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ABSTRACT: An asymmetric intramolecular Cannizzaro
reaction of aryl and alkyl glyoxals with alcohols has been
realized with an unprecedented high level of enantiose-
lectivity, on the basis of a newly developed congested TOX
ligand and a gradual liberation protocol of active glyoxals
from glyoxal monohydrates. Preliminary results suggested
a mechanism of enantioselective addition of alcohols to
glyoxals contributing most to the stereoselectivity, other
than by the dynamic kinetic resolution of hemiacetal
intermediates.

he intramolecular Cannizzaro reaction of a-keto alde-

hydes to a-hydroxy carboxylic acid (mandelic acid)
derivatives has been well-known since 1897." Typically, harsh
conditions such as strong bases and high temperature are
required, while later, reactions conducted under milder
conditions in the presence of Lewis acid catalysts were
established.” By employing chiral ligands, the asymmetric
version of this reaction may provide a unique access to optically
active a-hydroxy carboxylic acid derivatives which are of
significant synthetic and pharmaceutical importance.®> However,
this asymmetric process was still a quite challenging problem
due to low enantioselective induction.* The first catalytic
asymmetric version appeared in 1992, in which Nishinaga et al.
obtained 13.5% ee by using 2,2'-diamino-1,1'-binaphthalene
(DABN)-derived Schiff-base/cobalt(II) complex as a catalyst.4a
In 2000, Morken and co-workers reported a systematic study
on this reaction by screening a spectrum of Lewis acids and
chiral ligands such as BOX and BINAP, and achieved up to 33%
ee with Ph-BOX/Cu(OTf),.** Later on, Ishihara et al.
optimized this catalytic system further and found that the use
of anhydrous phenylglyoxal and Cu(SbFy), can increase the
reaction efficiency.** Even though the improvement of
enantioselectivity was limited, 54% ee and 73% yield represent
the best results so far (Scheme 1, eq 1).

Recently, we found that a type of sterically hindered
trisoxazoline (TOX) ligands newly designed in our lab
exhibited high efficiency in this reaction, giving an unprece-
dented high level of enantioselectivity (96% ee, Scheme 1, eq
2). Notably, a slow substrate-release strategy has been
established, leading to nearly quantitative yield in a short
reaction time, as well as the discovery of an alternative chirality
control step in this asymmetric transformation. Herein, we
report our preliminary results on this subject.
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Scheme 1. Asymmetric Cannizzaro Reaction of Glyoxals

Previous works:

0 BOX/Cu(SbFg), OH
0 (10 mol%) i ~=0 a
H ROH (=50 equiv), 24 h OR
1a 2
unstable Ref 4b: 57% vyield, 28% ee (with 1a*H,0)
Ref 4c: 73% yield, 54% ee
This work:
o TOX/CU(OTS), OH
OH (5 mol%) ~=0
- ; (2)
OH R'OH (5 equiv), MS, 2 h OR
13'H20 2
stable and 98% yield, 96% ee

commercially available o Highly efficient and enantioselective

+ Both aryl- and alkylglyoxals applicable

We commenced our study by employing phenylglyoxal as the
model substrate and ‘Bu-BOX/Cu(OTf), as the catalyst.® The
Cannizzaro reaction was first carried out in 1,2-dichloroethane
(DCE) with a toluene solution of anhydrous phenylglyoxal and
50 equiv of tert-butanol, according to the literature conditions.*
Obtained was 50% ee, but the reaction was slow and messy
(Table 1, entry 1), which may result from the oligomerization
of phenylglyoxal and other side reactions.">** We conceived
that keeping the highly active phenylglyoxal at a lower
concentration may suppress the oligomer formation, and the
commercially available phenylglyoxal monohydrate (1a-H,O)
in combination with molecular sieves (MS) could be used for
this goal, which would gradually release the unstable phenyl-
glyoxal along the reaction by removing water. To our delight,
this change led to a fast and clean reaction and also a simplified
operation (entry 2). Spurred by this success, we next focused
on the ligand screening. Ligands L3b and L3c (entries 3 and 4),
possessing a typical aryl and oxazolinyl side arm modification,
respectively,” were examined first. Gratifyingly, in comparison
with the parent ‘Bu-BOX ligand, the introduction of the two
kinds of side arm groups both significantly increased the
reaction efficiency (entries 3 and 4). Notably, TOX L3c greatly
improved the enantioselectivity to 73% ee (entry 4). After
solvent screening,® DCM was found to give a slightly better
enantioselectivity (entry S vs entry 4). After an extensive
screening of a number of TOX ligands, bulky ‘Bu-TOX was
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Table 1. Reaction Optimization”

o 10 mol% Cu(OTf),

o]
OH ~ 9 *
(Y L o e (Y
OH - it 2a R
13'H20
; Bn (L3b) @
: (LSg
N  N— - oo ij
% [
Bu Bu | %—<
i X ="'Bu(L3c), Ph(L3d)

R =Me (L3a)

: ipr (L3e), H (L3f) (L3h)
entry ROH L t (h) yield (%)° e (%)°
19¢ ‘BuOH (50 equiv) L3a 24 / 50
2°¢ ‘BuOH (50 equiv) L3a 2 68 50
3¢ ‘BuOH (50 equiv) L3b 2 99 47
4¢ ‘BuOH (50 equiv) L3c 2 99 73
S ‘BuOH (50 equiv) L3c 2 99 74
6 PrOH (50 equiv) L3c 2 91 37
7 Et,CHOH (50 equiv) L3c 2 929 76
8 Et;COH (50 equiv) L3c 2 99 81
9 Pr,CHOH (50 equiv) L3c 2 99 90
10 Pr,CHOH (5 equiv) L3c 2 99 88—-92
1V Pr,CHOH (5 equiv) L3c 2 99 94
12 "Pr,CHOH (5 equiv) L3d 2 97 92
13 "Pr,CHOH (5 equiv) L3e 2 99 96
14 Pr,CHOH (5 equiv) L3f 35 79 31
15 Pr,CHOH (5 equiv) L3g 2 97 9
16" Pr,CHOH (5 equiv) L3h 35 89 58

17¢  Pr,CHOH (5 equiv) L3e 2 98 9

“0.2 mmol scale, 0.1 M, MS (200 mg), ROH was added last after 1a
with a 10 20 min interval, N,. “Isolated yield. “Determined by chiral
HPLC. “With anhydrous la. “The reaction was performed in DCE
(1,2-dichloroethane). fAlcohol was added immediately after 1a.® £5
mol % of catalyst.

identified as the best, superior to other scaffolds.® This trend
indicated a steric demand in the stereochemical control
Therefore, more bulky alcohols which probably lead to a
better stereocontrol were examined. As anticipated, the
enantioselectivity improved gradually as the sizes of alcohols

increase (entries 6—9), and 90% ee could be achieved with 2,4-
dimethylpentan-3-ol (‘'Pr,CHOH) (entry 9). Furthermore, the
alcohol loading can be reduced from 50 equiv to S equiv
without loss of efficiency, but the ee values were not exactly
reproducible, varying in the range of 88—92% ee (entry 10).

This observation inspired us to perform a close examination
over several reaction protocols, and the results are very startling
(Scheme 2). Reaction 1 utilizing preformed anhydrous glyoxal
la gave a messy reaction with 71% ee. In contrast, reaction 2
under the present conditions using glyoxal monohydrate
directly afforded a quantitative yield and much better
enantioselectivity, albeit with a small variation in the ee value.
In this protocol, the alcohol was added last, with a 10—20 min
interval after mixing the catalyst and substrate. After repeating
the reaction several times, we realized that this interval may be
the reason for the ee changes. Reaction 3 was thus designed for
comparison, in which the alcohol was added immediately after
adding substrate. To our great pleasure, this protocol gave a
reproducible and even better result (94% ee, also see entry 11
in Table 1), and the reaction at a 100 mol % catalyst loading
can raise the selectivity to 97% ee. We thus suspected that the
difference in enantioselectivity between reaction 1 and reaction
2 may be caused by the different extent of noncatalyzed
formation of racemic hemiacetal 4a, as in reaction 1 the
highly active anhydrous glyoxal was largely excessive in relation
to the catalyst, while the active glyoxal in reaction 2 was
liberated gradually and kept at a relatively lower concentration.
As a consequence, there should be more racemic hemiacetal
formed in reaction 1, leading to a lower ee. This hypothesis was
well supported by the control reaction 4, in which as racemic
hemiacetal 4a was preformed (>98% NMR yield) before the
addition of the catalyst, the product was almost racemic (3%
ee). And the enantioselectivity at $1% conversion was also quite
low (10% ee).® This result strongly suggested that the high
enantioselectivity observed under our conditions may be not
dominated by the dynamic kinetic resolution of the hemi-
acetals, which was proposed previously for the BOX/Cu(II)
system. "™

To further probe the reaction mechanism, we performed the
crossover experiments with 1-deuterated phenylglyoxal and 2-
naphthylglyoxal (Scheme 3a), and no incorporation of
deuterium into the naphthyl product was observed. The
reaction run in CD;0D also gave no deuterium incorporation

Scheme 2. Optimization and Comparison of Reaction Protocols (Catalyst: L3c/Cu(OTf),; R = CH('Pr),)
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Scheme 3. Crossover Experiment and Reaction Route
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at the a-carbon position of the ester group in the product. Both
deuterium-label experiments were in accord with an intra-
molecular 1,2-hydride shift mechanism.*™” A reaction route was
thus proposed as shown in Scheme 3b. In view of the
aforementioned results in Scheme 2, the chiral induction occurs
at the catalyst-controlled alcohol-addition step, rather than via
dynamic kinetic resolution (DKR) of hemiacetal 4a.'® In fact, in
reaction 4, even at low conversion which normally favors the
kinetic resolution product, the ee remained very low (11% ee at
5% conversion).® The better stereocontrol with trisoxazoline
(TOX) ligands over the addition of the alcohol to 1a-Cu could
be explained in terms of a more congested environment created
around the reactive site with the assistance of the additional
tert-butyl oxazoline, while typical bisoxazoline (BOX) ligands
lack such a side arm regulator.7d’m

The effect and importance of the additional oxazoline group
became more significant when several TOX ligands containing
a different side arm oxazoline (L3c—L3h) were compared
together. As shown in Table 1 (entries 11—15), in contrast to
the high ee (92—96%) obtained with ligands L3c—L3e and
L3g, L3f that lacks a substituent at the pendant oxazoline,
resulted in a sharp drop in enantioselectivity by ca. 60% ee
(entry 14). This is consistent with the aforementioned steric
demand in the stereochemical control step, the alcohol-addition
step. A strong match/mismatch effect between the scaffold and
pendant oxazoline chirality was also observed (entries 15 and
16), which further manifested the influence of the pendant
group on the stereoselectivity. The homochiral ligand L3g
afforded a faster reaction and a much better selectivity (96% ee
vs 58% ee). In addition, the catalyst loading of L3e/Cu(OTf),
can be reduced to 5 mol %, and L3e as a solid is easy to handle
(entry 17). Under the optimized conditions, the reaction scope
was investigated next.

As shown in Table 2, the reaction worked well with a range
of arylglyoxals, and various functional groups such as -OMe, -F,
-Cl, -Br, CF;, NO, were all well tolerated. In general, high
yields and enantioselectivities can be accomplished regardless of
the electronic nature of the aryl groups and the substitution
patterns. In particular, substrate 1j containing a NO, group
which is usually susceptible to reductive conditions,'’ and
sterically hindered 2,4,6-trisubstituted substrate 1q, both can be
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Table 2. Reaction Scope®

(o] OH
OH 5 mol% Cu(OTf), H
7S 6 mol% L3e X 0
XA+ + ROH £
= OH (5.0 equiv) DCM, 4AMS, it A Og
1a-x*H,0 R = CH(Pr), 2a-x
OH OH OH
o _OT b
S 0. 3
Or MeO R Me Or
2a: 98%, 96% ee 2b: 99%, 91% ee® 2c: 94%, 91% ee
OH OH OH
F O cl R Br Or
2d: 99%, 96% ee 2e: 99%, 96% ee 2f: 96%, 94% ee
OH OH OH
Ph Ogr F4C R NC Or
2g: 96%, 95% ee 2h: 99%, 90% ee® 2i: 99%, 93% ee®
OH OH OH
.0 MeO A O (] % 0
03N R O Og
2j: 94%, 94% ee® 2k: 95%, 94% ee 21: 97%, 94% ee
OH F OH OH
Br .0 .0 o ‘0O
. UJT ¥
O R 0 O

2m: 96%, 94% ee

OH
o]

= =
o o
o] o]
,0_:<<<

R
2p: 99%, 92% ee®

2s: 98%, 91% ee
OH

2n: 98%, 96% ee
OH

2t: 99%, 94% ee

OH

20: 99%, 94% ee®

F  OH
F Or

2r; 94%, 98% ee

OH
¥
CT/Y )
Y
S O‘R

2u: 99%, 90% ee®
OH

o o)
Vi ]| O/Yo W\/\f
s R O R

0.
2v: 94%, 93% ee® 2w: 90%, 93% ee® 2x: 87%, 92% ee®?

o

“0.4 mmol scale, 0.1 M, 4 A MS (80 mg), 1a/ROH: 1/5, 5 mol %
catalyst. 10 mol % catalyst. “20 equiv of alcohol was used. “With 20
mol % catalyst.

smoothly converted to the desired products in high yields and
selectivities. Remarkably, the current catalytic system is also
compatible with alkylglyoxals (1w and 1x), furnishing aliphatic
a-hydroxy acid derivatives in high optical purity, an important
type of intermediate for the synthesis of many natural products
and bioactive molecules.'”” To our knowledge, the aliphatic
substrates have never been employed before in the asymmetric
Cannizzaro reaction. In addition, the product can be easily
converted to the corresponding methyl ester in nearly
quantitative yields with conservation of enantioselectivity by
treatment with BF;:2MeOH.® The corresponding methyl esters
of 2a and 2w were used to determine the absolute configuration
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of the products by comparing their optical rotations with the
literature values; other products were assigned by analogy.

In summary, the asymmetric intramolecular Cannizzaro
reaction of glyoxals has been realized for the first time with
high efficiency and high levels of enantioselectivity by
combining TOX/copper catalysis with a slow substrate-release
protocol. The catalytic system is mild and efficient, and
compatible with both aryl- and alkylglyoxals, allowing a facile
access to a variety of a-hydroxy carboxylic acid derivatives with
high optical purity. Preliminary results suggested that the high
enantioselectivity observed in the present reaction was mainly
dominated by the catalyst-controlled face-selective addition of
alcohols to coordinated glyoxals. Further mechanistic study and
the extension of the present catalytic system to other redox and
1,2-shift reactions are currently in progress in our laboratory.

B ASSOCIATED CONTENT

© Supporting Information

Experimental procedures, characterizations, analytical data of
products, and spectra of NMR and HPLC. This material is
available free of charge via the Internet at http://pubs.acs.org.

B AUTHOR INFORMATION

Corresponding Authors
shliao@sioc.ac.cn
tangy@sioc.ac.cn

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We are grateful for the financial support from the National
Natural Sciences Foundation of China (20932008, 21121062,
and 21072207), the Major State Basic Research Development
Program (Grant No. 2009CB825300), and the Chinese
Academy of Sciences.

B REFERENCES

(1) (a) Pechmann, H. v. Ber. Dtsch. Chem. Ges. 1887, 20, 2904.
(b) Fuson, R. C.; Gray, H.; Gouza, J. J. J. Am. Chem. Soc. 1939, 61,
1937. (c) Alexander, E. R. J. Am. Chem. Soc. 1947, 69, 289.
(d) Salomaa, P. Acta Chem. Scand. 1956, 10, 311.

(2) (a) Jin, S. J.; Arora, P. K; Sayre, L. M. J. Org. Chem. 1990, SS,
3011. (b) Likhar, P. R; Bandyopadhyay, A. K. Synlett 2000, 538.
(c) Abaee, M. S.; Sharifi, R.; Mojtahedi, M. M. Org. Lett. 2008, 7, 5893.
(d) Curini, M.; Epifano, F.; Genovese, S.; Marcotullio, M. C.; Rosati,
O. Org. Lett. 2005, 7, 1331. (e) Hayashi, Y.; Sasaki, Y. Chem. Commun.
2008, 2716. (f) Wang, Z.-C.; Jiang, Y.-J; Baiker, A; Huang, J. Acs
Catal 2013, 3, 1573.

(3) (a) Hanessian, S. Total Synthesis of Natural Products: The Chiron
Approach; Pergamon: New York, 1983. (b) Coppola, G. M.; Schuster,
H. F. a-Hydroxy Acids in Enantioselective Syntheses; Wiley-VCH:
Weinheim, 1997. (c) Yang, J.-W.; List, B. Org. Lett. 2006, 8, 5653.
(d) Sun, X.-F.; Li, W.; Zhou, L.; Zhang, X.-M. Chem.—Eur. ]. 2009,
1S, 7302. (e) Li, S; Zhu, S.-F.; Xie, J.-H.; Song, S.; Zhang, C.-M,;
Zhou, Q.-L. J. Am. Chem. Soc. 2010, 132, 1172. (f) Zhu, S.-F.; Zhou,
Q.-L. Acc. Chem. Res. 2012, 435, 1365.

(4) (a) Maruyama, K; Murakami, Y.; Yoda, K; Mashino, T.;
Nishinaga, A. J. Chem. Soc., Chem. Commun. 1992, 1617. (b) Russell, A.
E; Miller, S. P,; Morken, J. P. J. Org. Chem. 2000, 65, 8381.
(c) Ishihara, K; Yano, T.; Fushimi, M. J. Fluorine Chem. 2008, 129,
994.

(5) An elegant biomimetic approach via dienol mechansim afforded
35% vyield and up to 83% ee: Schmitt, E.; Schiffers, I; Bolm, C.
Tetrahedron Lett. 2009, 50, 318S.

16852

(6) For reviews on bisoxazoline/Cu(Il), see: (a) Ghosh, A. K;
Packiarajan, M.; Cappiello, J. Tetrahedron: Asymmetry 1998, 9, 1.
(b) Desimoni, G.; Faita, G.; Jorgensen, K. A. Chem. Rev. 2011, 111,
PR284. For selected recent studies, see: (c) Foltz, C.; Stecker, B.;
Marconi, G.; Bellemin-Laponnaz, S.; Wadepohl, H,; Gade, L. H.
Chem.—Eur. ]. 2007, 13, 9912. (d) Landa, A.; Richter, B.; Johansen, R.
L; Minkkila, A; Jorgensen, K. A. J. Org. Chem. 2007, 72, 240.
(e) Singh, P. K; Bisai, A,; Singh, V. K. Tetrahedron Lett. 2007, 48,
1127. (f) Toussaint, A,; Pfaltz, A. Eur. J. Org. Chem. 2008, 4591.
(g) Hager, M.; Wittmann, S.; Schatz, A; Pein, F,; Kreitmeier, P.;
Reiser, O. Tetrahedron: Asymmetry 2010, 21, 1194. (h) Harvey, J. S;
Simonovich, S. P.; Jamison, C. R;; MacMillan, D. W. C. J. Am. Chem.
Soc. 2011, 133, 13782. (i) Bigot, A.,; Williamson, A. E.; Gaunt, M. J. J.
Am. Chem. Soc. 2011, 133, 13778. (j) Nano, A; Brelot, L.; Rogez, G.;
Maisse-Francois, A.; Bellemin-Laponnaz, S. Inorg. Chim. Acta 2011,
376, 285. (k) Leboeuf, D.; Gandon, V.; Ciesielski, J.; Frontier, A. J. J.
Am. Chem. Soc. 2012, 134, 6296. (1) Li, J.; Pan, W.; Wang, Z.; Zhang,
X.; Ding, K. Adv. Synth. Catal. 2012, 354, 1980. (m) Deng, C.; Wang,
L. J; Zhu, J; Tang, Y. Angew. Chem, Int. Ed. 2012, S1, 11620.
(n) Song, X.-G.; Zhu, S.-F.; Xie, X. L.; Zhou, Q.-L. Angew. Chem., Int.
Ed. 2013, 52, 2555. (o) Xiong, H,; Xu, H,; Liao, S.; Xie, Z.; Tang, Y. J.
Am. Chem. Soc. 2013, 135, 7851.

(7) For reviews, see: (a) Zhou, J.; Tang, Y. Chem. Soc. Rev. 2005, 34,
664. (b) Bellemin-Laponnaz, S.; Gade, L. H. Actual Chimique 2007, 16.
(c) Hargaden, G. C.; Guiry, P. J. Chem. Rev. 2009, 109, 250S. For
selected examples, see: (d) Zhou, J.; Tang, Y. J. Am. Chem. Soc. 2002,
124, 9030. (e) Rasappan, R.; Hager, M.; Gissible, A.; Reiser, O. Org.
Lett. 2006, 8, 6099. (f) Seitz, M.; Capacchione, C.; Bellemin-Laponnaz,
S.; Wadepohl, H.; Ward, B. D.; Gade, L. H. Dalton Trans. 2006, 193.
(g) Gade, L. H.; Bellemin-Laponnaz, S. Chem.—Eur. J. 2008, 14, 4142.
(h) Schitz, A; Rasappan, R; Hager, M; Gissibl, A; Reiser, O.
Chem.—Eur. ]. 2008, 14, 7259. (i) Rendina, V. L.; Moebius, D. C,;
Kingsbury, J. S. Org. Lett. 2011, 13, 2004. (j) Rendina, V. L.; Kaplan,
H. Z.; Kingsbury, J. S. Synthesis 2012, 44, 686. (k) Li, J.; Liao, S.-H,;
Xiong, H.; Zhou, Y.-Y,; Sun, X.-L.; Zhang, Y.; Zhou, X.-G; Tang, Y.
Angew. Chem,, Int. Ed. 2012, 51, 8838. (1) Xu, H; Qu, J.-P,; Liao, S;
Xiong, H.; Tang, Y. Angew. Chem,, Int. Ed. 2013, 52, 4004. (m) Zhou,
Y.-Y,; Li, J; Ling, L; Liao, S.-H,; Sun, X.-L.; Li, Y.-X.; Wang, L.-];
Tang, Y. Angew. Chem,, Int. Ed. 2013, 52, 1452. (n) Zhou, J.-L.; Wang,
L.-J; Xu, H; Sun, X.-L,; Tang, Y. ACS Catal. 2013, 3, 685.

(8) For details, please see the Supporting Information.

(9) Ohshima, T.; Yamamoto, Y.; Takaki, U.; Inoue, Y.; Saeki, T.;
Itou, K,; Maegawa, Y.; Iwasaki, T.; Mashima, K. Chem. Commun. 2009,
2688.

(10) As reaction 4 also delivered the (S)-configured product, albeit
with very low selectivity, a slight enhancement of the enantioselectivity
by the DKR process is also possible.

(11) (a) Knifton, J. F. Tetrahedron Lett. 1975, 2163. (b) Knifton, J. F.
J. Org. Chem. 1976, 41, 1200. (c) Mashima, K.; Kusano, K. H.; Sato,
N.; Matsumura, Y.; Nozaki, K.; Kumobayashi, H.; Sayo, N.; Hori, Y;
Ishizaki, T.; Akutagawa, S.; Takaya, H. J. Org. Chem. 1994, 59, 3064.
(d) Li, Y.-J.; Izumi, T. J. Chin. Chem. Soc. 2002, 49, 50S. (e) Schabel,
T.; Belger, C; Plietker, B. Org. Lett. 2013, 15, 2858.

(12) (a) Valls, N.; Vallribera, M.; Carmeli, S.; Bonjoch, J. Org. Lett.
2003, S, 447. (b) Henke, B. R. J. Med. Chem. 2004, 47, 4118.
(c) Shrestha, S.; Bhattarai, B. R.; Cho, H.; Choi, J. K;; Cho, H. Bioorg.
Med. Chem. Lett. 2007, 17, 2728.

dx.doi.org/10.1021/ja409859x | J. Am. Chem. Soc. 2013, 135, 16849—16852


http://pubs.acs.org
mailto:shliao@sioc.ac.cn
mailto:tangy@sioc.ac.cn

