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Much of the anthropomorphic contributions to atmospheric
CO2 has arisen from the consumption of fossil fuels over the
last 200 years.[1] The deleterious impact of this greenhouse gas
has prompted worldwide efforts to reduce CO2 emissions.
While methods for the capture and sequestering of CO2 have
garnered much attention, strategies targeting CO2 reduction
are also being investigated. Olah and co-workers are advo-
cates for methanol economy.[2] The direct reduction of CO2 to
methanol would provide a liquid fuel that would fit into the
existing distribution infrastructure and thus be a carbon-
neutral and green replacement for fossil fuels.

The development of catalysts capable of effecting CO2

reduction has evolved in two major directions. Direct hydro-
genation of CO2 to formic acid or methanol has drawn
considerable attention. An alternative strategy is focused on
the conversion of CO2 into CO.[3] This latter transformation
was achieved in 2005 when Sadighi et al. developed an N-
heterocyclic carbene (NHC) supported organocopper(I)
catalyst for the reduction of CO2 in the presence of a diboron
reagent. This reaction yielded CO and a stable B–O–B by-
product.[3g] Electrocatalytic methods for CO2 reduction have
also been shown to give CO and CO3.

[4] In a related fashion,
disproportionation of CO2 to CO and CO3

2� is metal
mediated in the reaction of Li2[W(CO)5] with CO2.

[5]

Nonmetal systems for CO2 reduction to CO have also
garnered some attention. For example, Ying et al.[3j] have
shown that an NHC catalyst can convert CO2 into CO with an
aldehyde serving as the oxygen acceptor, thus forming
a carboxylic acid as the oxidation product.[6] In a creative
and interesting application of a frustrated Lewis pair (FLP),
Ashley et al. demonstrated the reduction of CO2 to methanol
in the presence of a sterically encumbered phosphine and
boranes at 140 8C for nine days.[7] Subsequently we showed
that a RP/AlX3 FLP system could be used to effect the
reduction of CO2 to either methanol or CO under ambient
conditions.[8] However, these transformations are limited to
stoichiometric reductions because of the oxophilicity of the
Lewis acids employed. Most recently, Cantat et al. have used
amidines or carbenes with silanes to promote efficient
formylation of amines with CO2.

[9] Herein, we have targeted

related systems which display analogous cooperative action of
Lewis acids and bases to effect catalytic CO2 reduction,
however we reasoned that to effect catalytic reductions,
a weakly oxophilic Lewis acid was necessary. We sought to
both activate CO2 and also ensure release of the reduction
products. Herein we report the discovery of the catalytic
reduction of CO2 to CO with the concurrent oxidation of
phosphine. The mechanism of this facile CO2 reduction is
shown to proceed by the activation of CO2 using an in situ
generated carbodiphosphorane and zinc(II).

In an initial experiment, a solution of Et3P, a readily
oxidizable phosphine, in CH2Cl2 was placed under an
atmosphere of CO2. Monitoring this solution showed very
slow conversion into CO and Et3PO over a period of weeks.
Repetition in bromobenzene showed neither evidence of
reduction of CO2 to CO nor oxidation of the phosphine to
Et3PO. Addition of CH2I2 to the bromobenzene solution
prompted the reduction to occur. In this case, CH2I2

(4 mol%) and an excess of Et3P (1:25) in C6H5Br were
exposed to an atmosphere of 13CO2 (2 atm) at 25 8C. Over
a period of several weeks, slow conversion of CO2 into CO
and the generation of Et3PO was observed (Table 1, entry 1).

Raising the temperature to 100 8C accelerated the reaction,
thus yielding a 56 % conversion of the excess phosphine into
phosphine oxide after 56 hours (Table 1, entry 2). To facilitate
the reduction of CO2 in this fashion, a catalytic amount of the
Lewis acid, ZnBr2, was added to the reaction mixture. Under
reaction conditions similar to those described above, 33 % of
the phosphine was oxidized at 25 8C within 175 hours
(Table 1, entry 3), while at 100 8C, virtually all of the
phosphine was oxidized with the corresponding release of
CO within 5 hours (Table 1, entry 4). The corresponding
reduction of CO2 and formation of the phosphineoxide were

Table 1: Catalytic conversion of CO2 and Et3P into CO and Et3PO,
respectively.

Entry Et3P/CH2I2/ZnBr2
[a] T [8C] t [h] Conv. [%] TON[b] TOF

1 25:1:– 25 600 21 5.3 –
2 25:1:– 100 56 56 14 0.25
3 25:1:1 25 175 33 8.3 0.05
4 25:1:1 100 5 99 24.8 4.95

[a] Molar ratio. [b] Turnover number (TON) and turnover frequency
(TOF) calculated on the basis of the integration of the peaks in the
31P NMR spectra.
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also observed using either Cy3P or tBu3P with CH2Cl2/ZnBr2,
although these reactions proceeded much more slowly.
Similarly the poor solubility of ZnCl2 appeared to inhibit
the reaction when it was used in place of ZnBr2. In addition,
control experiments confirmed that phosphine and ZnBr2 in
the absence of CH2Cl2 resulted in neither reduction of CO2

nor oxidation of phosphine.
The reaction of phosphine and CH2I2 results in equilibria

among several species. Attempts to isolate the initial species
in stoichiometric reactions of phosphine and CH2I2 led to the
generation of phosphonium salts. In the presence of ZnBr2 the
species [(Et3P)2CH2][ZnBr4] (1) could be isolated. This
species exhibited a 31P NMR signal at d = 37.6 ppm. This
species is analogous to the [(Ph3P)2CH2]

2+ salt isolated by
Alcarazo and co-workers.[10] The anion of this species clearly
results from halide redistribution and may reflect solubility
properties.

In the presence of excess phosphine, equilibria are
established in which 1 is deprotonated to generate the
carbodiphosphorane [(Et3P)2C] (2) and the phosphonium
by-product [Et3PH][X]. This was confirmed by variable-
temperature 31P{1H} NMR studies of the reaction of excess
PEt3 with CH2I2. At 100 8C, the resonance attributable to
[(Et3P)2C] was observed at d = 28.0 ppm. Similar observations
were made for the analogous reaction of nBu3P with CH2I2.

[11]

Efforts to independently synthesize 2 were plagued with
purification issues. Similar to the Me3P analogue described by
Gasser and Schmidbaur,[12] this species was extremely reac-
tive, presumably because of both the basicity and diminished
steric demands in comparison to the isolated carbodiphos-
phorane (Ph3P)2C.[13]

Subsequent reaction of 2 with CO2 is proposed to generate
[(Et3P)2CCO2] (3) which reacts by a Wittig-type reaction, thus
eliminating Et3PO and generating the phosphoranylidene-
ketene Et3P=C=C=O (4; Scheme 1). This reaction sequence is
supported by the established chemistry of PPh3, where the
bis(ylide) Ph3P=C=PPh3 has been shown to react with CO2 to
yield the carbodiphosphorane CO2 adduct [(Ph3P)2CCO2].[13]

Thermolysis of this latter product has also been shown to

result in the release of phosphine oxide and formation of the
phosphoranylideneketene (Ph3P=C=C=O).[13] In contrast to
this PPh3 ketene species, which proved to be remarkably
stable, 4 is attacked by an additional Et3P and leads to
subsequent loss of CO and the regeneration of the bis(ylide) 2
. The zinc Lewis acid is thought to participate in this reaction
as the rate of CO evolution is accelerated in its presence.
Thus, the greater basicity and lesser steric demands of Et3P
compared to that of PPh3, together with the assistance of the
Lewis acidity of the zinc ion, facilitate the attack of the
phosphaketene. This addition of Lewis acid and base to the
ketene amounts to an FLP addition to the ketene, not unlike
other FLP additions to CO2,

[14] olefins,[15] or alkynes.[16] It is
the last step of CO liberation and reformation of 2 that
completes the catalytic cycle and allows the oxidation of the
phosphine with concurrent liberation of CO.

To garner further insight, the reaction was performed
under the latter reaction conditions and monitored periodi-
cally by 31P NMR spectroscopy. The resonance attributable to
the substrate Et3P (d =�19.7 ppm) disappears over the
course of the reaction. At the same time the corresponding
resonance from Et3PO (d = 51.2 ppm) grows in. After five
hours of reaction time at 100 8C the phosphine is consumed
and the phosphineoxide is the major phosphorus-containing
species. In addition to these signals, the formation of the
minor side product 5 is indicated by the appearance of the
doublets at d = 23.0 and d = 26.2 ppm with a P–P coupling of
J = 63 Hz. Integration of the peak is consistent with the
formation of this species from about 80 % of the 4 mol%
CH2I2 precatalyst added. Interestingly addition of LiNiPr2 to
the reaction mixture resulted in the elimination of 5 and
13C{H} NMR data revealed additional formation of 13CO.[11]

For the reaction employing 13CO2, the 31P resonances from 5
exhibited coupling to 13C of J = 47 and 2 Hz. Furthermore,
characterization of 5 was achieved by the fortuitous isolation
of crystals of 5 from the reaction mixture. X-ray crystallo-
graphy confirmed the formulation of 5 as [Et3P=CH(PEt3)-
(COZnBr3)] (Figure 1).[11] This species is best described as an
ylide derivative in which the substituents on the ylide carbon

Scheme 1. Proposed catalytic cycle of CO2 reduction and phosphine
oxidation (X = I, Br; n = 2, 3).

Figure 1. POV-ray depiction of 5. Hydrogen atoms were omitted for
clarity.
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atom are a hydrogen and a carbonyl
fragment in which a second phos-
phine is bound to C and the oxygen
atom is coordinated to a ZnBr3 unit.
The P�C bond of the ylide portion
is 1.760(2) �, while the phosphoni-
um-CO bond is 1.831(2) �. The C�
O bond is 1.287(3) � and the Zn�O
bond distance was found to be
1.987(2) �. The central C�C bond
linking the ylide to the carbonyl
fragment was determined to
1.366(3) �, which is consistent
with conjugation across the P-C-C-
O fragment.

The formation of the minor
product 5 arises from the intercep-
tion of the ketene 4 by [Et3PH]-
[ZnBr3], which protonates A to give
5 [Eq. (1)]. Fortunately the poor

solubility of the [Et3PH]+ in bromobenzene limits the
formation of 5, thus allowing the reduction of CO2 to proceed
with the precipitation of salts of [Et3PH]+ from the reaction
mixture. In contrast, when using nBu3P as the substrate, the
solution remains homogeneous and thus [nBu3PH][ZnX3]
(X = Br or I) is available in solution and thus results in the
formation of [nBu3P=CH(PBu3)(COZnBr3)] (6) [Eq. (1)].
NMR data show this species is formed in 91 % yield based on
CH2I2 in a C6H6Br solution and indeed no catalytic liberation
of CO is observed. Interestingly, when performing the
reaction in toluene, where the phosphonium salt [nBu3PH]-
[ZnX3] (X = Br or I) is less soluble, catalysis with a TON of 4
is observed to generate nBu3PO and CO. The corresponding
reactions of Cy3P or tBu3P in CH2Cl2 proceed catalytically but
rather slowly, even at elevated temperatures.

To further support this mechanism we performed pre-
liminary DFT calculations at the B2PLYP-D/6-311 + G(d,p)
level of theory[17] for the model reactions of Me3P, CO2, and
the corresponding carbodiphosphorane (Figure 2).[11] Inter-
estingly, the overall process is calculated to be endothermic by
6.6 kcalmol�1. However, the intermediates 3’ and 4’ were
calculated to form in exothermic reactions of �20.3 and
�17.5 kcalmol�1, with net negative Gibbs energies for the
successive steps of �7.5 kcalmol�1 and �19.8 kcalmol�1,
respectively. This is consistent with formation of the previ-
ously reported synthesis of (Ph3P=C=C=O).[13] The liberation
of CO from phosphaketene with concurrent reformation of
the (bis)ylide was computed to be endothermic by 24.3 kcal
mol�1 with an activation energy from 4’ of 55.1 kcalmol�1. The
computed barrier is consistent with the slow CO release at
room temperature in the absence of Lewis acid. While the
overall driving force for this step is thought to be the

irreversible liberation of CO, the barrier is lowered by
8 kcalmol�1 in the presence of zinc(II) (4’�ZnF3).[11] These
data are consistent with the slow CO release and the
requirement for elevated temperatures.

In conclusion, we have described the reduction of CO2 to
CO using CH2I2 to generate the catalytically active species,
Et3P=C=PEt3 in situ. This (bis)ylide reacts with CO2, sub-
sequently eliminating phosphine oxide and generating the
transient phosphaketene. While this reaction is accelerated by
the presence of catalytic ZnBr2, the zinc ion and phosphine
also act on the phosphaketene to regenerate the (bis)ylide,
with concurrent CO elimination. While the present results
demonstrate the catalytic reduction of CO2 to CO, we are
continuing to examine related systems for CO2 reduction
catalysis targeting oxygen-atom delivery to other substrates.

Received: November 2, 2012
Revised: November 29, 2012
Published online: January 31, 2013

.Keywords: Lewis acid · phosphorus · reaction mechanisms ·
reduction · zinc

[1] K. B. Lee, M. G. Beaver, H. S. Caram, S. Sircar, Ind. Eng. Chem.
Res. 2008, 47, 8048 – 8062.

[2] a) G. A. Olah, Chem. Eng. News 2003, 81(36), 42; b) G. A. Olah,
G. K. S. Prakash, A. Goeppert, J. Org. Chem. 2009, 74, 487 – 498.

[3] a) H. Arakawa, M. Aresta, J. N. Armor, M. A. Barteau, E. J.
Beckman, A. T. Bell, J. E. Bercaw, C. Creutz, E. Dinjus, D. A.
Dixon, K. Domen, D. L. DuBois, J. Eckert, E. Fujita, D. H.
Gibson, W. A. Goddard, D. W. Goodman, J. Keller, G. J. Kubas,
H. H. Kung, J. E. Lyons, L. E. Manzer, T. J. Marks, K. Moro-
kuma, K. M. Nicholas, R. Periana, L. Que, J. Rostrup-Nielson,
W. M. H. Sachtler, L. D. Schmidt, A. Sen, G. A. Somorjai, P. C.
Stair, B. R. Stults, W. Tumas, Chem. Rev. 2001, 101, 953 – 996;
b) T. Sakakura, J.-C. Choi, H. Yasuda, Chem. Rev. 2007, 107,
2365 – 2387; c) N. S. Lewis, D. G. Nocera, Proc. Natl. Acad. Sci.
USA 2006, 103, 15729; d) S. Kaneco, H. Katsumata, T. Suzuki, K.
Ohta, Chem. Eng. J. 2006, 116, 227; e) S. Bontemps, L. Vendier,

Figure 2. Gibbs energy diagram showing enthalpy values (kcalmol�1) for the reaction of CO2 with
Me3P and CH2I2.

.Angewandte
Zuschriften

2578 www.angewandte.de � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2013, 125, 2576 –2579

http://dx.doi.org/10.1021/ie800795y
http://dx.doi.org/10.1021/ie800795y
http://dx.doi.org/10.1021/jo801260f
http://dx.doi.org/10.1021/cr000018s
http://dx.doi.org/10.1021/cr068357u
http://dx.doi.org/10.1021/cr068357u
http://dx.doi.org/10.1073/pnas.0603395103
http://dx.doi.org/10.1073/pnas.0603395103
http://dx.doi.org/10.1016/j.cej.2005.12.014
http://www.angewandte.de


S. Sabo-Etienne, Angew. Chem. 2012, 124, 1703 – 1706; Angew.
Chem. Int. Ed. 2012, 51, 1671 – 1674; f) S. Chakraborty, J. Zhang,
J. A. Krause, H. R. Guan, J. Am. Chem. Soc. 2010, 132, 8872 –
8873; g) D. S. Laitar, P. Muller, J. P. Sadighi, J. Am. Chem. Soc.
2005, 127, 17196 – 17197; h) T. Matsuo, H. Kawaguchi, J. Am.
Chem. Soc. 2006, 128, 12362 – 12363; i) A. J. M. Miller, J. A.
Labinger, J. E. Bercaw, Organometallics 2011, 30, 4308 – 4314;
j) S. N. Riduan, Y. G. Zhang, J. Y. Ying, Angew. Chem. 2009, 121,
3372 – 3375; Angew. Chem. Int. Ed. 2009, 48, 3322 – 3325.

[4] a) E. Sim�n-Manso, C. P. Kubiak, Organometallics 2005, 24, 96;
b) M. Hammouche, D. Lexa, M. Momenteau, J.-M. Sav�ant, J.
Am. Chem. Soc. 1991, 113, 8455.

[5] J. M. Maher, N. J. Cooper, J. Am. Chem. Soc. 1980, 102, 7604 –
7606.

[6] L. Gu, Y. Zhang, J. Am. Chem. Soc. 2010, 132, 914 – 915.
[7] A. E. Ashley, A. L. Thompson, D. O�Hare, Angew. Chem. 2009,

121, 10023 – 10027; Angew. Chem. Int. Ed. 2009, 48, 9839 – 9843.
[8] a) G. M�nard, D. W. Stephan, J. Am. Chem. Soc. 2010, 132,

1796 – 1797; b) G. M�nard, D. W. Stephan, Angew. Chem. 2011,
123, 8546 – 8549; Angew. Chem. Int. Ed. 2011, 50, 8396 – 8399;
c) R. C. Neu, G. M�nard, D. W. Stephan, Dalton Trans. 2012, 41,
9016 – 9018.

[9] a) O. Jacquet, C. D. N. Gomes, M. Ephritikhine, T. Cantat, J. Am.
Chem. Soc. 2012, 134, 2934 – 2937; b) C. Das Neves Gomes, O.
Jacquet, C. Villiers, P. Thury, M. Ephritikhine, T. Cantat, Angew.

Chem. 2012, 124, 191 – 194; Angew. Chem. Int. Ed. 2012, 51, 187 –
190.

[10] M. Alcarazo, C. Gomez, S. Holle, R. Goddard, Angew. Chem.
2010, 122, 5924 – 5927; Angew. Chem. Int. Ed. 2010, 49, 5788 –
5791.

[11] See the Supporting Information. CCDC 909071 and 909072 (5)
contains the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.

[12] O. Gasser, H. Schmidbaur, J. Am. Chem. Soc. 1975, 97, 6281 –
6282.

[13] a) C. Matthews, G. H. Birum, Acc. Chem. Res. 1969, 2, 373 – 379;
b) G. H. Birum, C. N. Matthews, J. Am. Chem. Soc. 1968, 90,
3842 – 3847.

[14] C. M. Mçmming, E. Otten, G. Kehr, R. Frçhlich, S. Grimme,
D. W. Stephan, G. Erker, Angew. Chem. 2009, 121, 6770 – 6773;
Angew. Chem. Int. Ed. 2009, 48, 6643 – 6646.

[15] J. S. J. McCahill, G. C. Welch, D. W. Stephan, Angew. Chem.
2007, 119, 5056 – 5059; Angew. Chem. Int. Ed. 2007, 46, 4968 –
4971.

[16] M. A. Dureen, D. W. Stephan, J. Am. Chem. Soc. 2009, 131,
8396 – 8397.

[17] a) S. Grimme, J. Chem. Phys. 2006, 124, 034108; b) T. Schwabe, S.
Grimme, Acc. Chem. Res. 2008, 41, 569.

2579Angew. Chem. 2013, 125, 2576 –2579 � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de

http://dx.doi.org/10.1002/ange.201107352
http://dx.doi.org/10.1002/anie.201107352
http://dx.doi.org/10.1002/anie.201107352
http://dx.doi.org/10.1021/ja103982t
http://dx.doi.org/10.1021/ja103982t
http://dx.doi.org/10.1021/ja0566679
http://dx.doi.org/10.1021/ja0566679
http://dx.doi.org/10.1021/ja0647250
http://dx.doi.org/10.1021/ja0647250
http://dx.doi.org/10.1021/om200364w
http://dx.doi.org/10.1002/ange.200806058
http://dx.doi.org/10.1002/ange.200806058
http://dx.doi.org/10.1002/anie.200806058
http://dx.doi.org/10.1021/om0494723
http://dx.doi.org/10.1021/ja00022a038
http://dx.doi.org/10.1021/ja00022a038
http://dx.doi.org/10.1021/ja00545a055
http://dx.doi.org/10.1021/ja00545a055
http://dx.doi.org/10.1021/ja909038t
http://dx.doi.org/10.1002/ange.200905466
http://dx.doi.org/10.1002/ange.200905466
http://dx.doi.org/10.1002/ange.201103600
http://dx.doi.org/10.1002/ange.201103600
http://dx.doi.org/10.1002/anie.201103600
http://dx.doi.org/10.1039/c2dt30206c
http://dx.doi.org/10.1039/c2dt30206c
http://dx.doi.org/10.1021/ja211527q
http://dx.doi.org/10.1021/ja211527q
http://dx.doi.org/10.1002/ange.201002119
http://dx.doi.org/10.1002/ange.201002119
http://dx.doi.org/10.1002/anie.201002119
http://dx.doi.org/10.1002/anie.201002119
http://dx.doi.org/10.1021/ja00854a077
http://dx.doi.org/10.1021/ja00854a077
http://dx.doi.org/10.1021/ja00854a077
http://dx.doi.org/10.1021/ja00854a077
http://dx.doi.org/10.1021/ar50024a004
http://dx.doi.org/10.1021/ja01016a045
http://dx.doi.org/10.1021/ja01016a045
http://dx.doi.org/10.1002/ange.200901636
http://dx.doi.org/10.1002/anie.200901636
http://dx.doi.org/10.1002/ange.200701215
http://dx.doi.org/10.1002/ange.200701215
http://dx.doi.org/10.1002/anie.200701215
http://dx.doi.org/10.1002/anie.200701215
http://dx.doi.org/10.1021/ja903650w
http://dx.doi.org/10.1021/ja903650w
http://dx.doi.org/10.1063/1.2148954
http://dx.doi.org/10.1021/ar700208h
http://www.angewandte.de

