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A highly regioselective indium-mediated allylation of carbon dioxide
starting from simple allylic halides (X = I, Br, Cl) has been developed.
No transition metal catalyst is needed and an inert atmosphere
is not necessary. The reaction tolerates a wide range of synthe-
tically attractive functional groups with a very high branched
regioselectivity.

The activation of carbon dioxide has been a hot topic, which
boasts great potential in the field of energy and environmental
protection Moreover, CO, excels in carbon-carbon bond for-
mation reactions as a nontoxic, abundant and inexpensive, yet
highly inactive C1 starting material, especially in the synthesis
of carboxylic acids.! Thus, smooth transformations using cheap
and easily acquired reagents such as arenes,” alkenes,” allenes,*
alkynes,” aryl halides® and benzyl halides” have drawn wide-
spread attention.

Although the catalyzed carboxylation of aryl halides
mediated by a stoichiometric amount of metal has been well
established,’® similar transformation in allyl halides is surpris-
ingly unsettled.” Traditional reactions of allyl lithium or
Grignard reagents with CO, seriously suffer from the substrate
scope for the functionality group tolerance due to the high
reactivity of these allylmetal reagents.® On the other hand,
transition metal-catalyzed carboxylation reactions starting from
preformed allylmetals including allylstannanes and allyl-
boranes encounter the problem of toxicity and sometimes
affording a mixture of 2- and 3-alkenoic acids.”™* To solve
this problem, in most cases, highly electron-rich ligands
such as pincer-type diphosphine and NHC are necessary.
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Scheme 1 Previous work and our concept of the allylation of COs.

Thus, the direct carboxylation of allyl halides in the presence
of a metal which display wide functional group tolerance is
surely the best choice for the synthesis of 3-alkenoic acids.
Thus, identifying a metal for the direct transformation of allylic
halides to 3-alkenoic acids with a practical regioselectivity
referring the position of C—C bonds in the products as well
as branched vs. linear selectivity is highly desired (Scheme 1).
With great advantages including its nontoxic nature, wide
functional group tolerance and friendly operation, allylindium
species has shown its potential in the allylation in the last few
decades.” Although the allylation of aldehydes and ketones
were well established, the related allylation of CO, mediated by
indium has never been reported. Herein, we report the realiza-
tion of our concept using indium.

After trying some metals with common solvents, we observed
that when allyl bromide was treated with 0.67 equiv. of indium
powder™ in DMF at 60 °C with a CO, balloon, the expected
product 2a was afforded albeit in only 14% yield. Rescreening
in other solvents did not give better results. After some
trials, we found that pressure plays a critical role in the
reaction: the yield sharply increased upon raising the
pressure of CO, and reached the peak (68%) with 2 MPa of

Chem. Commun., 2014, 50, 3285-3287 | 3285


http://dx.doi.org/10.1039/c4cc00148f
http://pubs.rsc.org/en/journals/journal/CC
http://pubs.rsc.org/en/journals/journal/CC?issueid=CC050025

Published on 31 January 2014. Downloaded by Northeastern University on 31/10/2014 13:32:03.

Communication

CO, (Table 1, entry 5, for the effect of pressure on the reaction,
see Scheme S1, ESIf). It should be pointed out that such a
pressure is easy to achieve in the laboratory and industrial
processes.

The yield dropped to 32% at 45 °C and 6% at rt (19 °C)
(Table 1, entries 7 and 8). Increasing the ratio of In:allyl
bromide did not improve the yield (Table 1, entries 9 and 10).
Interestingly, when 1.0 equiv. of CsF***'® was added, the
yield with allyl bromide was further improved to 72% (Table 1,
entry 11).

Table 1 Optimization of the reaction conditions®®

— CO. MP —
me o TN\, 20MPE) =\

solvent, temp., 14 h COOH
2a

Entry Solvent CO, (MPa) Temp. (°C) Ratio In:S.M. Yield of 2a°

1 DMF 0.1 60 1:1.5 14
2 DMF 3.0 60 1:1.5 59
3 THF 3.0 60 1:1.5 23
4 DMI 3.0 60 1:1.5 39
5 DMF 2.0 60 1:1.5 68
6 DMF 0.5 60 1:1.5 44
7 DMF 2.0 45 1:1.5 32
8 DMF 2.0 r.t. (19) 1:1.5 6
9 DMF 2.0 60 1:1.3 69
10 DMF 2.0 60 1:1.1 65
11 DMF 2.0 60 1:1.5 724
12 DMF 2.0 60 1:1.5 61¢

“ The reaction was conducted with 1.5 mmol of allylic halide and In
(powder, 425 mesh) under CO, in 5 mL of an anhydrous solvent. * For a
complete list of optimization of reaction conditions, see ESI. ¢ Determined
by 'H NMR analysis using CH,Br, as the internal standard. ¢ 1.0 equiv. of
CsF was added. ° 1.0 equiv. of LiCl was added.

It is worth noting that allyl chloride may also react upon
addition of 1.0 equiv. of Lil although the yield is a little
bit lower as compared with allyl bromide (Table 2, entry 2);
allyl iodide afforded the adduct in 54% yield (Table 2,
entry 3).

Table 2 Survey of other halides?

— CO, (2.0 MPa) =
o+ TN\,
3 X DMF,60°C, 14h COOH
0.87 equiv. 1.0 equiv. 2a
Entry X Additive Yield of 2a”
1 Cl — n.d.
2 cl LiI (1.0 equiv.) 55
3 1 — 54

“The reaction was conducted with 1.5 mmol of allylic halide and
1.0 mmol of In (powder, 425 mesh) under a 2 MPa CO, atmosphere
in 5 mL of anhydrous DMF at 60 °C. * Determined by 'H NMR analysis
using CH,Br, as the internal standard.

The substrate scope of the reaction has been explored under
the optimal conditions (Table 1, entry 11). The reaction pro-
ceeds with both 2-aryl, -benzyl, and -alkyl-substituted allylic
bromides (Table 3, entries 1-5). In addition to 2b, the reaction
of 2-phenylallyl bromide also afforded 2-phenylpropene (9%)
and a trace amount of 2,5-diphenyl-1,6-hexadiene.
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Table 3 The scope of In-mediated allylation of carbon dioxide®

R
In + )\/Br
1

0.67 equiv. 1.0 equiv.

CsF (1.0 equiv.)
CO, (2.0 MPa)
e .

DMF, 60°C, 14 h

R
A_coo
2

Entry R Yield of 2°
1 Ph 69 (2b)

2 1-Naphthyl 63 (46°) (2¢)
3 Bn 72 (2d)

4 p-tol 58 (2e

5 "CeH 3 62 (40°) (2f)

“ The reaction was conducted with 1.5 mmol of 1, 1.0 mmol of In
(powder, 425 mesh) and 1.5 mmol of CsF under a 2 MPa CO, atmosphere
in 5 mL of anhydrous DMF at 60 °C. ? Isolated yield. ¢ The reaction was
conducted in the absence of CsF. ¢ The reaction was conducted using
1.2 mmol of 1c.

The carboxylation reaction of several commercially available
allylic bromides was also attempted, which was followed by
esterification to afford the benzyl ester 3g-j. In addition to
2-methylallyl bromide [Scheme 2, eqn (1)], 3-bromocyclohexene
may also undergo the reaction to afford the corresponding ester
3h in 61% yield [Scheme 2, eqn (2)]. Importantly, the carboxyl-
ation of crotyl bromide afforded the branched product 3i
specifically with no linear regioisomer formed as judged by
"H NMR analysis of the crude mixture [Scheme 2, eqn (3)]. An
all-carbon quaternary center was also formed via such a trans-
formation by using 3-methyl-2-butenyl bromide affording 3j
[Scheme 2, eqn (4)].

(I:n éo-%equi_v-) DCC (0.73 equiv.)

S| .0 equiv., i

)\/Br (1.0 equiv.) DMAP (0.07 equiv.) )\/cooan S
CO, (2.0 MPa) BnOH (0.77 equiv.)

10equiv. DMF,80°C,14h  DCM,0°C,3min 3g

thenrt, 1.5h

In (0.67 equiv.) DCC (1.05 equiv.)
CsF (1.0 equiv. DMAP (0.1 iv.

C>_Br (1.0 equiv) (0.1 equiv.) GCOOBn 61% ()
CO, (2.0 MPa) BnOH (1.1 equiv.)

1.0 equiv. DMF, 60°C, 14 h DCM, 0 °C, 3 min 3h
thentt., 1.5h
In (0.67 equiv.) DCC (1.05 equiv.)
CsF (1.0 equiv.) DMAP (0.1 equiv.
BT (01 eq i )~ CO0BN oo 3
CO; (2.0 MPa) BnOH (1.1 equiv.)

DCM, 0 °C, 3 min
thenrt, 2.5h

10equiv.  DMF,60°C, 14 h 5

In (0.67 equiv)
CsF (1.0 equiv)

7 Br
CO; (2.0 MPa)

1.0 equiv. DMF, 60°C, 14 h

DCC (1.05 equiv.)
DMAP (0.1 equiv.)
BnOH (1.1 equiv.)
DCM, 0 °C, 3 min
thenrt,25h

/Xcoosn % w

3

Scheme 2 Reaction of commercially available allylic bromides.

Substrates with p-F, p-Cl and p-CFj-substituents may be
applied (Table 4, entries 1-3). Furthermore, functional groups
such as ester and cyano group may be well tolerated (Table 4,
entries 4 and 5). Although the acetyl group is not compatible,
the ketal functionality survived the carboxylation affording
2p in good yield (Table 4, entry 6). The reaction of propargyl
bromide under the same conditions led to a complicated
mixture.

The same product was obtained from both 2-butenyl and
3-buten-2-yl chlorides, indicating the common delocalized allylic
intermediate for such a transformation (Scheme 3).
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Table 4 Study on the functional group tolerance’

R

R

aht
<\——>_<000H

CsF (1.0 equiv.)
CO;, (2.0 MPa)

DMF, 60°C, 14 h

1 2
0.67 equiv. 1.0 equiv.
Entry R Yield of 2°
1 pF 76 (2k)
2 pCl 70 (21)
3 p-CF; 61 (2m)
4 p-COOEt 70 (31 (2n)
5 m-CN 50 (20)
58 (2p)

6 {o\%

“ The reaction was conducted with 1.5 mmol of 1, 1.0 mmol of In
(powder, 425 mesh), 1.5 mmol of CsF under a 2 MPa CO, atmosphere in
5 mL of anhydrous DMF at 60 °C. ? Isolated yield. © Without CsF.

In powder (0.67 equiv.)
Lil (1.0 equiv.)

CO, (2.0 MPa)
DMF, 60°C, 14 h

\/\/Cl /\rCOOH
2i
NMR yield: 49%

/YCOOH

2i
NMR yield: 19%

In powder (0.67 equiv.)
Lil (1.0 equiv.)
CO, (2.0 MPa)
DMF, 60 °C, 14 h

/\(CI

Scheme 3 Carboxylation reactions of linear and branched allylic chlorides.

In conclusion, we have developed a novel and convenient
way to synthesise B,y-unsaturated carboxylic acid directly from
CO, and allylic halides. No transition metal catalyst is necessary.
The reaction tolerates many synthetically useful functional groups
such as halogen, CF;, ester, cyano, acetal and the same branched
products were specifically obtained when starting from either
a- or y-substituted allylic halides. The pressure effect and addition
of CsF are responsible for this transformation. Further research
on this type of carboxylation reaction is underway in our group.

Financial support from the National Basic Research Program
of China (2011-CB808700), National Natural Science Foundation
of China (21232006) and Shanghai Municipal Committee of
Science and Technology (12JC1-403700) is greatly appreciated.
We thank Tao Cao in this group for reproducing the results of
entry 4 in Table 3, eqn (4) in Scheme 2 and entry 4 in Table 4.

Notes and references

1 For recent reviews on CO, activation, see: (@) J. Louie, Curr. Org.
Chem., 2005, 9, 605; (b) T. Sakakura, J.-C. Choi and H. Yasuda,
Chem. Rev., 2007, 107, 2365; (c) M. Aresta and A. Dibenedetto, Dalton
Trans., 2007, 2975; (d) A. Correa and R. Martin, Angew. Chem.,
Int. Ed., 2009, 48, 6201; (e) S. N. Riduan and Y. Zhang, Dalton Trans.,
2010, 39, 3347; (f) C. Federsel, R. Jackstell and M. Beller, Angew.
Chem., Int. Ed., 2010, 49, 6254; (g) K. Huang, C. Sun and Z. Shi,
Chem. Soc. Rev., 2011, 40, 2435; (h) M. Cokoja, C. Bruckmeier,
B. Rieger, W. A. Herrmann and F. E. Kuhn, Angew. Chem., Int. Ed.,
2011, 50, 8510; (i) X. Cai and B. Xie, Synthesis, 2013, 3305.

(@) 1. 1. F. Boogaerts and S. P. Nolan, J. Am. Chem. Soc., 2010,
132, 8858; (b) L. Zhang, J. Cheng, T. Ohishi and Z. Hou, Angew.
Chem., Int. Ed., 2010, 49, 8670; (c) L. I. F. Boogaerts, G. C. Fortman,

1S

This journal is © The Royal Society of Chemistry 2014

w

=~

o

o)}

o N

©o

11

12

13

14

15

View Article Online

Communication

M. R. L. Furst, C. S. J. Cazin and S. P. Nolan, Angew. Chem., Int. Ed.,
2010, 49, 8674; (d) O. Vechorkin, N. Hirt and X. Hu, Org. Lett., 2010,
12, 3567; (¢) H. Mizuno, J. Takaya and N. Iwasawa, J. Am. Chem. Soc.,
2011, 133, 1251.

(@) H. Hoberg, Y. Peres and A. Milchereit, J. Organomet. Chem., 1986,
307, C38; (b) H. Hoberg, Y. Peres, C. Kriiger and Y. H. Tsay, Angew.
Chem., Int. Ed. Engl., 1987, 26, 771; (c) H. Hoberg, A. Ballesteros,
A. Sigan, C. Jegat and A. Milchereit, Synthesis, 1991, 395;
(d) M. Takimoto and M. Mori, J. Am. Chem. Soc., 2001, 123, 2895;
(e) M. Takemoto and M. Mori, J. Am. Chem. Soc., 2002, 124, 10008;
(f) M. Takemoto, Y. Nakamura, K. Kimura and M. Mori, J. Am.
Chem. Soc., 2004, 126, 5956; (g) C. M. Williams, J. B. Johnson and
T. Rovis, J. Am. Chem. Soc., 2008, 130, 14936; (%) J. Takaya, K. Sasano
and N. Iwasawa, Org. Lett., 2011, 13, 1698.

(@) M. Takimoto, M. Kawamura and M. Mori, Org. Lett., 2003, 5, 2599;
(b) M. Murakami, N. Ishida and T. Miura, Chem. Lett., 2007, 36, 476;
(¢) M. AoKi, S. Izumi, M. Kaneko, K. Ukai, J. Takaya and N. Iwasawa,
Org. Lett., 2007, 9, 1251; (d) M. Takimoto, M. Kawamura, M. Mori and
Y. Sato, Synlett, 2005, 2019; (e) J. Takaya and N. Iwasawa, J. Am. Chem.
Soc., 2008, 130, 15254; (f) S. Li, B. Miao, W. Yuan and S. Ma, Org.
Lett., 2013, 15, 977.

(@) M. Takimoto, K. Shimizu and M. Mori, Org. Lett., 2001, 3, 3345;
(b) Y. Six, J. Chem. Soc., Perkin Trans. 1, 2002, 1159; (¢) Y. Six, Eur.
J. Org. Chem., 2003, 1157; (d) M. Aoki, M. Kaneko, S. Izumi, K. Ukai
and N. Iwasawa, Chem. Commun., 2004, 2568; () K. Shimizu,
M. Takimoto, Y. Sato and M. Mori, Org. Lett.,, 2005, 7, 195;
(f) K. Shimizu, M. Takimoto, Y. Sato and M. Mori, Synlett, 2006, 3182;
(g) L. J. Goofden, N. Rodriguez, F. Manjolinho and P. P. Lange, Adv. Synth.
Catal., 2010, 352, 2913; (k) D. Yu and Y. Zhang, Proc. Natl. Acad. Sci.
U. S. A., 2010, 107, 20184; () W. Zhang, W. Li, X. Zhang, H. Zhou and
X. Lu, Org Lett., 2010, 12, 4748; (j) X. Zhang, W. Zhang, X. Ren, L. Zhang
and X. Lu, Org. Lett., 2011, 13, 2402; (k) T. Fujihara, T. Xu, K. Semba,
J. Terao and Y. Tsuji, Angew. Chem., Int. Ed., 2011, 50, 523; (I) S. Li,
W. Yuan and S. Ma, Angew. Chem., Int. Ed., 2011, 50, 2578; (m) S. Li and
S. Ma, Org. Lett., 2011, 13, 6046; (1) S. Li and S. Ma, Adv. Synth. Catal.,
2012, 354, 2387; (0) S. Li and S. Ma, Chem.-Asian J., 2012, 7, 2411.

(@) A. Correa and R. Martin, J. Am. Chem. Soc., 2009, 131, 15974;
(b) T. Fujihara, K. Nogi, T. Xu, J. Terao and Y. Tsuji, J. Am. Chem.
Soc., 2012, 134, 9106; (¢) T. Hung and D. Olafs, ACS Catal., 2013,
3, 2417.

T. Leo6n, A. Correa and R. Martin, J. Am. Chem. Soc., 2013, 135, 1221.
(@) R. T. Sanderson, J. Am. Chem. Soc., 1955, 77, 4531; (b) L. E.
Friedrich and R. Cormier, J. Org. Chem., 1971, 36, 3011; (c) G. Courtois
and L. Miginiac, J. Organomet. Chem., 1974, 1.

M. Shi and K. M. Nicholas, J. Am. Chem. Soc., 1997, 119, 5057.

(@) R. Johansson and O. F. Wendt, Dalton Trans., 2007, 488; (b) M. T.
Johnson, R. Johansson, M. V. Kondrashov, G. Steyl, M. S. G. Ahlquist,
A. Roodt and O. F. Wendt, Organometallics, 2010, 29, 3521.

(@) J. Wu, J. C. Green, N. Hazari, D. P. Hruszkewycz, C. D. Incarvito
and T. J. Schmeier, Organometallics, 2010, 29, 6369; (b) D. P.
Hruszkewycz, J. Wu, N. Hazari and C. D. Incarvito, J. Am. Chem.
Soc., 2011, 133, 3280; (¢) J. Wu and N. Hazari, Chem. Commun., 2011,
47, 1069; (d) N. Hazari, D. P. Hruszkewycz and J. Wu, Synlett, 2011,
1793; (e) D. P. Hruszkewycz, J. Wu, J. C. Green, N. Hazari and
T. J. Schmeier, Organometallics, 2012, 31, 470.

H. A. Duong, P. B. Huleatt, Q. Tan and E. L. Shuying, Org. Lett., 2013,
15, 4034.

For reviews on indium metal in organic synthesis, see (@) U. K. Roy
and S. Roy, Chem. Rev., 2010, 110, 2472; (b) Z. Shen, S. Wang, Y. Chok,
Y. Xu and T. Loh, Chem. Rev., 2013, 113, 271.

Allylindium sesquihalide is generally considered as the allylindium
species formed in DMF or THF. See, S. Araki, H. Ito and Y. Butsugan,
J. Org. Chem., 1988, 53, 1831. In this study, we have quenched the
following reaction with DOAc, which also indicates the formation of
an allylic indium intermediate.

OO 1. In power, DMF, 60 °C OO
o TPOWen A S

2. CHyCOOD

yield: 72%

Br D 61%

D. W. Arnold, S. E. Bradforth, E. H. Kim and D. M. Neumark,
J. Chem. Phys., 1995, 102, 3493. In this report, it is shown by
photoelectron spectrum study that CO, was activated by F~ to form
FCO," species, which may lower the C—=0O bond energy.

Chem. Commun., 2014, 50, 3285-3287 | 3287


http://dx.doi.org/10.1039/c4cc00148f

