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Abstract: A series of functionalized and optically active major-groove polybinaphthyls and minor-groove polybi-
naphthyls have been synthesized by using the Suzuki coupling reaction and have been spectroscopically characterized.
The application of these chiral polymers in the asymmetric addition of diethylzinc to aldehydes has been studied. A
minor-groove polybinaphthyl is found to be an excellent catalyst for the asymmetric reaction of diethylzinc with a
number of aldehydes. The molecular weight and the molecular weight distribution of the polymer have little effects
on the catalytic process. The chiral polymer can be easily recovered and reused without loss of catalytic activity as
well as enantioselectivity. These rigid and sterically regular chiral polybinaphthyls represent a new generation of
enantioselective polymeric catalysts. The reaction of the polybinaphthyls as well as certain monomeric binaphthyl
molecules with diethylzinc has been investigated which has provided further information on the novel polymeric
catalysts.

Introduction of novel chiral conjugated materials!® Figure 1 shows a few

chiral polybinaphthyls prepared in our laboratory. These rigid

has important practical advantages. Due to the solubility and stgrlcally regular Ch'r‘."ll polymlers.not only are potentially
useful in electrical and optical applications but also can be used

difference between macromolecules and small molecules, . - .
X . to prepare a new generation of polymeric chiral catalysts when
polymeric reagents or catalysts can be easily separated from

. : ! o U . appropriate functional groups are introduced. For example, we
the reaction mixture by simple filtration or by precipitation with - . N ) .
" X have studied the direct polymerization of the chiral binaphthyl
the addition of a nonsolvent. The recovery of chiral catalysts

is particularly important since it is often quite expensive to 1o omers R)-La—c in the presence of either Ni(0)(cy-
pe y 1mp . nq P clooctadiene) or NiGlZn to generate polymersRf-2a—c
obtain these optically pure materials. Using polymeric catalysts 1
. . . . (Scheme 13! These polymers are then converted to the
also makes it possible to carry out reactions in flow reactors or . oo oo (1,bi-2-naphthol) R)-3 by removal of
in flow membrane reactors for large-scale production. Tradi- P y POy P y

tionally, polymeric chiral catalysts are prepared by anchoring a the protecting groups. In the helical structure of an'-1,1
naty, poly y prepared by 9 binaphthyl molecule, there exists a major groove and a minor
chiral metal complex to a flexible and sterically irregular achiral

polymer backbon&:3 It is generally observed that the polymer- groove divided by the 1;dbond as indicated in Scheme 1. We
y ) ’ 9 y it the poly . therefore designate the polymers obtained from the polymeri-
supported chiral catalysts are usually less efficient than their zation at the 6/8positions as “major-groove” polybinaphthyls
monomeric version. This indicates that the microenvironment and the polymérs obtained from the polymerization at thé 3,3
of the catalytic sites in the polymers is very important for positions as “minor-groove” polybinaphthylsR)3 is a major- ’
their effectiveness in steric control. The flexible and sterically

iregular polymer backbone of the traditional polymeric chiral 9700V Polymer of 1,1bi-2-naphthol. WhenR)-3 is reacted
9 poly . polyme -~ with diethylaluminum chloride, a polymeric aluminum complex
catalysts generates randomly oriented catalytic sites which

cannot be systematically modified to achieve the desired (R)-4 IS Ob.ta.mEd' This polymer .ShOWS greatly e_nhanced
- > . catalytic activity over the corresponding monomeric binaphthyl
catalytic activity and stereoselectivity. ? . : .
Optically active binaphthyl compounds have been extensivel aluminum complex in @ Mukaiyama aldol condensation, al-
pucailly 1apnthyl compot . ythough no enantioselectivity is observed. R)-4, all of the
applied in asymmetric catalysis and in molecular recognftién.

. ’ X .aluminum centers are expected to be highly organized in the
We have used optically active binaphthyls to construct a family rigid and sterically regula? chiral polymergck?/ain,gleading 0 a
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RO OR RO OR R'=H or alkyl groups
n=1,2,4,5and 7

Figure 1.

Scheme 1. Preparation of a Chiral Polybinaphthyl Aluminum Complex
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(R)-1c, P= -C¢Hj3 (R)-2b,P = -COZCHs ’

(R)-ZC, P= -C6H13

optimize their catalytic activity and stereoselectivity. Herein, aqueous solution, but it is not soluble in common organic
we report the detailed synthesis and characterization of novelsolvents such as methylene chloride, toluene, and THF. In order
functionalized major-groove and minor-groove chiral polybi- to prepare soluble polybinaphthyls, we have synthesized the
naphthyls. Their application in the catalysis of diethylzinc benzenediboronic acid monomeda,b that contain long-chain
addition to aldehydes is found to be highly enantioseledfive. alkyl groups (Scheme 2§. Hydroquinone is alkylated and then
brominated to givé which is then reacted with-butyllithium,
Results and Discussion triethyl borate, and diluted hydrochloric acid to geneGeeb.

1. Synthesis and Characterization of Functionalized  Compoundéa contains two hexyloxy groups arib contains

Major-Groove Chiral Polybinaphthyls. The major-groove WO octadecyloxy groups. .
polybinaphthol R)-3 can be dissolved in DMSO or basic ~ The Suzuki coupling of (R)-1a with 6a produces R)-7,
which is converted to the major-groove polybinaphthg)-8

(12) A portion of this work has been communicated: Huang, W.-S.; Hu, i ization i i
0.5 Zheng. XF.. Anderson. J: Pu. . Am. Chem. S0dg97 119 by hydrolysis (Scheme 3). The polymerization is carried out

4313. (13) Huber, J.; Scherf, UMacromol. Rapid Commurl994 15, 897.
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Scheme 2. Preparation of the Diboronic Acid Monoméa,b

OH

© 1. RBr/K,CO, RQ
— Br@-&
2. Brz

OH OR
R = -(CH,;)sCH;
or -(CH2)17CH3 5

Scheme 3. Preparation of the Major-Groove Polybinaphthi®)8

Pd(PPh;),
K,CO;, THF/H,0

(R)-1a 4+ 6a

HCI (aq)/THF

by heating a 1:1 mixture oR)-laand6ain THF in the presence
of 5 mol % Pd(PP¥, and aqueous $CO; at reflux under
nitrogen for 48 h. The resulting polymeR)¢7 is then dissolved

in THF and treated wit 6 N HCI at 80°C for 12 h to give
(R)-8 as a pale white solid in an overall yield of 85%. Since
the chiral configuration of 1,dbinaphthyl molecules is known
to be stable at high temperature over extended periods oftine,
there should not be racemization during the preparatioR)af (
8. We have also shown previously that the optical activity of
the binaphthyl polymers is quite stable at over 1UD in
solution” Unlike (R)-3, (R)-8 is soluble in organic solvents
such as THF, chloroform, and methylene chloride. Gel

Hu et al.

RO
1. BuLi — B(OH
2. B(OED), (HO), (OH),
3. HCl (aq) OR

6a: R= -(CH2)5CH3
6b: R= -(CH2)17CH3

PO O

P = 'CH20CH3
R = -(CH)sCH;

shows its molecular weight ig,, = 9900 andvi, = 8100 (PDI
= 1.2). The specific optical rotation oR{-12is [o]p = —73.1
(c=0.20, CHCIy). The polymer with shorter alkyl groups (R
= n-CgH13) has very poor solubility.

2. Synthesis and Characterization of Functionalized
Minor-Groove Chiral Polybinaphthyls. Polymers R)-3, (R)-
8, and R)-12 are the major-groove binaphthyl polymers. We
have also prepared minor-groove polybinaphthols by carrying
out the polymerization at the 3;Bositions of a binaphthyl
monomer R)-15. This compound is readily prepared following
the literature procedures (Scheme!%)’ Protection of the
phenolic groups ofR)-1,1-bi-2-naphthol, R)-13® as meth-

permeation chromatography (GPC) analysis shows its molecularoxymethyl ether givesR)-1472{[a]p = +97.75 € = 1.00,

weight isM,, = 18 500 andM,, = 9000 (PDI= 2.1). The
specific optical rotation ofR)-8 is [a]p = —398.6 € = 1.00,
CHyClp). A well-resolved'H NMR spectrum of R)-8 is
obtained which is consistent with the polymer structure. Small
peaks corresponding to the end groups are also observed.

A chiral binaphthyl polymer containing pyridine ligands is
prepared. The reaction dR)-6,6-dibromo-1,1-bi-2-naphthol,
(R)-9,%0 with 2-picolyl chloride hydrochloride salt in the
presence of KCO; in refluxing acetone givesR)-10 (Scheme
4). Direct polymerization of§)-10 using NiCk/Zn catalysts
produces a mostly insoluble polymeR){11. The Suzuki
coupling of R)-10 with 6b generates polymeR}-12. This
polymer is soluble in normal organic solvents. GPC analysis

(14) Selected references on the Suzuki coupling: (a) Miyaura, N.; Yanagi,
T.; Suzuki, A.Synth. Commuri981, 11, 513. (b) Wallow, T. I.; Novak,

B. M. J. Am. Chem. S0d991, 113 7411. (c) Suzuki, AAcc. Chem. Res.
1982 15, 178.

(15) (a) Kyba, E. P.; Gokel, G. W.; Jong, F. de.; Koga, K.; Sousa, L. R.;
Siegel, M. G.; Kaplan, L.; Sogah, G. D. Y.; Cram, D.1J.0rg. Chem.
1977 42, 4173. (b) Sogah, G. D. Y.; Cram, D.J.Am. Chem. Sod979
101, 3035.

THF)}. Reaction of R)-14 with n-butyllithium followed by
treatment with iodine givesRj-15.17° The optical purity of this
molecule is over 99.9% as determined by HPLC analysis on a
Chiracel OD column. The specific optical rotation &f){15

is [a]p = —11.05 € = 1.01, THF).

The Suzuki coupling polymerization oR)-15 with 6a is
conducted (Scheme 6). When Pd(OAds used as the
catalyst!® a low molecular weight polymeR}-16ais obtained.
This polymerization involves the reaction of a 1:1 mixture of
(R)-15 and 6a in the presence of Ba(OkBH,O, Pd(OAc),
and tri-o-tolylphosphine in DMF and bD at reflux under
nitrogen. After 42 h, R)-16ais obtained as a yellow solid in
93% yield. GPC analysis oR}-16ashows that its molecular
weight isM,, = 5900 and\l,, = 3900 (PDI= 1.5). The specific
optical rotation of R)-16ais [a]p = —63.4 € = 0.50, THF).

(16) Optically pure 1,1bi-2-naphthol can be conveniently obtained: Hu,
Q.-S.; Vitharana, D. R.; Pu, LTetrahedron: Asymmetr$995 6, 2123.

(17) (a) Kitajima, H.; Aoki, Y.; Ito, K.; Katsuki, TChem. Lett1995
1113. (b) Cox, P. J.; Wang, W.; Snieckus, Metrahedron Lett1992 17,

2253.
(18) Watanabe, T.; Miyaura, N.; Suzuki, Synlett1992 207.
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Scheme 6. Synthesis of the Minor-Groove Chiral Polybinaphthyi®-16 and R)-17
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Because of the low molecular weight of this polymer, significant also as a yellow solid. GPC analysis of this polymer shows
end group signals are observed in tH¢ NMR spectrum. Mw = 20 200 andV, = 7300 (PDI= 2.8). The specific optical
Higher molecular weight polymeRj-16bis obtained by using rotation of R)-16bis [o]p = —90.1 € = 0.51, THF). ThelH
Pd(PPh), as the catalyst* This polymerization is carried out NMR spectrum of R)-16b does not show the end group signals
by heating a 1:1 mixture oR)-15and6ain THF in the presence  as observed inR)-16a

of 5 mol % Pd(PP¥. and aqueous $CO; at reflux under The methoxymethyl protecting groups of these polymers are
nitrogen. After 36 h, polymerR)-16bis isolated in 97% yield easily hydrolyzed to generatB)¢17aand R)-17b by refluxing



12458 J. Am. Chem. Soc., Vol. 119, No. 51, 1997

(Millions)

_J

Hu et al.

N

T T T T T

10 9 8 7 6

* solvent

Figure 2. *H NMR spectrum of R)-17b in CDCls.

the THF solution of R)-16a and R)-16b in the presence of
aqueous HCE GPC analysis of R)-17a shows that its
molecular weight iV, = 6700 andVl,, = 4600 (PDI= 1.5).
Its specific optical rotation isdf]p = +11.8 € = 0.50, THF).
GPC analysis offY)-17b shows that its molecular weight g,
= 24 300 andM, = 9900 (PDI= 2.45). lIts specific optical
rotation is pjp = —16.6 € = 0.5, THF). Both R)-17aand
(R)-17b are soluble in common organic solvents such as THF,
methylene chloride, chloroform, and toluene. Figure 2 shows
the IH NMR spectrum of R)-17b in CDCl. This very well-
resolved'H NMR spectrum suggests a well-defined structure.
The singlet atd 6.34 is due to the phenolic groups of the
polymer as shown by aJf® exchange experiment. The singlet
at o 8.01 is assigned to H-4 of the binaphthyl unit.

The minor-groove polymeiR)-17 has two important features
that are different from the major-groove polym®&)-8. First
of all, since R)-17 is produced by polymerization at the 3,3

4 3 2 -1 0

0.51, THF}. However, the circular dichroism (CD) spectrum
of this polymer exhibits very strong Cotton effects. This
indicates that the optical rotation of these polymers at 589

nm (the sodium D line) is not suitable to determine their optical
activity. Figure 3 shows the CD spectra @&){17 and R)-
17b. The CD signals of these two polymers are exact mirror
images of each other.

Both of the methoxymethyl protecting groups and the hexyl
groups of R)-16 can be hydrolyzed simultaneously when this
polymer is treated with excess BBrA new polymer R)-18,
whose possible structure is shown in Scheme 7, is isolated. The
structure of this polymer is interesting since it closely resembles
the ligands of R)-19%° and R)-20.2* These chiral Lewis acid
complexes are discovered by Yamametal. to catalyze the
highly enantioselective DielsAlder reaction. However,R)-

18 cannot be dissolved in organic solvents and basic aqueous
solution which prevents the structural characterization of this

positions of the binaphthyl monomer, both the phenylene spacerspolymer. We are working on the structural modification of this
as well as the adjacent naphthyl groups can provide steric controlpolymer in order to make it soluble for characterization and
around each binaphthyl unit where metal centers are introducedapplication purposes.

when used as a catalyst. Secondly, the two hexyloxy groups 3. Comparison of the Spectroscopic Properties of the

in thep-phenylene linkers off)-17 not only make this polymer
soluble in organic solvent but also act as ligands to bind the
metal center.

Major-Groove Polybinaphthol (R)-8 with the Minor-Groove
Polybinaphthol (R)-17. The UV spectrum ofRR)-8 in CH,Cl,
displays maximum absorptions/atax = 238, 270, 336 nm and

By using the same experimental procedure as the preparatiorthe UV spectrum of R)-17 in CH,Cl, displays maximum

of (R)-17b, polymer §-17is obtained from the polymerization
of (9-15with 6a. GPC shows its molecular weight i,, =
10 000 andM, = 4600 (PDI= 2.17). Its specific optical
rotation is pjp = —14.2 € = 1.01, CHCI,). In THF, the
optical rotation of §-17 is almost zero{[a]p = +0.5 (€ =

(19) Greene, T. W.; Wuts, P. G. MProtectve Groups in Organic
SynthesisJohn Wiley & Sons: New York, 1991; p 18.

absorptions atlmax = 244, 260, 322 nm. There is ca. 14

nm blue-shift from the major-groove polymer to the minor-
groove polymer, indicating a reduced effective conjugation in
(R)-17. According to our earlier work on the binaphthyl-based

(20) Maruoka, K.; Murase, N.; Yamamoto, Bl.. Org. Chem1993 58,
2938
(21) Ishihara, K.; Yamamoto, Hl. Am. Chem. Sod 994 116, 1561.
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Figure 3. CD spectrum of §-17 and R)-17b in methylene chloride.

Scheme 7. Preparation ofR)-18

Y = Ph, SiPh, SiPr';, etc.
(R)-19

(R)-18

chiral conjugated polymers, the conjugation of these ma- 4.000E+05—————v—1— T e e e )

terials is determined by their repeat units and there is no

extended conjugation along the polymer chdirTherefore, the

reduced effective conjugation oR)-17 is due to a steric

interaction between the alkoxy groups on the phenylene spacer

and the hydroxyl groups on the binaphthyl unit which dis-

rupts the planarity of the repeat unit. Such interaction is absent

in the repeat unit ofK)-8. ﬂfa‘ﬁfﬂm
There is also a very large change in optical rotation from the  |g;

major-groove polymer to the minor-groove polymers. The

absolute value of the optical rotation &)¢8 ([o]p = —398.6)

is much larger than those oR)-17a ([o]p = +11.8) and R)-

17b ([a]p = —16.6), although they all have the same functional

groups. To gain more information on the structure of these

polymers, their CD spectra in GBI, are compared (Figure 4).

Although R)-17a and R)-17b have opposite signs for their T S

optical rotations, their CD signals are almost identical. This ’ 220.0 30007 L am) 400.0 5

indicates that these two polymers should have the same _._.233185

macromolecular structure and their differences in optical rotation ———— R

and CD intensity are most likely due to the end groups. The

IH NMR spectrum of the low molecular weight materi&){

17ashows a significant amount of unreacted binaphthyl iodide

end groups for this low molecular weight material. This However, their CD effects are almost mirror image of each other

polymer may also have some boronic acid end groups. Both except that the long wavelength CD signalgf-@ is red-shifted

the minor-groove polymeiR)-17 and the major-groove polymer  because of its better conjugation. Further investigation is needed

(R)-8 are made of optically pureRj-binaphthyl monomer. in order to understand this phenomena.

dagaalavaalaan

Lo et s e B

=3

0.0

Figure 4. Comparison of the CD spectra dR)8, (R)-15, and R)-
17a,b
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Table 1. Reaction of Benzaldehyde with Diethylzinc in the Presence of Chiral Polybinaphthyls

Hu et al.

OH
Ph__ S
Ph—CHO + ZnEt, YH + PhCH,0H

Et 22

21
polymer solvent temp(°C) time (h) conv (%) 21:22 ee (%%
(R)-2b toluene rt 24 trace
(R)-2¢c toluene rt 48 54 19:35 8
(R-3 CH.Cl, rt 112 100 53:47 13
(R)-8 CH.Cl, rt 20 33 71:29 40
(R)-12 toluene rt 48 no reaction
(R)-16b toluene rt 24 85 97.6:2.3 19
(R-17a CH.Cl, rt 70 100 94:6 67.0
(R-17a toluene rt 10 100 99.6:0.4 89.4
(R-17a THF 0 10 79 100:0 84.7
(R-17a hexane:toluene (2:1) 0 16 100 100:0 91.7
(R)-17a toluene 12 100 100:0 92.2

art = room temperature® All the ees were determined by GC with a chiral colurgraDex capillary column, Supelco Co.).

4. Asymmetric Reaction of Aldehydes with Diethylzinc
Catalyzed by the Functionalized Chiral Polybinaphthyls.As

Table 2. Asymmetric Reaction of Aldehydes with Diethylzinc in
the Presence of the Polybinaphthols

an example to study the applications of the chiral polybinaph- isolated
thyls in asymmetric catalysis, we have used these polymers to_Polymer aldehyde yield (%)  ee (%)
catalyze reaction of benzaldehyde with diethylZA#é& The benzaldehyde 89 92.2
results are summarized in Table 1. All of the reactions are 91 92.0
carried out under nitrogen in the presence of ca. 5 mol % (based (R-17a  p-methylbenzaldehyde 90 92.5
on the binaphthyl unit) of the polymer and-2 equiv of p-cholorobenzaldehyde 94 93.4
. . - | p-methoxybenzaldehyde 84 883
diethylzinc. Formations of a chiral alcohol product 1-phenyl p-tertbutylbenzaldehyde 63 743
propanol 1) and a side product benzyl alcohdt?j are o-fluorobenzaldehyde 86 391
observed in many cases. As shown in the tali®;1(7ais an o-methoxybenzaldehyde 90 59.0
excellent catalyst for this reaction with high enantioselectivity cinnamaldehyde 86 89’-"7e
and good catalytic activity. PolybinaphthyR}12, which 3*3'7I'tr'|g”erfhé’"6'°°te"a' 865 ;3;’58
contains pyridine functiona_l groups, has no catglytic activity at gsa)éhaexgngcgrbaldehdye 70 433
all. (R)-16b, the polymer in which the phenolic groups are hexaldehyde 65 7403
protected, is a more efficient catalyst than most of other (R)-17b benzaldehyde 90 92.7
polymers, but it gives much lower enantiomeric excess (ee) for p-cholorobenzaldehyde 95 93.8
21 compared to its unprotected versioR){L7a From the (9-17 benzaldehyde 94 93.0

major-groove polybinaphtholsRj-3 and )-8 to the minor- 2 All of the ees were determined by GC with a chiral colunfa (
groove polybinaphtholR)-174a there is a dramatic increase of Dex capillary column, Supelco Co.) except those specifically indicated.
both the catalytic activity and enantioselectivity. The best L(’:ngglcé%egolﬁ?r']xme{hvé’aeseuviggm‘z:Seu;’;f‘jsbm%aé“;ggl béd';(;'(-c'
condition for,the use Oﬂ:{?'l7a's to Ca”}’ out the reacf['on In capillary column) of the corresponding acetate dgrivaﬁ\Tehe)ébsolute
toluene solution at 8C which produceg1in 92.2% ee without configuration of the product was not determinedlg= —13.25 ¢ =
formation of the side produc22. Further lowering of the 1.95, THF).

temperature to-40 °C shows no increase of the ee.

Polymer R)-17a has therefore been used to catalyze the In these reactionsR}-17acan be easily recovered from the
asymmetric reaction of different aldehydes with diethylzinc, and reaction mixture by precipitation with methanol. The recycled
the results are listed in Table 2. The ee’s are determined relativepolymer shows a similar enantioselectivity. When the higher
to the racemic mixture of the alcohol products. These reactions molecular weight polymerR)-17b is used, the ee for the
are carried out in toluene solution af@ in the presence of 5  reaction of benzaldehyde is 92.7% and for the reaction of
mol % (based on the binaphthyl units) d¥){17a All of the p-chlorobenzaldehyde is 93.8%. Therefore, both the molecular
alcohol products except the one from the reaction of 3,3,7- weight of the polymer and the method of polymer preparation
trimethyl-6-octenal have th configuration as determined by  have little effect on the asymmetric process. This is an excellent
comparing their specific optical rotations with the reported property for practical application.
data?223 The reactions are completed in-326 h for aromatic (9-17is also used to catalyze the reaction of benzaldehyde
aldehydes anttans-cinnamaldehyde. The addition to aliphatic with diethylzinc. In the presence 08§17, 21 is obtained in
aldehydes are much slower and take—100 h to go to 93.0% ee, similar to that obtained froR){17. As expected,
completion. As shown in the table, excellent enantioselectivities the configuration of the resulting chiral alcohol is opposite of
for the para-substituted benzaldehydes as well agréors that obtained withR)-17. Thus, theR polybinaphthyl produces
cinnamaldehyde are achieved. But much lower ee’s are the R chiral alcohol and thé& polymer generates th® chiral
observed for the reaction of tleesubstituted aromatic aldehydes. alcohol.

The ee’s observed for the addition to the aliphatic aldehydes A number of highly enantioselective monomeric amino
are also very significant since few polymeric catalysts are good alcohol catalysts have been develogédPolymer-supported

for the reaction of aliphatic aldehydes. chiral amino alcohols have also been studied, and in some cases,
high enantioselectivities have been obserfeddowever, the

best polymeric chiral amino alcohol catalyst gives only 69%
ee for the reaction of aliphatic aldehydes, and at the same time

(22) Soai, K.; Niwa, SChem. Re. 1992 92, 833.
(23) Noyori, R.; Kitamura, MAngew. Chem., Int. Ed. Endl991, 30,
49.
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it shows much lower enantioselectivity for aromatic aldehydes
compared to other polymeric chiral catalysts.Excellent

enantioselectivity for certain aliphatic aldehydes and benzalde-

hyde is recently observed by Seebazhal. when polymer-
supported chirad,o,o,o'-tetraphenyl-1,3-dioxolane-4,5-dimeth-
anokTi(lV) complexes are used to carry out the diethylzinc
addition, but more than 1 equiv of Ti{r), versus the aldehydes
are required in the reacticf.

5. Reaction of R)-17 and Some Monomeric Binaphthols
with Diethylzinc. We have studied the reaction &)¢17 with
diethylzinc in the absence of aldehydes. We find that when 1
equiv of diethylzinc is added to a toluene solution Bj-L7b

J. Am. Chem. Soc., Vol. 119, No. 51, 192461

of (R)-25, a new compoundR)-27 is produced probably via
(R)-26. In the 'H NMR spectrum of R)-27, a multiplet is
observed ad —0.88 for the methylene protons adjacent to the
zinc atoms. Both théH and'3C NMR spectra of R)-27 show

a C, symmetric molecular structure. Cryoscopic molecular
weight determination of §)-27 in cyclohexane confirms a
bisbinaphthyl structure for this compound in solution. The
measured molecular weight dR}-27 is 964, and the calculated
molecular weight for the dimer is 926. The similar dinuclear
zinc complexes have been obtained and structurally character-
ized from the reaction of amino alcohols with diethylzinc by
Noyori et al?” When more diethylzinc is added tR)¢27, the

at room temperature, the solution becomes viscous. With the aromatic NMR signals of this compound do not show observable

addition of the second equiv of Znkthe polymer solution is

change but more peaks are observed a0.3 to—1.15. This

changed to an unmovable gel, suggesting the formation of amay be due to the reversible coordination of diethylzinc with

cross-linked polymer network. Rf-23 is one of the possible

the oxygen atoms irR)-27 in the presence of excess diethylzinc.

structures proposed for the polymer generated from the reaction The reaction of diethylzinc withR)-1,1 -bi-2-naphthol [R)-

of (R)-17 with 2 equiv of diethylzinc. The cross-linked polymer
gel is probably formed through the interchain coordination of
the oxygen atoms to the zinc atoms R)-3. After 6—16 equiv

of diethylzinc is added, a viscous but clear solution is obtained.

13) is more complicated. When 1 equiv of diethylzinc is added
into the CDC} solution of R)-13 at room temperature, a white
precipitate is formed with the release of ethane. The addition
of the second equiv of diethylzinc converts the suspension to a

This indicates that the cross-linked polymer gel has collapsed clear solution. The precipitate is probably a polymeric binaph-
in the presence of excess diethylzinc, probably through multiple thyl zinc complex formed through Zn0—2Zn bridging bonds.
zinc coordination to the oxygen atoms of the polymer as shown Excess diethylzinc breaks some of these bridging bonds to form

by the structure ofRf)-24. Such interaction breaks the interchain

soluble complexes as observed in the reactionR}{1(7 with

coordination and destroys the cross-linked polymer gel. The excess diethylzinc. Earlier, Katsuét al. have made a similar

coordinated diethylzinc inR)-24 should be in equilibrium with
free diethylzinc in solution since free diethylzinc is observable
by 'H NMR spectroscopy when 3 equiv or more diethylzinc
are added to the polymer solution. However, #he NMR
spectrum of the polymer in the presence of diethylzinc is too
broad to give any structural information.

In order to learn more about the binaphthyinc species in
the polymer, we have studied the reaction of a monomeric
binaphthyl compound R)-25 with diethylzinc (Scheme 8).
When 1 equiv of diethylzinc is added to a chlorofodselution

(24) Soai, K.; Watanabe, Mletrahedron: Asymmetry991, 2, 97.

(25) Seebach, D.; Marti, R. E.; Hintermann,Helv. Chim. Actal996
79, 1710.

(26) The reaction of diethylzinc with a binaphthol molecule containing
3,3-bis(amide) groups has been studied. Formation of a trimeric binaph-
thylzinc complex is observed and its crystal structure is obtained: Kitajima,
H.; Ito, K.; Aoki, Y.; Katsuki, T.Bull. Chem. Soc. Jprl997 70, 207.

observation in the reaction of a binaphthyl amide derivative with
diethylzinc2® The H and 3C NMR spectra of the product
solution obtained from the reaction dR)¢13 with 2 equiv of
diethylzinc suggest the formation of two compounds. They are
probably multibinaphthyl complexes with multiple zinc coor-
dination. Their actual structures are not determined at this time
due to the difficulty in their separation. Previously, Yamamoto
et al. have used the complex made from the reactionR)f (
1,1-bi-2-naphthol with dimethylzinc at low temperature to
catalyze asymmetric ene reactions, and up to 90% ee is
observed?®

Both (R)-13 and R)-25 are used to catalyze the reaction of
diethylzinc with benzaldehyde.RJ-13 is a poor catalyst for
this reaction. In toluene solution at room temperature, 37%
conversion of benzaldehyde is observed over 24 h in the
presence of 5 mol % oR)-13. The formation of21 and22is
observed in 95.9:4.1 ratio. The ee2ifis 32.9%. When the
reaction is carried out in methylene chloride solution, after more
than 5 days, 84% conversion of benzaldehyde is observed in
the presence of 10 mol % oR)-13. The ratio of21 versus22
is 61:39, and the ee dflis 15%.

(R)-25 shows higher catalytic activity thaiR(-13. After 24
h in toluene solution, 72% conversion of benzaldehyde is
observed in the presence of 5 mol % &)-25. The ratio of
21 versus22is 90.6:9.4 and the ee @&fl is 57.0%.

Unlike (R)-27 whose bridging Zr-O—2Zn bonds are stable
even in the presence of excess diethylzinc, the cross-linked
polymer gel of R)-23 collapses when excess diethylzinc is
added and a structure oR)-24 may be produced. In this
polymeric zinc complex, its central zinc atoms that are
responsible for the catalysis are coordinatively less saturated
than those inR)-27. This may explain the enhanced catalytic
activity of (R)-17 over the monomeric compoundR){13 and
(R)-25. Itis our general observation that higher catalytic activity
is associated with higher asymmetric induction in the chiral
binaphthyl-catalyzed reaction of aldehydes with diethylzinc.

(27) Kitamura, M.; Okada, S.; Suga, S.; Noyori, R.Am. Chem. Soc.
1989 111, 4028.

(28) Sakane, S.; Maruoka, K.; Yamamoto, Fetrahedron Lett1985
26, 5535.
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Scheme 8. Formation of a Bisbinaphthyl Dinuclear Zinc Complex

OO OR ZnkEt,
OO OH 1 equiv. O O 0

(R)-25, R = ethyl
(R)-25', R = hexyl

sol.

:Zn—Et

(R)-26

Summary

In summary, a series of soluble major-groove and minor-
groove chiral polybinaphthyls with hydroxyl or pyridine func-

R
OO 0’\Z/Et
n
d. o g \
1merize O O\Zn/o OO

Et’ ;/0 OO

(R)-27, R = ethyl
(R)-27', R = hexyl

2938 (s), 2872 (m), 2857 (m), 1495 (s), 1468 (s), 1418 (s), 1389 (s),
1300 (s), 1271 (m), 1202 (s), 1127 (m), 1084 (m), 1047 (s), 887 (w),
822 (m), 793 (m), 725 (m). Anal. Calcd for:§5,06B2: C, 59.08;

H, 8.81. Found: C, 58.79; H, 8.746b is prepared and characterized

tional groups have been synthesized and characterized. We findsimilarly.

that a minor-groove polybinaphthyl has less effective conjuga-
tion than its corresponding major-groove polymer due to the
steric hindrance in the repeat unit of the minor-groove polymer.
The application of these chiral polymers in the asymmetric
reaction of aldehydes with diethylzinc has been studied. We
have discovered that the minor-groove polybinaphth)sl(

and ©-17 are excellent enantioselective catalysts for the
reaction of a number of aldehydes with diethylzinc. The
molecular weight and the molecular weight distribution of these
polymers have little effect on the catalytic process. They can
be easily recovered and reused without loss of both catalytic
activity and enantioselectivity. These rigid and sterically regular
chiral polymers represent a new generation of enantioselective
polymeric catalysts different from the traditionally prepared
polymer-supported catalysts. The reactions of the polybinaph-
thol (R)-17 and certain monomeric binaphthol compounds with
diethylzinc in the absence of the aldehyde substrates have bee
studied in order to gain more understanding on the catalytically
active chiral zinc species. The use of the functionalized chiral
polybinaphthyls in other asymmetric organic reactions is also
under investigation in our laboratory.

Experimental Sections

General Data. NMR spectra were recorded on JEOL-270 MHz
and JEOL-400 MHz spectrometers. Infrared spectra were recorded on
a 2020/Galaxy Series FT-IR spectrometer by preparing KBr pellets of
the materials. Elemental analyses were carried out using a Perkin-
Elmer 2400 Series Il CHN S/O analyzer. Mass spectra were obtained
using Hewlett-Packard 5890 Series Il GC/DIP MS. Gel permeation
chromatography (GPC) utilized a Waters 510 HPLC pump, a Waters
410 differential refractometer, and Ultrastyragel linear GPC columns.
THF was used as the solvent for the GPC analysis and polystyrene
standard was used. UWis spectra were recorded on a Hewlett-

Preparation and Characterization of (R)-8. Under N, a mixture
of (R)-1a (1.06 g, 2.0 mmol)pa (0.73 g, 2.0 mmol), and Pd(PBh
(116 mg, 0.10 mmol, 5 mol %) in THF (10 mL) and 1 Mx&Os (10
mL) was heated at reflux for 48 h. G@I, (200 mL) was then added
to the reaction mixture, and the organic layer was separated. The
solution was washed with brine and dried over.8l@,. After the
solution was concentrated under vacuum, methanol was added to
precipitate out the polymer. This precipitation was repeated one more
time, and the resulting polymeR)-7 was dissolved in THF (10 mL)
and 6 N HCI (10 mL). After the solution was degassed with nitrogen,
it was heated at 80C for 12 h. CHCI, (200 mL) was then added to
extract the hydrolyzed polymer. The organic layer was washed with
brine and dried over N&Q,. After removal of the solvent, the residue
was redissolved in a minimum amount of @, and precipitated with
MeOH. This process was repeated three times to g®(@s a pale
white solid in 85% yield. GPC analysis shows its molecular weight is
My = 18 500 andVl, = 9000 (PDI= 2.1). The specific optical rotation

Hf (R)-8 is [a]p = —398.6 ¢ = 1.00, CHCIl;). Another batch of

reaction generated?}-8 with My, = 15 600 andM, = 8900 (PDI=
1.8). The UV spectrum of this polymer in GEI, shows maximum
absorptions atmax = 238, 270, 336 nm*H NMR (CDCl;, 400 MHz)
0 8.16 (s, 2H), 8.01 (dJ = 8.3 Hz, 2H), 7.64 (dJ = 8.6 Hz, 2H),
7.42 (d,J = 8.3 Hz, 2H), 7.27 (dJ = 8.6 Hz, 2H), 7.10 (s, 2H), 3.96
(m, 4H), 1.68 (m, 4H), 1.36 (m, 4H), 1.22 (m, 8H), 0.78 (s, 6H), very
small peaks for the end groups were observed 8t09, 7.57, 7.36,
7.01, 6.93, 3.90, 3.72, 3.57, 1.84, 1.76, 0.9 NMR (CDCk, 100
MHz) 6 152.93, 150.51, 134.28, 132.44, 131.75 (br), 130.37, 129.66
(br), 129.50, 128.89 (br), 123.82, 117.96, 116.29, 110.87, 69.64, 31.52,
29.36, 25.87, 22.63, 14.03, very weak signals were observed at
132.25, 132.15, 131.53. Anal. Calcd foss84004: C, 81.40; H, 7.19.
Found: C, 80.23; H, 7.26.

Preparation and Characterization of (R)-10. Under nitrogen, to
a 50 mL Schlenk flask were addeR){6,6-dibromo-1,1-bi-2-naph-
thol, (R)-9 (1.0 g, 2.25 mmol), 2-picolyl chloride (1.05 g, 6.4 mmol),
K.COs; (4.0 g, 2.8 mmol), and acetone (30 mL). After the mixture

Packard 8451A diode array spectrophotometer. Circular dichroism was heated at reflux for 24 h, it was cooled to room temperature, and
spectra were recorded using a JASCO J-710 spectropolarimeter. Opticaivater (20 mL) was added. The solution was extracted with EtOAc (2
rotations were measured on a JASCO polarimetéra589 nm. THF x 100 mL), and the organic layer was dried over,Bla. After

and ether were dried with sodium/benzophenone. Tetrakis(triphen- filtration, the organic solution was concentrated under reduced pressure.

ylphosphine)palladium(0) and palladium(ll) acetate were purchased Column chromatography (silica gel, hexane:EtGA&:1) of the residue
from Strem and used directly. All of the aldehydes were purchased
from Aldrich.

Preparation and Characterization of 6a. To a THF (80 mL)
solution of 1,4-bis(hexyloxy)-2,5-dibromobenzene (6.4 g, 14.7 mmol)
at —78 °C was added-BuLi (20 mL, 2.5 M in hexanes, 50 mmol).
After 2 h of stirring at this temperature, the resulting solution was
cannulated into a solution of B(OEf)15 mL) in THF (40 mL) over
30 min. The mixture was warmed to room temperature and stirred for
12 h. Exces 2 N HCl was then added. After filtration, the solid was
washed with water and GBI, and dried under vacuum to give pure
6a (4.05 g, 75.4% yield) as a white solidH NMR (DMSO-ds, 400
MHz) 6 7.81 (s, 4H, B-OH), 7.17 (s, 2H), 3.98 @t,= 6.4 Hz, 4 H),
1.72 (m, 4H), 1.41 (m, 4H), 1.31 (m, 8H), 0.87 Jt= 7.0 Hz, 6H,
2CHg); 3C NMR (DMSO<ds, 100 MHz) 6 157.40, 125.08, 118.45,
68.90, 31.50, 29.29, 25.69, 22.60, 14.43; FT-IR (KBr, &n8353 (s),

gave R)-10as a yellow solid in 72% yield (1.01 gfH NMR (CDCls,

270 MHz) 6 5.20 (s, 4H), 6.70 (dJ = 6.9 Hz, 2H), 7.04 (tmJ);= 7.5

Hz, 2H), 7.03 (dmJy = 8.9 Hz, 2H), 7.28 (ddJ = 2.0, 9.1 Hz, 2H),

7.26 (dd,J = 2.2, 7.4 Hz, 2H), 7.45 (d] = 9.1 Hz, 2H), 7.85 (dJ =

8.9 Hz, 2H), 8.03 (dJ = 2.0 Hz, 2H), 8.44 (ddd] = 4.9, 1.8, 1.8 Hz,

2H); 13C NMR (CDCk, 100 MHz) 6 71.50, 115.97, 117.82, 119.71,
120.72,122.43, 127.14, 129.00, 130.03, 130.04, 130.46, 132.57, 136.65,
148.89, 154.00, 157.31; MS(DIP) forsf2:Br:N;0, (m/2 M* (626),

M* — CgHgN (534).

Preparation and Characterization of the Pyridine-Containing
Polymer (R)-12. Under nitrogen, to a 50 mL Schlenk flask were added
(R)-10 (316 mg, 0.5 mmol)6b (315 mg, 0.5 mmol), KCO; (1 M
aqueous solution, 7.2 mmol, degassed wigh Rd(PPk), (30 mg, 0.026
mmol in 5 mL THF), and THF (15 mL). After the mixture was heated
at reflux for 28 h, it was cooled to room temperature, and water (25
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mL) was added. CkCl, (20 mL) was used to extract, and the organic
solution was washed five times with,8. The polymer was then
precipitated out of the methylene chloride solution with MeOH. It was
redissolved and reprecipitated for two more times. After centrifuge
separation and drying under vacuur®)-12 was isolated as a dark
yellow solid in 65% yield: GPQM,, = 9900 andM,, = 8100 (PDI=
1.2); [a]p = —73.1 € = 0.20, CHCI); 'H NMR (CDCl, 270 MHz)

0 0.86 (m, 6H), 1.16:1.25 (m, 60H), 1.64 (m, 4H), 3.90 (m, 4H),
5.22 (m, 4H), 6.78 (m, 2H), 7.04 (m, 2H), 7.08 (m, 2H), 7.25 (m, 4
H), 7.39 (m, 2H), 7.45 (dmJs = 9.2 Hz, 2H), 7.56 (dJ = 9.2 Hz,
2H), 8.01 (d,J = 9.4 Hz, 2H), 8.15 (br s, 2H), 8.44 (m, 2H), small
peaks were observed @t3.09, 5.22, 6.70, 6.82, 7.16, 7.18, 7.20, 7.44,
7.47,7.55, 7.86, 7.88, 8.05, and 8.13 due to the end grédpHNMR
(CDCls, 100 MHz)6 14.24, 22.08, 26.21, 29.39, 29.48, 29.70, 29.78,

J. Am. Chem. Soc., Vol. 119, No. 51, 199463

The general procedure to carry out the reaction of aldehydes with
diethylzinc in the presence oR)-17 is described in the following
examples.

(a) Reaction of Benzaldehyde with Diethylzinc Catalyzed byR)-
17a. To a Schlenk flask containing toluene (10 mL, dried with Na
and degassed withANwere added the polymeR}-17a(28 mg, 0.05
mmol) and diethylzinc (0.14 mL, 1.3 mmol) under, Nit room
temperature. After ca. 15 min, the flask was cooled t6Q) and
benzaldehyde (0.1 mL, 1 mmol) was added dropwise. After 12 h of
stirring, the'H NMR spectrum of the crude mixture showed 100%
conversion of benzaldehyde with no side product. The reaction was
then quenched with the additiofi ® N HCI at 0°C, and the aqueous
layer was extracted with diethyl ether. The combined organic layer
was washed with brine until p= 7 and then dried over anhydrous

29.83, 32.03, 69.64, 71.57, 115.02, 115.45, 116.44, 120.11, 120.97,Na,SQ,. Concentration of the solution in vacuum gave a pale yellow
122.20,122.32,125.11, 128.41, 128.71, 128.74, 129.46, 129.84, 129.92il, which upon treatment with MeOH (20 mL) precipitated the polymer.
130.57, 133.06, 133.28, 134.03, 136.58, 148.67, 148.84, 150.60, 153.86The filtrate was concentrated and purified by column chromatography

157.85, small peaks were observed &8.73, 116.05, 117.74, 119.30,

on silica gel with EtOAc/hexanes (1:4) to afford the produB)-1-

120.55, 120.75, 124.68, 127.55, 128.00, 128.94, 129.63, 130.18, 130.51phenylpropanol, as a colorless liquid (122 mg, 89%y)-1-phenyl-
130.65, 132.78, 134.17, 154.06, 157.55, and 157.63 due to the endpropanol21: H NMR (270 MHz, CDC}) 6 0.90 (t,J = 7.5 Hz, 3H),

groups.
Preparation and Characterization of (R)-17a. A mixture of (R)-

15(7.32 g, 11.7 mmol)6a (4.3 g, 11.7 mmol), Ba(OH¥8HO (6.17

g, 36.0 mmol), Pd(OAg)(0.134 g, 0.6 mmol), tre-tolylphosphine

(0.365 g, 1.2 mmol) in DMF (60 mL), andJ@ (10 mL) was heated

at reflux under nitrogen for 42 h. EtOAc was then added, and the

organic layer was washed with,8 and filtered. After removal of

EtOAc with rotary evaporation, the residue polymer was redissolved

in CH.Cl, and precipitated with MeOH. This procedure was repeated

1.74 (m, 2H), 2.73 (s, 1H), 4.52 (#,= 6.5 Hz, 1H), 7.23-7.38 (m,
5H); [a]o = 42.91 € = 2.44, CHC}). The ee was determined to be
92.2% on GC with a chiral colummB{Dex capillary column, Supelco
Co.). GC conditions: injection temperature, 2@ detector temper-
ature, 280C; flow rate, 1.05 crfimin; increasing the oven temperature
from 105 to 220°C at the speed of 1.8C/min. The retention time is
22.31 min for theR enantiomer and 23.09 min for tt&enantiomer.
The recovery of the polymer: After the precipitation with methanol,
the polymer was collected and dissolved in acetone. A very small

three times. The precipitate was collected and dried under vacuum toamount of insoluble inorganic impurity was filtered off, and the solvent

give a yellow solid polymerR)-16a (7.0 g, 93%). R)-16a (3.0 g)
was then dissolved in THF (30 mL) to wiicé N HCI (20 mL) was
added subsequently. After the mixture was heated at reflux for 16 h,

of the filtrate was removed under reduced pressure. The solid residue
was washed with methanol and dried under vacuum prior to use.

(b) The Reaction of 3,3,7-Trimethyl-6-octenal with Diethylzinc

CH,Cl; was added. The organic layer was separated and washed withCatalyzed by R)-17a. To a Schlenk flask containing toluene (10 mL,

H,0O. Removal of the solvent with rotary evaporation gave a polymer
residue which was redissolved in @i, and precipitated with MeOH.

dried with Na and degassed with)Nvere addedR)-17a(28 mg, 0.05
mmol) and diethylzinc (0.21 mL, 2 mmol) under,Nat room

This procedure was repeated three times. After being dried Undertemperature. After ca. 15 min, the flask was cooled t€pand 3,3,7-

vacuum, R)-17awas obtained as a yellow solid in 89% yield (2.3 g).
GPC analysis off)-17ashowed its molecular weight to bé, = 6700
andM, = 4600 (PDI= 1.5): [o]p = +11.8 €= 0.50, THF);'H NMR
(CDCls, 400 MHz)6 8.49 (s, low intensity), 8.00 (s, 2H), 7.92 @=
8.0 Hz, 2H), 7.77 (d, low intensity), 7.34 (m, 6H), 7.24 (m, 2H), 6.32
(s, 2H), 6.15-7.4 (low intensity) 4.01 (m, 4H), 1.66 (m, 4H), 1.26 (m,
4H), 1.13 (m, 8H), 0.73 (m, 6H). The observed lower intensity peaks
are due to the end groups.

Preparation and Characterization of (R)-17b. To a flask contain-
ing (R)-15(13.70 g, 22 mmol)6a (8.0 g, 22.0 mmol), THF (75 mL),
and 1 M KCO; (100 mL) was added Pd(PRh(0.5 g in 25 mL THF),
and the reaction mixture was heated at reflux under nitrogen for 36 h.
EtOAc was then added, and the organic layer was washed with H
and filtered. After removal of EtOAc with rotary evaporation, the
residue polymer was redissolved in €, and precipitated with
MeOH. This procedure was repeated three times. After being dried
under vacuum,R)-16bwas obtained as a yellow solid polymer in 97%
yield (13.90 g). R)-16b was hydrolyzed toR)-17b in a procedure
similar to the hydrolysis of R)-16a GPC analysis of the resulting
(R)-17b showed its molecular weight to bd,, = 24 300 andM,
9900 (PDI= 2.5): [a]p = —16.6 £ = 0.5, THF);*H NMR (CDCl,
400 MHz) 6 8.01 (s, 2H), 7.92 (dJ = 8.0 Hz, 2H), 7.32 (m, 6H), 7.24
(br s, 2H), 6.34 (s, 2H), 4.02 (m, 4H), 1.66 (m, 4H), 1.26 (m, 4H),
1.13 (m, 8H), 0.73 (tJ = 7.0 Hz, 6H);**C NMR (CDCk, 100 MHz)

0 150.74, 150.47, 133.83, 131.32, 129.35, 128.82, 128.76, 128.37,

trimethyl-6-octenal (0.19 mL, 1 mmol) was added dropwise. After
the reaction solution was stirred at this temperature for 63 hlthe
NMR spectrum of the crude mixture showed 79% conversion of the
aldehyde. The reaction was quenchedwiitN HCI, and the aqueous
layer was extracted with ether. The combined organic layer was washed
with brine until pH = 7 and then dried over anhydrous 4S&;.
Removal of the solvent under reduced pressure gave a pale yellow oil,
which upon treatment with MeOH precipitated the polymer. The filtrate
was concentrated, and the residue was purified by column chromatog-
raphy on silica gel with EtOAc/hexanes (1:15) to afford the product as
a colorless liquid (132 mg, 67%}H NMR (270 MHz, CDC}) 6 0.90

(t, J = 7.4 Hz, 3H), 0.91 (s, 3H), 0.92 (s, 3H), 1:21.47 (m, 3CH

and OH, 7H), 1.57 (s, 3H), 1.65 (s, 3H), 1.90 (m, 2H), 3.65 (m, 1H),
5.07 (m, 1H);%%C NMR (100 MHz, CDC}) 6 10.03, 17.63, 22.85,
25.78, 27.74, 32.46, 32.73, 42.89, 48.86, 70.66, 125.25, 130.98. GC
showed two peaks for the two enantiomers of the product but the
resolution is not good. The carbinol product was therefore converted
to its acetate derivative for the determination of ee. The carbinol was
dissolved in acetic anhydride (20 equiv) and triethylamine (10 equiv)
was added. The resulting mixture was stirred at room temperature.
The reaction was monitored by TLC. After 80 h, the reaction was
complete. The volatile component was removed under reduced
pressure, and the residue was subjected to column chromatography on
silica gel to give the pure acetate derivativdd NMR (270 MHz,
CDCl3) 6 0.86 (s, 6H), 0.88 (tJ = 7.2 Hz, 3H), 1.151.56 (m, 6H),

126.82, 125.04, 123.96, 117.89, 116.58, 70.75, 31.55, 29.40, 25.63,1.58 (s, 3H), 1.66 (s, 3H), 1.89 (m, 2H), 1.99 (s, 3H), 4.94 (m, 1H),

22.58, 14.10; UV~Vis Amax (CHCly, nm) 244, 260, 322. FT-IR (KBr,
cm1) 3530 (s), 3393 (s), 2926 (s), 2865 (s), 1622 (m), 1599 (w), 1501

(s), 1431 (s), 1383 (s), 1256 (s), 1198 (s), 1148 (s), 1128 (s), 1011 (s),

938 (m), 891 (m), 785 (w), 747 (s). Anal. Calcd foggH400s: C,
81.40; H, 7.19. Found: C, 80.16; H, 7.21.

Preparation and Characterization of (S)-17. (9-17 was prepared
and characterized in a similar way &-17b. GPCM,, = 10 000 and
M, = 4600 (PDI=2.2). [a]po = —14.2 €= 1.01, CHCl,). H NMR
and'3C NMR spectra of §-17 are similar to those ofR)-17b.

5.07 (m, 1H). GC: increasing the oven temperature from 100 to 150
°C. The retention time for the two enantiomers was 34.16 and 34.74
min, respectively.

Preparation and Characterization of (R)-25. Under N, K,COs
(2.0 g, 14.5 mmol) was added to a solution Bf-(3 (1.41 g, 5 mmol)
and iodoethane (0.4 mL, 5 mmol) in acetone (30 mL), and the resulting
mixture was heated at reflux for 5 h. After the mixture was cooled to
room temperature, ¥ was added and EtOAc (® 50 mL) was used
to extract. The combined organic layer was washed with brine and
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dried over NaSQ,. After removal of the solvent by rotary evaporation, ~was prepared similarly as the preparation®f25; *H NMR (CDCls,

the residue was purified with flash chromatography to giRp25 as 270 MHz) 6 0.73 (t,J = 7.0 Hz, 3H), 0.99 (m, 6H), 1.43 (m, 2H),

a white solid in 91% yield (1.43 g): mp 8:=®3.0°C, [o]p = —26.9 3.98 (m, 2H), 4.95 (s, 1H), 7.04 (d,= 8.3 Hz, 1H), 7.16-7.39 (m,
(c=1.01, CHCL); FT-IR (KBr, cm?1) 3455 (s), 3057 (w), 3000 (w), 6H), 7.45 (dJ = 9.0 Hz, 1H), 7.86 (m, 3H), 8.01 (d,= 9.0 Hz, 1H);

2928 (w), 1620 (s), 1593 (s), 1508 (s), 1460 (m), 1431 (w), 1381 (s), °C NMR (CDCk, 100 MHz) § 14.10, 25.58, 29.31, 31.40, 69.86,-
1329 (m), 1262 (s), 1238 (s), 1204 (s), 1175 (s), 1146 (s), 1076 (s), 115.38, 115.75, 116.49, 117.62, 123.24, 124.32, 125.10, 125.20, 126.39,
1051 (s), 810 (s), 750 (s)H NMR (CDCls, 400 MHz)6 1.11 (t,J = 127.35, 128.18, 128.29, 129.26, 129.63, 129.79, 130.97,134.02, 134.26,
6.9 Hz, 3H), 4.08 (m, 2H, 0OB2), 4.99 (s, 1H, OH), 7.08 (d = 8.2 151.43, 155.70. (b) Molecular weight measurement Bj-A7:

Hz, 1H), 7.19-7.40 (m, 6H), 7.45 (dJ = 8.7 Hz, 1H), 7.90 (m, 3H), Diethylzinc (100xL, 1.0 mmol) was added to a solution dR)¢25

8.02 (d,J = 9.2 Hz, 1H);**C NMR (CDCk, 100 MHz)0 14.96, 65.29, (370 mg, 1.0 mmol) in cyclohexane (7.4 mL). After 10 min at room
115.34,115.66, 116.41, 117.58, 123.23, 124.30, 125.06, 125.13, 126.36temperature, the produced ethane was removed by bubbjittgdligh
127.29, 128.16, 128.22, 129.19, 129.62, 129.77, 130.96, 133.91, 134.20for 5 min. The resulting solution was used for the melting point

151.34, 155.37; MS (Eln/z314 (M*, 100), 286 (M + 1 — Et, 38). depression measureméhitThis solution was loaded in a test tube that
Anal. Calcd for G,H1602: C, 84.05; H, 5.77. Found: C, 83.67; H, is equipped with a thermometer undes. NThe test tube was inserted
5.66. into a saturated NaCl aqueous solution in a beaker. The beaker was
Preparation and Characterization of (R)-27. Diethylzinc (3.5uL, then placed into an 2-propanreadiry ice bath at-15°C. The change
0.035 mmol) was added to a CDGlolution (0.60 mL) of R)-25(11.0 of temperature was recorded every 30 s. The measured frozen point
mg, 0.035 mmol). After the solution was shaken for 5 min, tHe is 5.0°C. According toAT; = kim, the measured molecular weight of
NMR spectrum showed the quantitative formation®Rf-27: *H NMR (R)-27 is 964 ({T;° = 6.7,k = 20.4). The calculated molecular weight
(CDClz, 400 MHz) 6 —0.88 (m, 2H, ZnEl,), 0.44 (t,J = 8.2 Hz, is 926.
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Cryoscopic Molecular Weight Determination of (R)-27. (R)-25
and R)-27 were prepared because of their better solubility in JA972623R

cyclohexane thanR)-25 and R)-27, which is important for the (29) Shoemaker, D. P.; Garland, C. W.; Nibler, J. Bkperiments in
molecular weight measurement. (a) PreparationR){25: (R)-25 Physical Chemistry3rd ed.; McGraw-Hill: New York, 1996; p 179.




