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Abstract: The diastereoselectivity of the Griesbaum co-
ozonolysis reaction with O-methyl 2-adamantanone oxime
and 4-substituted cyclohexanones reveals that the major
tetrasubstituted ozonide isomers possess cis configurations,
suggesting a preferred axial attack of the carbonyl oxide on
the cyclohexanone dipolarophiles. It is evident that these
tetrasubstituted ozonides are quite stable to triphenylphos-
phine, borohydrides, hydrazine, alkyllithiums, Grignard
reagents, mercaptides, and aqueous KOH as illustrated by
the synthesis of amine, alcohol, acid, ester, ether, sulfide,
sulfone, and heterocycle-functionalized ozonides by a wide
range of post-ozonolysis transformations.

Griesbaum Coozonolysis. In 1995, Griesbaum et al.*
reported a new type of cross-ozonolysis reaction (Scheme
1) in which an O-alkyl ketone oxime was ozonized in the
presence of added carbonyl compounds such as acyl
cyanides and activated esters to give cross-ozonides.
Subsequently, they? found that this novel method could
be efficiently applied to a number of unactivated ketones
as exemplified by acetone or cyclohexanone. This pro-
vided for the first time a widely applicable synthesis of
both symmetrical and unsymmetrical tetrasubstituted
ozonides that are otherwise generally inaccessible by
ozonolysis of a parent alkene® or cross-ozonolysis of an
alkene* or enol ether® in the presence of carbonyl
compounds in solution. Another useful feature of the
Griesbaum coozonolysis reaction is that it obviates the
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SCHEME 1. Griesbaum Coozonolysis
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TABLE 1. Griesbaum Coozonolysis Diastereoselectivity

OCH; 03 0-0
G A
(o)
1 2

cis + trans
3 +4

group R cis (3):trans (4)

| C(CHa3)s 3a:4a >20:1
CgHs 3b:4b >20:1
p-CsH4OAC 3ci4c >20:1
phthalimido 3d:4d >20:1

1 CH,0Ac 3e:4e4.7:1
CH,COOEt 3f4f 451
CH2S0,CsHs 30:4g 4.9:1
phthalimidomethyl 3h:4h 4.7:1

11 COOEt 3i:4i 2.5:1
COOCH,C(CHz3) 3 3j:4j 4:1
CON(CH2CH3) » 3k:4k 5:1

synthesis of parent tetrasubstituted olefins or enol ethers
and instead requires only the straightforward synthesis
of oxime ethers. The large number of commercially
available ketones as both dipolarophile coupling partners
and oxime ether precursors adds to the flexibility of this
reaction.

Although the detailed mechanism® for this cross-
ozonolysis has not been well defined, the reaction out-
come is consistent with the general pathway of the
Criegee mechanism? for ozonolysis of olefins, especially
involving the key carbonyl oxide intermediate. This is
evidenced by formation of 1,2,4,5-tetraoxanes® in the
absence of a ketone coupling partner and substantiated
further by trapping experiments.>? In this paper, we
report the diastereoselectivity of cycloadditions between
the carbonyl oxide derived from the O-methyl 2-adaman-
tanone oxime (1) and 4-substituted cyclohexanones (2)
and functional group transformations of the tetrasubsti-
tuted ozonide products by post-ozonolysis reactions.

Diastereoselectivity of the Griesbaum Coozon-
olysis Reaction. Because use of the symmetrical oxime
ether avoids syn-anti isomerism of the resulting 2-ada-
mantanone oxide, the stereochemistry of the cycloaddi-
tion products is only a function of the starting material
cyclohexanones. For 4-substituted cyclohexanones, only
two achiral diastereomers (cis and trans) are possible
(Table 1). Preferably, the coozonolyses of 1 and 2 were
carried out in pentane or cyclohexane at 0 °C, the
conditions mostly suitable for ozonide formation as
prescribed by Griesbaum.? For more polar cyclohex-
anones, a mixed solvent system (hydrocarbon and dichlo-
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romethane) was employed, with the proportion of dichlo-
romethane minimized as less polar solvents favor ozonide
formation. The oxime ether-to-ketone ratio varied be-
tween 1.5:1 and 1:2. Reaction yields of ozonides 3 + 4
ranged from 20% to 70%.

Product ratios were determined by integration of
uniquely characteristic signals in the 'H NMR spectra
of unpurified reaction mixtures. In most cases, only the
major isomers (3) were separated by flash chromatogra-
phy or crystallization and individually characterized. The
stereochemical assignments (cis or trans) are based on
X-ray analyses and on the assumption that the stereo-
chemical outcomes were consistent for all cycloaddition
products (3 and 4) studied. No clear confirmation of
stereochemistry could be derived from examination of
chemical shifts and coupling constants or from elution
rates on silica gel.

Acetoxy ozonide 3c, a representative example from
group I, was assigned a cis configuration on the basis of
the X-ray crystallographic analysis of its phenol hydroly-
sis product 5 (Supporting Information). The data revealed
a chair cyclohexane with the 4-hydroxyphenyl and peroxo
groups at the equatorial and axial positions, respectively.
In group I, structures (Supporting Information) for the
major (3h) and minor (4h) isomers were confirmed to be
cis and trans, respectively, again by X-ray crystal-
lographic analysis. In trans isomer 4h, the 4-phthalimi-
domethyl and peroxo groups were both equatorial. The
cis configuration of the major isomer 3i in group Il was
established by successfully transforming 3i into 3h (vide
infra). These results also lend support to the conjecture
that the major cycloaddition products share the same cis
configuration and that the stereochemistry of the cy-
cloaddition remains unchanged for 4-substituted cyclo-
hexanones.

The results are compiled in Table 1. We found that
diastereoselectivity is a function of the nature and size
of the substituents at the 4-position of the cyclohexanone
dipolarophile. Specifically, large groups (group I) such as
tert-butyl, phenyl, and phthalimido gave exclusively one
diastereomer with estimated cis/trans ratios greater than
20:1. 4-Substituted cyclohexanones with functional groups
linked by a single methylene (group Il) provided cis/trans
ratios of approximately 5:1. The distal substituents
attached to the methylene group apparently have no
discernible directive effect on the cycloaddition reaction.
Cyclohexanones with ester and amide groups at the
4-position (Group I11) provided cis/trans ratios ranging
from 2.5:1 to 5:1.

Post-Ozonolysis Reactions. With these ozonides in
hand, we then turned our attention to ozonide-compatible
synthetic transformations. Despite the utility of the
Griesbaum coozonolysis reaction, the synthesis of func-
tionalized tetrasubstituted ozonides is largely untested;24°
however, a limited number of post-ozonolysis reactions
have been successfully employed for di-, tri-, and tetra-
substituted ozonides. For example, ozonide ketones!® and
aldehydes!*1? have been reduced to ozonide alcohols with
lithium and sodium borohydride. An ozonide alcohol was
oxidized to the corresponding ozonide aldehyde by a
Swern oxidation.’® Ozonide aldehydes were converted to
their dimethyl and 1,3-dioxolane acetals'>'21* and were
successfully employed in several carbon—carbon bond-
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SCHEME 2. Ozonide Decomposition

LI —= <3+ o

SCHEME 3. Reductive Reactions of Ozonides 3i
and 7

0-0 (0] LiBH,4 0-0
0 OEt LiB(CoHs)sH o OH
3i

6, 95%
0-0 NaBH, 0-0
o o
7 8, 89%

forming reactions, including allylation with allylzinc
bromide or allylsilanes and allylstannanes in the pres-
ence of TiCl, or SnCl, and Mukaiyama-type aldol con-
densations.

Ozonide ketones in which the ketone functional group
was at the a-position (a-oxo ozonides) are transformed
to a-diozonides by Greisbaum coozonolysis®* and con-
verted to ozonide O-methyl oximes and epoxides with
O-methylhydroxylamine and diazomethane, respectively.'®
a-Chloro ozonides, with or without!® AgBF, and a-ac-
etoxy ozonides in the presence of NaHCO3'3'7 undergo
displacement reactions with various alcohols to form
ozonide ethers. Various post-ozonolysis chemistries have
also been applied to unsaturated ozonides. Griesbaum
and Zwick?®® described the bromination of several vinyl
and vinylidene ozonides to form ozonide dibromides.
Several unsaturated bicyclic unsaturated ozonides were
reduced by diimide to give saturated ozonides.’® Ozo-
nolysis of a vinyl chloride ozonide in methanol afforded
the corresponding methyl ester ozonide.?® Successive
treatment of another vinyl chloride ozonide with m-CPBA
and AgBF, afforded an enone ozonide via an epoxy
ozonide.?°

In post-ozonolysis transformations of these tetrasub-
stituted ozonides, we observed that reaction tempera-
tures are best maintained below 60 °C3 to avoid decom-
position of the ozonide heterocycle into adamantane
lactone and the starting material cyclohexanones in
Hock-type fragmentations (Scheme 2). As expected, these
ozonides were quite stable to basic conditions as a result
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SCHEME 4.

(COCI),, DMSO

Et3N CH,Cl,
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10,61%, R = H/\CONHZ
N
11,23%,R= N—< ]
H s
12,31%, R = H%
0
13,56% R= N NH

of their lack of a-hydrogen atoms that precluded Korn-
blum—DeLaMare fragmentation.'>2* The ozonides were
also stable to mild acid treatment such as that required
for Boc deprotection.

X-ray data for 3h and 5 permit us to assign the
stereochemistry of ozonides 3c, 32, and 33 as cis.
Although 3h is customarily synthesized directly via the
coozonolysis reaction, it was also synthesized in a Mit-
sunobu reaction between ozonide alcohol 6 and phthal-
imide (vide infra), establishing the stereochemistry of 6
as cis. Ozonide ester 3i, the precursor of 6, and the
aldehyde (9) and mesylate (25) ozonides derived from 6
also share its cis stereochemistry. Ozonide acid 20,
derived from 3i, is similarly cis. With the exception of
ozonide carbinols 8, 18, and 19, these data permit us to
assign the stereochemistry of the remaining ozonides
reported herein as cis.

Reductive reactions with borohydride reagents are
depicted in Scheme 3. Treatment of ozonide ester 3i with
a combination of lithium borohydride and 10 mol % of
lithium triethylborohydride®? afforded ozonide alcohol 6
in nearly quantitative yield. Reduction of ozonide ketone
723 with sodium borohydride gave ozonide alcohol 8 as a
1:1 mixture of cis and trans diasteromers in high yield.

Reductive amination reactions are depicted in Scheme
4. Ozonide aldehyde 9 was prepared in quantitative yield
by Swern oxidation of ozonide alcohol 6. Reductive
amination of 9 with primary, secondary, and aromatic
amines using NaBH(OACc)s;/AcOH/DCE afforded the cor-
responding ozonide amines 10—17 in poor to good yields
along with various proportions of ozonide alcohol 6.
Reductive amination of 9 with cyclopropylamine gave, in
addition to 12, the corresponding diozonide tertiary
amine in 37% yield. Although anilines worked well in this
reaction (15), less nucleophilic heterocyclic aromatic
amines were not as efficient (11 and 17). Because
glycineamide hydrochloride was only sparingly soluble
in DCE, it was used in large excess in a reductive
amination reaction with NaBH3;CN in MeOH to afford
10.
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SCHEME 5. Reaction of Ozonide Ketone 7 with
Organolithium and Grignard Reagents

0-0 OH  CHali  PhMgBror 0-0 OH
IOt s
o CH, PhLi o
18, 37% 19
92%, PhMgBr
50%, PhLi

Reactions with carbon nucleophiles are depicted in
Scheme 5. Treatment of ozonide ketone 7 with methyl-
lithium in ether at —78 °C formed ozonide carbinol 18
as a 1.4:1 mixture of diastereomers along with 2-methyl-
2-adamantanol (6%), the methyllithium addition product
of 2-adamantanone, produced in turn from decomposition
of ozonide ketone 7. Treatment of 7 with either phenyl-
lithium or phenylmagnesium bromide followed a parallel
course with formation of ozonide carbinol 19 as a 1:1
mixture of cis and trans diastereomers. For the latter
reactions, no 2-phenyl-2-adamantanol was detected. These
results demonstrate that the 1,2,4-trioxolane heterocycle
in ozonide ketone 7 is quite stable to Grignard reagents
at low temperatures and fairly stable to aryl- and
alkyllithium reagents.

Mitsunobu reactions using diisopropyl azodicarboxy-
late/triphenylphosphine as coupling reagents are depicted
in Scheme 6. Ozonide acid 20, prepared by aqueous KOH
hydrolysis of its corresponding ester 3i, reacted with 1-(2-
hydroxyethyl)imidazole to form ozonide imidazole ester
21. Similarly, ozonide phenyl ethers 22 and 23 were
prepared by Mitsunobu reactions of ozonide phenol 5 and
ozonide alcohol 6, respectively. In the preparation of 22,
addition of triethylamine improved the yield from 20%
to 80%. Ozonide phenol 5 was obtained by aqueous KOH
hydrolysis of the corresponding ozonide acetate 3c.
Phthalimide and hydantoin ozonides 3h and 24 were
synthesized by Mitsunobu reactions of ozonide alcohol 6
with phthalimide and hydantoin, respectively.

The syntheses of azoles, sulfides, and sulfones are
depicted in Scheme 7. Ozonide imidazole 26 and ozonide
triazole 27 were synthesized by nucleophilic displacement
reactions of ozonide mesylate 25 with the NaH-generated
anions of imidazole and triazole, respectively. Reaction
of ozonide mesylate 25 with 2-mercaptopyridine-N-oxide
sodium salt hydrate and 1-methyl-5-mercaptotetrazole
sodium salt dihydrate afforded the respective ozonide



SCHEME 6. Ozonide Mitsunobu Reactions
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SCHEME 7. Synthesis of Ozonide Azoles, Sulfides, and Sulfones from Ozonide Mesylate 25
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SCHEME 8. Hydrazine Deprotection of Ozonide
Phthalimides 3h and 22

NHoNH, 0-0
o NH,

32, 90%
NH,NH, 0-0

(0)

33, 78%

sulfides 28 and 30, which were further oxidized to the
corresponding ozonide sulfones 29 and 31.

Phthalimide deprotection using hydrazine is depicted
in Scheme 8. When ozonide phthalimides 3h and 22 were
treated with hydrazine in CHCI;/EtOH (7:3) at 60 °C,
ozonide primary amines 32 and 33 were formed in high
yields and isolated as their mesylate salts. The depro-
tection reactions were completed without effect on the
trioxolane ring. An array of reaction conditions for the
deprotection of ozonide phthalimide 3h was investigated,
and it was found that the optimal reaction was 5—6 equiv
of hydrazine in CHCI;/EtOH at 60 °C for 12 h.
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Summary. The diastereoselectivity of the Griesbaum
coozonolysis reaction reveals that attack of the carbonyl
oxide from the axial side?* is strongly favored. The
product ratio is mainly a reflection of the conformational
rigidity of the cyclohexanones, although electronic con-
tributions by the 4-substituent cannot be ruled out. These
findings suggest that the stereochemistry of cycloaddition
(preferred axial attack) is controlled mainly by Kinetic
(transition-state hyperconjugation) factors. This work has
also expanded the range of ozonide-compatible synthetic
transformations to include ester to alcohol reductions,
reductive aminations, various Mitsunobu reactions, dis-
placement reactions with mercaptides and imidazole/
triazole anions, addition reactions with organolithium
and Grignard reagents, and phthalimide deprotections
with hydrazine. Although it is unknown whether di-, tri-,
or other tetrasubstituted ozonides are similarly unaltered
by these chemical transformations, the wide range of
applicable post-ozonolysis chemistry for these tetrasub-
stituted ozonides parallels that seen in the preparation
of the many semisynthetic artemisinin derivatives.?526
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