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1. Introduction

Caron et al.

Sally Gut Ruggeri was born in San Francisco, California, in 1960. She

Oxidation reactions are powerful tools to convert a position received her A.B. from Cornell University in 1982, carrying out research
that is protected in a lower oxidation state to the desired under the direction of Dave Collum. She briefly carried out research at

functionality and for the functionalization of otherwise
unfunctionalized positions. Yet despite their power as a
synthetic tool and abundant use in academic research
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oxidation reactions as a whole comprise as little as 3% of
the reactions used on a preparative scale in the pharmaceuti-
cal industry? This disparity is likely due to a mixture of
factors. To streamline production processes, every effort is
made to develop routes that introduce functionality in the
correct oxidation state and without protection. While the
byproducts of many oxidants are fairly environmentally
benign, many of the more selective reagents produce
undesirable waste products. Perhaps the greatest factor
influencing the hesitation to employ oxidation reactions on

a large scale is the safety of these processes. The majority
of reactions run in a production facility are in flammable
organic solvents, and on a large scale, the potential for static
electric discharge in the solvent charge lines or the reactor
itself is significant. In the case of reactions other than
oxidations, fires and explosions are prevented by starving
the solvent and reactants of oxidants. In the case of oxidation
reactions, this safety factor is absent and all three elements
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ity of some products (such as diazo compouridigxides,
and the like) likely limit the use of oxidative processes in
production syntheses.

Caution: Many of the oxidants, oxidation reactions, and
products described herein hathe potential to release large
amounts of energy in an uncontrolled fashiorudstigators
considering running a large-scale oxidation reaction should
consult the literature, run appropriate safety tests, and take
proper precautions when running the reaction.

Despite the challenges, oxidation reactions are routinely
run in production facilities to make many of the commercial
pharmaceuticals available today. Some classes of drugs
require a high number of oxidations to be produced, such as
steroids and prostaglandins. A particularly oxidation-rich
process depicted in Scheme 1 is the Merck process for
converting desoxycholic acidl) to cortisone acetatelp).

This process was run on a multihundred kilogram scale in
the 1950s and 1960s and utilized 11 separate oxidations.

This review covers oxidation reactions run in 1980 or later,
on a scale of around 100 g or larger (as demonstrated in the

required for combustion (fuel, energy, and oxidant) are experimental section of the publication), or clearly developed
present in the reactor. While these issues can be addresselly a process chemistry group to be run on a large scale.
in order to run oxidations routinely and safely on scale, Excluded from discussion are biotransformations and oxida-
common errors that can occur in a manufacturing environ- tive aromatic substitution reactions (such as nitrations and
ment, such as charging reagents out of order or too rapidly, halogenations of aromatic rings). The review is divided into
must be taken into consideration when designing a safesections based on the functional groups being oxidized,
process. These considerations, in addition to the highly allowing for easy comparison of reagents and substrates used
reactive nature of many of the oxidants and thermal instabil- in various transformations.

Scheme 1. Merck Process for Cortisone Acetate (15)
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2. Oxidation of Carbon —Carbon Bonds Scheme 4. Ozonolysis Followed by Criegee Rearrangement
o . . M
Oxidation of carbor-carbon bonds is frequently utilized ¢ OR 1.0s e OR
in the synthesis of pharmaceutical agents, because the ('j’ - .
resulting functionalities (e.g., vicinal diols, epoxides, carbonyl Y 2. Ac,0, DMAP

compounds) provide valuable synthetic intermediates and are P 3. NaOH (é)H
themselves frequently present in the active pharmaceutical 7 Me

ingredient (API). Asymmetric variants of several oxidations 23 24
(e.g., epoxidations, dihydroxylations) have found numerous

applications as exemplified in this section. mediate methoxy-hydroperoxide to generate the acetate of

the desired alcohol24).2
McWhorter described the ozonolysis of olefiV to

2.1. Oxidative Cleavage of Olefins prepare alcohoR8 (Scheme 5), which was converted to

2.1.1. Ozonolysis Scheme 5. Synthesis of Premafloxacin (30)
There are several examples of oxidative cleavage of olefins Me

by ozonolysis. Hansen and co-workers utilized a chiral- A Me Me, 0 O3, Hy0:
auxiliary-based DielsAlder cycloaddition to generate bi- P~ N e 't/(/\ _
cyclic olefin 17, which was cleaved by ozonolysis to generate Me~ >CO2-BU ve X  NaBH,4
diol 18 following reductive workup (Scheme 2)The 27 49%

Me Me<
M

03, -78 °C; 29 30
2 Me Me ———> 2
— O,Et NaBH, diamine29, an intermediate in the synthesis of premafloxacin
1o o—%?(\) CO,Et 92% (30).° Interestingly, this reaction was executed in water.
o}

(19)

26
. - . Me_ O
Scheme 2. Olefin Ozonolysis in the Synthesis of LY235959 '\5(/\
e 0
28

C
NHAG Several related ozonolyses were also described. The olefin
17 substrates were prepared by asymmetric Michael addition
of chiral benzylic amines to esters of crotonic acid.
?H CO,Et Workers at Sumitomo reported ozonolytic cleavage of

o)
(HO)ZT H indole 31 and cyclization of the resulting keto-amine to

N N—CoEt
O NHAG ? —_— ”"-@C(CO?H generate benzodiazepiB2 (Scheme 6, 72% yield on 250 g
N

16

’
H
OH

18 19 H Scheme 6. Ozonolytic Cleavage of an Indole Followed by

Cyclization To Generate a Benzodiazepine
(e

suitability of this route for further scale-up was suggested.
Further transformations converted this diol ¢@s-perhy-

droisoquinoline LY235959 1(9), an N-methylb-aspartate 04 HCOH: ¢ N
(NMDA) receptor antagonist. - . Cl

The scale-up of the ozonolysis of olef?® (Scheme 3) NH4OH; N,g
has been describédThe primary ozonide was trapped by 72% 0
methanol to generate the methoxy-hydroperoxitlasich 31 NER 32
was treated with aqueous sodium bisulfite (NaHS0 effect EtoN

simultaneous peroxide reduction and bisulfite formation to ) o ) o
generate1 (57% yield on 2.3 kg scale). This bisulfite adduct scale)}® Chromium trioxide also effected this oxidative
could be used directly in a reductive amination to generate cleavage, but with lower efficiency (28%).

amines such a22. Kleinman utilized ozonolysis of bicyclic carbam&i8 to

generate bis-aldehyd®&4, which was treated with benzyl-
Scheme 3. Ozonolysis Followed by in-Situ Bisulfite Adduct amine and sodium cyanoborohydride to generate the bicyclic
Formation amine35 (Scheme 7§

57%

|
R,NH, TFA OH 33 0 34 33% overall 35
mN a(a) (i) Os; (i) MezS; (b) BnNH, sieves, NaCNBG
Na(OAc)3BH
22

Researchers at Lilly utilized ozonolysis followed by
NaBH, workup to provide diol37, an intermediate in the
Varie has described the conversion @&)-carvone to synthesis of protein kinase C (PKC) inhibitors such3&s
protected alcoholg@3 (Scheme 4, R= TBS, TBDPS, or CO-  (Scheme 8}?
t-Bu).” The propenyl side chain was then cleaved by Alcohol 40 was prepared from olefi89 by ozonolysis
ozonolysis followed by Criegee rearrangement of the inter- followed by NaBH, workup (Scheme 9, ca. 89% vyield, 288

m Os, 60 °C: OH Scheme 7. Conversion of 33 to 35
— aq NaHSO3 SO3zNa o
20 2 HO AIONCOEt @ | TN TONCoE| P g N~ NCORE
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Scheme 8. The Synthesis of PKC Inhibitor 38 Scheme 11. Ozonolysis of Olefins to Aldehydes and Ketones
o NF 0y o~OH Ve
PhsCO\)\/\OH NaBH, PhBCO\/k/\OH /\n/o\rcozt-su Me
s 85% 57 S he Me™ X OTBS
44 45

J
ArHN/\n/ COzt Bu

BzO G “OAc
O
38
NR, 46 47
R=CH(Me)i-Pr
Scheme 9. Ozonolysis in the Preparation of
24(S)-Hydroxyvitamin D ,
Me_ Me Me Me
Me
Me, . _~_ Me Me, OA( Bn En Y’Q
' “~” “OH NN N.,.
Me
0 O
: 1. O3, NaOAc, -25 °C o =
48
O= _— O:g

2. NaBHy, ca. 89%
(see text)

based on this oxidation was developed by Coe and co-
workers at Pfizer for oxidation of activated aromatic methyl
groups (e.g (;)—nitrotoluenesjll The example shown (Scheme
g scale; yield estimated from a 51% overall yield for a six 12,51 to 52) proceeds in 95% yield on a 48 g scale.
step sequencé}.It is noteworthy that the least substituted o ) )
olefin was selectively oxidized (the proximity of the electron- Scheme 12. Oxidation of Activated Aromatic Methyl Groups
withdrawing sulfone to the other two olefins may also .0 ¢ Me (MeO),CHNMe;

, X L M NM
contribute to this selectivity). Sulfor®d was a precursor to o2 \C[ ¢ 20:C e
24(9-hydroxyvitamin D, a metabolite of vitamin B NO, 140°C NG

Ozonolysis of tetrasubstituted enamidil has been 2

40

95%
employed to generai@-hydroxyeste#3 (Scheme 10, PNB 50 ° 51
Scheme 10. Ozonolysis to Prepare-Hydroxyester 43 NalOy4 MeO,C (I)
Ph [ Ph ] Ph ~
A ) L
- z 4 52
N™ S O3 N”"s NaBH, N7 S

J/:l\(l Me J;( This strategy has been utilized by colleagues in Pfizer’s
g f\Me 0 37“0/*7%(3/” o7 N\wOH Chemical Research & Development group to prepare alde-
I e J; hyde 54, a precursor to55, a cyclooxygenase (COX)-2
0~ "OPNB PNBO™ ~O PNBO™ ™0 inhibitor, and to prepare bisulfite addusT from 2,4-lutidine
41 a2 43 (Scheme 13). Nitrobenzaldehy&d was prepared in 99%

= p-nitrobenzyl). This sequence was scaled to 250 kg and Scheme 13. Oxidation of Activated Aromatic Methyl
proceeded in 7975% vyields. Although the intermediate  Groups?

a-dicarbonyl lactan®2 was not isolated, its direct formation Me ac_

from the ozonolysis (i.e., prior to addition of any reducing /@[ /@ i
agent) indicated that the initial ozonide breaks down to NO, 99%]

generate this product plus the carbonyl oxide of acetbite. CI

Scheme 11 summarizes five further exampk4—48),
all of which were described by process research groups on

CO,H

laboratory scale for the conversion of terminal olefins to Me NMe, c
aldehydes44, 47),%6 a 1,2-disubstituted olefin to aldehyde b o HOS\OH
(46),}" a 1,1,2-trisubstituted olefin to an aldehyd)'® and | N - . . Q

a 1,1-disubstituted olefin to a secondary alcoh®8)(° N Me | X 64% |
Interestingly, in this last example the product chiral alcohol 56 NP N” “Me
wasC,-symmetric, such that the secondary carbinol generated € 57

in the oxidation was a chirotopic, nonstereogenic cetiter. a(a) (MeOYCHNMe,, DMF, 140°C: (b) BuLi, EtNH, DMF; (c) (i)

2.1.2. Periodate, Peroxide, and Other Reagents NalGs; (i) HaSOs

Electron-rich olefins (e.g., enamines) can be oxidatively yield on a 25 g scale from the corresponding 2-nitrotoluene
cleaved by treatment with periodate reagents. A strategy derivative?? Bisulfite adduc7 was prepared in 64% overall
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yield from 2,4-lutidine on a 2.8 kg scatéThe regioselective =~ Scheme 16. Preparation of Epoxide 69

lithiation of 2,4-lutidine had been earlier noted by Evéhs. HO HO
Oxidative cleavage of vicinal diols is frequently utilized HO Ho o H0; TsCl
. . OH -
in the preparation of aldehydes and ketones. Researchers at _ HI pyridine
Lilly have described extensive optimization and scale-up NaG  OH Na,‘j%% 0
studies on the preparation of 2CBisopropylidenes-glyc- 66 z 67 o
eraldehydej9) from p-mannitol, which included the oxida-
tive cleavage of diol58 (Scheme 14% The periodate
HO
Scheme 1':,. Preparation of Glyceraldehydes 59 and 61 OTs  NaOEt HO. \/<(])/002Et
Me © Me 0 0
j\o 9” NalO, Mev\o 68 69
H O aqNaHCO; O\/‘\ - I
OH o# 67% I Noyori and co-workers _hgve rgported the OX|dat|vg cleav-
58 59 % age of cyclohexene to adipic acid (HO(CH,)4COH) with

30% hydrogen peroxide, catalytic N&O,-2H,0, and a
phase-transfer catalyst (Me¢ctyl)sNHSO,), both 1 mol

0 KIO,
Et>< Ho KHCO3 et %.2° The crystalline product is isolated by filtration in 90%
Et” 075 0 o

yield (100 g scale), and the aqueous phase can be recycled
69% O\/’\ into another oxidation by addition of peroxide and phase-
60 61 ('3 transfer catalyst.

Dimethyl-1,3-acetonedicarboxylatél) has been prepared

cleavage proceeded in 67% yield on a 10 g scale and hasby oxidative decarboxylation of citric acid’Q); this was

been successfully scaled te100 kg quantities. In a executed on a 400 g scale in 52% yield (Scheme*1This

subsequent publicatidii, Schmid described an improved Scheme 17. Preparation of

preparation of the analogous pentylldeng—protected aldehyde%imethyl-1,3-acetonedicarboxylate (71) by Oxidative
from 60 using a buffered potassium periodate system; both pecarhoxylation

enantiomers were prepared.

. o OH H,SO
294
The sequence shown in Scheme 15 was ut|2I|72¢d for HOLC COH Me0,C” 1~ “CO,Me
conversion of salicylaldehydé2 to g-aminoester65,%” in COLH 52% o)
which oxidative cleavage of amino alcoh@B to imine 64 70 71

was executed on a 150 kg scale. The overall yield for the

sequence ranged from 48% to 57%._Sod_ium_ periodate_ WaSyrocedure is a modification of a®rganic Syntheses
preferred over lead tetraacetate for this oxidation for obvious procedure, which utilized fuming #$0,.3132

reasons. Aminoestess is a precursor to a,3s integrin Several oxidative protocols for the conversion of olefin
antagonist. 72to bicyclic amine74 have been described (Scheme ¥8).
Scheme 15. Amino Alcohol Cleavage To Prepare aafis Scheme 18. Conversion of Olefin 72 to Bicyclic Amine 74
Integrin Antagonist 0s0; (cat)
NMO OH 1. NalO,4
P o — (I —— ] e
CHO HN Co2_t_Bu 89% OH 2. BnNH2
OH 73 NaBH(OAc)3 74
S OMEM 2 86%
Cl Br . . . .
6 cl Br Dihydroxylation of 72 can be effected with catalytic OO
63 (0.126 mol %) and eitheN-methylmorpholineN-oxide or
Nalo, sodium chlorite as stoichiometric oxidants. The former
MeOH provides an 89% vyield of digf3 on a 400 g scale. Oxidative
— - cleavage with Nal® in aqueous dichloroethane (DCE)
p-TsOH - Ph generates a solution of the bis-aldehyde, which is condensed
HoN WN with benzylamine and reduced with NaBH(OAd)rectly;
COtBU o oH CO,-t-Bu the overall yield for this sequence is 86% on a 40 g scale.
OMEM = = OMEM An alternative ozonolysis sequence is also described
48-57% (Scheme 19), in which the methoxyhydroperoxide is reduced
c Br overall | ¢ Br by hydrogenation over Pt/C, and benzylamine and H€O
65 - 64 - are added to effect reductive amination after further hydro-

genation over the same catalyst. Hydrogenolysis over Pearl-
Hydrogen peroxide-mediated oxidation of sodium ery- man’s catalyst in the presence of TsOH then effects
thorbate 66) was utilized to generate dihydroxylacto6@ debenzylation and salt formation. This sequence proceeds
which was converted to epoxidé9 by tosylation and without isolation of intermediates to provide a 28% overall
ethanolysis (Scheme 18)This route was preferred for scale- yield of the tosylate salt 074 from olefin 72; despite its
up over other routes examined (e.g., Sharpless AE andlower yield, the ozonolysis sequence is preferred due to its
derivatization of diethyl tartrate). improved waste stream issues and ease of oper&tion.
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Scheme 19. Improved Process for the Conversion of Olefin of the latter class was reported by Fang and co-workers, who
72 to Bicyclic Amine 74 studied the asymmetric dihydroxylation of ole@6 (Scheme
OMe OMe 22) 38 They found that with the DHQD (AD-miy)—PHAL
o] H
O.l _° ? 2, 0 Scheme 22. Dihydroxylation in the Synthesis of
O pyc Camptothecin (89) and Analog G1147211C (90)
72 OH OH
77 78
N
BnNH, |
HCO,H TsOH, H,
Hyp, PY/C Pd(OH),/C
74 28% overall 74-TsOH

Frost has reported a similar dihydroxylation/oxidative
cleavage/reductive amination strategy for the conversion of
olefin 81 (prepared by an enantioselective Heck cyclization)
to benzylamines3 via diol 82 (Scheme 20j* They found

Scheme 20. Conversion of Olefin 81 to Benzylamine 83
KMnO4

F F
F BnEt;NCI
O‘) N OH' OH (phthalazine) system, a modest 26% ee was obtained.
aq "a However, use of the (DHQD)2PYR (pyrimidine) ligand
81 82 OH

8% provided a much improved 94% ee. Oxidation of the hemi-
acetal product87) provided lactone88, which could be

NaIO4

aq MeOH: F converted to camptothecir89) in three steps. This inter-

- . F mediate was also utilized in the synthesis of camptothecin
BNNH, ﬁ@ analogue GI147211C90).3°

Na(OAc);BH Negn The dihydroxylation of enol ethers such 8% has been
7% 83 studied in the course of preparing aminochroma@al

(Scheme 23%° A variety of enol ethers were examined,
that KMnQ, could be used in place of OgUor the

dihydroxylation reaction, which simplified handling and Scheme 23. Dihydroxylation of Enol Ether 91
waste disposal. This chemistry has been executed on R.

"z

Ha

kilogram scale. ? i OH - H
Finally, an example is included wherein the authors A AD SR ~0
describe singlet oxygen addition t@-terpinene84 in a g

; ] . 0 o) 0
microfabricated nanoreactor (Scheme Z1jhe experiment 01 92 03

Scheme 21. Addition of Singlet Oxygen to 84 in a

Nanoreactor ranging from R= methyl to R= decyl, including branched

and heteroatom-substituted side chains. Tkgentyl enol

Me ether emerged as an optimal substrate; with the Sharpless
Rose bengal Me AD-mix-f (KsFe(CN), N&S,0s, K,COs, K20sQy+2(H;0),
70O MeSGONH;) and (DHQD)PHAL ligand in aqueous aceto-
Oatv o L O nitrile, a 99% yield of hydroxy-keton®2 was realized with
Me” “Me Microreactor Me 94% ee. The corresponding tetralone and seven-membered
84 85 ring enol ethers were also studied. Use of freshly prepared

AD mix reagent was found to be beneficial, allowing much
described is on modest scale (ca. 600 mg), but due to thejower oxidant and solvent levels to be used.
continuous flow nature of the system, it could in principle  The Sharpless AD system has been applied to the
be effectively scaled to larger throughput. The advantagespreparation of 3,5-bis-trifluoromethylstyrene oxid@6), a
of flow chemistry relative to batch reactors in this type of precursor to neurokinin-1 (NK-1) antagoni87 (Scheme
photochemical reaction are discussed and represent arp4)4 The AD-mix-a (DHQ),—PHAL ligand provided an

important area of research in process chemistry. 80% vyield of diol95with 92% ee; recrystallization increased
] ) ) the optical purity to 9799% ee. This diol was then
2.2. Dihydroxylation of Olefins dehydrated under Mitsunobu conditions witirhxsP and

. . diisopropylazodicarboxylate to provide epoxi€l6; use of
2.2.1. Asymmetric Dihydroxylations tricyclohexylphosphine in place of B was critical for
There are several examples of the Sharpless asymmetrigetention of optical purity in the cyclodehydration.

dihydroxylation (AD) reaction applied to pharmaceutical =~ Workers at Merck utilized the Sharpless AD of olefif0
scale-up efforts. This powerful methodology has found to prepare tertiaryo-hydroxyketonel02 (Scheme 25), a
applications for preparation of diols, amino alcohols, ep- precursor to COX-2 inhibitor L-784,512103).%> Several
oxides (via cyclization of the product diol), andhydroxy- ligands were studied, with (DHQERHAL providing the
ketones from dihydroxylation of enol etheéfs’ An example highest enantioselectivity (79% ee). The product diol was
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Scheme 24. Preparation of NK-1 Antagonist 97

o)
\\OH cy-hxgP S
AD_ DIAD
FaC CF3
96
Me/,,. CFs
OO

97

Scheme 25. Dihydroxylation in the Preparation of COX-2
Inhibitor L-784,512 (103)

Swern

Jop
MeO,S Me MeSO;
100
W c

F
MeSO; s

103

crystallized to>98% ee. The analogous aryl sulfide substrate
was found to provide improved selectivity (82% ee), with
generation of a mixture of sulfoxide and sulfone diols;
oxidation of this mixture (HO,, cat. NaWOy) provided the
sulfone.

Wang has studied the Sharpless AD of several 1-dryl-1
pyndylalkenes’13 While the parent 2-pyridyl olefin gave slow
conversion and modest selectivity (285% ee), substituted

Caron et al.

Scheme 27. Sharpless Asymmetric Aminohydroxylation To
Prepare Chiral Oxazolidin-2-ones

. HNCOEt [ F
NaOH
K2[0302(OH)4] Cs,CO3
_— Me —_— \\Me
—  1,3-Cly-5,5-Mey- / 73% \
Me hydantoin HN_ OH| overall HN\H/O
CO,Et
107 2 ol
108 109

matography or more conveniently by selective base-mediated
cyclization to the oxazolidinone (the benzyl alcohol isomer
cyclized slugglishly under these conditions). The uncyclized
substrate was then hydrolyzed to the amino alcohol, which
could be separated by acid extraction. The example shown
proceeded in 73% yield and 9®3% ee. The authors
indicate that scale-up to kilograms has been performed.

2.2.2. Non-Asymmetric Dihydroxylations

There are several non-asymmetric dihydroxylation scale-
ups reported. The diastereoselective dihydroxylation of olefin
110in the preparation of 3-hydroxy-3-methylglutaryl coen-
zyme A (HMG-CoA) reductase inhibitor L-679,336 has been
reported (Scheme 28).Diol 111 was formed in 78% yield
on a 500 g scale (39:1 diastereofacial selectivity).

Scheme 28. Diastereoselective Dihydroxylation of Olefin 110

TBSO o) TBSOUO
o) (0]
O Y
Q H 0sO,(cat) o, :
Et NMO %
—— Me Me - Me

78%

Me\\w Me“'

oH "

110

Chemists at Sandoz reported the dihydroxylation of olefin
112 to generate a mixture of cis-diol413), which upon
dehydration with TsOH/DeanStark conditions generated
ketonel14 (Scheme 29j° The dihydroxylation proceeded

pyridines gave better results. Of 25 substrates examined, 10
gave>75% ee, and 7 were above 94% ee. The best ligand Scheme 29. Conversion of Olefin 112 to Ketone 114

was (DHQDYAQN. Three of the best substrates are shown
in Scheme 26.

Scheme 26. Examples of Olefins That Were Dihydroxylated
and Resulting ee of the Products

o o

105 OMe

96% ee >99% ee

98% ee

The Sharpless asymmetric aminohydroxylation has been

used to prepare chiral oxazolidin-2-ones (Scheme*27).

Optimal results were obtained with the phthalazine ligands

(e.g., (DHQYPHAL) and 1,3-dichloro-5,5-dimethylhydantoin
as stoichiometric oxidant in place 6BuOCI. Enantiose-
lectivity ranged from 88% to 98% ee. Regioselectivity for

0Os0y4 (cat)
NMO

96%

ey

114

ent—1 14

Meol!

TsOH

PhH
Dean-Stark

NBS

t-112 ——>
en 69%

the benzylamine isomer (vs benzyl alcohol) ranged from 1:1 in 96% yield on a 100 g scale. The analogous transformation

to 10:1. The undesired isomer could be removed by chro-

starting withent112 was effected by halohydrin formation
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with N-bromosuccinimide (NBS), followed by 1,8-diazabi- Scheme 32. Preparation of Indinavir (125)
cyclo[5.4.0]undec-7-ene (DBU)-mediated dehydrobromina- NaOCI

tion to form entketone 114 (presumably via epoxide Mn-salen (cat) 0
formation and rearrangement). . ©i>

The dihydroxylation of allylic amines such &4%7has been PsNO
studied (Scheme 30Y.Krysan et al. found a strong solvent 22 aq CHCl
Scheme 30. Dihydroxylation of Allylic Amine 117 O/\N/\ H OH
Me H/ /1,

CONHt-Bu o)

N
QR Ph
BocNH Me BocNH OH Me \_7 125

= 0s0y4 (cat) P3NO (124)

NMO the selective potassium channel activator BRL 55838)

(Scheme 33)* Optimization efforts identified a 0-10.2 mol

117

dependence for the stereochemical outcome, with 2-propanolScheme 33. Synthesis of the Selective Potassium Channel
preferred over aq THF (82:18 vs 50:50, respectively) for Activator BRL 55834 (129)

formation of threo isomet18 The level of facial selectivity C.F NaOClI o

was observed to degrade as the reaction proceeded, which 2 5m Mn-salen (cat) C,Fs NG

was interpreted as arising from a less selective catalyst 0" TMe N-oxide figand m
generated from oxidation of the intermediate osmium gly- Me o7 Me

. . . ) Me
colate species. Three other allylic amines were examined, 127 128
all of which were less facially selective than the 1,2-cis-
disubstituted olefin (e.g., the trans isomer was 65:35, and Ij
the 1,1-disubstituted olefin was 57:43). o~ N
Dihydroxylation ofN-benzylmaleimide 119 to generate — G ~OH
diol 120was reported on a 50 kg scale (73% yield, Scheme
31)#8This product is a precursor to pyrrolidinéosylate121, 0" e
129
Scheme 31. Preparation of Pyrrolidine-Tosylate 121
RuCls(cat) Me_ Me % catalyst load and 10 mol % added isoquinoli®xide
I\ Naio, v o0 to provide 93-95% ee product, which crystallized to
NN — — enantiomeric homogeneity.
Bn 73% 07 °"N" 0 Jacobsen epoxidation @folefin 130to generate epoxide
Bn TsOH- H 131was accomplished in 89% ee (Scheme 34, 1 mol % salen
e 120 121 Scheme 34. Synthesis of PDE IV Inhibitor CDP840 (133)
which is generated by diol protection, imide reduction with
borane-THF, and benzylamine hydrogenolysis. The latter OMe NaOCl OMe )
transformation can also be effected by isolation of the Mn-salen (cat) ¢ LiBH,
borane-amine complex from the imide reduction and “N-oxide ligand BH.THF
treatment with Pd(OHJC, which effects simultaneous bo- AN 0
rane-amine decomplexation and hydrogenolySis. Ph ~
o)
2.3. Epoxidation of Olefins 131
2.3.1. Asymmetric Epoxidations (Including Kinetic Q oM Q
Resolutions) ) € 1. MsCl OMe
EtsN
There are several examples of the Jacobsen asymmetric — .
epoxidatio®®5! (AE) applied to pharmaceutical scale-up Z >N 2.Zn, AcOH
efforts. Senanayake and co-workers utilized Jacobsen’s -~ ~
epoxidation protocol to prepare indene oxid®8 a precursor &
133

to HIV protease inhibitor indinavirl25 Scheme 32 A 132
variety of N-oxide additives were investigated, from which
4-(3-phenylpropyl)pyridineN-oxide (124, PsNO) emerged catalyst, 0.5 mol % 4-(3-phenylpropyl)pyridins-oxide
as an optimal ligand. With this ligand, the catalyst load could ligand)>® The corresponding-olefin was also studied but
be reduced from 1.5 to 0.75 mol % while retaining the yield found to be a less selective substrate (48% ee). The epoxide
and enantiomeric excess (88% and 86%, respectively).  was then reductively opened with LiBHH;—THF, which
A detailed mechanistic study of this epoxidation has been proceeded with retention of stereochemistry at the doubly
reported by Hughes, Smith, and co-work&nahich includes benzylic position (intramolecular alkoxide-coordinated hy-
extensive kinetic studies and identifies an unexpected roledride delivery to a stabilized carbocation intermediate could
of theN-oxide as a phase-transfer catalyst and metal ligand. rationalize this result). The secondary alcohol was then
The Mn(lll) salen-catalyzed epoxidation of chromergy removed by mesylation and zinc reduction to generate
has been utilized to generate epoxit28 a precursor to ~ CDP840 (33, a phosphodiesterase (PDE) IV inhibitor.
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Hansen and co-workers utilized the Jacobsen kinetic agonist MGS0028146).5° They found that peracid-based

resolution (KR) of epoxidel34 to preparecis-aminochro-
manol 137 (Scheme 35j¢ The KR proceeded in 95% ee.

Scheme 35. Preparation otis-Aminochromanol 137 via
Jacobsen Kinetic Resolution

1. AcCl

aq KOH 3. AICI3
135
0 2
WOAC A _wOH
L™ = O
0 0
136 137

Direct epoxidation of chromene was not a viable strategy in
this system (cf. indene, Scheme 32) due to competitivé&iC
oxidation of the chromene.

A Jacobsen epoxidation @styrenel38was utilized in
a preparation of 2-phenyl-3-hydroxypiperidihé42 (Scheme
36)5" The AE proceeded in 75% yield and 94% ee.

COsMe Co- salen (cat)

134

1Z
I

Scheme 36. Preparation of
N-Boc-2-phenyl-3-hydroxypiperidine (142)

BnNH, H
ﬂ AE )/j;’xo QS_“\OH
Cl”” Ph ClI” Ph NaHCO3 |
Nal Bn Ph
138 139 140
1. MsClI ~OAc
— O
2.ByNOAc ~N” “Ph ”Ph
Bn
14 142

Cyclization of the epoxide with benzylamine provided
pyrrolidine 140, which was ring-expanded to piperidiad1
by mesylation and solvolysis with BNOAc (via an aziri-
dinium species).

An additional example is the asymmetric epoxidation of
styrene300to 301 followed by BaeyerVilliger oxidation
in the synthesis of SK&F-104353303 as depicted in
Scheme 768

2.3.2. Non-Asymmetric Epoxidations

Turning now to nonchiral epoxidations, Zhang and co-
workers utilized the trans-selective epoxidation of oléf3
to generate epoxide44 (Scheme 37), which upon treatment
with base cyclized to generate [3.1.0]-bicyclohexang, a
precursor to metabotropic glutamate receptor (MGIuR)-2

Scheme 37. Preparation of mGIluR-2 Receptor Agonist
MGS0028 (146)

F
CO,Et .
2 1 NBS CO,Et LIHMDS, EtAl
2.DBU O 78°C
143 144
H F
H F o. =1
HO//,,E"j-'ICOzEt —_— tj O
o
o —
CO,H
145 HoN 146

epoxidations favored formation of tlués-epoxide, whereas
bromohydrin formation/cyclization favored the trans isomer
(8:1).

Both achiral (magnesium monoperoxyphthalate, 88%) and
chiral (Sharpless AE, 59%, 70% ee) epoxidationg-ofefin
147have been studied (Scheme 88Alcohol oxidation and

Scheme 38. Preparation of Aminodiol 150

OH
— see 1. Pyr-SO3
-
text  C-CeHq ) 2. i-BuMgClI
147 148
HO, . H
FPr 1. NaN, © i-Pr
oCelii™ ™75 2.Hp, PAIC  C-CeHy “OH
NH,
149 150

addition of i-butylmagnesium chloride provided epoxy
alcohol 149, which upon azide opening and reduction
provided aminodiol150. Resolution of this amine with
tartaric acid provided enantiomerically homogeneous material
(>99% ee).

Epoxidation of enond 52 generated epoxyketoris3,51
which underwent Noyori's Pd-catalyzed epoxide rearrange-
menf? to generate 1,3-diketont54 (Scheme 39). On lab

Scheme 39. Epoxidation Followed by Rearrangement To
Prepare Diketone 154

9 Q Pd(OAC), 0
[ox] PhsP
— - 0 -
rac-BINAP 0
EtsN
152 153 154

scale, the epoxidation was effected with basic hydrogen
peroxide in methanol. In the pilot plant (26 kg scale), NaBO
4(H,0) was utilized as oxidant.

Epoxidation of olefinl55to generate cryptophycin 52 has
been reportedli66, Scheme 405 This epoxidation proceeds
with modest (2:1)p3/a. selectivity.

Scheme 40. Preparation of Cryptophycin 52 (156)

OMe

Ph
m-CPBA

—_—

Me

oA

155

o...

%@Lﬁ

Me Me
Me'
156

The epoxidation of steroid substrates has been reported
as summarized in Scheme 41. Gallagher treated oléfih
(generated without isolation by Sg@cOH oxidation of 4,4-
dimethyl-5a-cholest-7-en-8-ol benzoate) with Cr@ to
generate epoxyketori®8on a 100 g scale (ca. 60% yiekf).
Dolle epoxidized olefind59and160with m-chloroperoxy-
benzoic acidifr CPBA) to provide epoxide$6land162in
72—82% yields on a 306400 g scalé’

a-lononel63was epoxidized on a 200 g scale (Scheme
42, 99% crude yield}> The epoxide produd64was isolated
in crude form and treated with NaOMe/MeOH to form allylic
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Scheme 41. Steroid Epoxidations

159 R = (CH2)3CH(CH3)2
160 R = (E)-CH=CHCH(R-CH5)CHMe,

Scheme 42. Epoxidation ofx-lonone 163
Me, Me Me

wo MeCOH
Me AcOH

163

Me

Sep
o Me

164

Me, Me
NaOMe

Me, Me Me
S

Me, Me Me

O sio,
Me
OH 465

Me

o 166

alcohol 165 Treatment with silica gel resulted in isomer-
ization of this material to diketon&66.

Kress and co-workers reinvestigated the epoxidation of

olefin 167,56 utilized in the first total synthesis of lysergic
acid published by Kornfeld, Woodward, and Lilly colleagues
in 1954 (Scheme 43). Unexpectedly, they found this

Scheme 43. Synthesis of SHE Receptor Agonist LY228729
(171)

Ph_aMe ) OH
W HN -~

m-CPBA NH, H
- . g

N 31% N
éz overall N
167 168 169 Bz
NH2 NPI'2

—— ‘\\H —_—

2. H,, PdIC H,N N
N NH

170 22 171

epoxidation to be highly diastereoselective-CPBA or
monomagnesiumperoxyphthalate), forming anti-epodié@
with >98% diastereoselectivity (455 g scale). The racemic
epoxide was then condensed wif)-(--methylbenzylamine;
the desired diastereom&69 condensed from the reaction
mixture in 31% overall yield for the epoxidation and
amination (62% of theory for racemic epoxide). This amine
was then converted to primary amid&0 via an aziridine

Chemical Reviews, 2006, Vol. 106, No. 7 2953

intermediate. This amine is a precursor to LY2287281j,
a potent 5-hydroxytryptamine 1A (5HA) receptor agonist.
Further studies have been performed on this epoxidation,
and it was found that peracid-mediated epoxidation is highly
o-selective (86-98% diastereoselectivity), whereas bromo-
hydrin formation and base-mediated closure generates the
B-epoxides selectively (9698% diastereoselectivity§. The
Lilly group has extended these oxidations to several related
ergot alkaloids and carbocyclic analog§&$hey found the
same general trends to apply, but with variations in degree
of selectivity and product stability depending on substituent
patterns and ring size; some representative substrates are
shown in Scheme 44. Modeling studies support torsional
steering as a key stereocontrol element in these oxidations.

Scheme 44.a and f Selective Epoxidations of Ergot
Alkaloids and Carbocyclic Analogues

m-CPBA
_mereA
] 0
1. NBS R H
R=H,Br,CN,OMe  2.NaOH N
Bz

174
Me )
O ez L )
Ly Cco o g™
N
Bz
175 176 177 178

Noyori and co-workers have utilized a peroxide-based
oxidation system similar to that reported for cyclohexene
cleavage to adipic acid in section 1.1.2 (30%Ok Na-
WO,, Me(n-octyl)sNHSO,, NH,CH,PO;H,) for epoxidation
of various olefins in high yields (e.g., 8®9% for terminal
olefins)’®"1 This practical, environmentally benign oxidation
has been demonstrated on a 100 g scale.

2.4. Halohydrin Formation

Halohydrin formation (addition of “X-OH” across an
olefin) is treated as its own category, although the product
halohydrins are in several cases converted to the correspond-
ing epoxides by base-mediated cyclization.

A particularly important application of halohydrin forma-
tion is found in the Merck process group’s synthesis of
indinavir, a marketed HIV-1 protease inhibitor (Scheme 45).
Maligres and co-workers reported the selective oxidation of
olefin 180 to form iodohydrin 182 in 92% vyield (97:3
diastereoselectivity’ Interestingly N-chlorosuccinimide
was as effective for this transformationidsodosuccinimide.

In a subsequent mechanistic study, Rossen and co-workers
demonstrated that this reaction proceeds through cyclization
of the tetrahedral amide hydrate to generate tetrahydrofuran
181 (and not the originally proposed iminium imidafé).
Rossen has also reported that the epoxide arising from base
treatment of the iodohydrin can be formed directly by
electrochemical oxidation of olefirt80 with a NaBr-
acetonitrile-water system; the yield (86%) and diastereo-
selectivity (94:6) are comparable to the iodohydrin metffod.
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Scheme 45. Synthesis of an Intermediate in the Synthesis of
Indinavir

Me Ph Me
Ph Me+g NCS Ho Me o
- Nal i Z
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The oxidation of terminal olefii83to prepare iodohydrin

184, which was then converted to the epoxide with NaOMe,

has been reported (Scheme 46)his intermediate is a

Scheme 46. Synthesis of HIV Protease Inhibitor 185

cs Ph Me
Ph
Me~— Nal Ho  \Me—-q
I N, /
O NaHCO3 o)
85% 0
183 184
Ph
N Ho H GH
(N N,
: 0

CF3

precursor to second generation HIV protease inhibi&h

The reaction proceeded m85% vyield on a 65 g scale.
2-Methyl-1,3-butadiene 186) was oxidized withtert-

butylhypochlorite to provide allylic chloridé87¢ as a 4:1

mixture of regioisomers (Scheme 47). This mixture was

Scheme 47. Synthesis of Aldehyde 190

Me BuOCI Me ClI Et2NH Me NEtQ
N A - A
61%
186 t-BuO 187 overall t-BuO 188
Me Me
. T CHO
t-BuO t-BuO
189 190

converted to amin&88, a substrate for Noyori's palladium-
catalyzed isomerization to chiral aldehydes.

Halohydrins192 (X = CI, R = H; N-chlorosuccinimide
(NCS), aq THF and X= Br, R = Me; NBS, MeOH) were
prepared from olefii91 (Scheme 48§’ Both intermediates
were converted to chloromethyl-furo[2t8pyridine 193 a
precursor to HIV protease inhibitor L-754,39494). The
overall yields from olefin191 to chloride 193 were 61~
69% for these sequences.

Chemists at Merck effected oxidation of compactin®)
with t-BuOCI and HCGH to add the elements of “Cl
OCHO" across the diene and genera (Scheme 495

Caron et al.

Scheme 48. Synthesis of HIV Protease Inhibitor L-754,394
(194)
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Scheme 49. Derivatization of Compactin (195)
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reaction. The product was converted to diend®, a
versatile intermediate for preparation of analogues of com-
pactin.

The “oxidative hydrolysis” of vinyl halides (e.g200) to

generatea-haloketones (e.g.201) has been disclosed.
Fifteen examples are included in the report by Morton and
Leanna; a representative example that proceeds in 85% yield
is shown in Scheme 50.

Scheme 50. “Oxidative Hydrolysis” of a Vinyl Halide

0}
NBS o
—_— Br
Br aq CH3;CN 0
200 85% 201

A similar oxidative hydrolysis of vinyl chlorid€02 to

generatex-bromoketone&03 a precursor to BILA 2157 BS
(204, Scheme 51), has also been repoffethe hydrolysis-
aminothiazole annulation sequence was executed on 340 g
in 84% overall yield.

2.5. Furan Oxidations

The electron-rich furan ring is readily oxidized and can

serve as a masked carbonyl functionality or as a precursor
to other heterocycles. Bodurow and co-workers utilized a
2-substituted furan as a masked carboxylic acid in their
synthesis of loracarbef (LY163892/KT377207, Scheme
52)81 Ozonolysis of furan205 and oxidative workup
provided acid206in 77% vyield.

Several oxidative functionalizations of the furochromone

Use of 1 equiv of oxidant was critical to the success of this nucleus of khellin208 Scheme 53) were investigat&d-or
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Scheme 51. Synthesis of BILA 2157 BS (204)

Scheme 52. Preparation of Loracarbef (LY163892/KT3777,
207)

OPh 0\ OPh
N ~ CO,H
o 7%
205 206
NH, 4
Ph/kr( N
N
o o Z Cl
207 O
Scheme 53. Oxidation of Khellin (208)
1) Hg(NO3); 2) NalO,4
/ 24% N\
OMe O OMe O
OHC
/ | 0804, Na|O4 |
(0] 0O Me 73% HO O Me
OMe OMe
HO OMe O

NalO4

75%

Hg(NO3),

37%

g,

example, several protocols were identified for conversion
of khellin to aldehyde210, the most efficient was catalytic
dihydroxylation with Os@and stoichiometric Nalgto effect
reoxidation and cleavage of di@D9.

The oxidation of furfuryl alcohoR11 to y-pyrone 213

Chemical Reviews, 2006, Vol. 106, No. 7 2955

yield).82 This sequence proceeds througichloroenone12,
which rearranges to thg-pyrone upon warming to 9€C.

2.6. Hydroboration of Olefins

Hydroborations are included in this section because of the
oxidative workup, although the overall transformation does
not involve a change in oxidation state. Steroid alc@i®
was generated from dierl4 by Dolle and co-workers at
SmithKline Beecham (Scheme 55, 70% yield based on
recovered starting materig).

Scheme 55. Synthesis of Steroid 215

R = (CHy),CH(OTBS)CH(CHj3),

The hydroboration of tetrahydropyridir?d.6 (Scheme 56)
has been reported in the synthesis2d82 This reaction
was executed by precomplexation of the tertiary amine with
BF;—EtO (to block borane complexation), addition of BH
THF, quench of excess BH-containing intermediates with
CaChb—MeOH—H0, and oxidation with hydrogen peroxide
under acidic conditions (Oxone can also be utilized for the
oxidation)® The product was isolated as the tosylate salt
by filtration in 88% yield on a 28 kg scale and was converted
to cis-N-benzyl-3-methylamino-4-methylpiperidine218).
The retention of the trans stereochemistry from the hydrobo-
ration was modest during the oxidative workup (3467:1)
but of no consequence because oxidation to the ketone was
the next operation in anticipation of a reductive amination
with methylamine.

Scheme 56. Synthesis of
cis-N-Benzyl-3-methylamino-4-methylpiperidine 218

1) BF3*OEty; 2) BH °THF
) BF3*OEty; 2) BH3 Me/, @

Me | 3) CaCly, aq MeOH
N
N 4)Hy0y, HCI
"TsOH Ph Me

Ph 5) NaOH; 6) TsOH
217

216
88% overall 218

Maligres and co-workers utilized the stereoselective hy-
droboration of 1,1-disubstituted olefd19to generate alcohol
220with 72—90% selectivity for the desired isomer (Scheme
57)8 The highest selectivity (90:10) was realized with 8H
THF at —10 °C. An 80% overall yield of diol220 was
obtained. Blocking the tertiary alcohol as the trimethylsilyl
ether led to improved diastereoselectivity; with the free

(maltol) has been reported on a 50 g scale (Scheme 54, 68%alcohol, 67-78% selectivity was observed. The product

Scheme 54. Synthesis of Maltol (213)

Clx(g) ¢ 0
I\ me ~2° N0 | 0°C OH
o | |
OH  0°C | HO” YNO” “Me| 68% 0~ “Me
211 212 213

alcohol is a precursor to spirobicyclic piperidi221, an
NK-1 receptor antagonist.

2.7. Oxidative Rearrangements

A number of oxidative rearrangement reactions are used
fairly commonly on large scale, including Curtius, Hofmann,
and BaeyerVilliger rearrangements. Some examples of
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Scheme 57. Synthesis of NK-1 Receptor Antagonist 221 Scheme 59. Examples of Large-Scale Curtius
Rearrangements
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221 O i) SOClIy; i) NaN; iii) A; iv) NaOH O
. . CF4 CF
other rearrangements can also be found including Beckmann, 98%
Willgerodt, Schmidt, and Lossen rearrangements. O CF3 O CF.
2.7.1. Curtius Rearrangements
HO,C 229 H2N 230

A number of examples of Curtius rearrangements are

reported in the literature. Researchers at Pfizer and PPGggge, the desired ring system had previously been prepared
Industries have produced benayivinyl carbamate 223 sing a Schmidt rearrangement in lower yield and selectivity.
utilizing a Curtius rearrangement from acrolyl c_hlorlde As in the case of am Endéthe acyl azide was generated
(Scheme 58¥%#°Because the Curtius rearrangement involves i solution and added slowly to a hot solvent to promote
rearrangement followed by ring closure. The double-Curtius

Scheme 58. Synthesis of Benz-Vinyl Carbamate rearrangement 0229 to 230 has also been reported on a

o i) NaNg; ii) A, BnOH H 500 g scal@?
\)J\CI \/N\H/OBH There are also some examples of Curtius rearrangements
65-72% o wherein the acyl azide was generated by oxidation of an acyl
222 223 hydrazine. Madding reported a Curtius rearrangement of

3-phenoxypropionyl hydrazid231 in the synthesis of the
the intermediacy of an acyl azide that must be heated to antidepressant nefazador288 Scheme 60). The acyl azide
promote rearrangement, extensive safety testing was under-
taken to run this reaction safely. The key to safe operation Scheme 60. Examples of Large-Scale Curtius
in this case was the controlled addition of a solution of acyl Rearrangements from Acyl Hydrazine Precursors
azide to a heated solution of benzyl alcohol in toluene. The H OPho N/\
.. . . . . a
decomposition of azide to isocyanate and reaction with Ny 7 NCo <\ f
benzyl alcohol to produce product is rapid, and thus the 2 p—

" o ..~ OPh O % OPh - =N
addition rate controls the rate of decomposition of the azide 231 88% 232 N

intermediate. Addition of potassium carbonate to the benzyl Et Cl
alcohol solution minimized an acid-catalyzed addition of
benzyl alcohol to the product to produce an aminal side OxNHNH,
product. A modification was made to the procedure in which H
the acyl azide is added to hot toluene and the resultant
isocyanate was distilled into a receiving vessel containing
benzyl alcohol at lower (0C) temperature. This process also
reduced the amount of side product produced and provided
the product in high enough purity to crystallize directly from HN 235
the reaction mixture. a(a) (i) NaNQ, HCI; (i) A; (b) (i) NaNQ,, H2SQy; (ii) A.

Anjeh reported the Curtius rearrangement on an azabicyclo- . . .
[2.2.1]heptane system to produ@26as depicted in Scheme Was generated in solution using NajN@nd HCI, and the
599 |n this case, the carboxylic aci@Z5) and base were solution of acyl azide was slowly added to a hot solvent to
preheated in toluene, and diphenyl phosphoryl azide (DPPA) effect rearrangement. This procedure was executed on a 700
was added slowly as a solution in toluene to control the rate 9 scale in 88% yield after trapping of the isocyanate with
of azide formation and decomposition. The isocyanate Propionyl hydrazidé? Lei utilized this same transformation
intermediate was then quenched with benzyl alcohol fol- in the synthesis of nefazadofferinally, ergoline derivative
lowing completion of the Curtius rearrangement. Running 236 was synthesized frof#35 using a similar procedur®.
the reaction in this manner minimized the amount of acyl 272 Hof R ¢
azide present in the reaction at any given time and added a~ "~ ofmann rearrangements
degree of safety to the process. A Curtius rearrangement was Hofmann rearrangements are used on a large scale to
also utilized to produce 2d)-isoquinolone228°! In this afford a transformation similar to that of the Curtius. Amato
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reported a Hofmann rearrangement in which the bromination, Scheme 62. Examples of Large-Scale Hofmann
rearrangement, and hydrolysis reactions were separated intdtearrangements

distinct stages by careful control of reaction temperature o)
5 Thi i [ NH
(Scheme 613% This procedure, used in the synthesis of N, 69% batch process [>—NH,
92% flow process
Scheme 61. Examples of Large-Scale Hofmann 246 247
Rearrangements
o] 0 o]
o ONa dONa ©\)\o
or
H )ﬁ j C, NH; NH, H’J“o
2 _— _—
70% o
HO,C NHTe. HO,C” “NHTs 248 249, 87% 250, 90%
237 238 HO c “NHTs
CCONHZ b NHCO,Me
N ” N
HO,C CONH, b HO,C NH, c 94% c
—_— 251 252
88%
240 241
Me O
CONH, —~ NH, c” SN el 92% ¢
0,
CO,H 70% COLH 253 255
242 243
a(a) NaOCI, NaOH; (b) B, NaOMe; (c) NaOBr.
Me M Me M . . .
o Me e b QMe e Scheme 63. Synthesis of Anti-Thrombotic Agent 263
- - o~ r ]
HzN‘(\H HN" N CN CN
e} Me Me
Me a
244 245 -
a(a) NaOH, NaOBr; (b) NaOH, NaOCI. . ~ _OH
ClI” N7 H”oN”
fibrinogen receptor agoni&39, was executed on a 2.9 kg | 257
scale. The use of a Hofmann rearrangement as the penulti-
mate step in the synthesis of gabapen#idlj, an anticon- l
vulsant, has been reported by two research grélffsaA _ _ CN
similar strategy was utilized to make the related pregabalin CN H,N__NH
(243 on a pilot plant scalé’ The transformation o244into 90%
245 utilizing a Hofmann rearrangement has also been
disclosed®®
. . v
Cyclopropylamine was produced using a Hofmann rear- INL ( N
rangement in a batch .proce@é;a S|m|Iar_procedure to o COR “%_CO,R SN
produce cyclopropylamine was executed in a flow reactor - 258 259 260 0
at a rate of 0.66 kg of product per hour (Scheme62Also o
reported was the production of anthranillic ac49) or b NH NH
isatoic anhydrideZ50) from phthalic acid amide sodium salt NH, 2 0 ,2
(248 in a flow process. The product formed was dependent 75% BocHN
. ' J X BocHNY “CO,H BocHN” ~CO,H CO-H
on whether sodium hydroxide was added to the reaction 263
mixture. The two could be produced at rates of 2.7 kg/h at 261 262

87% yield and 2 kg/h at 90% yield, respectively. Shapiro
utilized a Hofmann rearrangement to convert 5-cyanoval-
eramide 251) to methyIN-cyanobutylcarbamat@%2) in the
synthesis of azafenidit?® In this procedure, the brominated
amide intermediate was added to refluxing methanol to effect

a(a) (i) NCS; (ii) E&N; (b) Phi(OAC).

A Lossen rearrangement was employed in the synthesis

2.7.3. Lossen Rearrangement

rearrangement. A Hofmann rearrangement was also utilized®! Penzbdlindol-2(1H)-one 266 and a derivative thereof

in the synthesis of nevirapin@%5 to make a 3-aminopy-
ridine derivative254 from the corresponding nicotinic acid
derivative 253104105

Over 23 kg of261 was processed through a Hofmann
rearrangement in Zhang’'s preparation of anti-thrombotic
agent263 (Scheme 633)% In this case, iodosobenzene was

The Beckmann rearrangement has been widely utilized in

(Scheme 6437 Safety concerns drove the workers to employ
o,p-dinitrophenol rather than chloride as a leaving group.
The transformation was reported on a 1.8 kg scale.

2.7.4. Beckmann Rearrangement

found to provide superior results to hypochlorites and other the synthesis of acetaminophe®7(); the reports differ

common oxidants.

primarily in the catalyst that facilitates the rearrangement
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Scheme 64. Large-Scale Lossen Rearrangement Scheme 66. Beckmann Fragmentation in the Synthesis of a
Milbemycin?
OO0~ 0
0” NS0 7% g '
|
: jo 266
O,N NO,
265

Scheme 65. Beckmann Rearrangemerits

277 276
a(a) NosCl, EfN.

272 273 Scheme 67. BaeyerVilliger Oxidations on Large Scaleé®
a(a) Kl, SOCh, A; (b) TsCl, pyridine or NaHC@

o o
o a b 0. 0O
(Scheme 65). Potassium iodith;!%° thionyl chloride}® N/J§ 79% N ° % @NIO
H H H
50 27 280

Amberlist 151 trifluoroacetic acid, sulfur dioxide, and many 0

others have been reported as catalysts for this transformation 2

on large scale with yields generally 700%. A Beckmann

rearrangement &f72to 273was also utilized in the synthesis 0 0 o

of azithromycint?-117 oN ¢ o )J\HNH
Andrews utilized a Beckmann fragmentation to transform 93-95% CN — HO 8 2

milbemycin VM-44866 274) into SB-201561277) (Scheme 281 283

66) 118 The five step sequence was carried out on a 0.5 kg 282

scale in 30% overall yield.

9

F F

2.7.5. Baeyer-Villiger Reaction OO d OO
The Baeyet-Villiger oxidation is widely used on an 86%

industrial scale to prepare a number of substrates, from fairly 5, CHO 285 OH

simple to more complex ones (Schemes-83). Reisenwe-

ber has reported the conversion of isaflidi9 to isatoic Q o

anhydride 250) and 2,3-dioxo-1,4-benzoxazin@gQ)119:120 o H . 0 OH

in methodology that is complementary to the work of Jéftes <o 68% <OI>/

in preparing isatoic anhydrides using a Hofmann rearrange-

ment (Scheme 67). The product obtained is dependent on 286 287

the oxidant used; hydrogen peroxide in acetic acid lead to

formation of anhydride250, while the use of KS,Os in CHO COH| f OH
sulfuric acid resulted in production of the benzoxazZ28e. /©/—> m o m

The synthesis of azelaic aci@§3) and other 9-substituted Ph Ph 4% piy

nonanoic acids via oxidation of 2-substituted cyclohexanone 288 289 290

281in a batch process was described on 270 kg séafé? 2 (a) HOz, AcOH, HSQy; (b) HS,0s, H2SQy; (c) c-hexCQH; (d)
more recently, the process was demonstrated using cyclo-TCPBA; (€) HOz AcO; (f) HoO,.

hexane percarboxylic acid in hexal¥é.Kuo reported a  that is hydrolyzed tax-ketoacid289, then oxidized to the
synthesis of sesamoR87),'>* and Boswell reported the desired product. The entire sequence of reactions proceeds
synthesis of 4-fluoro-1-naphthd285);*?° both were synthe-  in 74% yield.

sized via oxidation of the corresponding aldehyde followed Chemistry developed by Corey is still used industrially to
by hydrolysis. A synthesis gi-phenylphenylacetic aci®90) synthesize the Corey lacton29@) (Scheme 68)2"128This

from benzaldehyde288 on a 1 kgscale has also been synthesis utilizes a BaeyeVilliger oxidation of function-
described?® The aldehyded88) is converted to a hydantoin  alized bicyclo[2.2.1]heptane2®]) to establish the stereo-
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Scheme 68. BaeyetVilliger Oxidation in the Corey Lactone
Synthesis

OAc OAc

WO
o
oy

Cl Cl

—_—
_—

0]

—_—

68% o

293 OBZ OH

291 292

chemistry of the five-membered ring of the prostaglandins,
and its execution on a 2.4 kg scale has been desctBed.

Similar strategies have been used in the synthesis of
prostaglandin-like drugs as shown in Scheme 69. Coleman

Scheme 69. BaeyerVilliger Oxidations in the Synthesis
Prostaglanding

Ph

A\i 60.63% h 'Q
OR

294
R = p-PhPh 296 QHOZC
OTBS
X
e}
OTBS
297

Ar= m-CF3C6H4
a(a) H;SOs, MeCOH; (b) MeCQH, AcOH, NaOAc.

applied a BaeyetVilliger oxidation in the synthesis of
prostaglandin analogu@96 on a 162 kg scal&® The
generation ofN-oxides as intermediates in the reaction
appears to improve selectivity for the desired lactone over
the undesired one, and careful control of conditions resulted
in the hydrolysis of the undesired lactone in the presence of
the desired one, thereby facilitating purification. In the
synthesis of travapros299), a Baeyet-Villiger oxidation
followed by a selective hydrolysis similar to that of Cole-
mart®was utilized to facilitate purification of the 3:1 mixture
of regioisomerg31132

Asymmetric epoxidation was followed by Baeyilliger
oxidation in the synthesis of SK&F-10435303) as depicted
in Scheme 768 Following the BaeyetVilliger run on 1 kg
of material, the product was isolated in 87% yield with the
optical purity improved to 99.5% ee.

Scheme 70. Synthesis of SK&F-104353 (303)

poly-L-leucine
H202, NaOH

82%, 95% ee

301
m-CPBA

87%

Ph

) 8 R
$9 CO,Naphth

302
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Processes where a Baeyefilliger oxidation occurs
during a cascade of other oxidations have also been reported
(Scheme 71). The oxidation cascade of either cyclohexanone

Scheme 71. BaeyerVilliger Oxidations in Oxidation
Cascades
OH
UozH

H,05, HoWO,4 HO,C

87%

305 306
0
05, Mn(OAC)s
gMe or Me OH
R=H,NO, R
309

or cyclohexanol to adipic acid306) has been reported?
Using hydrogen peroxide and a tungsten catalyst, cyclohex-
anol is oxidized to cyclohexanone, a Baey#iilliger
oxidation occurs followed by hydrolysis, and the product
hydroxyl acid is oxidized further to the diaci®d6). The
oxidation of ethylbenzene to benzoic acid using oxygen and
a manganese catalyst was reported, and the kinetics of this
process were studied carefulif 136

Baeyer-Villiger oxidation in concert with benzylic oxida-
tion was utilized to produc811 from 310 (Scheme 7233

Scheme 72. BaeyerVilliger Oxidation

Cl Cl
M CO,H
€ KMnO,, K,CO3 2
0}
Me 44% HOZC 002H
Cl Me Cl
310 311
CHO OH
Cl m-CPBA. Cl
OH 22% OH
OMe OMe
312 313

In the synthesis of a related compouriL®, Lyttle also
employed a BaeyetVilliger oxidation of aldehyde312

Varie reported the use of a BaeyeYilliger oxidation on
compound 316 using urea-hydrogen peroxide complex
(UHP) and trifluoroacetic anhydride (TFAA) as the oxidant
(Scheme 73J.Using this system, very high (98:2) selectivity
for the desired producB(7) was observed at 80% conver-
sion. Using other oxidant systems, the selectivity was notably
lower. This process was carried out in the course of a 0.5
kg campaign to produce cryptophycin A fragmeio,

2.7.6. Other Oxidative Rearrangements

Other oxidative rearrangements have been utilized on large
scale (Schemes 74 and 75). Challenger utilized an oxidative
ring contraction to produc823 from 321 using hydrogen
peroxide and sulfuric acitf®

A Willgerodt reaction was utilized early in the develop-
ment of naproxen326) on a 500 kg scale (Scheme 758)140
Chapman reported an interesting rearrangement reaction for
the synthesis of ibuprophen methyl estg2§).'4*
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Scheme 73. Synthesis of Cryptophycin A

Me
@,oms OTBS OTES OTBS
: a : b ¢ ¢}
P Me OH 0 0
23 24 316

319 318

320
a(a) Gz, Acx0; (b) TEMPO, NaOCI; (c) TFAA, UHP; (d) PhMgBr.

Scheme 74. Oxidative Ring Contraction

0 O H20, 0—oO0
H,S0, |HO OH
CO,Bu CO,Bu CO,Bu
321 322 323
Scheme 75. Other Oxidative Rearrangements
O Me
O Me 2 CozH CozH
MeO l MeO l MeO l
324 325 326

O Me
b
CO,Me
Me 76%
Me~ "Me 32 Me”™ "Me 328

7
a(a) S, morpholine; (b) Phl(OAg) (MeO)CH, H,SOu.

2.8. Aromatic Ring Oxidation

While oxidative substitution reactions of aromatic rings
are outside the scope of this review, there are a fewCC
bond oxidations of aromatic systems that are worthy of note.
An intramolecular oxidative aromatic coupling reaction was
utilized in the synthesis of antitussive ag&80 (Scheme
76) 142 Oxidation of one of the bis-phenols with Fe®as
followed by intramolecular trapping by the other bis-phenol.
This transformation was carried oub @ 1 kgscale!4?143
Galanthamine 333 was synthesized from a fairly simple
substrate 331) via an intramolecular oxidative aromatic
coupling reaction on a 12 kg scéf#.In this case, oxidation
is achieved using {Fe(CNY)].

Harrison reported the electrochemical oxidation of naph-
thalene334 to naphthoquinong35 and applied it to the
synthesis of vitamin K3 (Scheme 7%%.Hayes utilized the
oxidation of aryl methyl etheB36followed by reduction to

Caron et al.

Scheme 76. Oxidative Cyclization of Phenols
HO HO
N ‘I
HO

OH

N.
Me

330

a(a) FeCt, NaOAc; (b) Ki[Fe(CN)), K2COs.

Scheme 77. Oxidation to Produce Quinings

0
L s )
Me -e < 3 Me
334 335 O
(MeSQ,),Ce
OMe Me 0 OH Me
N__o a R N__o
T _COzMe T _COMe
CbzHN CbzHN
OMe 0 OH
336 337 338
b ‘ 56%
Me Me
HO N o] N
by by
\ .
N \-CO,Me N~"",_-CO,Me
340 339

a(a) CAN; (b) Fremy's salt.

demethylate to phenoB37 in the synthesis 0f33814
Following Cbz deprotection, a second phengliinone
oxidation was effected with Fremy’s salt to afford benzo-
diazepine340

Aromatization of dihydropyridine341 with sulfur was
exploited in a regiospecific synthesis®42(Scheme 78)%7

Scheme 78. Aromatization to Produce Pyridines

NN - NN -
|
A N s Sg = N g
|/ - - |/
85%
341 342
F F

Hickey reported complementary synthese8%6 (Scheme
79), a protected version of SK&F-94901, in a series of
papers*8149|n the first approach reported, thrt-butylphe-
nol 350was oxidized using Mng and phenoB52 trapped
the intermediatgara to the phenol. Following loss of the
tert-butyl group effected with TiGl product 356 was
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Scheme 79. Oxidative Formation of Aryl Ethers Scheme 80. Chlorination of 3-Acetylpyridine
0 0 OH
tBu X “Me 1) HCI, HOAc @)@i N NH;
| NG 2)NCS | N© Hol | NG
360 83% 361 362

Chlorination of ketones can also be accomplished with
sulfuryl chloride'®! In anotheif; adrenergic receptor agonist

MeO.C ;E synthesis, the Merck group chlorinat&63 in 73% Yyield

NHCOCF, (Scheme 81)%? The same ketone363 could also be

lj Scheme 81. Chlorination with SQCI,2

0
NHCOCF,
- Ar)l\/m oH
N
OoM 364 | > \/\©\
e ~
a
o 2/ 23 \ N" 2Hel N
Me ey >0
0
FsC b\ / FiC Nx
M902 / \

363
NHCOCF; A )]\/Br
r 366

364
a(a) SOC}; (b) HOAc, Br.

obtained in 55% yield. As an alternative, a series of iodonium
salts 855 were prepared from eith&53or 354, and phenol
352was coupled to provide intermedis386. From anisole  prominated with Brin acetic acid in 78% yield. Either halo-
353 the iodonium triflouroacetate was synthesized on a 600 ketone could be carried on 866

g scale using iodine, triflouroacetic acid, and fuming nitric  Another interesting example of the bromination of a ketone

acid as the oxidant to provide the salt in 95% yield. The has been reported (Scheme 82). Bromination of kegfe
same salt could alternatlvely be prepared from the iodoani-

zole 354 using ammonium persulfate as the oxidant; in this Scheme 82. Synthesis of Pagoclone (372)

case, a 75% yield was reported. Alternatively, the iodod- Br,
ichloride could be prepared from the iodide via the addition o MeOH 0
of chlorine. This complex was generated on a 40 g scale in MG)K/\rMe — Br\)J\/\i_Pr+ " )S/\ o
92% yield and was used to generate mixed iodonium salts. Me © L anl
367 368
3. Oxidation of Carbon —Hydrogen Bonds \
L . . . fast PPh; slow
The oxidation of activated €H bonds is often utilized
in the pharmaceutical industry. Common examples include
enolate halogenation, oxygenation, amination, dehydroge- 0] OPPhBr
nation, and the oxidation of benzylic and allylic positions. BrPhsF’Qj\/\i_Pr *ie” XN pr
3.1. Oxidation o to a Carbonyl s7op e 371
Probably the most common replacement of-aHCbond l
by a more electronegative element is the reaction of an enol
or enolate with an electrophile. While one might argue that o) PN
this is really an electrophilic addition to a highly electron- m

rich olefin and not truly an oxidation, one cannot argue the
importance of such reactions to synthetic organic chemistry.
i-Pr
372
3.1.1. By Halogen 0

The most common reactions of this oxidation class are with bromine in methanol produced a 63:37 ratio of
halogenations. Examples can be found of everything from bromoketone868 and 369153 The authors took advantage
simple methyl ketones to complex steroids. The most of the large rate difference of the subsequent reaction with
common halogenating agents are the elemental forms of thePPh. The primary bromoketone reacts much faster with
halogens (Gl Br;, ;). N-Halo imides (usually NBS, NCS,  PPh, allowing isolation of370in 57% overall yield (115
or dibromobarbituric acid) are also common. For example, kg). Phosphonium sal870 was carried on to pagoclone
the synthesis ofR)-2-amino-1-(3-pyridinyl)ethanol362), (372.

a subunit of numeroy8; adrenergic receptor agonists, such ~ Cupric bromide (CuBj) is known to be a mild brominating
as366, has been carried out on large scale by the chlorination agent for ketone¥* A large scale example is the bromination
of ketone 860 with NCS in 83% yield (Scheme 80)° of ketone373% Treatment of373 with CuBr, in EtOAc
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Scheme 83. Bromination with CuBp Scheme 85. Synthesis of Tibolone (387)
(IJOOPh COOPh Me OH Me OAc
N COQCHQPh >—OAC
CuBr, A
L% Fl0Ae L& Lbco CHoPh cat. TsOH
2 2
% o 383 85%  AcO 384
NBS \
results in 85% conversion to bromoketdi&t (Scheme 83).
The crude bromide is then subjected to a Favorskii rear- Me OAc  Lic) Me OAc
rangement producing est&r5 which is carried on to amine Lizcd3
226 (Scheme 59), an intermediate in the preparation of A
nicotinic acetylcholine receptor agonists. Although CuBr -—
often demonstrates useful selectivity differences oveoBe 386
. X ; . . o) o) 385
detriment is that it requires the use of 2 equiv of CuBr Br
Although rare, aldehydes can also ddrominated. In a 79% from 384
Lilly synthesis of antifolate LY231514380 (Scheme 84), Me OH
Scheme 84. Synthesis of Antifolate LY231514 (380) NESS
/\/\/©/002Me \/\/©/002Me
naoci  ©OHC 0 “Me 387
TEMPO, KBr o 377
NaHCO3 B Scheme 86. Synthesis of Brinzolamide (390)
381 - CH,Cly,
ﬁl cat.zHér Q Q  Br
COMe 07 N0 /L_ﬁ\""e PHP /L_ﬁ\/
Br I\ I\
COMe CImNg”“SONHy 70, Cl—"Ng” ~SO,NH,
OHC 388 NHE 389
t
H 379 Br 378 o
67% overall Osd 7 |
from 376 HN S S/I\l\(Cl‘|2)3O'V|e

02
390

Scheme 87. Synthesis of Oxandrolone (393)

380

aldehyde377 was brominated with dibromobarbituric acid

(381).1%° The bromide was not isolated but carried into the
next step as a crude solution. The yield of the bromination
must be high, becaug¥9was isolated in 67% overall yield

from 376, 391 Me 1 392
a,f-Unsaturated ketones can be brominated in the \Me
-position, usually via dienol esters or ethers. A recent
example of this process can be found in the synthesis of the
0

steroid tibolone 387, Scheme 85)¢ Dienol acetat&84was

treated with NBS to generate tlrebromoketone385. It was

not isolated but eliminated in situ to produce the dienone o-Halogenation of amides is not as common as the

386in excellent overall yield. corresponding reaction of ketones. Workers from Merck have
Other reagents that are often used to brominate ketonesdeveloped a general procedure foiiodination ora-bro-

are pyridinium hydrobromide perbromide (PHP) and phe- mination of secondary amides and applied it to the synthesis

nyltrimethylammonium perbromide (PTAB). Unlike Br of finasteride 896, Scheme 88)%*° Treating 394 with

PHP and PTAB are stable crystalline solids, which increasestrimethylsilyl iodide (TMSI) and 4 producesx-iodoamide

the ease of handling. They act like,Band in some cases 395in 98% yield.

offer superior results. Two examples of their large scale use Introduction of fluorine can also be accomplished by use

are shown herein. In the first example (Scheme 86), workersof an electrophilic fluorinating agent. Introduction of a

at Alcon have brominated methyl keto888 with PHP in fluorine at various positions of steroids often improves their

72% yield®®” Further conversion yields the carbonic anhy- biological activity. For example, treatment of the in-situ

drase inhibitor brinzolamid890. generated enol ether dD0with 1-(chloromethyl)-4-fluoro-
PTAB has been used to brominate methylandrostanalonel,4-diazabicyclo[2.2.2]octane bis(tetrafluoroborate) (Select-

(392) in 76% vyield (Scheme 87}8 Bromination of this fluor) produces fluoroketond01 in 93% yield (Scheme

substrate with Brresulted in a low yield. Bromoketorg92 89) 160 Further elaboration o401 produces 6é-fluoroursode-

can be further converted to oxandrolor3®3g). oxycholic acid 402, a potential agent for treatment of

)

393
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Scheme 88.a-lodination of Amide 394
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Scheme 91. Comparison of Fluorinating Agents

O\ NH-Bu O\ NHt-Bu Me PAC Me 0
Me Me
Me ™SI, | Me Me O
TMEDA o) 409 o
0”7 N7 y 07N £ Me ¢ 411
H 394 98% H 395
o]
O\ NHt-Bu ‘ 410
3.1.2. By Oxygen
0PN Introduction of oxygena to a carbonyl is much less
y H common on a large scale than halogenation. This may be
396 due to the more hazardous nature of common oxygenating
Scheme 89. Fluorination with Selectfluor agents (peramds,zOetc.)_. One interesting example of a large
COOH scale (10 kg) oxygenation that illustrates some of the safety
Me,, concerns is the synthesis of 6-hydroxybuspircfiEg( from
Me buspirone 415 Scheme 92)% Treatment of415 with
M . ,
1) TMSCI, TEA ° Scheme 92. Synthesis of 6-Hydroxybuspirone (416)
e 2) Selectfluor HO o
HO ) o] a L Ho
400 93% 401
Me COOH 07 >N"So 07 NS0
Me/‘
1) NaHMDS, P(OEt)3
Me 416
415 2)0,
N N
HO" ¥~ YOH [ ] 71% j
HZ N N
402
NJ\N NJ\N

colorectal cancer.

L

N

_ Another example of the use of Selectfluor can be found gogiym hexamethyldisiloxane (NaHMDS) generates the
in the preparation ofl06 an intermediate in the synthes_ls enolate, which is then oxygenated with oxygen, producing
of several anti-inflammatory agents (Scheme 90). Fluorina- 416in 71% yield. Triethyl phosphite must be present in the
reaction mixture before the introduction of, Go that the
intermediate peroxide is reduced and does not build up in
the reaction mixture. Additionally, the concentration of
oxygen in the headspace of the reactor must be carefully
controlled so as to not reach levels where it would form a
combustible mixture with the solvent vapors.

An example of a peracid oxidation can be found in a
publication describing a synthesis of dexamethasd?4, (
Scheme 9354 A copper-catalyzed 1,4-addition of MeMgClI
to enone417followed by trapping the intermediate enolate
produced418 Epoxidation with peracetic acid buffered with
sodium acetate produced epoxid&9 Hydrolysis of the
acetate provided the desiredhydroxyketone420in 95%
yield.

3.1.3. By Nitrogen

, , , , Direct introduction of nitrogem to a carbonyl is rare. It
tion of dienol ester05 producesA06in excellent yield:*" is usually accomplished by displacement of a leaving group
Opening of the epoxide with HF producé®?. already in place. One classic example of the direct introduc-
A comparison of the reaction of several fluorinating agents tion of nitrogen can be found in the synthesis of thienamycin
(N-fluorobenzenesulfonimide [NFSI]N-fluoropyridinium (425 Scheme 94)% Ketoester422 is converted to diazo
pyridine heptafluorodiborate[NFPy], and Selectfluor) with compound423in 90% yield. Rhodium-catalyzed carbene
three key steroidal 3,5-dienol acetates to produce theinsertion efficiently produces the bicyclic nucleus.
fluorinated products409—-411) has been reported (Scheme Likewise, loracarbef (Scheme 9530 was prepared by a
91)162 In general, Selectfluor had the best combination of similar strategy! Diazotization of427 was accomplished
reactivity and minimal byproduct formation. in 85% yield withp-dodecylbenzenesulfonyl azide, a reagent

Scheme 90. Fluorination of 405
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Scheme 93. Synthesis of Dexamethasone (421) Scheme 96. Neber Rearrangement.
Me o Me OAc OH
Me Me/ NH
NH
Me 1)MeMgCl, CuCl _ Me “iiMe ek EtO OEt | 2HCI $0,
N"
oﬁ 2
AcO AcO NH2 3 \ N
=N
47 418 432 433

MeOH,

AcO

95% overall
from 418

OH 426 OH

i
0}

MeWCOzPNB TEA MeWCOzPNB 07 N
NH O 90% NH O H
4
4

guantities of the candidate, Chung and others have noted
that the tosyloxime intermediate in the rearrangement reac-
tion (431) is shock sensitid” and decomposes at a low
temperature via a Beckmann rearrangeméht.

3.1.4. o8 Unsaturation

A few methods have been developed to directly introduce
o, unsaturation from the corresponding saturated carbonyl.
Workers at Merck have published several methods for this
transformation. The classical method, benzeneseleninic an-
hydride, converts lactam34to thea,-unsaturated deriva-
tive 435in 60% yield (Scheme 97y Merck workers also

Scheme 97. Dehydrogenation of a Cyclic Lactam
o} 0

R R
Me Me
Me (PhSe0),0 Me
N, =
or
B BSTFA,DDQ o7 >N"=
H 110°C HH
423 34R=0H 435R = OH
36 R = NHt-Bu 396 R = NHt-Bu

found that using 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
(DDQ) in conjunction with bis(trimethylsilyl)trifluoroac-
etamide (BSTFA) would also perform the direct oxidation
of 43410 435in 85% yield!”> The same oxidations can be
applied to436to produce finasteride396) in similar high
yield.

The Merck workers provide spectroscopic evidence for
the following interesting mechanism (Scheme 98). Amide

Scheme 95. Synthesis of Loracarbef (430)

Pho/\n/ );(\)k/COZPNB p-dodecylPhSO5N3

Me R
TEA 9
85% Me DDQ, BSTFA
427 CO,PNB X
PhO TMSO N
Y M PN
H 434

Scheme 98. DDQ Oxidation Mechanism

436

(C7H14C0O2)4RN;

NHy H
N N
Ph Pho/\[(
o] N - o
g 7>l o
COoH
430

Cl
CN Me CN Me
TMSO « TMSO

RT

OH

429 CO2PNB

that has been shown to have a better safety profile than other

sulfonyl azideg$%®

adrenergic receptor agoni4é83 (Scheme 9635716 While

. Me R
. CN Me
A Neber rearrangement was utilized by Chung to synthe- Me
size 3-pyridylaminomethyl ketal32in the synthesis of; ~
0 N 435

this was an effective method for the synthesis of kilogram
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434 is rapidly converted to th@®-silylimidate 436, which
reacts slowly with DDQ to produce adduéB87. BSTFA
resilylates 437 forming 438 which fragments at high
temperature producing35. If the reaction is run at room

temperature, the fragmentation does not occur, and adduct

439 can be isolated.

Another method of introducing\-1 unsaturation into a
steroid skeleton is-iodoxybenzoic acid (IBX}’3 Treatment
of methylandrostanalone8391) with IBX produces440 in
65—75% crude vyield (Scheme 99). Carrying this material
on to oxandrolone441) gives a 33% overall yield fror891

Scheme 99. Oxidation with IBX

33% overall from 391

3.2. Benzylic and Allylic Oxidations
3.2.1. Halogenations

There are few examples of benzylic or allylic halogenation.
The scarcity of examples may be because the resulting
benzylic or allylic halides are reactive alkylating agents,
potential impurities that are greatly frowned upon in the
pharmaceutical industry. The few examples that have been
reported are for the synthesis of early intermediates (Scheme
100 and 101}7+17° Different halogen sources can be used.

Scheme 100. Benzylic Halogenation

’Me

Me o DBDMH
MeAg( VAZO-52 o
Me Me Me o ’
Me B
(0] Br

CO,Me CO,Me
DBDMH, AIBN
Br
81% OMe
445 446
N PhCF;, Cl, m
—_—
N7 “Me Na,COs, NaHCO;, N
447 448
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Scheme 101. Allylic and Benzylic Halogenation

NBS, AIBN
TBSO

449 450

collidine, 110 °C

Me, _OR

HO"

43% overall

co
CHO

455

HBr

46% overall

Elemental halogens (&€br Br,) can be used di-halo amides

or imides (N-bromosuccinimide [NBS], 1,3-dibromo-5,5-
dimethylhydantoin [DBDMH], etc). Free radical initiation

is generally accomplished by azo derivatives. DuPont has
developed a number of azo derivatives that offer different
stabilities so one can tailor the reaction to different solvent
and temperature combinatiotts.

S3 2.2. Oxidations

In the course of studying the synthesis of MK-3869),
Merck workers sought a better method for allylic oxidation
of cholesteryl acetate (Scheme 1@37). Most oxidations
in the literature were chromium based and therefore envi-
ronmentally unfriendly. The Merck workers developed a
ruthenium-catalyzetert-butylhydroperoxide oxidation, which
could be performed on a kilogram scale, that produced the
desired enond58in 75% yield!®! Subsequently, workers
at Schering used a similar procedure to oxidid#), an
intermediate in the synthesis of squalami@2'®? They
obtained their desired enone in 52% vyield on a 17 kg scale.

An interesting benzylic oxidation was developed by
workers at Lilly in the course of the preparation 485 a
novel benzodiazepine derivative (Scheme 183)The
relatively high acidity of the benzylic proton allows for its
easy ionization. Oxidation with O(in air) yields the
hemiketald64. No peroxide was detected as an intermediate
leading the Lilly workers to believe that the intermediate
peroxide is quickly reduced by the DMSO.

A classic example of benzylic oxidation is the removal of
p-methoxybenzyl (PMB) ethers by oxidation, often with
DDQ. Two interesting large-scale examples of this reaction
can be found in the synthesis of discodermoliigd Scheme
105) by Novartis. DDQ oxidation ¢f70(18 kg) is performed
under anhydrous conditions, and the adjacent alcohol adds
to the intermediate benzylic cation to form acet@lin 50%
yield (Scheme 104%*In a later stage of the synthesis, two
PMB protecting groups are removed simultaneously (Scheme
105)18
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Scheme 102. Synthesis of MK-386 (459) and Squalamine Scheme 105. Double Deprotection by DDQ
(462)

t-BuOOH
75% AcO

OH

.,
OTBDMS Me 474

OH

0.6 mol% RuCl;
Scheme 106. Ozonolysis of an Acetal

t-BuOOH

F F
OH
(0]
BocHN O BocHN O
O 415 E O 476
/1)TM82NH
2) N-Selectride
BocHN Y 59% overall
477 O
Scheme 107. Aromatization of 478
CN
, ai NPr2  Hoac, HOAC, MO, NPry
H 0,
463 464 465 HN 83%
Scheme 104. Acetal Formation by Oxidation
Me Me OMe Me Me OMe Scheme 108. Synthesis of Voriconazole (483)
- N ~ N
“Me “Me cl
O OH © DDQ 0 © © EtMgBr ka I, TEA  F_~ N
NS
Et N Cl
470 471 MgBr
OMe OMe 482

3.3. Oxidation o to a Heteroatom 1o overal
In the previous section several examples of oxidation of
benzylic ethers were presented. Although it is known that
simple ethers will oxidize via a radical mechanism to form
hazardous peroxides, there are few synthetically useful
examples. One such example is the oxidation of acktal
(Scheme 106%¢ Interestingly, if the ozonolysis is prolonged,
the primary alcohol 476) will slowly oxidize to the car-

treatment with Mn@.8” An interesting solvent effect was

boxylic acid.

ah I noted; HOAc greatly accelerated the reaction such that only
3.4. Aromatization 2 equiv of MnQ was required.

In the synthesis of the serotonin receptor agowis® In the synthesis of voriconazole (Scheme 108), a key

(Scheme 107), aromatization 478 was accomplished by  ethylpyrimidine 482 was prepared by addition of ethyl
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Scheme 109. Synthesis of 10-Hydroxycamptothecin (485) Scheme 111. Diazotization Followed by Reductién
HO Nt
CL G UL L
PhI(OAC)s \=N Br X \=N X
0 495 X=NO, 97% 497 X=NO,
o1% 485 496 X=CN 83% 498 X=CN
0
Me HO (0] Ry
Scheme 110. Synthesis of 491 CI b 0.0 cl
CO,Et -
HO™ Y~ cl 75%
¢ Naovme ' ove  NHsCI o ogl M ’ O pf
cNeN - Cl)\( e\ 499 R;=NH,, R,y=H 501
NH COzEt 500 R1=H, R2=NH2
486 487 488
i-ProNEt,
50 °C

COOH 0 idi 0
[ . Ol/\("‘l ) pyrrolidine CI/\('\\I l
COOH CO,Et 2) maleic acid CO,Et
490 489 a(a) (i) NaNQ, Hz0, HCI; (i) NH4OH; (b) NaNQ, HPO,; (c) (i)
74% overall NaNQ, HCl; (II) H3POZ, CUSQ or Hz, Pd/C, HCI.
from 486 _J'V'e _ . . .
Me—, O of 1,2,4-triazol-1-yl compound95°! via the diazo inter-
O H, mediate was reported; the same reaction was reported on a
NN N N~so,Me related structured@6) as well*%? Fu reported the diazotization
e H of a mixture of anilines499 and500 on a 77 kg scalé®
0 491 In this case, it was critical to eliminate the presence of
residual halides from the previous step to minimize debro-
iodine188 mination during the hypophosphorus acid reduction. The
Another interesting aromatization is found in the synthesis reduction 0/502to CI-1000 603 via diazotization followed
of 10-hydroxycamptothecin485 Scheme 109%° The by reduction of the azide was accomplished in 37% yield
reaction actually proceeds by oxidatipara to the aniline  USing hypophosphorus acid as the reducing agefteduc-
nitrogen followed by a rapid aromatization. The desired 0N Using sponge Ni catalyst and hydrogen was a preferable
.. 1 0, 1
product can also be further oxidized, but the authors found Procedure, with a reported 51% yield on a 23.4 kg scale.
that by careful selection of solvert85 would precipitate Interestingly, in thls case the diazonium chloride salt was
from the reaction mixture as it was formed, protecting it from collected by filtration, but care was taken to keep the solids
further oxidation. water-wet.
_The last example (Scheme 110) is actually a 1,4-elimina- 4 1 o conyersion of Amino Group to Halide via
tion followed by tautomerization ofi88 to the aromatic i0ontizati
4 . Diazotization
oxazole489, an intermediate on the way #9119

Grignard to a pyrimidine followed by in-situ oxidation with

Conversion of an amine to the corresponding halide has

4. Oxidation of Nitrogen and Carbon —Nitrogen also been reported (Scheme 112). In the synthesis of an
Bonds adenosine derivative, amis®4was converted into chloride
505via the azide using-pentylnitrite as the oxidant in the
The oxidation of nitrogen atoms encompasses many presence of trityl chloridé®® Barth and Volkmann reported

common reactions such as diazotization, formatioNef  the synthesis 0507 from 6-aminopenicillinic acid (6-APA,
oxides andN-chlorides, and oxidative cyclizations. Oxidation 506) in their synthesis of an intermediat&0@ for the

of C—N bonds is much less common and encompassesmanufacture of sulbactat1in which the dibromide is
nitrile—oxide formation (arguably a-€H oxidation followed  produced. A similar procedure was utilized to prepare mono-
by elimination), amine to imine transformations, and aro- promopenicillanic acid §10) from 6-APA (506) in a

matizations. synthesis of-lactamase inhibito5111% Ornithine 612) was
. N converted tdb13in a three-step process including diazoti-
4.1. Diazotization zation followed by trapping with bromide; this transformation

The most common nitrogen oxidation run on large scale Was reported on 17.4 kg scafé.
in the literature is diazotization of an aniline. In general, the S .
diazo compound is not isolated as a safety precaution and4'l'3' Diazotization Followed by Cross-Coupling
reacted without isolation, although in a few rare cases, Azides are frequently generated as coupling partners in
isolations were reported. In almost every case, the diazoti- metal-mediated cross-coupling reactions. A number of
zation is run using NaNgin acid as the oxidant. Several examples are shown in Scheme 113. Several instances of
examples are provided herein, categorized by the manner inthe synthesis of 2-ethylhexgtmethoxycinnamates(7) from
which the intermediate is trapped. aniline 514 have been reported. In one case, the Heck
L . coupling was run using the azid®1®H as the coupling
4.1.1. Diazotization Followed by Reduction to C—H partner®® in two other cases, the aryl iodid&16 was

A number of examples of diazotization followed by prepared from the azide as the coupling parffef?2The
reduction have been reported (Scheme 111). The deaminatiomeaction run by Caskey was executed on 56 Ib in 91% overall
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Scheme 112. Diazotization Followed by Halogenatién

Cl Cl
N BN N BN
N a N
¢ ¢
~ —_— ~
AcO N N)\NHz 0 AcO N N)\CI
74%
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OAc OAc
OAc OAc
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S_Me b Br S__Me c S{_Me
N\><Me — N\)<Me — S N Me
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Me
H,N Br.,
S Me d ’ S Me \ S
N Me — N Me — N\/g
o P 70% O P e
s06 CO21 510 SO 519 COM
COH o f\;/CozH
H e B
H,N
512 56%, 3 steps o 513

a(a) n-pentONO, PECCI, KoCOs; (b) Brz, HoSOy, NaNO; (€) KMNOy,

HsPQOy; (d) HBr, NaNQ; (e) (i) CuSQ, KOH; (ii) N-carboethoxyphthal-

imide; (iii) NaNOy, HBr, KBr.

Scheme 113. Diazotization Followed by Heck Couplirfg
OMe

OMe N

*N, BF4
N 80%, 2 steps
c OMe d 517
A
NH, — -
91%, 2 steps CO,CgH47
514 516
I
NH2 COzMe

Br
e
d
g
= 87% —
Et
N 518 \_/ 519

a(a) NaNQ, NaBFy, HoSOy; (b) LioPdClL, NaOAc, CuCl, 2-ethylhexyl
acrylate; (c) NaN@ Nal, H;SOy; (d) BuNH,, Pd(dba), 2-ethylhexyl
acrylate; (e) HBr, NaN@ CwO, methyl acrylate.

yield. Lala Rajendra reported the conversiorb@Bto 519
via the azide®

Copper-catalyzed cyanations of azides on a large scale

have also been reported. The Sandmeyer reacti@2®fo
521, an intermediate in the synthesis of FluanXs®?), was

reported on a 24 kg scale (Scheme 124Extensive safety
testing and process modification were undertaken to run the
process in standard manufacturing equipment. The Sandm
eyer reaction 0623to 524 was utilized in the synthesis of
lamotrigine 625); the reaction was reported on a 650 g

scale?®
Hylton reported the diazotization d26 followed by
electrophilic substitution of benzene to make biphesd/¥

Caron et al.

Scheme 114. Sandmeyer Reactién
F3C

CFs CF, OH
: (!
N N
- N
H,N 50% NC
Cl Cl
520 521
cl
CC
NH,
523

L3

522
c
cl al
e N,
—_ N
94% CN ]
524 H,N" N NH,

a(a) (i) NaNQ, HzSOy; (ii) CUCN, NaCN.

Scheme 115. Electrophilic Aromatic Substitution

NH» Ph
F i~amONO, AcOH, PhH E
56%
Br Br
527

526

o NaNO, 0
/“ Me H3PO4 “lMe
0,
Br ‘ H,N ‘ 3% g ‘ ‘
528 529

(Scheme 1153% The synthesis of fluorenon&29 from
aniline528via an intramolecular version of the electrophilic
substitution reaction with an azide was described in the
synthesis of a carbopenem antibidfit.

4.1.4. Diazotization Followed by Carbonylation or
Sulfonylation

Similar metal-mediated processes can be run to carbonylate
or sulfonylate the azide intermediates generated from anilines
(Scheme 116). A modified Beech reaction was utilized to
convert anilines31to oxime5320n a 200 g scal&’ Siegrist
reported the carbonylation of the azide derived fro83to
produce diacid534.2%¢ Aniline 535 was converted to a
mixture of sulfonyl chloride and bromidé2? the bromide is
introduced from the hydrobromide salt of the starting
material. Maintaining the azide in solution was critical to
the safe operation of this process.

4.1.5. Conversion of an Amine to an Alcohol via
Diazotization

Processes for the conversion of an aliphatic amine to the
corresponding alcohol have been reported on a large scale
(Scheme 117). Coultts reported the conversion-géline
(537 to (9-2-hydroxyisovaleric acid 538 on 710 g?®°

Additionally, phenylalanine 339 could be converted to

phenyllactic acid §40) under similar reaction conditiors.

'4.1.6. Diazotization and Reduction to the Hydrazine

Diazotization of an aniline followed by partial reduction
of the azide intermediate produces a net oxidation from amine
to hydrazine (Scheme 118). In the synthesis of azafenidin
(549, Shapiro diazotized anilinés41 and542followed by



Large-Scale Oxidations in the Pharmaceutical Industry

Scheme 116. Carbonylation and Sulfonylation of Azides

O
NH a
L s d
O,N OMe 24% O,N OMe
531 532
NH, CO,H
SOzH b SOzH
—_—
88%
OMe OMe
533 534
F3C FsC
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HBr —_—
N 93% N
7 0 7
S S
535 NH; 536 SO,CI

a(a) (i) NaNQ, HCI; (i) NHzOH-HCI, (CHO),, CuSQ, NaSO;,
NaOAc; (b) (i) NaN@, HC; (ii) H-NSOsH, PdCh, CO, HO:; (c) (i) NaNG,
HCI, HOAG; (ii) SOz, CuCl.

Scheme 117. Conversion of Aliphatic Amines to Alcohols

Me O Me O
NaNO,, HySO,
Me OH - Me OH
538
NaN02 H2804 '
)
NH2 0% OH
540

Scheme 118. Conversion of Anilines to Hydrazinés
RO cl RO Cl

a cl cl
== ey
P N

H,NHN  Cl z Nib

541 R = propargyl 543 R = propargyl 82% 545

AcHN Cl

542 R = H 544 R = H 70%
Me~Nso,Ph Me~NSO,Ph
b
73%
NH, NHNH,
546 547
NH, NHNH,
Cc
X X
N 84% N7
548 549

a(a) (i) NaNQ, HCI; (i) Na2SOs; (b) (i) NaNGy, HCI; (i) NaxS,04; (c)
(i) NaNO,, HCI; (ii) ascorbic acid.

reduction with sodium sulfite to produce hydrazi&3and
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and run on a 500 g scale n70% yield° The preparation

of hydrazines47from aniline546was reported using sodium
dithionite as the reducing agent in a preparation of sumatrip-
tan?1% Ascorbic acid was utilized as the reducing agent in
the synthesis of hydrazir&9from 5-aminoquinoline348

via the corresponding azidé!

Diazotization of piperazine560) followed by reduction
with zinc metal resulted in the corresponding hydrazine,
which was isolated as its benzaldehyde hydrazone prior to
amide formation and deprotection to prepare FR062382, (
Scheme 119%*?

Scheme 119. Conversion of an Aliphatic Amine to the
Hydrazine?

(\NH /@ >=O NH
HN\) 91% H{ ’
550 551

0
a(a) (i) NaNQs, HOAG; (ii) Zn(0); (iii) PhCHO, 65%; (b) RCOCI, BN,
93%; (c) HNOH-HCI, HCI, 62%.

In a synthesis of indoleb54 via the Fischer indole
synthesis, the intermediate hydrazine was generated via
diazotization of552 followed by reduction with sodium
sulfite (Scheme 120%:321“The sequence was executed on a

Scheme 120. Fischer Indole Synthesis

I X X
0~ "NH 0~ "NH
a
—_— —_—
HoNHN HN
552 553 554 e N
SO,NHM SO,NHM
e e AN AmN
S A AR
N MeO
X H
557

A 555 X = NH2
87% ( 556 X = NHNH2

a(a) (i) NaNQ, HCI; (ii) Na,S0s, HCI, (iii) RCHO; (b) (i) NaNG, HCI;
(ii) SnCl,.

19.2 kg scale with no yield reported. Likewise, a diazotiza-
tion—reduction-Fischer sequence was used to synthesize the
indole component of avitriptarb7).2%°

4.1.7. Preparation of Diazo Dyes

Trapping a diazoaryl compound generated from an amine
as an azo dye has been demonstrated for several substrates,
as shown in Schemes 12123. This methodology was
utilized in two separate preparations of 5-aminosalicylic acid
(561, Scheme 121). In Sjstrand’s synthesig-aminoben-
zenesulfonic acid958) was used as a recyclable reagent for
the derivatization of salicylic aci#¥® p-Aminobenzene-
sulfonic acid was diazotized and trapped with salicylic acid

544, In the case where R is propargyl, the reaction gave 82%to produce azo compourb9. Hydrogenation returned the
yield of 543 however, the case where R is OH was preferred aminobenzenesulfonic acid and an equivalent of aminosali-
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Scheme 121. Synthesis of 5-Aminosalicyclic Acid via
Trapping of Azides as Diazo Dye3

HO3S

O [ D
558 NH2 559 N=N
. 89%
2 steps
HO3S OH

Caron et al.

Scheme 122. Trapping of Azides as Diazo Dyes by
Acetoacetate and Malonate Enolates

i) NaNO,, HCI

0 0 i) KOAc, NaOAc
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gggs gl\%le 572 R=OMe 61%
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63%
N=N Me OEt
563

HoN 562
OH HO OH /©/NH2
¢ X
CO,Me Py MeO,C CO,Me 574 X=F Cl 578 X=F 91%
° 575 X=H 577 579 X=H 96%
HoN N=N 576 X=Cl
564

Cl
a(a) (i) NaNQ, H.SOy; (ii) salicylic acid; (i) Pd/C, Hy; (b) (i) NaNO,, 0
HCI; (i) methyl salicylate, KOH; (c) HO,, HOAc. NN okt
H
cylic acid. In a similar approach, a derivative of 5-aminosali-
cylic acid itself 662 was used as the precursor to the diazo
intermediate, reacting with an equivalent of salicylic acid to

provide 2 equiv of aminosalicylic acid after hydrogenation Scheme 123. Trapping of Azides as Diazo Dy%s

and hydrolysig!’ Although not a diazotization, the synthesis
of a similar azo compoundb65 was achieved through the H P2 N "
. . . . . . . . X ~8=0 a |
oxidative dimerization of methyl 5-aminosalicilate using ||
hydrogen peroxide in acetic acitf N”
In two similar routes to atevirdines{3), the enolates of
ethyl 2-methylacetoacetat&g8 and methyl 2-methylma-
lonate 669 were utilized to trap-methoxyphenyl azide as X
585 X=OH, Y=2=H
586 X=OH, Y=CO,H, Z=H
587 X=H, Y=CO,H, Z=OH

580 65% (|

the diazo intermediates71 and 572, which after deacety-
lation and decarboxylation, respectively, resulted in the
o-iminoester (Scheme 122%° In a similar process, Inaba
reported the trapping gi-chlorophenyl azide with a series
of o-substituted 2-benzylacetoacetat8s4, 575 and576,
to provide the diazo dye intermediates in two cases (unsub- Me Me
stituted 679 ando-fluorobenzyl 678) and theo-iminoester NH b N7\|
(580 directly in the case of the-chlorobenzyl acetoacetdi®. R O NH, — d
Zalipsky reported the trapping of p-sulfamidoazide 58% R
derived from581 with a series of phenols (Scheme 123); O O N\\\\,N N
yields were not provideét® In two complementary routes \, N H
589

582 X=0OH, Y=Z=H
583 X=0OH, Y=CO,H, Z=H
584 X=H, Y=CO,H, Z=OH

to R-83842 §90), the intramolecular trapping of diazo © 588 cl

intermediates generated froB88 and 591 by the o-amino / O

group to form benzotriazoles89 and 592 was reported to / 590
give 58% and 62% yield, respectiveRi. Me ¢

NHMe N<
N
— HOZC N
62%

a(a) (i) NaNQ, HCI; (i) 582 583 or 584, K,CO;5; (b) NaNQ.

4.2. Oxidative Cyclization of ~ O-Nitroanilines

A similar strategy for cyclization was utilized by research-
ers at Pfizer in the synthesis of benzofuraZz86 from
substitutedbd-nitroaniline 595 using sodium hypochlorite as
the oxidant (Scheme 124% The benzofurazan was intro-
duced on an advanced intermedia®®9) to avoid the use
of 5-hydroxybenzofurazan, which decomposes at a low
temperature (133C, 2666 J/g) with a large amount of
energy. The three-step sequence gASreaction, benzo-
furazan cyclization, antll-oxide reduction was reported on
a 32 kg scale.

4.3. Pyridine N-Oxides

The synthesis of pyridin&l-oxides has been extensively
utilized on a large scale (Scheme 125). Payack utilized a
rearrangement of thid-oxide of 3-bromoquinolineg00) to
produce the 2-quinolonefQl) on a 4.1 kg scalé®® The
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Scheme 124. Oxidation ob-Nitroanilines to Benzofurazan
Oxides?

_N N _N
X \ - X
a | b | _
N >cl OH N o
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NH, | o-N |
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ﬁ

O\*
: N
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a (a) K2COs, DMSO; (b) NaOCI; (c) P(OE§) 75%, 3 steps; (d) DIBAL-
H, 47%; (e) NaCl@, NaH,PQy, 89%.

m

Scheme 125. Oxidation of Pyridines to PyridineN-Oxidest

N Br a N Br
D
N 81% N0
600 601
X b S
1 . 1
K
Br N Br ggo, Br l}l Br
o
602 603
X c A
1l = [
N Cl l}l* Cl
o
604 605
NO,
Me N Me d Me X Me
| — |
N/ 78% N*/
|
o
606 607
Et N c Et N
\Ej\/\ | g
N OH 81% N* OH
608 O 609

a(a) (i) MeReQ, HxOy; (ii) TsCl, K2CO;s; (b) H202, TFA; (c) H20,,
HOAC; (d) (i) H202, TFA,; (i) NaNO,, H,SO.
oxidant utilized was hydrogen peroxide in the presence of
0.5 mol % MeRe@ catalyst. The oxidation of 2,6-dibro-
mopyridine 602 on a 4 kg scale was realized using
hydrogen peroxide in TFA2* Reagent stoichiometry was
carefully studied in the oxidation of 2-chloropyridin@0d)
using hydrogen peroxide in acetic acid with eitheiSBy
or NaHSQ as a catalyst® In a preparation of omeprazole,
an oxidation of 3,5-dimethylpyridine606) followed by
nitration of theN-oxide was utilized?® Finally, Pandey has
oxidized pyridine608 to its N-oxide 609 using hydrogen
peroxide in acetic aciéf’
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Table 1. Use of HOJ/TFAA in the Oxidation of Pyridines to
Pyridine N-Oxides

Rs Rs
Rox A Re UHP, TFAA Ro B Rq
| e
RN R, Ri™ "N" "Rs
o
yield
R R. Rs Rs Rs (%)
H Br H COEt H 91
H H H CN cl 70
H NO, H H Br 82
H NO, H H OMe 56
H CRs H H cl 82
COMe H H H COMe 55
H COMe H H Me 81
H H COEt H H 83
H H COEt  COgEt H 98
H H H CONHEt H 63
H H COMe H COMe 98
H H H COMe H 48
H H H COPh H 98

Hydrogen peroxide with TFAA has been reported as an
effective oxidant for the production of pyriding-oxides,
as demonstrated on a number of variously substituted
substrates (Table #j8

4.4, Amination of Nitrogen

Although diazotization is the most common method in the
literature for conversion of NH to N—N bonds, electrophilic
sources of nitrogen have also been reported (Scheme 126).

Scheme 126. Electrophilic Amination of N-H2

0 (0]
F. _NH
F. N 2
F Q@NOZ F N
R HoN R A
612 R=OMe 615 R=OMe 65%
613 R=Me 616 R=Me 83%
R., .M d

R. .Me b R. ..Me ¢ N (e:I_ R., .Me

N —_— l}] —_— 'l‘+ R —— r}l

H cl Pr” CPr NH>

Pr

617 R=H 619 R=H 621 R=H 69% 623 R=H
618 R=Me 620 R=Me 622 R=Me 66% 624 R=Me

a(a) K.COs; (b) NaOCI; (c) PsN; (d) NHs.

Compound$12and613were oxidized to the corresponding
hydrazides615 and 616 using hydroxylamines14 as the
oxidant and potassium carbonate as the B#s8everal
related hydroxylamines were evaluated from a perspective
of safety and yield for this transformation. Methylchloramine
(619 and dimethylchloramine0), utilized in the synthesis
of hydrazines on a 0.5 mol sc&®, were generated by
oxidation of the amines with NaOCI, kept in solution, then
reacted with propylamine to make hydrazinium chlorié2&
and 622 respectively. These salts could be reacted with
ammonia to produce the corresponding hydrazines.

4.5. Halogenation of Amines

Halogenation of nitrogen is a method used to produce
disinfectants and to activate the nitrogen to attack by
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Scheme 127. Electrophilic Halogenation of NH?2 644 followed by trapping with N,N-dimethylallylamine
Me H Me X Et H Et ClI provided produc6450n an 11.7 kg scal&® The safety and
Me—\-N a Me}-N  Me--N a Me-\-N mechanism of the oxidation were discussed.
Tio s Y bl e
N N N 94% N . . .
o H vy 9y © 4.7. Nitrile Oxides from Aldoximes
625 626 X=Cl, Y=Br 89% 629 630 ) . . -
627 X=Br, y:Br, ’ Aldoximes can be oxidized to the corresponding nitrile
628 X=Cl, Y=CI oxide by chlorination followed by elimination with base

(Schemes 63 and 129). Although the nitrile oxides are

CO,Me b . -CO2Me
| 5 | Scheme 129. Oxidation of Acetaldoxime to the
N NH o J\ o NN Corresponding Nitrile Oxide?
HoR NN H R

N
HO. MeO,C—_On
631 R=H o)\N’go 636 R=H 91% N a o2 CN Me/ﬁo\ O\N
632 R=Me & 637 R=Me 83% H)\ ’ -, W
650 Me

633 R=Ph 638 R=Ph 89% Me  70% Me
634 R=2-quinolinyl 635 639 R=2-quinolinyl 81% 643 649
a(a) Ch, HCI, methyl propiolate.

OBn OBn
CH,OMe c CHa0Me , unstable, they can be trapped with alkenes or alkynes to form
COi-Pr Ny 0P isoxazolines and isoxazoles, respectively. To synthesize
N I N e 70% N N isoxazole649, acetaldoxime was oxidized to the correspond-
H he H ing nitrile oxide, which then reacted with methyl propiolate
640 Me 641 (Scheme 129%° As depicted in an earlier section (section
a(a) NaOH or Ca(OH) Cl or Brz; (b) 635 (c) (CHO)n, TSOH, 635 2.7.2), oxime256 was oxidized followed by elimination to

EtN provide a nitrile oxide, which underwent cycloaddition with

) o 259in a preparation of anti-thrombotic age23 (Scheme
nucleophiles or to elimination (Scheme 127). A number of g3y06241.2420 g 46 kg scale.

large-scale preparations of dihalogenated hydantoins, which

are used as disinfectants, have been repoNeBromo-N'- i i ati

chlorodimethyl hydantoing26) was produced on a 1.2 kg 4.8. Imine Oxidation

scale using NaOH as the base and bromine followed by Significantly less common than the oxidation of nitrogen
chlorine as the halogenating agefitsCole reported the  atoms is the oxidation of €N bonds, though a few large-
production of the dichloro, dibromo, and chlorobromo scale examples are in the literature (Scheme 130). Research-
hydantoins628 627, and626 on a 1700 Ib scale using Ca-

(OH), as the basé* Yields were not reported because the Scheme 130. Oxidation of an Imine

product was pressed into granules mixed with the residual  ocF, OCF,4 OCF,

calcium salts. Analogous chemistry on the methyl, ethyl

hydantoin629 to make the dichloro produ@30 has also O OMe O OMe O

been discloseéf? Aromatization of a number of 3-carboxy-

tetetrahydrg3-carbolines §31—634, 640 using trichloro- m-CPBA HONH,

cyanuric acid (TCCAY* via chlorination of the nitrogen O O 83% O

followed by elimination has been reported. Yields ranged N N 3 steps Hn-OH

from 70% to 91% for derivative§36-639 and 64173523 oL _r o _Nr OJ\

4.6. Nitrone Formation 851 R=OH 683 8% o N0
Conversion of an amine to the corresponding nitrone is 852 R=hydantoin HN“EAe

another category of reaction for which there are large-scale
examples (Scheme 128). Theriot oxidized dimethylamine to L - .
the corresponding nitrone and trapped it with styrene to ©rS_at Abbott reported the oxidation of imiré52 with
isolate642in 28% yield?3":238The oxidation 0643to nitrone mCPBA to produce oxaziridineés53 as a mixture of

isomers*3 The oxaziridine was opened using hydroxylamine
to free the resulting substituted hydroxylami6g4. The

Scheme 128. Synthesis of Nitronés
three-step sequence froéb1 to 654 was run on a 2.8 kg

Me a N scale.
HN - 0
Me 28% on 4.9. Oxidation of Amines to Imines
842 CH,NMe, The large-scale oxidation of amines to the imines has also
_ 2 been reported (Scheme 131). A 30% impurity, formed in
NH b N/? the large-scale oxidation of alcoh6b5 to ketone656244
- - . arose from oxidation of the hydrazide to the corresponding
95% O O imide under Sweri® conditions. In a process reported for
converting the undesired enantiomer of sertrali@g7) to
643 644 645 the desired enantiomer, the oxidationGH7 to imine 658

a(a) (i) H,02, NaWO,, NaHCQ, (i) styrene; (b)m-CPBA. was achieved using bromii#. Oxidation of cephalosporin
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Scheme 131. Oxidation of an Amine to an Imin& ated functionality in the correct oxidation state as part of
the starting materialsthus avoiding protecting groups and
reducing the number of synthetic operations. One notable
exception has been the recent efforts at Novartis for the
multikilogram preparation off)-discodermolide, an immu-
nosuppressant that is more typical of a synthetic target from
an academic laboratory. It is noteworthy that the oxidation
of 663 was conducted at a 29 kg scale in one of the early
steps of the synthesis (Scheme 132).
Vitamin D analogues, such as calcitri@7g), are part of
a synthetic class often requiring multiple oxidations. Because
of the high potency associated with these compounds, they
= = usually require low volumes of the active pharmaceutical
\ N/ \ N/ ingredient (API), even after commercialization. As shown
in Scheme 133, the preparation of this class of therapeutic
NHMe hMe agents often necessitates oxidations in the A ring to access

b the desired coupling partner prior to formation of the
- . exocyclic diene?0-262
7
O O 5.1. Oxidation of Primary Alcohols to Aldehydes
cl Cl

5.1.1. Metal-Mediated Processes

657 658 Metal-mediated oxidations were of primary importance
before 1980, prior to the introduction of more environmen-

Ho. fBU tally friendly methods. Reagents such as chromium trioxide
H;N S /é\/ (CrQy) in pyridine2%3-2% pyridinum chlorochromate (PCC%
N

and pyridinum dichromate (PD&Y have been used exten-
= S sively in academia but sparsely in industry. One example
659 CO2H 660 N. A _OAc (Scheme 134) of such a process has been demonstrated in
o the preparation of am-amino aldehyde using CgOin
o. [Bu CO-H pyridine without loss of chiral puritg?®

c 46% .
OHCHN B l 5.1.2. Moffatt and Modified-Moffatt Processes
1) S v NN S . . .. . .
HoN" j;( The Moffatt oxidation, originally introduced in 1965°
N\ _OAc
o
661

NE has proven to be one of the methods of choice for the
CO,H preparation of aldehydes from primary alcohols. This pro-
662 CO-H i AL
' ) cedure has the advantage of generating an oxosulfenium ion,
?(a) (i) DMSO, TFAA; (ii) E&N; (b) NaOH, Bg; (c) DDQ. which is deprotonated under mild conditions. The Swern

659 to 7a-formamido cephalospori662 via oxidation of ~ Modificatiort™ has been used extensively in the pharma-
ceutical industry as shown in the examples in Scheme

imine 660to quinone661*#” has been carried ounaa 1 kg 13539271272

scale. . I
One major drawback to the Swern oxidation on a large

o scale is the generation of a large amount of,&@d CO
5. Oxidation of Carbon —Oxygen Bonds during the regction. One reagen% that has gained popularity
The oxidation of alcohols to the corresponding aldehydes, in industry is the S@pyridine complex” This reagent has
ketones, or carboxylic acid derivatives remains one of the the practicality of being a solid and offers the advantage that
most utilized chemical transformations in organic synthesis the reaction can be carried out at or near room temperature,
and remains an active research area for the identification ofas opposed to the cryogenic conditions usually required when
more effective and practical methot#4248-250 This is due using oxalyl chloride. This also provides the ability to charge
in part to the development and availability of a plethora of additional reagent in the case of an incomplete reaction. For
orthogonal protecting groups for alcohols, which often allow example, phenyl alanind95 was oxidized to the corre-
for chemoselective deprotection to the desired alcohol prior sponding aldehyde on a 190 kg scale without any loss of
to its oxidation to the required derivatig&. Furthermore,  the chiral purity as part of the synthesis of an HIV protease
the selection of polyoxygenated synthetic targets such asinhibitor?”* (Scheme 136).
polypropionate and polyketid®&3-2%8 often requires adjust- An SOs-pyridine oxidation was utilized to oxidize alcohol
ment of the oxidation state of an intermediate prior to further 148 to the aldehyde followed by Grignard addition to
elaboration. While the majority of oxidative methods are generate secondary alcoliel9 (Scheme 38), demonstrating
acceptable for manufacturing at large scale, one noteworthythat a sensitive epoxide functionality can tolerate the
exception is the DessMartin reagent>®which has not been  relatively mild oxidation condition&
used on a large scale, most likely because of the safety When this class of oxidation is selected, the choice of the
concerns in its preparation and its cost. reagent activating DMSO, the base forming the ylide, and
In the pharmaceutical industry, synthetic targets are usually the reaction temperature are key factors for obtaining a robust
simpler than many natural products. These targets lendprocess as illustrated in Table#2.The desired transforma-
themselves to synthetic routes designed to carry an oxygen-ion of 697to 698was successful using either a combination
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Scheme 132. )-Discodermolide and Representative €0 Oxidations Conducted on Scale

Me Me Me
~ ~ =

OH  OCONH
QH  OCONH,
OH

Me” Y “"Me
OH (+)-discodermolide (474)
TEMPO
Me KBr, NaOClI o Me
- PMB ;
PMBO OH  KHCO3 ~ SOzpyr
\/33/ - 664CHO Me Me Me DMSO Me Me Me
100% M i N M B N
eg “ome  EtN © “OMe
OH OR O >73% O OR O
Me Me Me TEMPO Me Me Me
HO_ _~ N Phi(OAC) : & 665 R =TBS 666
“OMe 2. OHC “OMe
TBSO O TBSO O
667 668

Me Me Me SO3zepyr Me Me Me
< < DMSO PMBO H <

1 !
PMB H
© Me H H © Et3N Me H H CHO
OR OPMB OR OPMB
Me' Z Me 93% yield Me Z Me

OR 669 R = TBS OR 670

=~ TEMPO

HO Phl(OAc),
Me >76%
Me Me TEMPO
HO Tz P PhI(OAC),
H H EEEE——
OR OCONH 80%
Meo OCONH, o
OR 673 R=TBS OR 674

of (COCI)/Hunig’s base, which allowed higher temperatures The oxidation of701, an intermediate in the synthesis of
for processing, or the S&pyridine complex/EiN, although antifolate LY231514, was conducted at Eli Lilly on a 29 kg
the latter required a change in the order of addition. Either scale.

protocol provided an acceptable yield and enantiomeric  Varie reported the oxidation of alcon®18using TEMPO

purity. followed by Grignard reagent addition to the aldehyde to
) produce secondary alcoh8IL9 in the synthesis of a cryp-
5.1.3. TEMPO-Mediated Processes tophycin A fragment (Scheme 73I[EMPO was utilized in

the same synthesis to oxidize secondary alcghab ketone
316 both oxidations were performed in a 0.5 kg synthesis
of fragment319 In the synthesis of antifolate LY231514

Also discovered in the early 1960s, 2,2,6,6-tetramethylpi-
peridin-1-oxyl (TEMPOJ7%?7” has become the catalyst of
choice in the industry for the oxidation of primary alcohols.
This mild hydroxy! radical catalyst is successful under mild 237%0) (Stﬁhim?[ 8?)' atlr(]jemfd:??was ggag%erated from alcohol
conditions, generally at room temperature, using inexpensive In the .|rs ora rge Step proc o i
co-oxidants, such as bleach (NaOClI). It can be chemoselec-  1EMPO is also particularly effective for the preparation
tive for primary alcoho&®and is not prone to over-oxidation of chiral a-amino anda-alkoxy aldehyded® A variety of
under the appropriate conditions. As shown in Scheme 137,Substrates were successfully oxidized using 1 mol % of
oxidations of primary alcohols are straightforward using less 1EMPO, yielding>95% ee of the desired aldehydes in all
than 1 mol % of TEMPO and aqueous sodium hypochlorite c@ses. (Scheme 138).
as the co-oxidant with sodium bicarbonate as a mild While NaOCI has been the most utilized co-oxidant in the
basei?63155The reaction is usually conducted under biphasic industry, other alternatives such as CuCl in the presence of
conditions using dichloromethane as the solvent and is 0xygeri® and iodiné® have also been employed as shown
suitable for sensitive substrates such as a prostaglandirin Scheme 139.
analogue 293).27° An additive, such as NaBr or KBr, may In the last example, an interesting study was conducted
be used to accelerate the rate of the reaction in some casen the impact of the co-oxidant to avoid an undesired side
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Scheme 133. Representative Oxidations in the Preparation of Vitamin D Analogues
Me,

calcitriol (676)

TEMPO

oH QH KBr, NaOCI Q
KHCO,
F,.CJTCF; TEMPO FaCJ CFs O\ = d
Me P KBr, NaOCI Me P TBSO" ocotBu 100%  1ggo™ OCOt-Bu
Me KHCO3 Me 681 682
90% TEMPO
HO OHC C;)H KBr, NaOClI It
AcO! “OAc 99% AcO “OAc
2 683 684
OH (COCl), 0
- Me DMSO Me
_ CE EtsN
HO 679 MOMO" OMOM 92%  MOMO" OMOM
685 686
Scheme 134. Preparation ob-Amino Aldehyde Using CrO; Scheme 136. Preparation of armx-Aminoaldehyde Using
in Pyridine SO;-Pyridine Complex
CrO3 SO3pyr
Me ?NHBo;H pyridine Me l:_\lHBoc DMSO
Me 7o, Me CHO /';Ph EtsN Ph
0
687 >99.5% ee 688 Bn,N OH >95% yield  BnoN~ “CHO
o ) 695 99.9% ee 696
Scheme 135. Oxidation of Primary Alcohols to Aldehydes
Using the Swern Protocol Table 2. Effect of the Activator in the Oxidation of Amino
F3CF,C Alcohol 697
3vr2 >\(\OH FchQC CHO
N N (COCl), N ! NHBoc ~ Actvator NBoc
) DMSO OH  orce CHO
Bu O EtsN
Nen 100% N~N
N |
N 697 698
H
temp ee yield
689 activator base (°C) (%) (%)
(COCI), (COCly Et;N <—40 66
DMSO (COCl)y Et:N <-70 94 90
BN o (COCl)y iPLNEt <-15 >95 90
HO” ™" 0Bn ~"0Bn SOspyr EGN 30 33
90% .
691 o 692 SOy pyr EN 30 >95° 80
aS0y-pyr added to BN and697in DMSO. P Et;N and SQ-pyr in
N,Me ,Me CH,Cl, added t0697 and DMSO in CHCls.

N gﬁgg 5.2. Oxidation of Secondary Alcohols to Ketones
o
[ Z OH EtsN [ I\/& 5.2.1. Metal-Mediated Processes
X 0,
0" N Cl 99% There are still a few stoichiometric metal-mediated oxida-

693 694 ti_ons of secondary r_:llcohols rep_orted fro_m process groups
since 1980. A classic example is the oxidationlofising
product when conducting the oxidation in toluene. As shown CrQO; in the Merck synthesis of cortisone to access the 12-
in Table 3, it was found that the use of iodine led to a reaction keto derivative2 (Scheme 15.
that proceeded smoothly without generation of the haloge- In recent years, the use of catalytic quantities of a metal
nated impurity. catalyst to promote oxidation has gained in popularity,
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Scheme 137. Representative Examples of the Preparation of

Aldehydes Using TEMPO

TEMPO
NaBr, NaOCI
O/VOH Naheos CHO
>90%
699 700
TEMPO
NaOCl
NaHCO CHO
TBSO” " "OH 3, TBSO
703 91% 704
OH H CHO
TEMPO
11I0Bz KBr, NaOClI (o) 110Bz
NaHCO; 0
H
706

Scheme 138. Preparation of Chirala-Amino and a-Alkoxy
Aldehydes Using TEMPO and NaOCI

TEMPO

NaBr, NaOClI
NaHCO, CbzHN___CHO

[ z

ph”

CbZHN\/\OH
ph/- several examples
707 51-96% yield 708

>95% ee

Scheme 139. Alternative Co-oxidants

M TEMPO
CuCl, O,
HO xR — 5 OHC)\/R
6 examples
709 75.92% yields 710
Bu N TEMPO, |, Bu N
e »—Cl NaHCO i )
HN —_— HN
OH 7 examples CHO
85-96% yields
71 712

Table 3. Use of lodine as a Co-oxidant for a TEMPO Oxidation
in Toluene

N TEMPO Bu Bu N
Y )~Cl NaHCO; Y cl cl
HN

OH Toluene CHO Cl (Br, 1)

71 714

oxidant yield712 yield 713

2 equiv Bp trace <50%
1 equiv Be trace 80%
1.1 equiv NBS trace 85%
1 equiv NCS trace 85%
2 equiv b 93% ND

Caron et al.

Scheme 140. TPAP Oxidation of a Macrolide
Iyle Me

M 1, M 4,
HO, MeoR, TPAP  gor)\Onm M,
) NMO
Me" e 59% Me" e
Ry : Ry
Me Me
(0] (0]
715 716

the preferred co-oxidant is sodium bromate (Nagti@cause

of its reactivity, cost, and innocuous side prodifétsAn
acidic buffer such as acetic acid can be employed if the
substrate or product is sensitive to the high pH resulting from
the co-oxidant. In the oxidation @f19, use of NaOCI yielded
only 15% of desired product20, while epimerization was
observed if a large excess of NaOCI or Naiere used.
However, a 95% vyield of the desired, stereochemically intact
product was obtained when NaBy@as used®® This was

in contrast with previous experience on a related compound
where NaOCI was an acceptable co-oxidant as shown in
Scheme 14%7In another metal-mediated oxidation, catalytic

Scheme 141. Use of Ruglor Na,WQ, for the Preparation
of Ketones

o y RuCls

NaBrO M
WNJ\W —. em” J\m
COgEt 84% COzEt
717
RR RuCl, RR
O~ NaBrO; O
) )
O
o 71§)H R=Ts 95% o 720
R =H 99%

N32WO4, H202

OH
R4NHSO,
Me OH
721 Me 83%

16 examples

0
Me/\)K(\OH
722 Me

amounts of NaWQO, in the presence of ¥D, have been
demonstrated as an effective oxidant of secondary alcohols
in the presence of a phase transfer catalyst. It also proved to
be chemoselective for secondary over primary alcohols as
demonstrated in the oxidation @21 to ketone722288.289

5.2.2. Moffatt and Modified-Moffatt Processes

The oxidation of secondary alcohols through activation
of DMSO has been used extensively in the pharmaceutical
industry for the preparation of ketones. One interesting
observation noted from publications originating from the
pharmaceutical industry is the wide range of activating agents

especially in the case of secondary alcohols, which cannotysed on large scale, compared to the default use of oxalyl

over-oxidize. One such example (Scheme 140) is tetra-
propylammonium perruthenate (TPABjwhich is capable
of selective oxidation of a very sensitive macrolide using

N-methylmorpholineN-oxide (NMO) as the co-oxidari#’

Another efficient catalytic reagent is RuQisually gener-
ated from RuQ and a co-oxidant. It is only suitable for
oxidation of secondary alcohols, since primary alcohols
produce a carboxylic acid. Approximately 1 mol % of

chloride in many academic laboratories. While the Swern
protocof’® has been reported for the efficient oxidation of
allylic alcohols 723 to vinyl ketones 724,2°° Scheme 142),
it is usually not preferred because of the hazards associated
with oxalyl chloride, the off-gassing resulting from its use,
and the fact that alternative reagents are available.

The original Moffatt procedure using 1,3-dicyclohexyl-
carbodiimide (DCC¥F° has received minimal attention

ruthenium is employed, usually in aqueous acetonitrile, and because of the urea produced as a side product but has been
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Scheme 142. Use of Oxalyl Chloride in the Oxidation of
Vinyl Alcohols

(COCl,, DMSO;
R\(\ EtsN \n/\
N 3
OH 82-98% ©
723 724

R = i-Bu, t-Bu, cyclohexyl, Ph

utilized in the preparation of a perhydroberigtiiiophene
such as726 as shown in Scheme 143.1t is noteworthy to

Scheme 143. DCC-Mediated Oxidation

NHA DCC NHAc
HQ g T puso Qb=
pyridine, TFA
S 9 S
) 60% H
725 726

mention that this protocol allows for the chemoselective
oxidation of an alcohol in the presence of a thioether.
One example where the choice of activating agent was

critical to success was reported by researchers at Merck for

the preparation of an avermectin derivati¥&?*3It was found
that phenyl dichlorophosph&té could be employed in a
solvent such as isopropyl acetate to effectively accomplish
the desired oxidation of a very sensitive substrat27)
shown in Scheme 144.

Scheme 144. Oxidation of 727 Using PhOPOgI

Me, OH
O>\:>—OMG phopocl, M& P
§ DMSO
Q OMe
- oM EtoN oz__g‘
Me —_—
Q Me 2 OMe
P Me
. o
0
728

O
727

As previously discussed, use of the §@yridine complex
is practical since it is a safe, crystalline, and noncorrosive

oxidant. Its use has been documented by Boehringer Ingel-

heim as a convenient procedure for the preparation of
2-hydroxy-3-pinanone 732 in two steps fromo-pinene
(Scheme 1453%

Scheme 145. Synthesis of 2-Hydroxy-3-pinanone

SO3zpyr
DMSO
~OH - EN 0
Me WOH —— Me . wWOH
0,
Mé  Me 6% wd T Me
731 732

Another example where the choice of activating reagent
was important was in the oxidation of benzylic alcol8B
where a-chloroketone was isolated as the sole product in
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47% yield when oxalyl chloride was used. However, the
desired ketone734) was isolated in 78% yield when acetic
anhydride was used (Scheme 146). Two major impurities

Scheme 146. Use of Acetic Anhydride in the Oxidation of a
Benzylic Alcohol

733

were observed: the thioether resulting from reaction of the
alcohol with the sulfur ylide generated from the oxosulfenium
ion (10%) and the benzylic acetate (3%%).

Another reagent that has proven to be practical for the
large scale activation of DMSO i$8s.2°72%8While it might
not be the preferred method on laboratory scale because of
the handling difficulties associated with small quantities of
a hygroscopic solid, it is a remarkably inexpensive and mild
reagent, and since phosphoric acid is the side product
generated, the reaction does not require the use of cryogenic
conditions. As shown in Scheme 14%(® was found to be

Scheme 147. Oxidation Using f0s/DMSO

0 (0]
HN HN
S S
0 P205 ©
DMSO
i-PrNEt
Et Et
| X o) R | A (¢]
N~ 75% N~
OH o}
735 736

the method of choice for the preparation of ketatg6.2%°
In this case, the stoichiometry of the DMSO arngDPas
well as the choice of base proved to be very important factors
to minimize generation of the methylthioether resulting from
alkylation of the imide.

Generation of the methylthioether as an impurity is often
a problem encountered with the modified-Moffatt oxida-
tions3% As shown in Table 4, a glucofuranosesy) prone

Table 4. Effect of Activator on Thioether Formation

0 Activator O
Me7< = 0 DMSO Me7< = 10
me © | kMe -~ Me O [ Me
HO (0]
737 738

0" “Me “0” “Me

activator yield (%) observation
AcO >58 thioether observed
P,Os 73 minimal thioether observed

to alcohol alkylation could be efficiently oxidized whep?
was used rather then A©, which might be the result of a
more facile displacement versus elimination of the oxosulfe-
nium species®

Another efficient reagent for the activation of DMSO is
trifluoroacetic anhydride, which has the disadvantage of
being a corrosive and low-boiling liquid. However, in the
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case of the preparation of ketonucleosid®, TFAA proved
to be the only efficient reagent to effect the oxidation of
739 As shown in Table 5, other reagents, including TPAP,

Table 5. Reagent Evaluation for the Preparation of
Ketonucleoside 740

NH, NH;
(/\\(N Activator ﬂN
N DMSO N
rz; \\<O =t [ N\<O
"OH - o
? R=i-Pr Q
R-Si_ P R-Si__ o/
R O0S-r R OShR
R R
739 740
activator solvent temp’C) % conv
(COCly, CH.ClI, —50 0
Ac0O DMSO 19 0
P,Os CHJ.Cl» 22 0
TFAA pyridine -20 25
TFAA THF —-15 96

NaOCI, or an Oppenauer oxidation (not shown), failed to
produce the desired ketof®.

The use of TFAA has also been incorporated in the
commercial process for tulathromycin, a semi-synthetic
macrolide antibacterial approved in veterinary medicine for

the treatment of bacterial respiratory disease (Scheme 148).

Scheme 148. Oxidation in the Tulathromycin Process

This process has been exemplified at about a 60 kg &ale.
The use of TFAA was also demonstrated on another
macrolide substratef55 in the synthesis of a 3-keto
macrolide (Scheme 13%)*

Another modification of the Moffatt oxidation is the
Corey-Kim protocoP® where the chlorosulfenium ion is
generated by oxidation of dimethyl sulfide by either chlorine
or N-chlorosuccinimide. This procedure has been reported
for the oxidation of erythromycin A derivativé43 where
i-PrNEt proved to be the preferred base for minimizing
formation of the methylthio methyl ethé}® (Scheme 149).

5.2.3. TEMPO-Mediated Processes

TEMPO-mediated oxidations do not have the same
frequency of use for large-scale preparation of ketones from
secondary alcohol as the Moffatt-type oxidations do. As

shown in Scheme 150, a few substrates have been efficiently .

oxidized using TEMPO as a catalyst and NaOClI, either as
bleach or freshly prepared from calcium hypochlorite and
sodium carbonate in water in the presence of RB#%

Caron et al.

Scheme 149. Oxidation of an Erythromycin A Derivative

NMe; NMe,
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Scheme 150. Preparation of Ketones Using TEMPO

OH TEMPO 0
Me KBr, NaOCI Me
N__O _NaHCOs N__O
MeO 2 MeO 2
745 746
OH TEMPO 0
Me KBr, NaOCI N&Me
NaHCO
N_O et _N__O
PMB a5% PMB
CO,Et CO,Et
747 748
TEMPO
OH KBr, NaOCI 0
Oy s Y
EtO,C EtO,C
749 750

5.2.4. Alternative Processes

An interesting oxidation of cholic acid derivativ&3was
accomplished on a 17 kg scale by simply using aqueous
NaOCPFin the presence of KBr in a mixture of EtOAc and
water. This procedure afforded a 92% vyield of the desired
ketone754 as shown in Scheme 15% A similar substrate
(755 was also oxidized, this time using bromine, to provide
ketone756.3%°

Another oxidation that appears to be seldom used on a
large scale is the Oppenauer oxidation. In general, this
procedure suffers from the fact that a large excess of a
sacrificial ketone must be employed to drive the equilibrium
toward the substrate oxidation and that it is difficult to drive

Scheme 151. Oxidation of a Steroid Using NaOCI/KBr

H C_)Me/,,, CO,Me
- Me

KBr
NaOCI

B ——

92%
AcO™

AcO™

755
R = OC(O)CHQCHQCOQH

756
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the reaction to completion despite long reaction time. The Scheme 155. Metal-Mediated Oxidation to Carboxylic Acid

preparation of codeinone7%8 from codeine has been
reported using this protocol (Scheme 159).

Scheme 152. Oppenauer Oxidation of Codeine
MeO MeO

g

HOY

757 758

5.3. Oxidation of Benzylic and Allylic Alcohols

5.3.1. MnO, Oxidation
Reports of the chemoselective oxidation of benzylic or

Derivatives

cl KMnO4 Cl
g~ ~CHO or s~ ~CO2H
AgNO3
767 NaOH 768

72%

allylic alcohols in the pharmaceutical industry are scarce,

probably because in most cases it could be accomplishedspironolactoné’66 was efficiently achieved using PDE!
through a more conventional oxidation. As shown in Scheme In the second example, AQ (prepared from AgN@and
153, manganese dioxide has been used for the preparatioNaOH) or KMnQ, both proved to be effective for the

Scheme 153. MnQ Oxidation

OO
0~ “Bn

759

Mn02

80%

0~ “Bn
760

Me.  Me Me Me, Me Me
@\/WCH%)H MnO, é(\)\/CHO
Me >95% Me
761 762

of a dihydrobenzopyrane derivativ@g0) in 80% yield?

oxidation of thiophenecarboxaldehyd7 to the corre-
sponding carboxylic aci@683'®

5.4.2. Hydrogen Peroxide Oxidation of Aldehydes to
Carboxylic Acids and Derivatives

Hydrogen peroxide has been reported as a safe and
effective reagent for the preparation of a key benzoic acid
intermediate in the synthesis of a PDE IV inhibitor. Ben-
zaldehyder69 could be oxidized under a variety of condi-
tions, and NaCl@proved to be acceptable in the presence
of sulfamic acid (NHSO;H) at a 5 kgscale (Scheme 156).

Scheme 156. KO, Oxidation of a Benzaldehyde Derivative

and also for the preparation of key intermedi@62 in the NaOH

synthesis of isotretinointaa 1 kg scale in>95% yield3!? MeO H20, MeO.

MnO; oxidations are usually avoided on a large scale because O\ E— O\ ]@\

of the sensitivity of the substrates to the grade/activation of 0 CHO g9y © COH
the reagent and the large amount of waste generated from 769 770

the use of a minimum of 1 equiv of the oxidant. L o
However, chlorination of the aromatic ring was observed and
5.3.2. DDQ Oxidation could not be eliminated. To circumvent this problemQx
under basic conditions was identified as an inexpensive

Oxidations using 2,3-dichloro-5,6-dicyano-1,4-benzoquino- - . - o i
ne for the preparation of aldehydes and ketones are also rarealternatlve for the preparation 870 providing an 89%yield

One reported example is the preparation of a HMG-CoA ggf:;y%l% kg scale under conditions optimized for process
reductase inhibitor side chair§4) through the chemose- '

lective oxidation of an allylic alcohol in the presence of a 5 4.3 Sodjum Chlorite Oxidation of Aldehydes to

secondary alcohol in a very sensitive product (Scheme Carboxylic Acids and Derivatives

154)313 . I
Probably the most practical method for the oxidation of

an aldehyde to the carboxylic acid is sodium chlorite in the
presence of a hypochlorite scavenger such as sulfamic acid

Scheme 154. DDQ Oxidation of an Allylic Alcohol

R os~o o DDQ R ; X .
Z Y Y TCOqBu SN Co,tBu or an electron-rich olefin or arerf&. As shown in Scheme
OH OH 70% O OH 157, the method is generally high yielding, and the pH of
763 764 the reaction is controlled by a phosphate bufférn the

second example, 4@, is used as the hypochlorite scaven-
ger3!® While it is counterintuitive to use an oxidant to
eliminate hypochlorite, kD, reacts with HOCI to produce
. L HCI, H,O, and @, which are innocuous side products.
g;rlljo xﬁéazgsg’gfg ggﬁ/ﬁ%ﬁi of Aldehydes to An additional example is in Gut Ruggeri’s synthesis of
PDE IV inhibitor 597, where nitrile599 is hydrolyzed to
For reasons discussed previously, noncatalytic metal- acid 598 via diisobutylaluminum hydride (DIBAL-H) half
mediated processes are now used infrequently in oxidationsreduction of the nitrile to the aldehyde, followed by sodium
performed on a large scale. As shown in the examples in chlorite oxidation of the aldehyde to ac@8(Scheme 124).
Scheme 155, conversion of lactdle5 to the desired Because the substrate was not prone to chlorination, no

5.4. Oxidation to Carboxylic Acids and
Derivatives
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Scheme 157. Oxidation of Aldehydes by NaCl©

F3CFZC>\(CHO F30F20>\‘/CO2H
N NaCIO N,
SN 2 \_N
Y KH,PO, Y
Bu O MeCH=CMe, Bu
—_—
N-N 80% N-N O
N | N, |
N N
H H
771 772
cl NaCI02 cl
NaH2PO4'2H20
Me >85% Me
773 774
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Scheme 159. Metal-Mediated Oxidations of Alcohols to
Carboxylic Acids and Derivatives

CO,H

OH Cro; E/(
H,SO N—
WL N-cbz e o Cbz
O >86%
781 782
KMnO4
E Et4NHSO F H
3C>(\/\OH 4 4 3C>(\/C02
F F 77% F F
783 784
H5l0g
CrO3 (cat)
T
777 12 examples 778

yields 77-100%

chloride scavenger was used in this reaction, rather the@ procedure for the oxidation of primary and secondary

chlorine gas was scrubbed as it was gener&ted.

5.4.4 TEMPO/Sodium Chlorite Oxidation of Alcohols to
Carboxylic Acids and Derivatives

Primary alcohols can be directly oxidized to carboxylic

alcohols using a catalytic amount of chromium trioxide and
2.5 equiv of periodic acid?®

6. Oxidation of Sulfur

Historically, sulfur-containing compounds have comprised

acids in a single operation by tandem oxidation to the 5, important niche in the pharmaceutical industry, beginning

aldehyde with TEMPO followed by a second oxidation with

with the rise of antibacterial agents in the early part of the

NaCIOzlto provide the carboxy!ic acid. As shown in Scheme' 20th century? and in many of these medicinally active
158, this procedure was applied to an elaborate enOIOthe“”agents, the sulfur is at an elevated oxidation state. While

Scheme 158. Direct Conversion of Alcohols to Carboxylic
TEMPO

Acids Using TEMPO/NaCIlO,
™
NaOCl QO

°7

ar
7N NaH,PO, 7N\

Bu — NaClO, Bu —
N=\_"~COH N=N\_~"~CO,H

= > 90%
OH o CO,H
Me Me
OMe OMe
775 776
i) TEMPO
KBr, NaOCI
i) HCI, NaCIO,
ph N Ph™ > CO,H
92%
777 9 examples 778

yields 17-100%

receptor antagoniéf in greater than 90% yield. Researchers

the desired oxidized state of sulfur may be purchased in some
cases, such as sulfonates or aryl sulfones, in more complex
targets, oxidation of a sulfide is often required.

6.1. Oxidation of a Sulfide to a Sulfoxide

6.1.1. Peroxide-Based Reagents

One of the most common sulfur oxidations found in
pharmaceutical research and production is the oxidation of
a sulfide to a sulfoxide. The oxidation occurs with a very
wide variety of reagents, with the main issue for the reaction
being limiting the amount of over-oxidation to the sulfone,
usually controlled by the stoichiometry of the oxidant.
Historically, hydrogen peroxide has been the most commonly
used stoichiometric oxidant to achieve the desired transfor-
mation. More recent examples have demonstrated its use with
vanadium catalysts, such as in the synthesis of proton pump
inhibitors (omeprazole, pantoprazole, lansoprazole, rabepra-
zole, esomeprazole), where the benefits claimed include faster
reaction times and the avoidance of low pH conditions, which
tend to degrade the product (Scheme 160). Omepragodg (

at Fujisawa Pharmaceuticals showed that this approach couldvas synthesized via intermediat@1, which was generated

be used on several substrates (€.¢7) and generally worked
well unless a methoxybenzyl moiety, which is prone to
chlorination, is presert°

5.4.5. Metal-Mediated Oxidation of Alcohols to Carboxylic
Acids and Derivatives

by oxidation of790 (92 g)3?® The presence of the primary
amide increased the crystallinity af9l relative to the
compound lacking it, making it easier to purge the sulfone
impurity. Saponification and decarboxylation then gave the
desired product. Lansoprazoled@d) was synthesized by the
oxidation of 792 (200 g) with tert-butyl hydroperoxide

As stated in previous sections, noncatalytic metal-mediated (TBHP), and the authors claimed superior selectivity in
oxidations have the disadvantage of generating a large wastéuppression of the sulforf& The chief benefits of peroxides

effluent and often lead to difficult workups, which are

are their availability, low cost, and benign byproducts. The

cumbersome at scale. As shown in Scheme 159, the typicalMain detraction is the safety issue in handling them.

Jones oxidation protocol has been used for the oxidation of

a proline derivative781),%?* and KMnQ, in the presence of

a phase catalyst proved to be efficient in the preparation of

pentafluoropentanoic acid§4).522In 1998, Merck published

6.1.2. Peracid Oxidations

Another common class of reagents for the oxidation of
sulfide to sulfoxide is organic peracids, such as peracetic
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Scheme 160. Peroxide Oxidations in the Synthesis of
Proton-Pump Inhibitors 2

Me OMe
H2N0c>_2§ H2NOC>7
N \ Me 3 N Ar
OO S s
N 90% MeO ” o
791

H 790

MeO

Me OCHQCFg Me OCHzCF3

W9 IR
@[\>—s N —— H—s N—7/
N 85% N ©

H 792 H lansoprazole (793)

a(a) 30% HO,, VO(acac); (b) tert-butyl hydroperoxide, VO(acagfacac
= acetylacetone).

acid orm-CPBA. These peracids have been used extensively
in the synthesis of the proton pump inhibitors, some examples
of which are shown in Table 6, although this reaction has

Table 6. Peracid Oxidation
Ry R, Ry Ry

H = H =
N - . N
0 o
R N Ry N (¢]
target R R> Rs oxidant yield
lansoprazole CH; OCH,CR H m-CPBA 57%
(793
pantoprazole OCH; OCHs OCHF, CH;COsH 8694
(799
(795 OCH; CI OCHF, e-phthalimido- 89%
hexanoic
peracid

a After recrystallization? Yield over two steps (alkylation of the

Chemical Reviews, 2006, Vol. 106, No. 7 2981

In some cases, it is not clear what the exact nature of the
oxidizing species is, especially when hydrogen peroxide is
used as the oxidant in acidic medf.For example, the
conversion of acetic acid to peracetic acid with hydrogen
peroxide is reported to be slow in the absence of a stronger
acid catalys®® but some of the oxidations carried out in
such a system occur at elevated temperatures for prolonged
reaction times. In these instances, the reaction rate may be
dependent on the conversion of the acid to the peracid, but
this issue is not usually discussed in the publications
reviewed. For example, the conversion &8 (102 g) to
799 required refluxing temperatures for 17 h (Scheme
162)33¢while the oxidation to form modafinil§01) has been

Scheme 162. Hydrogen Peroxide Oxidations in Acidic Media

0]
4
N N

Cl MeOH Cl
46%
o 8

798 K/N‘Me 799 K/N‘Me

30% H,0,, HOAc 0
+
Ph._S._CONH, __ 6994% _ ph__S___CONH,
Ph or Ph
30% H,0,, H,SO4 N
800 76-85% modafinil (801)

reported at a range of temperatures with organic{2%0
0)%¥7~340 or inorganic acids (50 gt

6.1.3. Inorganic Oxidants
Inorganic oxidants have also been used to oxidize sulfides

sulfide and oxidation); 70% charge of peracid based on quantitative to sulfoxides. These reagents are relatively inexpensive and

yield in coupling step.

generate byproducts that are often more readily purged from
the product than organic-based oxidants; some are also

been effected by many other grou8&:32° Lansoprazole nonhazardous, environm_entally benign, or both._On_wepraz_oIe
(793 was synthesized (40 kg) using slow addition of a (804 has been synthesized by a last-step oxidation using
solution ofm-CPBA in chloroform to suppress the formation Sodium perborat&? sodium hypochlorité!® or sodium

of impurities3% Pantoprazole94) was synthesized (50 kg) percarbonate as the stoichiometric oxidant to a molybdenum
by oxidation with peracetic acid in a mixture of dichloro- catalyst* (Scheme 163).

methane, water, and methanol to allow the reaction temper-
ature to be lowered, minimizing the production of sulféfie.
One somewhat unusual variation is the use-phthalimi-
dohexanoic peracid, a reagent claimed to be inexpensive and @Me Me  OMe
whose byproduct {iCId is easily re_moved _by aqueous washing, s W / 803 NaOH H —

as demonstrated in the synthesis of an intermedig§) o y N
pantoprazole (50 g2 The use of peracids has also been N NaBO3 77% >SN
demonstrated for other structural classes, such as cepha- /@: )—Cl MeO Noo
losporins, as shown in the synthesis’8f7 (37 kg) in Scheme MeO N

Scheme 163. Synthesis of Omeprazole (804)
Me, OMe

omeprazole (804)

161332 The peracid reagents are usually inexpensive and 802
readily available. The major detraction from their use, aside NaOCl, H,0
from the usual safety issues, is the need to purge the resulting Me  OMe 81%

organic acid, which can be a much more difficult task than
with inorganic reagents.

or
Na,CO3'1.5 H,0,
(NH4),Mo0O,4, MeOH

N \ e
ISRl
MeO N

Scheme 161. Peracid Oxidation of a Cephalosporin

805 81%
RN n HOZCWH H S
gi/ j/:’(s acoor 4 j:(S 6.1.4. Stereoselective Oxidations
S Nw)VOAC T 5 NW)VOAC In systems where the oxidation of a sulfide to a sulfoxide
CO,H CO,H can lead to the formation of a new chiral center, stereose-
796 797 lective oxidation of the sulfur may be achieved by either
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Scheme 164. Asymmetric Oxidation via Substrate Control the product precipitated from the reaction mixture, avoiding
Oxone over-oxidation to the sulfone and the tedious pH adjustments
Tso\‘.l S T o0% Tso\‘.l S<o usually required to remove impurities.

>10:1 trans:cis
6.2. Oxidation of a Sulfide to a Sulfone

Scheme 165. Asymmetric Oxidation via Reagent Control 6.2.1. Peroxide-Based Reagents

MeO SMe Sulfones are another form of oxidized sulfur commonly
%"Sgﬁeﬁig’l’,ﬂfe found in pharmaceuticals. As mentioned previously, in many
91%. 94% cases the sulfone can be installed at the correct oxidation
NCbz o See NCbz state by direct sulfonylation, but in some cases, it has been
809

formed by oxidation of the corresponding sulfide. Once
',O TBHP, Hinig's base O"
D-DET, Ti(OiPr)4

again, hydrogen peroxide is the most commonly utilized
73%, >99.5%ee

stoichiometric oxidant and has been demonstrated for a wide
range of substrates. In the past 15 years, its use with catalytic
sodium tungstate has been particularly exploited, since the

N reaction is usually carried out under phase transfer conditions,
OH and the byproducts are water-soluble (Scheme 166). These
Me” s Me™ N Scheme 166. Metal-Catalyzed Oxidation of Sulfides to

S
o Sulfones with Hydrogen Peroxide

30% H,0, Q
cat Na,WO
S
R
N

76% over 3 steps N
Ve  71%, 98-99%ee ° P* 00

’ e
PMB O PMB 817 818

813 814 C?)H 30% H,0, OH

. Na, Wi
MeQ MeQ E\> — m cat. Na;WO,
0 2 S S AR U

68% over 6 steps

cumene peroxide

i N D-DET, Ti(OiPr),

819

N*NH cumene peroxide Ny NH 820
D-DET, Ti(OiPr
S _D-DET, TiGiPr)s _ .S, HO/\/SH s o
0, 0,
N7 | Me 59%, >99.5%ee N7 | Me \/\O/\/Ph 621
X N
M
! OMe OMe 30% H,0,
e Me Q\SIP o cat. Na,WO,
815 esomeprazole (816) HNT 2"y
DET = diethyl tartrate \\ 7
S papm— HO \/\/O\/\ph}
substrate or reagent control, as demonstrated by the example] »=0
in Schemes 164 and 165. Oxone has been successfull N 822, quant.
H sibenadet (823) (not isolated)

utilized to control the relative stereochemistry of a sulfide
oxidation, presumably due to the steric bulk of the inorganic
complex, in the synthesis of penem side ct808 (Scheme SMe  30% H,0, SO;Me
Toa)e W AT it

The Kagan modificatiot® of the Sharpless reagent has HaS0,. HaO

iquat 336 0

been successfully scaled up for a number of substrates 824 825
(Scheme 165). In these cases, alkyl peroxides give the best 90% from thioanisole
stereoselectivity. Conveniently, they can be purchased in
anhydrous form or with low water content, since the water conditions have been used in the synthesis of carbonic
level is often critical to the success of the asymmetric anhydrase inhibitor intermediat8$8*2and82073*3sibenadet
induction. The enantioselectivity is highest for rigid substrates (823),*** and COX-2 inhibitor intermediates such 8253
or those in which there is a large disparity in size between As with the sulfoxides, there are some cases where the
the two substituents on sulfur, such as substr8@g3*’ actual oxidizing species is ambiguous, since hydrogen
811348and8133%° Esomeprazoled(l6), the single enantiomer  peroxide in an organic acid is a commonly used system. For
of omeprazole&04), was also synthesized (6 kg) using this example, in the conversion @&27 to 828 (Scheme 167),
proceduré® In an interesting application of this method, hydrogen peroxide is reported to be the oxidant, but residual
omeprazole was synthesized by the same group using theTFA/TFAA from the previous step is not removed prior to
standard conditions but with the racemic tartrate lig&d. addition of the peroxide, making it unclear whether peroxide
These conditions were claimed to be advantageous becauser trifluoroperacetic acid is the oxidaft

(@]
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Scheme 167. Peroxide Oxidation of a Sulfide to Sulfone

CO,H
. TFAA
O~ | D= | oD
oluene
S Me S S Me' S S
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0 / 30% H,0,

55% over
4 steps

828

6.2.2. Peracid Oxidations
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precursor to florfenicol, was synthesized on a 100 kg scale
by peracetic acid oxidation of the protected amino alcé¥ol.
Bicalutamide 832 and compound34 were prepared by
oxidation using trifluoroperacetic acid, generated in situ from
trifluoroacetic anhydride and hydrogen peroxide, the latter
added either as an aqueous solution or as the solid complex
with urea%8:3%° Compound837, an intermediate to a can-
nabinoid receptor ligand, was synthesized fi@8%and836
using mCPBA without the isolation of the intermediate
sulfide 380 Other simple sulfone building blocks have been
synthesized by oxidation using batRCPBA (839, 65 g)¢*

and magnesium monoperoxyphthalate (MMR¥]1, 197

g) .362

6.2.3. Inorganic Oxidants
Inorganic oxidants have been used to effect large-scale

Peracids have also been employed to achieve the oxidation,yiqations to sulfones. as shown in the synthesiSag a

to sulfones, as shown in Scheme 168. Compo886@ a

Scheme 168. Peracid Oxidation of Sulfides to Sulfones
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81% OCH;
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SMe COH SO,Me
Me —> Me

quant.

0O o
840 841

precursor to sulbactam (Scheme 11%8)63

One special inorganic oxidant that is more commonly used
in this situation than in other sulfide oxidations is Oxone,
since it readily gives the sulfone oxidation state with little
contamination from the corresponding sulfoxide and tolerates
a wide variety of functional groups (Scheme 169). In the

Scheme 169. Oxidation of Sulfides to Sulfoxides Using

Oxone
F F
(6] (6]
Oxone
T T
95%
M M
eS 842 e0,S 843
)8 S Oxone Ph
_—
_-COzH NaHCO;
B 0
EMe 94%
844
P
MeO-C.__S Oxone MeO,C.__S
—_—
F F
846 847
OH OH
Prs @ MeQ ©
N )\N T Oxone . )\N T
N MeOH, H,0; NN
= i = i
\ i NaOH \ 4
90%
F a8 F 849

synthesis of COX-2 inhibitoB43 researchers at Merck found
that the sulfone was cleanly formed from precur84g in
high yield, and that residual palladium from a previous step
was also purged during the oxidati&it. The oxidation of
sulfide 844 required a carbonate buffer to give a good yield
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of sulfone845:3%5 p-Fluorothiophenol was alkylated, and the
resulting sulfide 846, 72 g) was oxidized in situ to produce
8473% In some cases, the sulfone itself is a transiently
generated intermediate, as in the conversioB4§to 849,

in which the sulfide was oxidized in the presence of an
alcohol that displaced the resulting sulfone once the pH was

Caron et al.

Scheme 172. Three-Step Oxidation of a Thioether to the
Sulfonamide

elevated. Oxone is inexpensive, and the resulting salts are

easily separated from most products; however, its greatest

drawback is its high molecular weight relative to the amount
of oxygen it delivers, which requires large mass charges
relative to most substrates.

6.3. Oxidation of a Sulfide to a Sulfonic Acid or
Sulfonamide

6.3.1. Peroxide-Based Oxidations

The oxidation of a sulfide to a sulfonic acid is not common
but has been carried out on a large schlé&2henylthiourea
(850 1.5 kg) was oxidized to its corresponding amidine
sulfonic acid851 using hydrogen peroxide as the stoichio-
metric oxidant with a molybdenum catalyst (Scheme £70).

Scheme 170. Oxidation of Sulfide to Sulfonic Acid

30% HyOs
j\ NayMo0,5H,0 S0gH
—_—

HoN~ “NHPh NaCl, H,0 HoN"SNPh
80%

850 851

6.3.2. Chlorine Oxidations

Oxidation to a sulfonic acid has also been achieved using
chlorine as the oxidant. In many cases, the intermediate
sulfonyl chloride is trapped with an amine to form the
sulfonamide derivative, as shown in the conversio3%2
(3.8 kg) to853 (Scheme 1713%8

Scheme 171. Oxidation of a Thioacetate to Sulfonic Acid
with Chlorine

One unusual case of a sulfide oxidation to a sulfonic acid
equivalent was demonstrated by workers at AlEBDirect
chlorine oxidation of thioetheB54 (Scheme 172) to its
corresponding sulfonyl chloride was successful on small scale

O, (0]
Me C|2 Me
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Cl s~ ~SBn air Cl s~ ~SOcCI
854 855
l RNH,
O m-CPBA 0,
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/ \ 77 5% / \
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857 R = (CH,),0Me 856

Scheme 173. Formation of Sulfur-Containing Heterocycles
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862 863

conditions for the transformation of thiour8&8 (36.5 kg)

to benzothiazolamin®59*%° and disulfide860 (50 kg) to
86170 are typical for the cyclization, employing bromine as
the oxidizing agent. Other brominating agents, such as
N-bromosuccinimide (NBS) have also been used, as in the
synthesis 0f863 the nucleus of sibenade823.3%* The
disulfide precursors that are common precursors to these
heterocycles are often formed through an oxidative process
themselves (vide infra).

6.5. Oxidation of a Sulfide to a Disulfide

but erratic during scale-up. Therefore, the two-step procedure

to the desired sulfonamide was further broken down into
three steps to better control the chemistry: oxidation to
sulfenyl chloride855 (1.2 kg, amination to provide856,
and oxidation to sulfonamidg57.

6.4. Oxidation To Form a Sulfur-Containing
Heterocycle

Sulfur-containing heterocycles are also prevalent in the

pharmaceutical industry. For the most part, the heterocycles

are purchased as commodity chemicals and functionalized,
but some examples exist of formation of the ring through
an oxidative cyclization, as shown in Scheme 173. The

6.5.1. Peroxide-Based Oxidations

Disulfide-containing compounds are also found in phar-
maceuticals, either as drug candidates or as intermediates.
Hydrogen peroxide has been used to achieve their prepara-
tion. For example, disulfide8677* and868*"2 were conve-
niently formed from their corresponding thiol precursors
(Scheme 174).

6.5.2. Oxidations with Oxygen

Metal-catalyzed processes with oxygen gas as the co-
oxidant have also been scaled up, with the metal used either
stoichiometrically or catalytically (Scheme 175). Thiurams
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Scheme 174. Disulfide Formation

30% H,0,
MeS or MeS SMe
O "0, O
S-Na+|  H20 S-S
866 867, 80% from thioanisole
Cl 30% Hy0, cl cl
T, &8 "0, O
—_—
SH  BTF, H,0 S-S
74%
BTF = benzotrifluoride 868
Scheme 175. Oxidation with Oxygen
S S
R Oy, cat. Mn(OAc), R R
v, Cotnorn g, Lo L
R 99% R R
869, R = Me
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870, R=Et
97%
x~S03Na NaO3S._~_o~_-SO3Na
HOAc, H,0 S=8
871 X =Br

( dimesna (873), 84%
872 X = SNa

such a869and870have been synthesized via a manganese-
catalyzed process, either under standard solvent conditfons
or as a neat reaction mixtu¥&.Dimesna 873) is also usually
synthesized by a final oxidation, as shown in the oxidation
of 872 by workers at BioNumeriR7®> Oxygen gas has the

advantage of being the least expensive and most readily
available oxidant, but the safety issues surrounding its use

make it one of the least frequently used reagents.
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