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9(a) Dibal, PhMe, -78 °C; (b) Zn(allyl),, THF, 0 °C; (c)
TBDMSOTY, Et;N, CH,Cl,, 0 °C; (d) Dibal, PhMe, 0 °C; (e) Nal-
0,, EtOH, H,0.

on an intervening chelate. The oxazoline is unmasked
through reductive cleavage to a benzylamino alcohol'?
which is subsequently oxidized to aldehyde 13 through
exposure to NalQ,. Compound 13, isolated as a single
isomer in greater than 50% overall yield from 7, may serve
as a convenient precursor to subunits bearing side-chain
carboxyl (amphotericin B, streptovaricin A) and hydroxy
methylene groups (tylosin).

In summary, we have shown that 3-amino thiol ester 7
may engage in highly stereoselective aldol condensations
to afford adducts that are useful intermediates for
branched-chain polyol fragments (e.g., 2). The latent
symmetry of 7 and its readily accessible enantiomer!®
confers considerable stereochemical latitude to this ap-
proach. Further application of this strategy to the syn-
thesis of amphotericin B will be reported in due course.

Acknowledgment is made to the National Institutes
of Health (AI 188889) for their generous support of this
research.
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Phase-Managed Organic Synthesis. A New
Synthesis of Mixed Formic Anhydrides

Summary: Two new mixed formic anhydrides, cinnamic
formic anhydride and formic 4-methoxybenzoic anhydride,
can be prepared in high yield (~80%) from equimolar
mixtures of sodium formate and the appropriate acid
chloride with a solid-phase copolymer of pyridine 1-oxide
as catalyst, and they exhibit excellent selectivity as for-
mylating agents of alcohols and amines.

Sir: During a continuing investigation of the application
of multiple-phase techniques to organic synthesis, we
discovered that a solid-phase copolymer of 4-vinylpyridine
1-oxide! (P4-VP-NO) is a particularly effective catalyst for
the formation of mixed formic anhydrides, eq 1. This

RCOCI + HCOONa* —— .
CH,CH, rt

 FEREgLgNe @

2: R = 4-MeOPh
method utilizes mixtures equimolar in acid chloride and
sodium formate to obtain high isolated yields (~80%) of
the corresponding stable mixed anhydride. Anhydrous
acetonitrile proved to be a suitable solvent. Catalysis of
the reaction is believed to involve acylation of P4-VP-NO
to form the l-acyloxy derivative 3, which then acylates
formate ion to give the mixed formic anhydride as shown
in Scheme 1.2° Some results obtained with this new
synthetic method are summarized in Table I. It is es-
pecially noteworthy that the stable mixed formic anhy-
drides obtained in this manner are excellent formylating
agents, Table II.

Formylation of nucleophiles is an important synthetic
procedure accomplished by a wide variety of methods. An
effective approach available for relatively unreactive sub-
strates (e.g., alcohols, phenols) uses acetic formic anhydride
generated in situ from formic acid-acetic anhydride mix-
tures with catalysis by tertiary amines.5® Formic anhy-
dride itself is highly unstable and may be studied only at
temperatures below —40 °C.° It decomposes to formic acid
and carbon monoxide, eq 2. Several mixed formic anhy-

RCOOCOH — RCOOH + CO 2)
R = H, alkenyl, alkoxy, alkyl, aryl

drides are known which vary widely in stability.1012

(1) The solid-phase copolymer of 4-vinylpyridine 1-oxide used as a
catalyst in this study, P4-VP-NO, was prepared by oxidizing Reillex 425,
available from Reilly Tar & Chemical Corporation, Indianapolis, with
30% hydrogen peroxide in glacial acetic acid (Ochiai, E. Aromatic Amine
Oxides; Elsevier Publishing Company: Amsterdam, 1974; p 24).

(2) Smalley, R. K.; Suschitzky, H. J. Chem. Soc. 1964, 755.

(3) (a) Litvinenko, L. N.; Titskii, G. V.; Skpan’ko, I. V. Dokl. Akad.
Nauk SSSR Engl. Transl. 1973, 208, 32. (b) Savelova, V. A.; Belousva,
I. A.; Litvinenko, L. N.; Yakovets, A. A. Ibid. 1984, 274, 1393.

(4) Fife, W. K.; Boyer, B. D. Heterocycles 1984, 22, 1121.

(5) Titov, E. V.; Chotiy, C. Ju; Rybachenko, V. 1. J. Mol. Struct. 1984,
114,177,

(6) (a) Stevens, W.; van Es, A. Recl. Trav. Chim. Pays-Bas 1964, 83,
1287. (b) van Es, A.; Stevens, W. Ibid. 1965, 84, 704. (c) van Es, A,;
Stevens, W. Ibid. 1965, 84, 1247.

(7) Hofle, G.; Steglich, W.; Vorbriiggen, H. Angew. Chem., Int. Ed.
Engl. 1978, 17, 569.

(8) Scriven, E. F. V. Chem. Soc. Rev. 1983, 12, 129,

(9) Olah, G. A,; Vankar, Y. D.; Arvanaghi, M.; Sommer, J. Angew.
Chem., Int. Ed. Engl. 1979, 18, 614.

(10) (a) Schijf, R.; Scheeren, J. W.; van Es, A,; Stevens, W. Recl. Trav.
Chim. Pays-Bas 1965, 84, 594. (b) Schijf, R.; Stevens, W. Ibid. 1966, 85,
627.

(11) Muramatsu, L.; Murakami, M.; Yoneda, Y.; Hagatani, A. Bull.
Chem. Soc. Jpn. 1965, 38, 244.

(12) Vlietstra, E. J.; Zwikker, J. W.; Nolte, R. J. M.; Drenth, W. Recl.:
J. R. Neth. Chem. Soc. 1982, 101, 460.
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Table I. Synthesis of Mixed Formic Anhydrides®

anhydrides®
- lit. ref
mole ratio mixed
_reactants = y54q) RCOO-  RCOO-  anhy-
RCOCI yield (%) COH COR drides
Catalysis by P4-VP-NO*
R = Me 7.2 0.00 1.00 15
Me,C 47.9 0.83 0.17 12
Ph 60.4 0.85 0.15 19, 20
4-MeOPh 88.9 0.97 0.03 this work
PhCH=CH 88.7 0.94 0.06 this work
PhCH=CH? 54.9 0.87 0.13
PhCH=CH® 71.6 0.96 0.04
Catalysis by P4-VP¢
PhCH=CH 67.5 0.80 0.20
PhCH=CH* 56.3 0.92 0.08
No Catalyst
PhCH=CH?* 44,1 1.00 0.00

@ Reaction mixtures contained 5 mmol of acid chloride, 1.0 equiv
of dried and powdered sodium formate, 0.20 g of P4-VP-NO or
P4-VP (Reillex 425), and 20 mL of anhydrous acetonitrile, and
they were stirred vigorously with Teflon-coated stir bars for 1.5 h
at room temperature unless otherwise noted. Products were iso-
lated after filtering reaction mixtures, diluting (2.5X) filtrates with
dichloromethane, washing with 5% aqueous sodium bicarbonate,
drying over anhydrous magnesium sulfate, and rotary evaporation.
bIdentity of known products was established by comparison of IR
and 'H NMR spectral data with published values. New anhy-
drides gave mass spectra with appropriate molecular ions (ref 17
and 18). Composition of product mixtures was estimated by inte-
gration of "H NMR spectra of isolated materials. °Reference 1.
4Reaction mixture contained 5 mmol of acid chloride, 1.1 equiv of
formic acid, 1.5 equiv of P4-VP-NO or P4-VP, and 20 mL of di-
chloromethane and it was stirred for 1 h at 0 °C. The product
mixture obtained with P4-VP-NO catalysis included 12.4% un-
reacted cinnamoyl chloride; with P4-VP catalysis the reaction was
complete. ©The reactions were run at 0 °C for 60 min. The prod-
uct mixture of the uncatalyzed reaction contained 52.1% unreact-
ed cinnamoyl chloride and 1.9% cinnamic acid. The product mix-
ture with catalysis by P4-VP-NO contained 20.7% cinnamoyl
chloride and 4.7% cinnamic acid.

Among this group of potential formylating agents, only
acetic formic anhydride has been used extensively.!315
However, Zwikker and co-workers!? found formic tri-

methylacetic anhydride to be a more selective N- -

formylating agent. The three a-methyl groups reduced the
reactivity of the trimethylacetyl carbonyl substantially.

We like others have found mixed formic anhydrides to
be prone to disproportionation and/or decomposition in
the presence of carboxylic acids, salts, and the tertiary
amines commonly used as transacylation catalysts.®
Therefore, we were pleasantly surprised to find that the
polymeric pyridine 1-oxide, P4-VP-NO, catalyzes forma-
tion of some mixed formic anhydrides from sodium for-
mate and an acid chloride at rates much faster than sub-
sequent disproportionation and other degradative path-
ways. The reaction is also sensitive to reactant/catalyst

(13) (a) Hurd, C. D.; Roe, A. S. J. Am. Chem. Soc. 1939, 61, 3355. (b)
Hurd, C. D.; Drake, S. S.; Fancher, O. Ibid. 1946, 68, 789.

(14) Stevens, W.; van Es, A. Recl. Trav. Chim. Pays-Bas 1964, 83, 863.

(15) Krimen, L. L. Organic Syntheses; Wiley: New York, 1970; Vol.
50, pp 1-3.
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Table II. Representative Formylation Experiments®

reactn formamide/ formate
RCOOCOH, R = base/cata- time ester
nucleophile lyst (min)  yield (%) lit. ref
PhCH=CH 60 96.0 22, 23
PhNH,
PhCH,NHMe 30 98.8 26
H,NCH(CH,Ph)- aq K,CO;¢ 30 96.3 24
COOMe-HCl
4-MeOPh 30 96.7 22, 25
PhCH,NH,
PhCH,NHMe 30 99.7 26
PhNH, 60 99.0 22, 23
PhNHMe 60 91.2 22, 25
H,NCH(CH,Ph)- agq K,CO4° 30 96.5 24
COOMe-HC1
PhCH,0H 120 87.5 22, 25
NaHCO,¢ 120 78.0
cyclohexanol 180 80.7 6b, 22
2,6-lutidine® 180 80.7
1-methylcyclo- 240 81.8/  this work
hexanol
2,6-lutidine® 900 78.7f

¢ Reactions were carried out at room temperature with well-stir-
red mixtures of 5 mmol of mixed formic anhydride and 1.0 equiv of
nucleophile in 10 mL of dichloromethane unless otherwise noted.
®The yields are based on isolated products which had melting
points and/or IR and NMR spectra identical with those reported
in the literature. °A solution of 1.0 equiv of potassium carbonate
in 10 mL of water and vigorous stirring was used in reactions with
amine hydrochloride. ¢Powdered sodium bicarbonate (1.0 equiv)
was used as base/catalyst with anhydrous acetonitrile as solvent in
this reaction. °The base/catalyst in this reaction was 0.01 equiv of
2,6-lutidine. /bp 40 °C/1.5 torr; IR (neat) vcq 1720 cm™; 'H NMR
(CDCly) 6 8.13 (s, 1 H (COH)), 1.3-2.4 (m, 13 H (C¢H,(Me)); MS,
m/z 142 (M), 96 (base).

ratio. Product yields optimized at a reactant to catalyst
molar ratio of 10, presumably a consequence of maximizing
anhydride formation vs. disproportionation/decomposi-
tion. Product formation is accelerated approximately
twofold by 0.10 equiv of P4-VP-NO at 0 °C, Table I. The
related 4-vinylpyridine polymer (P4-VP) was not an ef-
fective catalyst. In its presence, the rate of mixed anhy-
dride formation remained at the level of the uncatalyzed
reaction, Table I. Pyridine 1-oxide itself catalyzes the
reaction but the mixed formic anhydride so produced is
quite unstable in the presence of trace amounts of N-oxide.

Attempts to convert mixtures of formic acid and acid
chlorides to mixed formic anhydrides in the presence of
either P4-VP-NO or P4-VP were only moderately suc-
cessful.'® Catalysis by P4-VP-NO and P4-VP at 0 °C for
1 h gave cinnamic formic anhydride in 48% and 52% yield,
respectively, Table I.

Two of the newly synthesized anhydrides, cinnamic
formic anhydride,!” 1, and formic 4-methoxybenzoic an-
hydride,'® 2, are thermally stable solids. Treatment of
alcohols and amines with 1 and 2 leads exclusively to the
formylated product in essentially quantitative yield in
reactions with primary and secondary amines. Product
yields are also high with the less nucleophilic alcohols.

(16) Mixtures of a wide variety of carboxylic acids and acid chlorides
are converted rapidly to the corresponding anhydrides in very high yield
(>80%) by P4-VP. Fife, W. K.; Zhang, Z.-d. Phase Managed Organic
Synthesis 2, 1986, submitted for publication.

(17) 1, white solid, 96.3 mol % by NMR, mp 36-38 °C; IR (neat) vcq
1775, 1740 cm™}; '"H NMR (CDCl,) § 9.23 (s, 1 H (COH)), 7.90 (d, 1 H,
J = 16 Hz (=CHCQ)), 6.40 (d, 1 H (CH=)), 7.48 (s, 5 H (Ph)); MS, m/z
176 (M), 131 (base).

(18) 2, white solid, 97.0 mol % by NMR, mp 66.5-67.5 °C; IR (neat)
veo 1770, 1755, 1745, 1730 em™!; 'H NMR (CDCl,) 8 9.37 (s, 1 H (COH)),
8.13 (d, 2 H, J = 8 Hz (Ph-2,6)), 7.03 (d, 2 H (Ph-3.5)), 3.91 (5, 3 H
(OCHy)); MS, m/z 180 (M), 135 (base).
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Significantly, the tertiary alcohol, 1-methylcyclohexanol,
is readily formylated by these mixed formic anhydrides
(Table II). These results are consistent with earlier ex-
periments which indicate high selectivity of nucleophiles
for the formyl carbonyl in mixed formic anhydrides, es-
pecially those with the second carbonyl deactivated via
steric and/or electronic factors. Formate ester synthesis
is extremely sensitive to the presence of acids and bases.5!®
We find that formylation of both amines and alcohols
occurs most cleanly in the absence of any catalyst (Table
10).

A detailed investigation of the synthesis and synthetic
applications of mixed formic anhydrides is underway in
our laboratory. A full report of the work will be made
available when it is completed.
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Spiro Asymmetric Induction. Synthesis of Optically
Pure a-Hydroxy Acid Derivatives by Alkylation of a
Chiral Glycolate Enolate

Summary: The enolates of spiro-fused dioxolanones 4A
and 4B serve as chiral glycolate enolate equivalents, pro-
viding either enantiomer of the a-substituted a-hydroxy
esters 13 upon alkylation and hydrolysis.

Sir: Optically pure hydroxy acids are not only important
biological substances but are valuable starting materials
for the asymmetric synthesis of natural products.? In
conjunction with another synthetic project, we required
optically pure a-hydroxy acids of considerable complexity.
In this paper, we report a route to such compounds based
on the alkylation of chiral glycolate enolates.®? Either

(1) Recipient of a Dreyfus Foundation Grant for Newly Appointed
Faculty in Chemistry, 1984-1989.

(2) Scott, J. W. In Asymmetric Synthesis; Morrison, J. D., Scott, J.
W., Eds.; Academic Press: New York, 1984; Vol. 4, Chapter 1. Seebach,
D., In Modern Synthetic Methods; Scheffold, R., Ed.; Otto Salle Verlag:
Frankfurt, 1980.
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Figure 1. Structure and numbering scheme for 11C.

enantiomer of several a-hydroxy esters are produced in
100% optically pure form using a recyclable chiral auxil-
liary.

A survey of the literature revealed that chiral glycolic
acid enolates are known*!7 and rely on attachment of a
chiral auxilliary to either the hydroxyl or carboxyl group,
resulting in variable degrees of asymmetric induction. We
reasoned that rigid attachment of the chiral auxilliary to
both functional groups would result in a more defined
steric environment. To this end, we have examined the
enolate chemistry of 1,3-dioxolan-4-ones 1 derived from
glycolic acid by spiro fusion to a chiral cyclohexanone.
Alkylation followed by hydrolysis should afford hydroxy
acid 2 accompanied by recovered chiral auxilliary (eq 1).

HO,
HO « R

e m[& T“C’I

\

It should be noted that Seebach® and Frater® have reported
the alkylation of chiral dioxolanones derived from «-
branched optically active a-hydroxy acids and pivaldehyde,
providing «,a-disubstituted a-hydroxy acid derivatives
(“self-reproduction of chirality”). However, this method
is conceptually different from that presented herein, since
the chiral starting material is fully incorporated into the
products.

The requisite dioxolanones were prepared from men-
thone” and 8-phenylmenthone® with trimethylsilyl ((tri-

(3) For good leading references concerning other methods for the
asymmetric synthesis of a-hydroxy acids, see: (a) Kelly, T. R.; Arvanitis,
A. Tetrahedron Lett. 1984, 25, 39. (b) Gamboni, R.; Mohr, P.; Waespe-
Sarcevic, N.; Tamm, C. Tetrahedron Lett. 1985, 26, 203. (c¢) Oppolzer,
W.; Dudfield, P. Helv. Chim. Acta 1985, 68, 216. See also the following
papers and work cited therein: (d) Meyers, A. 1; Knaus, G.; Kendall, P,
M. Tetrahedron Lett. 1974, 3495. (e) Elliott, J. D.; Choi, V. M. F,;
Johnson, W. S. J. Org. Chem. 1983, 48, 2294. (f) Mukaiyama, T.; Tom-
imori, K.; Oriyama, T. Chem. Lett. 1985, 813. (g) Soai, K.; Hasegawa, H.
J. Chem. Soc., Perkin Trans. 1 1985, 769. (h) Evans, D. A.; Morrissey,
M. M.; Dorow, R. L. J. Am. Chem. Soc. 1985, 107, 4346. (i) Solladie-
Cavallo, A.; Suffert, J. Tetrahedron Lett. 1985, 26, 429. (j) Davis, F. A.;
Vishwakarma, L. C, Ibid. 1985, 26, 3539. (k) Frye, S. V.; Eliel, E. L. Ibid.
1985, 26, 3907. (1) Boireau, G.; Korenova, A.; Deberly, A.; Abenhaim, D.
Ibid. 1985, 26, 4181.

(4) (a) Helmchen, G.; Wierzchowski, R. Angew. Chem., Int. Ed. Engl.
1984, 23, 60. (b) Enomoto, M.; Ito, Y.; Katsuki, T.; Yamaguchi, M
Tetrahedron Lett. 1985, 26, 1343. (c) d’Angelo, J.; Pages, O.; Maddaluno,
J.; Dumas, F.; Revial, G. Tetrahedron Lett. 1983, 24, 5869. Achiral
glycolate enolates: (d) Stork, G.; Schultz, A. J. Am. Chem. Soc. 1971, 93,
4074. (e) Takai, K.; Heathecock, C. H. J. Org. Chem. 1985, 50, 3247. (f)
Touzin, A. M. Tetrahedron Lett. 1975, 1477. (g) Jung, M.; Miller, M. J.
Tetrahedron Lett. 1985, 26, 977.

(5) Seebach, D.; Naef, R. Helv. Chim. Acta 1981, 64, 2704. This con-
cept has now been extended to the synthesis of singly branched o-hydroxy
acids: D. Seebach, private communication.

(6) Frater, G.; Muller, U.; Gunther, W. Tetrahedron Lett. 1981, 22,
4221.

(7) Brown, H. C.; Carg, C. P. J. Am. Chem. Soc. 1961, 83, 2952.
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