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Kinetic Resolution in the Asymmetric Hydroxylation of Enolates. 
Stereospecific Synthesis of (2S,3R)-(-)-Verrucarinolactone 
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Asymmetric hydroxylation of racemic 3-methylvalerolactone (1) with substoichiometric amounts of the 
(-)-(camphorylsulfonyl)oxaziridine 3a affords ( 2 s , 3 R ) - ( - ) - v e n o ~ ~ n e  (2a) in 60% ee, which on crystallization 
is obtained enantiomerically pure. This result not only represents a highly efficient stereospecific synthesis of 
an important lactone, but also demonstrates the application of kinetic resolution and asymmetric hydroxylation 
in the synthesis of enantiomerically enriched a-hydroxy carbonyl compounds having multiple stereocenters. 

The a-hydroxy carbonyl moiety is commonly featured 
in many bioactive compounds including sugars, phero- 
mones, antibiotics, terpenes, and alkaloids. Because bio- 
logical activity is often dependent on the orientation of the 
hydroxy group attached to the stereogenic carbon, much 
effort has been focused on the development of efficient 
methods for the asymmetric synthesis of this structural 
array. Our recent studies have demonstrated the appli- 
cation of the asymmetric enolate hydroxylation protocol 
using the (camphorylsulfony1)oxaziridine derivatives 3 for 
the synthesis of enantiomerically enriched a-hydroxy 
carbonyl compounds.' High enantioselectivities (>95%) 
were realized for the hydroxylation of a c ~ c l i c ~ ~ ~  and cyclic 
ketone enolates with these  reagent^.^-^-' The ee's were 
dependent not only on the structure of the oxaziridine and 
enolate, but the reaction conditions as well. As part of our 
continuing efforts to understand and improve the effi- 
ciency of this protocol we describe a simple stereospecific 
synthesis of (2S,3R)-(-)- and (W2,3S)-(+)-verrucarino- 
lactone (2a and 2c) employing kinetic resolution and the 
asymmetric enolate hydroxylation protocol. 
(2S,3R)-(-)-Verrucarinolactone (2a) [(2S,3R)-(-)-2- 

hydroxy-3-methylpentanolide] is a structural unit common 
to the macrocyclic portion of the roridins and verrucarins? 
These compounds are members of the macrocyclic tri- 
chothecane esters, a class of naturally occurring toxins 
which exhibit a range of significant biological activity in- 
cluding antibiotic, antifungal, and antitumor activity. 
Several multistep stereoselective syntheses of (2S,3R)- 
(-)-2a or its acyclic analogue have been described9 that 
employ methods which include resolution,10 Sharpless 
epoxidation," and asymmetric hydroboration.llb 
MoOPH-mediated hydroxylation of the lithium enolate 
of (3R) -5- (( tert-butyldimethylsilyl)oxy)-3-methyl- 
pentanoate, the protected acyclic analogue of (+)-1, gave 

(1) For reviews on the asymmetric hydroxylation of enolates using 
N-sulfonyloxaziridines, see: Davis, F. A.; Sheppard, A. C. Tetrahedron 
1989,45, 5703. Davis, F. A.; Chen, B.-C. Chem. Reu. In press. 
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Chem. SOC. 1990,112,9879. 
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(7) Davis, F. A.; Chen, B. C. Tetrahedron Lett. 1990, 31, 6823. 
(8) Reviews: Ta", Ch. Fortschr. Chem. Org. Naturst. 1974,31,63. 

Ta", Ch. In Mycotoxins in Human and Animal Health; Rodricks, J. 
V., Hesseltine, C. V., Mehlman, M. A., Eds.; Pathatox Publishers: Park 
Forst South, IL 1977; p 209. 

(9) For a review, see: Tamm, Ch. Pure Appl. Chem. 1986,58, 773. 
(10) Trc-at, B. M.; McDougal, P. G. Tetrahedron Lett. 1982,23,5497. 
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Scheme I 

(+)-3 (-)-3 

a) X-H, b) X-CI. c) X=OMe 

a 2 1  mixture of hydroxy lactones favoring the desired 2 s  
epimer 2a.'lb By using a camphor-derived chiral auxiliary 
this ratio was improved to 991.12 

Our synthesis of (2S,3R)-(-)-2a is outlined in Scheme 
I and involves the asymmetric hydroxylation of racemic 
3-methylvalerolactone (l), available on a multigram scale 
via the copper chromite oxidation of 3-methyl-1,bpenta- 
nediol13 with 3. In principle four products can result on 
hydroxylation of the enolate of (*)-l: trans diastereoiso- 
mers 2a and 2c and cis diastereoisomers 2b and 2d. 
Unequal amounts of 2a-d will result if substoichiometric 
amounts of the oxidant 3 are used. The enantiomeric 
purity of compounds 2a-d will be dependent upon ste- 
reoselectivity for formation of the cis and trans diastere- 
oisomers and the discrimination of the chiral oxidant for 
one enantiomer of the racemate, i.e. kinetic res01ution.l~ 

Typically the enolate of (&)-I was generated at  -78 "C 
by treatment with 1.2 equiv of the appropriate base in the 
presence of 2.5 equiv of Nflfl',N'-tetramethylethylene- 
diamine (TMEDA) followed by addition of the oxaziridine 
3. To facilitate isolation of the products, due to similar 
R, values with the camphorsulfonimine byproduct, 1.2 
equiv of chlorodimethylphenylsilane (PDMSC1) was added 

(12) Gamboni, R.; Ta", Ch. Tetrahedron Lett. 1986,27, 3999. 
(13) Longley, R. I.; Emerson, W. S.; Cairns, T. L.; Gilbert, W. W. 

Organic Syntheses; Wiley: New York, 1963; Collect. Vol. IV, p 677. 
(14) For excellent discussions of kinetic resolution, see: El-Babe, S.; 

Poulin, J.-C.; Kagan, H. B. Tetrahedron 1984,40, 4275. Kagan, H. B.; 
Fiaud, J. C. Top. Stereochem. 1988, 18, 249. 
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Table I. Asymmetric Hydroxylation of (+)-3-Methylvalerolactone ( I )  in the Presence of TMEDA 
verrucarinolactone (2Sa3R)-2a . . .  

entry oxaziridine 3 [equiv] base % isolated yield" % de % eeb 
1 (-)-3a (X = H) 11.01 LDA' 10 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

(-)-3a ix = HI ii.oj 
(-)-3a (X = H) fO.51 
(-)-3a (X = H) [0.5] 
(-)-3a (X = H) [0.5] 
(-)-3a (X = H) [0.51 
(-)-3a (X = H) [0.51 
(+)-3a (X = H) 10.51 
(-)-3b (X C1) [LO] 
(-)-3b (X = C1) [0.51 
(-)-3b (X = C1) [03] 
(-)-3c (X = OMe) [1.0] 
(-)-3c (X = OMe) W.51 
(-)-3c (X = OMe) i0.51 

LDA 
LDA 
LDA/BF3*OEhd 
LDA/LiCld 
LICA' 
NaHMDS 
LDA 
LDA 
LDA 
NaHMDS 
LDA 
LDA 
NaHMDS 

60 
54 
41 
46 
58 
25 
531 
54 
45 
21 
45 
32 
no reaction 

90 
>95 
>95 
>95 
>95 
>95 
>95 

90 
>95 
>95 

90 
>95 

56 
46 
56 
60 
39 
55 

37 
50 

31 

Based on the equalvances of oxaziridine. Determined on the Mosher ester. In the absence of TMEDA. 1.0 equiv of BF,.OEt, or LiCl 
added. e Lithium isopropylcyclohexylamide. f (2R,3S)-2c obtained. 

to the reaction mixture prior to workup. The silylated 
alcohols were isolated by flash chromatography, hydrolyzed 
by treatment with Amberlyst 15 ion exchange resin, and 
purified by flash chromatography. The cis/trans ratios 
were determined by 'H NMR and the ee's by conversion 
to the Mosher esters. These results are summarized in 
Table I. 

Despite the small size of the methyl group in 1, hy- 
droxylation with 3 affords much better cis/trans diaster- 
eoselectivity than that reported previously for MoOPH, 
i.e. >90 vs 33%, respectively (entries 2, 9, and 12). With 
substoichiometric amounts of 3 the cis diastereoisomers, 
2b and 2d, were not detectable. This is consistent with 
earlier results establishing that the bulky oxaziridine ox- 
idant preferentially attacks enolates from the sterically 
least hindered face.' 

The enantioselectivity reached a maximum of 56430% 
ee for the lithium enolate of 1 with the (-)-(camphoryl- 
sulfony1)oxaziridine 3a (entries 3 and 6). Addition of ad- 
ditives such as BF,*OEt, or LiCl had relatively little effect 
on the ee's but did result in lower yields (entries 4 and 5). 
Reduced ee's were observed for the dichloro- and di- 
methoxy-oxaziridines (-)-3b and (-)-3c (entries 9-14). 
While the stereoselectivities were only modest, two crys- 
tallizations from diethyl ether afforded (2S,3R)-(-)-ver- 
rucarinolactone (2a) enantiomerically pure in about 30% 
overall yield from 1. Similar results were observed for the 
synthesis of unnatural isomer (2R,3S)-2c using oxaziridine 
(+)-3a (entry 8). In terms of yields and simplicity our 
results are better than previous syntheses of 2a and/or ita 
acyclic analogue.+l2 

The molecular recognition for the asymmetric hy- 
droxylation of enolates by the (camphorylsulfony1)oxa- 
ziridine derivatives 3 has generally been interpreted in 
terms of steric factors. However, recent  experimental'^*' 
and the~retical'~ studies suggest the possibility that metal 
chelation between enolate and oxaziridine may also have 
a role in determining the stereoselectivity. Indeed, tran- 
sition-state structures were calculated in which the metal 
of the enolate was not only coordinated to the enolate 
oxygen but to the oxaziridine oxygen and nitrogen atoms 
as well.15 Since the ee's were only 60%, both transition- 
state structure TS-1 and TS-2 contributed to the stereo- 
selectivity with TS-1 lower in energy favoring (2S,3R)-2aq 
In TS-1 the geometry is such that there are fewer non- 
bonded interactions and chelation of the metal enolate 

with the oxygen and nitrogen atoms of the oxaziridine is 
more favorable than in TS-2. 

TS1 TS2 

(2S,3R)-2a (2R,35)-2C 

In summary, a simple enantioselective synthesis of 
(2S,3R)-(-)-verrucarinolactone (2a) using the asymmetric 
enolate hydroxylation protocol and kinetic resolution is 
described. Although inherently inefficient, kinetic reso- 
lution has merit if the rate differences for conversion of 
the enantiomers in the racemate are very different and/or, 
as in this example, the target is otherwise difficult to 
prepare. 

Experimental Section 
Details concerning the recording of spectra, the analytical 

instruments used, the determination of melting points and ele- 
mental analysis have been previously described.2 Capillary GLC 
was performed using a Supelcoport SPB-35 (30 m X 0.75 mm) 
borosilicate glass column. Glassware, syringes, needles, etc. were 
oven-dried overnight and cooled in a vacuum desiccator. Oxa- 
ziridines 3a,16 3b,3 and 3cs were prepared as previously described 
or purchased from Aldrich. 
(2S,3R)-(-)-Verrucarinolactone (2a). A 100-mL two-necked 

flask fitted with a three-way stopcock, rubber septum, and a 
magnetic stirring bar was evacuated and filled with dry argon. 
The flask was cooled to 0 "C, 0.84 mL (6 mmol) of diisopropyl- 
amine in 10 mL of THF was introduced followed by addition of 
2.2 mL (5.5 mmol) of 2.5 M n-butyllithium in hexanes, and the 
solution was stirred for 30 min. The LDA solution was cooled 
to -78 "C, and 1.9 mL (12.5 "01) of TMEDA was added followed 
by 0.57 g (5.0 "01) of 3-methyl~alerolactone'~ in 10 mL of THF. 
After the mixture was stirred for 30 min at this temperature, 0.5 
or 0.25 mmol of the appropriate (camphorsulfony1)oxairidine 
derivative 3 in 10 mL of THF was added. Stirring was continued 
for 4 h at -78 "C, at which time 0.94 g (5.5 mmol) of chlorodi- 
methylphenyls ie  was added. The reaction mixture was warmed 
to room temperature, stirred for 12 h, and diluted with 100 mL 

(15) Bach, R. D.; Andre's, J. L.; Davis, F. A. J. Org. Chem. 1991,56, 
613. 

(16) Towson, J. C.; Weismiller, M. C.; Lal, G. S.; Sheppard, A. C.; 
Davis, F. A. Org. Synth. 1990,69, 158. 



J. Org. Chem. 1992,57,3339-3342 3339 

of ether, and the precipitated imine was removed by passage 
through a pad of 20 g of silica gel in a sintered-glass funnel. The 
filtrate was stirred with 1.0 g of Amberlyst 15 ion-exchange resin 
for 30 min and filtered and the solvent removed under vacuum. 
Flash chromatography (silica gel G) of the residue eluting with 
1:1 ethyl acetateln-hexane (1:l) gave 0.19 g (58% based on the 
amount of 3) of (2S,3R)-2a: mp 99-100 "C (lit."' mp 103 "C); 

Two crystallizations from ethyl ether improved the ee to >95%: 
-10.03" (c 2.6, CHC13). Spectroscopic properties were 

identical with reported values. 
(2R,3S)-(+)-Verrucarinolactone (2c). This material was 

prepared in a similar manner from oxaziridine (+)-3a to give 0.15 

Addition of BF,.OEt, or LiCl. Enolate oxidations were 
carried out as described above except that 1.0 equiv of BF3.0Et, 

[ ( u ] 2 3 ~  -6.24" (C 4.0, CHCl3) [lit."' [ a ] 2 3 ~  -10.7' (C 1.0, CHClJ]. 

g (55%) Of 2C: mp 98-99 "c; [.]23~ = +6.07" (C 2.6, CHC13). 

or LiCl was added to the preformed enolate of (*)-1 a t  -78 "C 
prior to addition of the oxaziridine. 

Determination of the Enantiomeric Purity of 2a and 2c. 
The enantiomeric purity was determined by integration of the 
OMe group of the Mosher ester of 2. The Mosher ester was 
prepared by stirring 26 mg (0.2 "01) of 2 with 70.2 mg (0.3 "01) 
of (R)-(+)-a-methoxy-ar-(trifluoromethyl)phenylacetic acid, 82.5 
mg (0.4 mmol) of 1,3-dicyclohexylcarbodiimide, and 10 mg (0.08 
mmol) of 4-(dimethy1amino)pyridine in 3 mL of dry dichloro- 
methane for 2 days. The product was purified by preparative 
chromatography eluting with 1:l ethyl acetateln-hexane. 
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Direct hydroperfluoroalkylation of electron-deficient alkenes-ethyl acrylates 4, 7, and 8, acrylonitrile (5), 
and methyl vinyl ketone (6)--with periluoroalkyl halides &X (1, X = I; 2, X = Br) in the presence of cobaloxime(III) 
(3) and zinc gives 1:l hydroperiluoroalkylation adducts in good yields. This reaction provides a convenient synthesis 
of 8-(perfluoroalky1)carboxylic esters 9,12, and 13, nitriles 10, and ketones 11. Details of the reaction including 
effect of solvent, temperature, and ratio of reagents were examined. The reaction is proposed to proceed via 
a radical mechanism initiated by low-valent cobalt. 

Numerous reports have been focused on introduction 
of per(po1y)fluoroalkyl groups into organic molecules via 
either radical or carbanion route by reduction, photolysis, 
or thermolysis of perfluoroalkyl halides or under catalysis 
of transition-metal complexes.' C-C multiple bonds are 
used extensively as acceptors for this purpose. However, 
the addition of perfluoroalkyl radical Rf' to alkenes con- 
nected with a electron-withdrawing group like acrylates 
is inefficient by routine heat? light? and electrochemical 
methods4 because (a) the electrophilic R i6  has to attack 
the electron-deficient C-C multiple bonds, (b) the reaction 
can not be controlled to a 1:l addition stage, and (c) certain 
substrates are not stable enough under such reaction 
conditions. Therefore, searching for more efficient syn- 
thetic methods has been the subject of much interest. 
Radical reactions of perfluoroalkanesulfonyl halides (iod- 
ide: bromide,' and chloride*) with acrylates initiated by 

(1) See references cited in: (a) Yoshida, M.; Kamigata, N.; Sawada, 
H.; Nakayama, M. J. Fluorine Chem. 1990,49,1. (b) Andrieux, C. P.; 
Gelis. L.: Medebielle, M.; Pinson, J.; Saveant, J.-M. J. Am. Chem. SOC. 
1990,112,3509. 

(2! (a) Bellus, D. Pure Appl. Chem. 1985,57,1872. (b) Elsheimer, S.; 
Dolbler, W. R., Jr.; Murla, M. J. Org. Chem. 1984, 49, 205. 

(3) Maki, Y.; Inukai, K. J. Synth. Org. Chem. Jpn. 1976, 34, 722. 
(4) (a) Brookes, C. J.; Coe, P. L.; Owen, D. M. Pedler, A. E.; Tatlow, 

J. C. J. Chem. SOC., Chem. Common. 1974,323. (b) Brookes, C. J.; Coe, 
P. L.; Pedler, A. E.; Tatlow, J. C. J. Chem. Soc., Perkin Trans. 1 1978, 
202. (c) Muller. N. J. Ora. Chem. 1986.51.263. (d) Unevama, K.; Nanbu, 
H. J. Org. Chem. 1988,%3, 4598. 

Huang, W.-Y.; Hu, L.-Q. J. Fluorine Chem. 1989,44, 25. 

(5) Roger, A. New J. Chem. 1989, 13, 543. 
(6) (a) Huang, W.-Y.; Hu, L.-Q. Acta Chim. Sin. 1988,46,1148. (b) 
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thermal, peroxide, or Ru(I1)-complex catalysts were re- 
ported, but the procedures were rather tedious. Thus, an 
alternative route to the synthesis of 8-(perfluoroalky1)- 
carboxylic ester has been just a ~ p e a r e d . ~  

We have reported that a bimetal redox couple, cobal- 
oxime(III)/Zn, promoted hydroperfluoroalkylation of 
acrylate 4 in a preliminary paper.1° Here a full account 
of this reaction system, its further application to hydro- 
perfluoroalkylation of other electron-deficient alkenes, and 
a possible mechanism are described. 

Results and Discussion 
The cobaloxime(II1) 3, a well-studied model compound 

of coenzyme vitamin B1;l can be reduced electrochemically 
or chemically to low-valent cobalt species,12 which exhibit 
powerful nucleophilic reactivity in the carbon-carbon bond 
formation via several pathways ranging from SN2 to sin- 
gle-electron transfer  mechanism^.'^ We hypothesize that 

(7) Zhang, Y.-F.; Lu, L.; Huang, W.-Y. Acta Chim. Sin. (Engl. Ed.) 

(8) Kamigata, N.; Fukushima, T.; Terakawa, Y.; Yoshida, M.; Sawada, 

(9) Urata, H.; Kinoshita, Y.; Asanuma, T.; Kosukegawa, 0.; Fuchikami, 

(10) Hu, C.-M. Qiu, Y.-L. Tetrahedron Lett. 1991, 32, 4001. 
(11) Schrauzer, G. N. Inorg. Synth. 1968, 11, 61. 
(12) Scheffold, R.; Rytz, G.; Waider, L. Vitamin BI2 and Related 

Co-complexes as Catalyst in Organic Synthesis; Scheffold, R., Ed.; 
Modern Synthetic Methods Series; Otto Salle Verlag: Frankfurt am 
Main/Verlag Sanerlander, Aarau, 1983; Vol. 3, p 355. 

1989, 376. 

H. J. Chem. SOC., Perkin Trans. 1 1991,627. 

T. J. Org. Chem. 1991,56,4996. 
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