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should open new avenues to explore this important area of
cancer chemotherapy.

Moreover, complex 6 is, to the best of our knowledge, the
first example of a carbohydrate-containing transition metal
complex in which the carbohydrate moiety is not only
unprotected, but also unbound to the metal center.[6, 14] Such
complexes should be obtainable as single crystals, which can
then be used to determine the solid-state structure of intact
and unprotected carbohydrates.

Experimental Section

6 : A mixture of 1 (2.2 g, 5.36 mmol), 2 (1.14 g, 8.0 mmol), and 4-�
molecular sieves (3.5 g) was stirred under Ar for 1 h at RT in CH2Cl2

(50 mL), and HgBr2 (0.39 g, 1.07 mmol) and HgO (1.16 g, 5.36 mmol) were
added. After being stirred in the dark for 2 d, the mixture was filtered
through a layer of Celite. The filtrate was washed with aqueous NaHCO3

solution, dried, and concentrated. Chromatography of the residue in
hexanes/ethyl acetate (1/1) on silica gel afforded 3 (1.59 g, 63%).
Compound 3 (0.78 g, 2.56 mmol) and a catalytic amount of NaOMe were
stirred in MeOH (30 mL) for 6 h at RT. The mixture was neutralized by
addition of Dowex H� ion-exchange resin and filtered, and Pd/C (60 mg)
was added. After being stirred under H2 (35 psi) for 8 h, the mixture was
filtered through a layer of Celite, and the filtrate concentrated. The residue
was redissolved in H2O and lyophilized to give 4 (0.4 g, 96 %). Compound 4
(0.18 g, 0.71 mmol) and 5 (0.3 g, 0.71 mmol) were stirred in H2O (10 mL)
for 2 d at RT, and concentrated. Chromatography of the residue on a gel
filtration column with Bio-gel P2 resin afforded 6 (0.28 g, 75 %).
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Table 1. In vitro antitumor activity[a] of complex 6.

Cell line Tumor of origin MED[b] [mm]
6 Cisplatin
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MeWo[d] melanoma 11.2 8

[a] Cytotoxicity was assessed by clonogenic survival assay as described.[12]

[b] Median effect dose. [c] A2780S and its cisplatin-resistant variant,
A2780cP, were obtained from Dr. Marshal Sklar (University of Miami)
and maintained in Paul G. Braunschweiger�s laboratory. [d] Obtained from
Dr. Jorgen Fogh and maintained in Paul G. Braunschweiger�s laboratory.
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Crossed aldol condensation between two different carbonyl
compounds is one of the earliest and synthetically most
significant reactions for carbon ± carbon bond formation.[1]
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Our recent discovery[2] that aluminum tris(2,6-diphenylphen-
oxide)[3, 4] (ATPH, Figure 1) and lithium diisopropylamide
(LDA) trigger mixed crossed aldol condensation of conju-
gated aldehydes or ketones with aldehydes encouraged us to

Figure 1. The molecular structure (left) and space-filling model of ATPH
(right).

improve this reaction to a more synthetically useful level.
Reported herein is the mixed aldol condensation between
conjugated esters and aldehydes[5] in the presence of ATPH;
lithium 2,2,6,6-tetramethylpiperidide (LTMP) instead of LDA
has proven to be an effective reagent.

Precomplexation of methyl crotonate (1, 2.0 equiv) and
benzaldehyde (2, 1.0 equiv) with ATPH (3.3 equiv) was
followed by treatment with a solution of LTMP (2.3 equiv)
in THF at ÿ78 8C under an argon atmosphere (Scheme 1).
After stirring of the mixture at this temperature for 30 min,
quenching with aq NH4Cl, and purification by column
chromatography on silica gel, aldol adduct 3 was obtained in
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Scheme 1. Crossed-aldol condensation of methyl crotonate (1) with
benzaldehyde (2) using ATPH and LTMP.

97 % yield with retention of the E configuration at the olefin
moiety (see entry 1 of Table 1). None of the Z isomer was
detected by 1H NMR spectroscopy or GC-MS analysis.

Similar to the case of the conjugated aldehyde ± aldehyde
aldol system,[2] deprotonation and subsequent alkylation
occurred exclusively at the allylic terminus of the unsaturated
ester, and not at the a-carbon atom. The use of a smaller
amount of the ester, ATPH, and LTMP (1.0:2.2:1.2) proved
disappointing (yield of 3 57 %). Under otherwise identical
conditions, the reaction with other lithium amides such as
LDA, lithium hexamethyldisilazide (LHMDS), and lithium
dicyclohexylamide proceeded less efficiently than with LTMP,
producing 3 with consistently lower yields of 33, 23, and 42 %,
respectively. It should be emphasized that the ester and
aldehyde must be precomplexed with ATPH: when benzal-
dehyde (2) was exposed to the ATPH complex (ÿ78 8C,
5 min) prior to treatment with LTMP, the desirable aldoliza-

tion was obtained with similar ineffectiveness (recovery of 2
90 %, yield of 3 10 %).

We thus chose to focus on the use of LTMP, and various
examples of ester ± aldehyde combinations are listed in
Tables 1 and 2. Benzaldehyde (2) and pivalaldehyde (22)
were particularly well suited to this process. In contrast,
valeraldehyde (24) might suffer from competitive deprotona-
tion at the a-carbon atom. This difficulty was easily circum-
vented when cyclohexanecarboxaldehyde (23) branched at
the a-carbon atom was used to provide 28 (90 %) and 29
(87 %) with equal effectiveness. Aldolization at the g-
positions of lactones proceeded with similar success, despite
low diastereoselectivities (Table 1, entries 4 and 5). Highly
conjugated esters including dienoate 8, trienoate 9, tetra-
enoate 10, and even pentaenoate 11 participated in this
transformation; however, the reaction proceeded less
readily with 11 to give 20 in moderate yield (Table 1,
entries 9 ± 12).[6]

One area where this system could be applied with particular
benefit is the rapid elaboration of elongated conjugated
esters, which have been demonstrated to be of great synthetic
potential.[7] For example, tosylation of aldol adduct 34, which
was obtained in 93 % yield by the standard procedure (see

Table 1. Mixed aldol condensation of unsaturated esters with benzaldehyde
(2).

Entry[a] Ester Product Yield [%][b]

1

CO2Me

1

CO2Me

HO

Ph

3
97

2

CO2Me

4

CO2Me

HO

Ph

13
90

3

CO2Me

Cl
5

CO2Me

HO

Ph

Cl

14 72[c]

4
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6

OO
OH

Ph

15
88[d]

5

O
O

7

O
O

OH

Ph

16
70[e]

6
CO2Me2

8

CO2MePh

OH 17
97

7
CO2Et3

9

CO2EtPh

OH
18 88

8
CO2Et4

10

CO2Et
Ph

OH 19
80

9
CO2Et5

11

CO2Et
Ph

OH 20
40[f]

10
CO2Me

12
HO

Ph CO2Me

21
86

[a] The reaction was performed using aldehyde (1 equiv), ester (2 equiv), ATPH
(3.3 equiv), and LTMP (2.3 equiv) in toluene/THF (1/1) at ÿ78 8C for 30 min.
[b] Yield of isolated, purified products. [c] Diastereomeric ratio� 76:24.
[d] Diastereomeric ratio� 70:30. [e] Diastreomeric ratio� 66:33. [f] An un-
identified isomer was also obtained (23 %).
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Experimental Section), followed by elimination with DBU at
90 8C gave (2E,4E,6)-trienoate 35, one of the synthetic
intermediates for asukamycin,[7a] in 90 % yield (6E :6Z�
97:3, Scheme 2).

CO2Me
OH

CO2Me
a

34 35

Scheme 2. A rapid route to 35, the synthetic intermediate of asukamycin.
Reagents and conditions: a) 4-methylbenzenesulfonyl chloride (TsCl,
2.0 equiv), 4-(dimethylamino)pyridine (DMAP, 5.0 equiv), CH2Cl2, 25 8C,
18 h, 90%; 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU, 5 equiv), toluene,
90 8C, 5 h, >99 %.

In summary, a directed access to d-hydroxy-a,b-unsaturat-
ed esters and their derivatives using two different ATPH ±
carbonyl complexes in place of carbonyl compounds them-
selves has been demonstrated. Such a strategy has proven to
be quite general with respect to both the aldehyde component
and the unsaturated esters. Moreover, this method should be
of practical value as a straightforward route to important
classes of synthetic intermediates such as highly polyenic
esters, and thus potentially useful for a short-step convergent
approach to complex natural products.[8]

Experimental Section

The reaction of methyl crotonate (1) with benzaldehyde (2) is representa-
tive. To a solution of ATPH (1.65 mmol) in toluene (6.0 mL) was added 1
(106 mL, 1.0 mmol) and 2 (51 mL, 0.50 mmol) at ÿ78 8C under argon. After
the mixture was stirred for 20 min, LTMPÐgenerated by treatment of a
solution of 2,2,6,6-tetramethylpiperidine (194 mL, 1.15 mmol) in THF
(6.0 mL) with a 1.60m solution of nBuLi (0.72 mL, 1.15 mmol) in hexane
at ÿ78 8C for 30 minÐwas transferred by a steel cannula to the solution of
ATPH-1 and ATPH-2 in toluene at ÿ 78 8C. The reaction mixture was
stirred at this temperature for 30 min and quenched with aq NH4Cl, and the
resulting suspension was filtered through a celite pad. The filtrate was
extracted with diethyl ether. The organic layer was dried over Na2SO4 and

concentrated, and the residue was purified by column chromatography on
silica gel (diethyl ether/hexane 1/2!1/1!5/1) to give 3 (99.2 mg, yield
97%) as a colorless liquid. 2,6-Diphenylphenol could be isolated in more
than 90 % yield before the aldol product came off the column. The obtained
aldol adduct 3 showed identical spectral and analytical data with those
reported in the literature.[9]
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aldehyde 1
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[a] The reaction was performed using aldehyde (1 equiv), ester (2 equiv),
ATPH (3.3 equiv) and LTMP (2.3 equiv) in toluene/THF (1/1) at ÿ78 8C for
30 min. [b] The yields in parentheses are of isolated, purified products.


