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Abstract: Co-Symmetric bis(oxazolinyl)pyridine (pybox)Cu(ll) complexes have been shown to catalyze
enantioselective Mukaiyama aldol reactions between (benzyloxy)acetaldehyde and a variety of silylketene acetals.
The aldol products are generated in high yields and in®®%6 enantiomeric excess using as little as 0.5 mol

% of chiral catalyst [Cu@S)-Ph-pybox)](Sbk),. With substituted silylketene acetals, syn reaction diastereo-
selection ranging from 95:5 to 97:3 and enantioselectiviti®5% are observed. Investigation into the reaction
mechanism utilizing doubly labeled silylketene acetals indicates that the silyl-transfer step is intermolecular.
Further mechanistic studies revealed a significant positive nonlinear effect, proposed to arise from the selective
formation of the [Cu(§9-Ph-pybox)(RR)-Ph-pybox)](SbE), 2:1 ligand:metal complex. A stereochemical

model is presented in which chelation of (benzyloxy)acetaldehyde to the metal center to form a square pyramidal
copper intermediate accounts for the observed sense of induction. Support for this proposal has been obtained

from double stereodifferentiating reactions, EPR spectroscopy, ESI spectrometry, and, ultimately, the X-ray
crystal structure of the aldehyde bound to the catalyst. Theymmetric bis(oxazolinylyCu(ll) complex
[Cu((S§9)-tert-Bu-box)](OTf) is also an efficient catalyst for the aldol reaction, but the scope with this system

is not as broad.

Introduction

The development of a general enantioselective aldol addition
reaction has been an enduring problem in organic chemistry

for nearly 25 year$.Seminal advances have been realized in

the development of high levels of reaction diastereoselection,

while improvements in chiral auxiliary design have led to the

achievement of absolute stereochemical control for many of
these reactionsNevertheless, the broad extension of high levels
of diastereoselectivity and enantioselectivitycetalytic aldol

reactions has not been trivial. The most notable achievements

(<10 mol %). In part, the lack of structural data on many of
the relevant catalystaldehyde complexes has inhibited further
catalyst refinement. Indeed, some of the fundamental control
elements for these reactions are just being revealed.

The realization of high enantioselectivity for the catalyzed
aldol reaction necessarily relies on effective channeling of the
reactants through a transition state that is substantially lower in
energy than competing diastereomeric transition-states. For the
process at hand, a high level of transition-state organization is
required, necessitating control of factors that include (A) mode

that have been made in this area have focused on the additiorpf binding (7 vs ") of the carbonyl group to the Lewis acid;

of enolsilanes to aldehydethrough catalysis by chiral Lewis
acids (*L,.M™*, eq 1)3 Excellent progress in the development
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of enantioselective “Mukaiyama” aldol variants has been nfade;
however, no individual catalyst system developed to date
tolerates substantial variation in both the nucleophilic and
electrophilic components while maintaining low catalyst loading

(1) (a) Heathcock, C. H. Ilsymmetric Synthesislorrison, J. D., Ed.;
Academic Press: San Diego, CA 1984; Vol. 3, Chapter 2. (b) Evans, D.
A. Aldrichim. Actal982 15, 23—32.

(2) (@) Mukaiyama, T.; Narasaka, K.; Banno,Bhem. Lett1973 1011~
1014. (b) Mukaiyama, T.; Banno, K.; Narasaka, JKAm. Chem. Sod974
96,7503-7509. (c) Gennari, C. ifomprehensie Organic Synthesig;rost,

B. M., Fleming, I., Eds; Pergamon Press: New York, NY, 1991; Vol. 2,
Chapter 2.4.
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(B) the regiochemistry of complexation to the two available
C=O0 lone pairs; and (C) the establishment of a fixed diaste-
reofacial bias, thereby biasing enol/enolate addition to one of
the two carbonylz-faces. The discovery of effective strategies
for controlling the conformation of the Lewis acid-bound
aldehyde lies at the heart of current advances in chiral catalyst
design in this area. Recent investigations have sought to

(3) For a comprehensive review of catalytic enantioselective aldol
reactions: Nelson, S. Gletrahedron AsymmetrdQ98 9, 357—389.

(4) (a) Carreira, E. M.; Singer, R. A.; Lee, W. Am. Chem. S0d.994
117,8837-8838. (b) Keck, G. E.; Krishnamurthy, D. Am. Chem. Soc.
1995 117, 2363-2364. (c) Mikami, K.; Matsukawa, S. J. Am. Chem.
Soc 1994 116, 4077-4078. (d) Kobayashi, S.; Uchiro, H.; Shiina, I.;
Mukaiyama, T.Tetrahedrorl993 49, 1761-1772. (e) Corey E. J.; Cywin,
C. L.; Roper, T. D.Tetrahedron Lett1992 33, 6907-6910. (f) Parmee,
E. R.; Hong, Y.; Tempkin, O.; Masamune, Betrahedron Lett1992 33,
1729-1732. (g) Kiyooka, S.; Kaneko, Y.; Kume, Ketrahedron Lett1992
33, 4927-4930. (h) Furuta, K.; Maruyama, T.; Yamamoto,HAm. Chem.
So0c.1991 113 1041-1042. (i) Parmee, E. R.; Tempkin, O.; Masamune,
S.; Abiko, A.J. Am. Chem. S0d.991 113 9365-9366. (j) Yanagisawa,
A.; Matsumoto, Y.; Nakashima, H.; Asakawa, K.; Yamamoto,JHAm.
Chem. Soc1997 119 9319-9320 and references therein.
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incorporate additional stabilizing interactions such as hydrogen
bonding® z-stacking? or chelation, incorporated individually
or in concert, into the catalystildehyde complex to provide a
highly defined carbonyl facial bias (Scheme 1). The focal point
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of the present investigation has been to discover chiral metal
complexes that exhibit a strong propensity toward substrate
chelation while also meeting the other criteria necessary for their
application to asymmetric catalysis of the aldol reaction.
Previous work from our laboratory has demonstrated that
bidentate bis(oxazolinyl) (box}L(@and2)—Cu(ll) and tridentate
bis(oxazolinyl)pyridine (pybox)J and 4)—Cu(ll) complexes
can function as effective chiral Lewis acid catalysts in the
Diels—Alder reaction with substrates that can participate in
catalyst chelation (Scheme 2, eq®Jyurther studies revealed
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that these Cu(ll) catalysts maintain excellent levels of reactivity

over a range of diene substrates, attesting to the high Lewis

acidity of these complexes.

(5) (a) Corey, E. J.; Barnes-Seeman, D.; Lee, T.Twtrahedron Lett.
1997 38, 1699-1702. (b) Corey, E. J.; Rohde, JT&trahedron Lett1997,
38, 37—40.

(6) (a) Evans, D. A.; Miller, S. J.; Lectka, T. @. Am. Chem. Sod993
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.; Kozlowski, M. C.; Tedrow, J. Betrahedron Lett.
1996 37, 7481-7484. (e) Evans, D. A.; Barnes, D. Metrahedron Lett.
1997, 38, 57-58. (f) Evans, D. A.; Johnson, J. $.0rg. Chem1997, 62,
786—787. (g) Evans, D. A.; Shaughnessy, E. A.; Barnes, DT®dtrahedron
Lett. 1997, 38, 3193-3194.
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The selectivity observed with both the Cu(ll) box and pybox
complexes suggested that these catalysts would also be promis-
ing candidates for the Mukaiyama aldol reaction with aldehyde
substrates that could present the potential for catalyst chelation.
Indeed, accumulated evidence has indicated that chelation is a
critical control element in defining the catalystubstrate
architecture for the DielsAlder reaction (Scheme 2, andB),?
and we postulated that extrapolation of these models to include
chelating aldehydes would furnish well-defined catatyst
substrate complexes (SchemeCGandD). In continuing the
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theme of developing laboratory analogues of biosynthetic
pathways (benzyloxy)acetaldehydevas selected as the initial
substrate to probe the utility of these Cu(ll) complexes in the
Mukaiyama aldol reaction (eq 3), since this aldehyde may be
regarded as an equivalent to the acetate starter unit in polyacetate
biosynthesis. Moreover, the benzyloxy moiety provides a
convenient point for further elaboration of the resulting aldol
adducts. In this article, we document the use of copper(ll)
complexes as effective enantioselective catalysts for the Mu-
kaiyama aldol reaction, where the aldehyde component is
activated through bidentate coordination, an organizational
feature not common to chiral Lewis acids previously reported
for this procesd? furthermore, we provide direct structural
evidence to support the proposed model of stereochemical
induction.

Preliminary Results

Bis(oxazoline) Ligand Survey.The (S,S-bis(oxazolinyl)
copper complexe$ and2 were initially evaluated as catalysts
in the addition oftert-butyl thioacetate trimethylsilylketene
acetal! to (benzyloxy)acetaldehyde (eq 6). The bis(oxazolinyl)
copper complexed¢a—d were prepared by stirring a solution
of the (8,9-bisoxazoline ligand'? and Cu(OTf) (typically 10
mol %, ~0.03 M in catalyst) in CHCI, (25 °C, 3 h) as

(8) Evans, D. A;; Clark, J. S.; Novack, V. J.; Sheppard, G. S.; Metternich,
R.; Ng, H. P.; Le, A.; Ennis, M. D.; Kim, A. S.; Ripin, D. H. Bl. Am.
Chem Sog.in press.

(9) (Benzyloxy)acetaldehyde is commercially available from Aldrich
Chemical Co. Alternatively, an inexpensive two-step synthesis from
2-butene-1,4-diol is amenable to large-scale preparations via bis-benzylation
(Garner, P.; Park, J. Msynth. Commuri987, 17, 189-193), followed by
ozonolysis (Danishefsky, S. J.; DeNinno, M. P.Org. Chem198§ 51,
2615-2617).

(10) A preliminary account of this work has appeared: Evans, D. A,;
Murry, J. A.; Kozlowski, M. C.J. Am. Chem. S04.996 118 5814-5815.

(11) Kuwajima, I.; Kato, M.; Sato, TJ. Chem. Soc., Chem. Commun.
1978 478-479.

(12) (a) Evans, D. A.; Woerpel, K. A.; Hinman, M. M.; Faul, M. M.
Am. Chem. Socl991 113 726-728. (b) Lowenthal, R. E.; Abiko, A.;

(7) These copper complexes are also effective enantioselective catalystsMasamune, STetrahedron Lett199Q 31, 6005-6008. (c) Miller, D.;

for the hetero Diels Alder and carbonyl-ene reactions: (a) Evans, D. A;;
Johnson, J. SJ. Am. Chem. Sod 99§ 120, 4895-4896. Evans, D. A.;
Olhava, E. J.; Johnson, J. S.; Janey, JAvigew. Cheml998 24, 3554~
3557. (b) Evans, D. A.; Burgey, C. S.; Paras, N. A.; Vojkovsky, T.; Tregay,
S. W.J. Am. Chem. S0d.998 120, 5824-5825.

Umbricht, B. W.; Pfaltz, A.Helv. Chim. Actal991 74, 232-240. (d)
Denmark, S. E.; Nakajima, N.; Nicaise, J.-C.; Faucher, A. M.; Edwards, J.
P.J. Org. Chem1995 60, 4884-4892. (e) Evans, D. A,; Peterson, G. S.;
Johnson, J. S.; Barnes, D. M.; Campos, K. R.; Woerpel, K. &rg. Chem.
1998 63, 4541-4544.
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previously described (eq 4)The cationic hexafluoroantimonate  the pybox ligand with CuGlin CH,Cl,, followed by halide
complex2a was formed by halide abstraction from the pre- abstraction with AgShFand filtratior* to remove the precipi-
formed [Cu(G,3-tert-Bu-box)]Ch complex 6)2ewith AgSbF;, tated AgCl (eq 8§¢10

followed by filtration through dry Celite (or a PTFE 0.48n

filter) to remove the precipitated AgCI (eq %)12¢ —l?+
O\I’IUYO Cu(OTf)p o]

Me Me Me Me |2+ | l
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a: A= CMeg; b: R=CHMey; c: R=Ph; d:R=Bn The [Cu(§9)-pybox)](Sbks). complexesta—d also catalyze
the addition otert-butyl thioacetate trimethylsilylketene acetal
Addition of (benzyloxy)acetaldehyde to a cooled solution to (benzyloxy)acetaldehyde (eq 9) with moderate to excellent

(=78 °C) of the catalyst, followed by subsequent dropwise €nantioselectivity (Table 2, entries-5, 62-99% ee). The [Cu-
addition of thetert-butyl thioacetate-derived trimethylsilylketene ~ (Ph-pybox)](Sbk). complex @éc) was the most selective catalyst,
acetaL afforded the protect@.hydroxy ester (eq 6) Brief delivering theﬁ-hydroxy ester with excellent enantioselection
treatment of this silyl ether wit1 N HCI in THF produced the ~ Within 15 min at—78 °C (entry 5, 99% ee). The analogous
expected alcohdl, the enantioselectivity of which was assayed triflate complex3c was also highly enantioselective, but as
by chiral HPLC (Daicel OD-H column). The absolute config- anticipated, the reaction was slower (entry 4, 96% ee).
uration of the adduct was established by comparison of the

)
Q
Q

o

optical rotation with that in the literaturé.This ligand screen Table 2. Effect of Ligand, Counterion and Temperature in
revealed that the phenylglycine (Ph-bdx)- and valine {-Pr- the Catalyzed Benzyloxyacetaldehyde Aldol Reaction (eq 9)
box, 1b)-derived box complexes were poorly enantioselective o 1) | t T
catalysts (Table 1, entries 1 and 2, 9% ee); however, the Cu- g0 _J[_ O N I\O) 2x
(OTf), complexes of both the phenylalanine (Bn-bax) and H N—Cu—N~/
tert-leucine (ert-Bu-box, 1a) bisoxazolines delivered the aldol + Q™S R . R OH 0 (9
adduct with high enantioselectivity (entries 3 and 4). Use of s'Bu %;:}fh 5”0\/(!9)\)]\5(5“
the corresponding hexafluoroantimonate complex [Ex{tert- 7
Bu-box)](Sbk). (2a), the optimal catalyst for the DietsAlder entry R X time (T°C) ¢ ee®
reagt[on, afforded the§j product with only modest enantiose- 1 CMe;  SbF, (4a) 12h(-78) 62
lectivity (Table 1, entry 5<64% ee). 2 CHMe, SbFs(4b) 15min(-78) 85
3 Bn  SbF¢(4d) 15min(-78) 67
Table 1. Effect of Ligand and Counterion in the Catalyzed 4 Ph OTf(3¢) 60min(-78) 96
Benzyloxyacetaldehyde Aldol Reaction (eq 6) 5 Ph SbFg (4c) 15min(-78) 99
ve_pe 2 6 Ph SbFg (4c) _50° 87
o e e
Bno\)k 1) S/lN N|\> 2x" A N 6( AC) 0 " .
H o “Enantiomeric excess determined by HPLC using a Chiralcel
OTMS R R OH O (6) OD-H column. Absolute configuration determined by comparison
Se 10 mol%, CH,Cl B"O\/:\)J\s‘a of lh'e optical rotation Fo lit‘crature values. bT'ime for complete
2) 1 N HCITHF (R) ; u reaction was not determined in temperature profile study.
entry R X time (-78 °C) % ee® Reaction Optimization. Due to the superior enantioselec-
1 Ph OTf (1¢) 15 min 9 (R) tivity exhibited by the [Cu(§,9-Ph-pybox)](Sbk), complex éc)
2 CHMe, OTf(1b) 15 min 9(S) (Table 2, entry 5), a study was initiated to explore the
3 Bn  OTf(1d) 60min 88 (R) (benzyloxy)acetaldehyde aldol reaction parameters with this
4  CMe; OTf(la) 60 min 91 (R) catalyst system. A survey of permissable solvents for this
>  CMe;  SbFg(2a) [Smin - <64 (5) reaction was undertaken. Solutions of catafiesin the indicated
“Enantiomeric excess determined by HPLC using a Chiralcel solvents were generated using the standard procedure. This
OD-H column. Absolute configuration determined by comparison survey 620 °C, 10 mol %4c) revealed that emp|0yment of
of the optical rotation to literature values. solvents other than Ci€l, led to either a significant decline in

o . ) . ) enantioselectivity or no reaction (Table 3). The inferior results
Pyridine(bisoxazoline) Ligand Survey. Dichloromethane  gptained in this solvent screen are likely due to the limited
solutions of the $,3-pybox ligands8!® were complexed with solubility of the [Cu(S,3-Ph-pybox)](SbE), complex @c) in
CU(OTf)z to form blue solutions of the chiral triflate complexes media other than CH:|2 An examination of the temperature

3a—d (eq 7). Preparation of the cationic [C8®-pybox)]-  profile of the [Cu(Ph-pybox)](Shif.-catalyzed aldol reaction
(SbFs), complexegta—d was accomplished by precomplexing

(14) Dry Celite, cotton, or a PTFE 0.46m filter gave the best results.
(13) Nishiyama, H.; Kondo, M.; Nakamura, T.; Itoh, ®rganometallics Complete removal of the AgCl, as characterized by a clear solution, was
1991 10, 500-508. essential for obtaining high enantioselectivity.
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demonstrated that an increase in the reaction temperature is Taple 4. Catalyzed Benzyloxyacetaldehyde Aldol Reaction with

accompanied by a significant decrease in enantioselectivity
(Table 2, entries 68). As these reactions are highly exothermic,
careful temperature control is critical to the maintenance of high

Representative Acetate Silylketene Acetals (eq 12)*

0 OTMS OH O

1) 4c, -78 °C, CH,Cl, (1)
+ BnO
n \/I\)LR

BnO

selectivity, especially when executing large-scale preparations H R 2) 1 NHCITHE

vide infra).

( ) entry R ‘f:;z]%sgt time,h % ee® % yield
Table 3. Effect of Solvent in the Catalyzed Benzyloxy- 1 S'Bu  0.5mol% 12-24 99 99
acetaldehyde Aldol Reaction (eq 10) 2 SEt 0.5mol% 12-24 98 95

| N Tz 3 OEt 0.5mol% 12 98 99¢

9All reactions were 0.2 M in substrate. ’Enantiomeric excess
determined by HPLC using a Chiralcel OD-H column. Absolute

o 1) O
Bno\)l\
H

N7 N-O
5 i\) 2 SbFg™
N—Cu—N—,

+ OTMS 4c Ph OH O (10) configuration determined by independent synthesis (see experimental).
10 mol%, -20 °C Bno\/l\)j\ ‘The silyl ether was cleaved with TBAF/THF to prevent retroaldol
S'Bu S'Bu .
2) 1 NHCI/THF 7 reaction.
MeXMe Me_ Me
entry solvent time % ee o ) 15 matd oH 0" Yo (12
. mol% 4c
1 CH2C12 <15 min 82¢ BnO\)j\H+ MOMe “Tglf?l:f: ”OMO
2 CICH,CH,Cl 10 min 38 10 ) 11
0.5 mmol
3 CH;CN 12h 25 92% ee, 94% yield
4 CH;NO, 24h ND?
5 THF 48 h NR o OTMSOTMS 0 o 4o OH OH O g
“At -78 °C, 99% ee was observed. bMultiplc products observed; BnO r* A~ ——————BnO OMe
enantioselectivity could not be determined H OMe 2) 1 NHCUTHE
y : 6.7 mmol 12 3) Me4NBH(OAc), 13
15:1 anti:syn, 97% anti ee
91% yield diol

The effect of transient amounts of water on catalyst perfor-
mance was also evaluated. Hydration does not appear to
significantly impact catalyst reactivity, as substitution of CuCl
2H,0 for CuChb during catalyst preparation afforded [C8(§-
Ph-pybox)](Sbk), solutions with similar activity. Furthermore,
solutions (0.125 M) of the catalydic may be stored without

(96% yield ketoester)

In ongoing efforts to exploit the utility of these acetoacetate
nucleophiles, the investigation of preparative scale versions of
these reactions was undertaken. These studies revealed that the
reactions employing the dioxolinone nucleophile (eq 12, 55

loss of catalytic activity for up to 1 week at room temperature, mmol) and Chan’s diene (eq 13, 40 mmol) were both prob-
after which time a crystalline solid begins to form. This lematic when conducted on a large scale<80% ee, 56-
precipitate has been characterized by X-ray crystallography to 60% yield). However, subsequent optimization studies on the
be the catalytically inactive 2:1 ligand:copper complex (vide related reaction between (benzyloxy)acetaldehyde and 1,3-bis-
infra). Catalyst loadings as low as 0.5 mol % may be employed (trimethylsiloxy)-1tert-butoxybuta-1,3-dienelé)* catalyzed by

in the aldol reaction (eq 9) using this standard [Gug-Ph- [Cu(Ph-pybox)](SbE). (4c) established that preparative scale
pybox)](Sbk), solution ((BNOCHCHO], = 2.5 M). Further (35.5 mmol) reactions could be performed to deliver the
experiments demonstrated that the implementation of low corresponding product (as a mixture of ketmol tautomers)
catalyst loadings is feasible with other substrates as well, the With high selectivity under slightly modified reaction conditions
acetate-derived nucleophiles being the most tolerant (vide (€d 14). Due to the exothermic nature of this Cu(ll)-mediated
infra).

i [0} OTMSOTMS 1) 2 mol% 4c OH O [¢] (14)
Reaction Scope: [Cu(§,9-Ph-pybox)](SbFs). (4c). The so M+ A 9078 g0 N M
scope of the nucleophilic component in the (benzyloxy)- se ’: " OBU) pPTS, MeOH 5 0™

.0 Mmo

acetaldehyde aldol reaction with the catalgstwas initially 99% ee, 85% yield
investigated (Table 4). The silylketene acetals derived temn 109

butyl thioacetate, ethyl thioacetate, and ethyl acetate reacted with,| 4| reaction. the optimal procedure required the slow addi-
(benzyloxy)acetaldehyde in the presence of 0.5 mol % catalysttiOn of (benzy,loxy)acetaldehyde t0-a90 °C solution of the
to afford the respectivg-hydroxy esters with excellent enan- catalyst (2 mol %, 0.011 M) and diene (i.e., inverse addition).
tioselectivity (entries £3, 98-99% ee). In a related series of Desilylation under nonaqueo?@sconditions’ (PPTS/MeOH)

reactions, acetoacetate-derived enol derivatives were also evalu :
’ ) . o followed by flash chromatography reproducibly afforded good
ated (egs 12 and 13). The dioxolinone derivaig® underwent — ie14q of the desired product®? with excellent enantiomeric

facile reaction with (benzyloxy)acetaldehyde, in the presence excess (e ; ; ;

: . ) g 14, 99% ee, 85% yield). The major competing
of 5 mol 0/%40' _tcl) prowdz the correslpon:dlng_addlmnn 92;]/3 reaction under these Lewis acidic conditions is the trimerization
ee "’l‘gdbgA'A’ ylle d (deq ;h?.how catalyst qadlnghs 0.5 dm%gﬁ’) of (benzyloxy)acetaldehyde, which can be kept under 15% using
could be employed with the more reactive Chan's di& these conditions. The Ph-pybox ligand routinely recovered

as the nucleophile, to afford, after reduction with /N8H-
(OAC)3,8 the anti diol13 (15:1 anti:syn) in 97% ee (eq 13).

(15) Sato, M.; Sunami, S.; Sugita, Y.; Kaneko,Chem. Pharm. Bull.
1994 42, 839-845.

(16) The catalytic enantioselective addition of this nucleophile to
aldehydes has also recently been reported: Singer, R. A.; Carreira, E. M.
J. Am. Chem. S0d.995 117, 12360-12361.

(17) Brownbridge, P.; Chan, T. H.; Brook, M. A.; Kang, G.Can. J.
Chem 1983 61, 688-693.

(18) Evans, D. A.; Chapman, K. T.; Carreira, E. 31.Am. Chem. Soc.
1988,110, 3560-3578.

during chromatography (ca. 65%) was subsequently recrystal-
lized (EtOAC) for reuse in these Cu(ll) catalyzed aldol reactions.

Diastereoselective ahtiand syn reductions aof5 (eqs 15,

16) permit the efficient production of the synthetically valuable

(19) (a) Molander, G. A.; Cameron, K. Q. Am. Chem. S0d993 115

5, 830-846. (b) This diene was utilized to minimize overreduction to the
triol which was observed during the syn reduction of the corresponding
methyl ester.

(20) The product is slightly soluble in water.
(21) Beck, G.; Jendralla, H.; Kesseler, 8ynthesid995 1014-1018.
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polyacetate building block46 and 17.22 Notably, a minor
modification of the conditions developed by Beck et'a(see
Experimental Section) afforded the syn adduct with excellent
diastereoselectivityX200:1 syn:anti).

Catalyzed Mukaiyama aldol processes are not generally highly
diastereoselective, and reactions employing propionate nucleo-

Table 5. Catalyzed Benzyloxyacetaldehyde Aldol Reaction with
Representative Substituted Silylketene Acetals (eq 18)
oTMS OH ©

o]
so L, + %\Rz \)\I/KRQ (18)

R R

1) 10 mol% 4c, CHoCly 5

2) 1 N aq HCITHF

philes frequently suffer from either low diastereoselectivity or entty R R? @B tme/T(C) synanii® % e’ % yield
poor reactivity. In contrast, the [Cl&(S-Ph-pybox)](Sbk). 1 Me SE 955  4h/78 973 97 90
(40)-catalyzed aldol reaction with these nucleophiles affords the 2 Me SEt  1:99 1d/-50 86:14 85 48
substituted adducts with high selectivity (Table 5). For example, 3 Me SEt 946 5 h-65 46 96 70
the @) silylketene acetal of ethyl thiopropionate provided the 4 Bu SEt 9010 fg'zg 95f55 g; ZZ
syn aldol add_uct in excellent diastereo- and enantioselectivity Z ﬁ: gl;‘j 3592 | 450 2215 97 14
(97:3 syn:anti, syn 97% ee, Table 5, entry 1). In contrast, the 7 Me OE¢ 1585 15min/-95  84:16 87 60"
corresponding E) propionate silylketene acetal proved to be 8 Ph OBt 30:70 25min/78  50:50¢ 94 ND#
an inferior substrate, requiring higher reaction temperature and 9 OBn SEt 90:10 1d-50 7426 76 2
10 OBn SBt 2575  2d/-20 86:14 63 1

giving lower conversion and selectivity (86:14 syn:anti, syn 85%
ee, entry 2). The absolute and realtive stereochemistries were
confirmed by conversion of the known aldol produ@? to

the syn adduct9, which exhibited the expected opposite sign
of optical rotation (eq 17).

“Product ratios determined by HPLC using a Chiralcel OD-H or AD column.
Absolute and relative configuration determined by independent synthesis (see
Experimental). bEnantiomeric excess of the major product diasteromer. ‘A
tert-butyldimethylsilyl ether was employed. The silyl ether could be isolated
in 68% yield along with ~10% alcohol. HF in MeCN was required to remove
the silyl ether. dConﬁguralion assigned by analogy. “Note that the (F) and

OH OH O (Z) designators change for esters relative to thioesters. f290% conversion was
Me,NBH(OAc)3 gno : ! (15) observed by 'H-NMR, but considerable decomposition occurred during silyl
CH3CN/HOAc O'Bu cther removal and product isolation. 8Complete conversion observed by TLC.
15:1 anti:syn hApproximately 50% conversion by TLC.
oH o Q 85% yield
BnO. . .
" 0'Bu Attempts to employ non-alkyl-substituted silylketene acetals
15 OH OH O o
ELBOCHs  eno (16) as the nucleophilic component (eq 18! R alkyl), such as
\ )
NaBH, ref. 21 o' phenylacetate and benzyloxythioacetate, were unsuccessful

(Table 5, entries 810). On the other hand, 2-(trimethylsilyl-
oxy)furar?* underwent facile reaction with (benzyloxy)acetal-
dehyde in the presence of the [Cu(Ph-pybox)](§bEatalyst

>200:1 syn:anti
85% yield

oH o @ OH O
BHOMNJKO I I O L (40) to afford the anti aldol addu@L in high yield with excellent
Fe - THF ;S diastereo- and enantioselectivity (eq 20)The densely func-
Me
18 Bn 19
OTMS 4 10 mol% 4c oH @
) . CHyCl,,-78°C  Bno (19)
The exact nature of the silyl component of the silylketene 70 \/'\é"
e . . 2) 1 NHCITHF
acetal was not critical, as theZ)¢propionate-derivedert- 20
butyldimethylsilylketene acetal afforded similar selectivity (94:6 95:5 syn:anti

syn:anti, syn 96% ee, entry 3) in comparison to the trimethylsilyl
analogue (97:3 syn:anti, syn 97% ee, entry 1). Thus, additional
protecting group steps are obviated as this manipulation can be
merged with the copper-catalyzed Mukaiyama aldol reaction
to provideS-hydroxy carbonyl products with an intact, syntheti-
cally useful silyl ether protecting group. The use of silylketene
acetals with larger alkyl substituents is also permitted, as

o
BnO\)J\
not

4
(o]

95% ee, 95% yield
1) 10 mol% 4c
CH,Cly,-78 °C
e .
2) 1 NHCITHF
OTMS

Bnl

/

91:9 anti:syn, 92% anti ee
93% yield

evidenced by the production of the isobutyl-substituted adduct
(eq 17, R = 'Bu) with high diastereo- and enantioselectivity tionalized product of this reaction is a versatile synthon for
and good yield (Table 5, entry 4, 95:5 syn:anti, 95% ee, 85%). natural product synthesis and also may be elaborated to unnatural
While tert-butyl thioester- or ethyl ester-derived silylketene hexqse derivative¥! Although the inhgrent stereoconvergency
acetals could also be employed, the results were not as favorablef this Cu(ll)-catalyzed process permits access primarily to the
as those obtained with ethyl thioester-derived nucleophiles syn aldol adducts, anti diastereoselectivity can be accessed
(Table 5, entry 1 vs entries-5). Regardless of the precise through the use of the Sn(ll)—box-catalyz_ed aldol reactions of
nature of the ester substituent, the best selectivity and reactivityglyoxylate esters® Thus, the copper and tin catalysts together
for the substituted silylketene acetals were obtained when theprovide a powerful entry into a diverse array of substituted aldol
alkyl and OTMS moieties were disposed in an anti orientation products.
about the silylketene acetal double bond. This geometric ~While ester silylketene acetals were successfully utilized in
requirement was also evident in the analogous reaction of thethis reaction, thioester silylketene acetals offer several advan-
Igutyrolactone sHyIkgtene gcetal, which afforded a highly selep- (24) Casiraghi, G.- Rassu, Gynthesid995 607—626.
tive syn aldol reaction with good control at both stereogenic  (25) Anti diastereoselectivity was also observed with this nucleophile
centers (eq 19). in the Cu(ll) catalyzed pyruvate aldol reaction; see the following article in
this issue Evans, D. A.; Burgey, C. S.; Kozlowski, M. C.; Tregay, SJW.
(22) We have also carried out the same sequence of reactions (eqs 14 Am. Chem. Socl999 121, 686-699. The absolute and relative stereo-
16) employing (4-methoxybenzyloxy)acetaldehyde with similar yields and chemistry of this product were secured by X-ray analysis of the corre-
selectivities. sponding menthyl carbonate (see Supporting Information).

(23) Evans, D. A.; Ratz, A. M.; Huff, B. E.; Sheppard, G. B5.Am. (26) Evans, D. A.; MacMillan, D. W. C.; Campos, K. R. Am. Chem.
Chem. Soc1995 117, 3448-3467. S0c.1997 119 10859-10860.
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tages. These latent nucleophiles are easily prepared and moraucleophiles resulted in the formation of the aldol adducts with
stable than the corresponding ester derivatives, which undergodiminished selectivity (entries 3 and 4). These results clearly
rapid hydrolysig’ In addition, the thioester moiety in the indicate that the [Cu&,3-Ph-pybox)](Sbk), complex @éc) is
resultant adducts can be readily converted to an acid, amide, orthe preferred catalyst for acetate aldol reactions with (benzyl-
ester using either a silver-based readent a bromination/ oxy)acetaldehyde.

displacement proceduf@Alternatively, the Fukuyama reduction

procedure (Pd/C, BBiH) can be implemented to reduce Table 7. Catalyzed Benzyloxyacetaldehyde Aldol Reaction
thioesters to aldehydé8. with Representative Enolsilanes (eq 22)
The less reactive ketone enolsilane nucleophiles may also be Me Me 24
utilized in the catalyzed additions to (benzyloxy)acetaldehyde o%(o
(Table 6). The reactions of 2-(trimethylsilyloxy)propene and o 1)§/IN i )eorr
1-phenyl-1-(trimethylsilyloxy)ethylene with (benzyloxy)acetal- BnO Ny ved hes 5
dehyde proceed_ed poorly_ at 10 mo_l % catal_yst Ioadiﬂ@d%_ + ;\TMS "o mol%, CHaClp " Bno\/?i/i (22)
ee); however, high enantioselectivity and yields were realized R o) 1 NHOITHF R
upon employment of stoichiometric quantities of the catalyst
(=94% ee; Table 6, entries 1 and 2). enty R time(T°C) %ee
. . 1 S'‘Bu 1 h/-78 91
Table 6. Catalyzed Benzyloxyacetaldehyde Aldol Reaction with 2 OEt 15 min/-78 50
Representative Enolsilanes (eq 21)* 3 Me 6 h/-20 38
o] oTMS OH O 4 Ph 1d/-20 51
1) 4c, CH,Cl
o %\Rz Cle Bno\)\|/U\R2 (21)
. 2) 1 NHCITHF
R R! . . . . . .
P Investigation into the use of propionate nucleophiles with the
ety R R? (E):(2) 1oadi)r,1g time (T °C) syn:anti® % eeb* % yield [Cu(tert-Bu-box)](OTf), catalyst systenia revealed that the
i H Me - 100mol% 1d(-78) - 08 9% addition oftert-butyl thiopropionate trimethylsilylketene acetal
2 H Ph - 100mol% 1d(78) - 94 80 to (benzyloxy)acetaldehyde proceeded with anti diastereoselec-
3 Me 'Pr 90:10 10mol% 2d(20) 955 90 90 tivity (eq 23, 81:19 anti:syn, 84% anti e¥)Although the yield
4 Me 'Pr 10:90 10mol% 2d(-20) 3862 28¢ 10
N R . A ~ 97:3 96
5  -(CHy; 10mol% 14h (-78) 90 o oS 1) 10 moe 1. o1 9
9All reactions were 0.2 M in substrate. *Product ratios determined by B”O\)J\H + %\S‘Bu -50°C, 3d Bno\/\HkS‘Bu (23)
chiral HPLC. Absolute and relative configuration determined by Ve 2) 1 NHCITHF
independent synthesis (see Experimental). “Enantiomeric excess of the 22 Me
major product diasteromer. 435% syn ee observed. 81:19 anti:syn, 84% anti ee
50% yield

The more nucleophilf@ substituted enolsilanes were found
to be superior substrates in these reactions as compared to theifor this reaction (50%) is not preparatively useful, it serves to
unsubstituted counterparts (Table 6, entrie®B For example, illustrate that diastereoselection is not simply inherent to the
the reaction of the E) enolsilane of 2-methyl-3-pentanone nature of the process but is a consequence of an array of factors,
proceeded to complete conversion in the presence of 10 mol %among the most important of which is the geometry of the
of the copper catalystc to afford the corresponding adduct substrate-catalyst complex (vide infra). Further studies are
with 95:5 syn:anti selectivity and 90% ee. As anticipated (vide required in order to define the origin of this reversal in
supra), the analogoug) enolsilane was both less reactive and selectivity.
less enantioselective (entry 3 vs 4). The successful implementa- Reaction Mechanism.The proposed catalytic cycle for the
tion of 1-(trimethylsilyloxy)cyclopentene demonstrates that cCuy(ll)-catalyzed aldol reaction is outlined in Scheme 4.
cyclic enolsilanes are also excellent nucleophiles in the (ben- Coordination of (benzyloxy)acetaldehyde to the Cu(ll) center
zyloxy)acetaldehyde aldol reaction (entry 5, 97:3 syn:anti, 96% produces the substrateatalyst complex®3, which undergoes
ee). nucleophilic addition to afford the copper aldol2i Silylation
Reaction Scope: [Cu(§,S-tert-Bu-box)](OTf). (1a). Ex- to form 25 and subsequent decomplexation yields the product
amination of the scope of the nucleophilic component in the 253 and concomitantly regenerates the [)§-Ph-pybox)]-
additions to (benzyloxy)acetaldehyde catalyzed ayvas next (SbF), catalyst 4c).
undertaken (Table 7). The thioester silylketene acetal (entry 1,
91% ee) afforded significantly higher selectivity than to the ester gcheme 4

derivative (entry 2, 50% ee). Additionally, the use of enolsilane Q  OSiMeg o
- - 2 OBn /U\/
(27) These thioester silylketene acetals can be stored2ét°C for RS Cu(Ph-ovbox)I(SbF H OBn
extended periods of time. For their preparation, see the following. (a) 25a [Cu( kA ox)](SbFe)z
Silylketene acetals of ethyl antért-butyl thioacetate: Kobayashi, S.; Decomplexation ¢ Complexation

Mukaiyama, T.Chem. Lett1989 297-300. (b) E)- and @)-silylketene

acetals of ethyl antert-butyl thiopropionate: Gennari, C.; Beretta, M. G.;

Egrggrg(ﬂgég Moro, G.; Solastico, C.; Todeschini, Retrahedron1986 geaSi\Q__Cu(ph_pybox) 2+ O/Cu(Ph-pybo;‘ 2
’(28) Booth, P. M.; Fox, C. M. J.; Ley, S. letrahedron Lett1983 46, RS)J\/:\/OBn 2 SbFg™ HJ\/OB“ 2 SbFe-

5143-5146. 25 23
(29) (a) Using NBS: Minato, H.; Kodama, H.; Miura, T.; Kobayashi,

M. Chem. Lett1977 413-416. (b) Using Bs: Minato, H.; Takeda, K; Silviati

Miura, T.; Kobayashi, MChem. Lett1977, 1095-1098. iyiation

7OSO) Fukuyama T.; Lin S.-C.; Li LJ. Am. Chem. Sod99Q 112, 7050- MessiO  O—Gu(Ph-pybox)

(31) Bufeindt, J.; Patz, M.; Mier, M; Mayr, H.J. Am. Chem. S04998 RS OB 250"

120, 3629-3634. 24

0SiMe

2+ 7 Addition
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Silyl Crossover Experiments. It is evident that silicon
transfer from the initially formed catalysNu—RCHO complex
24 may proceed via an intramolecular or intermolecular process
(Scheme 424 — 25). It has been reported that intermolecular
silyl transfer, for example either to counterion (SbFg OTf")
or to unreacted aldehyde, may trigger achiral catalyzed
process that may compete with the enantioselective vafant.
The details associated with silicon transfer were investigated
in the present system by employing a mixture of two different
silylketene acetals of comparable reactivities (Schemé 5).

Scheme 5 OSiMe X o o o
Bi O\)\)J\ Bi
s'Bu " sy B .
0.5 equiv. X =MesSi  30% 7
= i 13%
o 10 mol% X = EtMe,Si 13% 99% ee
BnO\/lkH + 4c .
. CH,Cly
1.0 equiv.
OSiMe,Et oX o OH O
sno. L "o LI
)\SEt n SEt n SEt
0.5 equiv. X =MesSi  23% 99% e

X = EtMe,Si 34%

Treatment of 0.5 equiv of each of the depicted silylketene acetals
with 1.0 equiv of (benzyloxy)acetaldehyde and 10 mol % of
[Cu(Ph-pybox)](SbE). (4c) afforded significant quantities of
the four possible products, as detected by GC/MS analysis.
Deprotection of the silyl ethers and chiral HPLC analysis of
the derived alcohols indicated that both aldol adducts were
essentially enantiomerically pure (99% ee). Although there is
clearly a large intermolecular silyl-transfer component in the
reaction, the transient silyl speciéapparently does not compete
effectively at—78 °C with the biscationiccopper catalyst in
this aldol reaction. Control experiments demonstrated that
neither the silylketene acetals nor the silyl ether products are
subject to silyl exchange initiated by the catalyst, indicating that
silyl crossover occurs during the course of the reaction.
Nonlinear Effects. Nonlinear effects (NLE) can provide
useful insight into both the behavior of enantioselective catalyst
systems and the mechanisms of the processes they mé&diate.
Consequently, experiments were performed to determine if NLE
were operative in the Cu(ll) pybox-catalyzed aldol reaction
under investigation. Indeed, when the aldol reaction was
conducted with the catalyst [Cu(Ph-pybox)](SpR10 mol %)
prepared according to the general procedure with ligand of

J. Am. Chem. Soc., Vol. 121, No. 467999

caasiicans

Ph Ph

= Ph
(S,5)-Ph-pybox (R,A)-Ph-pybox
X% Y%

1) 1 equiv CuCly*2H,O
CHoCly

2) 2 equiv AgSbFg
3) -AgCl

J
| ) |

(24)

N—Cu—N~,
2 SbFg”

[Cu((S,5)-Ph-pybox)](SbFg)s
4c
(X-Y/X+Y)% ee

X
| 2
0 g e
N
| -
1) S/IN—(llu—N\) 2 SbF
o OTMS Pn OH O (25)
Bno\)J\ + . n% ee, 10 mol% BnO
H SBu stBu
2) 1 NHCUTHF ©

100 .

801
@ )
5 60f
T
2
a
3
2 407

207

0 T T
0 20 40 60 80 100

n% ee catalyst (S,S)

Figure 1. Nonlinear effect in the benzyloxyacetaldehyde
aldol reaction with the [Cu(Ph-pybox)](SbFg), catalyst.

reduced enantiomeric excess (eq 24), a strong positive nonlineatCu((SS)-Ph-pybox)](SbE). catalyst 4c) (eq 26)*° As these
effect was Observed (Figure 1) For example, employment Of a reactions were COﬂdUCted USIng a 1:1 ratio Of |Igand:Cu, stol-

catalyst of 25% ee afforded the aldol adduct in 74% ee.

To rationalize this significant NLE, we propose that catalyst
disproportionation is occurring under the conditions for catalyst
preparation (eq 26, Ci€l,, 20 °C, 4 h). The formation of a
stable [Cu(§9)-Ph-pybox)(R,R)-Ph-pybox)](SbEk), 2:1 ligand:
metal complex Z6) is postulated, serving as a catalytically
inactive reservoir for the minorRR)-Ph-pybox ligand and
consequently enriching the enantiomeric excess of the remaining

(32) (a) Hollis, T. K.; Bosnich, BJ. Am. Chem. Sod995 117, 4570~
4581. (b) Carreira, E. M.; Singer, R. Aetrahedron Lett1994 35, 4323~
4326. (c) Denmark, S. E.; Chen, C.-Tetrahedron Lett1994 35, 4327
4330.

(33) Potential silylating sources inclu@t and MeSiSbk: Olah, G.

A.; Heiliger, L.; Li, X.—Ya; Prakash, G. K. SJ. Am. Chem. Sod.990Q
112 5991-5995.

(34) Girard, C.; Kagan, H. BAngew. Chem., Int. EA.998 37, 2923~
2959 and references therein.

(35) A very informative study on NLE in the DBFOX/F\i(ClO4);
catalyst system appeared during the preparation of this manuscript:
Kanemasa, S.; Oderaotoshi, Y.; Sakaguchi, S.; Yamamoto, H.; Tanaka, J.;
Wada, E.; Curran, D. Rl. Am. Chem. S0d.998,120, 3074-3088.

chiometry necessitates the production of an unligated copper

A 2+
| X 2+ o} | NZ :l
| | Fo~
0 | N/ ' Q S/N—Clu—N\) 2 SbFe
bFg™ B
N—Clu—N\)2S © Ph Ph
Ph P [Cu((S,S)-Ph-pybox)](SbFe)2
[Cu((S,5)-Ph-pybox)(SoF) de
4c 20°C, Cu(SbFg)y  (20)
X 24 CHCly
() ]
[o] N (o]
</l ) I\g 2 SbFg”
\ N—Cu—N
Ph Ph o
[Cu((R,R)-Ph-pybox)](SbFe)z
ent-4c

[Cu((S,S)-Ph-pybox)
((R,R)-Ph-pybox)](SbFe)>

catalytically inactive reservoir
for minor enantiomeric ligand
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species. Plausible fates of the released Cu(ll) include the
formation of Cu(SbE),%” or a non-Lewis acidic species such
as CuO or Cu(OH)

Several control experiments were performed to provide
support for the NLE proposal. Independent generation of the
2:1 ligand:copper complex using our standard catalyst prepara-
tion procedure afforded a material that was nearly completely
insoluble in the reaction solveft.Subjection of this solution
to the (benzyloxy)acetaldehyde aldol reaction revealed that the
2:1 ligand:copper complex was not a catalytically competent
species {78 °C, 2 d, 9% vyield vs4c, —78 °C, 15 min, 99%
yield). This result, buttressed by the fact that as little as 0.5
mol % of the catalystc is capable of effecting the reaction
within 24 h at—78 °C (Table 4), also serves to demonstrate
that once the 2:1 ligand:metal complex is formed, it is not in
an appreciable equilibrium with catalydt. Furthermore, the
addition of 1 equiv of R R)-Ph-pybox ligand to a stock solution
of [Cu((S9-Ph-pybox)](Sbk), (4c) caused the immediateB0
s) precipitation of a pale blue amorphous material (presumably
the 2:1 complex) and a clear colorless solufidimdicating that
the formation of the insoluble 2:1S§—(RR) ligand metal-
complex6 is a facile process at room temperature.

To delineate the course of ligand exchange and the relative
stabilities of the 95— (RR) and §9—(S,9) 2:1 ligand:metal
complexes, a catalyst preparation was undertaken using exces
ligand relative to copper (eq 27). The use of 30 mol % of 2:1

AN
l _| 2+
0 NP N0
I IJ 2 SbFg
N -
Ph

|
N—Cu—

Ph

[Cu((S,S)-Ph-pybox)](SbFg)2
4c

(5,5)-Ph-pybox 1) 20 mol% CuCl*2H,0

- -

(27)

2) 40 mol% AgSbFg _
o} NZ O 3) -AgCl 2 SbFg
|
h
Ph Ph 0
(R, R)-Ph-pybox
2:1(S,5):(R,R) (33% ee) Catalyst A
30 mol%
[Cu((S,S)-Ph-pybox)-
((R,R)-Ph-pybox)](SbFe)2
1) Catalyst A
o oTMS 15 min, -78°C

BnO
H

OH O
28
BnO\/(\ls)\/“\S(Bu (28)
7

83% ee 100% conv.

S'Bu 2) 1 NHCITHF

(S9:(RR) ligand (33% ee) and 20 mol % Cu(SPk(i.e., 20
mol % CuC} and 40 mol % AgSb§ should, ideally, produce
10 mol % of the [Cu(§9)-Ph-pybox)(R R)-Ph-pybox)](SbEk):
complex @6) and 10 mol % of enantiomerically enriched [Cu-
((S9-Ph-pybox)](SbE)2 (4c) (catalystA). Employment of this

(36) We have previously observed positive NLE in the Sm(lll)-catalzyed
Meerwein-Pondorf-Verley reduction and the Cu(Hjcatalyzed Diels
Alder reaction: Evans, D. A.; Nelson, S. G.; Gagiw; Muci, A. R. J.

Am. Chem. Sod 993,115 9800-9801.

(37) To avoid achiral catalysis, the formation of Cu(gbFwould
apparently necessitate that this complex be either insoluble ¥CGldr a
noncompetitive catalyst. While the preparation of Cu(§b&s a white solid
has been reported, to our knowledge its solubility in common organic
solvents has not been studied: (a) Cader, M. S. R.; Aubkeaf. J. Chem.
1989 67, 1700-1701. (b) Gantar, D.; Leban, I.; Frlec, B.; Holloway, J. H.
J. Chem. Soc., Dalton Tran&987, 2379-2382.

(38) A dark blue precipitate (presumably the 2:1 complex) and a very
pale blue solution were observed.

(39) Solutions ofAc are blue and free of precipitate; thus, it appears that
colorless solutions contain very little or no copper species.

vals et al.

S

27-Xray (H; (PM3) = 337.738 kcal/mol)

Figure 2. Crystal structures of the 2:1 Ph-pybox:copper complexes
[Cu((S9-Ph-pybox)(R R)-Ph-pybox)](Sbk). (26-X-ray) and [Cu(6S)-
Ph-pybox}](SbFs). (27-X-ray). Counterions have been omitted for
clarity.

catalyst solutioff in the reaction of (benzyloxy)acetaldehyde
with tert-butyl thioacetate silylketene acetal provided the aldol
product in 83% ee within 15 min at78 °C (eq 28). Although
the enantioselectivity of this reaction did not approach the
selectivity obtained in the reaction catalyzed by enantiomerically
pure 4c (99% ee, 15 min,—78 °C), it did surpass the
enantioselectivity observed in the NLE experiment (e.g., 50%
ee ligand— 84% ee product, Figure 1). Thus, this experiment
illustrates both that enrichment of the ligand is being achieved
through the formation of the [CU&S)-Ph-pybox)(RR)-Ph-
pybox)](Sbk), complex @6) and that this species is favored
relative to the §9—(S9 2:1 ligand:metal complex.

Ultimate corroboration for the formation of a catalytically
inactive 2:1 ligand:metal complex was obtained through the
X-ray crystal structural determination of both the [C3§-
Ph-pybox)(R,R-Ph-pybox)](Sbk), (26) and [Cu(S,3-Ph-
pybox)](SbFs)2 (27) complexes (Figure 2). By inspection, the
(89— (RR) complex26 appears favored relative t§8)—(S,S)
complex27, as the ligand phenyl groups project unobstructed
into each of the four quadrants. In comparisor@ Tfrthe phenyl
groups of the ligands protrude into the same two quadrants.
Semiempirical calculations (PM3) qualitatively validated this
analysis, as the heat of formation of tf&S)—(R,R) complex
26 was found to be 2.9 kcal/mol lower in energy than that of
the §9—(SS complex27.

Catalyst Characterization and Stereochemical Models:
[Cu(Ph-pybox)](SbFs).. The proposed requirement for chelation
in the [Cu(§9)-Ph-pybox)](Sbk). (4c)-mediated (benzyloxy)-

(40) A pale blue precipitate (presumably the 2:1 complex) and a blue
solution were observed (eq 28).
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Selected bond Ilengths (A) and angles (deg)

measurement 28 29

Cu1-N1 1.957(6) 1.963(5)
Cut-N2 2.011(7) 2.027(5)
Cu1-N3 2.009(7) 2.024(5)
Cu1-03 1.985(7) 2.064(4)
Cul-04  2.179(7) 2.203(5)
Cul-F4 2.897(10) 3.488(7)
Cul-F7 - 5.418(7)
N1-Cui-03 159.0(4)° 156.4(2)
Ni-Cul-O4 114.6(3)° 127.2(2)
03-Cu1-04 86.4(3)F°  76.3(2)

[Cu(i-Pr-pybox)(DME)](SbFy),

[Cu(i-Pr-pybox)(H;0),1(SbFy), oy

28-X-ray

Figure 3. Crystallographic structures of the [GtRr-pybox)(L)](SbFs). complexes39 and 40 along with selected bond lengths and angles.

acetaldehyde aldol reaction requires the intermediacy of a five- A), with the more weakly coordinated oxygen ligand positioned
coordinate Cu(ll) catalystsubstrate comple¥:*2Several five- in the apical site of the complexeg§, Cu—OR, = 2.179 A;
coordinate [Cu(pybox)](Skf, complexes were synthesized with 29, Cu—OR, = 2.203 A). From these data, it is reasonable to
the intent of obtaining crystal structures that might elucidate conclude that the C4O bond lengths ir29 provide a direct

the basic coordination geometry (i.e., trigonal bipyramidal or measure of the inherent Lewis acidity of the two nonequivalent
square pyramidal§ of these complexes, thus providing a basis catalyst binding sites.

upon which to construct a stereochemical model of the catalyst Based upon the preceding structural data, the trigonal
substrate complex. Due to the highly crystalline nature of the bipyramidal compley30was considered unlikely; furthermore,
bis(hydrate), [Cu¢Pr-pybox)(BO).](SbF)- (28, Figure 3) was this structure predicts the incorrect stereochemical outcome for
selected as the initial substrate from which to extrapolate the (benzyloxy)acetaldehyde aldol reaction (Scheme 6). For the
geometrical information on pentacoordinate Cu(ll) complexes.

Efforts were also directed toward obtaining crystals of chelated Scheme 6 mEs
pentacoordinated [Cu(pyboX}] complexes to model this reac- 7N O Nu (reface)
tion, in which the catalystsubstrate complex is similarly N/\C‘{? N
organized. In this context, we also obtained an X-ray structure N \\VN Ph\ }’ Ph

Bn-O

of the analogous dimethoxyethane (DME) comp2&(Figure 3

3). Both the bis(hydrate) and the DME complex&and 29

H 0
+ 2+
adopt a square pyramidal geometry, with the Stdunterions %ﬁO%H ? 9—“,(_%?:'
fully dissociated from the metal center (Figure 3). A useful G \Nghcu\o/
Ph ;( l Ph
O\)\\H 0

o7 N Ph‘\o [e)

measure of distortion from the ideal square pyramidal geometry ~—
H Bn'

-

H

is the Nlpyriayy— Cu—O3equayypond angle, which by definition T face)/» !

is 180 for an undistorted complex. For the DME comp[2%

this measure of distortion (NACul—03= 156.4£) is somewhat 31a productive 31b nonproductive
greater than the corresponding measurement in the bis(hydrate) 1obse,ved product J
complex28 (N1-Cul-03 = 159.0).

As a consequence of the electronic configuration of the Cu- oH O on 9o
(I) center (&) and accompanying JahiTeller distortion, the B”O\/:;)ksa B"O\/(s/u\sa

square pyramidal geometry affords a strong coordinating site
in the ligand plane, with a weaker coordination site in the axial

position®2 In accord with this expectation, the more tightly ~Square pyramidal copper geometry, two diastereomeric catalyst
bound oxygen heteroatoms 28 and 29 are found in the  Substrate complexe3la and 31b must be considered in the

equatorial plane2g, Cu—OR, = 1.985 A;29, Cu—OR, = 2.064 analysis of the impact of catalyst structure on reaction stereo-
chemistry. As documented in the [Cu(pybdx)bystem by the

(41) The weakly coordinating SkFeounterions are presumed to not X-ray crystal structures28 and 29, the square pyramidal

associate directly with the Cu(ll) center. Considerable structural data support L L .
this assertion (vide infra). geometry affords a strong coordinating site in the ligand plane,

(42) (a) For a discussion of five-coordinate Cu(ll) complexes, see: With a weaker coordination site in the axial position. As a
Hathaway, B. J. InComprehensie Coordination ChemistryWilkinson, consequence, for maximal Carbony] activation, a_|dehyde coor-

G., Ed.; Pergamon Press: New York, 1987; Vol. 5, Chapter 53. (b) i atinn i . : L
Cambridge Structural Database survey: 51 square pyramidal structures; 9qmatlon is postulated to occur in the equatorial position, as

trigonal bipyramidal structures (http://sulfur.scs.uiuc.edu/gifs/cuii.htm).  illustrated in complexdla Accordingly, the catalystsubstrate
(43) The energy difference between trigonal bipyramidal and square complex31a successfully predicts the stereochemical outcome

pyramidal geometries has been calculated to be low; see: (a) Wilcox, D. ; ; _
E.; Porras, A. G.; Hwang, Y. T.; Lerch, K.; Winkler, M. E.; Solomon, E. of the .(benZmey)aceta!dehyde aldol reaCthn’ and the diaster
I. J. Am. Chem. S0d985 107, 4015-4027. (b) Solomon, E. Comments eomeric square pyramidal complédb predicts the wrong

Inorg. Chem.1984 3, 227-320. absolute stereochemistry. The high enantioselectivity observed
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Selected bond lengths (A)
and angles (deg)

Cu1-N1
Cu1-N2
Cu1-N3
Cu1-03
Cu1-04
Cul-F1
Cut-F12
N1-Cul-O3
N1-Cu1-O4
03-Cul-04

1.952(10)
1.989(10)
2.014(9)
1.986(8)
2.328(8)
2.619(7)
5.265(7)
169.0(4)
117.4(3)
73.6(3)

[Cu(Ph-pybox)(BnOCH,CHO)](SbF¢),
32-Xray

Figure 4. Two perspectives of the X-ray structure of the [Cu(Ph-pybox)(Bn@HD)](SbF). complex41 along with selected bond lengths and

angles.

in these reactions>95% ee) provides strong support for the
assertion that only one of the two complexes, i&la is
catalytically competent.

Ultimately, we were successful in obtaining deep blue crystals
of the catalyst-substrate [Cu&,S-Ph-pybox)(BnOCHCHO)]-
(SbRs), complex @2). The X-ray structure reveals that the
copper geometry is square pyramidal, with the carbonyl oxygen
coordinated to the equatorial site in the ligand plane and the
ether oxygen occupying an apical site (Figure 4). As expected,
the carbonyl oxygen occupies the more Lewis acidic site as
evidenced by the much shorter aldehyd® bond length
(Cul—03 = 1.986 A) relative to the benzyl ethe€u bond
length (Cut-0O4 = 2.328). This complex exhibits a minimal
amount of distortion from an ideal square pyramidal geometry,
as evidenced by the Nlidyy—Cu—O3equay bond angle of
169.C. In direct accord with our prediction, it is evident from
this structure that thee face of the aldehyde carbonyl is
completely shielded by the Ph substituent on the ligand.

Further inspection of the [Cu(Ph-pybox)(BnOgEHO)]-
(Sbks), X-ray structure 82) reveals that the phenyl group of

the (benzyloxy)acetaldehyde substrate is oriented under the

pyridine ring of the pybox ligand~3.5 A) in a parallel fashion

(Figure 4). This geometrical arrangement and distance are

consistent with a parallel offset face-to-fage-sr interaction
between the phenyl and pyridyl moieti¥#sExperiments were

benzyloxy)acetaldehyde, the enantioselection was restored to
99% ee (eq 29). These experiments suggest thatsthis
interaction plays an important organizational role in the assembly
of the catalystsubstrate complese

OH

o
29
0 )OiMS 1) 10 mol% 4c, 78 °C Ro\/l\)j\S‘Bu (29)
Ro\)l\H + S'Bu 2) 1 NHCITHF

R=Bn
R =n-Bu
R =PMB

99% ee
88% ee
99% ee

When the [Cu(§,3-Ph-pybox)(BnOCHCHO)](Sbk), crys-
tals 32) were redissolved in C}Cl, and treated with the
silylketene acetal derived frotert-butyl thioacetate under the
usual reaction conditions (eq 30), the aldol adduct was obtained
in 99% ee (1 h,—78 °C), the same value as obtained for the
catalyzed reaction. This experiment provides strong evidence
that the catalystaldehyde complex3Q) isolated and character-
ized is also the catalytically relevant species in solution.

§HO
N N‘%
cu_
Ph \3\\ Ph
< o
| B H

n

OTMS

“ 1) )\
H s'Bu OH o
2SbFg™ 1 h, -78 °C, CH,Cl, BnO\/l\)'L (30)
—— s'Bu

2) 1 NHCITHF 7
99% ee (S)

designed to counter the possibility that the observed orientation X-ray crystal 32

is solely a consequence of crystal packing and of no relevance . . .

to the actual solution behavior. Upon substitution of the benzyl Evidence for Chelation. The selection of (benzyloxy)-
group of the substrate with an alkyl group, as firb{ityloxy)- acetaldehyde as the aldol reaction substrate was predicated upon
acetaldehyde, a significant reduction in enantioselectivity was the proposed ability of this aldehyde to engage in bidentate

observed (eq 29, 99~ 88% ee , AAG* ~ 1 kcal/mol at—78 (45) For examples where— interactions in enantioselective catalyst
°C)_ When the aryl group was reinstalled, as in (4-methoxy- systems have been characterized by X-ray crystallography, see: (a) Hawkins,
J. M.; Loren, S.; Nambu, MJ. Am. Chem. S0d.994 116 1657-1660.

(b) Quan, R. W.; Li, Z.; Jacobsen, E. N. Am. Chem. Sod 996 118
8156-8157.

(44) Hunter, C. A,; Sanders, J. K. M. Am. Chem. Sod99Q 112,
5525-5534
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Scheme 7 Scheme 8
A o 2 /_N\ o} H—| 2+
Chelation Product Felkin Product %m” \CU/N\?
o N5 0 o= N/Phl o b,
o) ™SO O T™MSO O \ f’ Ph \ Ph L( S
Bno_(A) 5mol% 4c  Bno 2 .t BnO . \ Bn/O%H W Bn” .@
H o q2n SBu S'Bu WG H
. Nu (siface,
Me oTMS v 5050 “e (Rj-aldehyde " (57fac) (Syaldehyde
’ MISMATCHED 33a MATCHED 33b
S'Bu mEs

2+
o] TMSO o TMSO o /—-N\ Sn H_‘ Y A fo) Nu (re face)
6] 3 BnO. * ; ScuN7 —N_ 2\ H
BnO. 5 mol% 4¢c  Bn s'a BnO. ~—09 N
o Y P Ph

H

1 07 N C
- H Y Y S'Bu h\ o XNV
l\:lle 2h Me Me <H OY\.nMe \ f,Ph\o “uH Ph

985:15 I H Y BT Me
Nu (re face) (R-aldehyde (R)-aldehyde
MATCHED 34 MATCHED 35

coordination to the Cu(ll)-center. Support for dynamic substrate Indeed, this has been shown to be the case, as demonstrated by
chelation was acquired whea-(tert-butyldimethylsilyloxy)- the low reactivity of R)-a-(benzyloxy)propionaldehyde. While
acetaldehyde, an aldehyde which is expected to be an ineffectivethe manifestation of matched and mismatched reaction partners
chelator{® was implemented in the Cu(ll)-catalyzed aldol is consistent with all the models, both the diastereomeric square
reaction: the use of this aldehyde led to a less enantioselectivepyramidal model34 and the trigonal bipyramidal mod&5
process (eq 31, 56% ee) as compared to (benzyloxy)acetaldewould predict theoppositematched and mismatched relation-
hyde (99% ee). Furthermore, hydrocinnamaldehyde, a mono-ships relative to those observed (Scheme 8); moreover, the
dentate substrate incapable of chelation, afforded a racemicresults of these double stereodifferentiating experiments are in
product when employed in this reaction (eq 31). Based upon full accord with the proposal that (benzyloxy)acetaldehyde
these results, catalyssubstrate chelation appears to be an coordinates to the Cu(ll) center in a bidentate fashion.
absolute requirement for obtaining high enantioselectivity in this  Solution-State Characterization.To establish a correlation

process. between the accumulated solid-state structural data and the
o o solution behavior, the catalyssubstrate species were probed
° OTMS o 4c. -78 ° 31 using a combination of electrospray ionization mass spectrom-
x\)J\ + )\S\Bu 12)1:)::;;:;8 = X\/l\)j\S'Bu e etry (ESI) and electron paramagnetic resonance (EPR) spec-
: ) X=BnO  99%ee troscopy. Significantly, the ESI spectrum of [Cu(Ph-pybox)-
X=TBSO  56%ee (BhOCH,CHO)](SbFk), clearly affirmed the presence of a
X=PhCHz  <10% ee doubly charged catalyssubstrate complex, [Cu(Ph-pybox)-

. . . . (BnOCH,CHO)P?", in solution without any associated coun-

Double stereodn_‘ferentlatlng experiments wﬁh){an_d S- terions (see Supporting Information). Additionally, the EPR
a-(benzyloxy)propionaldehyde have also been carried out t0 ge ot of the [CiPr-pybox)(HO)l(SbR)2 (26), [Culi-Pr-
provide support for the square pyramidal catalysibstrate pybox)](SbR)2 (29), and [Cu(Ph-pybox)(BnOCKHO)](SbF):

model 31a described in Scheme 6. Gennari and Cozzi have . - :
. - . (32 complexes exhibited well-defined square pyramidal copper
shown that the SnG:imediated addition of the silylketene acetal - onters in direct accord with the corresponding crystal structures

derived fromtert-butyl thioacetate ta-(benzyloxy)propional- (see Su ; ; ; L

) . ; ) pporting Informatiort§. The ratio ofgy/A is indicative
dehyde prOVIdES7 the chelation-controlled adduct with high o gistortion away from square pyramidalization; a value of 126
selectivity (98:2)" Reaction of R)-a-(benzyloxy)propionalde- 14 or 32 s consistent with negligible amounts of distor-
hyde catalyzed by [Cu(Ph-pybox)](ShFafforded an unselec- o 49 The ahove solid- and solution-state data together provide

tive, slow reaction (Scheme ismatcheld This result is compelling evidence for the presence of comg&a(Scheme

consistent with catalystsubstrate square pyramidal coordina- 6) in th ti f (b | taldehvd loving th
tion, where the substrate (Me) and ligand (Ph) substituents mask[éJ?Ph?p;Ezi)l]?gzgz ((:a(igéitogé).ace aldehyde employing the

oppositealdehyde carbonyl enantiofaces (Schem&3®j). In
thematcheccase, §-a-(benzyloxy)propionaldehyde underwent
a rapid reaction, providing a 98.5:1.5 mixture of diastereomers
favoring the chelation-controlled product (Scheme 7). In the
square pyramidal complex (Scheme &b), the a-methyl
substituent of §-a-(benzyloxy)propionaldehyde reinforces the
facial bias imposed by the catalyst.

A corollary to these experiments is th&®){a-(benzyloxy)-

Diastereoselectivity ModelsThe majority of the diastereo-
selective (benzyloxy)acetaldehyde aldol reactions encountered
" in this study afford the syn addu&&This syn selectivity can
be rationalized by attack of the silylketene acetal on the proposed
square pyramidal Cu(ltyaldehyde complexdlavia an open
transition state, which minimizes the number of repulsive gauche
and dipole-dipole interactions (Scheme 9, the shielding Ph-

. - (ligand) group has been omitted for clarif)Of the three
propionaldehyde would be anticipated to act as a catalyst (48) The square pyramidal nature of the [Cu(Ph-pybox)(Bn ]
inhibitor on the basis of the observation that this enantiomer (SbFE) spectrum was verified by comparison with the EP@R spDectra of

ideally complements the catalyst by orienting a Me group in compounds known to possess square pyramidal copper centers: (a)

the only open quadrant available in compé3a (Scheme 8).  Reference 42a, p 662. (b) Batra, G.; MathurTRnsition Met. Chen.995,
20, 26—29.

(46) (a) Keck, G. E.; Castellino, S.; Wiley: M. R. Org. Chem1986 (49) In addition, the simulated spectrum of [Cu(Ph-pybox)(Bn@CH
51, 5480-5482. (b) Kahn, S. D.; Keck, G. E.; Hehre, W.Tktrahedron CHO)](Sbk)2 closely matched the experimental spectrum (see Supporting
Lett. 1987, 28, 279-280. (c) Keck, G. E.; Castellino, Setrahedron Lett. Information) when the following simulation parameters were employed:
1987, 28, 281-284. (d) Keck, G. E.; Andrus, M. B.; Castellino, $.Am. 01 = g2 = 1.9368,9; = 2.3300;A = 152.92 G, LB= 100 G.

Chem. Soc1989 111, 8136-8141. For evidence supporting chelation of (50) Reetz has observed syn diastereoselectivity in the, 8t SnCJ-
an OTBS group, see: (e) Chen, X.; Hortelano, R. R.; Eliel, E. L.; Frye, S. mediated aldol reactions of benzyloxyacetaldehyde with propiophenone
V. J. Am. Chem. So0d.992 114, 1778-1784. enolsilanes: Reetz, M. T.; Kesseler, K.; Jung, Tetrahedron1984 21,

(47) Gennari, C.; Cozzi, P. Getrahedron1988 44, 5965-5974. 4327-4336.
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Scheme 9 Scheme 10

electrostatic

BnO repulsion
SR

Me
syn (favored)

(B):R1=8R,R?=0TMS
or
(2:R'=0TMs, RZ=SR

Me

possible transition states that lead to the observed syn product{SbFs), complex2ais employed but that the opposite sense of
antiperiplanar transition stat& has the fewest destabilizing induction is observed when the analogous bGu(OTf),
interactions. By comparison, the antiperiplanar transition state complexlais employed. We thus conclude that, with the current
37, which would afford the anti product, incurs both Me-

(nucleophile)> CHy(aldehyde) and Me(nucleophile) catalyst o oTMS 10 mol% OH O (3
gauche interactions. N P G i LN NG
.. .o . . H SBU  CH,Cl,, -78 °C S'Bu
The anti diastereoselectivity observed in the aldol addition 2t 7

X = OTf (1a) : 1h, 91% ee (R)

of 2-(trimethylsiloxy)furan to (benzyloxy)acetaldehyde (eq 20) X = b (28) 16 min, <64% 86 (9
= 6 : , <64%

may be rationalized through a similar analysis. Inspection of

each of the acyclic transition states leads to the conclusion that ] ) ) ] ) )
38and39are preferred on steric grounds (Scheme 10). Further feaction, the triflate counterion remains associated with the metal

examination reveals that the synclinal transition st3®eis complex during the catalytic event. This result stands in contrast

favored relative to the antiperiplanar transition s38edue to ~ t0 the analogous aldol reactions with pyruvate esters, where both

the electrostatic repulsion between the (benzyloxy)acetaldehydela and2a afford the same sense of asymmetric inductiblt.

carbonyl oxygen and the furan oxyg&h. is also noteworthy that the Sp#erived complexa is less
Catalyst Characterization and Stereochemical Models: enantioselective than its triflate counterpart. One might speculate

[Cu(tert-Bu-box)](OTf).. Prior work from this laboratofyhas that 26_1 is too Lewis acidic for this substrate to allow a highly

provided the precedent that the [CB(§-tert-Bu-box)](OTf) selective process to occur.

and [Cutert-Bu-box)](Sbk), complexesla and2a also have

the potential to chelate with (benzyloxy)acetaldehyde. The Methodology Limitations

relevant complexes of this substrate withnd?2 are illustrated

below (Scheme 11). In the absence of counterion participation, AS demonstrated previously, a chelating substrate is necessary

complex40 affords an unequivocal prediction that the stereo- t0 achieve high enantioselectivity in the [C8(§-Ph-pybox)]-

chemical outcome of the reaction should afford the illustrated (SbFe)2 (4c) catalyzed Mukaiyama aldol reaction (eq 33);

(S aldol adduct. If the counterion is an integral part of the Mmoreover, there are strict requirements on the nature of the

aldehyde-cata|yst Comp|exl as |m1, the stereochemical Chelating substituent (Table 8) Replacement of the benzyloxy

outcome of the reaction is more ambiguous, since aldehydeWith & benzylthio group, as in (benzylthio)acetaldehyde, resulted
chelation could occur from either equatofi.@quatoria] or in a decline in enantioselection from 99% to 36% ee. Further-

equatoriat-apical (pictured) complexes. more, alteration of the tether length can have a dramatic impact,
as evidenced by the complete loss of enantioselectivity when

Scheme 11 an additional methylene unit was insertef-(benzyloxy)-

Me Me ]2 Me Me S propionaldehyde). Simple stereochemical models suggest that
Mesc'oﬁoﬁ o el T T o the five-membered chelate with (benzyloxy)acetaldehyde readily
?”o:c(oﬁﬁé —_ 0: luix o complements the ligand pocket available in [Cu(Ph-pybox)]-
) — CMes X ~gn . (SbF)2, whereas the six-membered chelate fefbenzyloxy)-
w0 | Neotsitace (™S H a propionaldehyde adopts a chair or twist-boat conformation,

/L\S«Bu which undergoes significant steric interactions with the pybox
l - ¥ ligand framework. The complete lack of selectivity obtained
OH O OH O

B”O\/l\)J\ !
S'Bu

(S

BnO\/E\)J\SlBU
(R

The data provided below (eq 32) reveal that com@l@xloes
predict the sense of asymmetric induction when the-Hou-

with substrates which, presumably, would attain chelation
geometries similar to that of (benzyloxy)acetaldehyde, such as
ethyl glyoxylate, is not easily rationalized.

(51) (a) Evans, D. A.; Kozlowski, M. C.; Burgey, C. S.; MacMillan, D.
W. C.J. Am. Chem. S0d.997, 119 7893-7894. (b) See ref 25.
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Table 8. Scope of the Elcctrophilic Component in the Catalyzed

Aldol Reaction (eq 34) 24
A y Sty
+

OoTMs Ph 40 E

10 mol% U (393)
S'Bu X S'Bu
2) 1 NHCI/THF
substrate % ee substrate = % ee substrate % ee
o o OMe O
RJ\H <10 Bno%H <10 H <10
Me Me
R = Ph, CH(Me),, o
CH=CHPh
Nj)LH
|
Me
s L, ? el
o)

/\)J\ <10 EQO% <10 (Nj)LH <10
nO H H ‘
I Z

Conclusion

In conclusion, efficient catalytic enantioselective Mukaiyama
aldol additions to (benzyloxy)acetaldehyde utilizing tBg
symmetric bis(oxazolinyl)pyridineCu(ll) complex [Cu(E,9-
Ph-pybox)](SbE). (4c) have been documented. A wide range

of silylketene acetal and enolsilane nucleophiles can be em-

ployed, utilizing 0.5-10 mol % catalyst loadings, to provide
the aldol products in good yield and with high selectivity (eq
34).

oTMS OH O

0.510mol% 4¢  gno "
B”O\)J\ H\SE( — Msa ©4)

R

R=H: 98% ee (95%)
R = Me: 97% ee, 97:3 symanti

Investigation into the reaction mechanism utilizing doubly

J. Am. Chem. Soc., Vol. 121, No. 4689299

General Procedure for the Preparation of ¢)-Ketene Thioacetals.
The Collum proceduf& was employed for the synthesis of this family
of ketene acetals. As a general precaution, freshly dried/distilled reagents
were used in order to attain the highest levels of stereoselectiv@$:(
5). A chilled (0°C) slurry of TMPHBr (1.3 equiv, 0.09 M in THF)
was treated witm-BuLi (2.4 equiv, 1.6 M in hexanes), stirred for 5
min, and cooled to-78 °C. A solution of the thioester (1.0 equiv, 0.5
M in THF) was cannulated into the light yellow solution and stirred
an additional 30 min. Chlorotrimethylsilane (2 equiv) and triethylamine
(0.5 equiv) were added, and the solution was warmed 1G @ver a
4-h period before being diluted with pentane and washed with phosphate
buffer (pH = 7) and 0.5 M aqueous CugOThe organic layer was
dried (NaSQy), concentrated, and distilled under vacuum to furnish
the title compounds.

General Procedure for the Preparation of €)-Ketene Thioacetals.
The Ireland proceduf&was employed for the synthesis of this family
of ketene acetals. As a general precaution, freshly dried/distilled reagents
were used in order to attain the highest levels of stereoselectiv@g:(

5). A solution of LDA (1 equiv) and HMPA (23% v/v) was stirred for
10 min prior to cooling 78 °C) and treatment with the thioester (1.1
equiv). The solution was stirred for 15 min, treated with chlorotrim-
ethylsilane (1 equiv), and warmed slowly to°G. The reaction was
diluted with pentane, washed with phosphate buffer ¢pH) and 0.5

M CuSQ, and dried (NgSQy) prior to concentration under reduced
pressure. The unpurified product was distilled under vacuum to furnish
the title compounds.

Preparation of [Cu((S,S)-Phenyl-bis(oxazolinyl)pyridine)](SbFs)2
(4c). To an oven-dried round-bottom flask containing a magnetic stirring
bar were added, in a nitrogen atmosphere b§§-bis(phenyloxazoli-
nyl)pyridine (18.5 mg, 0.05 mmol) and CuwdJ6.7 mg, 0.05 mmol).

To an oven-dried round-bottom flask containing a magnetic stirring
bar was added, in a nitrogen atmosphere box, Ag$8#.4 mg, 0.10
mmol). The flasks were fitted with serum caps and removed from the
nitrogen atmosphere box, and the flask containing the ligand/CuCl
mixture was charged with Gi€l, (1.0 mL). The resulting suspension
was stirred rapidly fo 1 h to give a fluorescent green suspension.
AgSbFs (in 0.5 mL CHCI,) was added via cannula with vigorous
stirring, followed by a 0.5-mL CECl; rinse. The resulting mixture was
stirred rapidly fo 3 h in theabsence of light and filtered through an
oven-dried glass pipet tightly packed with cotton (or alternatively an

labeled silylketene acetals indicated that there is a significant oven-dried 0.45¢m PTFE filter) to remove the white AgCl precipitate,

intermolecular component to silyl transfer; however, any
transient silyl species does not effectively compete with the
chiral copper catalystcat—78 °C. Further mechanistic studies

revealed a significant positive nonlinear effect, proposed to arise

from the selective formation of the stable [C&)-Ph-pybox)-
((RR)-Ph-pybox)](Sbk), 2:1 ligand:metal complex2g). A
stereochemical modeBla, is proposed in which chelation of

yielding active catalyst [Cu(Ph-pybox)](SéFas a clear blue solution.
General Procedure for the Catalyzed Addition of Silylketene

Acetals to Benzyloxyacetaldehyde Using [Cu(Ph-pybox)](Sk: (4c).

To a—78°C solution of [Cu(Ph-pybox)](Shj in CH,Cl, which was

prepared as described above was added benzyloxyacetaldehyde (70.0

uL, 0.50 mmol), followed by a silylketene acetal (0.60 mmol). The

resulting solution was stirred at the indicated temperatui&(or —50
°C, see text) until the aldehyde was completely consumed (15-min

(benzyloxy)acetaldehyde to the metal center to form a squareas h), as determined by TLC (30% EtOAc/hexanes). The reaction
pyramidal copper intermediate accounts for the observed sensemixture was then filtered through a 1.5-8-cm plug of silica gel with

of induction. Support for this proposal has been gained from

Et,O (50 mL). Concentration of the ether solution gave a clear oll,

double stereodifferentiating reactions, EPR spectroscopy, ESIwhich was dissolved in THF (10 mL) @l N HCI (2 mL). After

spectrometry, and, ultimately, the X-ray crystal struct®ef
the aldehyde bound to cataly3t.

Experimental Sectior3

General Procedure for the Preparation of Ketene AcetalsThe
thioester (1 equiv) was added to a cold78 °C) 0.4 M solution of
lithium diisopropylamide (1.2 equiv) in THF and stirred fbh before
the addition of chlorotrimethylsilane (1.1 equiv). The reaction mixture
was warmed to ambient temperature over a 4-h period, diluted with
pentane, washed with phosphate buffer GgH) and 0.5 M aqueous
CuSQ, and dried (N&SOy). Removal of the solvent and distillation of

standing at room temperature for 15 min, this solution was poured into
a separatory funnel and diluted with,©t(10 mL) and HO (10 mL).
After mixing, the aqueous layer was discarded, and the ether layer was
washed with saturated aqueous NaHG®DD mL) and brine (10 mL).
The resulting ether layer was dried over anhydrous MgSiered,
and concentrated to provide the hydroxy esters.

Preparation of (S)-tert-Butyl 4-Benzyloxy-3-hydroxybutanethio-
ate (7, Table 4, Entry 1).Compound/ was prepared according to the
general procedure using [Cu(Ph-pybox)](g§bkF200xL, 2.5umol, 0.5
mol %) and the silylketene acetal tdrt-butyl thioacetate (122 mg,
0.60 mmol, 153uL) to provide the pure$)-hydroxy ester in 100%

the crude liquid under reduced pressure afforded the desired ketene (54) Ketene silylthioacetal dert-butyl thioester: Gerlach, H.; Kunzler,

thioacetaf*

(52) Since completion of this study, other chiral chelating Lewis acid
complexes that could well be good catalysts for this family of reactions
have been reported: see ref 35.

(53) General information is provided in the Supporting Information.

P.Helv. Chim. Actal978 61, 2503-2509.

(55) Hall, P. L.; Gilchrist, J. H.; Collum, D. Bl. Am. Chem. Sod991,
113 9571-9574.

(56) Ireland, R. E.; Mueller, R. H.; Willard, A. KJ. Am. Chem. Soc
1976 98, 2868-2877. We have also occasionally used the Fukuzumi
Otera protocol: Otera, J.; Fujita, Y.; Fukuzumi,$nlett1994 213-214.
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yield (141 mg, 0.50 mmol). Enantiomeric excess was determined by R: spot R 0.39, 20% EtOAc/hexanes). The reaction mixture was then

HPLC with a Chiralcel OD-H column (94.2:0.8:5.0 hexanes/2-propanol/
EtOAc; 1.0 mL/min; R) enantiomett, = 16.3 min; §) enantiomett;

= 17.9 min) or with a Chiralcel AD column (96:4 hexanes/2-propanol;
1.0 mL/min; @ enantiomett; = 13.1 min; R) enantiomett, = 16.5
min; 99% ee). The analytical data obtained from this matetiaNMR,

13C NMR, IR, and HRMS) were identical to those previously reported:
4 Ja]" —10.9 € 3.0, CHCL); [a]%% (lit.*9) +10.0 € 1.0, CHC)
96% ee R).

Preparation of (S)-Ethyl 4-Benzyloxy-3-hydroxybutanethioate
(Table 4, Entry 2). This compound was prepared according to the
general procedure employing [Cu(Ph-pybox)](§bE200uL, 2.5umol,

0.5 mol %) and the silylketene acetal of ethyl thioacetate (106 mg,
0.60 mmol, 132:L) to provide the pure adol adduct in 95% yield (121
mg, 0.048 mmol) after flash chromatography with 20% EtOAc/hexanes.
Enantiomeric excess was determined by HPLC with a Chiralcel OD-H
column (98:2 hexanes/2-propanol; 1.0 mL/ming) énantiomett,
31.6 min; R) enantiomett, = 35.7 min; 98% ee. The analytical data
obtained from this materialtd NMR, 3C NMR, and HRMS) were
identical to those previously reportétfa]™s —10.6 € 4.2, CHCl,);
[0]%% (lit.49) +11.4 € 1.0, CHC}), 94% ee R).

Preparation of (S)-Ethyl 4-Benzyloxy-3-hydroxybutanoate (Table
4, Entry 3). The silyl ether was prepared according to the general
procedure employing [Cu(Ph-pybox)](S§F(200 uL, 2.5 umol, 0.5
mol %) and the silylketene acetal of EtOAc (96 mg, 0.60 mmol, 114
uL). Deprotection of the TMS ether ugirl N HCI caused decomposi-
tion to the retroaldol product; thus, a fluoride deprotection procedure
was used instead. The crude silyl ether was dissolved in THF (5 mL)
and cooled to 0C. TBAF (1.0 M in THF, 0.60 mmol, 0.60 mL) was
added dropwise. After 15 min, the solution was diluted witbCE¢10
mL) and saturated NaHGQ(10 mL) and poured into a separatory

filtered through a 2.5x 8-cm plug of silica gel with EO (200 mL).
Concentration of the ether solution gave a clear oil, which was dissolved
in THF (100 mL) anl 1 N HCI (10 mL). After standing at room
temperature for 15 min, this solution was poured into a separatory funnel
and diluted with E£O (100 mL). The aqueous layer was discarded and
the organic layer washed with saturated NaHQ®D mL) and brine

(50 mL) and dried over anhydrous Mg&@iltration and concentration

of the resulting solution gave the hydroxy ketoester in 96% yield (1.7
g, 6.4 mmol): R 0.50 (50% EtOAc/hexanes)o]s —13.7 € 3.55,
CHCLy); IR (neat) 3438, 2864, 1740, 1716 cim*H NMR (400 MHz,
CDCly) 6 7.29 (m, 5H), 4.54 (s, 2H), 4.30 (m, 1H), 3.65 (s, 3H), 3.50
(dd,J = 4.5, 9.6 Hz, 1H), 3.41 (dd] = 5.7, 9.6 Hz, 1H), 2.78 (d]

= 5.9 Hz, 2H);**C NMR (100 MHz, CDC}) § 202.3, 168.6, 137.8,
128.5,127.9,127.8,73.5, 73.1, 66.8, 52.4, 49.7, 46.3; HRMS (C}) NH
exact mass calcd for (@H150s + NH4)* requiresm/z 284.1487, found

m/z 284.1498.

The hydroxy ketoester was subsequently reduced to the anti diol
using tetramethylammonium acetoxyborohydfileA solution of
tetramethylammonium acetoxyborohydride (11.8 g) in acetic acid (60
mL) was added to &35 °C solution of the ketoester in GBN (100
mL) over 30 min. The resultant milky white solution was stirred at
—35 °C for 18 h and then quenched by the addition of a saturated
solution of Rochelle salts (100 mL) and warming to room temperature.
The resulting mixture was diluted with EtOAc and made basic with a
saturated solution of N€O;. The aqueous layer was discarded, and
the organic layer was washed with brine (50 mL), dried over MgSO
and concentrated to give the anti diol in 91% yield (1.6 g, 6.1 mmol)
as a white solid. Product ratios were determined by HPLC with a
Chiralcel OD-H column (90:10 hexanes/2-propanol; 1.0 mL/msyy+
(BR59) t; = 15.9 min;anti-(3R,5R) t; = 17.9 min;syn(3S5R) t, =

funnel. After mixing, the aqueous layer was discarded and the organic 22.8 min;anti-(3S5S) t. = 29.5 min; 15:1 anti:syn, 97% anti ee: mp

layer washed with brine (10 mL) and dried over MgS@iltration

61°C; R 0.40 (50% EtOAc/hexanesy's +2.2; [o]"sss+6.3 (C 1.8,

and concentration gave the pure hydroxy ethyl ester in 99% yield (117 CHCL); IR (CHzClz) 3417 (br) 3030, 2949, 2863, 1734 cim'H NMR

mg, 0.49 mmol) after flash chromatography with 20% EtOAc/hexanes.
Enantiomeric excess was determined by HPLC with a Chiralcel OD-H
column (94.2:0.8:5.0 hexanes/2-propanol/EtOAc; 1.0 mL/mirg) (
enantiomeit, = 24.8 min; R) enantiomert, = 29.3 min; 98% eeR
0.27 (30% EtOAc/hexanes)y]"s —8.8 (¢ 2.1, CHCl,); IR (CH,Cl,)
3579, 3061, 2905, 1728, cth *H NMR (400 MHz, CDC}) 6 7.33
(m, 5H), 4.56 (s, 2H), 4.24 (dd,= 4.6, 6.1 Hz, 1H), 4.15 (q] = 7.1
Hz, 2H), 3.51 (ddJ = 4.5, 9.6 Hz, 1H), 3.47 (dd] = 6.0, 9.6 Hz,
1H), 2.96 (br s, 1H), 2.54 (d] = 6.3 Hz, 2H), 1.25 (tJ = 7.3 Hz,
3H); 3C NMR (100 MHz, CDC}) 6 172.0, 137.8, 128.3, 127.7, 127.6,
73.2, 73.0, 67.1, 60.6, 38.2, 14.0; HRMS (EIl) exact mass calcd for
Ci13H1804™ requiresm/z 238.1205, foundn/z 238.1206.

Preparation of (S)-(3-Benzyloxy-2-hydroxypropyl)-2,2-dimethyl-
1,3-dioxin-4-one (11, Eq 12)Compoundll was prepared according
to the general procedure using [Cu(Ph-pybox)](@bE2 mL, 0.025
mmol, 5 mol %) and the trimethylsilylketene acetal derived from 2,2,6-
trimethyl-1,3-dioxen-4-oré (126 mg, 0.60 mmol) to provide the pure
adol adduct in 95% yield (165 mg, 0.564 mmol) after flash chroma-

tography with 50% EtOAc/hexanes. Enantiomeric excess was deter-

mined by HPLC with a Chiralcel OD-H column (90:10 hexanes/2-
propanol; 1.0 mL/min): ) enantiomet, = 17.7 min; § enantiomer

tr = 22.6 min; 92% eeRs 0.20 (50% EtOAc/hexanes)y]"s —15.1,
[o]"s46 —14.9 € 1.3, CHC}); IR (neat) 3438, 3089, 2914, 2863, 1718,
1634 cnr!; *H NMR (400 MHz, CDC}) 6 7.33 (m, 5H), 5.31 (s, 1H),
4.56 (s, 2H), 4.10 (m, 1H), 3.51 (dd,= 3.6, 9.4 Hz, 1H), 3.40 (dd,
J=6.5, 9.4 Hz, 1H), 2.40 (dd] = 1.5, 5.4 Hz, 1H), 2.39 (dd] =
3.1, 5.4 Hz, 1H), 1.66 (s, 3H), 1.65 (s, 3HFC NMR (100 MHz,

CDCls) 6 168.6, 161.1, 137.6, 128.6, 128.5, 128.1, 127.9, 106.7, 95.3,

67.5, 60.4, 37.9, 25.4, 24.7; HRMS (CI, MHexact mass calcd for
(C16H2005 + NH4)"™ requiresnvz 310.1664, foundn/z 310.1654.
Preparation of (3S,5S5)-Methyl 6-Benzyloxy-3,5-dihydroxyhex-
anoate (13, Eq 13)A clear blue solution of [Cu(Ph-pybox)](Sbk
(2.0 mL, 0.05 mmol, 0.75 mol %) was added over 15 min te78 °C
solution of benzyloxyacetaldehyde (1.0 g, 6.7 mmol) and the bis
silylketene acetal of methyl acetoacetat®.1 g, 8.0 mmol) in Cht
Cl, (2 mL). After 2 h at—78°C, TLC indicated complete consumption
of starting aldehydeR; 0.13, 20% EtOAc/hexanes) and a new higher

(400 MHz, CDC}) 6 7.32 (m, 5H), 4.56 (s, 2H), 4.34 (m, 1H), 4.14
(m, 1H), 3.57 (s, 3H), 3.46 (dd,= 10.0, 4.0 Hz, 1H), 3.41 (dd] =
9.7, 7.5 Hz, 1H), 3.01 (s, 1H); 2.51 (d= 5.8 Hz, 1H); 1.63 (m, 2H);
13C NMR (100 MHz, CDC}) 6 173.0, 138.6, 134.7, 128.5, 127.9, 74.3,
73.4, 68.2, 66.3, 52.1, 41.3, 38.8; HRMS (ClI, Nixact mass calcd
for (C14H200s + NH4)™ requiresm/z 286.1658, foundn/z 286.1654.

Large-Scale Preparation of R)-tert-Butyl 6-Benzyloxy-5-hy-
droxy-3-oxohexanoate and Recovery of Ligand (15, Eq 14)n a
nitrogen atmosphere glovebox, an oven-dried 250-mL round-bottom
flask equipped with a magnetic stirring bar and an oven-dried 25-mL
round-bottom flask were charged with anhydrous GU€89 mg, 1.8
mmol) and AgSbEk(1.22 g, 3.6 mmol), respectively. The flasks were
sealed with rubber septa, removed from the glovebox, and charged with
CH.CI, (58 mL and 8 mL, respectively) under a positive pressure of
nitrogen. To the resulting suspension of Cu®as added solidR,R-
bis(phenyloxazolinyl)pyridine (657 mg, 1.8 mmol) in one portion. The
suspension was rapidly stirred for 2 h, during which time the insoluble
material changed color from brown to dark green to light green. To
this suspension was rapidly added the AgSbélution via syringe.
The suspension was stirred vigorously in the absence of light for 1 h.
The resultant suspension (a blue solution containing a fine white
precipitate) was sequentially filtered open to the atmosphere through a
plug of packed cotton (20 mm 20 mm) and two oven-dried 0.44m
filters (Gelman Acrodisc CR PTFE, 25 mm) directly into a dry 250-
mL round-bottom flask to give a deep-blue catalyst solution which was
used within 2 h.

The above catalyst solution (5 mol %) was cooled-i8 °C under
an atmosphere of dry nitrogen. To this solution was added freshly
distilled 1,3-bis(trimethylsiloxy)-ert-butoxybuta-1,3-dierié&>8(12.6
g, 39.1 mmol) to give a purple solution. This solution was further cooled
to —93°C (internal temperature) via a MeOH/liquid nitrogen cold bath,

(57) Evans, D. A.; Gauchet-Prunet, J. A.; Carreira, E. M.; Charette, A.
B. J. Org. Chem1991, 56, 741-750.

(58) Careful distillation is required in order to minimize thermal
isomerization to the undesired isomer (bp“&Dat 0.1 mmHg, bath temp
< 65°C). See: Anderson, G.; Cameron, D. W.; Feutrill, G. |.; Read, R.
W. Tetrahedron Lett1981, 22, 4347-4348.



Aldol Addition of Enolsilanes to (Benzyloxy)acetaldehyde

at which point the solution turned brown. Freshly distilled benzyloxy-
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NaHCG; (200 mL), then water (200 mL), saturated8&; (200 mL),

acetaldehyde (5 mL, 35.5 mmol) was added dropwise via syringe pump and saturated NaCl (200 mL) before being dried ovesS@ and

over 15 min (0.33 mL/min). After addition, the internal reaction
temperature had risen t685 °C. After 5 min at this temperature and
15 min at—78 °C, TLC analysis (30% EtOAc/hexanes) indicated
consumption of the starting aldehydBs (0.25). The cold reaction
mixture was poured directly onto a deactivated (5%NHtexanes) silica
gel plug (5.5 cmx 12 cm) and eluted rapidly with g (1.5 L). The
filtrate was concentrated in vacuo to yield a yellow oil.

The yellow oil was dissolved in 100 mL of anhydrous MeOH and
treated with pyridiniunp-toluenesulfonate (500 mg). When hydrolysis
was complete (32 h) by TLC (SMR; 0.51; 30% EtOAc/hexanes),
the volatiles were removed in vacuo, and the yellow oil obtained was
purified by flash chromatography with 2000% EtOAc/hexanes to
provide a kete-enol tautomeric mixture dert-butyl (R)-6-benzyloxy-
5-hydroxy-3-oxohexanoate (kef 0.19, enolRs 0.11; 30% EtOAc/
hexanes) as a yellow oil in 85% yield (9.37 g, 30.2 mnidl).

A small sample (ca.-22 mg) of the purified product was converted
to the Mosher ester by the method of Ward and RhEgN(TPA-CI,
DMAP, CH,Cl,).%° This material was directly analyzed by HPLC with
a Zorbax SIL column (5% EtOAc/hexanes;, 1.0 mL/min)S,R
diastereomet; = 22.7 min; R,R diastereomet, = 26.2 min;>99%
de.

The original silica plug used to remove the copper catalyst was
flushed with 750 mL of 20% concentrated MbH/MeOH and the
filtrate concentrated in vacuo. The residue was partitioned between CH
Cl, (100 mL) and concentrated NBH (100 mL), and the layers were
separated. The organic layer was washed with concentrate@®NH
(2 x 100 mL each), water (100 mL), and brine (100 mL). The organic
extracts were dried over anhydrous,N@), filtered, and concentrated
in vacuo to give crude recovered ligand in 62% yield (410 mg, 1.1
mmol) as a waxy yellow solid.

tert-Butyl (3R,5R)-6-Benzyloxy-3,5-dihydroxyhexanoate (16, Eq
15). To a cooled {33 °C) solution of 6.64 g (25.2 mmol, 3.4 equiv)
of Me;NHB(OAC); in 60 mL of 1:1 MeCN/AcOH was added a solution
of tert-butyl (R)-6-benzyloxy-5-hydroxy-3-oxohexanoate in 10 mL of
MeCN via cannula (plus a 5-mL rinse). The reaction was stirred at
—33°C for 42 h, warmed to OC, stirred for 30 min, and then quenched
with 50 mL of saturated Na/K tartrate. The mixture was stirred at room
temperature fol h and then poured into 200 mL of 3:1 EtOAe¢®
The mixture was made basic (to pH 8) with solid N&;, and the

concentrated in vacuo to a viscous pale yellow oil. This material is
sufficiently pure for further transformations. Flash chromatography
(40% — 50% EtOAc/hexanes) provided the desired prodecQq0:1
syn:anti) as a colorless oil (7.82 g, 85%). HPLC Chiralcel AD analysis
(1.0 mL/min; 93:7 hexanes/2-propanol): R39) t; 14.1 min
(desired); ($,5R) tr = 18.8 min; (R,5R) and (F,39) tr = 15.2 and
19.4 min (exact assignment undetermined for anti diols). The analytical
data obtained from this material are consistent with those previously
reportec?!

Preparation of (2S,3S)-Ethyl 4-Benzyloxy-3-hydroxy-2-methyl-
butanethioate (Table 5, Entry 1). This compound was prepared
according to the general procedure employing [Cu(Ph-pybox){gbF
(3.0 mL, 0.05 mmol, 10 mol %) and the silylketene acetal of ethyl
thiopropionate as a 95:5 mixture &fE isomers (114 mg, 0.60 mmol,
130 uL). The product was obtained as a clear oil in 90% yield (121
mg, 0.45 mmol) after flash chromatography with 20% EtOAc/hexanes.
Product ratios were determined by HPLC with a Chiralcel OD-H
column (95.5:1.5:3 hexanes/2-propanol/EtOAc; 1.0 mL/misyn
(2539 tr = 12.6 min;syn(2R,3R) t; = 14.3 min;anti-(2R,39 t;
15.2 min;anti-(2S3R) t, = 17.5 min; 97:3 syn:anti; 97% syn ee. The
analytical data obtained from this materié&H(NMR, *C NMR, and
HRMS) were identical to those previously reportéda]™s +41.1 €
3.6, CHCLy); [a]?% (lit.“9) —3.3 (¢ 1.0, CHCE); syn:anti 72:28, 90%
syn ee (R3R).

Preparation of (2S,39)-Ethyl 4-Benzyloxy-3+tert-butyldimethyl-
siloxy-2-methylbutanethioate (Table 5, Entry 3).The silyl ether-
protected adduct could also be obtained directly, according to the
general procedure employing [Cu(Ph-pybox)](§pK3.0 mL, 0.05
mmol, 10 mol %) and theert-butyldimethylsilylketene acetal of ethyl
thiopropionate as a 94:6 mixture fE isomers (139 mg, 0.60 mmol,
161uL). The silyl ether product (after filtration away from the copper
catalyst through Sig) was not subjected to the deprotection procedure
in the general procedure but was purified by flash chromatography with
0—30% EtOAc/hexanes. A small amount of the alcohol addedi00%,
not isolated in pure form) was obtained, but the major product was the
tert-butyldimethylsilyl ether, which was obtained as a clear oil in 68%
yield (130 mg, 0.34 mmol):d]"p +12.46 € 0.92, CHCI,); IR (CH-

Cly) 2931, 2858, 1680 cni; *H NMR (400 MHz, CDC}) 6 7.33 (m,
5H), 4.54 (d,J = 12.0 Hz, 1H), 4.47 (dJ = 12.0 Hz, 1H), 4.21 (app

phases were separated. The aqueous phase was extracted with EtOA® J = 5.5 Hz, 1H), 3.41 (dJ = 5.7 Hz, 2H), 2.88 (dgJ) = 5.2, 6.9
(3 x 40 mL), and the organic extracts were combined and washed Hz, 1H), 2.84 (qJ = 7.4 Hz, 2H), 1.22 (tJ = 7.4 Hz, 3H), 1.17 (d,

with brine (1 x 40 mL) before being dried over MgSGand

J = 6.9 Hz, 3H), 0.86 (s, 9H), 0.03 (s, 3H), 0.02 (s, 3HC NMR

concentrated in vacuo. The residue was purified via flash chromatoraphy (100 MHz, CDC}) 6 202.0, 138.1, 128.3, 127.6, 127.5, 73.2, 72.5,
(40% EtOAc/hexanes) to afford 1.95 g (84% yield) of the desired diol 72.3,51.6,25.8,23.1,18.1, 14.6, 11-81.4,-5.0; LRMS (FAB/NBA

as a clear, colorless oil which solidified upon storage-20 °C: [a]p
—8.3 (¢ 1.0, CHCly); IR (thin film) 3437 (br), 3036-2863, 1726 cmt;
IH NMR (500 MHz, CDC}) 6 7.36-7.26 (m, 5H), 4.55 (s, 2H), 4.27
(tt, 1H,J = 6.8, 5.3 Hz), 4.12 (tt, 1H) = 7.4, 4.2 Hz,), 3.50 (dd, 1H,
J = 9.5, 3.9 Hz), 3.40 (dd, 1H]) = 9.5, 7.3 Hz), 3.17 (br s, 2H),
2.42-2.40 (m, 2H), 1.621.56 (m, 2H), 1.45 (s, 9H}:C NMR (100
MHz, CDCk) 6 172.2, 138.0, 128.5, 127.8, 127.7, 81.3, 74.4, 73.3,
67.6, 65.4, 42.5, 38.8, 28.1; exact mass calcd foH&Os + Na
requires m'z 333.1678, foundm/z 333.1687 (FAB, m-nitrobenzyl
alcohol, added Nal).

tert-Butyl (3S,5R)-6-Benzyloxy-3,5-dihydroxyhexanoate (17, Eq
16). To a solution oftert-butyl (R)-6-benzyloxy-5-hydroxy-3-oxohex-
anoate (9.20 g, 29.8 mmol) in 300 mL of THF and 60 mL of methanol
was added diethylmethoxyborane (4.7 mL, 36 mmol), and the solution
was stirred for 15 min at room temperature before being cooled to
—78 °C. Sodium borohydride (1.6 g, 42 mmol) is added portionwise
over a 10-min period (moderate gas evolution observed). After the
solution was stirred for 10 h at78 °C, 120 mL of 30% aqueous
hydrogen peroxide was slowly added to the cold solution via addition
funnel. The mixture was allowed to stir while warming to room

+ Nal) nVz 405 MNa"; HRMS (FAB/NBA + Nal) exact mass calcd
for (CaoH3405SiS+Na)* requiresnyz 405.1896, foundnwz 405.1891.
Product ratios were determined after conversion to the alcohol with
aqueous HF in MeCN. The combined silyl ether and alcohol products
in MeCN (1.5 mL) were treated with 40% HF/8 (0.5 mL). After 30
min, TLC (30% EtOAc/hexanes) indicated complete consumption of
the silyl ether, and the reaction mixture was quenched with saturated
NaHCG; (5 mL). The resultant mixture was extracted with CH (3
x 10 mL). The combined organic layers were dried over anhydrous
N&SQ,, filtered, and concentrated to provide the hydroxy ester.
Purification by flash chromatography with +@0% EtOAc/hexanes
provided the title compound as a clear, colorless oil in 70% yield (93
mg, 0.35 mmol). The analytical data obtained from this matettdl (
NMR, *C NMR, and HRMS) were identical to those described above
for the alcohol obtained from the corresponding trimethylsilyl ether.
Product ratios were determined for the alcohol by HPLC with a
Chiralcel OD-H column (95.5:1.5:3 hexanes/2-propanol/EtOAc; 1.0 mL/
min): syn(2S39) t; = 12.6 min;syn(2R,3R) t, = 14.3 min;anti-(2R,3S)
tr = 15.2 min;anti-(2S,3R) t, = 17.5 min; 93:7 syn:anti; 96% syn ee.
(2S,39)-Ethyl 4-Benzyloxy-3-hydroxy-2-isobutylbutanethioate

temperature over 10 h and then partioned between EtOAc and water.(Table 5, Entry 4). This compound was prepared according to the

The aqueous layer was extracted @ith EtOAc (200 mL) and then
the combined organics were washed successivelyw2h saturated

(59) Ward, D. E.; Rhee, C. Kletrahedron Lett1991 32, 7165-7166.

general procedure employing [Cu(Ph-pybox)](§pK3.0 mL, 0.05
mmol, 10 mol %) and the silylketene acetal derived from ethyl
4-methylpentanethioate as a 90:10 mixtureZoE isomers (174ulL,
0.60 mmol) to provide the pure product as a clear oil in 85% yield
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(132 mg, 0.43 mmol) after flash chromatography with-P0% EtOAc/ 1H), 4.13 (dJ = 3.5 Hz, 1H), 4.10 (dtJ = 3.7, 5.6 Hz, 1H), 3.53 (dd,
hexanes. Product ratios were determined by HPLC with a Chiralcel J = 5.4, 9.6 Hz, 1H), 3.48 (dd] = 6.0, 9.6 Hz, 1H), 2.90 (m, 2H),

AD column (99:1 hexanes/2-propanol; 1.0 mL/misyn(2R,3R) t, = 2.44 (br s, 1H), 1.26 () = 7.4 Hz, 3H);**C NMR (100 MHz, CDC})

19.7 min;syn(2S39) t, = 21.1 min;anti-enantiomers, = 23.5, 24.4 6 202.0, 137.8, 136.7, 128.5, 128.4 (2), 128.3, 127.8, 127.7, 84.0, 74.3,
min; 95:5 syn:anti, 95% syn eeq]s +11.48 (c 4.8, CKCly). Syn 73.3,71.5,70.0, 22.7, 14.4; LRMS (CI/NHWz 361 (MH)*, 378 (M

isomer: IR (CHCI,) 3685, 3569, 2960, 2871, 1677, cim'H NMR + NH4)*; HRMS (CI/NHs) exact mass calcd for ¢gH2s04S + H)*
(400 MHz, CDC}) 6 7.34 (m, 5H, Ph), 4.55 (dJ = 11.8 Hz, 1H), requiresnVz 361.1474, foundn/z 361.1476.

4.52 (d,J = 11.8 Hz, 1H), 3.92 (dt) = 3.8, 6.6 Hz, 1H), 3.53 (dd] Preparation of (1'S,4S)-4-(2-Benzyloxy-1-hydroxyethyl)-2-ox-
= 3.8, 9.6 Hz, 1H), 3.45 (dd} = 6.6, 9.6 Hz, 1H), 2.90 (ddd,= 3.6, acyclopentan-1-one (20, Eq 19 ompound20was prepared according

6.7,10.7 Hz, 1H), 2.87 (g = 7.4 Hz, 2H), 2.41 (br s, 1H), 1.73 (ddd,  to the general procedure employing [Cu(Ph-pybox)]$bE.0 mL,
J=4.1, 108, 13.3 Hz, 1H), 1.58 (dd septét= 4.1, 10.0, 6.6 Hz, 0.05 mmol, 10 mol %) and the silylketene acetal derived from
1H), 1.47 (dddJ = 3.6, 9.8, 13.3 Hz, 1H), 1.23 (8 = 7.4 Hz, 3H), y-butyrolactone (10&L, 0.60 mmol) to provide the pure product as a
0.92 (d,J = 6.6 Hz, 3H), 0.90 (dJ = 6.6 Hz, 3H);**C NMR (100 white powder in 95% yield (112 mg, 0.47 mmol) after flash chroma-
MHz, CDCk) 6 202.1, 137.7, 128.4, 127.8(2), 73.4, 71.6, 71.5, 55.1, tography with 50% EtOAc/hexanes. Product ratios were determined

37.7, 25.9, 23.7, 23.4, 21.6, 14.5; LRMS (CI/§Hwz 311 (MH)', by HPLC with a Chiralcel OD-H column (90:10 hexanes/2-propanol;

328 (M + NHj)*; HRMS (CI/NHs) exact mass calcd for (gH2603S 1.0 mL/min): syn(1'R4R) t, = 15.6 min;syn(1'S4S) t, = 18.3 min;

+ NH4)" requiresnvz 328.1946, foundn/z 328.1949. anti enantiomer$ = 20.9 min, 27.0 min; 96:4 syn:anti; 95% syn ee;
Preparation of (2S,39)-tert-Butyl 4-Benzyloxy-3-hydroxy-2-meth- [a]" —8.34 € 4.3, CHCI,). Syn isomer: mp 47:0648.0 °C (white

ylbutanethioate (Table 5, Entry 5). This compound was prepared  powder, racemic); IR (CkCl,) 3672, 3600, 3056, 2923, 2862, 1764
according to the general procedure employing [Cu(Ph-pybox){)gbF  cm™%; *H NMR (400 MHz, CDC}) ¢ 7.32 (m, 5H), 4.57 (dJ = 11.9
(2.0 mL, 0.05 mmol, 10 mol %) and the silylketene acetakofbutyl Hz, 1H), 4.52 (dJ = 11.9 Hz, 1H), 4.35 (dtJ = 3.2, 8.8 Hz, 1H),
thiopropionate as a 95:5 mixture @fE isomers (131 mg, 0.60 mmol, 4.31 (m, 1H), 4.17 (dt) = 7.2, 9.1 Hz, 1H), 3.53 (d] = 5.7 Hz, 2H),
149 uL). The product was obtained as a clear oil in 86% yield (127 3.51 (br s, 1H), 2.73 (dt] = 3.7, 9.6 Hz, 1H), 2.36 (dg]l = 12.6, 9.3
mg, 0.43 mmol) after flash chromatography with-120% EtOAc/ Hz, 1H), 2.15 (dddd) = 3.2, 7.2, 9.4, 12.6 Hz, 1H}3C NMR (100
hexanes. Product ratios were determined by HPLC with a Chiralcel MHz, CDCk) 6 178.1, 137.6, 128.3, 127.7, 127.6, 73.2, 71.9, 68.0,
OD-H column (99:1 hexanes/2-propanol; 1.0 mL/misyn(2R,3R) t 67.0, 42.4, 22.3; LRMS (Eljn'z 236 (M)"; HRMS (EI) exact mass
= 14.7 min;syn(2S39) t, = 15.9 min;anti-(2S3R) t, = 17.3 min; calcd for (GsHi1604)™ requiresmvz 236.1049, foundwz 236.1040.
anti-(2R,39) t, = 20.9 min; 85:15 syn:anti; 99% syn ee. The analytical Preparation of (1'R,4S)-4-(2-Benzyloxy-1-hydroxyethyl)-cyclo-
data obtained from this material{ NMR, *C NMR, and HRMS) pent-2-enone (21, Eq 20)Compound21 was prepared according to

were identical to those previously report&da]™s +40.9 € 3.8, CH- the general procedure employing [Cu(Ph-pybox)](§H.0 mL, 0.05
Cl); [o]%% (lit.4) +10.3 (c 1.0, CHCE); syn:anti 8:92; 90% anti ee  mmol, 10 mol %) and 2-(trimethylsilyloxy)fur&h(101xL, 0.60 mmol)
(2S3R). to provide the pure product as a clear oil in 90% yield (106 mg, 0.45
Preparation of (2S,39)-Ethyl 4-Benzyloxy-3-hydroxy-2-methyl- mmol) after flash chromatography with 60% EtOAc/hexanes. Product
butanoate (Table 5, Entry 7).This compound was prepared according ratios were determined by HPLC with a Chiralcel OD-H column (90:
to the general procedure employing [Cu(Ph-pybox)]@bE3.0 mL, 10 hexanes/2-propanol; 1.0 mL/mianti-(1'S4R) t, = 16.7 min; syn
0.05 mmol, 10 mol %) and the silylketene acetal of ethyl propionate enantiomers, = 21.8 min, 23.0 minanti-(1'R,49) t, = 26.1 min; 91:9
as an 85:15 mixture of:Z isomers (131 mg, 0.75 mmol, 168.), anti:syn; 92% anti ee;o"> —77.1 € 5.1, CHCl,). Anti isomer: IR

except that the reaction was performed-&5 °C (liquid N/hexanes (CHCI) 3682, 3569, 3067, 2913, 2872, 1790, 1759, 1161, 1090, 1045
bath). The product was obtained as a clear oil in 60% vyield (76 mg, cm % 'H NMR (400 MHz, CDC}) 6 7.67 (dd,J = 1.3, 5.7 Hz, 1H),
0.30 mmol) after flash chromatography with-1P0% EtOAc/hexanes. 7.33 (m, 5H), 6.16 (dd) = 1.8, 5.7 Hz, 1H), 5.05 (dt] = 6.9, 1.7 Hz,
Deprotection of the TMS ether ugirl N HCI also caused retroaldol ~ 1H), 4.60 (d,J = 11.9 Hz, 1H), 4.57 (dJ = 11.8 Hz, 1H), 3.76 (dt,
reaction, as observed by TLC (30% EtOAc/hexanes). This decomposi-J = 6.8, 3.8 Hz, 1H), 3.73 (dd) = 3.7, 9.5 Hz, 1H), 3.70 (dd] =

tion accounts for the low yield, &8l NMR indicated 95% conversion. 4.2,9.5Hz, 1H), 2.71 (br s, 1H¥C NMR (100 MHz, CDC}) 6 172.7,
Product ratios were determined by HPLC with a Chiralcel OD-H 155.1, 137.3, 128.6, 128.1, 127.9, 122.1, 82.7, 73.7, 71.3, 70.4; LRMS
column (90:10 hexanes/EtOAc; 0.5 mL/mindyn(2R,3R) t, = 27.8 (CI/NH3) m/z 235 (MH)", 252 (M + NH4)*; HRMS (CI/NHs) exact
min; syn(2S39) t, = 29.8 min;anti-(2S3R) t, = 31.1 min;anti-(2R,39) mass calcd for (GH1404 + NH4)* requiresm/z 252.1236, foundn'z

tr = 32.8 min; 84:16 syn:anti; 87% syn ee][c +7.78 (c 3.6, CH- 252.1238.

Cl). Syn isomer: IR (CHCI;) 3684, 3581, 3060, 2932, 2863, 1727 Preparation of (S)-5-Benzyloxy-4-hydroxypentan-2-one (Table
cm; 'H NMR (400 MHz, CDCH) 6 7.34 (m, 5H), 4.56 (dJ = 12.0 6, Entry 1). This compound was prepared according to the general
Hz, 1H), 4.53 (dJ = 12.0 Hz, 1H), 4.12 (9) = 7.1 Hz, 2H), 4.07 procedure employing [Cu(Ph-pybox)](S§H4.0 mL, 0.10 mmol, 100

(app q,J = 5.6 Hz, 1H), 3.52 (ddJ = 4.6, 9.5 Hz, 1H), 3.48 (dd]l = mol %); except that less benzyloxyacetaldehyde£L40.10 mmol)
6.2, 9.5 Hz, 1H), 2.75 (br s, 1H), 2.65 (d&j= 5.6, 7.2 Hz, 1H), 1.24 and the enolsilane of acetone (@B, 0.20 mmol) were used. The pure
(t, J= 7.2 Hz, 3H), 1.21 (dJ = 7.2 Hz, 3H);*C NMR (100 MHz, product was obtained as a clear oil in 96% yield (20 mgu&tol)

CDCl;) 6 175.2,137.8,128.4,127.8, 127.7, 73.4, 71.6, 70.9, 60.6, 42.0, after flash chromatography with 40% EtOAc/hexanes. Enantiomeric
14.1, 11.9; LRMS (CI/NH) m/z253 (MH)*, 270 (M+ NH,)*; HRMS excess was determined by HPLC with a Chiralcel OJ column (95:5
(CI/NH3) exact mass calcd for (@200 + H)* requiresm'z 253.1440, hexanes/2-propanol; 1.0 mL/min)R) enantiomeit, = 30.1 min; §
found m/z 253.1437. enantiomert; = 32.0 min; 98% ee. The analytical data obtained for
(2S,3R)-Ethyl 2,4-Bis(benzyloxy)-3-hydroxybutanethioate (Table this material were identical in all respects to those obtained for the
5, Entry 9). This compound was prepared according to the general decarboxylation product of §55)-methyl 6-benzyloxy-3,5-dihydroxy-
procedure employing [Cu(Ph-pybox)](SHF(2.0 mL, 0.05 mmol, 10 hexanoate (see Supporting Information). Thus, the acetone enolsilane
mol %) and the silylketene acetal derived from ethyl benzyloxythio- adduct possesses &) onfiguration: p]" —13.8 € 0.58, CHCly);
acetate as a 90:10 mixture &fE isomers (168:L, 0.60 mmol) to IR (CH,Cl,) 3678, 3572, 3031, 2925, 2862, 1710 ¢ptH NMR (400
provide the pure product as a clear oil in 50% yield (93 mg, 0.25 mmol) MHz, CDCk) 6 7.34 (m, 5H), 4.57 (dJ = 12.2 Hz, 1H), 4.54 (d) =
after flash chromatography with 30% EtOAc/hexanes. Product ratios 12.2 Hz, 1H), 4.26 (quintet) = 5.6 Hz, 1H), 3.49 (dd) = 4.6, 9.6
were determined by HPLC with a Chiralcel OD-H column (89.3:0.7: Hz, 1H), 3.44 (ddJ = 6.0, 9.6 Hz, 1H), 2.99 (br s, 1H), 2.69 (dil=

10 hexanes/2-propanol/EtOAc; 1.0 mL/mirgyn(2S3R) t, = 16.2 min; 7.3,17.0 Hz, 1H), 2.63 (ddl = 4.4, 17.1 Hz, 1H), 2.18 (s, 3H, Me);
syn(2R,39) t, = 17.0 min;anti-(2R,3R) t, = 18.0 min;anti-(2S,39) t; 13C NMR (100 MHz, CDC}) 6 208.6, 137.8, 128.4, 127.8, 127.7, 73.4,
= 23.1 min; 74:26 syn:anti; 76% syn ee;]p" —51.0 € 1.5, CHCl,). 73.1, 66.8, 46.6, 30.8; LRMS (Eiyz 208 M*; HRMS (EI) exact mass
Syn isomer: IR (CHCl,) 3569, 3056, 2933, 2872, 1677 cin*H NMR calcd for (G2H1603)" requiresmvz 208.1099, foundwz 208.1109.
(400 MHz, CDC}) 6 7.36 (m, 10H), 4.84 (dJ = 11.1 Hz, 1H), 4.51 Preparation of (S)-4-Benzyloxy-3-hydroxy-1-phenylbutan-1-one

(d,J=11.9 Hz, 1H), 4.46 (d) = 11.1 Hz, 1H), 4.45 (d) = 11.9 Hz, (Table 6, Entry 2). This compound was prepared according to the



Aldol Addition of Enolsilanes to (Benzyloxy)acetaldehyde

general procedure employing [Cu(Ph-pybox)](§pK4.0 mL, 0.10
mmol, 100 mol %), except that less benzyloxyacetaldehydeu(14
0.10 mmol) and the enolsilane of acetophenoney200.11 mmol)
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Cly) 3682, 3600, 3057, 2964, 2882, 1733 ¢mtH NMR (400 MHz,
CDCl) 6 7.32 (m, 5H, Ph), 4.56 (d] = 12.1 Hz, 1H), 4.52 (dJ =
12.1 Hz, 1H), 4.25 (m, 1H), 3.54 (dd,= 4.2, 9.7 Hz, 1H), 3.49 (dd,

were used. The pure product was obtained as a white crystalline solidJ = 7.2, 9.6 Hz, 1H), 2.83 (br s, 1H), 2.28 (ddbl+= 1.3, 8.0, 17.9 Hz,

in 80% yield (21 mg, 8Qtmol) after flash chromatography with 20%

1H), 2.21 (ddddJ = 1.0, 3.9, 8.3, 10.7 Hz, 1H), 2.13 (ddd= 8.5,

EtOAc/hexanes. Enantiomeric excess was determined by HPLC with 10.7, 18.5 Hz, 1H), 2.04 (m, 2H), 1.96 (m, 1H), 1.74 (m, 1%

a Chiralcel AS column (90:10 hexanes/2-propanol; 1.0 mL/mi®): (
enantiomet; = 13.1 min; R) enantiomet; = 33.9 min; 94% ee; mp
46.5-47.0°C; [o]"p —21.4 € 0.46, CHCI,); IR (CH,CI,) 3668, 3583,
3021, 2904, 2862, 1678 crh *H NMR (400 MHz, CDC}) 6 7.96 (dt,
J=28.3,1.4 Hz, 2H), 7.59 (t) = 1.4, 7.4 Hz, 1H), 7.47 (d = 1.6,
7.6 Hz, 2H), 7.34 (m, 5H), 4.61 (d} = 12.0 Hz, 1H), 4.57 (dJ =
12.0 Hz, 1H), 4.46 (app sextet= 5.2 Hz, 1H), 3.61 (dd) = 4.9, 9.7
Hz, 1H), 3.57 (ddJ = 5.8, 9.7 Hz, 1H), 3.21 (m, 3H}3C NMR (100
MHz, CDCk) 6 199.9, 137.9, 136.7, 133.5, 128.6, 128.4, 128.1, 127.8
(2), 73.4,73.2,67.1, 41.8; LRMS (EtWz 270 M*; HRMS (EI) exact
mass calcd for (GH1403)™ requireswz 270.1256, founan/z 270.1246.

Preparation of (2S,3S)-1-Benzyloxy-3,5-dimethyl-2-hydroxy-4-
oxohexane (Table 6, Entry 3)This compound was prepared according
to the general procedure employing [Cu(Ph-pybox)]@bE3.0 mL,

NMR (100 MHz, CDC}) 6 222.0, 137.8, 128.4, 127.7, 127.6, 73.3,
72.6, 68.8, 51.1, 38.7, 23.7, 20.7; LRMS (Elz 234 M"; HRMS
(El) exact mass calcd for (@H1g03)* requiresm/z 234.1256, found
m/z 234.1273.

Preparation of (R)-tert-Butyl 4-Benzyloxy-3-hydroxybutaneth-
ioate Using [Cugert-Bu-box)](OTf), as the Catalyst (7, Table 7,
Entry 1) (General Procedure for [Cu(tert-Bu-box)](OTf); in the
Benzyloxyacetaldehyde Aldol Reactions)To a —78 °C solution of
[Cu(tert-Bu-box)](OTf), (0.05 mmol, 10 mol %) in CkCl, (2 mL) was
added benzyloxyacetaldehyde (7@l0, 0.50 mmol) followed by the
silylketene acetal ofert-butyl thioacetate (122 mg, 0.60 mmol, 153
uL). The resulting solution was stirred at78 °C until the aldehyde
was completely consumed (1 h), as determined by TLC (30% EtOAc/
hexanes). The reaction mixture was then filtered through ax1 &cm

0.05 mmol, 10 mol %) and the enolsilane of 2-methyl-3-pentanone as plug of silica gel with E£O (50 mL). Concentration of the ether solution

a 90:10 mixture of:Z isomers (132L, 0.60 mmol) to provide the
pure product as a clear oil in 90% vyield (113 mg, 0.45 mmol) after
flash chromatography with-510% EtOAc/CHCI, . Product ratios were
determined by HPLC with a Chiralcel OD-H column (99:1 hexanes/
2-propanol; 1.0 mL/min): anti enantiometis= 18.4, 22.4 minsyn
(2539 tr = 19.4 min;syn(2R,3R) t, = 23.8 min; 95:5 syn:anti, 90%
syn ee; "o +11.93 € 2.3, CHCl,). Syn isomer: IR (CHCl,) 3686,
3577, 3065, 2974, 2875, 1705 cin'H NMR (400 MHz, CDC}) 6
7.32 (m, 5H), 4.52 (s, 2H), 4.02 (di,= 4.8, 5.8 Hz, 1H), 3.47 (dd]
=4.7,9.6 Hz, 1H), 3.41 (dd] = 6.2, 9.5 Hz, 1H), 2.96 (dg] = 5.7,
7.2 Hz, 1H), 2.75 (septed, = 6.9, 1H), 2.50 (br s, 1H), 1.14 (d,=
7.2, 3H), 1.08 (dJ = 6.9, 3H), 1.05 (dJ = 6.9, 3H);*C NMR (100
MHz, CDCL) 6 218.4, 137.8, 128.4, 127.8 (2), 73.4, 71.6, 70.8, 45.9,
40.2, 18.1, 17.9, 12.0; LRMS (CI/Njim/z 251 (MH)", 268 (M +
NHz)*; HRMS (CI/NHs) exact mass calcd for ¢€H205 + NHg)*t
requiresm/z 268.1913, foundn/z 268.1920. Anti isomer: IR (CH
Cl,) 3687, 3579, 3054, 2974, 2877, 1711, 1604 &mMH NMR (400
MHz, CDCk) 6 7.32 (m, 5H), 4.57 (dJ = 11.9, 1H), 4.51 (dJ =
11.9, 1H), 3.87 (dtJ = 6.2, 5.2 Hz, 1H), 3.50 (d) = 5.1 Hz, 2H),
3.05 (br s, 1H), 3.02 (dg] = 6.7, 7.2 Hz, 1H), 2.73 (septel,= 6.9,
1H), 1.10 (d,J = 7.2, 3H), 1.09 (dJ = 6.9, 3H), 1.06 (dJ = 6.9,
3H); 13C NMR (100 MHz, CDC}) 6 219.1, 137.8, 128.4, 127.8 (2),
735,729, 72.2,45.7, 41.0, 17.8 (2), 14.2; LRMS (CI4NRvVz 251
(MH)*, 268 (M + NH)*; HRMS (CI/NH;) exact mass calcd for
(C1sH2205 + NH4)™ requiresm/z 268.1913, foundn/z 268.1919.
Preparation of (1'S,2S5)-2-(2-Benzyloxy-1-hydroxyethyl)cyclo-
pentan-1-one (Table 6, Entry 5). This compound was prepared
according to the general procedure employing [Cu(Ph-pybox)HsbF
(3.0 mL, 0.05 mmol, 10 mol %) and the enolsilane derived from
cyclopentanone (104L, 0.60 mmol) to provide the pure product as a
white powder in 90% yield (105 mg, 0.45 mmol) after flash chroma-
tography with 36-40% EtOAc/hexanes. Product ratios were determined
by HPLC with a Chiralcel AD column (95:5 hexanes/2-propanol; 1.0
mL/min): anti enantiomert = 17.1, 18.9 minsyn(1'R2R) t, = 20.4
min; syn(1'S29) t, = 23.3 min; 95:5 syn:anti; 96% syn ee][c —82.0
(c 4.6, CHCI,). Syn isomer: §]"5 —90.5 € 1.3, CHC}); >99:1 syn:
anti; 96% syn ee; mp 5355 °C (white powder, racemic); IR (CH

gave a clear oil, which was dissolved in THF (10 mLyahN HCI (2
mL). After standing at room temperature for 15 min, this solution was
poured into a separatory funnel and diluted with@{10 mL) and
H.O (10 mL). After mixing, the aqueous layer was discarded, and the
ether layer was washed with saturated aqueous NaHO®mL) and
brine (10 mL). The resulting ether layer was dried over anhydrous
MgSQ,, filtered, and concentrated. Purification by flash chromatography
with 20% EtOAc/hexanes provided the puR-hydroxy ester. Enan-
tiomeric excess was determined by HPLC with a Chiralcel OD-H
column (94.2:0.8:5.0 hexanes/2-propanol/EtOAc; 1.0 mL/mifg) (
enantiomet; = 16.3 min; § enantiomet, = 17.9 min; 91% ee. The
analytical data obtained from this materi&H(NMR, *C NMR, and
HRMS) were identical to those described above, with the exception of
the optical rotation, which was of the opposite sigg]"p +10.4 €
2.9, CHCIy).

Other aldehyde aldol reactions with the [@ir{-Bu-box)](OTf)
catalyst were performed analogously using the indicated silylketene
acetal and aldehyde.
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