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ABSTRACT: An enantioselective, catalytic trichlorometh-
ylation of 2-acyl imidazoles and 2-acyl pyridines is report-
ed. Several products are formed with enantiomeric excess
of 299%. In this system, a chiral iridium complex serves a
dual function, as a catalytically active chiral Lewis acid
and simultaneously as a precursor for an in situ assembled
visible-light-triggered photoredox catalyst.

Visible light constitutes an environmentally friendly
and sustainable source of energy for activating chemical
transformations, whereas asymmetric catalysis holds
promise as one of the most economical strategies for the
synthesis of non-racemic compounds. Interfacing asym-
metric catalysis with visible light activation is therefore an
area of high current interest.' Photosensitization provides
the opportunity to induce single electron transfer (SET)
processes under very mild conditions, thereby producing
intermediate radical ions and radicals with useful reactivi-
ties.” However, at the same time, the high reactivities of
such intermediates pose a significant challenge for inter-
facing them with asymmetric catalysis, indicated by the
still limited number of mechanistically distinct visible-
light-driven catalytic asymmetric reaction schemes.?

We recently introduced a simple chiral-at-metal iridi-
um complex (A-IrS, Figure 1) as an effective asymmetric
photoredox catalyst for the visible-light-induced enanti-
oselective a-alkylation of 2-acyl imidazoles with electron
deficient benzyl bromides and phenacyl bromides.’® De-
spite its novelty, one can criticize that o-alkylations of
carbonyl compounds with primary organobromides may
be well executed under Sy2 conditions without the abso-
lute need for involving redox chemistry.” Going beyond
our previous proof-of-principle demonstration, we were
therefore seeking an application in which redox catalysis
is highly advantageous or even required. As a result, we
here wish to report the first method for an enantioselec-
tive, catalytic trichloromethylation through visible light
activated photoredox catalysis.

Trichloromethyl groups are present in natural products
and contribute to their pharmacological properties.®
However, methods for the stereoselective implementation
of CCl, groups as part of stereogenic carbons are lim-
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Figure 1. Chiral iridium complexes for merging visible-light-
activated photoredox catalysis with Lewis acid catalysis.

ited.”" Notably, Zakarian and co-workers developed an
elegant diastereoselective Ru-catalyzed redox-mediated
radical addition to titanium enolates.”

We started our study by investigating the enantioselec-
tive a-trichloromethylation of 2-acyl imidazoles. Encour-
agingly, when we reacted 2-acyl imidazole 1a with BrCCl,
in the presence of iridium catalyst A-IrS and the base
Na,HPO, under visible light irradiation, we obtained the
trichloromethylated product 2a in 69% yield and with
94% ee (Table 1, entry 1). Using NaHCO; provided 2a even
in 77% yield and with outstanding 99.7% ee (entry 2). In
the absence of any base, the yield and enantiomeric ex-
cess deteriorated (entry 3). More importantly, in the pres-
ence of air no trichloromethylation was observed, but
instead a different product was obtained, namely the -
brominated 2-acyl imidazole 3 (entry 4). Compound 3 was
also the only observed product in the dark (entry 5), while
conversely under visible light irradiation no traces of 3
were generated (entry 2). Obviously, in this system, light
induces a complete switch in the product formation and
the  reaction  mechanism:  Whereas the o
trichloromethylation (2a) can be rationalized with photo-
redox chemistry, the o-bromination (3) in the absence of
light must rely on closed-shell Sy2 enolate chemistry with
BrCCl, serving as an electrophilic brominating reagent.”
Apparently, the reductive activation of BrCCl, is required
for the observed o-trichloromethylation. In this respect it
is worth noting that the closely related iridium complex
A-IrO provides inferior results (entry 6), in line with our
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recent experimental observation that this catalyst is more
suitable for catalyzing oxidative chemistry.”

Table 1. Initial experiments for the catalytic enantiose-
lective a-trichloromethylation activated by visible light”

N\W)J\/Ph BrCCly N\W)]\r N\j)cj)\rPh
<\’N\Ph conditions below P <\/N\Ph Br
1a photoredox product (2a) dark product (3)

entry catalyst hy® additive 2a (%) 3(%)°  ee (%)
1 A-I'S  yes Na,HPO, 69° o 94
2 A-IrS  yes NaHCO, 77 of 99.7
3 A-IrS  yes none 18 o 87
4 A-I'S  yes NaHCO; air o 37 o

5 A-IrfS  no NaHCO, o 51 o
6 A-IrO  yes NaHCO, 13 o 93

? Reaction conditions: 1a and BrCCl; (6 equiv) with catalyst
(2 mol%) in MeOH/THF 4:1 at room temperature for 17-29 h,
optional with base (11 equiv) and under light. * Light source
20 W compact fluorescence lamp (CFL).
Enantioselectivities of 2a determined by HPLC on chiral sta-
tionary phase HCI elimination product was isolated in a
yield of 1%. fSee Supporting Information for NMR experi-
ments which confirm that no detectable amounts of com-
pound 3 are formed.

Next, we evaluated the scope of the visible light activat-
ed enantioselective trichloromethylation. Figure 2 shows
the A-IrS-catalyzed o-trichloromethylation of twelve 2-
acyl imidazoles, with the products (62-96% yield) featur-
ing different substituents at the stereogenic carbon, such
as phenyl groups with electron donating or electron ac-
cepting groups (2a-f), a naphthyl (2g) and thiophenyl
(2h) moiety, an ether (2i), and aliphatic groups (2j-1). It is
worth noting that ten of these products are formed with
an enantiomeric excess of 99% or higher. For product 2c,
absolute no traces of the minor enantiomer can be de-
tected (299.9% ee), demonstrating the high degree of
stereocontrol that can be reached in this catalytic reac-
tion.

Finally, we were wondering if we can replace the imid-
azole moiety with another coordinating group and we
selected 2-acyl pyridines due to the prevalence of pyri-
dines and piperidines in bioactive compounds (Figure 3).”
Revealingly, with acetonitrile as a cosolvent and at a
higher catalyst loading of 4 mol% for most examples to
compensate for overall slower reaction rates, 2-acyl pyri-
dines 4 were converted to their a-trichloromethylated
products 5 in satisfactory to high yields (65-91%) and with
high enantioselectivities (90-99.6% ee).

A plausible mechanism is shown in Figure 4, which can
be classified as an electron-transfer-catalyzed nucleo-
philic substitution via Sgn1.>*** Accordingly, the catalytic
cycle is initiated by bidentate coordinating of the 2-acyl
imidazole or 2-acyl pyridine substrate to the iridium cata-

© Isolated yields. ¢

lyst (intermediate I), followed by base-promoted depro-
tonation to an electron-rich iridium enolate (intermediate

0 0
Ne 7)J\/R BrCCls (6 eq), NaHCO; (1.1 eq) N‘W)J\(R
NN, AIFS (2-4 mol%) R N, CCh
Ph CFL (20 W)
1 MeOH/THF 4:1 2
8-36 h atr.t.
N\ CCly N\ CCly N\ CClzMe
Ph Ph Ph

2a, 24 h, 2 mol%
77% yield, 99.7% ee

T S

N\ CCl;Cl
P

2b, 22 h, 2 mol% 2c, 24 h, 2 mol%
91% yield, 99.0% ee 82% yield, >99.9% ee

2d, 22 h, 2 mol% 2e, 23 h, 2 mol%
90% yield, 99.4% ee  68% yield, 99.4% ee

e seRrandes

N\ CCl;
Ph 3 Me

2f, 22 h, 2 mol%
83% yield, 99.6% ee

2g, 36 h, 2 mol% 2h, 36 h, 4 mol%?®
71% yield 99.2% ee 62% yield, 96% ee

(0]
\Ph 3

N CCl3
P
2k, 30 h, 2 mol%
96% yield, 99.4% ee

2|, 25 h, 4 mol%?
64% yield, 92% ee

%W

N CCl
"o U1

2j, 8 h, 2 mol%
73% yield, 98.8% ee

21, 29 h, 2 mol%
76% yield, 98.8% ee

Figure 2. Substrate scope with 2-acyl imidazoles. * Higher
catalyst loading to increase yield and enantioselectivity.
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Figure 3. Substrate scope with 2-acyl pyridines.
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IT). The subsequent addition of a reductively generated
electrophilic trichloromethyl radical to the nucleophilic
double bond provides an iridium-coordinated ketyl radi-
cal (intermediate III), which is oxidized to an iridium-
coordinated product (intermediate IV), followed by prod-
uct release. In the case of the stronger coordinating 2-acyl
pyridines,” the replacement of coordinated product with
new substrate (IV—I) is probably mediated by an initial
coordination of one or two acetonitriles, thus explaining
the requirement for acetonitrile as a cosolvent.

The described catalytic cycle intertwines with a photo-
redox cycle that generates a trichloromethyl radical upon
SET from the photoactivated photosensitizer to BrCCl,
and subsequent release of bromide. A determined quan-
tum yield of 5 indicates that the trichloromethy radical is
also formed by direct electron transfer from the strongly
reducing ketyl radical intermediate III to BrCCl3, thereby
leading to a chain propagation. The formation of transient
trichloromethyl radicals could be verified by trapping
with an electron-rich alkene (see Supporting Infor-
mation). Importantly, previous mechanistic experiments®
and a Stern-Volmer plot shown in Figure 5 strongly sug-
gest that it is the neutral intermediate iridium enolate
complex (IT) which serves as the active photosensitizer, as
its photoexcited state is quenched by BrCCl, significantly
faster compared to the cationic complexes I and rac-IrS.
Furthermore, the single-electron-oxidized complex II
(corresponding to PS* in Figure 4) was trapped efficiently
by TEMPO (see Supporting Information). Thus, chiral
iridium enolate II is a key intermediate which provides
the crucial asymmetric induction in the reaction with
trichloromethyl radicals, in analogy to Zakarian’s radical
addition to metal enolates,” and simultaneously serves as
the visible-light-activated photosensitizer for triggering
electron transfer catalysis. It is also worth noting that
enolate II is a common intermediate of both the light and
dark reaction cycle, and the observed light-induced
switch in product formation (Table 1) can be explained
with an outcompetition of the electrophilic bromination
by the fast radical addition step.'®
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Figure 4. Putative mechanism for the visible light activated
asymmetric catalysis. SET = single electron transfer, PS =
photosensitizer in form of enolate intermediate II.
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Figure 5. Luminescence quenching experiments. I, and I =
luminescence intensities in the absence and presence of the
indicated concentrations of BrCCl;, respectively. N-Methyl
instead of N-phenyl imidazole derivatives were used for I and
IT due to higher stability of the enolate complex.

In conclusion, we here reported the first example of an
enantioselective, catalytic trichloromethylation. Excellent
enantioselectivities are observed with multiple reactions
reaching 99% ee and even higher. The method is based on
a chiral iridium complex which serves a dual function, as
a catalytically active chiral Lewis acid and simultaneously
as a precursor for an in situ assembled visible-light-
triggered photoredox catalyst. The development of relat-
ed enantioselective perfluoroalkylations is underway in
our laboratory.

ASSOCIATED CONTENT

Supporting Information. Experimental details and chiral
HPLC traces. This material is available free of charge via the
Internet at http://pubs.acs.org.

AUTHOR INFORMATION

Corresponding Author
meggers@chemie.uni-marburg.de

Notes
The authors declare no competing financial interest.

ACKNOWLEDGMENT

We gratefully acknowledge funding from the German Re-
search Foundation (ME 180s/11-1) and the Philipps-
Universitdit Marburg. H.H. thanks the China Scholarship
Council for a stipend.

REFERENCES

(1) Recent reviews on asymmetric catalysis via visible light ac-
tivation: (a) Wang, C.; Lu, Z. Org. Chem. Front. 2015, 2, 179-190.
(b) Meggers, E. Chem. Commun. 2015, 51, 3290-3301. (c) Brim-
ioulle, R.; Lenhart, D.; Maturi, M. M.; Bach, T. Angew. Chem. Int.
Ed. 2015, 54, 3872-3890. (d) Pefa-Lopez, M.; Rosas-Herndndez,
A.; Beller, M. Angew. Chem. Int. Ed. 2015, 54, 5006-5008.

(2) Reviews on photoredox catalysis: (a) Fagnoni, M.; Dondi,
D.; Ravelli, D.; Albini, A. Chem. Rev. 2007, 107, 2725-2756. (b)
Zeitler, K. Angew. Chem. Int. Ed. 2009, 48, 9785-9789. (c) Yoon,
T. P,; Ischay, M. A.; Du, J. Nature Chem. 2010, 2, 527-532. (d)
Narayanam, J. M. R.; Stephenson, C. R. J. Chem. Soc. Rev. 2010,

ACS Paragon Plus Environment



P OO~NOUILAWNPE

Journal of the American Chemical Society

40,102-113. (e) Teply, F. Collect. Czech. Chem. Commun. 2011, 76,
859-917. (f) Xuan, J.; Xiao, W.-J. Angew. Chem. Int. Ed. 2012, 51,
6828-6838. (g) Shi, L.; Xia, W. Chem. Soc. Rev. 2012, 41, 7687-
7697. (h) Ravelli, D.; Fagnoni, M.; Albini, A. Chem. Soc. Rev.
2012, 42, 97-113. (i) Reckenthdler, M.; Griesbeck, A. G. Adv. Synth.
Catal. 2013, 355, 2727-2744. (j) Prier, C. K.; Rankic, D. A.; Mac-
Millan, D. W. C. Chem. Rev. 2013, 113, 5322-5363. (k) Hari, D. P.;
Konig, B. Angew. Chem. Int. Ed. 2013, 52, 4734-4743. (1) Schultz,
D. M.; Yoon, T. P. Science 2014, 343, 1239176.

(3) Studer, A.; Curran, D. P. Nature Chem. 2014, 6, 765-773.

(4) Zhang, N.; Samanta, S. R.; Rosen, B. M.; Percec, V. Chem.
Rev. 2014, 114, 5848-5958.

(5) For selected examples, see: (a) Nicewicz, D. A.; MacMillan,
D. W. C. Science. 2008, 322, 77-80. (b) Nagib, D. A.; Scott, M. E,;
MacMillan, D. W. C. J. Am. Chem. Soc. 2009, 131, 10875-10877. (c)
Neumann, M.; Fiildner, S.; Konig, B.; Zeitler, K. Angew. Chem.
Int. Ed. 2011, 50, 951-954. (d) DiRocco, D. A.; Rovis, T. J. Am.
Chem. Soc. 2012, 134, 8094-8097. (e) Cherevatskaya, M.; Neu-
mann, M.; Fuldner, S.; Harlander, C.; Kimmel, S.; Dankesreiter,
S.; Pfitzner, A.; Zeitler, K.; Konig, B. Angew. Chem. Int. Ed. 2012,
51, 4062-4066. (f) Rono, L. J.; Yayla, H. G.; Wang, D. Y.; Arm-
strong, M. F.; Knowles, R. R. J. Am. Chem. Soc. 2013, 135, 17735
17738. (g) Cecere, G.; Konig, C. M.; Alleva, J. L.; MacMillan, D. W.
C. J. Am. Chem. Soc. 2013, 135, 1521-1524. (h) Bergonzini, G.;
Schindler, C. S.; Wallentin, C.-].; Jacobsen, E. N.; Stephenson, C.
R. J. Chem. Sci. 2013, 5, u2-u6. (i) Arceo, E.; Jurberg, I. D,
Alvarez-Fernandez, A.; Melchiorre, P. Nat. Chem. 2013, 5, 750-
756. (j) Du, J.; Skubi, K. L.; Schultz, D. M.; Yoon, T. P. Science.
2014, 344, 392-396. (k) J. C. Tellis, D. N. Primer, G. A. Molander,
Science 2014, 345, 433-436. (1) Zhu, Y.; Zhang, L.; Luo, S. J. Am.
Chem. Soc. 2014, 136, 14642-14645. (m) Gutierrez, O.; Tellis, J. C.;
Primer, D. N.; Molander, G. A.; Kozlowski, M. C. J. Am. Chem.
Soc. 2015, 137, 4896-4899. (n) Wozniak, E.; Murphy, J. J.;
Melchiorre, P. J. Am. Chem. Soc. 2015, 137, 5678-5681. (0) Silvi,
M.; Arceo, E.; Jurberg, I. D.; Cassani, C.; Melchiorre, P. J. Am.
Chem. Soc. 2015, 137, 6120-6123.

(6) Huo, H.; Shen, X.; Wang, C.; Zhang, L.; Rose, P.; Chen, L.-
A.; Harms, K.; Marsch, M,; Hilt, G.; Meggers, E. Nature 2014, 515,
100-103.

(7) For a related discussion, see: Skubi, K. L.; Yoon, T. P. Na-
ture 2014, 515, 45—46.

(8) Natural products containing trichloromethyl groups: (a)
Hofheinz, W.; Oberhansli, W. E. Helv. Chim. Acta. 1977, 60, 660-
669. (b) Unson, M. D.; Rose, C. B.; Faulkner, D. J.; Brinen, L. S;

Steiner, J. R.; Clardy, J. J. Org. Chem. 1993, 58, 6336-6343. (c)
Orjala, J.; Gerwick, W. H. J. Nat. Prod. 1996, 59, 427-430. (d) Fu,
X.; Zeng, L.-M.; Su, J.-Y.; Pais, M. J. Nat. Prod. 1997, 60, 695-696.
(e) MacMillan, J. B.; Trousdale, E. K.; Molinski, T. F. Org. Lett.
2000, 2, 2721-2723.

(9) Diastereoselective conjugate additions of trichloromethyl
organometallics: (a) G. Helmchen, G. Wegner, Tetrahedron Lett.
1985, 26, 6047-6050. (b) Brantley, S. E.; Molinski, T. F. Org. Lett.
1999, 1, 2165-2167.

(10) Diastereoselective catalytic redox-mediated trichloro-
methylation: (a) Beaumont, S.; Ilardi, E. A.; Monroe, L. R.; Zakar-
ian, A. J. Am. Chem. Soc. 2010, 132, 1482-1483. (b) Gu, Z.; Zakari-
an, A. Angew. Chem. Int. Ed. 2010, 49, 9702-9705. (c) Ilardi, E. A,;
Zakarian, A. Chem. Asian J. 20m, 6, 2260-2263. (d) Gu, Z;
Herrmann, A. T.; Zakarian, A. Angew. Chem. Int. Ed. 2011, 50,
7136-7139. (e) Amatov, T.; Jahn, U. Angew. Chem. Int. Ed. 201,
50, 4542-4544. For an extension to perfluoroalkylations, see:
Herrmann, A. T.; Smith, L. L.; Zakarian, A. J. Am. Chem. Soc.
2012, 134, 6976-6979.

(u1) Hori; Y.; Nagano, Y.; Uchiyama, H.; Yamada, Y.; Taniguchi,
H. Chem. Lett. 1978, 73-76.

(12) Wang, C.; Zheng, Y.; Huo, H.; Rése, P.; Zhang, L.; Harms,
K.; Hilt, G. Meggers E. Chem. Eur. J. 2015, 21, 7355-7359.

(13) Although 2-acyl imidazoles can be converted to a wide va-
riety of carbonyl compounds (e.g. Evans, D. A.; Fandrick, K. R;
Song, H.-J.; Scheidt, K. A.; Xu, R. J. Am. Chem. Soc. 2007, 129,
10029-10041), these methods are not applicable to compounds 2
due to the sensitivity of the CCl; group towards HCI elimination
under basic conditions. See Supporting Information for test reac-
tions.

(14) Rossi, R. A.; Pierini, A. B.; Pefiéfiory, A. B. Chem. Rev.
2003, 103, 71-168.

(15) See Supporting Information for additional experiments
which confirm the significantly stronger coordination of 2-acyl
pyridines compared their imidazole analogs. For related observa-
tions, see also: Shen, X.; Huo, H.; Wang, C.; Zhang, B.; Harms,
K.; Meggers, E. Chem. Eur. J. 2015, 21, 9720-9726.

(16) See Supporting Information for a further mechanistic dis-
cussion regarding the competition between light and dark reac-
tion.

ACS Paragon Plus Environment

Page 4 of 5



Page 5 of 5 Journal of the American Chemical Society

TOC graphic:

@
ccl
N chir:rlr ca:’(ga:;ol"/) f
- 0
10 X = 2-(N-phenyljimidazolyl, 2-pyridyl CCls
11 21 examples
62 - 96% yield, 90 - >99.9% ee

©CoO~NOUTA,WNPE

ACS Paragon Plus Environment



