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Abstract

A series of new chiral squaric amino alcohols derived fratj(f-)-camphor and squaric acid were synthesized, and applied to the
enantioselective reduction of prochiral ketones with borane to give secondary alcohols with excellent enantiomeric excesses (up to 99%).
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction synthetic viewpoint. As a cheap and commercially available
chiral source, camphor is structurally rigid and can be eas-
Asymmetric reduction of prochiral ketones using oxaz- ily modified to form two chiral centres at atoms C-2, C-3.
aborolidines has become one of the standard tools for the synHowever, to the best of our knowledge, the derivatives from
thetic chemist, allowing access to enantiomerically enriched (R)-(+)-camphor were rarely used as chiral ligands in asym-
secondary alcohols with excellent enantiomeric excesses thametric reduction of prochiral keton§s0-17]
may serve as the chiral ligands for enantioselective syn-  Squaric acid (3,4-dihydroxy-3-cyclobutene-1,2-dione), as
thesis and highly useful intermediates in the synthesis of an aromatic four-membered cyclic compound with unique
bioactive compounds and natural produdts5]. Since the characteristics, has been applied widely in many different
introduction of this catalyst by Itsun®,7] and subsequent fields[18—22] Based on the cyclobutenedione structure, the
developments by Corey et §,9], the studies on mechanistic  acidic hydroxyl groups can be replaced by various functional
investigations, substrate applicability, and catalyst optimiza- groups so that many chiral ligands can be conveniently pre-
tion have never stopped and many interesting results havepared. The advantages of the structures are that the rigid ring
been obtained. However, itis difficult to synthesize both enan- of squaric acid can be attacked to either one or two chiral
tiomers of a product because both antipodes of aligand are noamino alcohols and that, at the same time, the rigid ring moi-
always readily available. Therefore, if the products could be ety provides an efficient chiral environment for coordination
prepared in both optical forms without troublesome resolu- of the substrates as well as the reagents in reactions. The
tion and the configuration of the products could be predicted, monoaminoalcohols of squaric acid can serve as prototypical
this method would be very attractive and desirable from a examples of bifunctional catalysts, since their substitutents at
C-3 of the squaric acid ring can be conveniently modified by
T Comespondi hor. Tol.: +86 28 8541 2285 fax: +86 28 8541 22 introducing a second function group, which can preferentially
e oo oetr oo o o0 2 et 2me, coordinate with th borane, ths leading to ntramolecular
E-mail addresses: luding@mail.sc.cninfo.net (D.i), delivery of hydride to the carbonyl group in a highly selec-
schemorg@mail.sc.cninfo.net (R.-G. Xie). tive manner. In our laboratory, chiral squaric acid derivatives
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were first used as efficient ligands for asymmetric reduction Table 1
of prochiral ketone{523—271 It seemed of interest to further Asymmetric reduction ab-bromoacetophenone using chiral squaric amino

examine their use as chiral ligands for these reactions. In this® " o
paper, we synthesized a series of new chiral squaric amino Br H
alcohols derived fromK)-(+)-camphor and squaric acid and ligand (0.1 equiv.), THF, 5°C s Br
subsequently utilized them in the catalytic asymmetric reduc- BH3Me,S (1.2 equiv.)
tion of prochiral ketones to achieve high enantioselectivity. - - -
Entry Ligand E.e. (%) Configuratiofi
1 5a 95 S
2 5b 99 S
2. Results and discussion 3 se 94 S
4 5d 96 S
. . . . . 5 6a 77 R
The synthesis of chiral squaric amino alcohols derived g 6b 84 R
from (R)-(+)-camphor and squaric acid is showrsicheme 1 7 6¢ 82 R
The 1,2-amino alcohol8, 4 from (R)-(+)-camphor were 2 Al of the chemical yield were >80% (isolated yield).
prepared according to the literature proced2&-30] The b Determined by capillary GC analysis with a CP-cyclodex 236 M

squaric acid diesters were formed by refluxing of squaric ~ (0.25 mmx 25m) column.

acid in corresponding alcohols. Subsequent treatmet of ¢ Determined by optical rotations comparing with the literature.

with the cis-endo-endo amino alcohoB and thecis-exo-exo

amino alcoho#t in the presence of BN gives corresponding

squaramidoalcohols, 6. In order to study the effect of C-3  this phenomenon is that the excess ligands maybe form the

substituents of the squaric acid ring, we prepared a series ofmultinuclear aggregates, which limit asymmetric catalysis in

ligands with different alkoxy groups on C-3 position. Allthe the reaction system. Therefore, the optimum reaction con-

ligands are new compounds and their structures were con-ditions are that the catalysts were formed in situ by mixing

firmed by elemental and spectral analyses. the ligands (0.1 equivalent) and B¥e>S (1.2 equivalent) at
These squaramidoalcohol ligands were applied to the 0°C, and that the subsequent reduction of prochiral ketones

asymmetric reduction of prochiral aromatic ketones. Accord- was performed at 50C in THF. We applied the ligands in

ing to our previous investigatidi31,32] the reaction condi-  the asymmetric reduction ef-bromoacetophenone, the sec-

tions were optimized, and the effects of solvents, temperatureondary alcohol products were obtained with e.e. value of up

and catalyst loading were scrutinized in the reductiomof  to 99% (Table 1. All the ligands gave good to excellent enan-

bromoacetophenone. THF was found to be far superior to tioselectivity. In the asymmetric reduction catalyzed by the

other solvents, such as toluene and dichloromethane. Theris-endo-endo amino alcohol ligands, the higher e.e. values

enantioselectivity were obviously affected by temperature were obtained than in the reactions catalyzedivyexo-exo

and the best temperature was’®8 When the reactions were  ligands6. The effect of C-3 substituents on the e.e. values was

carried out at room temperature, low chemical yield was inconspicuous (entries 1-4). Interestingly, when we used the

obtained and no asymmetric induction was observed. Thecis-endo-endo amino alcohol$ derived oxazaborolidines as

catalystloading was also animportant factor the optimum cat- catalysts, the configuration of the products was found t& be

alyst loading was about 10%. Further increasing the amountandR-alcohol was obtained by using th&-exo-exo amino

of ligands led to the decrease in the e.e. value. The reason foralcoholsé.

0, OR H 0
ﬁ( _ 3ord N
reflux S EtsN Etzo \¢ or OH 0]

OR
2 RO
5a R=Et
5b R="Bu 6a R=Et
5c R=nCGH13 6b R="Bu
5d R="CqH1 6c R="CgH13
NH,
OH
4

R-(+)-camphor

Scheme 1.
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to form chiral secondary alcohols. For the same reason, in the
0 transition stat® and10, 9 is more favored tha@0 and the

il o u hydride attacked on thRe-face of the carbonyl group to form

oA K- 0. o chiral secondary alcohols with the opposite configuration.
g 0 N B~ We then applied the best ligangb to the asymmet-

Rs .0 O-R R~ 0 g ric reduction of several ketone3gble 2. In all caseso-
.. B~H \|<"H’Et\H halogenated substrates, which are versatile intermediates for
R H H Rs H further synthetic manipulations were reduced with good to
7 8 excellent enantioselectivity (entries 5 and 6).
Rs~ -R_ R —Rs H

~.. H AN

Q H\é,H f\ o) H*é—H 3. Experimental

B 1
" H O~ ' H O-p
/Kl R 7 ‘K‘ 3.1. Instruments and materials
fo} o]
0

] Melting points were determined on a YRT-3 melting appa-
ratus and have not been corrected. Optical rotations were
9 10 measured at room temperature on a WZZ-1S automatic
polarimeter’H NMR and!3C NMR spectrawere recorded on
a Bruker UltraShiel™ 300 MHz spectrometer with chemi-
cal shift in ppm and tetramethylsilicon as internal standard.
The results may be rationalized by the proposed mecha-Mass spectra data were obtained on a megen—?@@ _
nism inFig. 1 Owing to the steric effect of two rigid rings spectrometer. Flash chromatography was carried out using
of squaric acid and camphor, the borane molecule as hydrideSiOz (230-400 mesh). Elemental analyses were performed
donor is difficult to coordinate with the nitrogen atom on the Witha Carlo Erba 1106 elemental analyzer.83He;S (S M)
oxazaborolidine ring to form the transition state proposed by Was purchased from Alfa Aesar. The solvent (THF) and all
Corey et al[8]. Besides, according to MOPAC simulation, prochiral ketones were pur_lfled before use. Othe_r Ch.em'cals
the hydride transfer is easy to occur when the second boraneVere obtained and used without any further purification.
molecule as hydride donor was coordinated with the oxygen
atom on C-3 of the squaric acid ring. Thus, we proposed that 3.2. Preparation of squaramidoalcohols 5, 6
the first borane molecule could combine to the nitrogen atom
to form Corey’s oxazaborolidine and that then the secondary ~ To asolution of squaric acid diest¢8d,32](1.1 mmol) in
borane molecule can only combine to the oxygen atom at C-320 ml of ether was added triethylamine (1.0 mmol) and 1,2-
of squaric acid ring. As a result the facial attack of hydride @mino alcohol3 or4) (1.0 mmol). The mixture was stirred at
to ketone substrates occurs through a macroheterocycle. If0om temperature for 24 h. The solvent was removed under
the transition stat@ and8, 7 is more favored thasi because ~ reduced pressure and residue was purified through column
of the steric interactions between the rigid ring of camphor chromatography on silica gel with petroleum:ethyl acetate,
and ketones, and hence the attack of hydride occurs on the3:2 (v/V) to give product as oil and then a white solid on
si-face of the electronically deficient carbonyl carbon atom standing.

Fig. 1. Postulated reactive complexes.

Table 2
Asymmetric reduction of prochiral aromatic ketones usihg
0 5b (0.1equiv.), BHyMe,S (1.2 equiv.) HO, _H

I R—<
R “Re THF, 50°C Rs
Entry Ketone Yield (%) E.e. (%} Configuratiofi
1 Tetralone 87 54 R
2 B-Acetonaphthalone 91 35 R
3 p-Chloroacetophenone 68 65 R
4 p-Trifluoromethylacetophenone 80 75 R
5 w-Bromoacetophenone 20 99 S
6 w-Chloroacetophenone 81 93 S
7 Propiophenone 85 51 R
8 Acetophenone 82 56 R

2 |solated yield.
b Determined by capillary GC analysis with a CP-cyclodex 236 M (0.25x@6 m) column.
¢ Determined by optical rotations comparing with the literature.
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3.2.1. 3-Ethoxy-4-{(I1R,2R,35,4S)-2-hydroxy-1,7,7- 3.2.5. 3-Ethoxy-4-{(I1R,2S,3R,4S)-2-hydroxy-1,7,7-
trimethylbicyclo[2,2,1 Jheptan-3-ylamino } cyclobut-3- trimethylbicyclo[2,2,1 Jheptan-3-ylamino } cyclobut-3-
ene-1,2-dione 5a ene-1,2-dione 6a

65% Yield; Mp 141-143C. [¢]3° +60.2 ¢ 0.5, CHCB); 60% Yield; Mp 114-116C. [«]3> +36.7 ¢ 0.2, CHCB);

'H NMR (300 MHz CDCB) &: 0.91 (s, 3H), 0.94 (s, 6H), H NMR (300MHz CDCh) & 0.91-1.01 (m, 12H),
1.22 (m, 2H), 1.46-1.48 (m, 5H), 1.83-1.88 (m, 1H), 2.05 (s, 1.36-1.64 (m, 4H), 1.75-1.92 (m, 1H), 2.05 (s, 1H), 3.75 (t,
1H), 4.13 (m, 2H), 4.77 (dd, 2H), 7.19 (brs, 1HFC NMR 1H), 4.10 (d,J 7.77, 1H), 4.75 (dd, 2H), 6.97 (brs, 1H}C

(300 MHz CDCB) 8: 191.11, 181.73, 178.61, 170.97, 73.09, NMR (300 MHz CDC}) 5: 191.08, 181.82, 178.54, 170.62,
69.88, 53.58, 51.34, 50.14, 45.45, 25.53, 19.98, 19.20, 18.17,78.49, 69.81, 60.77, 52.65, 49.36, 46.54, 32.63, 25.56, 21.62,
15.83, 13.58; MSif/z): 292 (M —1, 100), 263 (M —29, 20.93, 15.77, 11.13; MSi(z): 292 (M* —1, 100), 263 (M

61); Anal. Calcd for GgH23NO4: C, 65.62; H, 7.95; N, 4.76;  —29, 61); Anal. Calcd for @sH23NO4: C, 65.60; H, 7.91; N,

Found: C, 65.53; H, 7.85; N, 4.78. 4.75; Found: C, 65.53; H, 7.85; N, 4.78.

3.2.2. 3-n-Butoxy-4-{(IR.2R, 35,4S)-2-hydroxy-1,7,7- 3.2.6. 3-n-Butoxy-4-{(IR25,3R.4S)-2-hydroxy-1,7,7-

trimethylbicyclo [2.2.1]heptan-3-ylamino) trlmethyll{lcyclo[Z.Z.1]heptan-3-ylamm0)cyclobut-3-

cyclobut-3-ene-1,2-dione 5b ene-1 ,2—d19ne 6b - 1
45% Yield; Mp 75-77C. [o]% +43.8 (c 0.8, CHCI3); 1H 46% Yield; Mp 86-88C. [«]5”+37.4 ¢ 0.8, CHCB); "H

NMR (300 MHz CDCI3)8: 0.91-1.00 (m, 12H), 1.18-1.28 NMR (300 MHz CDC}) §: 0.87-1.09 (m, 12H), 1.23-1.28
(m, 1H), 1.40-1.54 (m, 4H), 1.74-1.83 (m, 4H), 1.88 (s, (M. 1H), 1.39-1.56 (m, 4H), 1.68-1.83 (m, 4H), 1.89 (s,
1H), 416 (m, 2H), 4.74 (t 2H), 7.14 (brs, 1H); 13C 1H), 3.72 ( 1H), 3.92 (d, J 7.98, 1H), 4.73 (t, 2H), 7.09
NMR (300 MHz CDCI3)8: 191.24, 181.75, 178.86, 170.84, (brs, 1H);"C NMR (300 MHz CDC}) &: 191.24, 181.78,
73.56, 73.12, 53.60. 51.39. 50.20. 45.45, 31.89, 25.56, 178.78, 170.41, 78.45, 7354, 60.77, 52.68, 49.37, 46.53,
20.00, 19.19, 18.63, 18.15, 13.60; MS (m/z): 320 (M 32.63, 31.92, 25.63, 21.63, 20.91, 18.62, 13.62, 11.12; MS
100), 263 (M+—57, 26); Anal. Calcd for C18H27NOA4: (mlz): 320 (M —1, 100), 263 (M —57, 26); Anal. Calcd for

C. 67.34 H, 8.49: N, 4.55: Found: C. 67.29: H, 8.41: CisHarNOs: C, 67.31; H, 8.45; N, 4.50; Found: C, 67.29; H,
N, 4.36. 8.41; N, 4.36.

3.2.7. 3-n-Hexyloxy-4-{(1R,2S,3R,4S)-2-hydroxy-1,7,7-
trimethylbicyclo[2.2. 1 Jheptan-3-ylamino)cyclobut-3-
1 2.di 5 ene-1,2-dione 6¢
ene-1,z-daione d¢ . . 25 .

: 24% Yield; Mp 132—133C. [«]25 +32.5 ¢ 0.5, CHCH);
. 32%yield: Mp 123-124C. [a)3+61.6 ¢0.23, CHC: 1" R (300MHz CDCh) 5 0.91-1.10 (m. 12H),
1H1 9“2"55 (3001'8";'2 1C72Cf)8 85- 0'2}4_1{)2 2(”‘* 11H2H£)1, 1 1:26-1.42 (m, 8H), 1.46-157 (m, 1H), 1.69-1.84 (m, 4H),
19-1.55 (m, 10H), 1.76-1.88 (m, 3H), 1.92 (s, 1H), 4.15 4 o6 (5 11), 3.72 (t, 1H), 3.90 (d, J 7.89, 1H), 4.70 (t, 2H),
(m, 2H), 4.74 (t, 2H), 7.29 (brs, 1HF’C NMR (300MHz 2’69 " 111)13C NMR (300 MHZd5-DMSO) 5: 194.17,

CDCly) &: 191.20, 181.83, 178.85, 170.86, 73.83, 73.15,
187.95, 182.79, 177.11, 83.15, 77.70, 65.92, 56.01, 53.79,
ig'g’;’ 511§3Ié 501'8191' 845f36£1'21§' 53;8&’ é?'§4éig'0%r22'56'51.54, 37.61, 35.95, 34.77,30.79, 29.75, 27.24, 26.61, 26.01,
99, 19.18, 18.18, 13.99, 13.59; M&/{): ( 19.04, 16.79; MSiilz): 348 (M' —1, 100), 263 (M —85,

—1, 100), 263 (M —85, 9); Anal. Caled for @HaiNOa: gy Anal Caled for GoHagNO4: C, 68.68: H, 8.87; N, 4.18;
C, 68.66; H, 8.86; N, 4.20; Found: C, 68.76; H, 8.88; -/ 1. C 6876 H. 8.88 N. 4.0l

3.2.3. 3-n-Hexyloxy-4-{(1R,2R,3S,4S)-2-hydroxy-1,7,7-
trimethylbicyclo[2.2.1 Jheptan-3-ylamino)cyclobut-3-

N, 4.01.
3.3. General procedure for the catalytic reduction of
3.24. 3—n-0ctyloxy—4-{(]R,2R,3S,4S)-2-hydr0xy-I, 7,7- prochira[ ketones
trimethylbicyclo[2.2. 1 Jheptan-3-ylamino)cyclobut-3-
ene-1,2-dione 5d To a 25 ml round-bottom flask was added 0.05 mmol (0.1

23% Yield; Mp 109-110C. []&> +63.5 ¢ 0.2, CHCh); equivalent) of chiral ligand in 3ml of THF. Under a nitro-
'H NMR (300MHz CDCh) §: 0.86-0.94 (m, 12H),  gen atmosphere and af@, BHz-Me,S (5M) (0.6 mmol,
1.17-1.57 (m, 14H), 1.74-1.83 (m, 3H), 1.88 (s, 1H), 4.14 (m, 1.2 equivalent) was added. The mixture was stirred°at 0
2H),4.73(t, 2H), 7.06 (brs, 1H}C NMR (300 MHz CDC}) for 0.5h and subsequent at room temperature for 2h and
8:191.18,181.87,178.84,170.89,73.81,73.17,53.56, 51.37,warmed to 50 C for a further hour. The ketone (0.5 mmol) in
50.19, 45.46, 31.74,29.94, 29.20, 29.09, 25.53, 25.42, 22.63,2 ml of THF was added slowly over a period of 1.5 hunder the
19.99, 19.18, 18.18, 14.08, 13.59; M&/f): 376 (M" —1, same temperature and stirred for a further hour. The reaction
100), 263 (M —113, 9); Anal. Calcd for H3sNOg: mixture was cooled to 0C and quenched with a 1N aque-
C, 70.06; H, 9.32; N, 4.05; Found: C, 70.03; H, 9.28; ous HCI solution (8 ml), then extracted with ethyl acetate
N, 3.71. (3mlx 10ml). The combined organic layer was washed
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twice with brine and dried with anhydrous MgsQ he sol-
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[10] S. Nakanishi, K. Kondo, K. Takemoto, Chem. Express. 2 (1987) 41.

vent was removed under reduced pressure. The residue wal-1] K. Tanaka, M. Matsui, H. Suzuki, J. Chem. Soc. Chem. Commun.

passed through a short silica gel column to afford the pure

product before being subjected to GC analysis.

4. Conclusion

In summary, we have synthesized a series of new chi-

ral squaric amino alcohols derived fromR){(+)-camphor

(1991) 1311.

[12] J.G. Quallich, J.F. Blake, T.M. Woodall, J. Am. Chem. Soc. 116
(1994) 8516.

[13] J.C. Fiaud, F. Ma&, H.B. Kagan, Tetrahedron: Asymmetry 9 (1998)
3647.

[14] TK. Yang, D.S. Lee, Tetrahedron: Asymmetry 10 (1999) 405.

[15] X.S. Li, C.H. Yeung, A.S.C. Chan, T.K. Yang, Tetrahedron: Asym-
metry 10 (1999) 759.

[16] V. Santhi, J.M. Rao, Tetrahedron: Asymmetry 11 (2000) 3553.

[17] V. Santhi, J.M. Rao, Synth. Commun. 30 (2000) 4329.

and squaric acid. These squaric amino alcohol ligands were[18] R. West, Oxocarbons, Academic, New York, 1980.

appliedto the catalytic asymmetric reduction of prochiral aro-
matic ketones with good to excellent e.e. values, and the reac-

[19] A.H. Schmidt, Synthesis (1980) 961.
[20] R. Prohens, S. Toas, J. Morey, P.M. D&y, P. Ballester, A. Costa,
Tetrahedron Lett. 39 (1998) 1063.

tions proceeded with predictable absolute stereochemistry,»1) p.. yuan, Y.z. Chen, J.C. Li, H.m. Zhao, Chin. J. Org. Chem. 12

The both enantiomers of the target product were obtained by

using two diastereoisomer liganfisindé.
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