TETRAHEDRON

Tetrahedron 55 (1999) 7787-7804

Pergamon

Enantioselective Hydrogenation of Pyruvates over

Polymer-stabilized and Supported Platinum Nanoclusters

Xiaobin Zuo, Hanfan Liu*

Polymer Chemistry Laboratory, Chinese Academy of Sciences and China Petro-Chemical Corporation, Institute of Chemistry,
Chinese Academy of Sciences, Beijing, 100080, P.R.China

Polymer Physics laboratory, Institute of Chemistry, Chinese Academy of Sciences, Beijing, 100080, P.R.China

Reccived 26 January 1999; revised 22 April 1999; accepted 6 May 1999

Abstract:
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polyvinylpyrrolidone-stabilized platinum (PVP-Pt) and the corresponding alumina-supported platinum
(AL O;-Pt) clusters. It is shown that the catalysts with particle size less than 2.0 nm demonstrate >90%

supported platinum catalyst except for tetrahydr
with no obvious loss of activity and enantioselectivity even after 18 months standing in air at room

temperature. Molecular mechanics calculations of the modifier-reactant interaction on the platinum surface

Keywords: enantioselective hydrogenation; pyruvate; platinum nanocluster;, molecular mechanics

1. Introduction
The enantioselective hydrogenation of a-ketoesters (e.g. methyl pyruvate, Scheme 1) to
the corresponding c-hydroxyesters on cinchona alkaloid (as well as some newly synthesized

modifiers) modified platinum, originalily reported by Orito and co-workers [1-4], has gained

great attention in the past decade with approximately 100 papers published covering various

0040-4020/99/$ - see front matter © 1999 Elsevier Science Ltd. All rights reserved.
PII: S0040-4020(99)00415-9



7788 X. Zuo et al. / Tetrahedron 55 (1999) 7787-7804

~

aspects of this catalytic reaction. An interesting characteristic of this reaction over the

stereochemically defined arrangement is higher for the larger particles”, based on the

assumption of the co-adsorption of the modifier and reactant on the Pt surface [5].
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8]. However, their application in the title reaction is less studied. Bénnemann et al.
synthesized several Pt colloidal clusters stabilized by the protonated modifier

dihydrocinchonidine and obtained about 80% e.e. in the hydrogenation of ethyl pyruvate [9].
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' In the course of this study, we received a personal communication from Professor J. Bradley ( a report on American Chemical
Society Meeting in Orlando) that a colloidal cluster stabilized by PVP with a mean size of about 1.7 nm is very effective in this

asymmetric hydrogenation.



the surface of the Pt clusters.

now the a-ketoesters studied include methyl and ethyl pyruvate [2, 5, 6, 12-15], methyl and
ethyl benzoylformate [1, 3, 4], ethyl 4-phenyl-2-oxobutyrate [14] and ketopantolactone [16,

17]. However, the results associated with the reactant size effect are not systematic due to the

inconsistency in reaction conditions and the relatively large difference in the structures of the
substituted groups (e.g. methyl and phenyl group) of the a-ketoesters. In this research we
changed the size of the reactants by using pyruvates with different alkyl groups in the ester

hydrogenation of methyl py
Baiker’s study [5, 6] in view of the enantioselective hydrogenation site capable of anchoring
the bulky modifier-reactant complex. For further research, we synthesized four sorts of
pyruvates, i.e. n-prop_yl, iso-propyl, n-butyl and iso-butyl pyruvate by transesterification (see
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ethyl pyruvate. As shown in Table 1, the

system [18, 19]. Although a sudden decrease both in e.e. and activity is observed for the case

of iso-propyl pyruvate, the reason is still obscure. Nevertheless, the enantioselective reaction
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runs well for all of the reactants, thus demonstrating circumstantially its structure
insensitivity over the colloidal Pt cluster.

Table 1

Effect of the reactant size on the activity and enantioselectivity for the enantioselective hydrogenation of pyruvates over a 1.4 nm
(6=0.35 nm) PVP-Pt colloidal cluster *

Reactant Conversion (%) E.e.(%)°"
methyl pyruvate 100 97.6
ethyl pyruvate 100 93.8
n-propyl pyruvate 100 95.6
iso-propyl pyruvate 58.5 77.1
n-butyl pyruvate 867 90.5
iso-butyl pyruvate 95:5 93.1

At

*=0.5 n, solvent = acetic acm for other conditions see the nxperlmemal

b (R)-lactate in excess.

Solvent plays a crucial role in the enantiodifferentiation ability of the catalysts. So far
most of the work is concentrated on the relationship between the activity
enantioselectivity and the solvent polarity often expressed as the dielectric constant. Blaser et
al. investigated the performance of a PVP-Pt (particle size not mentioned) in toluene, ethanol
and iso-propanol and found that better results were realized in polar solvents, e.g. ethanol
(45%—e.e.; 0.3 min'-average turnover frequency) instead of a weakly polar one, e.g. toluene
(15%; 0.1) [20]. However, the accuracy of this kind of solvent effect is suspected because of

the limited solubility of the stabilizer PVP in apolar and weakly polar solvents such as

A~lirmsma 2 P s .
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clear correlation, whereas the enantioselectivity decreases with the increasing dielectric

constant of the solvent, accompanied by a maximum for acetic acid. An obvious difference is

r

that tetrahydrofuran, a very good solvent in Blaser’s work [21] (total conversion of ethyl

% In accordance with the experimental conditions shown in Ref. 20, we mixed 5 mL ethyl pyruvate, 20 mL toluene and 2.5 mL

re of methano! and water) and got two phm s in the system with the PVP-Pt concentrated in the

water phase.
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work [24] that in apolar solvents the modifier is apt to adopt a more favorable conformation

Table 2 _
Effect of solvent on the activity and enantioselectivity for the enantioselective hydrogenation of methyl pyruvate over a 1.2 nm

(6=0.30 nm) AL,O,-Pt cluster®

Solvent Dielectric constant Conversion (%) E.e. (%)®
cyclohexane 2.02 100 73.5
toluene 2.38 86.6 73.8
acetic acid 6.15 99.0 89.5
tetrahydrofuran 7.6 212 452
dichloromethane 9.08 63.7 70.5
n-butanol 17.1 80.9 63.5
ethanol 243 74.2 55.0
methanol 33.6 47.1 57.0
H,0 80.4 79.9 446

* t=2.0 h except in acetic acid 1.0'h, for other conditions see the Experimental.

® (R)-methyl lactate in excess.

which is beneficial for the enantiodifferentiation. In our opinion, however, there is another
m

ight have been neglected in the previous study. Blackmond et al.

5

have recently proved that
(R) isomer (10,11-dihydrocinchonidine as the modifier) [25, 26].

he solution hydrogen concentration ([H,]) has a positive effect on

Keeping the hydrogen pressure constant, they obtained different enantioselectivities upon
t

t [H,] by varying the agitation speed. As is known, H, is an apolar molecule and

more ready to dissolve in apolar solvents. The solubility of H, under 4.0 MPa and 25°C in
cyclohexane, ethanol and H,O is about 4.0 mL, 2.5 mL and 1.0 mL (normalized to 25°C and

0.1 MPa, per mL solvent), respectively [27]. So the better performance in apolar solvents can
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the PVP-Pt (1.1-3.3 nm) onto the alumina support and then rinsed all the PVP out. It should
catalysts are more narr

Figure 1, the reaction in acetic acid is less structure sensitive over the as-prepared Al,O;-Pt
heterogeneous catalysis [32, 33]. Combining this and the large difference in the preparative
stronger metal-support interaction caused by the high temperature treatment process during
prior to the reaction (400°C pre-reduction in hydrogen). On the other hand, since the cluster

and even than the two commercial ones (3.1 0.9 nm, 2.6 + 0.7 nm) often used, our

It has been reported that the metal-support interaction plays a very important role in the
procedure between the conventional supported Pt metal catalysts and our cluster catalysts,

that the conclusion drawn might be explained as being solvent specific. As shown in the
cluster catalysts must have a different mode of action because e.e. is considerably higher in

immobilization, as verified by TEM observation in our previous study [28-31]. As shown in
clusters with the turnover frequency (TOF) somewhat better and e.e. lower for the larger

2.3. Effect of the metal particle size of the alumina-supported Pt cluster

structure insensitive with the Pt particle d

incing.

1

conclusion about the particle size on this reaction should be more conv

1

]

5

1

treatment, the polymer-stabiliz

i

As compared to the conventional supported catalysts prepared by high-temperature

2.4. Effect of the aging of the Pt cluster
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catalysis because of their immaturity in metallography. On the other hand, in the course of

v ] ¥ h
s e o o]
u L ] a o}
£ [ J o]
] [ ] (e} b
e C
1 1 2 1 n 1
(-] w) L] [+ o
o - - o =3
,S/401

Pt Particle diameter / nm

and E.e. for the enantioseiective hydrogenation of methyi pyruvate. In acetic acid
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Figure i Effect of Pt particie size on ih
decrease gradually with lengthening standing time of a 1.2 nm PVP-Pt (PVP/Pt=50) [34]. In

and enantioselectivty changed little even when the clusters have been standing for one year
the aging process of the clusters. Moreover, it should be reiterated that PVP is such an
(PVP/Pt=10), there is little variation in the particle size after about one and a half years’
standing, as shown by TEM (Figure 2). The slight agglomeration may account for the

the title reaction, we tested the performance of the Pt clusters that are treated by three
methods: (I) the PVP-Pt standing at room temperature (r. t.) for a period of time; (II) the
immobilized onto alumina immediately after preparation and then standing at r. t. for a

perfect, which may also affect their catalytic behavior, as has been shown in the selective
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Figure 2 TEM photograph (lett) with the histogram plot of the particle size distribution (right) of the PVP-Pt (PVP/Pt=10:1)

colloidal cluster. A: newly prepared: B: standing at r. t. for about one and a half year.
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Table 3

Effect of the aging of Pt cluster on the activity and enantioselevtivity for the enantioselective hydrogenation of methyl pyruvate *
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99.0

1.2 (0.30) i1 55 100 878
974

50

ALO,-Pt

86.7

105
305

86.7

97.8

91.3

100

100

50
490

HI

1.2 (0.30)

50

ALO,-Pt

89.3

1.5(0.38) m 10 91.9 90.0
120

10

ALO;-Pt

89.9

93.5

* Reaction over PVP-Pt and Al,0,-Pt carried out in ethanol (t=0.5 h) and acetic acid (t=1.0h), resp., for other conditions see the

ed PVP-Pi.
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4 as the sequence appeared in the text.

¢ (R)-methyl lactate in excess.

2.5. Molecular modelling

Many efforts have been dedicated to developing a modifier-reactant-metal interaction

most studied modifier and its near enantiomer cinchonine cause the catalyst to produce (R)-

especially with the rapid development of computer science in recent years. Based on the

enantiodifferentiation of cinchonidine [35] and theoretical investigations [16, 36-40], Baiker

et al. put forward a 1:1 interaction model in which the quinuclidine nitrogen of the modifier

acts either as a nucleophile or as an electrophile (upon protonation) to interact with the a-

favorable electrostatic interaction, thereby offering a good explanation to the experimental
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complexes between methyl pyruvate and cinchonidine were optimized which upon
hydrogenation would yield (R)-methyl lactate and (S)-methyl lactate, respectively. The
precursor to (R)-methy! lactate can be located on the ideal Pt (111) “surface” via the
quinoline moiety of the modifier and the two carbonyl groups of methyl pyruvate (both
adsorbed parallel to the Pt surface), without hindering the interaction between the carbonyl

groups and Pt surface; while the one affording (S)-methyl lactate is sterically constrained. An
opposite behavior is found when cinchonine is chosen as the modifier. This model has been

successful in elucidating the enantiocontrol and from which the explanation for the Pt
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As an extension of Baiker’s work, molecular modelling was also used in our present study
to explore the possible mechanism of the enantiodifferentiation in the enantioselective

hydrogenation of methyl pyruvate (MP). This modelling is aimed at the interactions of

performed to determine the conformation of cinchonidine (CD). It is known that the two
dihedral angles of T, and T,, shown in Scheme 2, are significant for the stable conformation

~

of CD [41, 42]. The calculated results on the individual CD indicate that the values of T, and
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is the main moiety adsorbed on the Pt (100) surface and it adopts a parallel adsorption. This

e
1\ Table4
az;ga Values of T, and T, ‘
ﬂ Method T, T,
‘ X-ray structure 101.4° 158.1° 4
¢ _.Lﬁ 9 < Ab initio 100.5° 1562006
"'!i ; 4 - T, MM2 93.2° 156.4° 11
S h UFF (this work) 100.2° 154.7°

Scheme 2

obtained geometry corresponds well with the hydrogen isotope (H/D) exchange study made
by Wells [44], meanwhile, it is in agreement with the assumption in the earlier study where
the quinoline ring is considered as the reference plane in place of the Pt surface for the sake
of simplicity [36]. In the adsorbed system, the CD structure changes little on the two torsion

angles, T, and T,, which appear as 100.8° and 154.1°, respectively. When placing MP on the

to the Pt surface, also in line with the assumption of the previous space-filling model [40].
AD

optimized geometry of CD on the Pt, we examined the stable enantioface selections when
MP is involved in turn with two kinds of them shown in Figure 3. These two selections have

been recognized in the literature [38-40] as the precursors that lead to (R)-methyl lactate

that the energy difference (AE) between them is 6.4 kJ/mol in favor of (R)-methyl lactate.

This is comparabie to the 5.9 kJ/mol calculated with the AM1 method in Baiker’s model [39]
However, the difference from the earlier work is on the distance Dy which is between the
quinuclidine nitrogen atom in CD and the oxygen atom of the a-carbonyl group in MP. The

values of Dy, for the two selections calculated here are 8.7 and 8.2 A, respectively.
The above modelling shows that the molecules in the ground state do recognize each other
with specific selections. It is through non-bonding interactions that CD allows most of MP

which results in (R)-methyl lactate to adsorb around in certain distance. Observed results
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Figure 3 The precursors formed between CD and MP. A: yielding (R)- and, B: yielding (S)-methyl lactate. C is grey, O is red, H
is white, N is yellow.

Figure 4 The modelling of CD and MP on Pt cluster with various size. A: 5-layer, 561 atoms, 2.7 nm; B: 3-layer, 147 atom, 1.6
nm. C is grey, O is red, H is white, N is yellow.
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indicate that there may exist an efficient potential around the adsorbed CD that selects the

We simulated the above behavior of CD and MP on a much larger Pt surface on the one

This attempt is focused on the possibility that, in the limited area the modifier and reactant

are built in fcc structure regularly arranged according to the 10n*+2 (n is the layer number)

packing rule. The 10n*+2 cluster model is a regular icosahedron and possesses two kinds of

faces, the smaller one in a triangle shape with (n+1)}(n+2)/2 atoms and the larger one in a

The energies of CD adsorbed on the larger or on the smaller faces of the 3-layer to 6-layer

for n=5 (a bit more stable on the smaller face). So the following simulations are focused on

The examination was performed through a series of clusters in the various smaller sizes.

relatively lower efficiency (compared to the results on the much larger Pt surface above), and

that the effective recognition can be put into two cases. In one case, CD can be in the same

face with MP; in the other, CD and MP are in the adjacent faces. It shows that only when the

e

molecules be fully anchored on the same face, such as the corresponding 36-atom-face

methyl lactate. When the two molecules are located in the adjacent faces, the recognition
0

size). Figure 4B shows that CD and MP are adsorbed parallel to the adjacent faces of a 3-

than that of the (S)-product (AE=4.2 kJ/mol).

This preliminary study indicates that the interaction of molecules in the ground state is

able to control the enantiodifferentiation in the system of CD, MP and Pt. The existence of



adsorption of the precursor of the (R)-product more stable than that of the (S)-product. This
In the enantioselective hydrogenation of pyruvates modified by cinchonidine, the alumina-
Poly (N-vinyl-2-pyrrolidone) (PVP) (Mw=40,000 Fluka), methyl pyruvate, ethyl pyruvate,

insensitive to the aging of the clusters which are stable after a long period of standing. The
potential in the reaction system, thereby may act as a supplement to the 1:1 interaction model

between the modifier and the reactant on the surface of Pt clusters which to some extent in

even working for the limited surface of the smaller Pt cluster, such as 1.6 nm in particle size
functions from the conventional heterogeneous Pt catalysts, i.e. the reaction is less structure

well performed for the smaller clusters.

in the previous study.

3. Conclusion
4. Experimental

45].

[

iso-butyl ester groups were synthesized by the transesterification of methyl pyruvate

was refluxed for 40 h and then distilled to obtain the target ester. Other reagents were

supplied by Beijing Chemicals with a level of analytical grade.

Transmission electron microscopy (TEM) photographs were taken by using a Hitachi-

Py

1

a drop of the colloidal dispersion
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upon a copper grid covered with a perforated carbon film and then evaporating the solvent.
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distribution histogram was obtained on the basis of the measurement of about 250 particles.

4.2. Preparation of the colloidal clusters (PVP-Pt)
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different particle diameters were prepared by the alcohol/water reduction method in the
literature [46] and characterized by TEM. The PVP-Pt sols were evaporated to dryness under

reduced pressure by a rotary evaporator and redispersed in a proper solvent prior to use.

4.3. Preparation of the supported clusters (A 1,0-Pt)

under vacuum. The content of platinum was about 0.5% by weight as determined by atomic
absorption spectroscopy (AAS). Elemental analysis showed the content of nitrogen to be out

of the detection level, which indicated that the stabilizing polymer PVP, was thoroughly

wac
yYvao.

ydrogenation of pyruvates was conducted in a 100-mL stainless
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following standard conditions.

a. For hydrogenation over PVP-Pt: 10.5 mmol pyruvate; 1.0 mL »-butanol (as the internal
standard); 6.0 mL PVP-Pt (containing 6.4x10? mmol Pt, 6.4x10* mmol PVP and 6.0 mL
solvent); 2.0 mg cinchonidine; temperature 298K; hydrogen pressure 4.0 MPa.

var Al ﬁ Dt 1ﬂ S mmn
23 A4

R A 3".!. Le AU, 113111

pressure 4.0MPa.

Conversion was analyzed by gas chromatography (PEG 20M, 2 m, 120°C). Turnover

Fis o

frequency (TOF) was calculated on the basis of average r:
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excess—e.e.(%)=100x([R]-[SD/([R]+[S]) was determined by gas chromatography [47] (bikis
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polysiloxane, 20 m). The analytical data for the products were as follows:

min (S).
Ethyl lactate: N, linear velocity=14.8 cm - s'; oven temp.=70°C; t,=10.39 min (R) and 10.90
min (5).

n-Propyl lactate: N, linear velocity=14.8 cm * s™'; oven temp.=60°C; t,=32.57 min (R) and

33.53 min (S).

‘UJ

iso-Propyl lactate: N, linear velocity=14.8 cm * s°!; oven temp.=70°C; t,=11.39 min (S) and

&2 A232

11.98 min (R

\-./
Py

n-Butyl lactate: N, linear velocity=14.8 cm - s'; oven temp.=60°C; t;=69.39 min (R) and
72.02 min (S).

iso-Butyl lactate: Analyzed after transformed into ethyl lactate by transesterification at room

50]. In these calculations, all the geometrical parameters were optimized without any
constraint. All the calculations, structures and 3D models were performed and visualized on
a Silicon Graphics O2 workstation using the program Cerius® version 3.5 developed by

Molecular Simulations Incorporated (MSI).

Acknowledgement
rom the National Natural Foundation of China (Grants No. 29774037,

Financi..l suppo

A

- r -

29873058), the fund of the Chinese Academy of Sciences (Grant No. KJ952-J1-508) and the



£

d of the Laboratory of Organometallic Chemistry, Shanghai Institute of Organic

i anm Anmndanne ~Ff Qatnmana ara
Ninese Avaundily vl OSCi€nces are

&

grateful to the Analytical Chemistry Group, Beijing Institute of Technology for their skillful

References

1. Orito, Y.; Imai, S.; Niwa, S.; Nguyen, G-H. J. Synth. Org. Chem. Jpn. 1979, 37, 173-174.
2.  Orito, Y.; Imai, S.; Niwa, S. J Chem. Soc. Jpn. 1979,’1 118-1120.

3. Orito, Y.; Imai, S.; Niwa, 8. J. Chem. Soc. Jpn. 1980, 670-672.

4. Niwa, S.; Imai, S.; Orito, Y. J Chem. Soc. Jpn. 1982, 137-138.

5. Wehrli, J. T.; Baiker, A.; Monti, D. M,; Blaser, H. U. J. Mol. Catal. 1989, 49, 195-203.
6. Wehrli, J. T.; Baiker, A.; Monti, D. M.; Blaser, H. U. J. Mol. Catal. 1990, 61, 207-226.
7. Schmid, G. Chem. Rev. 1992, 92, 1709-1727.

8. Lewis, L. N. Chem. Rev. 1993, 93, 2693-2730

9. Bénnemann, H.; Braun, G. A. Angew. Chem. Int. Ed. Eng. 1996, 35, 1992-1995.

10. Zuo, X.; Liu, H.; Liu, M. Tetrahedron Leit. 1998, 39, 1941-1944

11. Gates, B. C. Chem. Rev. 1995, 95, 511-522.

12.  Sutheriand, I. M.; Ibbotson, A.; Moyes, R. B.; Wells, P. B. J Caral. 1990, 125, 77-88.

13. Meheux, P. A.; Ibbotson, A.; Wells, P. B. J. Catal. 1991, 128, 387-396.

14. Blaser, H. U,; Jallet, H. P.; Wiehl, J. J. Mol. Catal. 1991, 68, 215-222.

15. Webb, G.; Wells, P. B. Catal. Today. 1992, 12, 319-337.

16. Schiirch, M.; Schwalm, O.; Mallat, T.; Weber, J.; Baiker, A. J Catal. 1997, 169, 275-286.
17. Schiirch, M.; Kiinzle, N.; Mallat, T.; Baiker, A. J. Catal. 1998, 176, 569-571.

18. Blaser, H. U.; Garland, M; Jallet, H. P. J Catal. 1993, 144, 569-578.

19. Garland, M.; Blaser, H. U. J. Am. Chem. Soc. 1990, 112, 7048-7050.

20. Blaser, H. U.; Jallet, H. P.; Miiller, M.; Studer, M. Catal. Today. 1997, 37, 441-463.

21. Wehrli, J. T.; Baiker, A.; Monti, D. M.; Blaser, H. U.; Jallet, H. P. J. Mol. Catal. 1989, 57, 245-257.

22. Zuo, X.; Liu, H.; Yue, C. J Mol. Catal. A. in press.

23. Margitfalvi, J. L.; Hegedils, M.; Tfirst, E. Tetrahedron: Asymmetry. 1996, 7, 571-580.

24. Minder, B.; Mallat, T.; Baiker, A.; Wang, G.; Heinz, T.; Pfaltz, A. J. Catal. 1995, 154, 371-378.

25. Sun, Y.; Landau, R. N.; Wang, 1.; LeBlond, C.; Blackmond, D.G. J Am. Chem. Soc. 1996, 118, 1348-1353

26. Singh, U. K., Landau, R. N.; Sun, Y.; LeBlond, C.; Blackmond, D. G.; Tanielyan, S. K.; Augustine, R. L. J. Caral, 1995, 154,

91-97.
27. Frolich, P. K.; Tauch, E. J.; Hogan, J. J.; Peer, A. A. Ind. Eng. Chem. 1931, 23, 548-550.
28. Wang, Y.; Liu, H.; Jiang, Y. J. Chem. Soc. Chem. Commun. 1989, 1878-1879.
29, Wang, Y.; Liu, H.; Huang, Y. Polym. Adv. Technol. 1996, 7, 634-638.
30. Wang, Q.; Liu, H.; Wang, H. J. Colloid Interface Sci. 1997, 190, 380-386.
31. Yu, W.; Liu, H.; An, X. J. Mol. Catal. A. 1998, 129, L9-L13.
32. Boudart, M. Nature. 1994, 372, 320.



Xu, Z.; Xiao, F.-S.; Purnell, S. K.; Alexeev, O.; Kawi, S.; Deutsch, S. E.; Gates, B. C.
Yang, X.; Liu, H. unpublished work.

Blaser, H. U.; Jallet, H. P.; Monti, D. M.; Baiker, A.; Wehrli, J. T. Stud. Surf. Sci. Catal. 1991, 67, 147-155.
Schwalm, O.; Weber, J.; Minder, B.; Baiker, A. Int. J Quant. Chem. 1994, 52, 191-197.

Schwalm, O.; Weber, J.; Margitfalvi, J.; Baiker, A. J Mol. Struct. 1993, 297, 285-293
Schwalm, O.; Minder, B.; Weber, J.; Baiker, A. Catal . Lett. 1994, 23, 271-279.

Schwalm, O.; Weber, 1.; Minder, B.; Baiker, A. J. Mol. Struct. (Theochem). 1995, 330, 353-357.

Baiker, A. J Mol. Catal. A. 1997, 115, 473493,

Diikstra, G. D. H,; Kellogg R. M.; Wynberg, H.; Svendsen, I. S; Marko, 1.; Sharpless
8069-8076

Dijkstra, G. D. H.; Kellogg, R. M.; Wynberg, H. J Org. Chem. 1990, 55, 6121-6131.

Oleksyn, B. 1. Acta Crystallogr. Sect. B. 1982, 38, 1832-1834.

Zuo, X.; Liu, H. Synth. Commun. submitted.

Teranishi, T.; Hosoe, M.; Miyake, M. Adv. Mater. 1997, 9, 65-67.

Zhang, H.; Zhang, J.; Fu, R.; Zuo, X,; Liv, H. Chromatographia. 1998, 48, 305-309.
Castonguay, L. A.; Rappe, A. K. J. Am. Chem. Soc. 1992, 114, 5832-5842,

Rappe, A. K.; Casewit, C. J.; Colwell, K. S.; Gordard I1I, W. A_; Skiff, W. M. J. Am. Chem. Soc. 1992, 114, 10024-10035.

Rappe, A. K.; Colwell, K. S.; Casewit, C. J. /norg. Chem. 1993, 32, 3438-3450,

Nature. 1994, 372, 346-348.



