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2 Name Reactions in Heterocyclic Chemistry

1.1 Corey—Chaykovsky Reaction

111 Description

The Corey—Chaykovsky reaction entails the reaction of a sulfur ylide, either
dimethylsulfoxonium methylide (1, Corey’s ylide, sometimes known as DMSY) or
dimethylsulfonium methylide (2), with electrophile 3 such as carbonyl, olefin, imine, or
thiocarbonyl, to offer 4 as the corresponding epoxide, cyclopropane, aziridine, or
thiirane.'”’
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For an o,f-unsaturated carbonyl compound, 1 adds preferentially to the olefin to
furnish the cyclopropane derivative, whereas the more reactive 2 generally undergoes the
methylene transfer to the carbonyl, leading to the corresponding epoxide. Also due to the
difference of reactivities, reactions using 1 require slightly elevated temperature,
normally around 50~-60°C, whereas reactions using the more reactive 2 can be carried out
at colder temperature ranging from —15°C to room temperature. Moreover, while it is
preferable to freshly prepare both ylides in sitn, 2 is not as stable as 1, which can be
stored at room temperature for several days.

1.1.2 Historical Perspective

In 1962, Corey and Chaykovsky described the generation and synthetic utlity of
dimethylsulfoxoninm methylide (1) and dimethylsulfonium methylide (2).“'12 Upon
treatment of DMSQO with Nall, the resulting methylsulfinyl carbanion reacted with
trimethylsulfoxonium iodide (5) to produce dimethylsulfoxonium methylide (1). The
subsequent reaction between 1 and cycloheptanone rendered epoxide 6. Similar results
were observed for other ketones and aldehydes as well, with a limitation where treatment
of certain ketones (¢.g. desoxybenzoin and A*-cholestenone) with 1 failed to deliver the
epoxides possibly due to their ease to form the enolate ions by proton transfer to 1.
Interestingly, Michael receptor 7 reacted with 1 to provide access to the “methylene
insertion” product, cyclopropane 8. Meanwhile, thiiranes were isolated in good yields
from the reaction of thiocarbonyls and 1, and methylene transfer from 1 to imines tock
place to afford aziridines.

Q| Nat GHz
HaC™ JE: " H,e 10
9 EH; DMSO %Y CH;  DMSO, 5o°c; 71%
1




Chapter 1. Epoxides and Aziridines 3

¢ 1 O
Ph/\)J\Ph Tos% Ph/<l)l\Ph
7 8

1.1.3 Mechanism
Similar to phosphur ylides, sulfur ylides 1 and 2 possess the nucleophilic site at the
carbon atom and the pendant leaving group at the heteroatom (sulfur). Different from the
Wittig reaction, the Corey—Chaykovsky reaction does not lead to olefins.

The mechanism of epoxide formation wsing sulfur ylides'® is analogous to that of
the Darzens condensation. In the Darzens condensation, enolate 9 adds to ketone 10,
forming alkoxide 11, which undergoes an internal Sn2 to give epoxide 12. In a parallel
fashion, addition of dimethylsulfoxonivin methylide (1) to ketone 13, led to betaine 14,
which also undergoes an internal Sx2 to secure epoxide 15. On the other hand, Michael
addition of 1 to enone 16 gives betaine 17, which subsequently undergoes an internal Sy2
to deliver cyclopropyl ketone 18.**

Darzens condensation:

(© 10 _
1)1\ 1 Oj A intramolecular O

2 R
X ) T R? — ¥ 2 R
H/K\I,oa 1 COzE 82 R2 GOt
© s 11 - 12

Corey—Chaykovsky reaction:
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L1.4 Veriations and Improvements

Sulfur ylides 1 and 2 are usually prepared by treatment of either trimethylsulfoxoninm
iodide (5) or trimethylsulfonium iodide, respectively, with NaH or n-Buli.> An
improverent using KOBu'** is safer than NaH and n-BuLi for large-scale operations.
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In addition, NaOMe, and NaNH;, have also been employed. Application of phase-
transfer conditions with tetra-n-butylammonium iodide showed marked improvement for
the epoxide formation.'® Furthermore, many complex substituted suifur ylides have been
synthesized and utilized. For instance, stabilized ylide 20 was prepared and treated with
a-D-allo-pyranoside 19 to fumish o-D-cyclopropanyl-pyranoside 217 Other examples
of substituted sulfur ylides inctude 22-28, among which aminosulfoxonium ylide 25,
sometimes known as Johnson’s ylide, belongs to another category.’®  The
aminosulfoxonium ylides possess the configurational stability and thermal stability not
enjoyed by the sulfonium and sulfoxonium ylides, lhc,reby are more suvitable for
asymmetric synthesis.
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L15 Synthetic Utility

1.1.5.1 Epoxidation

Epoxidation of aldehydes and ketones is the most profound utility of the
Corey—Chaykovsky reaction. As noted in section 1.1.1, for an o,f-unsaturated carbonyl
compound, 1 adds preferentially to the olefin to provide the cyclopropane derivative. On
the other hand, the more reactive 2 generally undergoes the methylene transfer to the
carbonyl, giving rise to the corresponding epoxide. For instance, treatment of B-ionone
(26) with 2, derived from trimethylsulfonium chloride and NaOH in the presence of a
phase-transfer catalyst Et,BnNCI, gave rise to vinyl epoxide 27 exclusively."

A Me4SCl, NaOH, EtyBnNCI A0

CHoCla/H,0, 90%
2 oHa ofH 07

Isolated carbonyls always give epoxides from the Corey—Chaykovsky reaction.
Take the aldehyde substrate as an example. Spiro epoxide 30 was produced from the
reaction of trisnorsqualene aldehyde 28 (Roo represents the polyene side-chain with 20
carbons)  with  substituted sulfur ylide 2%,  prepared in  site from
cyclopropyldiphenylsulfonium tetrafluoroborate and KOH.??  For the epoxidation of
ketones, the Corey—Chaykovsky reaction works well for diaryl- (31),*! arylalkyl- (32),%
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as well as diatkyl (33)” ketones. When steric bias exists on the substrate, stereoselective
epoxidation may be achieved. For example, treatment of dihydrotestosterone (DHT, 35)
with the Corey ylide 1 followed by TPAP oxidation resulted in only one diastereomeric
keto-epoxide 36.”
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35 36

Stereoselective epoxidation can be realized through either substrate-controlled
(e.g. 35 — 36) or reagent-controlled approaches. A classic example is the epoxidation of
4-t-butylcyclohexanone.'> When sulfonium ylide 2 was utilized, the more reactive ylide
irreversibly attacked the carbonyl from the axial direction to offer predominantly epoxide
37. When the less reactive sulfoxonium ylide 1 was used, the nucleophilic addition to the
carbonyl was reversible, giving rise to the thermodynamically more stable, squatorially
coupled betaine, which subsequently eliminated to deliver epoxide 38. Thus,
stereoselective epoxidation was achieved from different mechanistic pathways taken by
different sulfur ylides. In another case, reaction of aldehyde 38 with sulfonium ylide 2
only gave moderate stereoselectivity (41:40 = 1.5/1), whereas employment of
sulfoxonium ylide 1 led to a ratio of 41:40 = 13/1.%* The best stereoselectivity was
accomplished using aminosulfoxonium ylide 28, leading to a ratio of 41:40 = 30/1. For
ketone 42, a complete reversal of stereochemisiry was observed when it was treated with
sulfoxonium ylide 1 and sulfonium ylide 2, respectively.?
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In transforming bis-ketone 45 to keto-epoxide 46, the elevated stereoseleciivity
was believed 10 be a consequence of the molecular shape -— the sulfur ylide attacked
preferentially from the convex face of the strongly puckered molecule of 45, Moreover,
the pronounced chemoselectivity was attributed to the increased electrophilicity of the
furanone versus the pyranone carbonyl, as a result of an inductive effect generated by the
pair of spiroacetal oxygen substituents at the furanone a-position.%

1, DMSO, nt

e e

“CO,Me 15 min, >76%

Since chiral sulfur ylides racemize rapidly, they are generally prepared in sifu
from chiral sulfides and halides. The first example of asymmetric epoxidation was
reported in 1989, using camphor-derived chiral sulfonium ylides with moderate yields
and ee (< 47%).*" Since then, much effort has been made in the asymmetric epoxidation
using such a strategy withoul a significant breakthrough, In one example, the reaction
between benzaldehyde and benzyl bromide iu the presence of one equivalent of camphor-
derived sulfide 47 furnished epoxide 48 in high diastercoselectivity (rrans:cis = 96:4)
with moderate enantioselectivity in the case of the trans isomer (56% ee).zs
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The Corey—Chaykovsky reaction incited some applications in medicinal
chemistry. During the synthesis of analogs of fluconazole, an azole antifungal agent,
treatment of 49 with 1 led to the corresponding epoxide, which was subsequently
converted to 50 as a pair of diastereomers.”” Analogously, the Corey—Chaykovsky
reaction of ketone 51 gave the expected epoxide, which then underwent an Sn2 reaction
with LH-1,24-triazole in the presence of NaH to deliver 52, another azole antifungal

agf.znt.ﬂ|
HO
N 5*4 ‘“N
1, THF, then =N
NNa DMF, 60°C
N=\
(\ N
N N=)
/JA/ N 5, NaM, DMSO, then NN
NH DMF, 80°C i OH
51
52
1.1.5.2 Cyclopropanation

Due to the high reactivity of sulfonium ylide 2 for o,f-unsaturated ketone substrates, it
normally undergoes methylene transfer to the carbonyl to give the correspondmg
epoxides. However, cyclopropanation did take place when 1,1 chphenylethylene and
ethyl cinnarnate'> were treated with 2 to furnish cyclopropanes 53 and 54, respectively.

iv. 2,
Ph 5 equiv Eh

DMSO, 0°C, 81% Ph
53

Ph
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2, DMB0O
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Dimethylsulfoxonium methylide (1) is the reagent of choice for the
cyclopropanation of o,B-unsaturated carbonyl substrates. The reaction is generally
carried out at more elevated temperatures in comparison to that of 2, although exceptions
exist. The method works for ¢,B-unsaturated ketones, esters and amides. Representative
examples are found in transformations of 2(5H)-furanone 55 o cyclopropane 56> and
o, B-unsaturated Weinreb amide 57 to cyclopropane 58.%

5 equiv. 1, DMSO
B |
50°C, 62 h, 93%

Q O
55 56
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\ | 50°C, 88% \r |
58

57

As in the case of epoxidation, asymmetric cyclopropanation can be accomplished
through either substrate-controlled or reageni-controlled approaches. The former
approach requires an inherent steric bias in the substrates that often exist in the form of
chiral auxiliaries. Substrate 59, derived from 1-hydroxy pinan-3-one, gave only
diastercomer 60 when treated with 1.** Yiide 1 attacked the less shielded face opposite to
the gem-dimethyl group, and DMSO release with formation of the spirocyclic adduct
occurred prior 10 bond rotation. With regard to chiral o,B-unsaturated bicyclic y-lactam
61, the cyclopropanation took place in a highly diasteroselective fashion using anion 22
(dimethylsulfuranylidene acetate), resulting in the anti-adduct 62 as the predominant
product (62 : 63 =99:1).3

R 1, DMSQ

———— e

H  o°c, 45-95%
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59
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Reagent-controlled asymmetric cyclopropanation is relatively more difficult using
sulfur ylides, although it has been done.® 1t is more often accomplished vsing chiral
aminosulfoxonium ylides. Finally, more complex sulfur ylides (e.g. 64) may result in
more elaborate cyclopropane synthesis, as exemplified by the transformation 65 — 66.%°

1. Phol"PFg™ (32%) LHMDS
() (*s') PFg™ ——rem

S 2.mceeaNaOH & ph THF
H,0, 40°C, 67%

O 65
C /) /\)I\/
!:S\ - I:lh\‘S 66
Q Ph rt, 14 1, 98% A

64

1.1.5.3 Agiridination

In the initial report by Corey and Chaykovsky, dimethylsulfonium methylide (2) reacted
smoothiy with benzalaniline to provide an entry to 1,2-diphenylaziridine 67."% Franzen
and Driesen reported the same reaction with 81% yield for 67. In another example,
benzylidene-phenylamine reacted with 2 to produce 1-(p-methoxyphenyl)-2-
phenylaziridine in 71% yield. The same reaction was also carried out using phase-
transfer catalysis conditions.”” Thus aziridine 68 could be generated consistently in good
yvield (80~94%). Recently, more complex sulfur ylides have been employed to make
more functionalized aziridines, as depicted by the reaction between N-sulfonylimine 69
with diphenylsulfonium 3-(trimethylsilyl)propargylide (70) to afford aziridine 71, along
with desilylated aziridine 72.%

Ph\N 1, DMSO Ph“N

_Ph)eH

67

Ph)I\H 80°C, 2 h, 81%
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Asymmetric aziridination from imines using the Corey—Chaykovsky reaction is
not well studied. The modest asymmetric induction is possibly due to the weak steric
bias a chiral auxiliary exerted on the nucleophilic addition. Another possibility is that the
bond rotation of the betaine intermediate may be so fast that it is difficult 10 achieve high
stereoselectivity. Nowadays, asymmetric synthesis from imines is most frequently
accomplished by addition of transition metal-catalyzed diazo reagents to the imines in the
presence of chiral ligands. At any rate, examples of substrate-comtrolled aziridine
formation using the Corey—Chaykovsky reaction can be found in the transformation 73
— 74 and 74° where de was only 20%.” However, when the p-tolyl group was replaced
by a r-butyl group, the de was as high as 90%.

1. MesS(O)CI™, THF

w0 H NaHMDS, - 78°C N - .
\g ng S\ Ph '\ O
HN HNAr $
nToVS\/LPn A T
7
3 74 74

Me” ~p-Tol
2. MeLi, 72%, 2 steps
4

Reagent-controlled aziridination using camphor-derived chiral sulfide 47 has been
reported with ee values of 84-98% for the trans isomer although the trans : cis ratio was
mediocre.*

1.1.5.4 Methylation

C-Methylation products, o-nitrotoluene and p-nitrotoluene, were obtained when
nitrobenzene was treated with dimethylsulfoxonium methylide (1).*' The ratio for the
ortho and para-methylation products was about 10-15 : 1 for the aromatic nucleophilic
substitution reaction. The reaction appeared to proceed via the single-electron transfer
(SET) mechanism according to ESR studies.
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N-Methylation of the NH of heterocycles using 1 is also known as exemplified by
the methylation of indole.** ‘The interesting mechanism is delineated below. O-
methylation of weak acids such as phenols, carboxylic acids and oximes as well as §-
methylation such as N-phenylisorhodanine, certain thioketones, and dithiocarboxylic
acids have also been nepcortet:l.43

l N 1 l ) | 3 + 9
e SR TSN e S
M H.C~§—CH 3 S\ CH, CH
\“"2 iCH:; ? \j GHS °
1.1.5.5 Heterocycle and carbocycle formation

Corey s ylide (1), as the methylene transfer reagent, has been utilized in nng expansion
£0x1® 75 and arizidine 77 to provide the corresponding oxetane 76" and azetidine

respectively.
0 5, KOBu, HOBY 0
[~ OTHP AN OTHP
75 50°C, 96 h, 44% 7%
_ Op
p—TOI\§02 1 Nfs"‘p-TD[
Ph N Ph
NV DMSO, n, 78%
°PW Ph
77 78

In Corey and Chaykovsky’s initial investigation, a cyclic ylide 79 was observed
from the reaction of ethyl cinnamate with ylide I in addition to 32% of cyclopropane
53.° In a similar fashion, an intermolecular cycloaddition between 2-acyl-3,3-
bis(methylthio)acrylnitrile 80 and 1 furnished 1-methylthiabenzene 1-oxide 81. * Similar
cases are found in transformations of ynone 82 to l-arylthiabenzene I-oxide 83* and N-
cyanoimidate 84 to adduct ylide 85, which was subsequently transformed to 1-methyl-
1A*4-thiazin-1-oxide 86.4
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In a unique approach to the synthesis of isoxazole derivatives, o-isonitroso ketone
87 was treated with dimethylsulfonium methylide (2) to give S-hydroxyisoxazeline 88.%
It was demonstrated that the reaction proceeded through an epoxyoxime intermediate.

0 Ph
on 2 DMSO/THF Ph
PR > \
. HO~ NN
N 1010 0°C, 42% o/
HO
p 88

In addition to the synthesis of heterocycles, the Corey—Chaykovsky reaction
bestows an entry to carbocycles as well. The reaction of (trialkylsilyl)vinylketene 89
with substituted ylide 90% led exclusively to rans-4,5-dimethyl cyclopentenone 910
The substituted ylide 90 here serves as a nucleophilic carbenoid reagent in the formal [4
+1] annulation reaction.

Pr}ySi + = (FPr)zSi
(*Prla Me,S~ CH; 90
IHICHS
Ho O DME, - 50 to - 20°C, 68% HsC
CH3 CHS
89 91

1.1.5.6 Polyhomologation
An ingenious application of Corey’s ylide (1) was discovered by the Shea group in
1997.°"9%  Using trialkylboranes as initiator/catalyst and 1 as the monomer, a living
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polymerization led to linear polymethylene polymers (as opposed to the common
polyethylene polymers). Controlling the initial ratio of ylide 1 and triethylborane
leveraged control over molecular weight. Oxidative cleavage of the C-B bond under
basic oxidation conditions produced perfectty linear polymethylene 92. Furthermore,
extension of this novel chemistry provided means to build many new polymethylene
architectures such as star-shaped polymethylenes, ring expansion of cyclic and polycyclic
organoboranes, as well as macrocyclic oligmers and polymers.

1) 3 eqivs. 1
El8 » 3 Et{CH-CH,0H
2) HaOo/NaOH 02
1.1.6  Experimental
0 0
N {CHg)sS(OY'I™ (5), NaH, DMSO N/’\"jQ
o}
F 60°C, 3.5 h, 79% ¢
Cl Cl
93 94

N-(3-Chloro-d4-fluorebenzoyl)-oxa-6-azaspiro[2,5]-octane 94).%

A solution of dimethylsulfoxonium methylide (1) was prepared, under nitrogen, from
sodinm hydride (1.52 g of 60% despersion in mineral oil, 37.8 mmol) and
trimethylsulfoxonium iodide (5, 8.32 g, 37.8 mmol) in anhydrous DMSO (20 mL). A
solution of N-(3-chloro-4-flucrobenzoyl)-piperidine-4-one (93, 9.21 g, 36 mmol) in
DMSO (20 mL) was added in 30 min and stirring was maintained at 60°C for 3.5 h. The
cooled reaction mixture was poured into ice water and extracted with ethyl acetate. The
combined organic layers were washed with water and brine and then dried and
concentrated. The residue was purified by a short flash chromatography on silica gel,
eluting with CHCI;—EtQAc (9:1), to give 7.68 g of 94 (79%) as an oil which crystallized
on standing: mp 75-77°C; 'H NMR (CDCl3) § 1.50 (m, 2H), 1.92 (m, 2H), 2.74 (s, 2H),
3.87 (m, 1H), 4.19 (m, 1H), 7.18 (¢, 1H), 7.32 (m, 1H), 7.51 (dd, 1H); IR (KBr, cm™)
1620,
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1.2 Darzens Glycidic Ester Condensation

1.2.1 Description

Darzens glycidic ester condensation! generally involves the condensation of an aldehyde
or ketone 2 with the enolate of an c¢-haio ester 1 which leads to an o,B-epoxy ester (a
glycidic ester) (3). Thus the reaction adds two carbons to the electrophile; however, the
reaction has been primarily developed as a one-carbon homologation method. That is,
subsequent to the condensation, the ester is saponified and decarbox ylation ensues to give
the corresponding aldehyde or ketone 5.2

)
Hz)kna k| a ) Ha
a! 9 R o OH R o HCKag) 1
I e <JE [ 2 Ra)ﬁ{/U\ON R AN
X" E X" ) \ 8 reflux
R R o)
1 3 4 5

Various stabilized ¢-halo anions (diazo ketones, imines, nitriles, phosphonates,
silicon, sulfones, etc.) have been employed in the reaction. Methods for the preparation of
aziridines using the process have been examined, and asymmetiic variants have been
reported. Although hydroxide can often be used for generating the anion, a non-
nucleophilic base (-BuOK, LiHMDS, LDA) is generaily used in the reaction to avoid
SN2 displacement of the electrophile. The halide of the nucleophilic component of the
reaction is typically chlorine — stronger leaving groups (bromine and especially iodine)
lead toward y-keto esters (after saponification/decarboxylation is carried out), a result of
intermolecular Sy2 displacement.3 The diverse nature of the substrates and conditions
that can be employed in the reaction preciudes further discussion to the general nature of
the reaction.2

1.2.2 Historical Perspective

Although glycidic esters were first prepared by FErlenmeyer in 1892, Darzens
subsequently studied the reaction and demaonstrated its usefulness as a synthetic method.4
In a significant achievement in synthesis during the 1940s, the titled reaction process was
used in the industrial reaction pathway to prepare vitamin A (9).5 Thus methyl
chloroacetate (7) and B-ionone (6) were wreated with sodium ethylate to give the
corresponding glycidic ester. Upon saponification and decarboxylation, thermo-
dynamically favored trienal 8 is provided, which can be further elaborated to vitamin

A2S
&)
HSC CHS O 1} c;\)‘\(yCHa HgC CHa CHB H
WCHS 7 Wo
CH3 2) EtONa

CHs
3) NaOH, MeOH
6 8
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vitamin A (9)

1L2.3 Mechanism

Several years ago, there was much debate concerning the mechanism of the Darzens
condensation.2? The debate concerned whether the reaction employed an enolate or a
carbene intermediate. In recent years, significant evidence that supports the enolate
mechanism has been obtained, wherein the stabilized carbanion (11) of the halide (10) is
condensed with the electrophile (12) to give diastereomeric aldolate products (13,14),
which subsequently cyclize via an internal Sx2 reaction to give the corresponding oxirane
(15 or 16). The intermediate aldolates have been isolated for both o-fluoro- and «o-
chloroesters 10.2:3

1 3
LR K oB%, __ aR
R“u-‘ . W‘\R“
0@ R O
X B~ X ¥y 2
Al R~ * o " ' 18
B8H k

o o =
10 11 12 \E\ X) R R, R
R1""‘ -~ a R k4 O i ‘\R3
ON_O/" pz ©
2 16
14

Furthermore, in analogy to the aidol reaction, ct-chloro-¢t,B-unsatrated esters
have been observed—Ilikely the result of (3-elimination of water from the intermediate
halohydrin. For example, when benzaldehyde is condensed with the enclate of 17,
chloride 19 was obtained.b

0 0
Cl NaOE, EtOH
- H ————
~H,0

17 18
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The ratio of products 15 and 16 is dependent on the structures, base, and the
solvent. The kinetics of the reaction is likewise dependant on the structures and
conditions of the reaction. Thus addition or cyclization can be the rate-determining step.
In a particularly noteworthy study by Zimmerman and Ahramjian,” it was reported that
when both diastereomers of 20 were treated individually with potassium #-butoxide only
cis-epoxy propionate 21 was isolated. It is postulated that the cyclization is the rate-
limiting step. Thus, for these substrates, the retro-aldolization/aldolization step is
reversible.”

PhH ¢l ¢
_ BUOK Ph., ~Ph
e Uy t H"‘g"cant
CO.Et BuOH/Mbenzene
20 ", 2.5h 21
Cl Cl
- Ph H H Ph H Ph
th, ‘\Ph 4 ‘
H e Ph—"‘g\
o CO:Et Ph@(x)gst Phi COE COEt
o
21 22a 22b 23

An explanation for the stereoselectivity of the reaction involves optimal overlap
of the m-orbital of the carbonyl with the developing electron rich p-orbital on C2 during
the 552 displacement of the chloride by the alkoxide (24). Thus, orbital overlap imposes
conformational constraints in the transition state that leads to nonbonding interactions
disfavoring transition state 28.7

o] ¢l

Ph, noPh H,, Ph
H"] ,8%@ Ph ] & EE
Oé'to 5 FtO
24 - 25

1.2.4 Variations and Improvements

In recent years, several modifications of the Darzens condensation have been reported.
Similar to the aldol reaction, the majority of the work reported has been directed toward
diastereo- and enantioselective processes. In fact, when the aldol reaction is highly
stereoselective, or when the aldol product can be isolated, vseful quantities of the
required glycidic ester can be obtained. Recent reports have demonstrated that
diastereomeric enclate components can provide stereoselectivity in the reaction:
examples include the camphor-derived substrate 26,8 in simw generated oi-bromo-N-
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acetyloxazolidinethione 27,° menthol and 8-phenylmenthol esters 28 and 29,10 It is
noteworthy that Aggarwal recently showed that the camphor derived sulfonium salt 30
could be condensed with various aldehydes in good yields (79-93%), and up 1o 99% ee¢.}!

R
OH Q %kCH L9
Br\)LN HaC ) o ;S\)LNEtz
18] zf/H BI’\AO ™~
Br

2% 27 29 R =Ph

Interestingly, phase-transfer catalysts including crown ethers have been used to
promote enantioselective variations of Darzens condensation. TSke and coworkers
showed that the novel 15-crown-5 catalyst derived from p-glucose 33 could promote the
condensation between acetyl chloride 31 and benzaldehyde to give the epoxide in 49%
vield and 71% ee.!2 A madified cinchoninium bromide was shown to acl as an effective
phase transfer catalyst for the transformation as well.!3

. ?Me\\or‘\o ,\
Q\"/\m 3 (6%), PICHO,  pd, Q ;O; L/ on
O NaOH(ag, 30%), H Ph Y0 \)
toluene, ~-20°C 32 0. 0O o)
31 49% yield, 71% e b
33

In a separate report, preparation of the lithium enolate of 31 in the presence of
indium trichloride and benzaldehyde provided a 77% yield of 32 with complete trans
selectivity; however, sequential addition of indium trichloride and benzaldehyde provided
Barbier-type products.!4 Organotin enolates have also been used in a Darzens-type
reaction. i3

1.2.5 Synthetic Utility and Applications

The Darzens condensation reaction has been used with a wide variety of enclate
equivalents that have been covered elsewhere.? A recent application of this important
reaction was applied toward the asymmetric synthesis of aziridine phosphonates by Davis
and coworkers.!6 In this application, a THF solution of sulfinimine 34 (0.37 mmol, >98%
ee) and jodophosphonate 33 (0.74 mmol) was treated with LIHMDS (0,74 mmol) at -78
°C to give aziridine 36 in 75% yield. Treatment of 36 with MeMgBr removed the sulfinyl
group to provide aziridine 37 in 72% yield. 10
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O H R
H P 1\;;(02132 H H
) N7 <
\)O\ pry—— p-MeOPh R PO{OEL).
OMe  _7g°C, 75%
34 36 R =S50Mes

37 R=H

Darzens reaction can be used to efficiently complete the stereoselective synthesis
of o’-substituted epoxy ketones. As an example, Enders and Hett reported a technique for
the asymmetric synthesis of o -silylated o,f-epoxy ketones. Thus, optically active o'-
silyl @-bromoketone 38 was treated with LDA followed by the addition of benzaldehyde
to give a’-silyl epoxyketone 40 in 66% yield with good de.1”

o) LDA, THF, Qo ¥
HsC Br _ =78°C then HaC : Aph
)
NBng Ji " BuMe,Si H
38 39 ~30°C 40 66% yield, >80% de

In a separate report, the Darzens reaction was recently used by Barluenga,
Concellén, and coworkers for the preparation of enantiopure ©o-amino ¢,B-epoxy
ketones. Accordingly, the Z enolate of a’-amino a-bromo ketone 41 was generated with
KHMDS at -100°C. Benzaldehyde was added, and trans epoxyketone 42 was isolated in
87% yield and >95% de.18

o KHMDS, THF, O H
Br —100°C then L4
Ph ) Ph Fh
NBn, H BN H
41 39 42

Recently, Darzens reaction was investigated for its synthetic applicability to the
condensation of substituted cyclohexanes and optically active o-chloroesters (derived
from (=)-phenylmenthol). In this report, it was found that reaction between chloroester 44
and ¢yclohexanone 43 provided an 84% yield with 78:22 selectivity for the axial glycidic
ester 45 over equatorial glycidic ester 46 both having the R configuration at the epoxide
stereocenter,19
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o)
><~%G§U‘OH
Q KHMDS, THF, H
Y H -78°C tort ©
o o) Ph :
HsC H 84% vyield

43 44

Of interest is a recent report of a rapid synthesis of efaroxin (51), a potent,
selective o,-adrenoceptor antagonist, using Darzens Reaction. Accordingly, o-
bromoester 48 was condensed with aldehyde 47. The glycidic ester (4%) was then
hydrogenated to reduce the more labile epoxide bond to give alcohol 50. Subsequent
standard transformations subsequently lead to a completed 4-step synthesis of efaroxin 20

CHO . o
3 H», P
_ (:E . %’ COLEt rE:uOK, dloxs:ne A :uc
E B 0°C to rt, 62% " CO,Et 89%

47 48 49

CO,Et 1) NaH, DMF-toluene, <72% H
2] A|M93. NHQCHzCHENHg, N
OH toluene, 65% O
F N/

60 51

1.2.6 Experimental’!

O 'BuOK s
g # Cl_COft 2T COEt
10°C

85-95% Yields

A dry 500-ml round-bottomed three-necked flask fitted with a stirrer, internal
thermometer, and a pressure-equalized dropping funnel is placed under nitrogen and the
flask is charged with 0.148 mole of freshly distilled cyclohexanone and 0.148 mole of
freshly distilled ethyl chloroacetate. A solution of 6.0 g of potassium and 125 mL of dry
tert-butyl alcohol is introduced into the dropping funnel, and the system is exhausted and



Chapter 1. Epoxides and Aziridines 21

filled with nitrogen. The flask is cooled with an ice bath, stirring is commenced, and the
solution of potassium tert-butoxide is added from the dropping funnel over a period of
about 1.5 hours, the temperature of the reaction mixture being maintained at 10-15°C.
After the addition is complete, the mixture is stirred for an additional 1-1.5 h at about
10°C. Most of the tert-butyl alcohol is removed by distillation from the reaction flask at
reduced pressure (water aspirator). The oily residue is taken up in ether. The ether
solution is washed with water, then with saturated aqueous sodium chloride solution, and
is finally dried over anhydrous sodium sulfate. The residue obtained on evaporation of
the ether is distilled through a 6-in. Vigreux column to give 83-95% yield of colorless
glycidic ester.212
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1.3 Hoch—Campbell Aziridine Synthesis

1.3.1 Description
The Hoch—Campbell aziridine synthesis entails treatment of ketoximes with excess
Grignard reagents and subsequent hydrolysis of the organometallic complex.' ™!

H
NOH 1. excess R°MgX N
2 - R / AN 5
R’ g2 R
2. HCI
1 2

1.3.2 Historical Perspective

In 1934, French chemist Hoch reported that the action of phenylmagnesiom bromide on
the oxime of propiophenone (3) at elevated temperature gave two products.”” One was
aziridine 4 and the other was erroneously assigned as hydroxylamine 5. In the
subsequent years (1939 onward), Campbell at the University of Notre Dame determined
that the purported hydroxylamine 5 was actually $3-hydroxylamine 65" The scope of
the Grignard reagents was extended to both aryl and aliphatic Grignard reagents.

NOH PhiigBr s %@i Ph NH,
/N T ph
Ph PH
Ph)l\/ ol PH OH
3 a4 5 5

133 Mechanism

The mechanism: of the Hoch—Campbel] aziridine synthesis was a contentious issue for
quite some time. The incorporation of a double bond into an already highly sirained
three-imembered ring was initially mistakenly thought to preciude the very existence of
the |-azirine systermn. However, it was established that when ketoximes were treated with
Grignard reagents, a rearrangement ook place that involved the migration of the nitrogen
atom from one carbon to another.® At the early stage of the Hoch—Campbell aziridine
synihesis, the general mode may be reminiscent of the Neber reaciion mechanism.'> In
1963, Eguchi and Ishii carried out a series of experiments that supported a plausible
roechanism that involving an azirine intermediate.”” In the 1970s, the Laurent group
made great sirides in deciphering the mechanism of the Hoch-Campbell reaction.*™"’
Their results are summarized herein,

When ketoxime 1 is treated with the Grignard reagent, the first action is
abstraction of the oxime proton to give 7, which complexes with another equivalesnt of
Grignard reagent to form 8. Intramolecular deprotonation of 8 then gives rise to di-anion
9, which exirudes OMgX anion io establish vinyl nitrene 10. Cyclization of vinyl nitrene
10 delivers the kev intermediate azirine 11, Addition of another equivalent of Grignard
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reagent to azirine 11 subsequently affords aziridine magnesium halide 9, which upon
acidic workup gives rise to aziridine 2.

OMgX ftﬂgx < G.;)MQX
At == A e T
1 ’ R2 o R?
9

(& N MgX H
R1 H1 Hz R1 o R1—A o

a _ R3 R )3 R

M R3
10 1 12 2

The aforementioned mechanism is supported by the following experimental data.
When oxitne 13 was treated with Grignard reagent, 3% of the indole 15 was isolated,
indicating the possible existence of nitrene intermediate 14.% A 2-phenylazirine
intermediate, on the other hand, has been isolated and characterized from the reaction
under carefully controlled conditions (adding Grignard reagent to the oxime in toluene).”

y |
NOH . N: N
ReMgX 3%
Ph)H/\ 3 Ph — PN
Ph
15

13 14

1.3.4 Variations and Improvements

An “intramolecular trapping” variant of the Hoch—Campbell aziridine synthesis was
reported by Taguchi et al.'*' When 2-(1-p-chlorophenylcyclohexyl)cyclohexanone (16)
was treated with phenylmagnesium bromide, the resulting azirine 17 did not undergo the
usual intermolecular nucleophilic attack of the second equivalent of phenylmagnesium
bromide. Instead, due to the proximity of the benzene ring as a potential nucleophile, the
intramolecular ring closure of the intermediate was overwhelmingly favored as compared
to the normal Hoch-Campbell reaction, resulting in predominantly the 1-
benzobicyclononenone 19. Hydrolysis of iminylmagnesium bromide 19 then gave imine
20, which was subsequently hydrolyzed to ketone 21 under acidic conditions.
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The second variation and improvement involves the use of N-NR;* moiety,

which in some cases gave better yields than the corresponding ketoxime analogs.”™%
+
R 3 n
& ReMgX 1
R
H1)j\/Ft2 5 R
2 23

The third variation of the Hoch—Campbell reaction is the replacement of the
Grignard reagents with LiAlH,. Evidently, the R® would be hydride in this case.”® The
mechanism is strikingly similar to that of the Hoch—Campbell reaction except the azirine
1s attacked by hydride rather than the Grignard reagent.

H
NOH i
a2 LiAlH, . /N\
R! 7 ~Rp?
golvent H
24 25

1.3.5 Synthetic Utility

1.3.5.1 Simple ketoximes

Oxime 26 was prepared from 5,11-dihydro-dibenzofa,dlcyclohepten-10-one. The Hoch-
Campbell reaction of 26 with 3-dimethylaminopropylmagnesium bromide produced
aziridine 27 in 46% yield after acidic workup.® Extension of the Hoch~-Campbell
teaction to steroids has also been reported.”” Thus, treatment of 3B-hydroxy-5-pregnen-
20-one oxime (28) with methylmagnesium iodide furnished a mixture of diastereomers,
200/20B,21-imino-20-methy!-5-pregnen-38-ol (29) in a 50% combined yield and a 3:1
ratio. On the other hand, homo-adamantan-4-one oxime (30) was transformed to homo-
adamantano(4,5-b]-2-ethylaziridine (31) in 76% yield upon the action of
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ethylmagnesium bromide.® However, the reactions of methylmagnesium iodide and
phenylmagnesium bromide gave the corresponding aziridines in only 21% and 22%
yield, respectively.

O = TO0

Tol., 46%
H
26 o7
MNE
NOH
MeMgl
~r————————
tol., 50%
H
HO ©
28 29
@ EtMgBr NH
NOH reflux, tol.fether, 76%
H
30 31

Secondary aziridines bearing a trifluvoromethyl group were prepared vig the
Hoch—Camgbell reaction of Grignard reagents and oximes bearing a wifluoromethyl
substituent.” Omne exception was found for the use of allylmagnesium bromide, which
gave homoallylic hydroxylamines.*® Another exception was found for ethylmagnesium
bromide where it served exclusively as a reducing agent.?’ Initial reaction of oxime 32
with ethylmagnesium bromide gave azirine 33. However, the course of reaction was
deviated from the normal Hoch—-Campbell reaction since single electron transfer (SET)
took place and led to radical anion 34, which was converted to the reduced aziridine 35

upon workup.
F 3C FgC

ultrasound
32 33
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EtMgBr ~ .N : 5 H,0 H NH : s
SET FaC FsC
34 35

When both ¢-positions of the oxime possess active hydrogen, the regiochemistry
of the Hoch-Campbell reaction prefers the side with more available hydrogens—
indicating the process is kinetically controlled.”’ In case of oxime 36, azirine 37 was not
formed.* Instead, azirine 38 was obtained exclusively. Addition of the third equivalent
of the Grignard reagent delivered aziridine 39 as a mixture of two diastereomers.

Ph Ph
N NOH 2 CH3MQBI’ CHaMgBF CH3
X toluene 53% ’
7 36

1.3.5.2 a-Hydroxy and orketo ketoximes

The Hoch-Campbell reaction of a-hydroxy ketoximes do not alter the course of the
reaction although deprotonation probably took place concurrently for both the alcohol
and the oxime. Treatment of oxime 40 afforded aziridine 42 in 30%, presumably via the
intermediacy of azirine 41.% «-Keto ketoximes would behave similarly to the o-hydroxy
ketoximes in the Hoch-Campbell reaction after addition of the first equivalent of the
Grignard reagent to the ketone.* ** Therefore, the reaction between n-keto ketoxime 43
and phenylmagnesium bromide gave aziridine 45 in 41% yield, presumably via the
intermediacy of azirine 44.

NOH Ph
>|)j\/ PhMgBr >l/<'1\'/ >1)<TH
OH OMgBr OH
40 Y] 42
Ph
\'_Hfl-‘ PhMgBr Ph)r{lq PWH
o OMgBr OH

43 44 a5
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1.3.6 Experimental

NOH reflux, tol.fether, 76%

30 31

Homo-adamantano[4,5-b]-2 -ethylaziridine (31)*

To a stirred solution of ethylmagnesium bromide (6.0 mmol) in ether (5 mL) and 1oluene
(5 mL) was added homo-adamantan-4-one oxime (30, 2,0 mmol) in toluene (10 ml) at
100-105°C. The mixture was kept at the same temperature for 3 h. The cooled mixture
was poured onto an ice-ammonium chloride mixture and the organic layer was separated
and the water layer was extracted with ether (2 x 10 mL). The combined organic layer
and extracts were dried (Na;SQ4). Removal of the solvent under reduced pressure at
40°C gave crude product which was purified on a silica gel column eluting with
CH,Cl-MeOH to afford homo-adamantano[4,5-b]-2 -ethylaziridine {31) in 76% yield.
The aziridine had a foul odor peculiar to aziridines. mp = 74-75°C.
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14  Jacobsen—Katsuki Epoxidation

1.4.1 Description

The Jacobsen-Katsuki epoxidation reaction is an efficient and highly selective method
for the preparation of a wide variety of structurally and electronically diverse chiral
epoxides from olefins.' The reaction involves the use of a catalytic amount of a chiral
Mn(Ill}salen complex 1 (salen refers to ligands composed of the NN-
ethylenebis(salicylideneaminato) core), a stoichiometric amount of a terminal oxidant,
and the substrate olefin 2 in the appropriate solvent (Scheme 1.4.1). The reaction
protocol is straightforward and does not require any special handling techniques.

Scheme 1.4.1

To date, a wide variety of structurally different chiral Mn(IIDsalen complexes
have been prepared, of which only a handful have emerged as synthetically useful
catalysts. By far the most widely used Mn(Ill)salen catalyst is the commercially
available Jacobsen catalyst wherein R= —C4Hy— and R'=R*=tBu (Scheme 1.4.1).2 In
contrast, a wide variety of terminal oxidants have been successfully employed.
Depending on the terminal oxidant, epoxidation reactions can be performed from ~78°C
to room temperature. A broad range of olefins undergo epoxidation with good
enantioselectivity including terminal, cis-clisubstituted, frans-disubstituted, tri-
substituted, and tetra-substituted olefins. However, except for a few isolated examples,
the olefin must-be conjugated to an aromatic group, an alkyne, or an alkene in order to
obtain good stereoinduction. Additives such as pyridine N-oxides have been shown to
exhibit a profound and often beneficial effect on enantioselectivities, cis/trans
selectivities in the epoxidation of disubstituted olefins, and catalyst lifetime.

1.4.2 Historical Perspective

In 1990, Jacobsen and subsequently Katsuki independently communicated that chiral
Mn(Il)salen complexes are effective catalysts for the enantioselective epoxidation of
unfunctionalized olefins.* For the first time, high enantioselectivities were attainable for
the epoxidation of unfunctionalized olefins using a readily available and inexpensive
chiral catalyst. In addition, the reaction was one of the first transition metal-catalyzed
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tranformations that possessed a broad substrate scope and provided epoxidation products
in high ee without requiring pre-coordination of the substrate to the active catalyst.

Jacobsen and Katsuki continued independently to develop and improve the
epoxidation reaction by expanding the substrate scope, increasing catalyst efficiency, and
developing a better understanding of the mechanigm of reaction. Catalyst design was an
integral part of the development of the epoxidation reaction, and was possible only
because the Mn(IiT)salen catalyst can be readily I:»mpared.“‘5 The synthesis of the catalyst
can be accomplished in two steps from a salicylaldehyde 4 and a chiral diamine §
(Scheme 1.4.2). The short modular synthesis of the catalyst provided the opportunity for
systematically studying the effect of steric and electronic properties of the various
substituents on the salen ligand 6 on enantioselectivity, This attribute rendered the
identification of a highly selective and general catalyst practicable. The most commonly
used catalyst, the Jacobsen catalyst, is produced on kilogram scale and has been
employed on multi-kilogram scale in the pharmaceutical industry.

Scheme 1.4.2
R R
OH ,
OHC R o g =N  N=
2 -+ —_ 1 4
HN NH, R OHHO R
R 5 R? R?
4 6
R R
=N N=
M#
Mn(QAg),, Air R oo R
Cl
R? R?
]

143 Mechanism

The most widely accepted mechanism of reaction is shown in the catalytic cycle (Scheme
1.4.3). The overall reaction can be broken down into three elementary steps: the
oxidation step (Step A), the first C-O bond forming step (Step B), and the second C-0
bond forming step (Step C). Step A is the rate-determining step; kinetic studies show that
the reaction is first order in both catalyst and oxidant, and zero order in olefin,” The rate
of reaction is directly affected by choice of oxidant, catalyst loadings, and the presence of
additives such as N-oxides. Under certain conditions, N-oxides have been shown 1o
increase the rate of reaction by acting as phase transfer catalysts.®
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Scheme 1.4.3
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A variety of oxidants have been shown to be effective in generating the putative
Mn(V)salen oxo species 8 including sodium hypochlorite, periodates, peracids,
peroxides, persulfates, elemental oxygen, and iodosylarenes to name a few, A
comparison study of various oxidants in the epoxidation of cis-B-methy] styrene in the
presence of added N-oxide routinely gave the product epoxide with the same sens¢ and
degree of enantioselectivity. In contrast, variable enantioselectivities were observed with
different oxidants in the absence of N-oxides. These results suggest that a common and
discrete Ma(V)oxo salen 8 intermediate is preferentially generated in the presence of
added N-oxide regardless of terminal oxidant.” In the absence of added N-oxide, a low ee
pathway perhaps involving either a catalytically active Mn(IV)peroxo-type salen
complex 10 or a discrete Mn(IV)yoxo saten complex 11 may be operative (Scheme

1440
L = N-oxide C:D et igh ee
epoxide
- Oleﬂn low eg
7 /|\|’1“ epoxide
L

l Qlefin

Scheme 1.4.4

1"
low ee

epoxide



32 Name Reactlons in Heteroeyelic Chemistry

While generation of a Mn{V}oxo salen intermediate 8 as the active chiral oxidant
is widely accepted, how the subsequent C-C bond forming events occur is the subject of
some debate, The observation of rrans-epoxide products from cis-olefins, as well as the
observation that conjugated olefins work best support a stepwise intermediate in which a
conjugated radical or cation intermediate is generated. The radical intermediate 9 is most
favored based on better Hammett correlations obtained with & vs. o*.!' In addition, it
was recently demonstrated that ring opening of vinyl cyclopropane substrates produced
products that can only be derived from radical intermediates and not cationic
intermediates.'

A concerted [2 + 2] cycloaddition pathway in which an oxametallocycle
intermediate is generated wpon reaction of the substrate olefin with the Mn(V)oxo salen
complex 8 has also been proposed (Scheme 1.4.5).° Indeed, early computational
calculations coupled with initial results from radical clock experiments sepported the
notion." More recently, however, experimental and computational evidence dismissing
the oxametallocycle as a viable intermediate have emerged.” In addition, epoxidation of
highly substituted olefins in the presence of an axial Ligand would require a seven-
coordinate Mn(salen) intermediate, which, in tum, would incur severe steric
interactions.'® The presence of an oxametallocycle intermediate would also require an
extra bond breaking and bond making step to rationalize the observation of rrans-
epoxides from cis-olefins (Scheme 1.4.5).

Scheme 1.4.5
Ph R
Nz R Ph R

+ \7’

o) eh / R
\/L Phie.. Ph, R
C_D \Ph_" \Mnﬂ - ,,K_f
- " O
L

L

The second C-C bond forming step (step C), while occwring after the first
itreversible ee determining step (step B), can affect the observed enantioselective
outcome of the reaction.'” If the radical intermediate collapses without rotation (k; >> Ka,
ks >> kg), then the observed ee would be determined by the first C-C bond forming step
(k; vs. ka}, that is the facial selectivity (Scheme 1.4.6). However, if rotation s allowed
followed by collapse, then the rate of both trans pathways (ky and ke) will proportionally
effect the observed ee of the cis epoxide (ks vs. ks}. Should bond rotation be permissible,
the diastereomeric nature of the radical intermediates 9a and 9b renders the distinct
possibility of different observed ee’s for trans-epoxides and cis-epoxides.
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Scheme 1.4.6
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1.4.4 Variations and lmprovements

1.4.4.1 Catalyst structure and design

While the Jacobsen catalyst is the most widely used catalyst, a number of other catalysts
have heen developed through the years that exhibit superior catalyst performance for a
given substrate and/or substrate class.”® The five most prominent catalysts developed to
date are shown below, 12-16. Note that these catalysts all are composed of salen ligands
containing electron donating groups. Electron donating groups are thought to stabilize
the putative Mn(V)oxo salen complex 8, thus allowing for a less reactive, more selective
catalyst.” In addition, the most successful catalysts contain bulky groups at the 3,3 and
5,5° position of the salen ring, thus forcing the approach of the olefin near the

dissymmetric bridge.
_N N-.. _N MNe==
/Mn\ /M !
tBu oo FBU  (HPr)SIO dlo OSi(Pr)
Cl cl

t+Bu B +Bu  LBu
12 13
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(-Pr)sSiO o}

o OSBi(i-Pr)y

1.4.4.2 Additives

One of the most significant developmental advances in the Jacobsen—Katsuki epoxidation
reaction was the discovery that certain additives can have a profound and often beneficial
effect on the reaction. Katsuki first discovered that N-oxides were particularly beneficial
additives.”® Since then it has become clear that the addition of N-oxides such as 4-
phenylpyridine-N-oxide (4-PPNQ) often increases catalyst turnovers, improves
enantioselectivity, diastereoselectivity, and epoxides vields.?! Other additives that have
been found to be especially beneficial under certain conditions are imidazole and
cinchona alkaloid derived salts {vide infra).

1.4.4.3 Terminal oxidants

Given that the rate determining step is oxidation of the Mn(Ill}salen complex by the
terminal oxidant, it is not surprising that choice of terminal oxidant can have a profound
effect on reaction rates and even enantioselectivity. The choice of oxidant can dictate the
temperature at which the reaction ¢an be run, which, in turn, can greatly affect selectivity.
In addition, the choice of oxidant will determine if the reaction is homogeneous or
heterogenous, and whether the reaction is anhydrous or not. A wide variety of terminal
oxidants are now available, including sedium hypochlorite, periodates, peracids,
peroxides, persulfates, periodates, elemental oxygen, and icdosylbenzenes, to name a
few.
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1.4.5  Synthetic Utility

1.4.5.1 Epoxidation of terminal olefins

Based on the mechanism of the Jacobsen-Katsuki epoxidation reaction, the trans-
pathway would reduce the observed ee’s in the epoxidation of terminal olefins. Thus, in
order to obtain epoxides with good enantioselectivity, high facial selectivity in the first
C-0 bond-forming event and high cis/trans selectivity in the second C—Q bond-forming
event must be obtained. In 1994, a low-temperature (-78°C) epoxidation protocol was
developed by Jacobsen which resulted in increased enantioselectivity for a variety of
olefins.”> The reaction protocol involved using the combination of m-CPBA/NMO as
terminal oxidant and additive. Most notably, terminal olefing were epoxidized with good
enantioselectivities.”®  Deuterium labeling studies showed that the higher
enantioselectivities observed in the epoxidation of terminal ofefins were a result of a
combination of better facial selectivity and higher cis/trans selectivity.

Q 2 0 o)
F
17 18 19 20
86% e 85% ee 82% ee 80% o8

1.4.5.2 Epoxidation of cis-disubstituted olefins

Table 1.4.1. Epoxidation of ¢is-Olefins to give cis-Epoxides.

. ] 2]
A Mn(lilysalen catalyst, additive T 2
1 Rg ( ) h" - V

(hidant, Solvent o
Eniry Substrate Catalyst Conditions® ge cis/trans  Reference
1 Ph_Me 13 a 98 23 15
2 P FO2FPr 13 b 96 - 10 11
3 14 c 98 NA 24b
4 13 a 98 NA 19b
5 < 12 v 98 NA 18
i
6 13 b’ 64 NA 24a

Q
7 Q 12 b 94 NA 18
(O

*Conditions: (a) 1-5 mol% catalyst, m-CPBA/NMO, -78°C, CH,Cl;. (b) 1-5 mol%
catalyst, NaOCl, 4-phenylpyridine N-oxide, 0°C, CH3Cl;. (c¢) 1-5 mol% catalyst, NaOCl,
pyridine N-oxide, 0°C, CHyCly. () Solvent = diethy] ether
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Initial studies on the Jacobsen-Katsuki epoxidation reaction identified conjugated
cyclic and acyclic cis-disubstituted olefins as the class of olefins best suited for the
epoxidation reaction.”* Indeed a large variety of cis-disubstituted olefins have been
found to undergo epoxidation with a high degree of enantioselectivity. 2.2°-
Dimethylchromene derivatives are especially geod substrates for the epoxidation
reaction. Tabie 1.4.1 lists a variety of examples with their corresponding reference.

Historically, the epoxidation of trans-olefins typically affords rrans-epoxides with
low enantioselectivity. In 1991, Jacobsen reported that frans-epoxides can be obtained
from epoxidation of conjugated dienes and enynes containing a cis-olefin (Table 1.4.2).%
Further studies by Jacobsen led to the discovery that addition of cinchona alkaloid-
derived saits such as 21 coupled with the use of chlorobenzene as solvent resulted in the
formation of the trans-diastereomer in high ee as the major epoxidation product from the
epoxidation of cis-olefins.”® Although it is still unclear as to the exact mechanism by
which the cinchona alkaloid-derived salts favor the formation of trans-epoxides, clearly,
these salts somehow extend the lifetime of the radical intermediate thus allowing for free
rotation to occur.

Table 1.4.2. Epoxidation of cis-olefins o give trans-epoxides

; o
Fh__ Rs Mn(lll}salen catalyst, addinve}_r_ Ry A

*ow

NaOCl, Solvent R:
L 2 .
Entry Substrate Catalyst Additive Solvent transicis ee (%) Reference
1 n-CeNig 12 None CHCl:  62:28 90 25a
A\
2 ™S 12 None CHCl;  84:16 08 25a
N
3 WBu _Et 13 21 CeHsCl 69:31 84 25b
Ph,___Ph 13 21 CH:C1 >96:4 90 25b

5 Ph, __ Me 13 12 CeHsCt 95:5 81 25b
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1.4.5.3 Epoxidation of trans-disubstituted olefins

Although trans epoxides can be obtained via epoxidation of acyclic cis-conjugated
olefins under specified conditions, a direct method based on the epexidation of trans-
olefins would be valuable. The Katsuki group recently identified catalyst 15 as an
efficient catalyst for the direct epoxidation of trans-olefins. Crucial to the success of the
catalyst 1s the inherent adoption of a deeply folded conformation coupled with the use of
chlorobenzene as solvent. While only a limited number of substrates have been
examined to date using catalyst 15, the resuits are very promising. For example, trans-B-
methy! styrene is epoxidized in 91% ee, trans-P-n-butyl styrene in 95% ee, and trans-
stilbene in 87% ee.

Ph O _ Ph O Ph O
22 Me 23 n-Bu 04 Ph
91% ee 95% ee 87% ee

1.4.5.4 Epoxidation of 1,1-disubstituted olefins
To date, no efficient and general Mn(IIl)salen-catalyst exists that effects epoxidation of
1,1-disubstituted olefins with good enantioselectivity.

1.4.5.5 Epoxidation of tri-substituted and tetra-substituted olefins

During the early development of the Jacobsen—Katsuki epoxidation reaction, it was clear
that trans-disubstituted olefins were very poor substrates (slow reaction rates, low
enantioselectivity) compared to cis-disubstituted olefins. The side-on approach model
originally proposed by Groves for porphyrin epoxidation systems was used to rationalize
the differences observed in the epoxidation of the cis and trans-disubstituted classes
(Scheme 1.4.7).7

Scheme 1.4.7

skewed side-on

. approach model
side-on approach model

This model predicts that tri-substituted and tetra-substituted olefins would also be
poor substrates. Thus it was not until 1994 that a study in the epoxidation of higher
substituted olefins appeared. Indeed Jacobsen revealed that tri-substituted olefins,® and
even tetra-substituted olefins can be excellent substrates.”’*° A new medel was put forth
that encompasses a skewed side-on approach of tri-substituted olefins to the Mn-oxo
complex. The observation that certain tetrasubstituted olefins undergo epoxidation with
good enantioselectivity suggests that further studies are needed in order to fully
understand the transition state geometry of the catalyst and substrate,
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The Jacobsen—Katsuki epoxidation reaction has found wide synthetic utility in both
academia and industrial settings. As described previously, the majority of olefin classes,
when conjugated, undergo Mn(salen)—catalyzed epoxidation in good enantioselectivity,
In this section, more specific synthetic utilities are presented.

Table 1.4.3. Epoxidation of tri- and tetra-substituted olefins,

- 0
Ry Ry Mnill)salen catalyst, additive_ R, A R
b

Ry R4 NaOC, Solvent Ry Ra

Entry Substrate Catalyst  Solvent Yieid (%) Ee (%) Reference

1 Q\ 12 MTBE 69 93 28
Ph

2 Ph 12 CH,Cl, 97 92 28
Ph\)\Ph
3 Me 12 CH,Cl, 9] 95 28
Et
4 “’m“: 16 CH,CL 81 97 29
]
0 Me
5 14 CH,CN 41 96 30
3
Me
6 P 12 CH,Cl, 50 90 29

1.4.5.6 Preparation of o+hydroxy ketones and esters

Scheme 1.4.8
Ph  OSiMe;  Catalyst 12, NaOCI (pH=11.3) Ph O oreiee
25 Et 4-PPNO, CH3Cl, HO ,q Et 82% yield
OEt
@/ Catalyst 14, PhiO_ gg 50% o
EtOH OH 58% yield
27 2B

Ph.  OTBDMS Catalyst 12, NaOCl {pH=11.3) Ph_ O
— 57% ee

4-PPNO, CHCl HG ~ OMe 70% yield
30

29 OMe
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The first asymmetric Mn(saien)-catalyzed epoxidation of silyl enol ethers was
catried out by Reddy and Thornton in 1992. Results from the epoxidation of vartous silyl
enol ethers gave the corresponding keto-alcohols in up to 62% ee.”)  Subsequently,
Adam®™* and Katsuki®* independently optimized the protocol for these substrates
yielding products in excellent enantioselectivity.

1.4.5.7 Kinetic resolution

1,2-Dihydronaphthalene is often used as a model olefin in the study of epoxidation
catalysts, and very often gives product epoxides in unusually high ee’s. In 1994,
Jacobsen discovered in his study on the epoxidation of 1,2-dihydronaphthalene that the ee
of the epoxide increases at the expense of the minor enantiomeric epoxide.” Further
investigation led to the finding that certain epoxides, especially cyclic aromatically
conjugated epoxides, undergo kinetic resolution vig benzylic hydroxylation up to a k. of
28 (Scheme 1.4.9).

Scheme 1.4.9
{R,A)-6
CsHgCl, 0-8°C <% (Fl' F?) -6,
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#Bu tBu a4 3s

The firsi application of the Jacobsen-Katsuki epoxidation reaction to Kinetic
resolution of prochiral olefins was nicely displayed in the total synthesis of (+)-
teretifolione B by Jacobsen in 1995.%

Scheme 1.4.10
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37
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1.4.5.8 Jacobsen Katsuki epoxidation reaction in total synthesis

CoHs
Me
0. Me \Q/\I

CaH g CzHs
s 0 @

94% ee a0
75% vi
5% yield BRL55834

Scheme 1.4.11

H
/“‘—Me Catalyst 12 /@\A/t-w!e
CI -
NG NaQ
9% o6 ﬁ

after one tecrystaliization
81% yield 3
cromakalim
56% yield

The Jacobsen—Katsuki epoxidation reaction has been widely used for the preparation of a
variety of siructurally diverse complex molecules by both academia and the
pharmaceutical industry. Summarized below are a few examples.

2,2-Dimethylchromene derivatives typically undergo epoxidation with excellent
enantioselectivity (Scheme 1.4.11). The ring-opened product epoxides are potent
pharmaceutical pharmacophores. BRLS53834 (40) is a selective potassium channel
activator and is comprised of a 2,2-dimethylchromanol-type structure. 7 Epoxidation of
the 2,2-dimethylchromene starting material with catalyst 12 in the presence of catalytic
amounts of an N-oxide additive gave the product epoxide in 94% ee and 75% yield.
Regioselective ring opening of the chiral epoxide gave BRL33834 (40) in 81% yield.
The anti-hyperiensive agent cromoakalim has also been prepared in a similar fashion,”®

The asymmetric epoxidation of electron-poor cinnamate ester derivatives was
highlighted by Jacobsen in the synthesis of the Taxol side-chain. Asymmetric
epoxidation of ethyl cinnamate provided the desired epoxide in 96% ee and in 56% yield.
Epoxide ring opening with ammonia foliowed by saponification and protection provided
the Taxol side-chain 46 (Scheme 1.4.12).

cis-2-Aminoindan-1-0l is a structural motif incorporated in various types of
ligands for meta! catalysis® and also comprises the right-hand portion of the HIV protease
inhibitor Crixivan® (50).” Indene was epoxidized by catalyst 12 in 84-86% ce. The
product epoxide was then ring-opened via Ritter reaction 1o prowde cis-2-aminoindan-1-
ol, which was then used in the evenlual preparation of Crixivan® (50,
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Scheme 1.4.12
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Scheme 1.4.13
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CDP840 is a selective inhibitor of the PDE-IV isoenzyme and interest in the
compound arises from its potential application as an antiasthmatic agent. Chemists at
Merck & Co. used the asymmetric epoxidation reaction to set the stereochemistry of the
carbon framework and subsequently removed the newly established C-O bonds.*
Epoxidation of the trisubstituted olefin 51 provided the desired epoxide in 89% ee and in
58% vield. Reduction of both C—-0 bonds was then accomplished to provide CDP840.

Scheme 1.4.14

1) LiBH, Q
; OMe ;0 OMe 2) MeOH OMe

o 3) MsCl, EtgN o
Catalyst 1 p 4} Zn, HOAC _ /
7N TNaOCl of N N
P Ph = PR =
51 52 53
89% ee CDP840
58% yield

Boger et al. prepared Duocarmycin SA vie asymmetiic epoxidation of a cyclic
olefin 54.*' The stereochemistry set by the epoxidation step was used for subsequent
C-C bond forming reactions. Epoxidation of olefin 54 was carried at —78°C to provide
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the desired product in 92% ee and in 70% yield. Reduction of the benzylic C-O bond
followed by partial reduction of the middle phenyl ring and a transannular spirocylization
provided the activated cyclopropane which was carried on to Duocarmycin SA,

Scheme 1.4.15

2 CH
NBoc ,p =" Dibal : Hz, PUIC NBoc
OG 78°C NEce NBoc Mitsunobu T Duocarmycin SA
OBn o | O
s4 OBn OBn
58 56
145 Experimental
12, 4-phenylpyridine-N-oxide o
Q v o
— NaQCl, CHyCly, 4 °C, 12 h Y
44 45

(2R, 3R)-Ethyl-3-phenylglycidate (45).

To a solution of cis-ethyl cinnamate (44, 352 mg, 85% pure, 1.70 mmol) and 4-
phenylpyridine-N-oxide (85.5 mg, 29 mol%) in 1,2-dichloromethane (4.0 mL) was added
catalyst 12 (38.0 mg, 3.5 mol%). The resulting browa solution was cooled to 4°C and
then combined with 4.0 mL (8.9 mmol} of pre-cooled bleach selution. The two-phase
imixture was stirred for 12 h at 4°C. The reaction mixture was diluted with methyl-#-butyl
ether (40 mL) and the organic phase separated, washed with water (2 x 40 mL), brine (40
ml.), and then dried over Na,SO4  The drying agent was removed by filtration the
mother liquors concentrated under reduce pressure. The resulting residue was purified by
flash chromatography (silica gel, pet ethet/ether = 87:13 v/v) to afford a fraction enriched
in cis-epoxide (48, cis/trans: 96:4, 215 mg) and a fraction enriched in trans-epoxide
(cis/trans: 13:87, 54 mg). The combined yield of pure epoxides was 83%. ee of the cis-
epoxide was determined to be 92% and the tfrans-epoxide to be 65%.
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1.5 Paterno-Biichi Reaction

1.5.1 Description
The Paterno-Biichi reaction’™ is the photo-catalyzed electrocyclization of a carbonyl 1
with an alkene 2 to form polysubstituted oxetane ring systems 3.

+ ——————
F!J\R1 Hz/“\Ha R 7 RE

1 2 3

1.5.2 Historical Perspective

In 1909, Paterno and Chieffi’ noted that mixtures of tri- or tetra-substituted olefins and
aldehydes formed trimethylene oxides when exposed to sunlight. Biichi® later repeated
Paterno’s experiments by irradiating 2-methyl-2-butene in the presence of benzaldehyde,
butyraldehyde, or acetophenone and rigorously purifying and identifying the resulting
products. The reaction thus bears the name of its two primary pioneers and has come to
represent any photo-catalyzed {2 + 2] ¢lectrocyclization of a carbonyl and an alkene.

1.5.3 Mechanism

The mechanism of the Paterno—Biichi reaction is not well understood, and while a
general pathway has been proposed and widely accepled, it is apparent that it does not
represent the full scope of reactions. Biichi originally proposed that the reaction occurred
by light catalyzed stimulation of the carbonyl moiety 1 inte an excited singlet state 4.
Inter-system crossing then led to a triplet state diradical 5 which could be quenched by
olefinic radical acceptors. Intermediate diradical 6 has been quenched or trapped by
other radical acceptors and is generally felt to be on the reaction path of the large
majority of Paterno-Blichi reactions. Diradical 6 then recombines to form product
oxetane 3.

HJ\H‘ FIJ\FI'

Q 0
—— T
]

AR

1 : 4 5 3
s
1 T1

The stability of diradical 6 is often cited as the rationalization for the
regiochemistry and relative stereochemistry of the Paterno—Biichi reaction. This “most
stable diradical” theory explains the formation of the sterically disfavored 2,3-substituted
oxetanes. Quenching of the triplet diradical occurs in such a fashion as to generate the
more stable alkyl radical pair and can be predicted vsing typical rules for radical
stabilization. Consideration of the configuration of diradical 6 is the most powerful tool
in predicting product distribution and can give a qualitative estimation of products ratios.
Generation of 2,3-substituted oxetanes is the major utility of the Paterno—Biichi reaction
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and it should be noted that this substitution pattern is opposite that of thermal or acid
activated [2 + 2] electrocyclizations.

o) iPr m P
D I i
Ph Ph SMe 7370 PhPh SMe
7 8 2]
(E/Z = 6/1)

Relative stereochemistry is also dictated by diradical stability but is highly subject
to substituent effects. In the case of open chain alkenes, stereochemical information
regarding the E-/Z-substitution is lost. Tn his work with vinyl sulfides, Smith’ isolated
solely trans oxetane 9 regardless of the E/Z constitution of sulfide 8. The conformation
of diradical 6 dominates the selectivity and the result is the more stable 3.4-trans
substituted oxetanes.  Five- and six-membered cyclic alkenes react excluswely to
generate the ¢is products while larger rings react as the acyclic alkenes do.® There are
some examples of stereospeuﬁc Paterno-Biichi reactions in which the stereochemistry of
the acyclic alkenes is retained,’ particularly if the alkene concentration is very high.
These reactions are generally believed to spring from singlet state carbonyls with the high
alkene concentration serving to accelerate the coupling rate above that of intersystem
crossing.  The relative stereochemistry of the 2, 3-subst1tuents is controlled by the
electronic requirements of radical recombination. Griesbeck® has demonstrated and
rationalized the preference for endo-selectivity for Paterno—Biichi couplings with 2,3-
dihydrofuran 11 with aryl and alkyl aldehydes resulting in the substitution pattern in 12.
He noted that selectivity ranged from 1:1 (non-existent) to greater than 98:2 depending
on the cycloalkene used. Other studies’®'! with acyclic alkenes have demonstrated a
preference for the corresponding cis geometry. The selectivity is reversed for conjugated
alkenes such as I,3-dienes, styrene, and furan 14 which prefer the thermodynamically
more stable 2,3-trans (exo) oxetanes such as 15,

a hv m
+ ————
Pn/LLH Q PH 0
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0O hy O
L
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H47C¢
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It is evident from the exceptions noted that the mechanism proposed above does
not fully capture the pathways open to the Paterno—Biichi reaction. A great deal of effort
has been devoled to deconvoluting all of the possible variants of the reaction. Reactions
via singlet state carbonyls, charge-transfer paths, pre-singlet exciplexes, and full electron
transfer paths have all been proposed.’ Unfortunately, their influence on product



46 Name Reactions in Heteroeyclic Chemistry

distribution is not understood and as such represent mechanistic oddities rather than the
rule.

1.5.4 Variations and Improvements

Improvements of the Paterno-Biichi reaction have primarily focused on expanding the
scope of substrates and developing asymmetric variants to control stereochemistry. The
Paterno—Biichi reaction is extremely permissive of substitution on the carbony] coupling
partner, although radical stabilizing groups are preferred for obvious reasons. Alkyl-,
alkynyl-, and aryl-ketones as well as glyoxylates have been used successfully. The
majority of Paterno—Bichi reactions use aldehydes or ketones as couplmg partners, but
the reaction is not limited to just these carbonyls; Cantrell’> and Miyamoto”
demonstrated that arene carboxylic acid esters 20 are suitable substrates.

A variety of alkenes can serve as radical quenching partners. Because of the wide
scope of acceptable alkene partners, relatively complex alkenes can be used successfully.
Mono-, di-, tri-, and even fetra-substituted alkenes will undergo Paterno-Biichi reactions.
Heteroatom substituted alkenes include enol ethers, silyl enol ethers, enol acetates, acyl
and alkyl enamines, and alkenyl sulfides.”™'® The alkenyl sulfides are particularly
interesting as the reactions proceed considerably faster than equivalent enol ethers.
Cyclic altkenes are often used, particularly furan because of its synthetically uvseful exe
face selectivity (v:de supra) and the convenient functional handles it provides for
subsequent reactions.' Arakxm has even vsed glucals as coupling partners. Allenes
such as 16" and dienes®® will also undergo Paterno-Biichi reactions, albeit with low
chemoselectivity. There are also reports of alkynes as radical coupling partners to form
oxetenes 21, although these species are usually unstable and degrade quickly.”!

Ph Phl OMe QO
0 Ph—===—Ph = retro-[2+2]
. e NC@ICE —_—
CMe NG
21
86%
._.__._..O —
> < o~ o—-ﬁ% o—0
Tacetone <|—H __‘_._
16 17 18 19
8% 51% 27%

The most valuable characteristic of the Paterno—Biichi reaction is the ability to set
multiple stereocenters in one reaction and the development of diastereocontrolled
reactions has been a major theme of research concerning this reaction. Stereocontrel can
be envisioned to spring from either the carbonyl or the alkene and be controlled by either
the substrate directly or by a chiral aoxiliary. Little success has been achieved in
substrate-induced selection by the carbonyl; the most successful results were produced by
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Zamojski and Jarosz” using cyclic ketone 23 with furan that generated a 75:25 ratio of
diastereomers 24 and 25.

[lg/[ >< 1} hy {furan} N ><
0.- 2) TsOH (Et,0) ><

X = OH, Y= 3-furyl 24
X=3turyl, Y =0H 25

24:25 = 75.25

Despite failures in carbonyl substrate- mduced selection, auxtliary-induced
selection showed good results. Scharf and coworkers™ performed a systematic study to
show that phenylglyoxylates coupled to 8-phenyimenthol 26 gave excellent control of
subsequent Paterno—Biichi reactions. With the 8-phenylmenthol moiety blocking the Si-
face of the glyoxylate and the heterocyclic alkene 27 strongly preferring ende-addition,
only diastereomer 28 was isolated. The chiral auxiliary could then be recovered in good
yield by reduction of the oxetane-substituted ester.

[0>< 27

o d
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26 28
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Ironically, auxiliary-induced control via the alkene failed to generate synthetically
useful selectivities, but direct substrate-induced control did. In particular, chiral silyl
enol ethers with stereocenters in the y-position allowed the synthesis of enantiomerically
pure oxetanes. Bach™ noted that 1,3-allylic strain in molecules such as 29 locked the
conformation as shown and caused approaching diradicals to prefer attack ogposite RY
with varying selectivities.  Depending on the relative steric bulk of R> and R,
diastereoselectivity ranging from 61:39 to 95:5 was achieved. It should be noted that
chiral groups appended to the a-carbon failed to impart selectivity.
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1.5.5 Synthetic Utility

The oxetane functional unit is a rare but occurring group in natural products and appears
both as end products as well as synthetic intermediates.®* Paterno—Biichi reactions can
be used to insert oxetanes directly into biologically active compounds, as in the example
below by Just® The novel nucleotide oxetanocin 35 is synthesized using a
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Paterno—Biichs reaction between 2-methylfuran 31 and an «-hydroxyaldehyde 30 to form
the core oxetane. Two of the three stereocenters sel in the electrocyclization appear in
the final product while the third is selectively reversed with anomeric assistance.

Me

\)OJ\ poOyte MY 1% . T %m
- Wie
FIO00Ay U EIOCO / EtOCON
30 3 32 33
(decomposes on Si0g) 45-50%
1) N-benzoyl- NEl,
; disilyladenine, N
O3, DMS; ohe isilyladenine </ | N
NaBH,; o—p $nCl, - N N,)
AcyQ, DMAP Etoco\/:la, 2} NaOMe, MeGH o
QCOPh HO X
34 “OH
30-55% 35

70% (3:1 Buct)

Given the relatively rare appearance of oxetanes in natural products, the more
powerful functionality of the Paterno-Biichi reaction is the ability to set the relative
stereochemistry of multiple centers by cracking or otherwise derivitizing the oxetane
ring. Schreiber noted that Paterno—Biichi reactions of furans with aldehydes followed bzy
acidic hydrolysis generated product 37, tantamount to a threo selective Aldol reaction.”®
This process is referred to as “photochemical Aldolization”.  Schreiber uses this

selectivity to establish the absolute stereochemistry of the fused tetrahydrofuran core 44
of the natural product asteltoxin.”’

H H , OH
a ‘(\j_—gﬁ 0.0TN HCI H\N/ILHz
+ THF
© R © 0~ "R!
36 a7
Me Me Me Me
Me  Me Me, MeH?XO Me MeH?XO
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a8 0 H H
39 40 A1

35% (total), 1.2: 1.0, 54% ee
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1.5.6 Experimental
(1{R,S),5(R,8))-6(R,S)-n-Octyl-2,7-dioxabicyclo[3.2.0Thept-3-ene (47).%

0

CH

4%

Nonyl aldehyde (32.66 g, 0.23 mol) and furan (200 ml., 187.2 g, 2.75 mol) were mixed in
a 250-mL photolysis flask equipped with a quartz immersion well containing a Vycor
filter and a 450-W Hanovia Lamp. The system was kept at —-20° C with an isopropyl
alcohol bath cooled by a Cryocool Immersion Cooler (CC100). Nitrogen was bubbled
throughout the duration of the reaction, and the solution was stirred vigorously,
Additional furan (150 mL, 1404 g, 2.06 mol) was added during the course of the
reaction, TLC ana]y51s mchcated completion of the reaction after 20 h. After evaporation
of excess furan C and 'H NMR analysis of the resultant oil (48.70 g, ca. 100%)
indicated the desired photoadduct had been formed, without contamination from

unreacted nonyl aldehyde,
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1.6 Sharpless—~Katsuki Epoxidation

1.6.1 Description

The Sharpless—Katsuki asymmetric epoxidation reaction (most commonly referred by the
discovering scientists as the AE reaction) is an efficient and highty selective method for
the preparation of a wide variety of chiral epoxy alcohols.! The AE reaction is comprised
of four key components: the substrate allylic alcobhol, the titanium isopropoxide pre-
catalyst, the chiral ligand diethyl tartrate, and the terminal oxidant fers-butyl
hydroperoxide. The reaction protocol is stratghtforward and does not require any special
handling techniques. The only requirement is that the reacting olefin contains an allylic
alcohaol.

Scheme 1.6.1

D-(-)-diethyl tartrate
HOM

qu
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The AE reaction has emerged as one of the most utilized asymmetric
transformations in organic synthesis because of its many appealing attributes. First, the
starting allylic alcohols are either commercially available or are easily prepared. Second,
the generality of the reaction is substantial given the fact that almost any substitution
pattern on the allylic alcohol is permissible, and that a wide variety of functional groups
are tolerated. Third, the catalyst, ligand, and oxidant are cheap and readily available.
Fourth, the product epoxides are valuable chiral building blocks that can be easily
elaborated into more complex molecules. And lastly, the stereochemical outcome of the
product epoxide can be predicted with almost complete certainty based on the pneumonic
diagram shown in Scheme 1.6.1. These attributes have made the AE reaction one of the
most widely utilized asymmetric catalytic transformations to date.

1.6.2 Historical Perspective

In 1980, Katsuki and Sharpless communicated that the epoxidation of a variety of allylic
alcohols was achieved in exceptionally high enannoseiectlvny with a catalyst derived
from titanium(IV) isopropoxide and chirai diethyl tartrate.”  This seminal contribution
described an asymmetric catalytic system that not only provided the product epoxide in
remarkable enantioselectivity, but showed the immediate generality of the reaction by
examining 5 of the 8 possible substitution patterns of allylic alcohots; all of which were
epoxidized in >90% ee. Shortly thereafter, Sharpless and others began to illustrate the
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broad scope of the reaction and subsequently demonstrated its wide utility in organic
synthesis. Indeed, the AE reaction has emerged as one of the most widely utilized
asymmetric transformations. In addition to the asymmetric epoxidation of prochiral
aliylic alcohols, the reaction protocol has been successfully applied to the kinetic
resolutlon of secondary allylic alcohols® and the desymmetrization of meso-bis allylic
alcohols.* The importance of the discovery and development of this remarkable reaction,
along with other asymmetric catalytic reactions, was recognized in part by the
presentation of the 2002 Nobel prize in chemistry to K. B. Sharpless, R, Noyori, and J.
Knowles.

1.6.3 Mechanism

Elucidating the mechanism of the AFE reaction has been the focus of much effort given
the importance of the AE reaction in synthetic organic chemistry.”  Fundamental
questions that need to be addressed include the following: what is the rate law/rate
determining step, what is the struciture of the active catalyst complex, and what are the
underlying factors that impart such high enantioselectivity? Answers to all of these
questmr;s have been largely addressed through careful expenmemal and computational
studies.

Scheme 1.6.2
TBHP

Ti(Qi-Pr); + tartrate z— [TI{QFPr)y(tartrate)] ﬁ {Ti(Oi-Pr)(TBHP)(tartrate)]
14

1PrOH [l Altylic Alcohol (AA) FPrOH || Allylic Alcohol (AA)

TBHP
[THOFPr)(AM)(artrate)]  T"5ia™ | [THAA)TBHP)(tartrate)]

epoxidation

[Ti(epoxy alcohol)(TBHP){tartrate)]

Sharpless et al. have shown that a dynamic process exists between vanous
relevant titanium species during the AE reaction via rapid alkoxide exchange First,
complexation of the bidentate tartrate ligand occurs rapidly with Ti(i-OPr)s with
concomitant release of 2 equivalents of iPrOH. Subsequent ligand substitution of another
1-OPr alkoxide with TBHP produces the Ti(O-iPri{TBHP){tartrate} complex. Likewise,
ligand substitution of an O-i-Pr alkoxide with the allylic alcohol (AA) produces the Ti(O-
-Pr){AA)(tartrate), Final substitution of either complex with AA or TBHP respectively
produces the “loaded” complex Ti{TBHP)(AA)tartrate). Rate determining
intramolecular transfer of the peroxide oxygen to the coordinated allylic alcohol provides
Ti(O--Bu)(EA)tartrate) where EA is the product epoxy alcohol. Ligand displacement of
the product epoxy alcohol and tBuOH with another allylic alcohol and TBHP regenerates
the loaded complex. The ability of alkoxides to rapidly ligand exchange on the titanium
center allows for the titanium catafyst to effectively catalyze the desired reaction with
good efficiency.
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K [allylic aleoholl[TI(O-iPr)starirate][TBHP)
finhibitor alcoholl?

rate =

A great deal of kinetic information on the AE reaction has been obtained. The
rate of reaction is first order in allylic alcohol, Ti{(O-iPr)(tartrate), and TBHP. In
addition, the rate is inversely-square dependent on isopropoxide. This reflects the
required replacement of two isopropoxide ligands on Ti(O-iPr)x(tartrate) with TBHP and
the allylic alcohol. The rate-determining step is oxygen transfer from the peroxide to the
otefin.

Studies in varying the amount of tartrate per titanium have shown that exactly 1
equivalent of tartrate per titanium is required for good catalytic activity and selectivity.®?
The active catalyst is proposed to be the dimeric complex Tiz(tartrate),(O-i-Prs.
Sharpless has showa that a protocol using a ratio 1:1.2 equivalents of Ti(O-i-Pr)s to
tartrate ligand is optimal for the AE reaction, This ratio maximizes the concentration of
the more highly active and enantioselective catalyst Tix(tartrate),(O-i-Pr)s, while
suppressing the concentration of the less selective and less catalytically active
Tis(tartrate)(O-i-Pr)e/Ti(O-i-Pr)y complexes as well as the catalytically inactive
Tis(tartrate), complex.
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Determining the placement and orientation of tartrate ligand, allylic alcoho), and
TBHP about the Ti-catalyst during the critical oxygen transfer step is crucial to
understanding why such high enantioselectivities are achieved with a large variety of
atiylic alcohols. Any proposed model must take into effect the absolute stereochemistry
of the product as predicted by the pneumonic diagram in Scheme 1.6.1, since virtualiy all
AE reactions abide by this diagram. Structural evidence supports a dimeric titanium
tartrate species as the predominant species in solution.’ NMR shows the tartrate
carbonyls are equivalent thus suggesting fast equilibriom of the iwo structurally
degenerate complexes 1 and 2 (Scheme 1.6.4). Loading of the catalyst with TBHP and
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allylic alcohol gives the “loaded complex™ 3. The structure of the proposed loaded
complex is based on minimization of stereoelectronic interaction of the TBHP and allylic
alcohol with the adjacent tartrate ligand and the trajectory required for oxygen transfer of
the distal oxygen to the olefin.'® Relative rate studies of electronically diverse olefins
reveals that the olefin acts as the nucleophile. This model also agrees with the predictive
outcome as shown by pneumonic diagram in Scheme [.6.10. It can not be unequivocally
ruled out that both titanium species are participating in the epoxidation step. A
mechanism involving zwitterionic titanium species has also been proposed. '’

1.6.4 Variations and Improvements

The AE reaction is general and efficient, thus few substantial improvements have been
reported. The most significant improvement to the original conditions is the addition of
activated molecular sieves.'? The addition of activated molecular sieves allows for
almost all AE reaction to be performed under catalytic conditions (5—10 mol%). The role
of the molecular sieves is thought to sequester any adventitious water or water that may
be generated during the course of the reaction via side reactions.

The ability to perform the AE reaction under catalytic conditions via the addition
of molecular sieves has greatly enhanced the synthetic utility of the reaction. For water-
soluble epoxy alcohols, the catalytic conditions are beneficial for both enantioselectivity
and isolated yield. In addition, epoxy alcohols that are susceptible to ring opening via
nucleophilic substitution at the C-3 position also greatly benefit from catalytic conditions,
since the substitution reaction is known to be promoted by Ti(IV) species.’

Table 1.6.1. Epoxidation of 2-methyl-2-propene-1-cl; beneficial effects of catalytic
reactions and derivatization.'

J-L_, AE JE)/ Derivatization /K.,O
R
Me OH Me OH Me
5 6

4

Entry Catalyst (%) Ligand (%) | R =" % yield | % ee’
1 Ti(O-t-Bu), (100) | DET (100) H - 85
2 Ti(O-i-Pr)4 (27 DET (27 H 32 94
3 Ti(O-t-Bu)y (7.6) DET (10) H 47 =95
4 Ti{O-i-Pr)y (5) DIPT (6) PNB 78 92(98)
3 Ti{O-i-Pr)y (5) DIPT (6) Tos 69 95
6 Ti(O-i-Pr)4 (5) DIPT (6) Nps 60 92

*PNB is p-nitrobenzoate, Tos is tosylate, and Nps is 2-naphthylenesulfonyl.
® number in parenthesis is the ee after recrystallization.

In conjunction with the addition of molecular sieves, Sharpless ef al. as also
developed an in situ derivatization of product epoxy alcohols that were previously
difficult to isolate.'” The derivatization of the product has been accomplished via
esterification or sutfonylation of the alcohol functionality. The derivatization is possible
only under catalytic conditions given the overwhelming presence of isopropoxide from
stoichiometric amounts of Ti(0-i-Pr), and the presence of the diol ligand diethy] tartrate,
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Advantages of the in siru generation include ease of isolation and ee upgrades of
crystailine products.’® Table 1.6.1 shows the beneficial effect of performing the AE
reaction under catalytic conditions as well as in situ derivatization.

A number of reaction variables or parameters have been examined. Catalyst
solutions shoutd not be prepared and stored since the resting catalyst is not stable 1o long
term storage. However, the catalyst selution must be aged prior to the addition of allylic
alcohol or TBHP. Diethyl tartrate and diisopropyl tartrate are the Jigands of choice for
most allylic alcohols. TBHP and cumene hydroperoxide are the most commonly used
terminal oxidant and are both extremely effective. Methylene chloride is the solvent of
choice and Ti(i-OPr), is the titanium precatalyst of choice. Titanium (IV} s-butoxide is
recommended for those reactions in which the product epoxide is particularly sensitive to
ring opening from alkoxide nucleophiles."

1.6.5 Synthetic Utlity

The AE reaction has been applied to a large number of diverse allylic alcohols.
Illustration of the synthetic utility of substrates with a primary alcohol is presented by
substitution pattern on the olefin and will follow the format used in previous reviews by
Sharpless but with more current examples. Epoxidation of subsiraies bearing a chiral
secondary alcohol is presented in the context of a kinetic resolution or a match versus
mismatch with the chiral ligand. Epoxidation of substrates bearing a tertiary alcohol is
not presented, as this class of substrate reacts extremely slowly.

1.6.5.1 Allyl aleohol

Epoxidation of the simplest allylic alcohol, allyl alcohol 7, is achieved in 88-92% ee with
yields of 50-60% using diisopropyl tartrate as li gand.”> In situ derivatization of the
product glycidol 8 via esterification, sulfonylation, or ring opening with nucleophile is an
attractive alternative to isolating glycidol. :

Scheme 1.6.4

L/ (-}-DIPT, Ti(Q#Pr)4 o 88-92%ee
O TBHP, M5 OH 50-60% yield

7 8

1652 2-Substituted allyl alcohols

In general, 2-substituted allylic alcohols are epoxidized in good enantioselectivity. Like
glycidol, however, the product epoxides are susceptible to ring opening via nucleophilic
attack at the C-3 position. Results of the AE reaction on 2-methyl-2-propene-1-ol
followed by derivatization of the resulting epoxy alcohol are shown in Table 1.6.1. Other
examples are shown helow.
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Scheme 1.6.5
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1.6.5.3 3E-Substituted allyl alcohols

This class of substrate is one of the most widely used class of substrates for the AE
reaction. The starting allylic alcohols are readily prepared and are generally epoxidized
in high enantioselectivity. Epoxide 12 was obtained in high enantioselectivity and
utilized in the rapid preparation of ($)-Fenfluramine. Epoxide 13 was prepared under the
standard AE conditions and then oxidized with DDQ to provide the corresponding 4-
hydroxy-2,3-unsaturated carbonyl. These type of structures are found in numerous
polyketides, including macrosphelide A. Epoxide 14 was prepared via the AE reaction
and utilized in the synthesis of (-)-swainsonine. Epoxides 15 and 16 were utilized in the
synthesis of baikiain and the acyl side chain segment of polyoxypeptin A respectively.
Finally, epoxide 17 was prepared and subsequently incorporated in the formal synthesis
of the proteasome inhibitor (+)-lactacystin.

Scheme 1.6.6
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1.6.5.4 3Z-Substituted allyl alcohols

This class of substrate is the only real problematic substrate for the AE reaction. The
enantioselectivity of the AE reaction with this class of substrate is often variable. In
addition, rates of the catalytic reactions are often sluggish, thus requiring stoichiometric
loadings of Tiftartrate. Some representative product epoxides from AE reaction of 3Z-
substituted ally] alcohols are shown below.,
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Scheme 1.6.7
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L6.5.5 2,3E-Disubstituted allyl alcohols

As with 3E-substituted allyl alcohols, 2,3E-substituted allyl alcohols are epoxidized in
excellent enantioselectivity. Examples of AE reactions of this class of substrate are
shown below. Epoxide 23 was utilized to prepare chiral allene oxides, which were ring
opened with TBAF to provide chiral a-fluoroketones. Epoxide 24 was used to prepare
5,8-disubstituted indolizidines and epoxide 25 was utilized in the formal synthesis of
macrosphelide A. Epoxide 26 represents an AE reaction on the very electron deficient 2-
cyanoallylic alcohols and epoxide 27 was an intermediate in the total synthesis of (+)-
varanfmycin,

Scheme 1.6.8
Me Me
I'I'C-lng-]O :SiMea /\/\/K/ Q, B
\L\‘ BrO A0 PMBO_~J_OH
2330 OH 2431 2521
97% e 98% ee 96% ee
94% vyleald B4% vield 95% yield
Cl T o
N.
CN Ph,
t-Bu’Si"O
O “—OH Ph 0733 L Me
2632
Me
98% ee gg';,"' %
64% vield > ye
L6.5.6 2,3Z-Disubstituted allyl alcohols

There are only limited examples of AE reactions on 2,3Z-substituted ailyl alcohols. This
may be due in part to the difficulty involved in selectively preparing the starting allylic
alcohol.
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Scheme 1.6.9
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Although the limited examples of AE reactions on 2,3Z-substituted allyl alcohois
appear to give product epoxides in good enantioselectivity, the highly substituted nature
of these olefins can have a deleterious effect on the reactivity. For example, Ajaj has
shown that the 2,3E-substitated allyl alcohol 30 can be epoxidized with either (—)-DET or
(+)-DET in good yields and enantioselectivity. However, the configurational isomer 32
is completely unreactive using (~)-DET, even after a 34 h reaction time.

Scheme 1.6.10
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1.6.5.7 3,3-Disubstituted allyl alcohols

The 3,3-disubstituted allyl alcohols generally undergo the AE reaction with good
enantioselectivity,. Epoxide 33 was prepared by the AE reaction on an enyne and
subsequently elaborated to the core unit of the non-nucleoside reverse transcriptase
inhibitor taurospongin A. The highly functionalized epoxide 34 was prepared in good
enantioselectivity and yteld using (+)-DET as ligand. Interestingly, epoxidation of the
isomeric substrate in which the methyl group is E to the alcohol with (-)-DET gave the
diastereomeric product 35 in only 31% ee and in 11% yield. Not surprisingly, the
reaction was relatively sluggish. Epoxide 36 was obtained in a 9:1 diastereomeric ratio
under standard AE conditions and was utilized in the synthesis of enf-nakamural A.
Epoxide 37 was prepared and trapped in situ as the trity! ether. Crystallization of the
trityl ether increased the ee to >99%. Epoxide 38 was prepared and utilized in the
synthesis of the tricyclic core of Phomactin A.
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Scheme 1.6.11
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1.6.5.8 2,3,3-Trisubstituted allyl alcohols

The AE reactions on 2,3,3-trisubstituted allyl alcohols have received little attention, due
in part the limited utility of the product epoxides. Selective ring opening of
tetragsubstituted epoxides are difficult to achieve. Epoxide 39 was prepared using
stoichiometric AE conditions and were subsequently elaborated to Darvon aicohol.
Epoxides 40 and 41 were both prepared in good selectivity and subsequently utilized in
the preparation of (-)-cuparene and the polyfunctoinal carotenoid peridinin, respectively.
Scheme 1.6.12
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1.6.5.9 Kinetic resolution of chiral allylic alcohols

Given the universal predictive value of the pneumenic diagram in Scheme 1.6.1 coupled
with the high enantioselectivity observed with a wide variety of allylic alcohols, it is not
surprising that the AE reaction is sensitive to preexisting chirality on the allylic alcohol
substrate. Indeed, allylic secondary alcohols can undergo effective kinetic resolation to
provide enantiomerically enriched allylic secondary alcohols and diastereomerically
enriched product epoxide::s.43 The relative rates (ky) of each enantiomer of the starting
allylic alcohol with a given enantiomer of tartrate ligand can be significantly different.
Thus using 0.6 equiv of TBHP, and carrying out the reaction to 55 + 5% conversion,
chiral secondary allylic alcohols can be obtained in excellent enantioselectivity and in
moderate yield.* If the epoxy alcohot is desired, then 0.45 equivalents of TBHP is often
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used. Shown betow are a number of racemic allylic aleohels with their relative rates of
each enantiomer.*

Scheme 1.6.13
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The application of the AE reaction to kinetic resolution of racemic allylic alcohols
has been extensively used for the preparation of enantiomerically enriched alcohols and
allyl epoxides.  Allylic alcohol 48 was obtained via kinetic resolution of the racemic
secondary afcohol and utilized in the synthesis of rhozoxin D. Epoxy alcohol 49 was
obtained via kinetic resolution of the enantioenriched secondary allylic alcohol (93% ee).
The product epoxy alcohol was a key intermediate in the synthesis of (~}-mitralactonine.
Allylic alcohol 50 was prepared via kinetic resolution of the secondary alcohol and the
product atilized in the synthesis of (+)-manoalide. The mono-tosylated 3-butene-1,2-diol
is a useful C4 building block and was obtained in 45% yield and in 95% ee via kinetic
resolution of the racemic starting material.

Scheme 1.6.14
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1.6.5.10: Unique synthetic applications

Sharpless and Masumune have applied the AE reaction on chiral allylic alcohols to
prepare all 8 of the L-hexoses.’® AE reaction on allylic alcohol 52 provides the epoxy
alcohol 53 in 92% yield and in >93% ce. Base catalyze Payne rearrangement followed by
ring opening with phenyl thiolate provides diol 54. Protection of the diol is followed by
oxidation of the sulfide to the sulfoxide via m-CPBA, Pummerer rearrangement to give
the gem-acetoxy sulfide intermediate and finally reduction using Dibal to yield the
desired aldehyde $6. Homer-Emmons olefination followed by reduction sets up the
second substrate for the AE reaction. The AE reaction on oplically active 57 is reagent



60 Name Reactions in Heterocyclic Chemisiry

controiled. This four-step reiterative two-carbon extension cycle was used to prepare all 8
L-hexoses.

Scheme 1.6.15
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Desymmetrization of meso-bis-allylic alcohols is an effective method for the
preparation of chiral functionalized intermediates from meso-substrates. Schrc1ber et al
has shown that divinyl carbonyl 58 is epoxidized in good enantioselectivity.”' However,
because the product epoxy alcohols 59 and 60 also contain a reactive allylic alcoho] that
are diastereomeric in nature, a second epoxidation would oceur at different rates and thus
affect the observed ee for the first AE reaction and the overall de. Indeed, the major
diastereomeric product epoxide 59 resulting from the first AE is less reactive in the
second epoxidaiion. Thus, high de is easily obtainable since the second epoxidation
removes the minor diastereomer.

Scheme 1.6.16
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1.6.6 Experimental'’

THO-Pr)y, (+DET /\/\A?/\OH
e e -
Me "OH TEBUOOH, CHCl . 63

62 20°C  grude: 88% yield, 92.3 % ee
recrystahization: 73% yield, > 98% ee

An oven dried L-L three-necked round-bottomed flask equipped with a magnetic stir bar,
pressure equalizing addition funnel, thermometer, nitrogen inlet and bubbler was charged
with 3.0 g of 4A powdered, activated molecular sieves and 330 mL of dry CH;Cl;. The
flask was cooled to -20°C. L-{(+)-Diethyl tartrate (1.24 g, 6.0 mmol} and Ti(O-i-Pr),
(149 mL, 1.42 g, 5.00 mmol, via syringe) were added sequentially with stirring. The
reaction mixture was stirred at -20°C as TBHP (39 mL, 200 mmol, 5.17 M in isooctane)
was added through the addition funnel at a moderate rate (over 5 min). The resulting
mixture was stired at -20°C for 30 min. (E)-2-cctenol (62, 12.82 g, 100 mmol}
dissolved in 50 mL of CH;Cl; was then added drop wise through the same addition
funnel over a period of 20 min while maintaining the temperature at —15 to -20°C. The
mixture was stirred for an additional 3.5 h at 15 to =20°C. The reaction was allowed to
warm to room temperature and poured into a beaker containing ferrous sulfate
heptahydrate (33 g, 120 mmol), citric acid monohydrate (11 g, 60 mmotl) and 100 mL of
deionized water. The two-phase mixture was stirred for 10 min and separated. The
aqueous phase was extracted with two 30 mL portions of ether. The combined organic
layers were treated with 10 mL of precooled (0°C) sclution of 30% NaOH {(w/v) in
saturate brine and stirred for 1 h at 0°C. To this was added 50 ml. of water and the
aqueous phase extracted with 2 x 50 mL of ether. The combined organic layers were
dried over sodium sulfate, filtered and concentrated. Crude product yield was 88% with a
92.3% ee. Two crystallizations in petroleumn ether affords the product 63 in > 98% ece
and in 73% isolated yield.
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1.7 Wenker Aziridine Synthesis

1.7.1 Description

The Wenker aziridine synthesis entails the treatment of a f-amino alcohol 1 with suifuric
acid to give B-aminoethy! sulfate ester 2 which is subsequently treated with base 1o afford
aziridine 3.! Before the discovery of the Mitsunobu reaction, which transforms an amino
alcohol into an aziridine in one step under very mild conditions, the Wenker reaction was
one of the most convenient methods for aziridine synthesis. However, due to the
involvement of strong acid and then strong base, its utility has been limited to substrates
without labile functionalities.

! ' g
S ! 5 1
HN} {ffH4 H80,  HaN*  Ro, NaOH N s
20 rr—————_——— - X >‘_'< - ? R 15
AR? oM RR? 080, Rie  gs
1 2 3

A related aziridine synthesis is the Gabriel reaction (ak.a. Gabriel-Cromwell
reaction),™ which involves. an intramolecular Sy2 reaction of a P-amino halide.
However, the reaction has become so common that the name Gabriel is not tightly related
to the transformation.

o NH2 base

Dzz

X=ClBr

1.7.2  Historical Perspective

In 1935, Wenker* first prepared B-aminoethyl sulfate ester (4, a solid) from thermal
dehydration of monoethanolamine acid sulfate at 250°C according to Gabriel’s
procedure.’  Subsequently, the mixture of 4 and 40% NaOH aqueous solution was
distilled. Further fractional distillation of the distillate in the presence of KOH and then
Na at 55--56°C led to pure aziridine in 26.5% yield.

H2304 + NaOH H

s NH HoO + - —_ + N
HO A% 058071 oes%
a 5
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1.7.3 Mechanism

The mechanism for the Wenker aziridine synthesis is very straightforward. As depicted
by conversion 2—3, the transformation is a simple case of intramolecular Sn2
displacement process, in which the sulfate ester is the leaving group.

R A’ B

HN+ R, N e 5 intramolecular N
i aOH  HNNy RS, SR

2 " 3

1.7.4 Variations and Improvements

Due to the convenience of the Wenker aziridine formation from B-aminoethyl sulfate
ester (4) and base, many improvements ensued. Leighton et al. improved the yield of the
first step for the formation of sulfate ester 4 First of all, both ethanolamine and 95%
sulfuric acid were diluted with half of their weight of water and then slowly mixed
together at 0°C. Finally, by keeping the temperature below 145°C, sulfate ester 4 was
obtained in 90-93% yield.

Another improvement of the Wenker reaction was utilization of flash distillation,
which boosted the yield of § to 83% based on 4. 6 In addition, a procedure involving the
use of an aqueous reaction medium and the generation of the aziridine in soluuon was
developed, which obviates the isolation and handling of anhydrous aziridine.”

Mesylates and tosylates may be used as variants of the O-suifate ester. For
instance, 55% of azirdine 7 was obtained from base-mediated cyclization of amino
mesylate 6.° In comparison, the classic Wenker protocol only gave 3% of 7. In another
instance,” N-tosyl amino alcohol 8 was tosylated to give 9, which was transformed to
aziridine 10 in 64% yield, along with 29% of the P-elimination product due to the
presence of the ester moiety. Likewise, aziridine 12 was assembled from tosylate 11 in
two steps and 60% yield.'®

0S0,Me

y -
N A —— Dy ﬂ_
Z/ e c
6
oH o TolSO,Ct T°'Sw { N-Et \\//ﬁ\
QE! o OEs OFt
NHSO,Tol P 71% NHSOTol  PhH/MeOH

reflux, 8.5 h, 4% TolSOz
8 | 9 10
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Ph Ph
1. TFA, GH,Cly
TolS0,07 ™y O- Bn " O*B
A 2.EtN, CH,Cla  HN n

" 12

1.7.5 Synthetic Utility

As described in Section 1.7.1, the utility of the Wenker reaction is limited to substrates
without labile functionalities because of the involvement of strong acid and then strong
base. The Fanta group prepared a variety of aziridines by taking advantage of the
Wenker reaction.!'™" For example, 6-aza-bicyclo[3.1.0)hexane (14) was produced from
the ring-closure of (%)-trans-2-aminocyclopentanol hydrochloride (13).'' In a similar
fashion, sulfate ester 16 was prepared from N-methyl dl-trans-3-amino-4-
hydroxytetrahydrofuran (15). Subsequent treatment of sulfate ester 16 with NaOH then
delivered aziridine 17.'* Additional examples of Wenker aziridine synthesis may also be
found in references 15-17.

@ 1, HgS04, H:0 @
2. cold NaCH N
H

Fo -
H NH3 &) 61%
13 14
- n He
- H2804. Hgo E\ NaCH, Hgo
. - [}
H o 080, .61 %
15 16 17

Due to the abundance of epoxides, they are ideal precursors for the preparation of
B-amino alcohols. In one case, ring-opening of 2-methyl-oxirane (18) with methylamine
resulted in 1-methylamino-propan-2-ol (19). which was transformed to" 1,2-dimethyl-
aziridine (20) in 30-353% yield using the Wenker protc}col.18 Interestingly, [-amino-3-
buten-2-0l sulfate ester (23) was prepared from l-amino-3-buten-2-ol (22, a product of
ammonia ring-opening of vinyl epoxide 21) and chlorosulfonic acid. Treatment of
sulfate ester 23 with NaOH then led to aziridine 24."

HO
H 2N—" 1. H2304. Hgo \(7

N7 N
o AN 2 NaOH,H0 |
30-35%

18 19 20
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N __NHs /\(\NHz CISO5H

© HO Et,0, 97.5%
21 22

/\(\JHQ 33% NaOH/M,0 1

- NH
0S0; 49%
23 24
1.7.6 Experimental
1. Hp80,, HO
g S O\/QNH
OH 2, KOH, H,0
88%
25 26

(S)-2-Benzyl-aziridine (26)"”
A cold mixture of sulfuric acid (98%, 4 g), and water (4 mL) was added to an amino-
alcohol 25 (40 mmol) in water (2.4 mL) at 0-5°C. The mixture was heated to 120°C and
then water was carefully distilled off in vacuo. The solid sulfate residue was treated with
6.2 M potassium hydroxide, and steam-distilled. The distillate was saturated with
potassium hydroxide pellets and the upper organic layer, which separated, was
fractionally distilled from potassium hydroxide through a short column to give a colorless
oil aziridine 26 in 96% yield.

In addition, an Organic Synthesis procedure of preparing aziridine from B-amino
alcohol exists.” '
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