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An efficient and environmentally benign tungstate catalysis for reductive functionalization of CO, with amines and

phenylsilane was developed. By simply varying the pressure, 2-electron or 6-electron reduction of CO, successfully

www.rsc.org/

approached with simultaneous C-N bond formation, thus leading to the formation of formamides and methylamines,

respectively. That is, secondary and primary amines furnished the corresponding methylamines or dimethylamines in

excellent yields under atmospheric pressure of CO,, while various formamides were formed in yields ranging from 52% to

98% when increasing the CO, pressure to 2 MPa. '"H NMR studies and control experiments demonstrate that the N-

formylation undergoes the formation of silyl formate while the N-methylation proceeds through an aminal intermediate

generated by 4-electron reduction of CO,.

Introduction

CO, has been attracting much attention as an abundant,
nontoxic and renewable C; building block.! Many procedures
have been developed towards cost-effective chemical fixation
of CO, to value-added chemicals via the construction of C-C,
C-N and C—O bond.? In most of these processes, CO, is only
functionalized but there is no reduction of the carbon atom and
therefore no significant energy storage. On the other hand,
extensive research efforts have also been devoted to CO,
reduction, which can achieve energy-related molecules such as
formic acid, methanol, methane or light alkanes.> Even so, the
scope of chemicals directly available from CO, remains very
narrow. To further expand the scope of CO, recycling, novel
processes for CO, conversion that combine both reduction of
CO, and the formation of C—C, C—N or C-O bond, namely
reductive functionalization of CO, by Cantat et al., were
explored.* Notably, using amine as the functionalizing reagent,
the reductive functionalization of CO, can output formamide
and methylamine derivatives, which are widely applied as
important solvent and intermediates in organic synthesis and
material science.’

Among  the  established methods of reductive
functionalization of CO, with amine, transition metal catalytic
systems such as Ru,® Rh,’ Re,® Ir,? Fe,' Ni,"! Cu,'? Zn,!® P4,
Au"® and Pt'® have been employed using hydrosilane,
hydroborane or hydrogen as reductant. Organocatalysis such as
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organic superbases,‘"” 7" carbene,'® 1,3,2-diazaphospholene,19

B(CgFs)3,%° cesium formate,?' ionic liquids,? y-valerolactone,”
DMSO0* as well as DMF? have also been a research hotspot.
In 2014, Cantat et al. described the temperature-tuned reductive
functionalization of CO, with amine catalyzed by Fe(acac), in
combination with tris[2-(diphenylphosphino)ethyl]-
phosphine.!® Although the chemoselectivity is moderate, this
work  represents the first example for reductive
functionalization of CO, to respectively obtain methylamines
and formamides. By tuning the temperature, Dyson et al. also
realized the selective fixation of CO, onto amines.'®® Changing
both the temperature and the type of hydrosilane, the N-
methylation and formylation can proceed as well with Cs,CO;>
or TBAF?’ as a catalyst. Recently, our group has achieved the
betaine-catalyzed hierarchical reduction of CO, with amine and
hydrosilane by tuning the reaction temperature and the CO,
amount, giving products with various energy contents i.e.
formamide, aminal and methylamine.?® In spite of the above
few examples for selectively reductive functionalization of CO,
with amine, exploring -catalytic system with distinctive
conditions to respectively form methylamine and formamide
appears to be pregnant. Especially, through regulating single
variable of reaction conditions, e.g. CO, pressure, to control the
chemoselectivity would be interesting and challenging.

On the other hand, the oxygen atoms of tungstate have a high
charge density,” we speculated the tungstate anion could
facilitate the hydrosilylation of CO, via interacting with the Si
atom of hydrosilane to promote hydride transfer from
hydrosilane to CO,. In addition, the CO, pressure may
influence the reductive level associated with CO,
hydrosilylation.?® 3° Understandably, high CO, pressure
represents a high molar fraction of CO,, thus the hydrosilane
can be rapidly consumed up, thus the further reduction is
suppressed and terminated in the initial stage of forming silyl
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formate. While a decrease in CO, pressure may lower the
reaction rate of hydrosilane with CO,, thereby leading to further
reduction of the silyl formate by hydrosilane to bis(silyl)acetal
or silylmethoxide.>’ As a result, various products e.g.
formamide, aminal and methylamine may be generated in the

presence of an amine,’™ 2! 27 28 32

thus achieving selectively
reductive functionalization of CO,. Herein, we developed an
intriguing method using tungstate ie. K,WO, as efficient
catalyst for the 2-electron or 6-electron reduction of CO, along
with C-N bond formation in the presence of amine and
phenylsilane (PhSiH;). Only by varying the CO, pressure,
methylamine and formamide derivatives were attained

respectively, as shown in Scheme 1.

ot o  2MPacO, 1 bar CO, ;
! ! KW !
NA  «KWOs T+ phsibg 2WO4 N-CHs
RS H  70°,CHCN g 70°C, CHON 3

Scheme 1 Pressure-switched reductive functionalization of CO, to respectively
form methylamine and formamide.

Results and Discussion

The experiment was initially explored at atmospheric pressure
of CO, using N-methylaniline 1a as the substrate and 4
equivalents of PhSiH; (relative to 1a) as the reductant in
acetonitrile. The reaction could hardly proceed without any
catalyst (Table 1, entry 1). Then several representative sodium
polyoxometalates and sodium tungstate were primarily
screened (entries 2-5). The methylated product ie. N,N-
dimethylaniline (2a) was obtained in 90% yield along with
small amount of N-methyl-formanilide (3a) when using sodium
tungstate as catalyst, indicating that tungstate with a stronger
basicity® is more efficient for the reductive functionalization of
CO, to methylamine (hereafter referred to as N-methylation)
(entry 5 vs. 2-4). Then various tungstates with different counter
cations were further investigated (entries 6-9), of which
potassium tungstate (K,WO,) exhibited excellent catalytic
activity towards the N-methylation. This result illustrates that
the counter cation with lower electronegativity is more
favourable for the tungstate catalysis. Yields over 90% can still
be obtained when the amount of K,WO, was reduced to 7.5
mol% (relative to 1a, entry 10). Further reducing the dosage of
K,WO, gave a good conversion of 1a but caused a decrease in
the product selectivity (entries 11, 12). Subsequently, we tried
to validate our hypothesis that the reductive functionalization of
CO; could be switched by adjusting the CO, pressure on basis
of the methylated conditions. Delightedly, the formylated
product 3a was generated in 93% yield along with trace of 2a in
1.5 MPa CO, (entry 13). Further raising the pressure of CO, to
2 MPa, 3a was exclusively obtained in 95% yield (entry 14).

In addition, we also found that PhSiH; was a more active
reductant than other hydrosilanes e.g. PMHS, Ph,SiH, or
(EtO);SiH (Table S1, entry 9 vs. 1-8, ESI{). The discriminatory
activity of various hydrosilanes may be ascribed to the different
electronic and steric effects.? Moreover, both the N-
methylation and N-formylation can still proceed efficiently with

2| J. Name., 2012, 00, 1-3
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Table 1 Optimization for the selectively reductive functionalization of CO, with 1a.”

CHz QHO

H T
©/N\CH3 +C0, + PhSH, — > ©/N‘CH3 + ©/N‘CH3
CH4CN, 70°C
1a 2a 3a

Entry Cat./(mol%) Conv./%" ‘2:}‘;? ?:}‘;‘b’f

1 - 0 - -

2 Na3PW12040(10) 0 0 0

3 NagSiW 1204(10) 0 0 0

4 Na4Sinng(10) 11 0 7

5 Na,WO,(10) >99 90 7

6 KaWO4(10) >99 99 0

7 Li;WO4(10) 6 0 5

8 NiWO4(10) 0 0 0

9 CoWO4(10) 7 0 5

10 KoWO4(7.5) >99 97 trace

11 KoWOL4(5) >99 90 8

12 KoWO04(2.5) 92 53 33
13¢ K,WO4(7.5) >99 7 93
14¢ KaWO04(7.5) >99 trace 95

“ Reaction conditions: 1a (0.0535 g, 0.5 mmol), catalyst, PhSiH; (248 uL, 2
mmol), 1 bar CO,, CH3;CN (2 mL), 70 [1, 12 h. b Determined by GC using
1,3,5-trimethyoxybenzene as an internal standard. “ 1.5 MPa CO,. 42 MPa
CO,.

high chemoselectivity, even decreasing the amount of PhSiH;
to 1.5 mmol (Table S1, entries 10, 11, ESIT). While, inadequate
amount of PhSiH; caused tremendous decrease in both yield
and the product selectivity (Table S1, entries 12, 13, ESIY),
perhaps because only one hydride of PhSiH; plays the role in
reduction.

Having in hand the protocol for this kind of reductive
functionalization of CO,, the generality of the N-methylation
was firstly examined with 7.5 mol% of K,WO, and 3
equivalents of PhSiHj; in acetonitrile under 1 bar CO, at 70 °C
for 12 h, as shown in Table 2. Most of aromatic, heteroaromatic
and aliphatic amines were successfully methylated in excellent
yields. The para-substituted N-methylanilines with either
electron donating or weak electron withdrawing groups are
active to produce the corresponding N,N-dimethylanilines in
over 90% vyields (entries 1-4). N-alkyl anilines could be also
(entries  5-8).
Particularly, N-allyl aniline delivered N-allyl-N-methylaniline

converted to methylamines efficiently
without the reduction of the unsaturated bond (entry 5). This
catalysis also worked effectively with heterocyclic amines such
as 1,2,3,4-tetrahydroquinoline and morpholine (entries 9, 10).
While due to the weak nucleophilicity against the formation of
C-N bond, substrates with strong electron withdrawing groups,
e.g. N-methyl-4-nitroaniline, are inert. Moreover, the reactivity
of diphenylamine is suppressed perhaps owing to the dual
effects of weak nucleophilicity and steric hindrance. In
addition, dimethylated products were obtained dominantly by
increasing the amount of PhSiH; in the cases of primary
aromatic amines (entries 11-15).

This journal is © The Royal Society of Chemistry 20xx
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Table 2 Substrate scope for the N-methylation.” Table 3 Substrate scope for the N-formylation.”
KoWO4(7.5 mol%) K,WO,4(7.5 mol%)
) A H
A, + co, —CrSHhGemw) g N o, PhSHGeaw) O
1-N~p2 -N. -N. 17 R?
R 1 REH) par  CHCN.70°C,12h R’ 2RZ(CHs) R! 1 R, pa CHiN,70°C,12n R R
Yield of i %"
Entry Substrate Product ie dbo Entry Substrate Product Yield of 3/%
2/% H CHO
H N. q
N e CH N>ch,
1 x N X i o 1 X=H, la X=H,3a 94¢
2 X—CL1b X—Cl,2b 90 2 X=CL1b X=cl3b 5
3 M :CH’ . X :Cl-f 5 o7 3 X =CH;, 1c X =CHs, 3¢ 93
T e ~ s ae 4 X =O0CHs, 1d X =OCHs, 3d 92
4 X=0CH;, 1d X =0CH;, 2d 92
H GHa N o
SANNNe o g
5 R =Allyl, 1e R = Allyl, 2e 94 5 R = Allyl, 1e R = Allyl, 3e 81
6 R =Et, 1f R =Et, 2f 89 6 R=Et, 1f R =Et, 3f 90
7 R=iPr, 1g R =iPr, 2g 92 7 R=iPr, 1g R =iPr, 3g 76 (dr=31:5)
8 R =Bn, 1h R =Bn, 2h 99 8 R =Bn, 1h R =Bn, 3h 70
@\/j 9 R =Ph, 1p R =Ph, 3p 52
9 N N 90
H 1 EHs 24 @fj @fj 83
o A 10 N N (dr=10.8:5)
o 1i CHO 3i
) ()
10 N N 90 o o
H 1j CHs 2§ 11 [N] [Nj 90
NH; GHa H o 1j &Ho 3j
Nech
/©/ /©/ 3 y-CHs N-CHa 08
X X 12 gH . ©/\CI:HO 3 (dr=4:3)
114 X =H, 1k X=H,2a 41 q q
124 X=CL1l X=Cl,2b 63 . - )
14¢ X =CH;, 1In X =CH, 2¢ 45 - mmo ), ) a L0, CH ( m )s ; . e yield was
p determined by H NMR technique using 1,3,5-trimethyoxybenzene as an
15 X =O0CHs;, 1o X =0CH;, 2d 45

internal standard.  Determined by GC using 1,3,5-trimethyoxybenzene as an

“ Unless otherwise specified, all of the reactions were performed with 1
(0.5 mmol), K,WO4(0.0122 g, 7.5 mol%), PhSiH; (186 4L, 1.5 mmol ), 1
bar CO,, CH;CN (2 mL), 70 [, 12 h. * The yield was determined by 'H
NMR technique using 1,3,5-trimethyoxybenzene as an internal standard. ¢
Determined by GC using 1,3,5-trimethyoxybenzene as an internal
standard. ¢ PhSiH; (372 uL, 3 mmol).

Subsequently, the utility of N-formylation was also explored by
tuning the pressure of CO, to 2 MPa, as shown in Table 3. Most of
secondary aromatic amines were converted into the corresponding
formamides in good yields (entries 1-8). Unlike N-methylation,
diphenylamine can be formylated in 52% yield (entry 9), probably
because the intermediate of silyl formate in N-formylation has lower
intermediate  i.e.
bis(silyl)acetal (Scheme 2, intermediate II). Heterocyclic amines

steric hindrance than the N-methylation
1,2,3,4-tetrahydroquinoline and morpholine were transformed into
formamide derivatives efficiently as well (entries 10,11). N-benzyl-
N-methylformamide can also be obtained in 98% yield with aliphatic
N-methyl-1-phenylmethanamine as substrate (entry 12). However,
electron-deficient primary amines are not so nucleophilic enough to
trap the weak electrophilic silyl formate intermediate that the
primary amines become inert towards N-formylation. 3>

To explore the reaction mechanism, a mixture of K,WO,
(0.0375 mmol), PhSiH; (1.5 mmol) and CO, (2 MPa) was
treated at 70 °C for 4 h in the absence of amine. The silyl

This journal is © The Royal Society of Chemistry 20xx

internal standard.

formate was obviously detected by NMR technique (Fig. SI,
ESIt), which is consistent with the reports by Liu** and
Chung®®. When 1a (0.5 mmol) was added into the above
reaction mixture, 3a was obtained in 90% yield with a reaction
time of 8 h. The above results confirmed that the CO, is
reduced by PhSiHj to silyl formate which subsequently reacts
with an amine to produce the formamide under 2 MPa CO,.
That is to say, the N-formylation undergoes a 2-electron
reduction of CO, and then the C-N bond coupling, almost
simultaneously.

To gain insight into the mechanism of N-methylation, the
reaction of atmospheric CO, with 1a and PhSiH; in deuterated
acetonitrile was studied by the "H NMR technique. As shown in
Fig.1, in the first three hours of the reaction, a group of new
signals assigned to the intermediate emerged at 6 = 7.25, 6.84,
6.78,4.77, 2.88 ppm (triangles in Fig. 1); meanwhile the signals
of 1a disappeared progressively. As the time went on, signals of
the intermediate gradually disappeared and 2a finally
generated. According to the analysis for the above 'H NMR
monitoring, we quenched the reaction after three hours with
large amount of acetonitrile, and then the intermediate was
isolated by column chromatography, thus identified as N,N'-

J. Name., 2013, 00, 1-3 | 3
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dimethyl-N,N'-diphenylmethanediamine (aminal, Fig.1,
compound III) by NMR and GC-MS (See the Supporting
Information).>** We used the aminal (0.5 mmol) replacing 1a to
react with CO, and PhSiH; under the standard N-methylation
conditions (Scheme 3, eq. a). As expected, 2a was obtained
quantitatively. As a result, the N-methylation goes through the
formation of an aminal intermediate. It is also suggested that the
CO, is reduced by hydrosilane in N-methylation to a C° species, i.e.
bis(silyl)acetal which reacts with amine to generate the
aminal.’’

Furthermore, the transformation of aminal to methylamine
may occur via two possible pathways (Scheme 2). Path A: With
the silanol in sifu formed as a proton donor, the aminal reacts
with hydrosilane to give methylamine and siloxane,
regenerating the amine substrate simultaneously. Path B: The
aminal is reduced by hydrosilane with the aid of bis(silyl)acetal,
giving methylamine, siloxane and aminosilylacetal derivative
(Scheme 2, intermediate I'V) which is the precursor of aminal.
Because the 'H NMR peaks corresponding to the reactant 1a
disappeared after 3 h (Fig. 1); and no reaction was observed for
aminal with PhSiH; and triphenylsilanol catalyzed by K,WO,
(Scheme 3, eq. b), therefore the path A is ruled out. On the
other hand, there is no conversion of aminal and PhSiH; in the
absence of CO, (Scheme 3, eq. c¢), indicating that the reduction
of aminal to methylamine involves CO, or the CO, reductive
species, of which the bis(silyl)acetal is most likely. Accordingly,
the path B is reasonable. In addition, the formylamide,
methoxysilanes and N,N'-dimethyl-N,N'-diphenylurea can be
ruled out as the intermediate (Scheme 3, eq. d-f).

CH;3
n K,WO, (7.6 mmol%) N
©/ "CH3 4+co, _PhSiH; (3 equiv.) ©/ “CH;
1a 70 °C, CD4CN 2a oy
& @ "CHy
£ - ~
ﬂ‘_,LA_,L M A H
A I
M HC A~ CHy
NN Y
3n " Ph_Ph 1 i
Y
1 Il
Zh ! 1L I
H
Jgrten
A o’

.0 7.5 7.0 6.5 6.0 5.5 4.5 4.0 3.5 3.0 2.5

5.0
1 (ppm)
Fig. 1 "H NMR spectra for the methylation of 1a (0.0535 g, 0.5 mmol), PhSiH; (186 uL,
1.5 mmol) and CO; (1 bar) in CD3CN.

[SiOH] R'R2NH
HZ
c
[S107 O[S o R
1 R1 ) \ N
[SiH] N"oIs] + pmCHs + [S17 7SI
R? R
R[N/\N,R1 path B v
R2 R2 T S R
i \ o
tm [é'cln-]u RIRNH + N—CH, + [Si]” “[Si]
| RZ
path A
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Scheme 2 Two possible pathways of aminal to methylamine.

CHs

N,
2 @/ CH;

Quantitative yield

a) Ph.~,-Ph
N""N" "+ cO, + PhSiH,
CHj CH,

KoWOy, (7.5 mol%)
CHLCN,70°C,12h

b) Ph\NAN,Ph
CH, CHs

. ) KaWOy4 (7.5 mol%)
+ PhSiHz + PhgSIOH ———— NR.
CH;3CN, 70°C,12h

©) Pho~yPh ) KoWO, (7.5 mol%)
NN 4 PhSiHy ———————— NR.
CHj CH, CHiCN, 70°C, 12 h

: , _ KaWOy (7.5 mol%)
I Nogp i+ COp + PhSiH, — 220 g
:©/ 3! 2 CH4CN, 70 °C, 12 h

° N : KoWO,4(7.5 mol%)
H H .5 mo
N\CH3 +COp 4 or : Lo", NR
1 PhSi(OCHj); 1 CH3CN,70°C,12h

L_3equiv.
" e KoWO4(7.5 mol%)
PPy SNPRL co, + PhSIH, — 22— RN R
L Snpch, | 3equiv. CHiCN,70°C, 12h

Scheme 3 Control experiments.

On basis of the above experimental results and previous
reports,?#3%3! a possible pathway for the present potassium
tungstate-promoted and pressure-switched reductive
functionalization of CO, with amine and PhSiH; was proposed,
as illustrated in Scheme 4. At 2 MPa CO,, the PhSiHj; is rapidly
consumed up in the hydrosilylation of CO, to form the silyl
formate (I)** which reacts with amine to yield formamide.
While at atmospheric pressure of CO,, the rate of CO,
hydrosilation to silyl formate decreased and the silyl formate
can be further reduced by PhSiHj to bis(silyl)acetal (IT).>*® The
further reduction of silyl formate to silylacetal has been also
demonstrated by Zhang in the research of N-heterocyclic carbene
catalyzed conversion of carbon dioxide with silanes.>' Subsequently,
nucleophilic attack of amine towards II delivers the
aminosilylacetal derivative (IV) which is successively
converted into aminal (IIT). Then the aminal is further reduced
by PhSiH; with the assistance of II, giving the methylated
product, siloxane and IV.*® The intermediate IV can be
regenerated to III. In the whole process, the tungstate may play
a vital role in the hydride transfer from hydrosilane to CO, or
the reductive species via a nucleophilic interaction with the Si
atom of hydrosilane (Scheme S1). In short, the pressure of CO,
dominates the hierarchical reduction levels of CO, i.e. the
formation of silyl formate at 2 MPa or bis(silyl)acetal at
atmospheric pressure, and successive generation of the aminal,
and thereby tunes the product selectivity i.e. formamide or
methylamine.

This journal is © The Royal Society of Chemistry 20xx
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H
c _R'R®NH
At 1 bar CO, [Si]0” O[s|] Si0M]

[sm]'wo} R'R2NH,
[SiH]
CO; ——- HCOOISI|
WO, 1

SiOH
riRanm -siory SO

O[S] N CHz * [Sll/ E]|

NN R XSH]
‘2

o |||
1
R\N)L

R2

H

2 MPa CO,

Scheme 4 Proposed pathways for the pressure-switched reductive functionalization of
CO; with amine.

Conclusions

In summary, we have found that tungstate, a kind of abundant
and environmentally benign inorganic salts, could efficiently
catalyze the reductive functionalization of CO, with amine and
phenylsilane under mild conditions. Simply by tuning the
pressure of CO,, this protocol achieves the selective synthesis
of formamides and methylamines. From a mechanistic
standpoint, the pressure of CO, controls the hierarchical
reduction levels of CO,_ i.e. the formation of silyl formate at 20
bar or bis(silyl)acetal at atmospheric pressure, and successive
generation of the aminal. Through '"H NMR studies and control
experiments, a presumable pathway through the aminal
intermediate for N-methylation and the silyl formate for N-
formylation is demonstrated. Further studies on the reductive
functionalization of CO, with amines, other nucleophiles and
various reductants are in progress in our laboratory.

Experimental

General procedure for the reductive functionalization of CO,
with amines to methylamines

Potassium tungstate (12.2 mg, 7.5 mol% relative to amine), amine
(0.5 mmol), CH;CN (2 mL) and phenylsilane (186 xL, 1.5 mmol)
was added successively into a 10 mL over-dried Schlenk tube
equipped with a stir-bar. The reaction mixture was stirred at 70 °C
for 12 h under an atmosphere of CO, (99.999%, balloon). Upon
completion, the conversion and yield were determined by GC or 'H
NMR technique using 1,3,5-trimethyoxybenzene (40.0 mg) as an
internal standard. The reaction mixture was purified by column
chromatography on silica gel using petroleum ether/ethyl acetate as
eluent to afford the corresponding methylamine. All of the products
were characterized by GC-MS and NMR technique.

General procedure for the reductive functionalization of CO,
with amines to formylamides

Potassium tungstate (12.2 mg, 7.5 mol% relative to amine), amine
(0.5 mmol), CH;CN (2 mL) and phenylsilane (186 xL, 1.5 mmol)
was added successively into a 10 mL (inner volumes) stainless steel
autoclave at room temperature. Then CO, was charged into the
reactor up to 2 MPa. The autoclave was heated at 70 °C for 12 h.
Upon completion, the reactor was cooled to 0 °C in ice-water bath
and carefully depressurized to atmospheric pressure. The conversion

This journal is © The Royal Society of Chemistry 20xx
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and yield were determined by GC or '"H NMR technique using
1,3,5-trimethyoxybenzene (40.0 mg) as an internal standard. The
reaction mixture was purified by column chromatography on silica
gel using petroleum ether/ethyl acetate as eluent to afford the
desired formylamide. All of the products were characterized by GC-
MS and NMR technique.
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TOC Graphic

A tungstate catalysis for reductive functionalization of CO, with amines and phenylsilane is

successfully developed by simply varying the pressure to respectively form formamides and

methylamines.
KaWO R! K;WO
;NJ{ 24 NH + PhSiH, 274
~ 2mPaco, co, 1 bar CO,
L HCOO[SI] <—L> R
12 examples 15 examples
yields up to 98% yields up to 99%
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