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Chemical fixation of carbon dioxide (CO,) into useful and
valuable chemicals is a key technology for sustainable low-
carbon society because CO, is a renewable and environ-
mentally friendly C, source, which is in contrast to toxic CO
and phosgene.['l However, CO, is much less reactive than CO
and phosgene, and a large energy input (e.g., highly reactive
reagents, high pressures of CO,, and stoichiometric amounts
of strong acids or bases) is usually required to transform CO,
into various chemicals. Therefore, the low-energy catalytic
fixation of CO, is highly desirable. Catalytic CO, fixation at
atmospheric pressure has been limited to reactive substrates
(strained cyclic molecules, unsaturated compounds, etc.),!
and bifunctional catalysts, which allow a concerted action on
both CO, and substrates, are promising candidates for highly
efficient CO, fixation at atmospheric pressure.['!

Catalytic C—N and C—O bond-formation processes with
CO, are important in both industry and academia because
they offer economical and environmental advantages such as
high atom efficiency and water is the only by-product.l®¢-
Urea derivatives, made from CO,, are important end products
or intermediates for pharmaceuticals, agricultural pesticides,
antioxidants in gasoline, dyes, and resin precursors.”
Although various base catalysts such as CsOH, Cs,CO;, and
ionic liquids have been used for the synthesis of urea
derivatives with CO,, these systems have disadvantages:
1) high CO, pressures (2.5-8.0 MPa) and reaction temper-
atures (423-453 K), 2) narrow applicability to substrates, and
3) need of dehydrating agents or additives (see Table S1 in the
Supporting Information).”’

Recently, we have developed a series of polyoxometalates
(POMs) as catalysts for various functional-group transforma-
tions.! While acid and oxidation catalysis by POMs have
extensively been investigated, there are no successful exam-
ples of base catalysis including chemical fixation of CO,."*”!
The charges and sizes of POMs strongly affect the basicities of
the oxygen atoms, and increase with an increase in the charge
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densities (i.e., the negative charge per size). On the basis of
this concept, we focus on the basic property of a monomeric
tungstate, [WO,]*", having a high charge density. First, the
structures of various tungstates were optimized by the density
functional theory (DFT) calculations, and the basicities of
oxygen atoms in various POMs were compared with the
natural bond orbital (NBO) charges (Figure 1a). The NBO
charge of an oxygen atom in [WO,]*~ was —0.934, which is
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[WO, > [WeO4]? [W O3]+

H
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Figure 1. a) Calculated molecular structures of various tungstates and
NBO charges of oxygen atoms. b) Reaction of 1a with CO, at
atmospheric pressure using various catalysts. Reaction conditions:
Catalyst (150 umol), Ta (1 mmol), CO, (0.1 MPa), NMP (1 mL), 413 K.
Reaction rates were determined from the reaction profiles at low
conversions (< 10%) of 1a.

much lower than those (—0.569——0.753) in the other POMs
such as [WeO]*", [W1o0x]*, and [0-SiW,04]*", thus
suggesting that [WO,]*” is the most basic among these
tungstates. Herein, we report the first example of tungstate-
based catalytic chemical fixation of CO,. A simple mono-
meric tungstate, TBA,[WO,] (A, TBA = [(n-C,H,),N]*"), can
act as a highly efficient homogeneous catalyst for chemical
fixation of CO, with amines, 2-aminobenzonitriles, and
propargylic alcohols to give urea derivatives, quinazoline-
2,4(1H,3H)-diones, and cyclic carbonates, respectively. The
"H and C NMR spectra show the specific interaction of the
tungsten-oxo moiety in A with both CO, and the substrate.
Such simultaneous activation by A results in the following
advantages: 1) accomplishment of CO, transformations at
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atmospheric pressure, 2) high yields and turnover numbers
(TONSs), and 3) applicability to a wide range of substrates.

A benchmark reaction of 1,2-phenylenediamine (1a) with
CO, to give 2-benzimidazolone (2a) in N-methylpyrrolidone
(NMP) was carried out (Figure 1b and see Table S2 in the
Supporting Information). Since reactivities of less nucleo-
philic arylamines with CO, are very low, which is in sharp
contrast with those of alkylamines,”! 2a has not yet been
obtained in the absence of catalysts even under harsh reaction
conditions (6 MPa of CO, pressure at 423 K).I"’ Notably, the
A-catalyzed reaction proceeded efficiently with CO, at
atmospheric pressure (0.1 MPa) to give 2a in 91% yield.
Reactions hardly proceeded in the absence of A or in the
presence of the other POMs such as TBA,[WO,,], TBA,-
[W0O3,], and TBA,[a-SiW,04], and is in accord with the
computational results. The reaction rate (10 mmmin~"') of A
was 48-fold faster compared with those (<0.01-
0.21 mMmin~') of typical inorganic and organic strong bases
such as Cs,CO;, TBAOH, 1,8-diazabicyclo[5.4.0]Jundec-7-ene
(DBU), and 1,1,3,3-tetramethylguanidine (TMG). To the best
of our knowledge, no successful example of either stoichio-
metric or catalytic synthesis from aromatic diamines and CO,
has been reported.

The A-catalyzed system could be applied to various kinds
of structurally diverse aromatic diamines (Table 1). Various
kinds of 1,2-phenylenediamines (l1a-1g) having electron-
donating as well as electron-withdrawing substituents were
converted into the corresponding 2-benzimidazolones 2a-2¢g
in moderate to high yields using CO, at atmospheric pressure
(Table 1, entries 3, 5, 7, 9, 11, and 13). 1,8-Diaminonaphtha-
lene (1h) and 3,3’-diaminobenzidine (1i) were also effectively
converted into the corresponding cyclic urea derivatives (2h
and 2i) in 87 and 85 % yields, respectively (Table 1, entries 15
and 17). For the reactions of various aromatic diamines at
2 MPa of CO,, high to excellent yields of the corresponding
urea derivatives could be obtained even with low catalyst
loadings (2-10 mol %; Table 1, entries 2, 4, 6, 8, 10, 12, 14, 16,
and 18). The 4 mmol scale reaction of 1b with CO, (2 MPa),
catalyzed by A (0.5 mol % with respect to 1b) at 413 K for
96 h, gave 2b in 93 % yield. The TON got up to 186, and the
value was much higher than those (0-52) reported for the
base-catalyzed reactions of amines to urea derivatives (see
Table S1 in the Supporting Information).”!

Despite the weaker basicity of [WO,]*~ (pK, of conjugate
acid in water: 3.5) compared with those of the inorganic and
organic strong bases such as [CO;]*~ (10.3), DBU (12.0), and
TMG (13.6),1 A showed much higher catalytic activity. To
elucidate the role of A, the reactivity of A with 1a and CO,
were investigated by using 'H, *C, and "W NMR spectros-
copy. The '"H NMR spectrum of 1a showed the downfield shift
of the signal of the NH, protons from 6 =4.22 to 4.76 ppm by
addition of one equivalent of A (relative to 1a; Figures 2a,b,
and Figure S1 in the Supporting Information), thus indicating
the hydrogen-bonding interaction between A and la de-
scribed in reference [9] (Figure S2). The downfield shift of the
signal for the NH, protons (Ad=+0.54 ppm) with A was
much larger than that (Ad =+ < 0.01 ppm) with DBU, thus
suggesting the stronger interaction of 1a with A. The signal at
0=16.4 ppm in the "*W NMR spectrum of A also shifted (to
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Table 1: Reactions of aromatic diamines with CO, catalyzed by A.F!

Entry Substrate CO,  Product Yield
[MPa] [%]

1 NH, 0.1 i 91
2 L, 2 [CLpo= %
NH, u

3 NH, 0.1 K 85
\C[ 1b 2 =0 2b 99
NH, N
5 NH, 0.1 H 78
6 1c 2 =0 2c 98
NH, N
7 F NH, 0.1 F y 87
8 \C[ 1d 2 =0 2d 94
NH, ”

9 al NH, 0.1 cl N 50
10 \C[ e 2 »=0 2e 76
NH, N
1 O,N NH, 0.1 O,N N 45
12 C[ 1f 2 C[ =0 2t 70

NH, ”
13 0 0.1 o H 56
14 Ph*@NHHg 2 Ph Nﬁo 2g 83

NH, N

o}

15 NH, NH, 0.1 HNXNH 87
16 1h 2 OO 2h 97
17“’1 HoN 0.1 85

O
bl

[a] Reaction conditions: Substrate (1 mmol), A (20 pmol for entries 2, 4,
6, 16, and 18), (50 umol for entries 8 and 10, 100 umol for entries 3, 5,
12, 14, and 15, and 150 umol for entries 1, 7,9, 11, 13, and 17), NMP

(1 mL), 413 K, 24 h. Yields were determined by GC (entries 1-10, 15, and
16) or LC (entries 11-14) analysis. [b] Substrate (0.5 mmol). Yields are
those of the isolated products.

0 =1.7 ppm) upon addition of 1a (Figures 2d,e). The hydro-
gen bond could weaken the N—H bond and facilitate the
nucleophilic attack of the NH, group in 1a on the carbon
atom of CO,.

When the DMF solution of A was exposed to CO,
(0.1 MPa), a new °C signal appeared at 6 =163.6 ppm (Fig-
ure 2¢ and see Figure S1 in the Supporting Information) with
satellites [coupling constants (3y.c, 14 % satellite intensities)
of 6.7 Hz], thus suggesting the presence of a W-O-C bond.
The a-carbon atoms of the terminal O-iPr ligands in W,R,-
(R'C=CR"),(0O-iPr), (R = CH,Ph, CH,SiMe;, nPr, and C,H,-
p-Me; R'CCR”"=MeC=CMe, MeC=CEt, and EtC=CEt)
show similar coupling constants 2/y. (4-12Hz).'" The
chemical shift was different from those of free CO, (6=
125.3 ppm) and TBAHCO; (6 =160.7 ppm). Therefore, the
new “C signal at 6 =163.6 ppm could arise from the A/CO,
adduct, which is similar to Lewis base/CO, adducts such as
amidines, guanidines, and N-heterocyclic carbenes (Fig-
ure S2).' These base/CO, adducts are key carrier intermedi-
ates for accomplishing the fixation through nucleophilic
incorporation of the O=C=0 unit."'"? Upon introduction of
CO, (0.1 MPa), a new "W signal appeared at 6 =57.8 ppm
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Figure 2. "H NMR spectra of a) 1a (0.05m) and b) Ta (0.05m) in the
presence of A (0.05m). c) >*C NMR spectrum of A (0.5m) with CO, at
atmospheric pressure (0.1 MPa). W NMR spectra of d) A (0.5 m),

e) A (0.5m) in the presence of 1a (0.5m), and f) A (0.5 m) with CO, at
atmospheric pressure (0.1 MPa). Conditions: DMF/[D;]DMF (2:1, v/v),
298 K for (a) and (b), and 233 K for (c), (d), (e), and (f).

Table 2: Reactions of various substrates with CO, catalyzed by A."!

with a decrease in the intensity of the signal at = 16.4 ppm
(Figures 2d,f). In contrast, no interaction of the other
POMs such as TBA,[a-SiW,,04] and TBA,[W0,,] with
both 1a and CO, was observed, thus showing the specific
bifunctional interaction of A with both 1a and CO,. The
SW NMR spectrum of A in the presence of both 1a and
CO, also showed the signals at 6 =55.9 and —0.2 ppm,
which are assignable to A/la and A/CO, adducts, respec-
tively, thus supporting the bifunctionality of A.

The reaction of N,N'-dimethyl-1,2-phenylenediamine
with CO, catalyzed by A did not proceed, thus suggesting that
the reaction proceeds via the isocyanate intermediate, which
cannot be formed from a secondary aromatic amine.” On the
basis of these results, the present reaction of 1a with CO,
possibly proceeds as follows (see Figure S3 in the Supporting
Information): First, the activation of both 1a and CO, by A
facilitates the nucleophilic attack of the NH, group on the
carbon atom of CO, to give the corresponding carbamic
acid.'" Then, the carbamic acid is converted into the
isocyanate intermediate. Finally, the nucleophilic attack of
NH group on carbon atom of isocyanate takes place to give
the corresponding urea derivative.

To investigate the effectiveness of the present simulta-
neous activation of CO, and a nucleophile, we explored A-
catalyzed CO, transformations of various nucleophiles such
as amines and alcohols (Table 2). The A-catalyzed reactions
of 2-aminobenzonitiriles (3a and 3b), terminal propargylic
alcohols (3¢ and 3d), and primary alkylamines (3 f and 3g)
using an atmospheric pressure of CO, efficiently proceeded to
give the corresponding quinazoline-2,4(1H,3H)-diones (4a
and 4b), cyclic carbonates (4¢ and 4d), and 1,3-disubstituted
urea derivatives (4 f and 4g; Table 2, entries 1, 3, 5, 9, 11, and
13), whereas higher CO, pressures (0.5-14 MPa) are generally
required to attain high yields with other catalysts (Tables S1

www.angewandte.org

Entry Substrate CO, Product t  Yield
[MPa] thl  [%]
NH.
1 @[ 2 a 0.1 N oo 120 90
2 oN 2 4 24 90
o
NH, H
3 /@[ 2, 01 N0 120 93
4 g oz Q{NH w 24 96 TON 480
o
o
5 = log 3 O 1 15 76, TON 228
6 2 % 4c 24 95, TON 473
Pz
7 Z a9 01 i 15 84, TON 252
8 OH 2 070 44 24 95, TON 475
9 Ph%‘»w 3¢ 0.1 i 24 31
10 2 070 4e 12 82
Phﬁ
11 MGeHiaNH 3F o 30 62
12 5 n-ceHw,\IJL,\I,n-CSH13 “* 4 76
H H
13 NH, 0.1 O\ o] /O 30 56
14 0/39 2 NN 2470
H H 49

[a] Reaction conditions: Substrate (1 mmol for entries 1-3 and 9-14),

(3 mmol for entries 5 and 7), and (5 mmol for entries 4, 6, and 8), A (10 umol
for entries 4-6 and 10), 20 umol for entries 1-3, 12, and 14), 100 umol for
entries 11 and 13), and (150 umol for entry 9); solvent: DMSO (2 mL;
entries 1-4), CH;CN (0.1 mL, entries 5-10), and NMP (1 mL, entries 11-14);
reaction temperature: 333 K (entries 5 and 7), 353 K (entries 6 and 8-10),
373 K (entries 1-3), 393 K (entry 4), and 413 K (entries 11-14). Yields were
determined by GC analysis.

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

and S3-S5 in the Supporting Information).?%1 Catalytic
synthesis of 1,3-disubstituted urea derivatives using CO, at
atmospheric pressure is unprecedented. In addition, the
reactions of various kinds of substrates including an inactive
internal propargylic alcohol (3d) at 2 MPa of CO, efficiently
proceeded even with low catalyst loading (0.2-2 mol%;
Table 2, entries 2, 4, 6, 8, 10, 12, and 14).'%1" Notably, the
reactions of 3b-3d with CO, using 0.2 mol % of A efficiently
proceeded to give 4b-4d in 96, 95, and 95% yields,
respectively. In these cases, the TONs were 480, 473, and
475, respectively, and the values were much larger than those
(3-22, <1-12, and < 1-96 for 3b, ¢, and d, respectively) of the
reported systems (Tables $3-S5).11213]

Our study shows the importance of developing bifunc-
tional catalysts which can activate both CO, and a nucleophile
(amines, alcohols, etc.). This approach is a promising strategy
for the development of highly efficient chemical fixation of
CO, to generate various useful chemicals under the very mild
reaction conditions.
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