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Abstract: A new class of chiral phosphines belonging to the P-aryl-2-phosphabicyclo[3.3.0]octane family
(PBO) has been prepared by enantioselective synthesis starting from lactate esters and 2,2-dimethylcy-
clopentanone enolate 5. A selective enolate alkylation method has been developed for preparation of 9
and 10 using a chelating ester substituent in the triflate alkylating agent 11. Subsequent conversion to the
PBO catalysts 2 and 39 relies on a diastereoselective cyclization from the cyclic sulfate 17 and LiPHAr to
afford the more hindered endo-aryl phosphines. These phosphines function as efficient catalysts for the
kinetic resolutions of aryl alkyl carbinols by benzoylation (16, 21, 22) or iso-butyroylation in the case of the
less hindered aryl alkyl carbinol substrates. With o-substituted aryl alkyl carbinols, the enantioselectivities
exceed 100, and s = 380 + 10 has been demonstrated in the case of methyl mesityl carbinol. The PBO-
catalyzed acylations probably involve a P-acylphosphonium carboxylate intermediate and a tightly ion paired

transition state.

In 1996, we reported the first examples of enantioselective other hand, bicyclic derivatives based on the 2-phosphabicyclo-
acyl transfer reactions catalyzed by a chiral phosphine. These[3.3.0]Joctane (PBO) skeleton proved to be remarkably more

experiments demonstrated that 1-phergiis2,5-dimethylphos-
pholane activatesrchlorobenzoic anhydride for the chloroben-
zoylation of alcohols with significant enantioselectivity €
krastksLow = 13—15)1 There had been many prior attempts
to develop chiral nucleophilic acylation cataly3tsiit this was

reactive even though they are more hindered than their mono-
cyclic analogue$-1° The phosphine-catalyzed acylations in-
volve P-acyl phosphonium carboxylate intermediatesnd

the high reactivity ofl appears to be due to a preference for
P-phenyl rotamers that allow easy access to the unshared

the first case where a nonenzymatic catalyst was shown to reacelectron pair at phosphorus.

with s > 103 However, the reaction was very slow, so a search

Thegemdimethyl catalystl was exceptionally promising in

for more reactive catalysts was initiated. While our study was terms of reactivity and also gave encouraging enantioselectivity
in progress, reports from other groups began to appear describingesults in acylations, but the racemic catalyst-borane complex
chiral nitrogen nucleophiles that have reached impressive levelshad to be laboriously separated into enantiomers by HPLC.

of enantioselectivity:®

Clearly, an enantioselective synthesis was needed before ex-

Between 1996 and 1999, work in our laboratory encountered tensive effort to optimize variables would be worthwhile. Modi-
a variety of mono- and disubstituted phospholanes that werefications of the scheme developed for preparatiori gfom

not significantly better than the original lead structéi@n the
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might allow the synthesis of analogues sucl2gBh-PBO) or

3in single enantiomer form. In principle, the only change needed
would be to use a chiral lactate trifladen place of the achiral
ethyl glycolate triflate alkylating agent in the reaction with the
lithium enolate §) of 2,2-dimethylcyclopentanoriéa < Depend-

ing on the degree of stereoselectivity in the enolate alkylation
step, this approach was expected to provide access to either o
both of the diastereomeric phosphines via ketoesters8 and

diols 9 or 10 (Scheme 1).

Enolate Alkylations Studies Using Lactate Triflates

The alkylation experiments involvingand5 were challeng-
ing due to the ease of product equilibration. After considerable
experimentation, the following reaction conditions were found
to be optimal. Thus5 was reacted witd from —55 to —60 °C
in THF followed by immediate reduction of the crude ketoesters
7 and 8 with LiAIH 4 at —70 °C to give9 and 10 in ratios as
high as 16-15:1. If the intermediate ketoester mixture (presum-
ably 10-15:18:7) was isolated and then subjected to reduction,
then a 1:1 mixture 09:10 was obtained. Most likely, equilibra-

(12) B-Keto ester lithium enolaté¥-"and acyloxazolidinone lithium enolatés
have been alkylated with lactate triflates. We could find no case of the use
of lactate triflates for alkylation of simple ketone enolates. (a) Hoffman,
R. V.; Kim, H.-O. Tetrahedron Lett1993 34, 2051. (b) Hoffman, R. V;
Kim, H.-O. J. Org. Chem1995 60, 5107. (c) Decicco, C. P.; Nelson, D.

J.; Corbett, R. L.; Dreabit, J. Q. Org. Chem1995 60, 4782.

tion had occurred via enolization 8fduring the time that the
alkylation product was warmed to room temperature. However,
this complication could be avoided by taking care to control
the temperature prior to and during the reduction step, resulting
in good selectivity for9. The stereochemistry of the major
product was assigned on the basis of X-ray crystallography of
intermediates later in the synthesis.

The next problem was to access the diastereomericldiol
by inverting enolate facial selectivity in the alkylation step. An
analysis of possible transition states for alkylation of endbate
by the ethyl lactate triflatel suggested that the major diaste-
reomer8 may be formed by attack from the top face of enolate
5 as shown in the proposed transition st&teThis model
assumes that the triflate leaving group is displaced with inversion
of configuration and places the smallest substituent (hydrogen)
of the alkylating agent over the cyclopentene ring. Given these
constraints, structur@is the expected product if the ester group
is positioned to avoid the enolate oxygd). (Presumably, this
arrangement minimizes unfavorable electronic interactions as
well as nonbonded steric interactions.

By the same logic, access to the other enolate face (attack
from below) would be expected if the apparent tendency of the
ethyl ester to avoid enolate oxygen could be reversed by
modifying the ester alkoxy group. The triflatel suggests a
possible solution, based on the notion that the methoxyethoxy-
ethyl ester group might have an affinity for lithium ion. To test
this possibility,11 was prepared from methyB)-lactate by a
sequence involving transesterification with methoxyethoxyetha-
nol followed by triflic anhydride/pyridine. The triflate was
formed as a somewhat unstable liquid which had to be used on
the same day due to decomposition.

The alkylation of enolat& with 11 was explored in solvents
of varying lithium coordination ability. Generation of the enolate
in toluene using LDA followed by addition dfl and immediate
reduction as in the ethyl ester case gave the desired, inverted
product ratio. The best result was obtained frefB5 to —60
°C (ca. 10:110:9), although the yield was in the 3@0% range.
Better yields could be achieved at higher temperatures, but at
the expense of a decreased diastereomer ratio. When the
experiment was repeated in the more coordinating THF as a
solvent, the opposite ratio (1:1@:9) was obtained in low yield
510—15%), supporting the involvement of lithium coordination
In the toluene experiment. While the yield in toluene was
modest, the possibility of alkylating either face of the enolate
by using an ester group that is capable of lithium coordination
was successfully demonstrated. Subsequent experiments estab-
lished that the alkylation proceeds with clean inversion of
configuration at the triflate-bearing carbon, and without detect-
able racemization.

A proposed transition state for the alkylation usibdy is
illustrated by structurel2. The enolate lithium ion may be
coordinated to all three oxygens of the methoxyethoxyethyl
carboxylate. With hydrogen placed beneath the cyclopentane
ring to minimize steric interactions, the result is to position the
electrophile for alkylation of the desired face of the enolate.
Complexation involving the lithium ion is presumably broken
up in THF, resulting in the same sense of diastereoselectivity
as with the ethyl lactate triflate reagent via the geométry

We could find no prior examples where enolate facial selec-
tivity in analogous alkylations has been inverted by modifying
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Scheme 2 Phosphine3 is the less stable diastereomer in terms of phos-
phorus configuration and proved to be somewhat sensitive to
1.50CI, epimerization at phosphord%Thus, deprotection oi4 with
9 — pyrrolidine at 50°C always gave a trace of an isomeric phos-
2'@"8'3 phine, presumably having tlesoP-phenyl orientation. Reaction
' times in the deprotection experiments had to be carefully
controlled to minimize this complication.
Preliminary evaluations of phosphing as an acylation
CoHN catalyst indicated somewhat lower reactivity and enantioselec-

tivity compared tol. Thus, a value o6 = 8.9 was found for
them-chlorobenzoylation 016 using3 as the catalyst compared
tos= 14 usingl in the corresponding reaction. Further attention
was therefore focused on the diastereo®éBcheme 2).

S (MO \2C©@ceHCl H OH The synthesis o (Ph-PBO) from the crude didl0 used
Ph “Bu 3 Ph Bu * ph/<r_Bu the same treatment with SQGbllowed by oxidation to afford
(R) (s) the cyclic sulfatel7 (21% yield overall from 2,2-dimethylcy-

clopentanone). Subsequent reaction1@fwith LiPHPh and
complexation using BE+THF allowed the isolation of a borane

1.PhPH, complex with a remarkable 36:1 diastereomer ratia®1.9 in
10 S 2.BuLi favor of the desire@ndephenyl epimer. In the corresponding
3.BH, cyclization step in the synthesis @f a 16:1 ratio of diastere-
omers had been obtained in favor of #redophenyl isomet?
o, o The diastereomerd8 and 19 were separated by cqlumn
CH, SHS chromatography, and phosphirkewas liberated by briefly
C4HoN H " warming 18 with pyrrolidine. The absolute and relative con-
2 - H PPN Yoy PBHs figuration of 2 was confirmed at the stage dB by X-ray
BHj Ph crystallography. In contrast to the borane complex. 8¢ the
18 (36 1) 19 crystal lattice ofL8 contains only one conformer. The eeld

was 96-98% if nonrecrystallized cyclic sulfate7 was used in
the synthesis, or 99.7% eeli¥ was recrystallized prior to use.
Alternatively, a single recrystallization df8 with >96% ee
raised the ee te-99.9%.

In anticipation of a lengthy optimization study for catalyst
2, a qualitative method was sought that would allow a rapid

the lithium coordination ability in the ester alkoxy substituent.
Possibly related examples of inverted facial selectivity have been
reported in alkylations of sulfoxide anions (Mel gave opposite
facial selectivity as compared to the alkylation with trimethyl
phosphatéf2and amide enolat&¥<(opposite facial selectivities

for alkylations with alkyl halides versus epoxidé3)Lithium estimate of enantioselectivity by NMR assay of a mixture
interactions with the different leaving groups have been invoked containing'*CHz-labeled20 and the enantiomeri¢CHs alcohol
in these examples. (Scheme 3). ThusJ-13CH;-20 was prepared from the labeled

2-acetonaphthone with-)-DIP chloride!” while unlabeledR)-
20was made by reduction of unlabeled 2-acetonaphthone using

and3 (Scheme 2). The precedentédynthesis of cyclic sulfate ~ (T)-DIP chloride. The two quasi-enantiomers were easily
13from diol 9 was uneventful, and reaction d8 with LiPHPh distinguished because of the larg€—CH coupling, resulting
followed by BHs—THF afforded the epimeric borane complexes N @ doublet of doublets for th€CHs group of §)-*CHs-20,
14and15in a ratio of 7.7:1. The diastereomers were separated SPaced symmetrically on both sides of the simple doublet due
by column chromatography, and teedephenyl phosphin® to the 12CHs group of unlabeledR)-*2CH;-20.1% The NMR

was liberated by brief warming with pyrrolidifé This isomer ~ Sample of the quasi-racem&@was then partially benzoylated

has the less hinderezkoorientation for the unshared electron using benzoic anhydride and catalgsand the resulting mixture

pair at phosphorus and is expected to be the most reactiveOf benzoate ester and alcohol was monitored over timéHoy
nucleophilic catalyst® The enantiomeric excess & was NMR integration. The methyl region was well resolved, and
checked at the stage @# and was found to be99.9% after separate signals due to the quasi-enantiomeric benzoate esters
a single recrystallization, even though the starting lactate wasand unreacted quasi-enantiomeric alcohols were observed,
no better than 97% ee. The relative and absolute configurationallowing assay for conversion as well as % ee of starting
of 14was then confirmed by X-ray crystallography, confirming material and product from a singlH NMR spectrum by

that the reaction of the 2,2-dimethylcyclopentanone endate

with ethyl (§)-lactate triflate4 had occurred with inversion.  (16) Mislow, K. Trans. N. Y. Acad. ScL973 35, 227.
(17) Brown, H. C.; Park, W. S.; Cho, B. 1. Org. Chem1986 51, 1934.

(18) (a) A conceptually similar method usiféC NMR assay to measure ee

With both diastereomers0 and9 available in enantiomeri-
cally enriched form, attention was turned to the synthesi® of

(13) (a) Chassaing, G.; Lett, R.; Marquet, Petrahedron Lett1978 19, 471. values and conversion was reported during preparation of this manuscript:
(b) Myers, A. G.; McKinstry, LJ. Org. Chem1996 61, 2428. (c) Askin, Evans, M. A.; Morken, J. Rl. Am. Chem. So2002 124, 9020. (b) Guo,
D.; Volante, R. P.; Ryan, K. MTetrahedron Lett1988 29, 4245. J.; Wu, J.; Siuzdak, G.; FinhM. G. Angew. Chem., Int. EA999 38, 1755.

(14) Burk, M. J.; Feaster, J. E.; Nugent, W. A.; Harlow, R.JL.Am. Chem. Reetz, M. T.; Becker, M. H.; Klein, H.-W.; St&igt, D. Angew. Chem.,
So0c.1993 115 10125. Int. Ed. 1999 38, 1758. Diaz, D. D.; Yao, S.; FinrM. G. Tetrahedron

(15) Wolfe, B.; Livinghouse, TJ. Am. Chem. S0d.998 120, 5116. Lett. 2001, 42, 2617.
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Scheme 3 Table 2. Acylation of Alcohols RIR2CHOH with (RC0O),0 Using
H JOH H OH Catalyst 22
5 < entry alcohol anhydride R R! R? relative rate® s
2-naphthy! 13CH, 2-naphthyl 120H y 4
3 1 16 Ph Ph t-Bu 1 24
: ; 2 16 Ph Ph t-Bu 1 (heptane) 21
3 16 Ph Ph t-Bu 0.1 (-40°C) 67
8135 ppm. dd 8155 ppm, d 4 16 mCICHs Ph t-Bu 0.1 (CHCl) 14
5 16 1-naphthyt Ph t-Bu 0.02 25
(S)-1°CHy-20 (R)-1CH3-20 6 16 Me Ph t-Bu 0.6 16
7 16 i-Pr Ph t-Bu 0.01 49
2 | Bz,0/C4Fg 8 21 Ph Ph 1l-adamantyl 0.6 23
9 22 Ph 4-MeOGH4 t-Bu 0.8 22
10 23 Ph Ph-ethynyl t-Bu 8 3.7
H OBz 11 24 Ph Ph i-Pr 12 15
minor %, major  H 0Bz 12 24 i-Pr Ph i-Pr 0.1 13
2-naphthyl \ N 13 20 Ph 2-naphthyl  Me 24 7
13CH,4 2-naphthyl”™ “azgy, 14 20 1-naphthyt 2-naphthyl Me 2 13
A A 15 20 2-naphthyi 2-naphthyl Me 10 5.8
! : 16 20 phthalic 2-naphthyl Me NR
51.88 ppm, dd 1.88 ppm, d 17 20 i-Pr 2-naphthyl Me 3 12
18 20 t-Bu 2-naphthyl  Me 0.04 6.9
19 25 i-Pr 1-naphthyl Me 2 21
H,OH 20 26 Ph Ph n-Bu 17 9.8
X 21 26 i-Pr Ph n-Bu 5 11
R R? 22 27 i-Pr Ph CQMe 3 3.0
21 R'= Ph, R2= 1-adamantyl 28 R'= Ph, R2= CF,4 23 28 !-PI’ Ph Ch 8 5.9
22 R'=4-MeOCgH,, R?= tBU 29 R'= C4F,, R2= Me 24 29 i-Pr GFs Me 4 3.9
23 R'= t-Bu, R?%= C=CPh 30 R'= 6C3Hg, R?= Me 25 30 i-Pr ¢-CsHs Me 6 1
24 R'= Ph, R2= i-Pr 31 Ri= i-Pr. R%= Me 26 31 i-Pr i-Pr Me 0.1 1
25 R'= 1-naphthyl, R2= Me 32R'= Ph,,R2= Bu
26 R'= Ph-R§= nBu 33 R'= Ph, R2= Me aAll reactions used 0.13 M substrate in toluene with 2.5 equiv of
27 R'= Ph, R?= CO,Me anhydride at room temperature unless no¥the relative rate (as compared
) ) to entry 1) was estimated by calculating rate constants from individual %
Table 1. Solvent Effects in Benzoylation of (S)-3CH3-20/ conversion and time data points, and assuming pseudo-first-order conditions
(R)-12CH3-20 by NMR Assay (Room Temperature) and linear behavior with respect to the catalyst. TRpglcohol was the
| oselectivi faster-reacting enantiomer for entries 1. Assignments were not made
solvent enantioselectivity for the less selective reactions (entries-25). ¢ The naphthoic anhydride
CeDs s=8-9 was used as a stirred suspension.
tolueneds s=8-9 (7
EB%IN zf 5 7 .57 Acylations of representative aryl alkylcarbinols catalyzed by
212 =0 . . . . .
EtOAG s=75 2 were |_nves_t|gated in the optl_mal hydrocarbon solvents, as
CeFs s=8-9 summarized in Table 2. The hindered substrBéenvas used
acetoneds s=6-7 for the initial optimization studies, and several anhydrides were
f_m:e:jhy"&pemam' 2:; 9 evaluated. The highest enantioselectivity at room temperature
-Us — [~ . . . .
DME-d, s=5-6 was obtalneq using 1_-naphth0|c anhy_dn_de (entry__5), but the
reagent was inconvenient because of limited solubility, lack of
#Value of s determined by HPLC assay. a commercial source, and low reactivity requiring many hours

at room temperature. Benzoic anhydride was far more reactive,

comparison of integral intensities. The results are summarized and nearlv as enantioselective as 1-naphthoic anhvdride. while
in Table 1. Enantioselectivities were somewhat overestimated . y P y ’

using NMR, judging from standard HPLC methods applied to 'tse(s}tk;létyr!fhighégg?}?é:gr;it?).:vasgzi(l)enass.;Ssgflvﬁ)ag?yd{fe
the toluene and dichloromethane entrigsdlues in parenthe- W : : Iy W ! y lower wi

ses). The source of the discrepancy is a combination of errors'sﬁblé%;'c aihi/g,“dst‘;{ :6 4_?3] agdnlznt(iermgg '?jtﬁ dw'thr acztlcr
in integration, alcohol ee values, and relative proportions of the anhydride ¢ = 16; entry 6). The benzoic anhydride procedure

guasi-enantiomers, but the trends were clear. The reactions Wer(\aNas briefly evaluated with other hindered arylkyl carbinol

. o ._Substrates at room temperature, and comparable results were
faster and more enantioselective in the nonpolar, aromatic

i i 19a 19b i
solvents (toluene, benzene). Saturated hydrocarbon solventsomamed with21##and22">as with16. On the other hand, an

could not be monitored conveniently by NMR due to solubility alkynyl tert-butyl a_IcohoI 231 reacted With low selectivity
problems with the benzoic anhydride. (entry 10), suggesting that the aryl substituent plays a large role

The effort needed to prepare the isotopically enriched, quasi- n ;(:]cognltlokr.\ of.the enlan.tlomers.l 6 btained with
racemic mixture for NMR assay was worthwhile as longsas e best kinetic resolution result witb was obtained wit

values were modest, and numerous data points were requireobenzo'C anhydrqu in toluenfe solupon a0 °C (s = 67).
for the same substrat@nhydride combination. Mass Spectros- Although the optimized experiment involves a temperature drop

copy provides an alternative for the rapid assay of isotopically of 60 °C from the room temperature conditions, the benzoylation

labeled mixtures using an automated apprd&ehut the NMR rate decreased by only ca. 8-fold. Similar behavior had been
technique was convenient for our purposes even though it is

(19) (a) Hellmann, G.; Beckhaus, H.-D.; 8dhardt, C.Chem. Ber1979 112,

imprecise. However, optimization studies soon revealed condi- 1808. (b) Rogers, E. F.; Brown, H. D.; Rasmussen, |. M.; Heal, R1.E.
; ina i i i i Am. Chem. Socl953 75, 2991. (c) Borden, W. TJ. Am. Chem. Soc.
tions resulting in much highexvalues that required the precision 1970 92, 4898, (d) Armesto. D.; Horspool, W. M. ManciemM. 3. Ortiz.
of HPLC assay. M. J.J. Chem. SogPerkin Trans. 11992 2325.
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observed for the simpler PBO catalykt® resulting from an

unusual combination of low activation enthalpy and large,
negative activation entropy. This pattern has proven to be
general for all of the PBO catalysts encountered in this study.

A number of other aryl alkyl carbinols were resolved with

good selectivity using catalyg in toluene (Table 2, entries

11-21). However, the optimum match of the anhydride reactant
with catalyst2 for these substrates proved to be different as

compared to the substrates containing a tertiary alkyl substituent.

In the representative example of 2-naphthyl(-1-etha2@)the
enantioselectivity of kinetic resolution usimgp-butyric anhy-
dride (entry 17;s = 12) was higher than that with benzoic
anhydride (entry 13), and almost as high as in the reaction with
1-naphthoic anhydride (entry 14;= 13). Because the benzo-

ylations were considerably faster, the benzoic anhydride method
was used with a number of other substrates. Temperature
optimization was not explored because a better catalyst was

discovered by varying th&-aryl group, as described below.
However, the reactions usirjat room temperature helped to
establish qualitative enantioselectivity and reactivity trends that
have proven to be general.

Rates of acylation were estimated from % conversion versus

time data by assuming pseudo-first-order kinéficand are
tabulated in Table 2 relative to the benzoylationl6f(entry
1). The relative rate numbers are approxinfdtbut they are

close enough to provide a qualitative ordering of substrate and
anhydride reactivity. Thus, the reactions using benzoic anhydride

were at least an order of magnitude faster than igw

butyroylations, an effect that was also seen with the simpler
catalystl. Increasing electron withdrawal in the substrate (entries
22—24) increased rates, while steric hindrance in the alcohol
or in the anhydride reagent resulted in considerably slower

reactions. Good enantioselectivity was observed if an aromatic

ring was attached to the hydroxyl-bearing carbon, but simple
steric differentiation of the alcohol substituents was not sufficient

for enantioselectivity, as shown in entries 25 and 26.
The Synthesis and Evaluation of Me ,Ph-PBO (36)

The phenyl group in Ph-PBO2)( was replaced by 3,5-
dimethylphenyl to evaluate acylation selectivity. The synthesis

was uneventful and followed the earlier precedent (Scheme 4),

although the diastereoselectivity in the cyclization frbiwas

somewhat improved compared to the Ph-PBO series (dr 43:1io6teqd in acylations, as summarized in Table 3.

34:35 versus 36:118:19). Deprotection o34 in the usual way
with pyrrolidine provided the new catalys6. Acylations
catalyzed by86 were somewhat faster compared to those using
2, but there was no significant advantage in enantioselectivity
in several examples at room temperature: benzoylatidt6of

s = 8.1, toluenejso-butyroylations of20, s = 14, toluene24,

s = 14, heptane; an82 (1-phenylethanol)s = 12, heptane.
The exploration of this series was terminated, and no optimiza-

Scheme 4
CH, CH,
1.ArPH, CH, CH,
—
7 Bl H + H
3.BH, H P AT H P&mBH3
BH,3 Ar
CHjy C4HgN
CH, - 34 (43 : 1) 35
H Ar= 3,5-Me,CgH3
H Py Ar C4HgN
\_- -« 37 (91:1) 38
Ar= 3,5-t-Bu,CgHj
36 Ar= 3,5-Me,CgH3
39 Ar= 3,5-t-Bu,CgHj
CHs
.\P
H
H,C CHs
R
R R
2-A R=H 2-C R=H
R 39-A R= tBu 39-C R= tBu
"‘><°"‘ H OH OH
A" "CH, Ph” “CH,CI @ES(CHZ)"
40 Ar= 2-MeOCgH, 43 B
41 Ar= 2-MeCgH, :‘; " ;

42 Ar= Mesityl

" OH OH H OH
>< HaC C=CH
= CH
PhCH,” “ci, 8
Ph
46 47 48

complex was isolated in 85% yield. The key cyclization step
was incredibly selective and gave a 91:1 ratio in favor of the
desired diastereomed7, ca. 20% overall from 2,2-dimethyl-
cyclopentanone. The ee 87 could not be measured with high
precision due to HPLC overlap of trace impurities with the
minor enantiomer, but the ee of the recrystallized precursor
sulfate17 could be assayed by conversionlt® (99.7% ee for

the batch ofl7 used for most of the work described below), so
the same ee value was assumed3@rPhosphing9 was then

It became
apparent that the new catalyst is superior to all of the PBO
derivatives described earlier, except for the case of the highly
hindered alcoholl6 where the combination of cataly&tand
benzoic anhydride gave better results (Table 2, entry 3). Aryl
alkyl carbinols that contain-alkyl or secalkyl substituents were
resolved more efficiently using89, andiso-butyric anhydride
was the best match for this catalyst. In all cases where direct
comparisons were made (see Supporting Information), the sense

tion was attempted because a superior catalyst was discoveregys anantioselection was the same. Thus, the catalyst configu-

as described in the next section.
The Synthesis and Evaluation of  t-Bu,Ph-PBO (39)

The synthesis 089 (t-Bu,Ph-PBO) was carried out by the
usual method from.7 (Scheme 4), and the corresponding borane

(20) Reference 10 shows that pseudo-first-order conditions are satisfied using

6 equiv of the anhydride, while 2.5 equiv was used in experiments for
enantioselectivity determination.
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ration shown for39 results in the preferential acylation of the
(R)-alcohol for the entries of Table 3.

Enantioselectivities were improved in heptane compared to
toluene, so the toluene conditions were used only where
necessary due to alcohol solubility. In the case of 1-phenyl-1-
pentanol 26, entries 16, 17), alcohol solubility in heptane was
sufficient to vary the concentration over a reasonable range.
This example was used to confirm thatat —40 °C is not
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Table 3. Acylation of Alcohols R'R?CHOH with (RCO),0 Using 39. At —40°C, these alcohols were resolved withn the range
Catalyst 39 of 100 or above.
anhydride X Early experiments witd1 gave an empirica = 39 at room
1 2
enty alcohol R R R solvitemp s temperature o5 = 142-145 at—40 °C, but the catalys89
% ig _Pg EE I—gu ﬂ;ﬂ 508 had been made from a batch of cyclic sulfafeknown to have
1-Pr -bu (o] . 0 . . . . .o
3 24 Ph Ph iPr  tol/RT 69 99.7% ee as described earlier. With such high selec.tlwty,.we
4 24 i-Pr  Ph i-Pr  tol/RT 18 wondered hows would be affected by the enantiomeric
5 24 i-Pr  Ph i-Pr hept/RT 20 contaminant ént39). Ismagilov’'s mathematical treatment for
6 24 i-Pr Ph i-Pr  hept~-40°C 99 (117 correctings to the value expected for the pure catalyst (100%
7 20 n-Pr  2-naphthyl Me tol/RT 9.2 . .
8 20 i-Pr  2-naphthyl Me  tol/RT 17 ee) became available as these experiments were condicted,
9 20 t-Bu  2-naphthyl Me  tollRT 12 and the calculation indicated a correctedt 180—185. To test
10 33 i-Pr Ph Me  tol/RT 18 the calculation, the catalys29 was recrystallized, and the
11 33 i-Pr  Ph Me hept/RT 22 . t ted. In thi irical ted
12 33  ipr  Ph Me  hept20°C 42 (45) experiment was repeated. In this case, an empirica (uncorreqe )
13 3% Me Ph Me  tolF40°C 11 value ofs = 188 was determined, in excellent agreement with
ig 12 !-Er EH ggg: Eept/t/—RZTO c 1192 the calculation if the recrystallized catalyst ta89.9% ee.
i-Pr ep ° R i i
16 26 iPr  Ph nBu  hept/RT 18 The gorrectlon is very sensitive to the precision of ee assay
17 26 i-Pr  Ph n-Bu  hept-40°C 55 (60} for the impure catalyst. For example, if the empirisaF 145
18 32 i-Pr Ph i-Bu  hept/RT 14 had resulted using a catalyst sample having 99.6% ee, then the
%g gg ::g EE 'fé’ EZE&’;‘TO c 3715 calculated enantioselectivity corrected to 100% catalyst ee
21 28  i-Pr  Ph CE  hept-20°C 12 increases ts = 204 versus = 185 for the assumption that the
22 25 Ph 1-naphthyl Me  tol/RT 6.0 catalyst has 99.7% ee. There is less sensitivity to catalyst ee,
%i gg !'E: i'zggmy: mg thOeIg:/LT 3;52 ) and a smaller calculated correctionsi@s the enantioselectivity
i- - yl - .
55 o5 i-Pr  1-naphthyl Me  toH40°C 99 (116} decrggses. Belovs = ca. 40, the dlfferenge _bet_vyeen the
26 40 i-Pr  2-MeOGH;s Me  hept/RT 38 empirical and the correcteslvalues becomes insignificant for
27 40 i-Pr  2-MeOGH4 Me tol/—40°C 82 (94¥ catalyst having 99.7% ee.
28 41 i-Pr  2-MeGHg4 Me hept/RT 39 (41 T ; b
59 41 iPr 2-MeGH, Me  hept-40°C 145 (185) Theo,o disubstituted substratg 2,4,6 .tnmethylphenyl methyl
30 419  i-Pr  2-MeGHa Me  hept-40°C 142 (180) carbinol @2) also proved to be interesting. The room-temper-
31 41" i-Pr  2-MeGHq Me  hept-40°C 188 ature experiments were not exceptional, and good selectivity
32 42 iPr 246-MeCeH; Me  heptRT 22 was observed in toluens & 15) as well as in heptans &
33 42 i-Pr  2,4,6-MgCeH, Me  tol/RT 15 oL T -
34 42 i-Pr  2.46-MeCiH, Me  tol—10°C 87 (100 22). Because of solubility limitations, the more promising
35 42 i-Pr  2,4,6-MeCeH, Me  tol/~=40°C 220 (328) heptane conditions could not be used at lower temperatures, so
36 420 i-Pr  2,4,6-MgCeH, Me  tol/~40°C 390 the toluene conditions were explored. This resulted in the largest

37 4 i-Pr  2,4,6-MeCsH2, Me tol/—40°C 370"

38 420 Me 24.6MeCeH, Me  tol/—40°C 112 temperature effect seen for any of the alcohol substrates, as well

as the highest enantioselectivity. Starting with catalyst believed
2 All reactions used 0.13 M substrate, 2.5 equiv of anhydride,2d  to be 99.7% enantiomerically pure, an empirical enantioselec-

with 99.7% ee unless noted. Th&®)(alcohol was the more reactive tivity s = 220 was measured. Assuming.ge= 99.7%, the

enantiomer in all of the secondary alkyl aryl carbinols, and recoveries of 1 o ’ c ’ !

alcohol and ester were routinefy90%.  Solvents tol= toluene; hept= correcte@® value for 100% ee catalyst would = 328.

heptane; RT= room temperature’. Selectivity corrected} to 99.7% ee of However, if catalyst ee is taken as a slightly lower number

catalyst (the correction becomes significars at40). ¢ Concentration 0.033 0 ; Sty
M due to solubility limitation.® 0.6 equiv of anhydride was usedCon- (99.6% ee), then the corrected enantioselectivity increases to

centration 0.05 M9 Experiment usingt1 on 7.5 mmol scale’ Recrystal- = 392. Because the effect of catalyst purity is so large, the
lized catalyst39, >99.9% ee. experiment was repeated using the same batch of recrystallized

) ) catalyst demonstrated to hawve99.9% ee in the acylation of
affected by changes in concentration (over the range from 0.03341 | two experiments, enantioselectivities were determined
to 0.2 M) or % conversion (from 36 to 51%), and consistent ;45— 370 ands = 390 at—40 °C in toluene (Table 3, entries
values qfs = 55 + 2 were obtqlne_d in severa_l experiments. 3g 37). The calculated numbers are highly sensitive to error in
The§e findings support the kinetic assumptions mentioned {ha measured ee values, but good agreemesitias possible
earlier. , because the enantiomers4# are well separated by HPLC on

As before, benzoylations were at least 10-fold faster than the 5 chiral support and can be assayed with high precision. The
iso-butyroylations, but the latter were considerably more enan- enantioselectivity with42 is the highest value known to date
tioselective. Overall, the reactivity trends for the examples of ¢, 5 nonenzymatic acyl transfer reaction.

Table 3 were similar to t.hose of Table 2. _Thus, the effect of |, view of the high enantioselectivity in theo-butyroylation
temperature on the reaction rate was relatively small, and a 60t 42 5 similar experiment was carried out using acetic
°C drop in temperature was tolerated with a rate decrease Ofanhydride. As shown in Table 3, entry 38, reasonably high
severalfold in typical examp(!es. For example, the-butyro- enantioselectivity was observes £ 112), in contrast to less
ylation of41in heptane at-40°C was 5 times slower compared  pindered alkyl aryl carbinols. For example, the acetylation of

to the room-temperature experiment (entries 28, 29). 1-phenyl-1-ethanol33, entry 13) under similar conditions was
In the most dramatic advantage for catal$9f the enantio- far less selectives(= 11).
selectivity increased substantially as the temperature Was The other entries in Table 3 show that typical aryl alkyl

lowered. Alcohols such &5, 40, 41, containing aro-substituted  4rhinols are resolved with good to excellent enantioselectivity
phenyl group, showed the largest temperature dependence on

enantioselectivity and were among the best substrates for catalyste1) Ismagilov, R. FJ. Org. Chem1998 63, 3772.

J. AM. CHEM. SOC. = VOL. 125, NO. 14, 2003 4171



ARTICLES Vedejs and Daugulis

usingt-Bu,Ph-PBO 89). Almost any alkyl group is tolerated We cannot comment in detail on the origins of enantiose-
(entries 4-19), with the best selectivity for R= i-Pr. As lectivity without knowing other important details of transition
mentioned earlier, the R t-Bu example (entries 1, 2) is unusual state geometry. In particular, a knowledge of carboxylate
because better results are obtained with Rhghenyl catalyst placement and orientation would be important. Without evidence
2. For primary or secondary alkyl group89 is the more bearing on this issue, specific proposals regarding the geometry
effective catalyst. However, cyclic aryl alkyl carbinols such as for acyl transfer would not be justified. We do know that cyclic
1-indanol @4) or 1-tetrahydronaphtho#f) are not resolveds( benzylic alcohols such ad4 and 45 are constrained to

< 1.5). Furthermore, the homoallylic alcon is not a good geometries that do not fit the preferences of the PBO catalyst

substrate for acylatiors(= 1), nor is the tertiary alcohat7 (s 39, judging from the negligible enantioselectivity in these

= 1.3). examples. High enantioselectivity requires a flexible, uncon-
One other substrate category does react with useful enanti-Strainedz-system adjacent to the hydroxyl group. This could

oselectivity. In a preliminary experiment, the allylic alcor@ be taken to imply that ar-stacking interaction is important

reacted withs = 52 at—40 °C. This topic has been discussed between the aryl rings of the substrate and the cat&tyst

in another publication from our laboratory, and kinetic resolu- several arrangements are possible where such effects could be
tions of a number of other allylic alcohols have been invoked. These geometries cannot be distinguished from the

demonstrate® These findings underscore the importance of a evidence available at this time.

double bond attached to the hydroxyl-bearing carbon for  The lactate-based enantioselective synthesis of the new PBO

enantioselection in the acyl transfer process. catalysts introduces an additional methyl substituent on the
_ _ phospholane ring compared to the original lead compadlind
Discussion Modeling studies suggest that two distinct conformation4 of

are likely (designated as conformefsand C in ref 10) and
dthat they have similar energies, but rather different environments
g Near phosphoru¥. The corresponding conformers &for 39

A new class of chiral phosphines belonging to Braryl-2-
phosphabicyclo[3.3.0]octane family (PBO) has been prepare
by enantioselective synthesis starting from methyl lactate an

2,2-dimethylcyclopentanone. In the course of the synthesis, an?'® shown infSchem(_a 425 the ;tructtﬂeﬁsor 2C, andsgﬁ
enolate alkylation method has been developed that allows or 36-C. Conformers in the-series -C or 39-C) accept the

reversal of the alkylation facial selectivity by introducing a pse“,do?quato”a' methyl substituentin the phospholaqe ring with
chelating ester substituent in the electrophile. Subsequentno significant _change in geometry along the bicyclic (PBO)
conversion to the PBO catalys& 3, and 39 relies on a f!ramework. This geometry corresponds closely to th_e conforma-
diastereoselective cyclization from the cyclic sulfates and tion of 18det_erm|ned by X-ray crystallography and |s_re_garded
LiPHAr reagents to afford the more hindereddearyl phos- as the most I|kely grounq-stqte geometry;mnd39. A similar )
phines. These phosphines have proven to be efficient catalystéDBO ggometry IS plausible in the transition state for catalytic
for the kinetic resolutions of aryl alkyl carbinols and allylic anhydr_lde actlva_tlon becal_Jse structures sucl2-8sor ?,gc
alcohol€? by benzoylation 16, 21 22) or iso-butyroylation in maintain an easily accessible unshared electron pair at phos-

the case of the less hindered aryl alkyl carbinol substrates. With phorus.

o-substituted aryl alkyl carbinols, the enantioselectivities exceed h Conformers sinlwilar tg'A or 39Ah arer:essrlliklely to seri\:el as
100, ands = 370—-390 has been measured in the case of methyl the reactive catalysts because the phospholane methyl group

mesityl carbinol. For the best substrates, the enantioselectivitiesWOUId be closer to the unshared electron pair at phosphorus.

using PBO catalysts have reached the levels usually associate(lj-'urthermore’ tpe?-zryllsubstltuer_]t 5 cIo_ser_ toM;he planef of
with enzymatic acyl transfer reactiohsSeveral other nonen- ma>;|mum unshare eectrolrll pair ensLt]y n _€5ﬁnes c:
zymatic acy! transfer kinetic resolution catalysts have recently CON'OrMers. However, a small (ca.105°) change in thé-ary

been reported that function with potentially useful enantiose- dihedral angles would be enough to.obscure t,h,'s o!n’ference
lectivity for the best substratés. between theA and C conformers, while a modification of

As discussed elsewhetéthe PBO-catalyzed acylations are phospholane twist envelope conformations would accommodate

. . S . - . the methyl substituent in a more nearly pseudoequatorial
believed to involve a tight ion pair transition state, derived from . . . :
. . . o orientation. Such geometries may be accessible and cannot be
a P-acylphosphonium carboxylate intermediate. Additional L . o
. . . . . . ruled out as participants in the acyl transfer process. More rigid
evidence consistent with this proposal is provided by a number . . . . o
. structures will need to be investigated to further clarify transition
of examples tabulated using the new catal2s® and39where
- . . . tate preferences.
the fastest reactions are observed in the least interactive solven . . . .
NP . . L A substantial effort was invested to probe the relationship
(heptane). This finding suggests that tight ion pairing in the between catalyst purity and enantioselecti¢y® The magni
acylation transition states allows the most effective participation tude of the cor):ecri)on ]?:)  the most selective re;actions ('Iqable 3
by carboxylate anion in the eventual proton transfer that must ’

occur as the alcohol is recognized, deprotonated, and acylated.entrles 29-31, 34-37) initially surprised us, but the explanation

; . . is simple enough. Samples&® having 99.7% ee contain 0.15%
However, we cannot specify the geometric details of the . . .
» o L of ent39, a contaminant that is the best match for catalytic
transition state, nor is it clear whether the reaction involves a

cyclic transition state, a conventional tetrahedral intermeéfiaté, conversion of the§)-carbinols in Table 3 (the slower reacting

or a concerted displacement of the phosphonium leaving groupSUbStra.tes for39). The .competlng pathway Tesu'“.“g frpm
. . catalysis by the contaminant lowers the enantiomeric purity of
by the alcohol oxygen acting as the nucleophile.

(25) Hunter, C. A.; Sanders, J. K. M. Am. Chem. Sod.99Q 112 5525.

(22) Williams, A.Acc. Chem. Red989 22, 387. (26) Luukas, T. O.; Girard, C.; Fenwick, D. R.; Kagan, H. B.Am. Chem.
(23) Hengge, A. C.; Hess, A. Q. Am. Chem. S0d.994 116, 11256. So0c.1999 121, 9299. Johnson, D. W.; Singleton, D. A.Am. Chem. Soc.
(24) Marlier, J. F.Acc. Chem. Reg001, 34, 283. 1999 121, 9307. Blackmond, D. GJ. Am. Chem. So@001, 123 545.

4172 J. AM. CHEM. SOC. = VOL. 125, NO. 14, 2003



An Enantioselective Phosphabicyclooctane Catalyst ARTICLES

the ester product as well as the unreacted alcohol relative tohighly selective synthetic catalysts would be at a disadvantage
the values expected for pure catalyst. The result is to lower the in the comparisons unless they are used as enantiomerically pure
uncorrected value calculated far The difference between  substances.

empirical and corrected values ®becomes especially striking Acknowledgment. This work was supported by the National
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When reactions are so selective that even the impure catalystor the data of Table 2, entry 6, and Dr. R. Ismagilov for his

affords products with an apparent valuesot 220 (entry 35),  interest in developing the mathematical treatment of kinetic
the use of purified catalyst is not so important in the practical yesolutions using impure catalyst.

context because the enantioselectivity is already good enough
for most purposes. We emphasize the correciedalues
primarily because this allows a more meaningful comparison
with the analogous enzymatic acyl transfer reactions. Presum-
ably, natural acyl transfer catalysts ha#€9.9% ee. Optimized, = JA021224F
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