Ti(OiPr)4: (R)-BINOL
(1:1) 20 mol %
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Highly Enantioselective Aldol Reaction with
2-Trimethylsilyloxyfuran: The First Catalytic
Asymmetric Autoinductive Aldol Reaction**

Magali Szlosek and Bruno Figadere*

We report herein the first quantitative and highly enantio-
selective autoinductive aldol reaction (up to 96 % ee) between
2-trimethylsilyloxyfuran (TMSOF) 1a and an achiral alde-
hyde 2. The origin of homochirality of biomolecules (such as
a-amino acids and sugars) remains a puzzling question.!l Tt is
now well accepted that physical factors like circulary polar-
ized light can induce chirality in molecules through photo-
synthetic procedures.> 3 However the ee values so obtained
are very low and cannot be directly correlated with the
enantiomeric purity of the known biomolecules. Thus, Soai
et al. have shown that amplification of a slight enantiomeric
imbalance in molecules could be due to an asymmetric
autocatalytic system, and this was proved to be the case for
the 1,2-addition of organozinc reagents to 2-methylpyrimi-
dine-5-carbaldehyde. Since then, only catalytic asymmetric
1,2-addition of nucleophiles on aldehydes has been shown to
be either autocatalyzed™®l or autoinduced’ by the chiral
product of the reaction, apart from several Diels— Alder
reactions which were reported to be autoinduced by the cyclic
adduct.l”)

We recently disclosed that 1a adds to aldehyde 2a to afford
the corresponding butenolides 3a with good selectivity (76 to
90% ee) when the (R)-(1,1’-bi-2-naphthol),Ti complex ((R)-
BINOL,Ti) was used (Scheme 1).'l In order to improve both

RCHO OH
(O))

o
R‘ZRSiO@ +
1

Et,0; —20 °C

activator 11l

Et,0; 20 °C, 1h

3a-g
Scheme 1. Activators: I=(R)-BINOL, II=(—)-TADDOL, II=(+)-
TADDOL; 1a: R'=R=Me; 1b: R'=Me and R =1Bu; 1¢: R!'=Ph and
R =1Bu; 2a-g: see Table 2.

the chemical yield and the ee value of this reaction, we studied
the use of a second chiral ligand, as an activator, based on the
chiral ligand acceleration concept.”"’l The catalysts were
prepared in situ at 20°C in Et,0 by mixing 20 mol% of
Ti(OiPr),, (R)-BINOL, and the activator I-III'in a 1:1:1 ratio
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for 1 hour. Then 1 equivalent of 2a (0.5 mmol) followed by
1.5 equivalents of 1a were added. Butenolides 3a so obtained
were analyzed by '"H NMR spectroscopy in the presence of
chiral europium salt (Eu(hfc);). It should be noted that, in the
presence of only Ti(OiPr),, 1a does not add to 2a.['!] The first
experiment shows that 1a added to 2a, with (R)-BINOL,Ti as
the catalyst gave, after 2 hours, 3a with low d.r. (53:47), a good
ee value (87 %) for the major syn product, and moderate 50 %
yield (this is quite often encountered in such reactions!>'),
Under the same reaction conditions, but at lower temperature
(—78°C), the ee value of the syn butenolide 3a was
significantly increased (96%) but to the detriment of the
chemical yield (10 % ). When (—)-TADDOL was added to the
Ti(OiPr), and (R)-BINOL (1:1:1 ratio), a similar yield and
only a slight decrease in the ee value (70 relative to 87 % ) were
observed. We thought that these conditions may correspond
to a mismatch case and so performed the same reaction with
(+)-TADDOL and observed a quantitative reaction with
formation of the same major diasterecomer (syn) 3a (d.r.=
70:30) with 82 % ee. In all cases the absolute configuration of
the major isomer 3a was S,S as determined by comparison
with related products.'l The last two experiments gave good
evidence that the (R)-BINOLTi(—)-TADDOL is less active
than the (R)-BINOLTi(+)-TADDOL complex which is
probably formed,!¥ and that the chiral induction is controlled
by (R)-BINOL. Again a temperature effect was observed and,
in the presence of a 1:1:1 mixture of Ti(OiPr),, (R)-BINOL,
and (4+)-TADDOL at —78°C, 1a added to 2a to afford the
major syn butenolide 3a with a better ee value (90 relative to
82 %) but lower chemical yield (40 relative to 99 % ).

It was now possible to perform the aldol reaction with a
“reluctant” aldehyde, heptadecanal 2b, in 55% yield with a
75:25 d.r. and with an ee value of 75% for the major syn
isomer 3b (see supporting information). So far, it is clear that
BINOL is necessary for the aldol reaction to occur, and that
addition of a second aliphatic alcohol (TADDOL for in-
stance) could form an even more reactive complex with both
titanium(1v) and BINOL. It was therefore important to check
if the product of the reaction could interact with the catalytic
species. This investigation led us to describe the first auto-
inductive aldol reaction (Scheme 1 and Table 1).

The first experiment shows that, in the presence of
20mol % of the catalyst (R)-BINOL,Ti and 5mol% of

Table 1. 2-TMSOF (1a) addition to octanal (2a) in the presence of the
BINOL,Ti complex at —20°C in Et,0.

Entry  activatorl® yield of 3a[%]  syn:antiratio  ee of syn
(abs. conf.)
1 (8,5)-3al 99 70:30 > 96 (S,5)P
2 (R,R)-3al 99 70:30 40 (S.S)
3 (RS,SR)-3al9l 57 60:40 92 (S.S)
4 nonel®l 99 70:30 70 (S.,S)
5 nonelfl 90 60:401e! >96 (S.S)

[a] 5 mol% solution; [b] (S,S)-3a with 82 % ee, and thus, the ee value for
the butenolide 3a is 96.88%, as calculated in ref. [8]; [c] (R,R)-3a with
>96% ee; [d] racemic anti butenolide 3a; [e] after 24 hours; [f] with
addition of a mixture of 2-TMSOF (1a) and octanal (2a) in four portions
(ratios of 2a to 1a=0.032:0.049, 0.093:0.139, 0.125:0.188, and
0.250:0.375 mmol with 15, 15, 30, and 60 min. of delay, respectively);
[g] the anti product (4R,55)-3a with an ee value of 90 %.
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(85,5)-3a (82% ee), the reaction was quantitative with an ee
value of 96% determined for all syn butenolide 3a (which
corresponds to 96.9 % ee for the newly formed butenolide, see
reference [8] for calculations). In the presence of the minor
enantiomer (R,R)-3a, a much lower ee value was observed for
3a, as expected (40% ee, entry 2, Table 1). These results
suggested that the major chiral products formed in this
reaction are incorporated into the active chiral catalyst to
form new catalysts which are more active due to a ligand
accelerating effect (leading to higher chemical yields) and
which have a better asymmetric inductive effect (higher ee
values observed). However, when 5 mol% of racemic anti
isomer 3a was introduced into a 20 mol% (R)-BINOL,Ti
catalyst solution followed by 2a and then 1a, the expected
butenolides 3a were obtained in 57 % yield as a 60:40 syn:anti
mixture, with an ee value of 92 % for the major syn product.
This important result shows that there is not a significant
increase in the chemical yield (57 relative to 50 %) or the ee
value (92 in comparison with 87 %). This is, furthermore, in
accordance with the result obtained in the absence of added
aldol, therefore, we assume that the anti isomer has a
negligible influence on the course of the reaction.

We then examined the amplification of the ee values when
the reaction is performed in a stepwise manner. Indeed, by
adding the mixture of reagents 1a and 2a in four portions
(ratios of 2a:1a were 0.032:0.049, 0.093:0.139, 0.125:0.188,
and 0.250:0.375 mmol with 15, 15, 30, and 60 minutes of delay,
respectively) to the reaction medium containing 20 mol % of
the (R)-BINOL,Ti catalyst, we observed the formation of 3a
with excellent yield (90 relative to 50 %) with an ee value of
96 % after only 2hours at —20°C! This result may be
rationalized as follows: After the first addition of 6.5 mol %
of the mixed 1a and 2a, the major syn butenolide 3a so
formed can be incorporated into the new catalyst and gives
identical results to those observed when syn 3a is first added
to the reaction mixture. The amplification can be shown by
comparing the ee value obtained in the one addition protocol
(87 %) with the value of 96% obtained after the “stepwise”
experiment. Indeed, these results are consistent with an
autoinduced process with amplification!'! of the ee value of
the product. In this last experiment, the ee value of the anti
aldol 3a was measured (90% ee), and its absolute config-
uration was assumed to be (4R,5S) by comparison with the
sign of the specific rotation of the dihydrogenated compound
with epimuricatacin.'’l Thus, epimerization at the allylic
position of the anti aldol 3a (for example, through Et;N
treatment!"®!) would eventually lead to the formation of the
major syn aldol compound 3a.

Several other aldehydes (2¢—g) were added with 1a in four
portions as above (Scheme 1 and Table 2). It is noteworthy
that aldehydes possessing either isolated double bonds, such
as 2¢, or a long saturated aliphatic chain, like 2 f, gave the
corresponding aldols with excellent yields and high ee values
(3c and 3£, 94 and 96 % ee, respectively). In the case of a,3-
unsaturated aldehyde 2e (Entry3), we were delighted to
observe that the aldols 3e, which resulted from 1,2-addition,
were the major compounds formed (ratio of 1,2- to 1,4-
addition!"”! =70:30). However, in this latter case the major
product is now the anti isomer, and the syn isomer only had an
ee value of 52%; the absolute configuration of the major
enantiomer was determined as (4S5,5S). In the case of the
aromatic aldehyde 2d, the reaction was again quantitative
(Entry 2) and the major anti aldol 3d had an ee value of 90 %,
whereas the syn product only had a 60 % ee value (absolute
configurations have not yet been determined). The reverse
diastereoselectivity, as well as a lower enantioselectivity in
these two cases may be rationalized by including electronic
factors. Finally, when a bulky aldehyde, such as cyclohex-
ylcarbaldehyde 2g, is involved (Entry 5) a 70:30 mixture of
the syn:anti aldols 3g was obtained in 70 % yield. The major
syn product had an ee value of 71 %, whereas the anti isomer
showed a 79 % ee value. Thus, as far as chemical yields and ee
values are concerned, the reaction seems sensitive to steric
hindrance, which is often the case with aldol reactions.!"!

In an attempt to improve the d.r., we turned our attention
to the use of different silyloxyfurans, 2-tert-butyldimethylsil-
yloxyfuran (TBDMSOF) 1bP" and 2-fert-butyldiphenylsilyl-
oxyfuran (TBDPSOF) 1c¢. When these silyloxyfurans were
separately mixed with 2a in the presence of a (R)-BINOL,Ti
complex solution (20 mol %) in Et,0O cooled to —20°C, no
reaction occurred (after 12 hours). However, when the
reaction was performed with either 1b or 1c in a stepwise
fashion at —20°C (ratios of 2a to 1b or 1¢=0.032:0.049,
0.093:0.139, 0.125:0.188, and 0.250:0.375 mmol with 30, 60, 90,
and 180 min delay, respectively), the aldols 3a were obtained
in 60 % yield as a 70:30 syn:anti mixture with ee values of 97 %
for the (45,5S) isomer and 86 % for the (4R,5S) isomer for the
reaction involving 1b, and 45% vyield as a 86:14 syn:anti
mixture with a value of 82 % ee for the (45,5S) isomer, for the
reaction with 1¢ (results not optimized). It is worth noting that
the d.r. was improved from 60:40 to 70:30 and finally 86:14 by
using the more bulky reagents.

In conclusion, the reaction of 1a with achiral aldehydes in
the presence of BINOL/titanium(iv) complexes is the first
catalytic asymmetric autoinductive aldol reaction reported.??!
Both yields and enantiomeric excess values are good to

Table 2. Additions of various couples of 2-TMSOF (1a) and aldehyde (2¢-g) in the presence of the BINOL,Ti complex at —20°C in Et,O.

Entry aldehyde time [h] yield [%] syn:anti ratio ee of syn ee of anti
3c-g (abs. conf.) (abs. conf.)

1 E-decen-d-al (2¢) 2 99 53:47 94 (S.8) 90 (R.S)

2 benzaldehyde (2d) 6 99 24:76 60 (ND)! 90 (ND)El

3 E-nonen-2-al (2e) 2 70[b] 30:70 52 (S,9) 24 (R,S)kl

4 tridecanal (2f) 6 801 60:40 >96 (5.,5) 90 (R.S)

5 cyclohexylcarbaldehyde (2g) 2 70 65:35 71 (S,S) 79 (R,S)

[a] ND =not determined; [b] 1,4-addition =30%; [c] measured on the hydrogenated product by comparison with the specific rotation of an authentic
compound; [d] when addition is performed in one portion: yield =20 %, d.r.=60:40, ee =90 % (syn S.S).
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excellent, which is unusual for such reactions. The stepwise
procedure allows the highest ee values to be obtained together
with high chemical yields.” These results show the wide
scope of such aldol reactions, with certain limitations for
bulky and/or conjugated aldehydes (results not optimized).
The use of bulkier trialkylsilyloxyfurans slightly improved the
d.r.; further optimization studies are in progress. Furthermore
these findings may provide some evidence for amplification of
ee values of biomolecules (by chemical reactions) in the
chemical origins of life. Indeed, conditions for aldol reactions
may have been found in prebiotic systems. More experiments
are nevertheless needed to set a mathematical model for such
a mechanism.? Such a process could also be involved in other
asymmetric reactions.?> 2% 20l
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Interconversion between u-n2,n2-Cg, and
usn*n*n*-Cg on a Carbido Pentaosmium
Cluster Framework™**

Kwangyeol Lee, Chang Hoon Lee, Hyunjoon Song,
Joon T. Park,* Hong Young Chang, and
Moon-Gun Choi

Exohedral metallofullerenes have recently attracted much
attention concerning the effects of metal coordination on the
chemical and physical properties of Cg,.l'l Most approaches to
forming metal complexes have been based on metal — Cy, -
complex chemistry, which has resulted in 7?-Cg, u-7%17*-Cq,
and us-12,7%7>-Cq ligands in monometallic (for most met-
als),” bimetallic (Re,, Ru,, Ir,),’! and metal cluster com-
plexes (Ru;, Os;, RusC, Ru,C, PtRu;C),*3 respectively.
Metal clusters can potentially accommodate all these Cy,
bonding modes, but the interaction of Cy with cluster
frameworks has been, thus far, dominated by the face-capping
cyclohexatriene-like bonding mode, us;-1#%n%n*-Cq. The u-
n%,n*-Cq bonding mode has never been observed on a cluster
framework, although it has been postulated as an intermedi-
ate for the transformation of [Os;(CO),(7*Cq)] to [Oss-
(CO)o(us-12,m*17*-Cq)] by loss of carbonyl ligands.’?l The
interconversion among the three kinds of the C, ligands
remains to be established in the area of C,—metal cluster
chemistry. We have recently observed the elusive u-72,57?-Cq,
bonding mode on an Os;C cluster framework, and further-
more demonstrated that the two Cg bonding modes u-1%1?
and us-%,m%° are interconvertible.

Reaction of [OssC(CO);,(PPh;)(NCMe),] with Cg, in
refluxing CIC¢H;s produced a mixture of 1 and 2 (see the

[OssC(CO),,(PPhs) (us-7%m%17*-Ceo) | 1
[Os5C(CO)1»(PPhy) (u-17,17*-Cep) | 2

Experimental Section). The conversion of 1 into 2 could be
effected by heating a solution of 1 in CIC¢Hs at 80°C under
1 atm of carbon monoxide. Upon thermolysis at 132°C, 2 was
cleanly reconverted into 1 by loss of a carbonyl ligand
(Scheme 1).

The solid-state structure of 1 is isomorphous to that of the
ruthenium analogue [RusC(CO),;(PPh;)(us-17%,1%,n7*Cq)] .1
The structure of 2 (Figure 1) reveals a very intriguing feature
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