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NHC-catalyzed oxidations using carbon dioxide as the stoichiometric oxidant have been carefully investigated. These studies support a
secondary role of CO, in suppressing side reactions and exogenous oxygen as the actual oxidant.

Recent communications reported the intriguing oxida-
tion of aldehydes using N-heterocyclic carbenes as cata-
lysts and carbon dioxide as the stoichiometric oxidant
(eq 1)." These reports postulated that CO, is reduced to
CO under catalytic conditions, a process that would be an
attractive approach to CO, fixation provided that an in-
expensive aldehyde reaction partner could be identified. At
least two different mechanisms have been proposed, one
involving addition of the catalyst to the aldehyde to form
the nucleophilic Breslow intermediate” and one which pro-
posed direct activation of CO, by the NHC. Similar
reports of NHC-mediated reduction of CO, with silanes
have also generated considerable interest.’
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We were particularly intrigued with these findings as they
were contrary to the usual chemistry of NHC-catalyzed
reactions of a-ketoacids, which generate aldehydes and
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CO,.* One postulated mechanism involved oxygen atom
transfer from CO, to the aldehyde, a process that is coun-
terintuitive and thermodynamically questionable.’ Given
our interest in the chemistry of NHC catalysis and the
current importance of new catalytic methods for CO,
fixation,*® we have investigated these reactions further.
Through these extensive studies, we conclude that the
actual oxidant in these reactions is exogenous oxygen.”*
Our studies began with a careful investigation of the CO,
fixation reaction with the goal of using labeled CO, as a
mechistic probe. Despite dozens of attempts, we were
unable to reproduce the reported yields and observations
of either Zhang (Table 1, entries 1—3) on the oxidation of
freshly purified cinnamaldehye to cinnamic acid or Nair on
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Table 1. Oxidation of Cinnamaldehyde with NHCs

(o] KoCO; (23 (s'n)mli-l%g) (1 iv) (0]
2COj (2 equiv), Hy equiv
o\ DMF (0.1 M), GO or Ny or ar > oSy
1 then 1 N HCl aq 2

entry conditions COy* Ny* air®
1 dry, KoCO3 (2 equiv), DMSO 8% 4% —
2 dry, K;COs3 (2 equiv), DMF 4% 3% —
3 dry, t-BuOK ((2 equiv), DMF 8% 45% —
4 dry, DBU (20 mol %), THF® 10% 20% 13%
5 as shown in reaction scheme 14% 23% 57%
6 0.1 M/3 days 17% 27% 64%
7 0.5 M/3 days 14% 40% 32%
8 without NHC precatalyst 2% 1% 0%
9 triazolium cat. 4° (5 mol %) 1% 15% -
10 thiazolium cat. 5¢ (5 mol %) 5% 2% 2%
11 dry, MeOH (2 equiv) - - 64%
12 trans-azobenzene (1.0 equiv) 21% 52% —
13 MeOH (2 equiv), azobenzene 0%° 0%" -

“See Supporting Information for detailed conditions. Conversion to
cinnamic acid 2 was calculated from "H NMR of crude mixtures.
bPurged with a slow stream of gas for 30 min. Hydrocinnamic acid
was the major product regardless of reaction atmopsheres. ¢ 1,4-Di-
methyl-4H-1,2.4-triazol-1-ium iodide (4, CAS No. 120317-69-3) was
used. “Thiamine- HCI (5, CAS No. 67-03-8) and 3 equiv of K»CO; were
employed. €84% yield of hydrocinnamic acid. 730% yield of hydro-
cinnamic acid. 4% yield of methyl cinnamate. ”44% yield of methyl
cinnamate.

the oxidation of either cinnamaldehyde or para-fluoro-
benzaldehyde (entry 4 and Supporting Information).”'”
After extensive optimization, we found that reproducible
formation of cinnamic acid could be achieved under
slightly modified Zhang conditions: with 5 mol % IMesCI
(3) and 2 equiv of K,CO3 in DMF (entries 5—8). Rigor-
ously dried reaction conditions gave lower yields or irre-
producible production of cinnamic acid, which was over-
come by the addition of a small amount of water (1
equiv).®!" To be consistent with Zhang’s experiments, we
also attempted the reactions for 3 days, which gave slightly
higher conversions under all conditions (entry 6). Higher
concentration did not provide improved results due to
competing dimerization and other side reactions (entry 7).
A more extensive list of reaction conditions attempted can
be found in the Supporting Information. Unpurified
NMR spectra from the reaction mixtures under various
atmospheres show clean formation of the acid under air,
trace conversion under CO,, and the formation of bypro-
ducts under N, or vacuum.'?

Our studies confirmed that IMesCl (3) was essential for
formation of the carboxylic acid product; only trace
amounts of cinnamic acid were observed in its absence
(entry 8). Triazolium precatalysts favored the formation of

(11) (a) Lim, M.; Yoon, C. M.; An, G.; Rhee, H. Tetrahedron Lett.
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(12) Atmosphere exchange for the reactions shown in Figure 1 was
performed by freeze—pump—thaw, and reactions were conducted in a
sealed tube.
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Figure 1. "H NMR comparison in different atmospheres.

hydrocinnamic acid via the known internal redox reaction
(entry 9)."* The increased formation of hydrocinnamic
acid under CO; is likely due to the formation of carbonic
acid that serves as the proton source for S-protonation.
Thiamine, a thiazolium salt, did not give significant
amounts of any product (entry 10). Control experiments
and careful analysis of the reaction mixtures and products
excluded a Cannizzarro-type reaction'* as the origin of the
cinnamic acid.

The use of air as an oxidant in NHC-catalyzed oxida-
tions of electron-deficient aldehydes to acids and esters has
been previously reported by Yoshida using a slightly
different imidazolium catalyst.® Their mechanistic propo-
sal invokes the formation of an acyl azolium, which under-
goes esterification or hydrolysis. This mechanism is con-
sistent with numerous reports of NHC-catalyzed oxidative
esterification of aldehydes with oxidants including azo-
benzene,'® diphenoquinone,'® and MnO,."” To test if our
observations followed this proposal, we conducted the
reaction under air in the presence of MeOH; to our surprise
only the acid, rather than the expected ester, was detected
(entry 11). In contrast, the use of zrans-azobenzene as the
oxidant afforded cinnamic acid in the presence of water
(entry 12) and methyl cinnamate in the presence of MeOH
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(entry 13). These observations indicate that under these
conditions the oxidation occurs by addition of the NHC—
aldehyde complex to molecular oxygen rather than oxida-
tion of the Breslow intermediate to the acyl azolium.'®

The only experimental observation of both Zhang and
Nair that is not consistent with exogenous air acting as the
oxidant is their detection of CO at the completion of the
reaction. According to the experimental procedures, this
was achieved by injecting the residual gas in the ballon of
CO, into a solution of PdCl, in acidic water. After 2 h of
stirring, the formation of Pd black was taken as an indica-
tion that CO was present in the reaction atmosphere. The
long reaction times needed for formation of Pd black
suggested to us that factors other than CO may be respon-
sible for its formation."”

Table 2. CO, Effect in NHC-Catalyzed Annulation
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entry conditions cyclopentene
1 CO,, IMesCl 8%
2 Nj, IMesCl 59%
3 COg, RMesCl 36%
4 Ny, RMesCl 62%

Although all of these results strongly suggested that CO,
was not playing a direct role in the reaction, we consistently
noted that reactions performed under a CO, atmosphere
were cleaner, albeit with lower conversion, than those
conducted under N, or in completely degassed solvents.
We postulated that CO, played a role in reducing the
formation of side products, possibly by attenuating the
activity of the N-heterocyclic carbenes.?® This could deter,
for example, the formation of benzoin,?! Stetter,”> or

(18) After the submission of this manuscript, two publications on
NHC-catalyzed oxidations of aldehydes with air have appeared. These
reports confirm that oxidation occurs by direct addition of an
NHC-aldehyde complex to molecular oxygen: (a) Maji, B.; Vedachalan,
S.; Ge, X.; Cai, S. Liu, X.-W. J. Org. Chem. 2011, 76, DOI: 10.1021/
j0200275¢. (b) Park, J. H.; Bhilare, S. V.; Youn, S. W. Org. Lett. 2011,
13, DOI: 10.1021/0120048 1u.

(19) In our experience, this is a good test if Pd black forms within
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metal needles or syringes are used in the reaction setup.
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857. (b) Duong, H. A.; Tekavec, T. N.; Arif, A. M.; Louie, J. Chem.
Commun. 2004, 112—113. (c) Van Ausdall, B. R.; Glass, J. L.; Wiggins,
K. M.; Aarif, A. M.; Louie, J. J. Org. Chem. 2009, 74, 7935-7942.
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(23) (a) Sohn, S.S.; Rosen, E. L.; Bode, J. W. J. Am. Chem. Soc. 2004,
126, 14370-14371. (b) Burstein, C.; Glorius, F. Angew. Chem., Int. Ed.
2004, 43, 6205-6208.
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especially y-lactone products® that could be the origin of
the messy reaction mixtures observed when conducted
under a N, atmosphere. To test this hypothesis, we exam-
ined the effect of CO, on a different NHC-catalyzed
reaction, the formation of cyclopentenes from the same
substrate (cinnamaldehyde, 1) and chalcone (8) in the
presence of either imidazolium or triazolium precatalysts
(Table 2).%* These experiments revealed a pronounced rate
deceleration in the presence of CO,, diminishing product
formation but without causing the formation of side
products. This effect was also observed on the oxidation
of cinnamaldehyde using azobenzene under CO, (Table 1,
entry 12).

We have previously found that cinnamaldehydes are
particularly prone to air oxidation in the presence of NHC-
catalysts.'** The reports of CO, catalyzed oxidation of
aldehydes also examined other substrates, which we suspected
were also oxidized by air rather than with CO,. To confirm
this, we briefly explored the application of the open-air
oxidation conditions to other substrate classes (Scheme 1).

Scheme 1. Substrate Scope of Aerobic Oxidation of Aldehydes”

3 (5 mol %), K,COj3 (2 equiv), Ho0 (1 equw) o]
DMF or DMSO (0.1 M), air > HJ\OH

@A*

¢}
/OH Mo~
nBu
2 (99%) 10 (62%) 11 (22%)°
DMF, 25°C, 16 h DMF, 25°C, 16 h DMF.25°C, 16 h
]
o]
@* e et
eO
13 57% 14 (41%) 12 (21%)
DMSO oc 40 h DMSO, 60°C,40h  DMSO, 60 °C, 16 h
(o] Ccl O
o
Cl Cl
1; (55%) 16 (61%) 17 (25%)°

DMSO, 60 °C, 40 h DMSO, 60 °C, 40 h DMSO, 60 °C, 16 h

“ All of the reactions were carried out in 0.5 mmol scale; isolated yields
of pure products after acid—base extraction. ®10 mol % IMesCl
was used.

In general, we observed results similar to the reported
CO5 conditions: cinnamaldehyde gave a quantitative yield
of the corresponding acid, and reasonable isolated yields of
carboxylic acids were obtained from simple aromatic alde-
hydes. Aliphatic and sterically hindered aldehydes gave
lower conversions. These observations are consistent with
a number of reports of NHC-catalyzed oxidations of alde-
hydes with air or added stoichiometric oxidants.”*!>~!7

In light of these investigations, we conclude that the
apparent NHC-catalyzed oxidation of aldehydes with CO,
actually involves exogenous O, as the stoichiometric oxi-
dant. The observed effect of CO, lies in a reduction of the
side products formed by aldehyde dimerization or oligo-
merization under the reaction conditions.

(24) (a) Chiang, P.-C.; Kaeobamrung, J.; Bode, J. W. J. Am. Chem.
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Suresh, E. J. Am. Chem. Soc. 2006, 128, 8736-8737.
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