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ABSTRACT

Bis-cyclopentadienyl zirconium enolates undergo aldol
condensation to afford erythro aldol adducts regardless of
enolate configuration. Enolates of chiral amides afford
high levels of asymmetric induction at the erythro stereo-
centers. Mild hydrolysis of the chiral auxiliaries occurs
via intramolecular assistance by hydroxyl neighboring groups
in the chiral auxiliary. The absolute configurations of the
erythro-aldol products have been determined by independent
correlations to compounds of known absolute configuration.

A cyclic metal-centered transition state model has been
developed which accounts for the stereoselectivity observed

with zirconium enolates.
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Diastereoselective and Enantioselective
Aldol Condensations with

Bis-Cyclopentadienyl Zirconium Enolates



I. Introduction

A S e R A R A P R o A

The aldol condensation is one of the oldest classes of
organic reactions and is the most obvious bond construction
for the creation of 1,3-oxygen-oxygen heterocatom relation-
ships. The recent interest in stereoregulated variants of
the aldol condensation has been spurred by the recognition
of macrolide and ionophoric antibiotics as viable targets
for total synthesis.l The three examples shown in Figure 1
are representative of these classes of molecules. They or
their seco-acids can be characterized as linear arrays of
stereocenters along an acyclic carbon backbone. The
regular occurrence of 1,3-oxygen functionality as well as
1,3-methyl-bearing stereocenters reflects the biosynthetic
origin2 of these compounds and suggests the use of the
aldol condensation in their synthesis.

Scheme I presents a retrosynthetic analysis of 6-deoxy-
erythroholide B (il).4 Six carbon-carbon bonds and the ten
stereocenters of é derive from potential aldol reactions.
The major impediment to the polymerization of propionalde-
hyde leading to acid § has been associated with the stereo-
chemical aspects of the aldol process. In a nonstereo-
controlled process, § would be expected as only a small

percentage of the final product mix of 212 stereoisomers.
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Over the last few years considerable progress has been
made in the control of stereochemistry of the aldol process.

This has been the subject of two recent reviews.s’6

The
important role that sterically demanding metal centers play
in the enhancement of aldol stereoregulation has become
apparent. In this report we discuss our observations during

the development of zirconocenyl enolates for stereoselective

aldol condensations.



Stereoregulation 1n the Aldol Condensation. The crossed

aldol condensation of a preformed enolate with an aldehyde
presents two stereochemical issues (Scheme II). The first
deals with internal stereochemical control or 1,2-diastereo-
selection (E and E2 vs Tl and T ) and the second deals with

absolute stereochemlcal control asymmetric induction from

-~

another stereocenter, or enantioselection (E, vs E, or

~1 ~2
T, Vs Tz).7 The ability to control both the~relat1ve and
agsolut; stereochemistry of two adjacent stereocenters
formed during the construction of the carbon framework would
be a valuable addition to the synthetic chemist's repertoire.

Our approach has been to deal with the issue of
diastereoselection first and then, given good levels of
diastereoselectivity, to extend the methodology to the
issue of absolute stereoselection. The ultimate goal is
to possess methodology which can selectively generate each
of the four stereochemical relationships as required by
target molecules.

Transition State Considerations.” In 1957 Zimmerman
and Traxler10 invoked a six-membered cyclic transition state
for the aldol condensation involving coordination of the
enolate and carbonyl partners via the enolate metal center,
to account for the observed aldol diastereoselection. With

subsequent observations by Duboisll and Heathcock12 that
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kinetic aldol diastereoselection is, in part, defined by
enolate configuration, an elaborated version of the

Zimmerman transition state has emerged.13

In this model,
illustrated in Scheme III, steric interactions around a
chair-like six-membered ring transition state are responsible
for the energy differences between diastereomeric transi-
tion states. By analogy to chair cyclohexane, 1,3-diaxial
interactions are disfavored with respect to 1l,3-diequatorial
or 1,3-equatorial-axial orientations. The preferred chair-
like transition state gives for trans enolates threo
isomers and for cis enolates erythro isomers.14
The ratio of isomers obtained from a reaction involving
competing diastereomeric ﬁransition states is related to
the difference in activation energy between the pathways.15
As illustrated in Figure 2 a synthetically useful isomer
ratio of 19:1 requires less than 1.2 kcal/mole energy
difference at -78°C. That this energy difference is rarely
achieved in the aldol condensation is an indication of the
limitations of the transition state analogy to chair
cyclohexane.
One limitation is that the steric interactions of the
substituents around the six-membered ring are diminished
by the long metal-oxygen and metal-ligand bond lengths

associated with the traditional metals of the aldol conden-

sation (Table 1).
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Table 1. Metal-Oxygen and Metal-Ligand Bond Lengths for
~~~~~ - Metals Commonly Used in the Aldol Condensation=

M-0 o M-L o
Metal Bond Length (&) L Bond Length (A)
Li 1.92-2.00 OR, 1.92-2.002
Mg 2.01-2.13 Br 2.43

Cl 2.18

b

OR2 2.01-2.13=
Zn 1.92-2.16 Cl 2.18-2.25
I 2.42

b

OR, 1.92-2.16-
Al 1.92 CR3 2.00-2.24
B 1.36-1.47 CR, 1.51-1.58
Ti 1.62-1.73 cl 2.18-2.21
Zr 2.15 Cp 2.:21.

2pata taken from Ref. 16. EValue cited is for covalently
bound alkoxide or acid and should be interpreted as a
minimum bond length.

A second limitation of the analogy is that, in addition
to the two chair-like conformations, there also exist
two boat-like conformations of the cyclic transition
states for each enolate configuration. The four competing
transition states are illustrated in Scheme IV for cis
enolates and in Scheme V for trans enolates.6 In many

cases for which chair-like transition states have been
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invoked, the minor aldol diastereomer may arise from a
boat-like conformation rather than the less-favored chair-
like conformation.

The success of dialkyl boron enolates in translating

enolate configuration stereospecifically into aldol product

L3sl7

stereochemistry has been attributed to the relatively

short boron-oxygen and boron-carbon bond lengths which
enhance the difference between steric interactions in the
competing transition states.

Other metals might also have interesting effects on
the stereochemical outcome of the aldol condensation,
Metals with bulky covalently bound ligands which project
forward from the metal center might exhibit steric inter-
actions otherwise lost due to the long bond lengths. And
metals with bond angles narrower than the tetrahedral angle
of traditional aldol metals might perturb the diastereometric
transition state orientations of the aldol partners with a
corresponding effect on the reaction stereoselection. The
bent sandwich complexes of zirconium and titanium18 provided
an opportunity to investigate both of these features.

Bent §§§§y}g§ §9T92§§§§' The commercially available
zirconocene dichloride (CpZZrClz,g) (Figure 3) and its titan-

ium analog (szTiCl2) have pseudo-tetrahedral geometries
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in which the steric demand of the cyclopentadienyl
(nSCSH5 = Cp) ligands can be viewed as opening the Cp-Zr-Cp
bond angle ¢ with a corresponding narrowing of the Cl-Zr-Cl
bond angle © from the tetrahedral angle (Table 2).

These complexes are l6-electron species which possess
a vacant orbital. This orbital lies in the plane of the
metal and the chloride ligands and perpendicular to the
plane defined by the metal and the ring centers.2l It
serves as a coordination site to allow the exchange of
monovalent ligands via associative substitution processes
at low temperatures.

A large number of titanocenyl and zirconocenyl complexes

have been described in which one or both chlorides have been

replaced. Typical structural features of these complexes
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are summarized in Table 2. Of particular importance is
the bond angle O between the two nonring substituents on
the metal of approximately 95°.

In the aldol condensation, with an enolate anion as
one of the ligands, coordination of an aldehyde at the

metal coordination site would result in an l8-electron

complex (Equation 1). A few such complexes are known
Cl cC'

CpZZr::: + RCH=0 /= CpZZr;—-OEN |
G-l O=CHR
l6e” 18e”

(Table 3), in which the outer angle 0 opens (Figure 4)

but the crucial inner angle 0' is even narrower.

The effective steric demand of the Cp ligand is related
to the metal-ring bond length. This bond is approximately
0.15 i greater in zirconocenyl complexes than in titanocenyl
complexes. The result is that the pocket of zirconocene
dichloride (§) is less crowded. This may also relate to the
important practical consideration that 6 is approximately
ten times more soluble in tetrahydrofuran (THF) than its

titanium analog.23
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Table 3. Bond Angles in "18e " Titanocene and Zirconocene
~~~~~ - Derivatives
Bond Anglesé

Complex 0 o' ¢
szTi(COMe)ClE 112.1° B0.2° 131.6°
CPZZr(COMe)ClE 110.8° 79.8° -
Cp,Ti (N05) ,2 = 69.50 131.3°
a : b c d
—Labels refer to Figure 3. —=Ref. 22a. -—Ref. 22b. =Ref. 19c.

At the time we began this study, zirconocenyl enolates
had "been prepared by two groups: Schwartz and co-workers
formed zirconocenyl enolates by nickel-catalyzed Michael
addition of alkenyl zirconocenes to a,B8-unsaturated ketones.24
Aldol condensation with formaldehyde and acetaldehyde were

reported. Bercaw and co-workers reported the formation of

permethylzirconocenyl enolates during the reduction of carbon
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monoxide by Cp*ZZrH2 (Cp* = nSCSMeS) and during the absorp-
tion of carbon monoxide by Cp*ZZr(R)H derivatives.25 No
aldol condensations were reported with these enolates. No
titanocenyl enolates had been reported.26
We envisioned the formation of metallocenyl enolates

from the exchange of preformed lithium enoclates with CpZZrCl2

and szTiCl2 (Equation 2). This is analogous to the forma-
tion of metallocenyl alkoxides.18
Cl
Cp,2rCl, + LIO-EN T R Cppir 2
=L
6 O-EN

ITI. Achiral Aldol Condensations of Zirconocenyl Enolates

~a A~~~ ~ o~ B I e 2 B e R U VIR VPR P ~ e~ A

P ~ o~ o~ B I U ST VI SR )

enolates with solutions of CpZZrCl2 (6) in THF, followed by
aldol condensation with benzaldehyde (Table 4), gave pairs
of aldol diastereomers whose product ratios were compared
with those obtained from the corresponding lithium-mediated
aldol condensations.8 That these ratios were different
provided the first evidence for metal exchange and encourage-
ment to pursue the effects of CpZZrCl2 in these reactions.

In a similar manner it was shown that szTiCl2 had little
influence when compared to lithium on the aldol product
distribution.27 This observation along with the inconvenient

solubility of titanocene dichloride led us to concentrate



-19-

‘g *3ox — “ET °Jox1 = ¥YWN H, &g pauTuIalap

D o 1

SOT3eX IDWOdI33ISeTd & ‘ejep IZ pue IT I03J pajeubisap GOﬁumuzmﬂmcoom
28/81 ST/58 9z/vL 0z 509/07 Lato(m)=x 11 b
€/L6< ST1/S8 9¢/19 61 50€/0L -o5%=x 01 €
S6/% 8/26 LE/E9 81 T6/6 -sng (3)=X 6 z
€/L6< 0T/06 z1/88 L1 52/86< ~Syp95=x 8 T
(L/4) (L/3) (L/3) 3onpoad (sueayr/s1D) 23®I3sqns muutm
—4g ay 11 uotaeanbTIuod TAuoqae)
e ajetouy

g UOTINATIISTA 30npOTd ©

~ o~~~

(eg¢ uot3enbyg) ¢ (e91) spAyspiezuag Y3TM suorljoeay _ ___
*23eTOoUd TB3ISW JO UOT3IOUNJ P SB UOTIDI[IS09193SeTd TOPIY b OTdel

00s onpAse
h a aensqng

Ho MO jAuoquen

°e id X o :n_//_\fa\x -— OHOuUd + \/:\x
0 HO 0 0]

HO



-20-

on reactions involving the zirconium complex 6.

We chose first to investigate the influence of 6 on
aldol condensations involving lithium enolates of predomi-
nantly a single configuration. The data reported in Table 4.
compare the effect of enolate configuration on aldol diastereo-
selection for zirconocenyl, lithium and boron enolates.

In view of the previously discussed (Scheme III) chair-
like transition states, the obtention of erythro diastereo-
mers in the zirconium-mediated condensations of both the
cis enolate of propiophenone (§) and the trans enolate
of (t)butylthiopropionate (?) (Table 4, entries 1 and 2)

was surprising. This indicated that the zirconium-mediated

aldol stereoselection is independent of the enolate config-

uration. This hypothesis was further supported by the
preponderance of erythro diastereomer obtained from mixtures
of cis and trans enolates (Table 4, entries 3 and 4).
Yamamoto and co-workers have independently noted the erythro
selective nature of zirconocenyl enolates in the aldol
condensation.28
The aldol condensations of lithium and zirconocenyl
enolates of ester and amides are compared in Table 5. The
erythro preference of the zirconocenyl enolates is maintained

in this series. An interesting trend is evident with these

enolates. Increasing steric bulk in the X portion of the
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enolate leads to lower erythro diastereoselection with

trans enolates (Table 5, entries 1 and 3) and higher erythro

diastereoselection with cis enolates (entries 5 and 6). The

small but significant differences noted here bear on the
guestion of cyclic vs acyclic transition states discussed
later (page 36).

There was one other unexpected experimental observation
that may bear on the mechanism of the zirconium-mediated
aldol condensation. Under the initial conditions used for
the aldol condensations, ester enolates afforded much lower
stereoselectivity than is reported in Table 5. At that
time, metal exchange was conducted at -78°C followed by
addition of the aldehyde, also at low temperature. As
reported in Table 6, the temperature of metal exchange has
a dramatic effect on the stereochemical outcome of the
subsequent aldol condensation for ester enolates but little
or no effect on the results for thioester or amide enolates.

There are two gquestions which must be answered before
these observations can be interpreted. First, are the
observed diastereomer ratios the result of kinetic reaction
or do they represent thermodynamic equilibration? And
second, are the configurations of the lithium enolates

preserved during the metal exchange?
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Kinetic vs Thermodynamic Aldol §9§§§§§§§}9§. Thermo-
dyanmic equilibration of metal aldolates usually results in
increased amounts of threo products without regard to initial
enolate geometry.6 It is conceivable that the special steric
environment of the CpZZrCl moiety could favor the observed
erythro product as a thermodynamic sink. That the results
are in fact kinetic was shown by the following experiments.

The zirconocenyl enolate of propiophenone (§) was
allowed to react with benzaldehyde (}§§) (Equation 4). The
aldol diastereomer ratio was measured as a function of
reaction time and temperature. The results in Table 7
indicate that equilibration in this sytem occurs towards
the threo diastereomer. The equilibration is, however,
slow even on warming to room temperature. The corresponding
lithium aldolate equilibrates rapidly at -78°C.8

A more sensitive test for equilibration via a retro-
aldol process involves a crossover experiment (Scheme VI)
in which p-chlorobenzaldehyde (}?g) is added to a solution
of the metal aldolate preformed from a zirconocenyl enolate
and benzaldehyde (}§§). Incorporation of the added aldehyde
is indicative of the retro-aldol process.31 The zirconocenyl
enolates of (t)butylthiopropionate (?)' methyl proprionate
(12), pyrrolidine propionamide (14) and N,N diisopropylpro-

pionamide (15) were condensed with 1l6a under the usual

~ A A
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: N CHy + H —_—
— O T, O
M CHy
16a

erythro
170

Table 7

°
~ A~ ~

Zirconocenyl Aldolate Equilibrationi

Elapsed Aldol Diastereomer Ratio—12
Time Temperature (E/T)
10 min = e 84:16
30 min -78°C 87:13
1h -78°C 87:13
2 h -78°C 87:13
4 h 0°% 80:20
8 h 25°9 15825
29 h 25°C 54:442

EEquation 4, ENMR ratio 3%. Swarmed toe0° after 2 h of
-78°. dwarmed to 25° after 2 h at 0°. <=Accompanied by
extensive decomposition.
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Scheme VI Crossover Experiments: Aldol Equilibration

0 0ZrCp,Cl ) 0 0ZrCp,ClI
Lo e, T Lo
CHy ¢l CHy el

16g

!

o) OH o) OH
CH, CHy el

18a X=(t)BuS— 25 X=(t)BuS—
21a X=MeO- 26 x:MeO_

23a x=CN_ 77 x-C _
24a  X=(i)Pr,N— 28 X=(iJPr,N—

conditions. The aldolates were warmed to 0°C to ensure
complete reaction. After recooling to =-78°C, a solution

of p-chlorobenzaldehyde (l6g) in THF was added and the
reaction returned to 25°C for 30 min. After quenching,

the products were examined by lH NMR. There was no indica-
tion of the crossover products gg, gz and 2? from the ester
and amide aldolates. Approximately 20% of the (t)butylthio-
propionate adduct was the chlorine-containing product g?.

This small amount of crossover product was essentially only

the erythro diastereomer. When this experiment was repeated
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with the lithium enolate of methyl propionate (12) there was
again no trace of the crossover product g@.

We conclude that equilibration is not a problem with
ester and amide aldolates and that it can be controlled with
low reaction temperatures for zirconocenyl aldolates of
ketones and thioesters.

Enolate Configurational Stability. Equilibration of the
enolate configuration to a common geometry under the condi-
tions of the metal exchange reaction could account for the
configurational independence of the zirconium-mediated
stereoselection. The temperature effect reported in
Table 7 may reflect such an equilibration.

The stability of the enolate configuration under the
conditions of metal exchange was investigated with the
following experiments illustrated in Scheme VII. Trapping
of the lithium enolate of (t)butylthiopropionate (9) with
trimethylsilyl chloride (TMSCl) gave a 91:9 mixture of
silylenol ethers as measured by capillary gas chromatography.
The configuration of the major isomer had previously been

L3 Treatment of a solution of the

assigned trans (2).
zirconocenyl enolate of 9 with excess n-butyllithium
followed by TMSCl afforded an 88:12 mixture in which the

trans isomer remained predominant. Direct treatment of the

zirconocenyl enolates of 9 with TMSCl failed to produce any



Scheme VII

OSiRs

S(t)Bu

H
c/t=73:27

TR,sacn

OLi

S({1)Bu

H
—78‘1Cp2zrc5

OZTCD2C|

HsCa_ =
S(1)Bu

H
nBuli(xs)
R,SiCl
OSiRy

HiC =
S(t)Bu

H

c/t=3:1

D e

0
LDA/HMPA

AT H’c\/u\smeu

9

0

R,SiCl H,C\)l\

HyO" S(1)Bu

9

LDA/THF
-78°C

R,SiCl
H30"

0SiR,

H =
S(t)Bu

CHjy
c/t=9:9I

TR,S&CI

OLi

H. =
S(t)Bu

CHs
-7e‘lezzrc5

0ZrCp,ClI

H
S(t)Bu

CHgy
nBulil(xs)
R4SiCl
OSiRy

H =
S(1)Bu

CHs

c/t=12:88



=BG

silylenol ether. When the enolization of thiocester ? was
conducted with lithium diisopropylamide (LDA) in the presence
of HMPA (hexamethylphosphorictriamide), the cis silylenol -
ether was obtained as the major isomer from both the

lithium and zirconocenyl enolates. We conclude that for

thioester 9 the enolate configuration is maintained during

the metal exchange.

In order to understand the temperature-dependent process
which occurs during metal exchange with ester enolates, the
exchange reaction was investigated by lH and 13C NMR for
a number of enolate systems. The Cp ligand signals are
clearly visible in both the lH and 13C NMR spectra measured
in protio-THF. By control of the reaction stoichiometry
both mono and bis substitution of the metal center could
be affected. The chemical shifts for the various enolate
species are listed in Table 8.32

The metal exchange involving ester enolates was
noticeably slower than for the other enolate systems.

While exchange with lithium enolates derived from

ketones, thioesters and amides appeared to proceed

smoothly at -50°C, complete exchange with lithium

ester enolates required warming the solution to +25°C.

We conclude that the low levels of aldol diastereoselection

observed with low exchange temperatures are due to large

proportions of lithium ester enolates remaining when the
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Nu < Cp."ZrCl2 —— C%ZrCl(Nu) — C;&.‘,Zv(Nu)2 5

Table 8. lH and 13C NMR Chemical Shift Data for the

””””” Cyclopentadienyl (Cp) Ligands in Zirconocenyl

Enolates
mono bis
Nu § (ppm) § (ppm)
- 1 b
c1 H 6.52 (CDC1,)2 6.53 (THF)
13c 115,7 (cnc13)9 116.1 (THF)
“oMe g 6.35 (CDC1,)2 6.02 (cpcly)2
-
1
/JQT/CH, H 6.39 -- <
C.H
R 13¢ 114.6 -
o-
/JQT/H y 6.41 6.35
(t)BuS 13
s c 114.1 112.7
o= 3
~ _H H 6.37 6.31
CHy c 115.9 & 114.6 113.2 & 112.0
= 1
/JQT/H H 6.43 6.34
{t)8u0 13 c
Loy c 114.7 & 114.4 - &
o~ 1 6.40 6.33
H
X ~CHy
[::N 13, 114.7 114.1
H

o~ 1 6.41 6.36
H
uw5~/J§T/CH’ 13 114.1 -
M Cc

26pectra recorded in THF with hexane (8cy, = 13.7 ppm) as
chemical shift reference. D2Ref. 18. ENo% determined.
daddition of the second equivalent of enolate did not
affect the shift of the Cp ligands.

(foN
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aldehyde was added.
In conjunction with the NMR studies on the metal

exchange process the lH and 13

C NMR spectra of the lithium
and zirconocenyl enolates of pyrrolidylpropionamide (%f)
were investigated in more detail. The lithium enolate of
}f' labeled with 13C at the methyl carbon, in THF afforded
single methyl resonance at 11.7 ppm. Addition of 1 equiva-
lent of Cp22rC12 gave a new signal at 11.3 ppm with a small
residual signal at 11.7 ppm and a trace of the propionamide
}f at 9.3 ppm. The important features of the 500 MHz lH
NMR spectra of the lithium and zirconocenyl enolates of

}f in d8-THF are reproduced in Figures 5 and 6. The
extremely broad signal at 3 ppm for the vinyl proton of the
lithium enolate coalesces to a major gquartet at 3.052 ppm
and a minor quartet at 3.099 upon the addition of 1 equiva-
lent of CpZZrClz. The methyl doublet of the lithium enolate
at 1.544 ppm separates into a major doublet at 1.589 ppm

and a minor doublet at 1.531 ppm. The major signals are
associated with the Cp ring signal at 6.375 ppm indicative
of a mono enoclate while the minor signals are associated
with the ring signal at 6.315 ppm for the bis-substituted
metal complex. The lithium enolate prepared from propiona-
mide }f and LDA has been assigned the cis (g) configuration

29b

with less than 3% of the opposite configuration. These
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Lithium enolate

J

— Zirconocenyl enolate

1 " |
3.2 3.1 3.0

ppm (500 MHz)

Figure 5. lH NMR vinyl region.
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NMR spectra are consistent with this assignment and suggest
that the lithium enolate exists as enolate aggregates which
exchange among themselves on the NMR time scale. Substitu-
tion with szerl2 forms monomeric species stable on the
NMR time scale.

Zlostyde Tflgenes on ldal Dlgstereppeleabion. Ta
further probe the steric requirements of the zirconium-
mediated aldol condensation, aldehydes of varying steric
demand were condensed with six representative enolate
systems. The diastereomer ratios obtained from the zirconium-
mediated condensations and the corresponding lithium-mediated
condensations are compared in Table 9. While the erythro
preference is maintained throughout the series and, in
general, cis enolates afford higher stereoselectivity than

trans enolates,33

there is no systematic effect of aldehyde
branching or unsaturation on the reaction diastereoselectivity.
The consistently high levels of diastereoselection produced
with amide enolates are encouraging for the potential
synthetic application of these substrates.

Transition State Models. It is apparent from the
preceding re<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>