Control experiments suggested that borates could be 
stabilized by silane molecules. Specifically, without silane, CO2 
reacts with borate salt 3j to form free phenyl boronic acid and 
NaHCO3. In contrast, with PhSiH3, no decomposition of 3j 
occurred in the presence of CO2. This result suggests the 
occurrence of weak interactions (not able to be detected in 1H 
NMR time scale) between silane and borate catalysts offering a 
protective shield to the borate catalyst from decomposition by 
CO2. In this respect, silane might be activated via the 
stabilization of borate catalyst with the formation of the 
energized favored intermediate. Regarding the role of alkali 
metal cation (i.e. Na+), no influence on reactivity was observed 
in the reaction of N-Me aniline with 3j in the presence of other 
alkali metals CsCl, LiCl or KCl. Hence, we envision that the borate 
anion plays the key role in the activation of Si-H bond.

Table 2. Comparison of different acids or bases with 3r

B
OH

OH

NaOH

BF3

B(C6F5)3

NaBPh4

catalyst yield (2aa)

71%

NR

Trace

NR

NR

Trace

Et

NaBH4 16%

Entry

1

2

3

4

5

6

7

catalyst (20 mol %)
PhSiH3 (1equiv.)

60 oC, 12 h
- silanol

H
N

1aa

+ CO2

N O

2aa

B
OH

OH
OH

Na

3r

Et

Reaction conditions: 1aa (0.2 mmol, 1 equiv.), catalyst (0.04 mmol, 20 mol %), 
phenylsilane (0.2 mmol, 1 equiv.), CO2 (0.25 MPa) in diglyme (1 mL) at 60 oC for 12 
h. Yields determined by GC analysis using n-hexadecane as internal standard.

Moreover, in 1H NMR experiments B-H formation was 
undetected unlike with the recent development of alkali metal 
hydridotriphenylborate catalysts for the hydroboration of CO2 

via B-H and B-OR interconversion.7 Therefore, we advance the 
involvement of weak interactions seemingly weaker than 
classical hydrogen bonding. Meanwhile, it is interesting to note 
that in the Pd-catalysed Suzuki coupling reaction of acyl 
chlorides or aryl iodides with sodium trihydroxyphenylborate, 
the presence of PhSiH3 strongly suppressed the C-C coupling 
reaction. This result implies that the interaction between silanes 
and borates influence the original coupling reaction (Figure S1, 
see the SI).

To further understand the mechanism, density functional 
theory (DFT) calculations on the interaction of silanes with 
borates were examined. It is suggested that the weak attraction 
between borate catalysts and hydrosilanes is through Si-H…H-O, 
Si-H…H-C and Si…O interactions, I and II as illustrated in Figure 
3. The stabilized energy is at the level of 4-5 kcal mol-1 belonging 
to the energy strength of electrostatic interaction. Besides, the 
electrostatic potential map illustrated in Figure 4 also suggest 
that the negatively charged hydride of phenylsilane interacts 
with the positively charged hydrogen atoms connected by 
oxygen atoms and carbon atoms in sodium aryl borates. This is 
also consistent with the results of NMR experiments that 
interactions weaker than hydrogen bonding could exist and 
were undetectable in 1H NMR time scale. Besides, as mentioned 
above, the presence of methyl group at ortho-position to the 
boron (catalyst 3o) or methoxy group on boron atom (catalyst 
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3k) increased the reaction efficiency significantly. From the DFT 
study, it is clear that the CH3 moiety interact with hydride of 
silane. The Si-H…H-O and Si-H…H-C distances are shortened in 
comparison with those in I and II. Moreover, the binding 
energies are -7.6, -5.7, and -6.2 kcal mol-1 for I-MeO, II-MeO, 
and I-Me, while they are -5.6 and -4.0 kcal mol-1 for I and II, 
respectively (Table S5). These results demonstrate that the 
interactions between PhSiH3 and sodium aromatic borates are 
effectively strengthened by the introduction of methoxy group 
on boron atom or ortho-methyl substitution to boron, being 
beneficial for the activation of Si-H bonds for the key CO2 
reduction step. The present results rationalize the experiment 
findings.

Figure 3. DFT-Calculated Interaction Modes. (A) Optimized complex structures of 
sodium aryl borates (3j, 3k, 3o) with phenylsilane at the M06-2X-D3/6-311G(d, p) 
level of theory in solvent. Values in parenthesis denote the binding energies (in 
kcal mol-1) calculated at DSD-PBEP86/def2-TZVPP level in solvent. Bond lengths 
are in Å. (B) Electrostatic potential map for the catalyst-silane interaction.

From experimental results and theoretical studies, we propose 
that the ionic borate moiety of sodium phenyl trihydroxy borate 
could interact with hydrosilane selectively via electrostatic 
interactions (Figure 3). This is a key step for CO2 reduction to 
give silyl formate intermediates, which further undergo additive 
substitution reaction with amine substrates to give the desired 
formamide product (Pathway A). Besides, the formation of 
carbamate intermediates followed by reduction to give the 
formamide product is also possible (Pathway B). The use of 
borates to promote the activation of Si-H or B-H bond is unique. 
In addition, it is suggested that the non-coordinating nature of 
tetrahedral borate makes them suitable for tasks that involve 
ion-pairing with sensitive organometallic complexes or reactive 
cationic intermediates. 

With the optimized reaction conditions in hands, investigation 
of substrate scope was performed. Firstly, different aromatic 
aniline substrates were tested (Table 3). It was found that good 
to excellent reactivity and selectivity for the desired N-
formylation reaction was achieved for most aromatic primary 
amines at 60 oC, with occasionally aromatic primary amines 
requiring 100 oC. Electron donating aromatic amines such as Me, 
Et, iPr, tBu, di-Me, MeS and OMe derivatives afforded the 
desired compounds (2b - f, 2k - o, 2u) in 80 - 86% yields 
respectively. The reaction also underwent smooth conversion 

with electron-withdrawing aromatic amines substituents like F, 
Cl, Br, I, CF3, 3,5-di-F, 3,5-di-Cl and NO2 to afford the desired 
compounds (2g - j, 2p - r) in 70 - 88% yields. To our surprise, the 
reaction gave the desired compounds 2z in 77% yields using 
allylamine without affecting the double bond which is often 
sensitive to reductants. Fortunately, this method was also 
successful in the N-formylation of amines which contain 
piperidyl (2s, 81% yield), oxygen heterocyclic (2t, 84%), ester (2v, 
82%), trifluoromethoxy (2y, 80%) and naphthalene derivatives 
showing good to excellent reactivity (2w - x, 85 - 90% yields)

CO2
[PhB(OH)3]-

PhSiH3
O

OH SiH2Ph
R2NH

- silanol

O

NR2H

R2NH

O

OR2N R2NH2 - silanol, - R2NH

O

NR2H

Si

H

H

H

Ph

B

O

O
HO

X = H, silyl group

O

C

OR2N

Si-H activation for C-H formation

Pathway B

Pathway A

CO2 or carbamate

H
H

B

O

O
HO

H

H

-
+

+-

inducible charges

PhSiH3, [PhB(OH)3]-

Figure 4. Proposed Reaction Mechanism

In light of the success with aromatic primary amine derivatives, 
we extended the scope to aromatic secondary amine substrates, 
as also presented in Table 3. To our delight, the reactions also 
underwent smooth conversion to afford the expected N-
formylated product. Similarly to aromatic primary amines, 
aromatic secondary amines also exhibit functional group 
tolerance and display good to excellent reactivity. The reaction 
underwent smooth conversion regardless of electron-
withdrawing and donating substituents affording the desired 
compounds in good to excellent yields (2ab - ac, 2ae - ai, 73% - 
91%). Conversely, we find that the product conversion is slightly 
lowered with ortho position substituted substrate, presumably 
due to steric hindrance 2ad (68% yield).

Heterocyclic secondary amines were also amenable to this 
transformation and converted to the corresponding 
carboxamide products in good to excellent yields (2aj - al, 73 - 
95%). For alkylated secondary amines, we found that the 
length and branching of the carbon chain of the alkyl 
substituent on the N atom has influence on the yield. For 
instance, amine substrates with sterically hindered isopropyl 
or t-butyl substituents afford desired products with lower 
yields, while side reaction methylation products increase (2an - 
aq ,  53 -  73%). Acceptable yields were obtained when 
secondary amine substrates (substituted N-methylanilines) 
bearing electron withdrawing substituent (2ar - as, 47 - 70%). 
Notably, the presence of nitro group often inhibits N-
formylation Using CO2 in previous reports. Substituted amines 
(ani l ines)  with e ither  e lectron donat ing or  e lectron 
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Table 3. N-Formylation of aromatic aminesa

H
N

2a, R = H, (83%)a

2b, R = CH3, (86%)a

2c, R = C2H5, (84%)a,d

2d, R = iPr, (81%)a,d

2e, R = tBu, (80%)a

2f, R = OMe, (85%)a

2g, R = F, (84%)a

2h, R = Cl, (83%)a

2i, R = Br, (79%)a

2j, R = I, (88%)a,d

2r (75%)a 2s (81%)a 2t (84%)a

2n (83%)a

2q (76%)a

2u (85%)a,d 2w (85%)a

2x (90%)a,d

diglyme, 12 h
60-100 oC

silane
10 mol% 3j

H
N

R1 N
R1

OR2
R2

2y (80%)a 2z (77%)a

1 2

O

R

H
N OR

2k, R = CH3, (81%)a

2l, R = OMe, (84%)a

H
N O

H
N O H

N O

2m (80%)a

H
N OF

F

H
N OCl

Cl

H
N O H

N O
H
N O

N
O

O

2p (67%)a

H
N OO2N

H
N O

H
N O

H
N O

S

F3CO

HN O

N

R

2ar (70%)b,d

N

2aj (95%)b

N

2ak (84%)b,d

2at (44%)b

N

2al (73%)b,d

2au (76%)b

2av (68%)b,d 2ax (72%)b
2aw (89%)b

N

2be (51%)b,d2bb (88%)b

2bc (40%)b 2bd (58%)b

2ba (79%)b,d

N

2az (70%)b

2aa, R = H, (88%)b

2ab, R = p-CH3, (91%)b

2ac, R = m-CH3, (79%)b

2ad, R = o-CH3, (68%)b

2ae, R = OMe, (87%)b

2af, R = F, (80%)b

2ag, R = Cl, (82%)b,d

2ah, R = Br, (78%)b

O

O

O

O

N
R

O

2amb, R = Bn, 88%

2anb, R = Et, 73%

2aob, R = iPr, 67%

2apb,d, R = tBu, 53%

2aqb, R = nBu, 72%

H
N O

O

O

N

F3C

O

2ai (73%)b

H
N OBr

Br

N

N

O2N

O

Me

O

H
N O

H
N

F3C

O

H
N O

OMe

2as (47%)b,d

N

O2N

O

H
N O

iPr

iPr

2ay (78%)b

H
N O

O O

N

O

N

O

N

N

N
H

N

2bf (46%)c 2bg (55%)c

S

N

2bh (52%)c

+ CO2

2o (82%)a

B
OH

OH
OH

Na

3j

CCDC (1971981)

2v (82%)a,d

H
N O

O

O

aReaction conditions: 1 (0.2 mmol, 1 equiv.), catalyst (0.02 mmol, 10 mol %), phenylsilane 
(0.4 mmol, 2 equiv.), CO2 (0.25 MPa) in diglyme (1 mL) at 60 oC for 12 h. bPhenylsilane 
(0.4 mmol, 2 equiv.) at 100 oC for 12 h. cPhenylsilane (0.4 mmol, 2 equiv.) at 100 oC for 
24 h. dYields determined based on GC analysis using n-hexadecane as internal standard. 
Other yields refer to isolated yields.

withdrawing groups afforded the desired products in moderate 
to good yields (2ba, 83%; 2au - 2az, 68 - 89%). Secondary alkenyl 
amines allylphenylamine was also transformed to the 
corresponding formylated products in lower moderate yield 
(2at, 44%). Secondary amines bearing bulky substituents 
regarded incompatible for such transformation also afforded 
the desired products in moderate yields (2bc - be, 40 - 58%). 
Lastly, when substrate is an ortho-diamine, the corresponding 
benzimidazole or benzothiazole compounds were formed in 
moderate yields (2bf, 46%; 2bg, 55%; 2bh, 52%). Here, it is 
important to note that under elevated temperature the catalyst 
remained stable after the reaction showing the robustness of 
the borate catalyst in this catalytic system. With respect to the 
concept of green chemistry, the development of reusable 
heterogeneous catalysts is highly attractive.47 In our system, the 
catalyst recycling test shows that the catalytic activity is still 
high after two times of reuse with the yields of the desired 
product as 88%, 75%, 70% respectively.

Table 4. N-Formylation of aliphatic aminesa

NRNHR1R
diglyme, 60 oC

12 h

silane
10 mol% 3j

N
2bt, R = H, (86%)b,c

2bv, R = CH3, (81%)b

2bx, R = OH, (92%)b

2by, R = CN, (77%)b

2ca, R = CF3, (84%)b

O

X

HN

2bi (81%)a

N

O

N

N
N

2bq (93%)b,c

2bp (75%)b

2br (90%)b 2bz (87%)b

2bs (92%)b,c

H
N

2cb (80%)b

2bu (72%)b 2bw (75%)b

N O

2cn (S-96%)b,c
2cm(R-94%)b,c

1 2

2ci (85%)b2ch (82%)b

+ CO2

N

O
2bj, X = CH2, (78%)a

2bk, X = O, (77%)a

2bl, X = NH, (74%)a

2bm, X = NCH3, (80%)a

2bn, X = NCHO, (58%)a

2bo, X = NCHO, (56%)a

O

O

CNNNC

O

O

R

N
R2

O

R1

2cc, R1 = H, R2 = Et, (85%)b

2cd, R1 = CH3, R2 = Et, (50%)b

2ce, R1 = H, R2 = Bn, (87%)b,c

2cf, R1 = H, R2 = iPr, (78%)b

2cg, R1 = H, R2 = tBu, (41%)b

N O
NCN O N O

Cl

N
H

O

Cl
N
H

O
N
H

O( )n

2cj, n = 1, (88%)b,c

2ck, n = 3, (72%)b

2cl, n = 4, (61%)b

O

O
R1

B
OH

OH
OH

Na

3j

aReaction conditions: 1 (0.2 mmol, 1 equiv.), catalyst (0.02 mmol, 10 mol %), phenylsilane 
(0.3 mmol, 1.5 equiv.), CO2 (0.25 MPa) in diglyme (1 mL) at 60 oC for 12 h. b.Phenylsilane 
(0.2 mmol, 1 equiv.). cYields refer to isolated yield. Other yields determined based on GC 
analysis using n-hexadecane as internal standard.

We further investigated a wide range of aliphatic amines (Table 
4). Reactions with both aliphatic and benzylic primary and 
secondary amines afforded the corresponding formylated 
products in good to excellent yields, including substrates with 
bulky tBu group substitution. Notably, functional groups such as 
ether, nitrile, cyclopropyl, halogen, phenol and trifluoromethyl 
groups were well tolerated. Cyclohexamine, benzylamine, 
aminopropylbenzene and aminobutylbenzene were converted 
successfully to N-formylated derivatives in good to excellent 
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yields (2bi, 81%; 2cj - cl, 61 - 88%). Cyclic heterocyclic amines 
aza-cyclohexane, oxazine and piperazines afforded the desired 
products in moderate to good yields (2bj - bo, 56 - 80%). Di-
alkylated amine substrates, N-butyl amine, di-isopropylamine, 
N,N,N-trimethyl diaminoethane and bis(2-cyanoethyl)amine 
were transformed in excellent yields (2bp - bs, 75 - 93%). N-
Methyl benzylamine and derivatives bearing electron-
withdrawing or electron-donating groups were also amenable 
to this transformation in good yields (2bt - cd, 72 - 92%). It is 
interesting to note that aminomethyl phenol 2bx undergoes 
chemoselective N-formylation smoothly. N-Substituted 
benzylamines with various alkyl groups (ethyl, isopropyl, butyl 
and benzyl) gave the corresponding N-formylated products in 
moderate yields with bulky t-butyl one at the lower end of the 
range (2cc, 2ce - cg, 41 - 87%). Reactions of chiral substrates (S)-
 and (R)-2-Pyrrolidinemethyl-methyl ether (2cn, 2cm) 
proceeded smoothly with the chiral properties maintained in 
the product.

Pyridine based derivatives represent key motifs in drug and fine 
chemicals including ligands for catalysis. It is noteworthy to 
mention that the presence of pyridyl group is always 
problematic in catalytic transformations. Satisfyingly, we found 
that heterocyclic substrates such as substituted aminopyridine 
and derivatives could be transformed to the desired product in 
good to excellent yields (2co - ct, 48% - 92%; Table 5). Notably, 
the Meyers formylating agent 2cq was produced in 58% yield.48a 
These results implied that a new mechanism pathway is 
involved to have basic pyridine group well tolerated. 

Table 5. Application to the synthesis of heteroaromatic formamidesa

2co (92%)b 2cp (62%)a 2cq (58%)a,c 2cr (60%)a,c

2cs (52%)a

N

N O

N

N O

N N O N N
H

O

N N
H

O N

H
N

N

H
N

2cu (88%)a,c2ct (48%)a

O O

N
N

2cw (75%)b 2cx (94%)b

N

2cv (79%)a

HN O

O
N

N

O NS N

O

O

2cy (95%)b

2da (80%)b2cz (85%)b,c

O

O O
O

H
N

2db (62%)b

O

+

3j (10 mol %)
silane

21 60 - 100 oC,12 hR1N
H

R1 CO2 R1N
R1

O
B

OH

OH
OH

Na

3j

N
N

NO

Cl

aReaction conditions: 1 (0.2 mmol, 1 equiv.), catalyst (0.02 mmol, 10 mol %), phenylsilane 
(0.3 mmol, 1.5 equiv.), CO2 (0.25 MPa) in diglyme (1 mL) at 60 oC for 12 h. b.Phenylsilane 
(0.2 mmol, 1 equiv.). cYields refer to isolated yield. Other yields determined based on GC 
analysis using n-hexadecane as internal standard.

Moreover, we successfully transformed more complex 
structures such quinolinamine and pyridinemethanamine 

derivatives in excellent yields (2cu - cy, 75 - 95%). Also, the 
reaction of thiophenemethylamine or furarylmethylamines 
afforded the desired products in good yields (2cz - db, 62 - 85%).

N

HN

imidazole (2 equiv.)
DMF, 60 oC, 48 h

HCOONH4

CH3CN, reflux, 12 h

HCOOH
80 oC, 8 h

HCOOEt
reflux, 12 h

3j, PhSiH3

DGDE, 60 oC

n.d.

n.d.

n.d.

trace

92%

(this work, Table 5)

3co

imidazole (2 equiv.)
DMF, 60 oC, 48 h

HCOONH4
CH3CN, reflux, 12 h

HCOOH
80 oC, 8 h

HCOOEt

reflux, 12 h

3j, PhSiH3

DGDE, 60 oC

25%

4%

48%

84%

(this work, Table 3)

O

O

NH2

n.d.

2t

Figure 5. Comparison results of borate-catalysis approach with non-catalytic 
methods

C) HBpin as the reductant

B) N-methylation of aromatic amines

3j (10 mol %)

1aa
- borate

N
H

+ H B
O

O

catalyst yield (%, 2aa)

NaOH

PhB(OH)2

PhB(OH)3Na

16

NR

60 oC, diglyme, 8 h

40

HBpin
(1 equiv.)

+ CO2
N O

2aa

+
3j (10 mol %)

- silanol
CO2 H O

O
SiPhH2

formate

PhSiH3

60 oC, 12 h 99% yield

A) Reduction of CO2

3a, R = tBu 87%
3b, R = iPr, 79%
3c, R = Ph, 82%
3d, R = cyclohexyl, 76%
3e, R = naphthyl, 84%

+

3j (10 mol %)
PhSiH3 (2.0 equiv.)

H
N

R CO2
N

R
120 oC, diglyme, 12 h

R
1

3 (yield)

CH3

Figure 6. Further applications on reduction, N-methylation and activation of 

hydroborane.

To further demonstrate the usefulness of this new method, the 
N-formylation of valuable pyridyl amines48b 3co and primary 
amine 2t were carried out using the known non-catalytic 
methods49 to demonstrate the applicability of this work (Figure 
5). Notably, the presence of pyridyl group is often problematic 
to the transition metal catalysed reactions that proceed via the 
formation of metal-H species. Most of non-catalytic methods 
tested were unsuccessful and only trace amounts of product 
was observed using ethyl formate for the formylation of 3co 
(Figure 5). Also for the reaction of 2t, poorer yields were 
obtained compared to the approach this work based on borate 
3j and PhSiH3. The generality of this approach is unprecedented 
as shown above for substrate scope tolerance. Interestingly, in 
spite of the presence of basic pyridyl group or acidic phenolic 
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group good reactivity was maintained. This is in a striking 
contrast to the known base-acid interaction strategy.

The control experiment for the reduction of CO2 in the absence 
of amines gave the silyl formate product in high yield (99%; 
Figure 6A). Under slightly higher temperatures, the reductive N-
methylation using CO2 was also achieved with good reactivity 
(76 - 87 yields; Figure 6B). To further prove the activation of 
main group element-hydrogen bond using ionic borates, the 
catalytic formylation of amines using hydroborane was 
performed. Using HBpin as the reductant, the formylation of N-
Me aniline proceeded smoothly giving the desired product in 89% 
yield. Similarly, when using phenyl boronic acid or NaOH as the 
catalyst, much lower reactivity was observed (Figure 6C).  

Conclusions

This work developed a general methodology of a transition 
metal-free pathway based on alkali metal arylborate 
electrostatic catalysts for hydroborylation, hydrosilylation, and 
reductive formylation/methylation of CO2. Sodium 
trihydroxyphenylborate was found to be superior catalyst in the 
activation of main group element-hydrogen bond. This method 
of N-formylation is broad in scope applicable to both aromatic 
and aliphatic amine substrates (total 106 examples), especially 
the unexplored pyridyl amine substrates. Notably, this is the 
first example of using hydroxyborate for catalytic reductions of 
carbon dioxide for N-formylation/methylation reactions. 
Experimental data and DFT calculations show the action of 
catalysts is presumably through the dual activation of Si and H 
atoms in hydrosilane as proposed in the mechanism.

Experimental

General procedure for reductive formylation of amines with 
CO2: To a 4 mL sealing tube in a nitrogen-filled glovebox, the 
substrate (0.2 mmol), 3j and phenylsilane were added followed 
by addition of solvent diglyme (1 mL). Then the tube was sealed, 
taken out of the glovebox and placed into the autoclave. The 
autoclave was sealed and purged three times with CO2 gas, then 
pressurized to 2.5 atm. At last, the autoclave was heated at 60 
- 100 °C for 12 h with stirring. After the reaction finished, the 
autoclave was cooled to room temperature and the pressure 
was carefully released. The yield was determined by GC analysis 
or the product was purified by silica gel giving the isolated yield.
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