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Diastereoselective Aldol Reaction with an
Acetate Enolate: 2,6-Bis(2-isopropylphenyl)-
3,5-dimethylphenol as an Extremely Effective
Chiral Auxiliary**
Susumu Saito, Keiko Hatanaka, Taichi Kano, and
Hisashi Yamamoto*

The optically active 3-hydroxycarbonyl (1) and 3-hydroxy-
2-methylcarbonyl units (2) are present in numerous natural
products. When covalently bound by chiral auxiliaries, acetate
and propionate enolates and their variants have found
widespread use in the construction of 1 and 2. Despite
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thorough investigations and a variety of approaches to
structural units 2,[1] the aldol synthesis of unit 1[2, 3] by use of
a chiral auxiliary lacks general utility due to its inherent
difficulties, as suggested by Braun and others.[2] The strategy
of Braun et al. to use (R)- and (S)-(2-hydroxy-1,2,2-triphenyl-
ethyl)acetate (HYTRA) is widely recognized as the most
practical and elegant approach, although extremely low
temperatures (ca. ÿ130 8C) are required for satisfactory
diastereoselectivity.[3d, m] More recent efforts to develop
procedures which are applicable to 1 have met with only
limited success.[3e±i] Here we address the potential limitations
of the aldolization to 1 by utilizing the sterically hindered 2,6-
bis(2-isopropylphenyl)-3,5-dimethylphenol (3 a)[4] as an effec-
tive chiral auxiliary for an acetate enolate.

The optically active, bulky phenols (R,R)- and (S,S)-3 were
readily accessible by the previously described method.[4]

Chiral acetates 4 were prepared by sequential treatment of
3 with BuLi and acetyl chloride at 0 8C in THF. The procedure
shown in Scheme 1 is representative of the aldol condensation
of 4 a with aldehydes. Treatment of 4 a with lithium diisopro-
pylamide (LDA, 1.1 equiv) at ÿ78 8C for 1 h followed by
addition of benzaldehyde (1.1 equiv) gave, after stirring for
1 h and subsequent purification by column chromatography
on silica gel,[5] aldol adduct 5 a in 69 % yield and with greater
than 97 % de. In comparison, the sterically less and more
hindered analogues 4 b and 4 c gave 5 b and 5 c with
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Scheme 1. Aldol reaction of chiral acetates 4a and 4b with benzaldehyde.

disappointingly lower de values of 76 % and 78 %, respec-
tively (Table 1, entries 2 and 3). The effect of other solvents
including Et2O and dimethoxyethane (DME) also decreased
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the degree of asymmetric induction (entries 4 and 5). An
attempt to use less bulky bases such as Et2NLi and (CH2)4NLi
led to high de values, but a decline in the yields of isolated
products (entries 6 and 7). In contrast, more bulky bases gave
no aldol adduct. However, about 96 % of 4 a could be
recovered, suggesting unsuccessful enolate generation (en-
tries 8 ± 10). The failure of the reaction could be attributed to
the significant steric repulsion between the bulky bases and
the auxiliary.

In light of the efficiency of the LDA-promoted system for
4 a, we further investigated this aldolization with a series of
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Table 1. Aldol reaction of chiral acetates with benzaldehyde under various
reaction conditions.[a]

Entry Chiral Base Major Yield de
acetate product [%][b] [%][c]

1 4 a LDA 5a 69 97
2 4 b LDA 5b 58 76
3[d] 4 c LDA 5c 22 78
4[e] 4 a LDA 5a 49 81
5[f] 4 a LDA 5a < 25 64
6 4 a Et2NLi 5a 51 94
7 4 a (CH2)4NLi 5a 30 92
8 4 a LTMP[g] 5a 0 ±
9 4 a LHMDS[h] 5a 0 ±
10 4 a KHMDS[i] 5a 0 ±

[a] Unless otherwise noted, the reactions were carried out with the acetate
(1.0 equiv), base (1.1 equiv), and PhCHO (1.1 equiv) in THF at ÿ78 8C.
[b] Yield of isolated product. [c] In all the cases except for entry 3, the de
value was determined by a chiral HPLC analysis (column: OB-H) after
conversion of 5 into the corresponding diol. The absolute configuration at
C3 of the major isomer was assigned to be R by comparison of the optical
rotation of the diol with that reported in the literature; see T. H. Chan,
K. T. Nwe, J. Org. Chem. 1992, 57, 6107. [d] Racemic 4 c was used.
[e] Diethyl ether was used as solvent. [f] The reaction was performed at
ÿ50 8C with 1,2-dimethoxyethane (DME) as solvent. [g] LTMP� lithium
2,2,6,6-tetramethylpiperidide. [h] LHMDS� lithium hexamethyldisilazide.
[i] KHMDS� potassium hexamethyldisilazide.
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aldehydes; the results are summarized in Table 2. Excellent
diastereoselectivity (94 ± 99 % de) was maintained for a range
of alkyl-, alkenyl-, and alkynyl-substituted aldehydes. The
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diastereoselectivities and substrate generality that we ob-
served match or exceed the best reported values with other
chiral acetates or their analogues.[3d, i, m, q]

We were pleased to find reagent control,[6] in which the
stereochemical preference of the chiral enolate governs the
reaction stereochemistry (Table 3). For example, aldolization

of a 1:1 mixture of (S)-13 a and (R)-13 a with (R,R)-4 a at
ÿ78 8C gave anti (90 % ee) and syn isomers (99 % ee) of 14 in
49 and 41 % yield, respectively.[7, 8] Thus, the absolute config-
uration of the emerging C3 carbon atoms of anti- and syn-14
are identical, and enantiofacial selectivity with respect to the
aldehyde carbonyl group is consistent with all the results
summarized in Table 2. When (R,R)-4 a was replaced with
(S,S)-4 a, antipodes of 14 (anti- and syn-15) formed with equal
effectiveness. The two major diastereomers out of four
possible stereoisomers in each reaction were easily separated
by chromatography. Similarly, 2-benzyloxypropanal (rac-13 b)
gave predominantly a 1:1 mixture[7] of anti- and syn-16,
indicating again that chirality transfer occurred solely from
(R,R)-4 a and not from 13.

The alkaline hydrolysis of adducts 6 and 10 proceeded
smoothly with Bu4NOH[9] in THF at 0 8C for 30 min to yield
carboxylic acids 17 (99% ee) and 18 (97 % ee) accompanied by
a nearly quantitative amount of 3 a, which could be reused
without loss of the optical purity (Scheme 2).[8] There was
negligible stereoisomerization at the stereogenic centers due
to a retro-aldol reaction.

R1 CO2H
OH

6 or 10
nBu4NOH (3.0 equiv)

THF
0 °C, 30 min

:  R1

:  R1
= (E)-PhCH=CH
= c-Hex

17
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; quant., 99% ee
; quant., 97% ee

Scheme 2. Alkaline hydrolysis of aldolates 6 and 10 derived from
(R,R)-4 a.

The X-ray crystal structure of (R,R)-4 a[10] (Figure 1)
revealed that the carbonyl plane is oriented perpendicular
to the central phenyl plane of the auxiliary, thus minimizing
the steric interaction with the two isopropylphenyl groups. In
all the present cases, a large preference of the enolate of
(R,R)-4 a for attack on the re face of aldehydes was observed.
We suggest two possible transition statesÐthat is, twist boat[11]

(A) and acylic models (B; Figure 2)Ðbased on the X-ray

Figure 1. The X-ray crystal structure of (R,R)-4 a (ellipsoids at the 15%
probability level).

Table 2. Asymmetric aldol reaction of (R,R)-4a with various aldehydes.[a]

Entry Aldehyde Yield [%][b] Product de [%][c]

(abs. config.)[d]

1 (E)-PhCH�CHCHO 77 6 > 99 (R)
2[e] (E)-PrCH�CHCHO 90 7 95 (R)
3[e] PhC�CCHO 81 8 94 (R)
4 iPrCHO 62 9 > 99 (R)
5[f] c-HexCHO 87 10 98 (R)
6 Me(CH2)8CHO 70 11 99 (S)
7 MeCHO 57 12 95 (S)

[a] Unless otherwise noted, the reactions were carried out with 4 a
(1.0 equiv), LDA (1.1 equiv), and R1CHO (1.1 equiv) in THF at ÿ78 8C.
[b] Yield of isolated product. [c] Determined by chiral HPLC or GC
analyses. [d] The configuration at the carbon atom attached to the OH
group was assigned by converting 6 ± 12 into the corresponding products,
whose optical rotations are known.[8] [e] The aldehyde was added at
ÿ100 8C. [f] Chiral acetate 4 a (1.8 equiv), LDA (1.8 equiv), and R1CHO
(1.0 equiv) were used.

Table 3. Asymmetric aldol reaction of 4a with racemic a-substituted propanal.[a]
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[a] The reaction was carried out with the acetate (1.8 equiv), aldehyde (1 equiv),
and LDA (1.7 equiv) in THF under the indicated conditions. [b] Yield of isolated,
purified products. [c] Enantiomeric excess (ee) with respect to the two vicinal
stereogenic carbon centers. The absolute and relative configurations were
established by comparison with authentic materials; see reference [8].
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crystal structure and by taking into consideration the striking
influence of the iPr groups of (R,R)-4a. Whichever path is
used, attack on the re face should be favored for the enolate
addition.
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Figure 2. Proposed structure for the transition state of the aldolization:
twist-boat (A) and acylic models (B).

In summary, we have successfully devised chiral auxiliary
3 a for the diastereoselective aldol reaction of an acetate with
aldehydes. The present aldol system in which steric factors of
4 a predominate appears to have enhanced potential for
providing high levels of diastereofacial selectivity. The ease of
operation, mildness of the reaction conditions, the availability
of both the enantiomers of the acetate, and substrate general-
ity render this system advantageous and practical.

Experimental Section

The reaction of (R,R)-4a with benzaldehyde is representative. To a cooled
(ÿ78 8C) solution in THF of LDAÐwhich was prepared by treatment of
iPr2NH (77 mL, 0.55 mmol) in THF (1.0 mL) with a 1.59m solution of nBuLi
(0.35 mL, 0.55 mmol) in hexane at 0 8C for 30 minÐwas added a solution of
(R,R)-4 a (200 mg, 0.50 mmol) in THF (1.0 mL) under an argon atmos-
phere. After 1 h of stirring, benzaldehyde (56 mL, 0.55 mmol) was added,
and the mixture was stirred at ÿ78 8C for 1 h. The reaction mixture was
quenched with H2O at ÿ78 8C and, after being allowed to stir at room
temperature for 15 min, extracted with diethyl ether. The organic layer was
dried over Na2SO4. Evaporation of the solvents and purification of the
crude mixture by column chromatography on silica gel (diethyl ether/
hexane 1/50!2/1) gave (R,R)-5a (175 mg, 69% yield) as a colorless solid.
(R,R)-5 a (Table 1, entry 1): IR (KBr): nÄ � 3578, 2961, 1763, 1475 cmÿ1;
1H NMR (300 MHz, CDCl3): d� 7.39 ± 7.03 (m, 14H), 4.49 ± 4.46 (m, 1H),
2.72 (br, 2 H), 2.09 (s, 6 H), 2.45 ± 1.92 (m, 2H), 1.75 (dd, 1H, J� 3.6,
2.0 Hz), 1.10 (br, 12H); 13C NMR (75 MHz, CDCl3): d� 168.8, 147.5, 146.2,
141.9, 136.8, 134.4, 131.8, 130.3, 129.0, 128.2, 1218.1, 127.4, 125.5, 125.3,
125.1, 69.8, 43.5, 30.0, 24.2, 20.1; elemental analysis calcd for C35H38O3: C
82.97, H 7.56; found: C 82.88, H 7.76; [a]D�ÿ5.3 (c� 1.00, CHCl3).
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Facile Oxidative Addition of OÿH Bonds of
Methanol and Water to IrI Complexes Having
Peraryldiphosphane Ligands**
Kazuhide Tani,* Aika Iseki, and Tsuneaki Yamagata

Studies on the oxidative addition of alcohol and water to
transition metal complexes leading to the formation of
hydrido(hydroxo) and hydrido(alkoxo) complexes, respec-
tively, have received much attention for the past decade due
to their potential relevance to catalysis.[1] In particular
hydrido(alkoxo) complexes of late transition metals have
often been postulated as intermediates or transition states in
the catalytic hydrogenation of carbonyl compounds[1a] and
catalytic hydrogen transfer reactions.[2] Isolation or detection
of such complexes, however, is rare, and their chemistry
remains relatively unexplored. About a decade ago we
isolated and characterized a hydrido(alkoxo) complex of
iridium as a model complex of the reaction intermediates for
the rhodium-catalyzed hydrogenation of carbonyl com-
pounds.[3] Milstein and his co-workers reported their efforts
on the oxidative addition of hydrogen ± heteroatom bonds to
rhodium and iridium leading to hydrido(alkoxo) and hydri-
do(hydroxo) complexes, among others.[4] In addition the
isolation of a few hydrido(alkoxo) complexes[5] and hydrido-
(hydroxo) complexes[1d, 5d] of late transition metals has also
been reported. Almost all of these complexes, however, bear

basic peralkylphosphane ligands or an electron-donating Cp*
ligand (Cp*�C5Me5). We have found that dinuclear IrI

complexes [IrCl(diphosphane)]2 carrying even peraryldiphos-
phanes that are not so strongly electron donating
(diphosphane� 2,2'-bis(diphenylphosphanyl)-1,1'-binaphthyl
(binap), see 1 a, or 2,2'-bis(diphenylphosphanyl)-1,1'-bi-
phenyl (bpbp), see 1 b)[6, 7] can easily activate protic molecules
(MeOH or H2O) at ambient temperature.

Upon treatment of a solution of the extremely air-sensitive
complex 1 a in toluene with a large excess of methanol, the
color changed immediately from deep red to pale yellow.
After the reaction mixture had been stirred at room temper-
ature for several hours, the solvents were removed in vacuo to
give quantitatively the almost pure hydrido(methoxo) com-
plex 2 a as air-stable and thermally stable pale yellow micro-
crystals. The formulation was supported by the elemental
analyses (see Table 1 and the supporting information).

The 31P NMR spectrum of 2 a exhibits two doublets at d�
ÿ15.2 and ÿ1.8 (2J(P,P)� 19 Hz) in a 1:1 ratio, indicating the
presence of two nonequivalent phosphorus atoms. The
presence of terminal hydrido ligands was suggested by the
IR (nÄ(IrÿH)� 2270 cmÿ1) and 1H NMR spectra (d�ÿ23.10
(dd, 2J(H,P)� 18, 23 Hz)). The methoxy methyl protons
appear at d� 2.63 as a triplet (4J(H,P)� 3.4 Hz). The signal
is more than 1 ppm upfield of the analogous signals of the
mononuclear iridium complexes mer-cis-[Ir(Cl)(H)(OMe)-
(PEt3)3] (d� 4.01)[4d] and cis-[Ir(H)(OMe)(PMe3)4]�PFÿ6 (d�
3.637)[4a] and appears at 0.55 ppm higher field than even that
of the IrI-methoxo complex [Ir2(m-OMe)2(cod)2] (d� 3.28;
cod� 1,5-cyclooctadiene).[8] This may be due to the diamag-
netic shielding by a benzene ring of the diphenylphosphanyl
moiety of the binap ligands (vide infra). Complex 2 a is much
more thermally stable than these monomeric complexes. The
1H NMR spectrum indicates the presence of a molecule of
solvated methanol: a doublet at d� 3.38 (J� 5.6 Hz) for the
methyl protons and a quartet at d� 1.62 for the OH proton.
This may indicate strong hydrogen bonding between the
chloro bridge and the solvated methanol even in solution
(vide infra).[9] Exchange between the methoxo and the

ture was solved by direct methods (maXus) and refined with all data
by full-matrix least squares on F. All non-hydrogen atoms were
refined anisotropically. Hydrogen atoms were added in idealized
positions and included in the refinement. Crystallographic data
(excluding structure factors) for the structure reported in this paper
have been deposited with the Cambridge Crystallographic Data
Center as supplementary publication no. CCDC-102228. Copies of the
data can be obtained free of charge on application to CCDC, 12 Union
Road, Cambridge CB2 1EZ, UK (fax: (�44) 1223-336-033; e-mail :
deposit@ccdc.cam.ac.uk).

[11] It was proposed that the boron enolates of a-unsubstituted ketones
favor the more stable U form over the W form by 1 ± 2 kcal molÿ1.
Similarly, it is conceivable that the bulky phenoxy group of the enolate
of 4 a renders the U form most likely, and gives a twist-boat transition
structure: a) C. Gennari, R. Todeschini, M. G. Beretta, G. Favini, C.
Scolastico, J. Org. Chem. 1986, 51, 612; b) R. W. Hoffmann, K. Ditrich,
S. Froech, Tetrahedron 1985, 41, 5517; see also reference [2 b].
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