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Nature uses carbon dioxide, on a massive scale, as a one-carbon
building block for the synthesis of organic molecules.1 An important
pathway for the consumption of CO2 is its reduction to CO by the
enzyme acetyl-CoA synthase/CO dehydrogenase (ACS-CODH).2

Due to the large energy input required to generate it from CO2,
CO is produced industrially from fossil fuels.3 Even with strong
reducing agents, however, overcoming the OdCO bond enthalpy
of 532 kJ/mol4 often presents kinetic difficulties.5,6

Certain metal complexes abstract oxygen readily from CO2,7 but
the resulting metal-oxygen bonds are necessarily strong, and
catalytic turnover is rare.8 Photolytic9 and photocatalytic10 ap-
proaches show promise, and synthetic electrocatalysts have achieved
impressive yields and selectivities in the reduction of CO2 to CO.11

However, the chemical processes involved are obscure, making it
difficult to improve these systems by design, and CODH remains
notably the most efficient catalyst for this reduction.12 We report
herein that a new carbene-supported copper(I) boryl complex
abstracts oxygen from CO2 and undergoes subsequent turnover
readily. Using an easily handled diboron reagent as the net oxygen
acceptor,13 these key steps permit unprecedented turnover numbers
and frequencies for the chemical reduction of CO2 to CO in a
homogeneous system.

While exploring the chemistry of organocopper(I) complexes
supported by N-heterocyclic carbene (NHC) ligands,14 we sought
to synthesize a copper(I) boryl complex and explore its reactivity
toward CO2. Metal boryls often display distinctive reactivity,15

catalyzing a number of remarkable transformations.16 Although
C-B bond-forming reactions have been achieved using diboron
compounds with catalytic17a or stoichiometric17b copper(I), well-
defined copper boryl complexes have not been described.

The known (IPr)Cu(Ot-Bu) reacts rapidly with bis(pinacolato)-
diboron (pinB-Bpin), forming a product identified as (IPr)Cu(Bpin)
(1, Scheme 1) by1H and 11B NMR spectroscopy. Diffusion of
hexane vapor into a concentrated solution of1 in toluene, carried
out at-40 °C to avoid thermal decomposition,18 produces single
crystals suitable for analysis by X-ray diffraction. The resulting
structure (Figure 1a) shows a monomeric, nearly linear coordination
geometry with a Cu-B distance of 2.002(3) Å.

Complex1 reacts with CO2 under atmospheric pressure in C6D6

solution, quantitatively forming a new complex within minutes. The
resonance for1 in the 11B NMR spectrum, a broad singlet at 41.7
ppm, is replaced by a singlet at 21.8 ppm, indicative of boron bound
to three oxygen atoms.19 Single crystals of this new copper complex
are grown by diffusion of hexane vapor into a concentrated toluene
solution. The X-ray crystal structure (Figure 1b) reveals the product
to be (IPr)Cu(OBpin) (2): The copper boryl complex abstracts
oxygen from CO2, implying the release of CO as the byproduct.

To confirm the formation of CO,13C-labeled CO2 is introduced
to a resealable NMR tube containing a solution of1 in THF-d8 at
-80 °C. After 30 min of gradual warming, analysis by11B (Figure
2a) and 1H NMR spectroscopy at-40 °C indicates complete

conversion of1 to 2. The sole labeled products visible in the13C
NMR spectrum (Figure 2b) are13CO (δ 184 ppm) and an adduct
(δ 164 ppm) formed reversibly from CO and borate2.20

Treatment of2 in C6D6 solution with pinB-Bpin smoothly
regenerates1, forming the stable byproduct pinB-O-Bpin,21 over
a reaction time of about 20 min. The success of this turnover step
closes a catalytic cycle for the deoxygenation of CO2. Addition of
a THF solution of (IPr)Cu(Ot-Bu) to a 100-fold excess of pinB-
Bpin under an atmosphere of CO2 results in the complete conversion
of pinB-Bpin to pinB-O-Bpin within 20 h at ambient temper-
ature, as judged by11B NMR analysis of an aliquot from the reaction
mixture (Figure 3a). When labeled CO2 is used as the limiting
reagent, in the presence of ca. 2 mol % of precatalyst1, the 13C
NMR spectrum indicates complete consumption of CO2, with CO
representing the sole significant product (Figure 3b).

In the absence of copper catalyst, under otherwise identical
conditions, no pinB-O-Bpin is detected, demonstrating that the
diboron compound by itself is kinetically unable to reduce CO2 to
any observable extent. Control reactions run using copper precata-
lyst and pinB-Bpin in the absence of CO2 (under an atmosphere

Scheme 1 a

a Isolated yield, contains some2 (5 mol % by11B NMR); (b) reaction is
complete in<10 min at ambient temp; (c) L) IPr or ICy.

Figure 1. X-ray crystal structures, shown as 50% thermal ellipsoids, of
boryl complex1‚C6H14 (a), and borate2‚C7H8 (b). Hydrogen atoms (calcd)
and solvent are omitted for clarity. Selected bond lengths (Å) and angles
(deg), (a): Cu(1)-B(1) 2.002(3), Cu(1)-C(1) 1.937(2), C(1)-N(1) 1.363(3),
C(1)-N(2) 1.363(3), C(1)-Cu(1)-B(1) 168.07(16), N(1)-C(1)-N(2)
102.97(18); (b): Cu(1)-O(1) 1.8096(16), O(1)-B(1) 1.306(3), Cu(1)-
C(1) 1.857(2), C(1)-N(1) 1.355(3), C(1)-N(2) 1.364(3), C(1)-Cu(1)-
O(1) 174.85(10), B(1)-O(1)-Cu(1) 133.61(16), N(1)-C(1)-N(2) 103.09(18).
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of argon or even dry air) show, at most, stoichiometric formation
of pinB-O-Bpin with respect to copper. Thus, oxidation of pinB-
Bpin by adventitious air does not contribute significantly to the
formation of pinB-O-Bpin under these conditions, and essentially
all conversion observed in the catalytic reactions results from the
deoxygenation of CO2.

Considerably higher turnover numbers are achieved at higher
reaction temperatures. Turnover of pinacolborate2 presumably
occurs much more rapidly; the boryl complex1, generated in situ,
is sufficiently stable toward decomposition to react productively
with CO2. The reduction of CO2 at 100°C, using 0.1 mol % (IPr)-
Cu(Ot-Bu) precatalyst, results in complete conversion of pinB-
Bpin to pinB-O-Bpin after 20 h, corresponding to 1000 catalytic
turnovers per copper.

To achieve more rapid catalytic turnover under mild conditions,
the bulky IPr was replaced by the less sterically demandingICy
(1,3-dicyclohexylimidazol-2-ylidene) as a supporting ligand for
copper. The complex (ICy)Cu(Bpin), generated in situ, is more
prone to thermal decomposition than1, and catalytic reactions of
CO2 with pinB-Bpin using 1 mol % (ICy)Cu(Ot-Bu) display only
81% conversion at ambient temperature, with visible precipitation
of copper metal after less than 1 h. However, when the reaction is
run at 0 °C for 30 min and then at ambient temperature for 30
min, complete conversion of pinB-Bpin to pinB-O-Bpin is
observed. This turnover frequency, corresponding to 100 turnovers
within 1 h, is dramatically higher than that achieved using theIPr
supporting ligand.

In summary, we have achieved the catalytic reduction of CO2

to CO in homogeneous solution, with high turnover numbers and
frequencies, depending on the reaction conditions and supporting
ligand. Both the oxygen abstraction and the catalyst turnover involve
well-defined reactants and products, facilitating further study and
pointing the way to future advances in catalytic reactions of CO2.
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Brändén, C.-I., Schneider, G., Eds; Oxford University Press: New York,
1994.

(2) Ragsdale, S. W.Crit. ReV. Biochem. Mol. Biol.2004, 39, 165-195.
(3) Marks, T. J.; et al.Chem. ReV. 2001, 101, 953-996.
(4) Data taken fromCRC Handbook of Chemistry and Physics, 73rd ed.; Lide,

D. R., Ed.; CRC Press Inc.: Boca Raton, 1992-1993.
(5) Ueno, A.; Sato, T.; Todo, N.; Kotera, Y.; Takasaki, S.Chem. Lett.1980,

1067-1070.
(6) For general reviews of metal-mediated CO2 chemistry, see for example:

(a) Yin, X. L.; Moss, J. R.Coord. Chem. ReV. 1999, 181, 27-59. (b)
Leitner, W.Coord. Chem. ReV. 1996, 153, 257-284.

(7) (a) Castro-Rodriguez, I.; Meyer, K.J. Am. Chem. Soc.2005, 127, 11242-
11243. (b) Procopio, L. J.; Carroll, P. J.; Berry, D. H.Organometallics
1993, 12, 3087-3093. (c) Ziegler, W.; Nicholas, K. M.J. Organomet.
Chem.1992, 423, C35-C37. (d) Bryan, J. C.; Geib, S. J.; Rheingold, A.
L.; Mayer, J. M.J. Am. Chem. Soc. 1987, 109, 2826-2828. (e) Fachinetti,
G.; Floriani, C.; Chiesi-Villa, A.; Guastini C.J. Am. Chem. Soc.1979,
101, 1767-1775.

(8) (a) Bogdanovic, B.; Leitner, W.; Six, C.; Wilczok, U.; Wittmann, K.
Angew. Chem., Int. Ed. Engl.1997, 36, 502-504. (b) Eisenschmid, T.
C.; Eisenberg, R.Organometallics1989, 8, 1822-1824.

(9) Lin, W.; Frei, H.J. Am. Chem. Soc.2005, 127, 1610-1611.
(10) (a) Maidan, R.; Willner, I.J. Am. Chem. Soc.1986, 108, 8100-8101. (b)

For a review, see: Fujita, E.; Brunschwig, B. S. InCatalysis of Electron
Transfer, Heterogeneous and Gas-phase Systems; Balzani, V., Ed.;
Electron Transfer in Chemistry/Vol. 4; Wiley-VCH: Weinheim, 2001;
pp 88-126.

(11) (a) Simo´n-Manso, E.; Kubiak, C. P.Organometallics2005, 24, 96-102.
(b) Hammouche, M.; Lexa, D.; Momenteau, M.; Save´ant, J.-M.J. Am.
Chem. Soc.1991, 113, 8455-8466. (c) Beley, M.; Collin, J.-P.; Ruppert,
R.; Sauvage, J.-P.J. Am. Chem. Soc.1986, 108, 7461-7467.

(12) Shin, W.; Lee, S. H.; Shin, J. W.; Lee, S. P.; Kim, Y.J. Am. Chem. Soc.
2003, 125, 14688-14689.

(13) Carter, C. A. G.; John, K. D.; Mann, G.; Martin, R. L.; Cameron, T. M.;
Baker, R. T.; Bishop, K. L.; Broene, R. D.; Westcott, S. A. ACS
Symposium Series 822 (Group 13 Chemistry); American Chemical
Society: Washington, DC, 2002; pp 70-87.

(14) (a) Mankad, N. P.; Laitar, D. S.; Sadighi, J. P.Organometallics2004,
23, 3369-3371. (b) Mankad, N. P.; Gray, T. G.; Laitar, D. S.; Sadighi,
J. P.Organometallics2004, 23, 1191-1193.

(15) (a) Braunschweig, H.; Colling, M.Coord. Chem. ReV. 2001, 223, 1-51.
(b) Irvine, G. J.; Lesley, M. J. G.; Marder, T. B.; Norman, N. C.; Rice, C.
R.; Robins, E. G.; Roper, W. R.; Whittell, G. R.; Wright, L. J.Chem.
ReV. 1998, 98, 2685-2722.

(16) (a) Chotana, G. A.; Rak, M. A.; Smith, M. R., III.J. Am. Chem. Soc.
2005, 127, 10539-10544. (b) Hartwig, J. F.; Cook, K. S.; Hapke, M.;
Incarvito, C. D.; Fan, Y.; Webster, C. E.; Hall, M. B.J. Am. Chem. Soc.
2005, 127, 2538-2552. (c) Coventry, D. N.; Batsanov, A. S.; Goeta, A.
E.; Howard, J. A. K.; Marder, T. B.; Perutz, R. N.Chem. Commun. 2005,
2172-2174. (d) Ishiyama, T.; Miyaura, N.J. Organomet. Chem.2003,
680, 3-11. (e) Marder, T. B.; Norman, N. C.Top. Catal.1998, 5, 63-
73.

(17) (a) Displacement of allylic carbonates: Ito, H.; Kawakami, C.; Sawamura,
M. J. Am. Chem. Soc. 2005, 127, 16034-16035. (b) Borylation of alkynes
and R,â-unsaturated carbonyls: Takahashi, K.; Ishiyama, T.; Miyaura,
N. J. Organomet. Chem.2001, 625, 47-53.

(18) Solutions of1 in C6D6 slowly deposit metallic copper at room temperature;
decomposition to a mixture of unidentified byproducts is ca. 25% complete
after 1 day as judged by11B NMR spectroscopy.

(19) Kennedy, J. D. InMultinuclear NMR; Mason, J., Ed.; Plenum Press: New
York, 1987; pp 221-258.

(20) At lower temperatures, several possible intermediates are discernible in
the NMR spectra. Efforts to identify these species are ongoing.

(21) Hawkeswood, S.; Stephan, D. W.Dalton Trans.2005, 2182-2187.

JA0566679

Figure 2. (a) 11B NMR spectra before and after reaction with CO2: 1
(containing 5%2) and2; (b) 13C NMR spectrum after reaction of1 with
excess13CO2 (THF-d8, -80 to-40 °C, 30 min); * denotes ligand-derived
resonances; solvent and aliphatic resonances omitted for clarity.

Figure 3. (a) 11B NMR spectra showing conversion of pinB-Bpin to
pinB-O-Bpin by catalytic reduction of CO2 (excess CO2, 1 mol % 1,
ambient temp, THF-d8, 20 h); (b)13C NMR spectra, offset for clarity, before
and after catalytic reduction of13CO2 to 13CO (excess pinB-Bpin, ca.. 2
mol % 1, ambient temp, THF-d8); * denotes pin (Me2CO)2 resonance.

C O M M U N I C A T I O N S

J. AM. CHEM. SOC. 9 VOL. 127, NO. 49, 2005 17197

http://dontstartme.literatumonline.com/action/showImage?doi=10.1021/ja0566679&iName=master.img-002.png&w=195&h=144
http://dontstartme.literatumonline.com/action/showImage?doi=10.1021/ja0566679&iName=master.img-003.png&w=199&h=133

