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Abstract: The Co-symmetric complexes [C8(J-tert-butylbis(oxazolinyl)](SbE) (2a), its bis(aquo) counterpart
[Cu(S,9-tert-butylbis(oxazolinyl)(HO).](SbFs). (4), and [CuE,9-phenylbis(oxazolinyl)]|(OTH (1c) have been

shown to catalyze the enantioselective ene reaction between glyoxylate esters and various olefins. Monosub-
stituted, disubstituted, and trisubstituted olefins each react with ethyl glyoxylate in the presence- 1 0.2

mol % of catalystd, 2, and4 to afford the ene products in good yield and enantioselectivity. Congaddras

also been shown to catalyze the addition of 1,1-disubstituted olefins to methyl pyruvate in good yields (76
95%) and excellent enantioselectivies98% ee). The synthetic utility of the glyoxylatene reaction was
demonstrated by conversion of the resultoadiydroxy ester into the corresponding methyl ester, free acid,
Weinreb amide, andi-azido ester, all with no detectable racemization.

Introduction Me Me 2+ Me, Me 2+

The carbonyt-ene reaction is an important carbecarbon O\N)KWO ox O\IY)SI/O ox
N_ ,N\> S/N\ ,N\>
Cu > Cu E
R R

bond forming process. As a consequence, the development of
enantioselective variants of this reaction is a topic of ongoing
interest! and both chiral auxiliary-basédnd catalytié* ver-
sions have been reported. The glyoxylate and pyruvate variants
of this reaction (eq 1, R= H, Me) afford a-hydroxy esters,
versatile synthons in organic synthe3ighe objective of this

MesC HZO/ \OHZ bMeg
1, X = OTf 3, X=0Tf
2, X = SbFg 4, X = SbFg
a:R=CMeg; b: R=CHMey; c:R=Ph; d:R=Bn

research effort has been to investigate the utility of the chiral R2 o RZ O
bis(oxazolinyl) (box) Cu(ll) complexed—4 as Lewis acid R’\/ LR R! or (1
catalysts in the enantioselective carbenghe reaction with OR Ny

. . . M A
a-dicarbonyl substrates. Prior studies from our laboratory had ¢ o Ho R

provided the precedent that one might expect the illustrated OWO 1
catalyst-substrate comple& (R® = H, Me) would exhibit good L S/IN Nl\) ox _T
facial discrimination in this process. o

Prior Art. Major advances in the development of chiral
auxiliary based enantioselective carbonghe reaction variants R%=H, Me
have been reported by WhiteselGlyoxylate esters derived
from 8-phenylmenthol react with a broad variety of olefins to
afford the ene products in high diastereoselectivity when

promoted by SnGl(eq 2). In another significant study, the first
example of a catalytic enantioselective ene reaction was reporte

MesC of o CMes

RS OR

by Yamamotd® The scope of this reaction was limited to
pentafluorobenzaldehyde as the carbonyl component and nu-
cleophilic olefins such as 2-(phenylthio)propene. More recently,
d\/likami and Nakai have reported a catalytic enantioselective
ene reaction with glyoxylate estetsWhile this reaction is

(1) For a general review of enantioselective ene reactions see: (a) lestricted to 1,1-disubstituted olefins due to the modest Lewis

Mikami, K.; Shimizu, M.Chem. Re. 1992 92, 1021-1050. (b) Dias, L. acidity of the titanium-BINOL complex, the enantioselection
C. Curr. Org. Chem200Q 4, 305-342. i ; i ;

(2) Whitesell, J. K.; Bhattacharya, A.; Buchanan, C. M.; Chen, H. H.; I?Ble[i](((:)efq'o'g?l (eq 3|) AIthoygh InEIthIer the Strulcturﬁ of the gctlve
Deyo, D.; James, D.; Liu, C.-L.; Minto, M. ATetrahedror.986 42, 2993- ( ) 1Cl catalyst nor its glyoxylate complex has yet been
3001 and references therein. Reaction betwéeyoxyloyl-(2R)-borane- characterized, nonchelating activation of the glyoxylate has been

10,2-sultam and monosubstituted olefins has also been reported: Jezewskiproposed. It was our expectation that the more Lewis acidic

A.; Chajewska, K.; Wielogeski, Z.; Jurczak, JTetrahedron: Asymmetry S _ . .
1097 8, 17411749, cationic Cu(ll) complexe4—4 might extend the scope of this

(3) Mauruoka, K.; Hoshino, Y.; Shirasaka, T.; Yamamoto,Tidtrahe- process.
dro(n)l_(et)t. l9|;88 29, 39677397C|). A (©) Mik Cu(ll) Complexes. We have recently reported that bidentate
4) (a) Mikami, K. Pure Appl. Chem1996 68, 639-644. Mikami, ; ; _ ;
K.; Terada, M.; Nakai, TJ. Am. Chem. S0d499Q 112, 3949-3954. bis(oxazolinyl) (box) Cu(ll) complexesl—4 are effective
(5) Coppola, G. M.; Schuster, H. E-Hydroxy Acids in Enantioselect (6) Corey, E. J.; Barnes-Seeman, D.; Lee, T. W.; Goodman, S. N.
SynthesesVCH: Weinheim, 1997. Tetrahedron Lett1997 38, 6513-6516 and references therein.
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enantioselective catalysts in the Dielslder,” aldol 8 Michael?

and aminatiot reactions!! In all of these processes, substrate
catalyst chelation has afforded high levels of asymmetric
induction and predictable models for chirality transfer. The
cationic Cu(ll) complexes such as [Q&)§-tert-butylbis-
(oxazolinyl)](Sbk), (2a), are also considerably more Lewis
acidic than the general family of titanium(IV)-based Lewis acids,
[TiI(OR),]Cl,, that have been used as ene and Didlkler
reaction catalysts.

Those reactions involving chelate activationoetlicarbonyl
substrates by the Cu(ll)-box catalyst (e.§, eq 1) are
particularly relevant to the present investigation. Aldol reactions
of pyruvate estef&d (eq 4) and hetero-DielsAlder reactions
of B,y-unsaturatedo-keto ester® (eq 5) both proceed in

o
Meofj\
Me
o

Me OHO

OTMS .
catalyst 1a MGON t
+ — = S, S'Bu
)\S'Bu I s (4)

99% ee
1a, [Cu((S,S)-+-Bu-box)])(OTf),

3, [Cu((S,S)-1-Bu-box)(H20),](OTf),
Me

Me V
p | 3
Ei0 + LoEt catalyst 3 @
(o} EtO,C” "O” "OEt
o

97% ee, 24:1 endo : exo

()

excellent enantioselectivity in the presence of Cu(ll)-box
catalysts. Catalystsubstrate complexesa and 5b have been
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Ry OR,

5a R, =Rp=Me
5b R, = Et, Ry = CH=CH(Me)

Nu (Si face)

5a - PM3

Figure 1. Calculated PM3 structure of [C&(S-t-Bu-box)(pyru-
vate)p".

been observed in hetero-Dielglder reactions employing
glyoxylate esters and Cu(ll)-box complex&dn the following
discussion, we demonstrate that these chiral complexes also
catalyze the enantioselective addition of a variety of olefins to
glyoxylate and pyruvate estets.

Ene Reactions of Glyoxylate Esters

A preliminary evaluation of the ene reaction between meth-
ylenecyclohexane and ethyl glyoxylate-af8 °C revealed that
[Cu((S,9-t-Bu-box)](OTf) (18) promoted a highly selective ene
process; however, no catalyst turnover was observed. When the
reaction temperature was increased t6@5the process became
catalytic in metal complexla with only modest loss of
enantioselectivity (eq 6). On the basis of this lead, this process
was employed for reaction optimization.

o o
Iy om os: @
(¢] OH

6
1a, [Cu((S,S)-+-Bu-box))(OTf),

10 mol% 1a
CH,Cl,

-78'C : 96% ee (S), 8% yield
25 ‘C : 86% ee (S), 94% yield

Reaction Optimization. Various Cu(ll)-box complexes and
counterions were examined in the reaction of methylene
cyclohexane and ethyl glyoxylate (Table 1). The [&y§-t-
Bu-box)](Sbk). complex2aexhibited high reactivity affording
the ene products in excellent enantioselectivity. While the [Cu-
((S,9-Ph-box)](OTf) complexlcis also an excellent catalyst

implicated as the species responsible for the observed enantifor this reaction, the absolute stereochemistry of the resulting
oselection (Figure 1). Itis noteworthy that ene byproducts have product R)-6 is opposite to that produced b 8-t-Bu-box

(7) (@) Evans, D. A;; Miller, S. J.; Lectka, T. Am. Chem. S0d.993
115 6460-6461. (b) Evans, D. A.; Lectka, T.; Miller, S. Jetrahedron
Lett. 1993 34, 7027-7030. (c) Evans, D. A.; Murry, J. A.; von Matt, P.;
Norcross, R. D.; Miller, S. JAngew. Chem., Int. Ed. Endl995 34, 798—
800. (d) Evans, D. A.; Barnes, D. Metrahedron Lett1997 38, 57—58.
(e) Evans, D. A,; Miller, S. J.; Lectka, T.; von Matt, . Am. Chem. Soc.
1999 121, 7559-7573. (f) Evans, D. A.; Johnson, J. $. Org. Chem.
1997 62, 786—-787. (g) Evans, D. A.; Johnson, J. &.Am. Chem. Soc.
1998 120, 4895-4896. (h) Evans, D. A.; Johnson, J. S.; Olhava, E.J.
Am. Chem. So200Q 122, 1635-1649.

(8) (a) Evans, D. A.; Murry, J. A.; Kozlowski, M. Gl. Am. Chem. Soc.
1996 118 5814-5815. (b) Evans, D. A.; Kozlowski, M. C.; Burgey, C.
S.; MacMillan, D. W. C.J. Am. Chem. Sod 997, 119 7893-7894. (c)
Evans, D. A.; Kozlowski, M. C.; Murry, J. A.; Burgey, C. S.; Connell, B.
J. Am. Chem. S0d.999 121, 669-685. (d) Evans, D. A.; Burgey, C. S;
Kozlowski, M. C.; Tregay, S. WJ. Am. Chem. S0d.999 121, 686—699.
For Sn(ll)-box complexes as aldol catalysts see: (e) Evans, D. A
MacMillan, D. W. C.; Campos, K. Rl. Am. Chem. S0¢997, 119, 10859~
10860.

(9) (a) Evans, D. A.; Willis, M. C.; Johnston, J. rg. Lett.1999 1,
865-868. (b) Evans, D. A.; Rovis, T.; Kozlowski, M. C.; Tedrow, J.JS.
Am. Chem. Sod999 121, 1994-1995.

(10) Evans, D. A.; Johnson, D. ®rg. Lett. 1999 1, 595-598.

(11) For two recent reviews on various aspects of chiral €)(ewis

catalystslaand2a (vide infra). Accordingly, either enantiomer
of 6 may be obtained from a single enantiomeric ligand series.
The bis(aquo) complex [CUB(S-t-Bu-box)(HO).](SbF),
(4), a bench-stable blue crystalline solid that is readily obtained
from solutions oRa upon exposure to water, was also evaluated
as a reaction cataly$t.This complex was also found to be an
effective catalyst for this reaction with only a slight decrease
in reaction rate relative to the anhydro compkaq(eq 7: 97%,
96% ee, 25°C, 1 h). Due to the practical advantages of [Cu-

(12) (a) Johannsen, M.; Jgrgensen, KJAOrg. Chem1995 60, 5757
5762. (b) Ghosh, A. K.; Mathivanan, P.; Cappiello, J.; Krishnan, K.
Tetrahedron: Asymmetr§996 7, 2165-2168. (c) Johannsen, M.; Jar-
gensen, K. AJ. Chem. Soc., Perkin Trans.1®97 1183-1185. During
the course of this research two examples of Cu(ll)-box catalyzed glyoxy-
late—ene reactions have appeared: (d) Gao, Y.; Lane-Bell, P.; Vederas, J.
C.J. Org. Chem1998 63, 2133-2143. (e) Gethergood, N.; Jgrgensen, K.
A. J. Chem. Soc., Chem. Commad999 1869-1870.

(13) A preliminary account of this work has appeared: Evans, D. A,;
Burgey, C. S.; Paras, N. A.; Vojkovsky, T.; Tregay; S. WAm. Chem.
Soc.1998 120 5824-5825.

(14) The X-ray structure of complekreveals a distorted square-planar

acid-catalyzed processes see: (a) Evans, D. A.; Rovis, T.; Johnson, J. Scopper center. The twoJ@—Cu—N—C dihedral angles are 30.and 36.0.

Pure Appl. Chem1999 71, 1407-1415. (b) Johnson, J. S.; Evans, D. A.
Acc. Chem. Re®00Q 33, 325-335.

See: Evans, D. A; Peterson, G. S.; Johnson, J. S.; Barnes, D. M.; Campos,
K. C.; Woerpel, K. A.J. Org. Chem1998 63, 4541-4544.
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Table 1. Effect of Ligand and Counterion in the Glyoxylat&ne Reaction ScopeThe scope of the glyoxylate reaction with

Reaction (Eq 7) other olefins was then investigated. As a class, simple 1,1-
Mo Mo % disubstituted olefins were all found to be excellent substrates

So/‘N N|\°> ox- (Table 4). The [Cu@,S-t-Bu-box)(HO)2](SbFs). complex @)
e~ afforded excellent enantioselectivities and yields in the reactions

M x=OTt o of ethyl glyoxylate with isobutylenep-methylstyrene, and

) 0 2, X = SbFg okt () methylenecyclopentane. The [CQ(Q-Ph-box)](OTf)Z (19)

O/f WY)LOE‘ 10 mol % cat L complex provided the cqrrespondlr@)(a-_hydroxy esters W|th

o] CHgClp, 25 °C 6 good to excellent enantiocontrol and yield. Absolute configu-

ration of each product was determined by conversion to the

- B a b ) 3 ;
entry  R-Box X time, b % ee derived MTPA esters (Supporting Information).
; }; %ﬁlg‘HM 8% g 713 ((g)) The Cu(ll)-box complexes may also be employed to catalyze
3 1d R=Bn © OTf 8 2 (R) additions of unsymmetrical 1,1-disubstituted olefins to ethyl
4 la,R=CMe; OTf 20 86 (S) glyoxylate. As shown in eq 8, two isomeric ene products are
""""""""""""""""""""""" possible. In the demanding case of 2-methyl-1-butene, the
5 2¢, R=Ph SbFg 1 70 (R)
6 2b, R=CHMe, SbFg <3 36 (S)
7  2d,R=Bn SbFg <3 23 (S) R o
§  2a R-CMe; SbFg a0 9% . o Woa .
2Time to complete conversiof Enantiomeric excess determined k‘/ Hm)koa Satlcord OH (8)
by GLC (Cyclodexg column). e o Y 0
e
OEt B
Table 2. Solvent and Temperature Effects in the Catalyzed 1c, [Cu((S,S)-Ph-box))(OTf), | OH
Glyoxylate-Ene Reaction (Eq 7) 4, [Cu((S,S)-t-Bu-box)(Hy0),)(SbFg)2 R

o}
O 10mol% 4 o
N \“)k 1O moe 2 oet M catalyst-glyoxylate complex must discriminate between a
+ I Ot OH methyl and an ethyl group to effect a regioselective process.
6

While the reaction proceeds with both [C8(§-t-Bu-box)-

entry solvent® T,°C time,h? % ee® % yield® (H20)2](SbFs)2 (4) and [Cu(E,3-Ph-box)](OTf} (1¢) in good
| THF 25 < 9B nd yields to afforq10 (90% and 84%' ee, respectively), virtually
2 PhCHs 25 <2 97(S) nd no regioselection was observed in the case of catdlyestd
3 Ey0° 25 <2 97(9 nd only 2:1 regioselectivity was noted for catalykt (Table 5).
‘5‘ ggsg’ %g n? 1;2 (R) nd The addition of 2-methyl-1-heptene to ethyl glyoxylate catalyzed
6 CHicé 0 <1 97 g)) g; by 4 proceeds with excellent enantioselectivity to yie®-11
7 CHCl, -30 19  99(S) 93 (96% ee); however, the regioselectivity is again only 3:1. In

2 All experiments were performed at 0.33 M in substrét€ime to contrast, the Ph-box derived catalyst mediates the process
complete conversiorf.Enantiomeric excess determined by GLC (Cy- with gupenor.rggloselectl\./lty (90:10) W.hlle malntalnlng high
clodex$ column).@ Isolated yields¢ Low solubility of catalyst in this  €nantioselectivity to provide the enantiomeric adduRX1

solvent. nd= not determined. (91% ee). This level of regioselectivity has not been obtained
with this olefin in other catalytic systens.
((S,9-t-Bu-box)(H:0),](SbFs)2 (4), optimization of the carbon- Functionalized 1,1-disubstituted olefins, such as silyl and

yl—ene reaction parameters was investigated with this complex.benzyl-protected methallyl and homomethallyl alcohol deriva-
Examination of various solvents in the reaction of methylene- tives, also react with ethyl glyoxylate in the presence of the
cyclohexane and ethyl glyoxylate catalyzed by compfex  Cu(ll)-box catalysts. The reaction of silyl-protected 2-methyl-
revealed that high enantioselectivities were obtained iaGlH 2-propen-1-ol catalyzed b¥ and 1c affords 12 in excellent
(96% ee), THF (93% ee), toluene (97% ee), and diethyl ether enantioselectivity (96% and 91% ee, respectively) uncontami-
(97% ee) (Table 2). Not unexpectedly, the use of coordinating nated by regioisomeric byproducts. Yet with bdtand1c, the
solvents such as acetonitrile resulted in diminished enantio- homologuel3is produced in relatively low enantioselectivity.
selectivity (38% eeK)) and reaction rate. High yields and The benzyl-protected 2-methyl-2-propen-1-ol is an excellent
enantioselectivities could be obtained in methylene chloride over substrate for botid and 1c affording 14 in high enantioselec-
the temperature range 630 to+25 °C (entries 5-7). While tivities (98% and 92% ee, respectively) with no regiochemical
methylene chloride was chosen for subsequent studies, othetbyproducts isolated. The benzyl protected homologue is also
reaction solvents should not be excluded. less selective in the reaction with glyoxylate, affordibg in
Catalyst loading was examined using [CRi-t-Bu-box)- modest enantioselectivity and regioselectivity. The absolute
(H20),](SbFs)2 (4) and methylenecyclohexane (Table 3). It was configurations of the compounds illustrated in Table 5, with
found that catalyst loadings as low as 0.2 mol % may be two exceptions, were determined via conversion to the derived
achieved (entry 5: 86%, 97% ee); however, 1.0 mol % catalyst MTPA esters. The configurations of compourd@and15were
loadings are typically used for practical reasons. The amount assigned by analogy (Supporting Information).
of glyoxylate used in the reaction was also examined (Table To date, enantioselective reactions with 1,2-disubstituted
3). When the amount of glyoxylate used was increased from olefins have not been rendered catalytidiowever, in the
1.0 to 3.0 equiv, higher yields were obtained (entrie8h Use presence of 10 mol % of the anhydrous Cu(ll) complexes [Cu-
of 5.0 equiv of glyoxylate increased the yield to 95% (entry 9). ((S,3-t-Bu-box)(Sbk). (2a) and [Cu(§,3-Ph-box)](OTf} (1¢),
The use of the olefin in 3-fold excess also afforded good yield cyclohexene underwent reaction with ethyl glyoxylate (10 equiv)
and_(_anantloselectlvny (entry 10: 83%, 95% ee), ‘f.md no O.V.er' (15) For chiral auxiliary based examples see: Whitesell, J. K.; Bhatta-
addition products were observed. Unless otherwise specified,charya, A.; Aguilar, D. A.; Henke, KI. Chem. Soc., Chem. Comm@882
reactions were performed using 3.0 equiv of ethyl glyoxylate. 989-899.
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Table 3. Effect of Catalyst Loading and Amount of Glyoxylate in the Catalyzed Glyoxyl&iee Reaction (Eq 7)
o) o)

H
(Y oy o menee et )
o CH,Cl, 0°C, 1 h . OH

equiv  equiv
entry mol % cat. olefin glyoxylate % ee? % yield®

entry mol % cat. %ee? % yield®

1 10 97 96 6 1 1.0 1.0 97 52
2 5 97 97 7 1 1.0 2.0 97 86
3 2 97 90 8 1 1.0 3.0 97 90
4 1 97 90 9 1 1.0 5.0 96 95
5¢ 0.2 97 86 10°¢ 1 3.0 1.0 95 83

aEnantiomeric excess determined by GLC (Cyclogexelumn).® Isolated yields® Reaction time: 18 h.

Table 4. Catalyzed Enantioselective Ene Reactions between Ethyl Table 5. Catalyzed Ene Reactions between Ethyl Glyoxylate and

Glyoxylate and 1,1-Disubstituted Oleffhs Other 1,1-Disubstituted OlefiAs
olefin product?  cat (mol%) %eet % yield olefin product?  cat (mol%) % ee€ % yield? A:B°€
(0] Me Me o
40 97(S) 90 4(1)  84(S) 78 55:45
OFEt 1c (10) 87 (R) 99 OBt 1¢(10) 90(R) 91 67:33
OH 6 Me OH
o 10
Me a1l 96 (5) 83 CH CH 0
Y e OBt 1c(0) 2R 9 o - 4(l)  96(S) 89  60:40
Me
OH 7 Ot 1c(10) 91(R) 81 98:2
o Me OH 1

1c(10) 91(R) 85  >99:1

Me
[o]
oF 4(1) 96 (S) 95
t 1c (10) 76 (R) 97 OTBDPS OTBDPS O
o ( ( 4(1) 55(5) 71 >99:1

1lc(10) 48(R) 75 >99:1

Ph 93(8) 97
Ph 4 oTBOPS ~ OTBOPS O
\'/ \”/\HJ\OB 1c(10) 89(®) 99 4(1) 9% (S) 72 >99:1
OH 8
Me

Oi
I

o
ey

a All reactions performed at 0.33 M in substrate in £ at 0°C.
b Absolute configurations assigned by conversion to the MTPA esters
(Supporting Information)¢ Enantiomeric excess determined by GLC
(Cyclodex-b column)?Isolated yields.

sg{
]
N
i
I
[o]
m

(o]

42)  98(S) 62  >99:1
Ot  1c (10) 92 (R) 88 >99:1
Me OH

to provide theo-hydroxy esterl6 in high enantioselectivity

(Table 6: 98% and 94% ee, respectiveélfReaction diaste- OBn 08n 9 s() 825 98 7426
reoselectivity is ligand-dependent, and the Ph-box comptex 2 2‘Woa 1c(10) 89(R) 98  80:20
again exhibits greater selectivity than thBu-box catalystZa, Me OH 15

endo:exo 86:141c, endo:exo 95:5). The catalyzed reaction of  a A|l reactions performed at 0.33 M in substrate in £H} at 25°C.
cyclopentene with ethyl glyoxylate witBa afforded the ene P Absolute configurations assigned by conversion to the MTPA esters
product with excellent enantioselectivity§[{17: 96% ee), but (Supporting Information): Enantiomeric excess and A:B ratio deter-
only modest diastereoselectivity (endo:exo 2:1). With the Ph- Mined by GLC (Cyclode) column or DB-1701 column using MTPA

. . ester) or HPLC (Chiralcel OD-H columnd.isolated yields.
box derived complex, only the more reactive gbbmplex2c
could be employed to affordRf-17in modest enantioselectivity Ene reactions with trisubstituted cyclic olefins were also
and diastereoselectivity (78% ee, endo:exo 3:1). Both complexesinvestigated using [Cuf,S-t-Bu-box)(H0).](SbFs). (4) and
2a and 2c were ineffective in catalyzing the ene reaction of [Cu((S,3-Ph-box)](OTf} (1¢) (eq 9). The addition of 1-meth-
cycloheptene to ethyl glyoxylate to produt8. The addition ylcyclohexene to ethyl glyoxylate was catalyzedddy produce
of cis2-butené’ could be promoted b2a in excellent enan-  (9)-20 in excellent enantioselectivity and modest diastereo-
tioselectivity to afford §-19 but only in modest diastereose-  selectivity uncontaminated with regiochemical isomers (86%,
lectivity favoring the syn isomer (98% ee, anti:syn 40:60). 98% ee, endo:exo 78:22). Compléxafforded R)-20in good
Catalyst2c afforded R)-19in good enantioselectivity and high  enantioselectivity and higher diastereoselectivity, again without
diastereoselectivity favoring the anti isomer (90% ee, anti:syn any regiochemical products isolated (86%, 92% ee, endo:exo
88:12). Complexegaand2c were both ineffective in catalyzing

the reaction withtrans2-butene. The absolute and relative Me o : 0
stereochemistry of compound$ and17 were determined by . H\n)l\oa _catalyst || ot ©)
X-ray crystallography of the deriveg-methylbenzylamide. The CHaClz, 25°C !

absolute stereochemistry of compouttilis based on analogy. ° Me OH 20 (endo)
[Cu(t-Bu-box)(H20)2](SbFg)2 (4) (1 mol%): 98% ee (S), endo:exo

The relative stereochemistry d@ was determined by com- 78:22. 86% vi
. . . . 22, 6 yield
parison to literature data (Supporting Informatié®). [Cu(Ph-box)](OTH), (1¢) (10 mol%): 92% ee (R), endo:exo 83:11,

(16) A slower reaction and a reduced yield is observed whes 86% yield

(o}
employed. B ) ) ] CaH; H catalyst
(17) Due to the volatility otis-butene, the reactions were performed in v + OEt —— = C3Hy7 OEt  (10)
o CH,Clp, 25 °C

sealed tubes using glyoxylate as limiting reagent (see Supporting Informa- OH 21
tion). 0/ o, .
(%.8) Barlett, P. A.; Tanzella, D. J.; Barstow, J.F.Org. Chem1982 [Cu((S,5)-t-Bu-box)](SbFg), (2a) (10 mol%): 92% ee (S), E:Z

47, 3941. 96:4, 96% yield
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Table 6. Catalyzed Enantioselective Ene Reactions between Ethyl
Glyoxylate and 1,2-Disubstituted Oleffhs

olefin productb cat (mol%) % ee€ % yieldd ratio®
o) endo:exo
O 2a (10) 98 (S) 95  86:14
OBt 1¢(10) 94 (R) 70 95:5
OH 16
° endo:exo
@ Q(U\oa 2a (10) 96 (S) 83 66:33
2¢(10) 78(R) 72 7327
OH 17
o endo:exo
O 2a(10) nd <30  nd
Oft  2¢(10) nd <30 nd
OH 18
Me O anti:syn
/=\ 2a (10) 98 (S) 54 40:60
M Me | OFt 2¢(10) 90(R) 60 88:12

OH 19

a All reactions performed at 0.33 M in substrate in £ at 25°C.
b Absolute configurations assigned by X-ray crystal analysis or by
analogy (Supporting Informationj.Enantiomeric excess and diaste-
reoselectivity determined by GLC (Cyclod@xcolumn).¢Isolated
yields. nd= not determined.

89:11). The absolute and relative stereochemistrg@fvas
determined by X-ray crystallography of the derivednethyl-
benzylamide. Unfortunately, the analogy provided by methyl-
cyclohexene (eq 9) does not extend to either 1-methylcyclo-
pentene or 1-methylcycloheptene which afford multiple regio-
chemical isomers.

To date, no catalytic enantioselective ene reactions with
significantly less nucleophilic monosubstituted olefins have been
reportedt® However, with complex [Cu&,3-t-Bu-box)(Sbk)
(28), 1-hexene is a viable substrate in this reaction affording
ethyl (§-2-hydroxy-4-octenoate2() in 98% ee with excellent
(E) olefin selectivity (96:4) (eq 10). The absolute configuration
of the ene productOwas determined by sequential hydrogena-
tion and reduction to afford @-octane-1,2-diol for which the
spectral data and optical rotation were identical to that reported
in the literature?®

To demonstrate the preparative utility of this methodology,
the reaction of ethyl glyoxylate with methylene cyclohexane
was conducted on a 25-mmol scale employing 0.2 mol % (43
mg) of the Cu(ll)-box catalyst to generate the desired adduct
6 (4.3 g) in high yield and enantioselectivity (86%, 97% ee).

One potential limitation of the glyoxylateene reaction is
the need to use freshly distilled ethyl glyoxylate. It was found
that with an increased reaction time (24 h) comparable yields
and enantioselectivities could be realized using polymeric ethyl
glyoxylate solutions directly (Table 7}.While small amounts
of monomeric glyoxylate are present in undistilled glyoxylate,
it appears that catalyst$ and 1c are able to catalyze the
depolymerization of the glyoxylate. In an experiment using
undistilled glyoxylate with 3 equiv of methylene cyclopentane,
catalyst4 afforded §-9 in 98% yield and 97% ee.

Derivatization Reactions.The o-hydroxy ester ene products
are versatile chiral building blocks. Commercially availabl ethyl
glyoxylate is the logical choice for use in these reactions;

valis et al.

Table 7. Catalyzed Enantioselective Ene Reactions Using Distilled
and Undistilled Ethyl Glyoxylate with 1,1-Disubstituted Olefins

distilled undistilled
glyoxylate glyoxylate
olefin product cat(mol%) % ee® % yield? % ee® % yield!
0 |
o 4(1 97 (S) 90 E 98 (S) 92
o 1c (10) 87 (R) 99 + 84(R) 80
6 :
M 2 :
e.
Me\”/\l)‘\oa 40) 965 83 | 96(S) 98
o I 1c(10) 92(R) 92 ' 94(R) 73
7 H
9 H
Ph Ph 4(1) 93(S) 97 1\ 94(5) 99
Y NW 1clo) 89 9 | R 92
Me OH g H
o 1
on 4D 96(S) 95 ! 97(S) 85
& o 1c (10) 76 (R) 97  80(R) 96

a All reactions performed at 0.33 M in substrate in £H at 0°C.
b Fluka Brand 50% glyoxylate in toluene solutisrEnantiomeric excess
determined by GLC (Cyclodex-b columr)isolated yields.

affords acid23in 85% yield (eq 12). Weinreb amides are useful
intermediates for many organic transformatiéh$reatment of

6 with N,O-dimethylhydroxylamine hydrochloride and tri-
methylaluminum in THF at reflux afforded the amigéin 82%
yield (eq 13). NMR spectroscopic analysis of the Mosher esters
derived from adduct®22—24 indicated no racemization had
occurred in any of these reactions.

[o}

o
opt — <0 oMe (1)
MeOH
OH OH 4
0y H 0
97 % ee 85% yield, 97 % ee
o}
6 (95% ee) KOH w oH  (12)
MeOH
OH g
85% yield, 95% ee
Me o
HN, e
OMe N/
6 (97% ee) _ \ (13)
MegAl OH OMe
THF

24
82% yield, 97% ee

Azide displacement of the alcoh6lprovides a facile entry
into the synthesis of orthogonally protected unusuamino
acids? Initial attempts at azide displacement using diphenyl
phosphorazidate (DPPA) in refluxing toluéfhefforded the
o-azido esteR5in 63% yield; however, the product was racemic
(Table 8, entry 1). Use of 1,8-diazabicyclo[5.4.0Jundec-7-ene
(DBU) as the limiting reagent (0.95 equiv) resulted in extensive
racemization (entry 2: 20% ee). Fortunately, the more reactive
bis(p-nitrophenyl) phosphorazidate ((N2DPPAY® reagent
afforded the desired product in higher enantioselectivities, with
DMF being the optimal solvent (entries-8). The use of 1.2

however, if other esters are desired, simple base-promotedequiv of DBU resulted in product with 80% ee (entry 6), while

transesterification is possible. For example, treatmegtwith
K2CGO; in MeOH affords22 in 85% yield without detectable
racemization (eq 11). Racemization-free ester hydrolysis is also
possible. Treatment of estérwith aqueous KOH in MeOH

(22) Nahm, S.; Weinreb, S. Metrahedron Lett1981, 22, 3815. For a
review see: Sibi, M. POrg. Prep. Proc. Int1993 25, 15-40.

(23) For a review on the use of azides see: Scriven, E. F. V.; Turnbull,
K. Chem. Re. 1988 88, 297—368.

(24) Thompson, A. S.; Humphrey, G. R.; DeMarco, A. M.; Mathre, D.

(19) For chiral auxiliary examples see: Whitesell, J. K.; Lawrence, R. J.; Grabowski, E. J. J. Org. Chem1993 58, 5886-5888.

M.; Chen, H.-H.J. Org. Chem1986 51, 4779-4784.
(20) Otera, J.; Niibo, Y.; Nozaki, Hletrahedronl991, 47, 7625-7634.
(21) Fluka 50% glyoxylate in toluene solution.

(25) Mizuno, M.; Shioiri, T.J. Chem Soc., Chem. Comm@897, 2165~

2166. For the synthesis of (NPDPPA see: Shioiri, T.; Yamada, S.-I.
Chem. Pharm. Bull1974 22, 855-858.
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Table 8. Azide Displacement Conditions for Alcohél(Eq 14) Table 9. Optimization of the Catalyzed Ene Reaction between
o o Methylene Cyclohexane and Methyl Pyruvate (Eq 17)
OEt _ Azde.0BY 7~ TOEt (14) Me i n mol % 2a (s) i
OH ¢ solvent, 50 'C Ng o5 g + %OMe CHaCly —~ WOMe (17)
97 % ee 18 hrs 0 48 hrs Mé OH
Y Azide Solvent EquivDBU o, eca % yield® 2a, [Cu(S, S)- +Bu-box)](SbFe) %
1¢ DPPA PhMe 1.2 0 63 equiv
2¢ DPPA PhMe 0.95 20 61 entry olefin pyruvate cat(mol%) T,°C %ee’ 9 yield"
3 (NO,);DPPA PhMe 12 83 86
4 (NO,,DPPA PhMe 0.95 87 nd 1 1.0 5.0 10 25 98 30°¢
s (NO,),DPPA THF 0.95 93 60 2 5.0 1.0 10 25 99 35
6 (NO,,DPPA DMF 12 g 8l 2 30 0 30 2595
7 (NO,),DPPA DMF 0.95 295 72 5 5 10 10 0 o3 p
g (NO,),DPPA DMF 0.95 >95 75 6 10.0 1.0 10 40 98 71
7 10.0 1.0 20 40 98 84

a Enantiomeric excess determined by GLC (Cyclogegelumn).
blsolated yields¢ Reflux. ¢ Reaction time 36 h. nek not determined.

a Enantiomeric excess determined by GLC (Cyclogegelumn).

. . . b|solated yields¢ Large amounts of pyruvate decomposition products.
the use of 0.95 equiv of DBU resulted in product wi2% dTHF as solvente No reaction. nd= not determined.

racemization and in good yield (entries 6 and 7:=78% yield).
Table 10. Optimization of the Catalyzed Ene Reaction between
Ene Reaction of Pyruvate Esters Methylene Cyclopentane and Methyl Pyruvate (Eq 18)

o o}
The carbonyt-ene reaction with ketones has not been well Me\ﬂ)k nmol % 2a ©) (18)
studied, although it provides a simple route to homoallylic <:/[/ * i OMe ~ci,cn, 25 °C s Yo OMe

tertiary alcohols. To date, no enantioselective catalytic variants

of this process have been reported. In a relevant study, Whitesell 2a, [Cu((S S)-tBu-boxI(SbFe), il

has reported the reaction of the pyruvate estertrahs2- entry olefin (equiv) cat (mol%) time (h) % ee*® % yield’

phenylcyclohexanol with 1-hexene in the presence of 2 equiv 1 5.0 5 48 98 63

of TiCl, (eq 15)2%6 2 5.0 10 24 >99 74
In initial experiments, [Cu®,3-t-Bu-box)](Sbk), complex 3 1(5)-8 ig :g igg 3(5’

(2a) was found to promote the addition of methylenecyclohex- sd 5.0 s 48 03 08

. . e
ane to methyl pyruvate in excellent enantioselectivigd9% aEnantiomeric excess determined by GLC (Cyclodex-b column).

ee), butin low yields (35%) (eq 16). Other Cu(ll)-box catalysts v apsolute configuration assigned by X-ray crystal analysis (Supporting
were found to afford lower enantioselectivities. Information).¢ Isolated yields? 40 °C.

CHr . —_— oL 0°C c.a.talyst turnover was improved with little loss in enantiqselec-
K/ %\o%ﬁ“ et E XCWC% (15) tivity (entries 5 and 6: 98% ee). Use of 10 equiv of olefin and
o HO Me 20 mol % catalyst afforded an 84% yield (entry 6).
86 %de As shown in Table 10, the reaction of methylenecyclopentane

o] catalyst 2 with methyl pyruvate was more facile, requiring 10 mol %
+ Mem)\om —_ N OMe (16) catalyst and 25C to obtain27 in excellent enantioselectivity
8 CHoClz, 25 °C Me and yield (entry 4: 90%399% ee). Lower catalyst loadings
48h % could be used when the reaction was heated to reflux (entry 5:
[Cu((S,S)-t-Bu-box)](SbFg)a (2a) (10 mol%): >99 %ee, 35% yield 98%, 98% ee)_
) o L . Reaction ScopeThe scope of the pyruvateene reaction was
Reaction Optimization. Optimization of the reaction between  frther investigated using other 1,1-disubstituted olefins (Table
methylenecyclohexane and _methyl pyruvate catalyzed by [Cu- 11). Optimal results were obtained with 10 mol % [Si§-
((S,3-t-Bu-box)](Sbk), (28) is shown in Table 9. When the - hutyl-bis(oxazolinyl)|(SbE)z (24) in the reaction of methyl
olefin was used as the limiting reagent, the yield did not improve pyruvate with an excess of isobutyler@8{ 76%, 98% ee$®
and isolation of_the ene product from pyruvate de_composmon o-Methylstyrene (10 equiv) also reacted smoothly in the
products was difficult (entry 1)._A reaction employing 50 mol presence of 5 mol %8a, to afford ene adduc@9 in 88% yield
% catalyst2a was followed by in situ infrared spectroscopy. and in 98% ee. The absolute configuratior2@fvas determined
Rapid consumption of starting material was observed; however, by hydrolysis to the free acid, followed by X-ray crystal-
no free alcohol appeared during this time. Product isolation after lographic analysis of the 1-(1-naphthyl)ethylammonium salt

12 h resulted in a 50% yield &5 with >99% ee (entry 3).  (gypporting Information). The absolute configurations of com-
The reaction appears to be facile; however, catalyst turnoverpoundsze 28, and29 are based on analogy. Further develop-
appears slow. Although the use of THF as solvent has beenment of the pyruvateene reaction is currently underway.

shown to facilitate catalyst turnovétno reaction was observed

R . Reaction Stereochemistry.The preceding study demon-
in this case (entry 4). When the reaction was warmed to reflux y P 9 Y

' strates thatt-Bu-box Cu(ll) catalysts exhibit stereoregular
(26) Whitesell, J. K.; Deyo, D.; Bhattacharya, A.Chem. Soc., Chem.  behavior in reactions involving a broad range of substrates
Commun.1983 802. For a correction see: Whitesell, J. K.; Nabona, K.; capab|e of Che|ation. X_ray Crysta”ography’ doub|e Stereodif-

Deyo, D.J. Org. Chem1989 54, 2258. Reaction betwedx-glyoxyloyl- - . : P .
(2R-borane-10,2-sultam and monosubstituted olefins has also been re-ferentlatmg reactions, PM3 semiempirical calculations, and EPR

ported: Jezewski, A.; Chajewska, K.; Wielagki, Z.; Jurczak, JTetra- spectroscopy all support bidentate coordination of the substrate
hedron: Asymmetr§997 8, 1741-1749.
(27) Evans, D. A,; Burgey, C. S.; Kozlowski, M. C.; Tregay, S. W. (28) Due to the volatility of isobutylene, the reactions were performed

Am. Chem. Sod 999 121, 686—699. in sealed tubes (see Supporting Information).
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Table 11. Catalyzed Enantioselective Ene Reactions between however, we have argued elsewhere that a change in geometry
Methyl Pyruvate and 1,1-Disubstituted Olefins at the metal center is not necessarily responsible for this altered
olefin pmdumb cat (mol%) % eeS % yieldd stereochemical outcondé.
Me
2a (20) 98 (S) 84 :
Me OH 10 mol% cat 4
| 2 (19)
(MeO),P G0, 7870 (MeO),P” >0~ “"OEt
<:( 2w 98 95 o
OH 27 1a‘ [Cu((S,S)-t-Bu-box)](OTf), : 99% ee (2R, 4R), endo:exo 99:1
1c: [Cu((S,S)-Ph-box)](OTf), : 94% ee (2S, 4S), endo:exo >99:1
\l/ N 2a(10) 98 (s) 76
Me OH 28 Conclusions
2a (5 This study documents the use &,-symmetric Cu(ll)
al®)  9%8(® 94 complexes1, 2, and 4 to enantioselectively catalyze the
o 29 carbonyt-ene reaction. The principal attribute of these com-
a All reactions performed at 0.33 M in substrate in £H at 40°C. plexes is their high level of Lewis acidity that affords an

® Absolute configurations assigned by X-ray crystal analysis or by expanded scope for the glyoxylatene process that extends to
analogy (Supporting Information) Enantiomeric excess determined g1’ olefin-substitution patterns. The practical utility of the
by GLC (Cyclodex column).?Isolated yields. methodology has been demonstrated by the use of low catalyst
loading (0.2-10 mol %), moderate temperatures—&b °C),

and commercially available undistilled glyoxylate. This meth-
odology has been shown to be preparatively useful by the
execution of a glyoxylateene reaction on a 25-mmol scale
using only 0.2 mol % of the bench stable cata|sAddition-

ally, the first example of an enantioselective catalytic reaction
of pyruvate esters with 1,1-disubstituted olefins has been
accomplished using cataly®a in high enantioselectivities and
yields.

Figure 2. Endo/exo approach of cyclohexene to the [Gu§:t-Bu- Experimental Sectior#®

T
box)(glyoxylate)}". (S9)-Bis(tert-butyloxazoline) andS S)-bis(phenyloxazoline) and the
. . @ . corresponding Cu(ll) complexds 2, and4 were prepared as previously
to a distorted square planer Cu(ll) ligand compiggonsistent  gescribed These ligands are also commercially available from Aldrich
with these results, the Re face of the coordinated glyoxylate Chemical Co. Ethyl glyoxylate was purchased from Fluka as a 50%
(or pyruvate) is encumbered by thdu group on the ligand  solution in toluene and used as detailed below.
resulting in the generation of th&)¢configured alcohol (Figure Distillation Procedure for Ethyl Glyoxylate. To an oven-dried,
2). 25-mL round-bottom flask fitted with a magnetic stirring bar and a
In the ene reaction, it has been suggested that endo/exoshlort path Id|st|I|at|ohn appalrlatus was added 10 mL of ethyl golyoxylate/
selectivity is largely by steric interactions rather than electronic °luene solution. The distillation pot was warmed to 460 °C to
30 . remove most of the toluene (head temperature—1118B °C). The
effects®® In the reaction between cyclohexene and ethyl

distillation pot was then warmed to 160470 °C and the remaining
glyoxylate catalyzed by [C&,9-t-Bu-box)](Sbk). (28) and ethyl glyoxylate/toluene was collected (head temperature-130°C).

[Cu((S,3-Ph-box)](OTf) (1), the endo approach of the olefin 14 'NMR spectroscopic analysis indicates the distilled glyoxylate
is preferred 2a, endo:exo 86:14;1c, endo:exo 95:5). As  solution to be typically a 8:2 mixture of ethyl glyoxylate:toluene.
illustrated in Figure 2, it seems reasonable to speculate that exo Method A: General Procedure for the Addition of Olefins to
approach of the olefin is disfavored due to the developing steric Ethyl Glyoxylate Catalyzed by 1 and 2.To an oven-dried, 10-mL
interaction between thé-Bu group on the ligand and the round-bottom flask containing a magnetic stirring bar was added the
cyclohexene. olefin (0.50 mmol) and ethyl glyoxylate {3L0 equiv). To this mixture
The rationale for the turnover in selectivity in the glyoxylate- Was added the catalyst solutidror 2 (0.05-0.005 mmol in 1.5 mL of
ene reaction catalyzed by [C&(S)Ph-box)]X complexeslc CI_—|2CI2) in one portion. After the reaction was .complete@m h) the
and 2¢ is not fully understood at this time. This turnover in mixture was directly loaded onto a2 6 cm silica gel flash column

- . . . and eluted with the indicated solvent to provide the title compounds.
selectivity has also been observed in our work in the inverse  peathod B: General Procedure for the Addition of Olefins to

demand hetero-DietsAlder reaction (eq 19¥" A change in Ethyl Glyoxylate Catalyzed by 4.To an oven-dried, 10-mL round-
metal geometry from square planar to tetrahedral has beenbottom flask containing a magnetic stirring bar was added the olefin
proposed to account for this reversal in enantioselect®ity; (0.50 mmol), ethyl glyoxylate (310 equiv), and CkCl, (1.5 mL). To
this solution was added solidl (0.05-0.005 mmol) in one portion.

(29) X-ray crystallography: (a) Reference 13. (b) Evans, D. A.; Rovis,

T.; Kozlowski, M. C.; Tedrow, J. TJ. Am. Chem. S0d.999 121, 1994. (32) (a) Evans, D. A.; Johnson, J. S.; Burgey, C. S.; Campos, K. R.
Double stereodifferentiating experiments: (c) Evans, D. A.; Miller, S. J.; Tetrahedron Lett1999 40, 2879-2882. (b) Reference 7h.
Lectka, T.J. Am. Chem. Socl993 115 6460. PM3 and EPR experi- (33) General Information is provided in the Supporting Information. The
ments: (d) Reference 8b,d. following are also contained in the Supporting Information: specific reaction
(30) Snider, B. InComprehensie Organic SynthesisTrost, B. M., conditions, characterization data, and absolute and relative stereochemical
Fleming, I., Eds.; Pergamon Press: Oxford, 1991; Vol 2, pp-551. proofs.
(31) (a) Johannsen, M.; Jgrgensen, KJAOrg. Chem1995 60, 5757. (34) (a) For the preparation o8,§)-bis(tert-butyloxazoline) see: ref 14.
(b) Johannsen, M.; Yao, S.; Jgrgensen, KCAem. Commurl997 2169. (b) For the preparation o8S)-bis(phenyloxazoline) see: Corey, E. J.; Imai,

(c) Johannsen, M.; Yao, S.; Graven, A.; Jargensen, KRuke Appl. Chem. N.; Zhang, H.-Y.J. Am. Chem. Sod991, 113 728-9. For the preparation
1998 70, 1117. of the Cu(ll) complexes see: (c) ref 27 and (d) ref 14.



C,-Symmetric Cu(ll) Complexes as Chiral Lewis Acids J. Am. Chem. Soc., Vol. 122, No. 33,7223

After the reaction was complete {#8 h) the mixture was directly ~ preparation of the box ligands were generously provided by NSC
loaded onto a 2x 6 cm silica gel flash column and eluted with the  Technologies.
indicated solvent to provide the title compounds.
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