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Contents Generally, ozone is generated from air or oxygen and
passed through a cold solution (from 0+@8 °C) of solvent

1. Introduction , 2990 and substrate until a blue color is observed, indicating
2. Ozonolysis in Total Synthesis 2992 destruction of the double bond. Typical solvents include
2.1. (+)-Artemisinin 2992 methanol, ethyl acetate, dichloromethane, ethanol, water, and
2.2. Indolizidine 251F 2994 acetic acid. After sparging with nitrogen to dissipate the free
2.3. p,L.-Camptothecin 2994 ozone, a reductive or oxidative workup can afford a wide
2.4. 24(S)-Hydroxyvitamin D, 2995 variety of products including alcohols, aldehydes, ketones,
3. Industrial-Scale Ozonolysis 2996 acids, and amines. Kula has reported conditions that allow
3.1. Ceftibuten and Cefaclor 2096 for safely performing ozonolysis reactions up to a 500 g
3.2. 2-Hydroxyindan-2-carboxaldehyde 2097 scale’ Because the high-energy ozc_)nide (also_called normal
3.3. Oxandrolone 2998 or seco_n_dary ozonide or 1,2,4-tr|oxola_ne) is formed in
4. Conclusion 3000 nonparticipating so!vents, the use of protic solvents such as
5' Acknowledament 3000 alcohols or acids is preferred. The resulting alkoxy and
' g acyloxy hydroperoxides are reduced more efficiently and
6. References 3000

pose less of a safety risk during scale-up. The temperature
at which an ozonolysis reaction is typically carried out is

. —78°C; however, Kula recommends temperatures between
1. Introduction 0 and—20 °C or higher. His reasoning is based on the idea
that at higher temperatures the primary ozonide (1,2,3-
trioxolane or molozonide) will be more likely to smoothly
decompose into the corresponding hydroperoxides and
disfavor collapse into the 1,2,4-trioxolane. Running the
Feaction at higher temperatures in participating solvents will
promote the formation of hydroperoxide intermediates that

Ozonolysis chemistry has been used extensively in aca-
demic, research, and industrial environments. A review on
ozonolysis by Bailey appeared @hemical Reiewsnearly
50 years ago, and a significant amount of research has sinc
been published and reviewéd Synthetic chemists have
bmue:n%/hzltigwsaetlvviit%h?/vmliiil t;?]nz?c:nmoall;;gsg[;?t?c')rnd'csgr?sgé can qwckly react with the solvent and provide a safer
conducted renders it a clean and effective choice for oxidative reaction. ) ) o
cleavage of double bonds. The primary concern with The reduction phase of an ozo_noly3|s reaction is not only
ozonolysis chemistry rests on safety issues because the lowimportant from a safety standpoint but can also determine
molecular-weight ozonides and peroxides produced arethe product composition. Reductive workups can afford
unstable intermediates. These products could form analdehydes, ketones, or alcohols. A substantial number of
explosive hazard upon concentration during the workup if reducing reagents have been employed including-zacetic
methods to detect and safely quench the peroxides are nofcid, sulfite ion, bisulfite ion, iodide, dimethyl sulfide,
employed. Scaling an ozonolysis reaction to an industrial thiourea, and lithium aluminum hydride or sodium borohy-
level requires a careful assessment of the energetics of thedride to afford alcohol$-2€ The reductions themselves are
reaction at hand. The mechanism of an ozonolysis reactiongenerally exothermic and dose-controlled, requiring efficient
has been thoroughly studied, and the Criegee mechanism hagooling to dissipate the heat of reaction. The use of dimethyl

been accepted as shown belbw. sulfide offers several advantages including the ability to
safely reduce peroxides to carbonyl products, and the excess

o &oa suI_fide can be _removed by e_vaporation_, provided Fhat an

0s o o \(/ °_> 0-0 efficient scrubbing system is in plaéé? Dimethyl sulfide

>=< >‘—K - + VQOX is also a milder reducing reagent causing less of an

_ }o exothermic event! Trimethyl phosphite also has been used

molozonide 1,2 4-trioxolane as an efficient reducing agent for quenching ozonolysis
. reactions and offers the advantage of less odor than dimethyl

\I//0~6 + ROH ><00H sulfide. Oxidative workups generally convert peroxide

OR intermediates to ketones or carboxylic acids. Typical reagents

include peroxy acids, silver oxide, chromic acid, oxygen,

permanganate, or hydrogen peroxidé?
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Scheme 1. Schreiber's Approach to Ozonolysis of

Cycloalkenes
03, MeOH : O3, MeOH
NaHCO, p-tsOH
CHO CH(OMe),
CHOOH CHOOH
]
OMe OMe

Ac,0 Ac20 NaHCO;,

Et3N 3 MeZS
CHO CH(OMe), CH(OMe),
CO,Me co,Me CHO

96% 83% 93%

family. Ozonation of alkynes typically furnishes carboxylic acids
in methanol. Alkene7 can be selectively cleaved in the
1). Schreiber has shown that by modifying the ozonolysis presence of alkynes to provide aldehy@leas shown in
and workup procedures a variety of terminally functionalized Scheme 3% Aromatic rings are more stable to ozone, and
products can be obtained from cycloalkef&é/hen an acid a preferential reaction takes place with alkynes to provide
or base is simply incorporated during the ozonolysis sequencethe carboxylic acidl0.8® Heteroaromatic systems such as
followed by a reductive workup, mixed aldehydes, esters, quinoline 11 are ozonized to the corresponding diadi@
and acetals can be furnished in high yields. The authors ofunder the rigorous conditions of acetic acid, excess ozone,
this review carried out similar transformations using cyclic and hydrogen peroxid€.In this particular case, ozone did
olefins on a 500 g scale to provide the acet@dehyde not react with the quinoline nitrogen to produce the corre-
product in high yields ¥ 70%)13 spondingN-oxide. Additional heteroatom ozonolysis reac-
Reactions shown in Scheme 2 further demonstrate the usdions include the conversion of phosphines to phosphine
of ozone to provide a selective oxidative cleavage of oxides?® organic sulfides to sulfoxide®,and selenides to
silyloxyalkenel to lactone2 in 93% yield!*'5The nucleo- selenoxideg?
philicity of the silyloxyalkene double bond makes it more ~ The use of aluminum chloride or boron trifluorideas
prone to ozonolysis than the less activated vinyl double bond. additives in ozonolysis reactions can enhance the nucleo-
Ketene dithioaceta® can be efficiently cleaved with ozone  philicity of unsaturated groups. However, as shown in
to provide the corresponding keto#Aé® The reaction ofy,3- Scheme 4, the opposite effect is realized by the addition of
unsaturated ketorewith ozone affords keto acilin 55% pyridine to the reaction of alkeri3, which results in higher
and is an important reaction in steroid chemistry. yields and regioselectivity to provide aldehyiié?*
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Scheme 2. Ozonolysis Extensions
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Scheme 3. Ozonolysis of Unsaturated Systems

CO,Et

94%

1. 03, HOAC

M0, H;S0,

2H0,
70%

1. o3 CH2(3|2

2. Zn HOAc

03, CHCl,
_oc
R

/%\

spe

(\/ECOZH

COZH

Scheme 4. Regioselective Ozonolysis
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Scheme 5. Ozonolysis Extensions
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preparation of biologically active molecules, followed by
examples of known industrial-scale processes used in
pharmaceutical synthesis. After a review of the literature,
these authors found that most cited ozonolysis reactions are
conducted on a small scale and involve typical alkene
cleavage reactions. Many large-scale ozone reactions con-
ducted at chemical and pharmaceutical companies are not
published for proprietary reasons. Additional references
employing ozonolysis reactions can be found in the Refer-
ences described for each compound synthesized.

2. Ozonolysis in Total Synthesis
2.1. (+)-Artemisinin

Extracted from the plantArtemesia annual., (+)-
artemisinin has emerged as a potent antimalarial stable
peroxide useful against resistant strains Riasmodium
falciparum® (+)-Artemisinin contains an “endoperoxide
bridge”, which reacts with iron atoms to form free radicals.
Artemisinin becomes toxic to malaria parasites because it
reacts with the high iron content of the parasites, generating
free radicals and leading to the damage of the parasite. Recent
studies also suggest that artemisinin is effective at treating
various forms of cancer such as leukemia and breast c&ncer.
The total synthest of artemisinin has been reported in
addition to congener synthesis over recent yéamkvery
and co-workers describe a 10-step stereoselective total

Ozonolysis reactions can be extended to oxidative trans-synthesis starting withR)-(+)-pulegone23, which employs
formations to provide basic functional group preparation. an abnormal ozonolysis process in the last step to provide
Allenes such ag5 are susceptible to ozonolysis to provide (+)-artemisinin34.343%

aldehydesl 6 as well as ozonation of benzyl eth&7 to
afford a high yield of benzoate estdB2% Cleavage of

(R)-(+)-Pulegone23 was epoxidized with alkaline hydro-
gen peroxide to pulegone epoxidéin 74% yield (Scheme

nitronate anionl9 with ozone affords the corresponding 6). Thiophenoxide ring opening &4 and loss of acetone

ketone20.2” Finally, a simple chemical transformation for
converting alkene1 to enone22 has been accomplished

by an ozonolysis reaction (Scheme?5).
This introduction provides a survey of where ozone has nished sulfoxide26 in 95% yield. Alkylation of keton&26
been used to conduct a wide variety of chemical transforma- with LDA followed by 2-(2-bromoethyl)-2,5,5-trimethyl-1,3-
tions. This review aims to provide some recent examples of dioxane 27 provided transient intermediat8 that was
ozonolysis chemistry used in total synthesis including the desulfurized with aluminum amalgam to afford the desired

afforded the thiophenyl keton25 in regiospecific fashion
in high yield.
Oxidation of 25 with m-chloroperoxybenzoic acid fur-
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Scheme 6. Avery’'s Approach to ¢)-Artemisinin
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ketone29 in 50% vyield. The reaction of keton29 with

34

in low yield (15%). Such a dioxetane (structure 3 in ref 33a)

p-toluenesulfonohydrazide provided the corresponding hy- could form in this case after the migration of the tetrameth-
drazone30in 86% yield. Subsequent treatment of hydrazone ylsilane (TMS) group, or the peroxy aldehyde could proceed

30 with 4 equiv ofn-butyllithium andN,N-dimethylforma-

directly to the product after nucleophilic cleavage of the TMS

mide (DMF) provided the regiochemically pure unsaturated group. Another case of silicon involved in a Beckman rear-

aldehyde31 in 70% vyield. Diastereome32 was furnished
by the reaction of aldehyd81 with tris(trimethylsilyl)-

rangement or fragmentation was observed by Hudrlik &fal.
Ozonolysis of acid33 in dichloromethane at-78 °C

aluminum etherate in 88% vyield. A convenient one pot followed by the addition of aqueous sulfuric acid and silica

approach to vinyl silan@3 was developed by reactiridR
with 3 equiv of lithium diethylamide followed by 2.5 equiv
of LDA. The resultant dianion 082 was quenched with

gel furnished ¢)-artemisinin34 in 33—39% yield. Dichlo-
romethane proved to be the superior solvent for the reaction.
Methanol destroyed the tetracycle via lactone ring methano-

methyl iodide to afford aci®3in 61% vyield. lysis, and other solvents surveyed (hexane and ethyl acetate)
The final strategy employs an abnormal ozonolysis processled to lower yields compared to dichloromethane. Efforts to

in the last step to provideH)-artemisinin34. The remarkable
sequence fron33 to 34 can be explained by protonation of

maintain oxidative reaction conditions were investigated with
additives such asert-butylhydroperoxide andert-butyl-

the middle oxygen (O2) of the primary ozonide and hetero- peroxide, but this proved unsuccessful. The additiorerf

Iytically breaking the O3 02 bond during the migration of

butylhydroxytoluene resulted in the highest yield of 35% of

the silicon from carbon to O1 in a Beckman-type aniono- (+)-artemisinin. After the ozonolysis sequence was com-

tropic shift. Similar ozonolysis results are discussed bgru

pleted, the treatment with sulfuric acid provided the cycliza-

and Wiest3*where a chemiluminescent dioxetane is isolated tion reaction to {)-artemisinin34 in 35% yield.
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Scheme 7. Construction of the Key Bicyclic Enone
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Scheme 8. Abe’s Approach to Indolizidine 251F
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2.2. Indolizidine 251F hyde39resulted in the formation of enod® in 65% yield.

- . . . The desiredexo stereochemistry of the methyl substituent

Indolizidine 251F is a natural product derived from skin a5 effected because of cuprate addition occurring from the
extracts of the dendrobatid frog specldinyobates bom- gy 565ed face 038, The treatment o0 with Na/NHs facil-
betes The skin exudate of the Colombian fréj bombetes  jiaieq the reduction of the enone and cleavage of the benzyl
causes severe locomotor difficulties, muscle spasms, andgiher mojety. The 4:1 mixture of inseparable diastereomers
convulsions upon injection in mice. The major component a5 carried directly into conversion of the alcohol into its
of the alkaloid mixture is 251F. As a class, these alkaloids g iqe derivatived? using a modified Mitsunobu reactidh.
include numerous biological actives of which batrachotoxin When standard conditiofisfor carrying out the intramo-
and epibatidine are known exampféghe activity of 251F lecular Schmidt reaction were tried dd, only degradative

hars]thnoti bfent e\?\/ti?rt])“fsr:fn?ﬁ art]r?r thef che(ljllerir:]ge ofnéhe t\?tﬁlproducts were observed. To circumvent this problem, ozo-
SYNtnesis rests 0 g three luse gs and seve nolysis was carried out ofil followed by the reduction with

f’éeg?g(jeg'c_ﬁ:&é?gh dT\?g[grns]t ltgt‘f"rll S;ndtges?esrecgsi?elcf' V;assodium borohydride. The azide functionality survived the
P y pioying a di V€ ozone treatment. Column chromatography was then used to

rhodium-catalyzed synthesis of a key cyclopentane Ir]terme'separate the mixture of diastereomers to produce aletshol

g:‘a;es'l'la\:i?n?)rl]g ?r?g;\,\é%rkiﬁtrrsaﬁgl(()a réjgraézwggzrlzzzgézezf The intramolecu_lar Sphmidt reaction was .then. conductgd by
well as an as r¥1metric DielsAlder reactior®® Ozonolvsis treatment o#2 with trifluoromethanesulfonic acid to furnish

p q y di di ™ Id y id lactam43 as a single diastereomer in 79% yield. The total
of an advanced Intermediate eventually would provide synthesis of alkaloid 251F was completed by the reaction
quantities of 251F for biological screening. of 43 with lithium aluminum hydride to providd4 in 86—

As shown in Scheme 7, the Diet&\lder adduct35 was ; ot
. > : A 100% vyield (Scheme 8). Spectral characteristics were con-
converted to vinyl keton86 via the Weinreb amidgin 85% sistent with literature values, and optical rotation data

yield. TreatingSG\_Nith Grubb’s catalysB_?in an atr_nosphere indicated an enantiomeric excess of 93%.
of ethylene provided the corresponding bicyclic en@&

in 93% yield. } ;
Derivatization of enone38 was required to provide the 2.3. p,L-Camptothecin
intramolecular Schmidt precursor. Treatment 3& with Renewed interest in synthesizing camptothecin and its

lithium dimethyl cuprate followed by the addition of alde- active analogues has been triggered by findings of its high
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Scheme 9. Danishefsky’s Approach tm,L.-Camptothecin
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antitumor activity in various cell lines and animal screéns.
While camptothecin is a difficult alkaloid to isolate, its
analogues are synthesized in good yields from the natural
product?® Danishefsky and co-workers re-evaluated the
problem and explored the chemistry to provide a two pronged
approach to an inexpensive and decent yielding routeLto
camptothecirt

Shown in Scheme 9, the readily available tricyclic ester
45 was converted to48 using two routes. In the first
sequence45was reacted with sodium hexamethyldisilazide
and benzaldehyde to afford the benzylidene &aiith 90%
yield. Ozonolysis o#7 followed by esterification provided
48 in 94% vyield. The complementary route involved the
reaction of tricylic45 with oxygen and triethylphosphite to
provide a 75% yield of diastereomes®. Oxidation with
pyridinium dichromate afforded the corresponding ketone
48 in 83% yield.

The reaction of estet8 with the Schiff base shown via a

N-Tol

p-TsOH/toluene
75%

rac camptothecin 51
30% from 45 via 46
39% from 45 via 47

24(S)-hydroxyvitamin . The first stereospecific synthesis
of this metabolite was carried out by Meckler et‘@rlhis
Imetabolite acts as a prodrug fan,24(S)-dihydroxyvitamin

D,, which is under development for treatment of diseases
characterized by cellular hyperproliferation.

As shown in Scheme 10, ergocalcifefs? was reacted
with SO, to provide an unstable mixture of C-6/C-19
epimeric SQ adducts, followed by silylation to afford the
protected mixturé3. Ozonolysis 063 was conducted in a
solution of methanol/dichloromethane (1:3)-a25 °C, but
the yields were inconsistent. Tsuji and Ishikawa have
reported the catalytic use of additives (Ca®igCl,, AIClI3,
ZnCly, or TiCly) to act as an ozonolysis stabiliz€Thus, 1
equiv each of sodium acetate and acetic acid were added to
the reaction mixture, which resulted in consistent reaction
yields. It is not known if this is due to a stabilizing salt effect
or to the sodium acetate/acetic acid buffering of the reaction.
Reductive workup of the reaction mixture with sodium

Friedlander condensation afforded the pentacyclic compoundprohydride afforded the crude alcot, which was then

49. Heating49 with HBr providedp,L-desoxycamptothecin
50 in 71% yield. Hydroxylation of50 with oxygen, Me-
NH, and CuCJ *° gave the title compound camptotheé&ih
in 91% vyield.

2.4. 24(S)-Hydroxyvitamin D »

Vitamin D analogues have long been regarded as importan

compounds in bone and mineral metabolism. Prodrugs of

iodinated. The diastereomeric mixture of primary iodides was
subjected to thermal elimination of $@ refluxing ethanol

to provide iodideb5 in 51% yield over six steps. lodidsb
was treated with lithium diphenylphosphide followed by
oxidative workup with hydrogen peroxide to furnish phos-
phine oxide56. Optically active aldehyd&7 and phosphine
toxide 56 were coupled to afford the desired olet8.

Deprotection of the hydroxyl groups using tetrabutylam-

vitamin D compounds are often sought because they aremonium fluoride in tetrahydrofuran (THF) provided the

biologically inactive as administered but eventually are
metabolized to active substrates in vivo. Ergocalciferol has

trans-24(S)-hydroxyvitamin R59. Photoisomerization to the
cis-24(S)-hydroxyvitamin Bwas effected in methanol in the

been a starting material for the synthesis of numerous presence of the photosensitizer, 9-acetylanthracene, to pro-

analogues of vitamin D, including the vitaminp Bhetabolite,

vide an 80% yield of the title compourD.
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Scheme 10. Meckler's Approach to 24(S)-Hydroxyvitamin B
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3. Industrial-Scale Ozonolysis As shown in Scheme 11, cephalosporin €1 was
enzymatically transformed to the carboxylic a6Rifollowed
3.1. Ceftibuten and Cefaclor by electrochemical reduction to afford sulfoxid8. An

extractive esterification using diphenyldiazomethane in a
biphasic aqueous dichloromethane solution resulted in the
formation of estei64 in 88% yield. Ozonolysis of 3-exo-

methylenecephams in the sulfoxide or sulfide form have been

Ceftibuten is a third-generation oral cephalosporin, has
excellent Gram-negative activity, and possesses a high degre
of f-lactamase stability. Current clinical trials indicate that
ceftibuten may be effective in the treatment of acute otitis ) . . ;
media, streptococcal pharyngitis, acute exacerbations ofPreviously described in the literatuf After an aqueous
chronic bronchitis, and urinary tract infections. Cefaclor is Washing procedure to remove monoacid impurities, the
used to treat certain infections caused by bacteria, such ag€sulting methanol solution &4 was ozonized at-55 °C
pneumonia and infections of the ears, lungs, throat, urinary for 4—6 h and then quenched with trimethyl phosphite to
tract, and skin. Cefaclor and ceftibuten are in a class of Provide a nearly quantitative yield 66. Additional develop-
medications called cephalosporin antibiotics. Earlier Shionogi ment of this step showed that the ozonolysis of the sulfoxide
Research Laboratories described a synthesis on industriaform was superior to ozonolysis of the sulfide forméef It
scale for producing ceftibutéd.In an effort to develop ~ Wwas believed that the sulfoxide form was more stable based
commercial routes to these valuable compounds, researcheren a 95% yield, whereas ozonolysis of the sulfidééied
at the Schering Plough Research Institute utilized an ozo-to lower yields. Intermediaté5 was reacted in a two-step
nolysis reaction to provide a key intermediate used to produceprocess first to provide amin67 and then reacted with
ceftibuten and cefacldf. phenylglycine to afford cefaclorO. Multiple routes were
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Scheme 11. Ceftibuten and Cefaclor Synthetic Route
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investigated to transform sulfoxidgb to 66. A three-step

Shown in Scheme 12, the reaction of 2-indangi2ewith

sequence was carried out through a series of reactions tovinylmagnesium bromide in THF afforded the tertiary allylic

afford the aminé6. The coupling reaction of amir@s with

alcohol73in 40% yield. The low yield can be attributed to

acid68in the presence of phosphorus oxychloride furnished competitive enolization of the starting ketone.

amide 69. Subsequent deprotection 68 with aluminum
chloride in anisole provided ceftibutéti. Further purifica-
tion provided an overall yield of 76% fror6 to 71.

3.2. 2-Hydroxyindan-2-carboxaldehyde

Ozonolysis of the vinyl moiety in dichloromethane-af8
°C followed by reductive workup with dimethyl sulfide
afforded a complex mixture of products represented by
dimers74 and76, in which the monomeric aldehyd® was
a minor component. The product mixture was then subjected

Ozonolysis reactions typically are limited to small-scale to reductive amination conditions and acted as if a free

reactions. However, pharmaceutical and chemical companiesaldehyde was present. The interpretation of this result
have been able to safely execute large-scale ozonolysissuggested that the-hydroxyaldehyde forms an equilibrium

processes. After careful assessment of the safety and calomixture of dimers and oligomers that condense with the
rimetry data, chemists at Pfizer prepared a bisulfite adduct secondary amine to form the corresponding iminium species
of 2-hydroxyindan-2-carboxaldehyde that was used as afor subsequent reductive amination. This chemistry could
surrogate aldehyde in a reductive amination reacfion. be carried out on a laboratory scale but was thought likely
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Scheme 12. Pfizer’'s First Route toward Key Bicyclic
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Scheme 13. Preparation of Bisulfite by Large-Scale
Ozonolysis
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Scheme 14. Preparation of Key Intermediate 81
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55% over two steps

be stopped if the reaction temperature approached intolerable
limits.

Differential scanning calorimetry also indicated that the
reaction mixture possessed an exothermic event occurring
near 45°C and expelling 404 J/g of energy. This suggested
a window greater than 10TC for the reaction at-65 °C;
therefore, it was deemed safe for quenching &CO0 The
thermal stability results, coupled with the dose rate control
data, provided confidence that the reaction could be per-
formed safely on a kilogram scale.

Solvent flammability was also a primary concern in
addition to gases forming in the headspace of the reactor,
which could lead to an explosive situation. The solution to
this problem was diluting the ozone with a higher flow of
an inert gas (nitrogen) in an effort to lower the risk of
explosion. Three engineering scenarios were mapped out
considering the moles of ozone produced per hour and rate
of flow of ozone and inert gas. The safest option provided
a process that kept both methanol and oxygen/ozone below
the lower flammability limits and minimum oxygen con-

to cause concern on scale-up to multi-kilogram quantities. centration. With the safety controls in place and an ap-
The instability of aldehyd&5 suggested the idea of a bisulfite ~ propriately engineered setup to dissipate the flammable gases,
adduct77 as an intermediate precursor for the reductive the ozonolysis reaction was scaled to the 3 kg level. The
amination. A more efficient process was developed to provide crude alcohol73 was diluted with methanol and cooled to

the required bisulfite addug@t7 directly from the ozonolysis

sequence as shown in Scheme 13.

—60 °C, and ozone gas was added over 19 h to complete
the reaction. After the reaction was warmed toQ) it was

The first improvement was realized by using toluene transfe_zrred to the aqueous sodium bisulfite quench _vessel.
instead of THF for the Grignard addition of vinylmagnesium Warming the mixture to 60C completed the synthesis to

bromide to 2-indanon&2. This increased the yield to over
95%, and the crude alcoh@B could be employed directly
in the ozonolysis step. The alcoh®8 was cooled to—60

afford bisulfite adduc¥7. This assessment of the safety of
an ozonolysis reaction demonstrates the ability to safely scale
ozonolysis procedures in the preparation of pharmaceutical

°C in methanol to trap the carbonyl oxide as the methoxy- intermediates.
. = . -
hydroperoxider8°! Reduction of the hydroperoxide could 3.3. Oxandrolone

be effected with dimethyl sulfide, potassium iodide, or
sodium bisulfite. After the reaction mixture was added to

Oxandrolone is an anabolic steroid used to promote weight

an aqueous slurry of sodium bisulfite, the exotherm could gain following extensive surgery, chronic infection, or severe
be controlled effectively during the reduction sequence. trauma and in other cases that result in inadequate weight

Warming the slurry to 60°C completed the bisulfite
transformation t@’7. Bisulfite adducf’/7 was isolated in 61%

overall yield from 2-indanone.

gain or maintenance. Oxandrolone is also used to decrease
muscle loss caused by the treatment with corticosteroids and
to reduce bone pain associated with osteoporosis. A four-

Prior to scale-up, it was necessary to investigate severalStep process employing a large-scale ozonolysis sequence
parameters of the reaction to provide a safe process tois described below by Cedarburg Pharmaceuticals, Inc. to
perform in the pilot plant. Analysis of the reaction by RC-1 Provide kilogram quantities of oxandrolof.

calorimetry suggested @AHg,s of —535 kJ/mol, which
corresponds to an adiabatic heat rise of €0 This value

Methylandrostanolong9 was reacted with pyridinium
tribromide in ethanol to provide the-bromo ketone0.

essentially indicates the total heat that would need to be Elimination of HBr was facilitated with lithium bromide in
removed by the reactor jacket. Considering that the reactionDMF to provide the corresponding ketoB& in 55% yield
rate was dose-controlled, the rate of addition of ozone could over two steps (Scheme 14).
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Scheme 15. Initial Ozonolysis Studies toward Oxandrolone
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Extensive studies on the ozonolysis step were carried outimpurities. The procedure described by Bailey for workup
to find a safe and scaleable process. A thorough search ofof ozonolysis products using aqueous sodium hydréfide
the patent literature revealed that this approach was used bywas investigated. This procedure eliminated the need for
a group at Searle in 1963 to synthesize oxandrot®fide odiferous cleavage agents and allowed for the purification
Searle patent describes the ozonolysi8bin CCl, to give of the acid during the workup via standard acluhse
the mixed anhydrid&2, which was then converted directly chemistry. Further oxidation with NalQvas unnecessary,
to oxandrolone83 after the reduction of the aldehyde and because the sodium salt of the acid was the initial product
cyclization (Scheme 15). Alternatively, performing the formed after base quenching. The ozonolysis &4f in
ozonolysis step in a mixture of methanol and methylene methanol from—30 to— 40 °C, followed by quenching with
chloride provided methyl esté¥4. The use of the carcino- an aqueous solution of sodium hydroxide at-€&5 °C, gave
genic CCJ} was not suitable for large-scale production. the desired aci@®7 in 90% yield with a purity of 99% by
Moreover, in these processes, the potentially dangeroushigh-performance liquid chromatography (HPLC) (area %)
ozonide or peroxide intermediates are decomposed thermally.as shown in Scheme 16. The success of this reaction allowed

Initially, the ozonolysis was performed in methanol, and the desired oxidation to take place without using @afd
a traditional dimethyl sulfide workup was employed. Under Pb(OAc), which are not only highly toxic but also present
these conditions, several products were formed by thin-layera disposal problem.
chromatography (TLC). The major components presumably The temperature effects of the ozonolysis reaction were
were the keto-dialdehyd86 and the desired dieste85 examined, and it was found that performing the reaction at
(Scheme 16). Further oxidation of this mixture with NalO temperatures from-50 to —30 °C gave high-quality87,
gave mainly the acidB7 by TLC analysis. Other typical  while running the reaction at temperatures from 0-t20
ozonide cleaving agents [P(OG)sl PPh, Zn, etc.] were not °C gave a lower quality product. However, because of
evaluated. cooling limitations at the reactor scale, the reaction was run

The two-step oxidation method was moderately successfulfrom —15 to 5°C. Recrystallization of aci@7 provided an
but provided a product that contained multiple unidentified acceptable quality product.
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chemists have safely implemented ozonolysis reactions in
their efforts to bring interesting new products to the
pharmaceutical and fine-chemical market.
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4. Conclusion

Ozone continues to be a clean and efficient reagent for
organic chemists in the laboratory and beyond. The examples
presented herein highlight the successful use of ozone in both
academic synthesis and industrial chemical processes. From
small to large scale, researchers and process-development
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