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The Use of Tosylhydrazone Salts as a Safe Alternative for Handling Diazo
Compounds and Their Applications in Organic Synthesis
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Diazo compounds are useful synthetic intermediates in or-
ganic synthesis but, due to their toxicity and unpredictable
explosive behaviour, their unique reactivity has not been
fully exploited and their use on large scale has been avoided.
We have developed a reliable method that generates diazo
compounds in situ. Our approach is based on the Bamford—
Stevens reaction, which utilizes tosylhydrazone salts as diazo
precursors. In the presence of phase-transfer-catalysts (PTC),
we found that tosylhydrazone salts can be cleanly converted
to diazo compounds under mild reaction conditions and in a
wide range of solvents. These diazo compounds can then be

induced to react directly with alkenes or alkynes to synthe-
size pyrazoles or with aldehydes to generate ketones. Alter-
natively, diazo compounds can react with transition metals
capable of carbene transfer reactions. We have shown the
usefulness of this chemistry in a number of different transfor-
mations, such as Wittig olefination reactions and the sulfur
ylide mediated epoxidation, as well as aziridination and cy-
clopropanation chemistry as applied toward the synthesis of
more complicated molecules.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

Diazo compounds are inherently dangerous.'-3! Their
toxicity and tendency to explode are indeed serious hazards
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to be taken into account when synthesising and working
with them.[* The toxicity of diazo compounds is due to
their acid-catalyzed decomposition to form carbocations,
which are able to alkylate deoxynucleic acids. This is espe-
cially acute when handling volatile diazo compounds. For
instance, diazomethane is reported to be a strong respira-
tory irritant that can cause asthmatic symptoms as well as
pulmonary edema.l®! There has been one reported fatality
of diazomethane poisoning in humans and the high acute
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toxicity to cats has also been described. The potentially vi-
olent behaviour of diazomethane has also been well docu-
mented. Several researchers have reported diazomethane
explosions resulting from contact with sharp surfaces, such
as etched or scratch flasks or upon warming on ambient to
elevated temperatures.[! De Boer and Backer also reported
that most explosions occur during distillation. In addition,
diazomethane has been reported to react exothermically
with Drierite® (calcium sulfate).
Trimethylsilyldiazomethane is remarkably more stable
than diazomethane and has led to investigations on its use
in synthesis as a stable and safe substitute of diazometh-
ane.”l Diazoesters are considered to be much safer than di-
azomethane due to the resonance stabilization of the ester
functional group (although only estimated to be around
16 kJ/mol) (Scheme 1).81 These compounds can still deto-
nate, albeit under much more forcing conditions, such as
exposure to heat or concentrated sulfuric acid.”! In ad-
dition, the health hazards associated with ethyl diazoacetate
are much reduced, partially due to its significantly higher
boiling point. The toxicity of aliphatic and aromatic diazo
compounds has not been studied in the same detail; how-
ever, these compounds are assumed to be toxic (due to the
pathways previously discussed) and are also explosive. On
a personal account, one of the authors’ co-workers experi-
enced an explosion during a distillation of phenyldiazo-
methane. Fortunately, the impact of the explosion was mini-
mal as the reaction vessel was placed behind a glass shield.
Despite their danger, the synthetic utility of diazo com-
pounds cannot be overlooked.['%!?] Diazo compounds have
an unique reactivity due to their 1,3-dipole and ylide nat-
ure.['3] They can react directly with organic substrates, such
as in the alkylation of acidic alcohols and carboxylic acids,
homologation of carbonyl compounds, 1,3-dipolar addition
onto alkynes and preparation of diazoketones from acyl ha-
lides (Scheme 2). In the presence of a Lewis-acid, diazo
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Scheme 1. Resonance structures of aliphatic and ester substituted
diazo compounds.

compounds will alkylate amines and aziridinate im-
ines.'*!13) Diazo compounds are also the preferred precur-
sors of metallocarbenes and carbenoids.'>!6-11 They can
react with a wide number of transition metal complexes
capable of transferring carbenes, and such diazo com-
pounds can be used for a variety of different transforma-
tions, including carbene insertion reactions into C—H,?%
Si-H, N-H, O-H, and S—H bonds,'¥] sulfur ylide mediated
epoxidation, aziridination or cyclopropanation reactions
(the latter can also occur directly) in addition to Wittig-
type transformations.[?!-?21 Despite diverse reactivity, diazo
compounds are generally avoided in an industrial setting
due to their unpredictable explosive behaviour. Only re-
cently has the thermo-chemistry and the detonation proper-
ties of ethyl diazoacetate have been studied and large scale
chemistry of ethyl diazoacetate has shown limited
use.[>23-251 With regards to diazomethane, only one patent
has described the production of diazomethane on a large
scalel?8l and methods for the continuous process of diazo-
methane have also been described.?”-28! To the best of our
knowledge, there has been no large scale production of
more complex aliphatic non-diazocarbonyl compounds.
The synthetic utility of diazo compounds and their lim-
ited use in industry has evolved a recent drive to develop
safer alternative methods for using diazo compounds; either
generating them in situ or using an alternative source of
carbene equivalents and precursors. This review will focus
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Scheme 2. Some of the most useful transformations of diazo compounds (LA = Lewis acid).
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Scheme 3. Catalytic epoxidation (X = O), aziridination (X = NTs), and cyclopropanation (X = CH,COY) mediated by sulfur ylides.

on the in situ generation of diazo compounds from tosylhy-
drazone compounds. It is noteworthy that other alternatives
such as the use of phenyliodonium ylides, N-aziridinyl-
imines and amino ester hydrochloride derived diazo com-
pounds have been developed, although they will not be dis-
cussed in this article. The use of phenyliodonium ylides has
recently been reviewed by Miiller,*®! N-aziridinylimines can-
not be regarded as safer than diazo compounds due to the
explosive nature of its precursor, 1-amino-2-phenyl-aziridi-
nium acetate.?®3!7 Amino ester hydrochlorides have found
limited use as they are only used to generate diazoacetates
by diazotization.[3>33] Interestingly, Myers has recently re-
ported a new method for the in situ generation of diazo
compounds by oxidation of N-tert-butyldimethylsilylhydra-
zones.[34

Origin of the In Situ Process for the Generation of Diazo
Compounds from Tosylhydrazone Salts: History and Scope

The impetus for developing a safer alternative for using
diazo compounds within our group arose from the desire
to expand the scope of current chemistry under investiga-
tion. We had been using phenyldiazomethane as a carbene
source for sulfur ylide mediated epoxidation,33-3¢ aziridin-
ation>371 or cyclopropanation reactions (Scheme 3).58!
The presence of both a transition metal capable of transfer-
ring a carbene (such as rhodium acetate, Rh,(OAc),, or
copper actylacetonate, Cu(acac),) as well as a sulfide was
required for the desired transformation. Presumably, the di-
azo compound reacts directly with the copper complex to
form a copper carbene intermediate.**] The carbene is then
transferred to the sulfide to generate a sulfur ylide, which
is directly responsible for the transformation of aldehydes,
imines or alkenes into epoxides, aziridines, or cyclopro-
panes, respectively (Scheme 3).

These reactions were initially explored using tetrahy-
drothiophene and then chiral sulfides (such as 1), resulting
in high enantioselective formation of epoxides,“" azirid-
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ines*!! or cyclopropanes (Scheme 3).[4?l Unfortunately, fur-
ther applicability and potential commercial success of this
new methodology was thwarted by the need to handle diazo
compounds as the use of diazo compounds in the labora-
tory was very cumbersome for several reasons. Firstly, solu-
tions of phenyldiazomethane could not be synthesized in
large quantities due to the hazards associated with it and
therefore had to be freshly prepared and titrated. Moreover,
there is some inherent risk to the temperatures required for
their synthesis.[*3 Secondly, slow addition of the diazo com-
pound required the use of syringe pumps and continual
monitoring with the inconvenience associated with storing
the diazo compound on the syringe pump during the ad-
dition period. Finally, the scope of the reaction was very
limited due to the number of diazo compounds that could
be used. For instance, electron-rich diazo compounds, such
as p-methoxy substituted phenyldiazomethane, are unstable
to the point that they decompose at —80 °C.** Thus, we
were inspired to find a user friendly methodology that
would allow us to generate a wide variety of diazo com-
pounds yet minimize the risk associated with them. This
seemingly contradictory wish was addressed by investi-
gations into the Bamford-Stevens reaction.

The Bamford—Stevens Reaction: The base mediated de-
composition of substituted arylhydrazones to form diazo
compounds was firstly reported by W. R. Bamford and T. S.
Stevensin 1952 (Scheme 4).[*31 A few diazo compounds could
be isolated if mild temperatures were employed; however, in
most examples, the diazo compound thermally decomposed
to form alkenes, the net result of loss of dinitrogen followed
by a 1,2-hydrogen shift. The mechanism for alkene formation
was extensively studied and was found to be dependent upon
the reaction conditions.[*®! For instance, in protic media, the
diazo compound can be protonated to form a diazonium ion,
resulting in the formation of a carbocation upon loss of dini-
trogen. This pathway does not occur in the absence of pro-
tons, and in aprotic media, dinitrogen loss results in the for-
mation of carbene intermediates.
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Scheme 4. The Bamford-Stevens reaction.
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The decomposition of tosylhydrazones with base (and
variations thereof) was subsequently used as a preparative
procedure to synthesize a series of aryldiazomethanes and
is still a standard method for their generation.*>4”] This
procedure initially involves deprotonation of the tosyl-
hydrazone to form the corresponding anion. When the reac-
tion is performed cold, the tosylhydrazone salt can some-
times be isolated. Upon heating (generally 60 °C or higher),
the tosylate anion will dissociate, generating the diazo com-
pound. This reaction must be performed in either a polar
media such as pyridine or methanol, or in a basic aqueous
two-phase system.

Development of the in situ Technology: We found that we
could generate diazo compounds under mild conditions
and in non-polar media by gently warming (3040 °C) a
suspension of the isolated tosylhydrazone salt in the pres-
ence of a phase-transfer catalyst (PTC). As the salt is not
very soluble in highly non-polar solvents, the PTC is neces-
sary to aid the passage of the anion from the solid to the
liquid phase where decomposition (diazo formation) occurs.
As every component in the reaction mixture, except for the
diazo compound, is fairly inert, we realized that we could
add to this mixture substrates that could react directly with
the in situ generated diazo compounds without the worry
of these substrates reacting with the reagents promoting the
decomposition of the tosylhydrazone salts. Thus, as the di-
azo compound is formed, it can immediately be “trapped
out” in a subsequent reaction. This in situ generation of
diazo compounds would not only keep the diazo concentra-
tion low and minimize the hazards associated with the more
concentrated diazo solutions, but it would also prevent di-
merization of the diazo compounds to form azines or al-
kenes through common decomposition pathways for these
molecules.

Our in situ concept was initially tested on the sulfur ylide
mediated epoxidation of aldehydes (Scheme 5).[81 In this re-
action, a transition metal catalyst would “trap out” the di-

a7
O
A

RZ "H

AR,

RZ

o

azo compound as it was slowly generated, resulting in the
formation of a metal carbene complex. Since the diazo de-
composition or metal carbene formation is a fast reaction
and the concentration of diazo is small, the metal carbene
would presumably only react with the sulfide and not with
another equivalent of the diazo compound. To our delight,
this hypothesis proved correct, and epoxides were obtained
in good yields.*®! As such, the scope of the sulfur ylide me-
diated epoxidation reaction increased dramatically. Diazo
compounds that were initially considered to be too danger-
ous, such as p-methoxyphenyldiazomethane, could now be
used as a coupling partner. Moreover, since tosylhydrazone
salts were initially prepared by treatment of an aldehyde
or ketone with tosylhydrazide (vide infra), the number of
tosylhydrazone salts, and hence diazo compounds, that
could be utilized is in principle limitless.

The in situ technology was applied to other reactions
(vide infra), such as the aziridination of imines,**! aldehyde
homologation,’® cyclopropanation of alkenes,* 1,3-di-
polar additions to alkynes,°'l and Wittig olefination.[>?
Most of our knowledge of the stability and properties of
tosylhydrazone salts, including the optimal reaction condi-
tions, was obtained during our studies on the epoxidation
of aldehydes. However, as the decomposition pathway pre-
sumably does not change, the knowledge we gained is appli-
cable to all systems.

Synthesis and Stability of Tosylhydrazone Salts: A wide
range of tosylhydrazone salts were examined, all of which
were easily synthesized by treating the analogous aldehyde
with p-tolylsulfonylhydrazide (Scheme 6). This general pro-
cedure involves dropwise addition of the aldehyde (or solu-
tion thereof) into a suspension of sulfonylhydrazide in a
minimal amount of methanol followed by the cold isolation
of the precipitate.53 The sodium tosylhydrazone salt is
formed by treating this precipitate with a freshly prepared
1 M sodium methoxide solution in methanol. In some in-
stances, care must be taken as to the amount of base added;

Scheme 5. Catalytic epoxidation of aldehydes using tosylhydrazone salts.
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Scheme 6. Preparation of tosylhydrazone salts.
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anything greater than 1.08 equivalents of base could result
in decreased yields in subsequent metal-catalyzed reactions,
presumably due to inhibition of the metal catalyst by the
excess base. If necessary, the salts were titrated to determine
the excess base content.’3] Tosylhydrazones contaminated
with more than 0.1 equiv. of base were discarded. Analo-
gous lithium salts were generated upon treatment of the
corresponding hydrazone with a commercial 1 M solution
of LIHMDS and potassium salts were made using home
solutions of BuOK.!*?! The choice of counterion was sys-
tem dependent and will be discussed in the relevant sec-
tions.

To prevent thermal and photochemical decomposition,
all of the salts were stored in the dark at —20 °C (freezer).
The stability of the tosylhydrazone salts depended upon the
electronic nature of the salt. Electron-rich salts could be
kept indefinitely at —20 °C without evidence of decomposi-
tion. However, electron-poor salts decomposed readily even
at —20 °C and had to be prepared just prior to use. Note
that the opposite is true with the corresponding diazo com-
pounds: electron-withdrawing groups stabilize and electron-
donating groups destabilize the diazo functionality. This
again highlights the unique properties of tosylhydrazone
salts as they are a stable source of unstable diazo com-
pounds.

Reaction Conditions: The process for generating diazo
compounds in situ from tosylhydrazone salts is compatible
with a large number of reaction conditions. The optimal
reaction conditions are, in part, dictated by their compati-
bility with the conditions that will be coupled to this user-
friendly process. However, we have always found that the
best conditions for metal-catalyzed reactions arise from
keeping the concentration of the diazo compound as low as
possible. The most important variables to be considered for
the optimal reaction conditions are solvent, PTC and tem-
perature.

a) Solvent. A wide range of solvents can be used includ-
ing ethereal, nitrile, protic chlorinated and aromatic sol-
vents. The reaction media should be optimized for each re-
action type considering that more polar solvents will in-
crease the rate of generation of the diazo compound in the
reaction mixture.

b) Phase-transfer catalyst. The presence of a PTC is nec-
essary when the reactions are performed at temperatures
below 50 °C as the PTC facilitates the dissolution and sub-
sequent decomposition of the tosylhydrazone salt to the
corresponding diazo compound. When polar solvents such
as acetonitrile or 1,4-dioxane were used, the PTC can be
benzyltriethylammonium chloride. However, as benzyltri-

RZ _M o)
T HOOR

- Rhy(OAc),
PTC,SR, (6) R

ethylammonium chloride exhibited limited solubility in less
polar media such as toluene, a greasier PTC, such as tri-n-
octylmethylammonium chloride (Aliquat® 336), was some-
times necessary.>?!

c) Temperature. The optimal temperatures and amount
of PTC used generally reflected the thermal stability of the
tosylhydrazone salt. The more stable salts required a higher
concentration of PTC (up to 20 mol-%) and 40 °C for ade-
quate decomposition whereas the less stable salts decom-
pose at lower temperatures (30 °C) and required very little,
if any, PTC (0-5 mol-%). Non metal-catalyzed reactions
can be performed at 50 °C whereas the temperature limit
when metal catalyst was used was generally 40 °C.

An optimal set of reaction conditions will promote the
desired diazo reaction and inhibit side reactions. The most
common side products obtained using this in situ process
arise from the reaction of eletrophilic metallo carbenes and
diazonium salts intermediates with nucleophiles present in
the reaction mixture such as the diazo compound leading
to azine 2 or alkene 3, p-toluenesulfinic acid sodium salt
providing sulfone 4 and the tosylhydrazone starting mate-
rial giving hydrazone 5 (Figure 1).

2 3
0.0 R
SR - ’L/
RTONTs
4 5

Figure 1. Side-products obtained under unoptimized reaction con-
ditions.

Nevertheless, the formation of these side-products can be
suppressed by choosing the optimal combination of reac-
tion conditions as discussed in the following section. In
contrast, the formation of these side-products, such as sym-
metrical dienes,'® can be promoted which leads to new syn-
thetic methodology.

Applications of the In Situ Process for
Generating Diazo Compounds to Synthetic
Methods

Application in the Sulfur-Mediated Epoxidation of Alde-
hydes. A Model Reaction for Exploring the Scope of the in
situ Process: The epoxidation of aldehydes with tosylhydra-

R2 Q
ZAY. o

up to >98:2 trans:cis 6
94% ee

Scheme 7. Asymmetric sulfur ylide mediated expoxidation of aldehydes using diazo compounds generated in situ.
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zone salts has been our most comprehensively investigated
reaction (Scheme 5 and Scheme 7).148:54-7] This transfor-
mation relies on a series of events involving the decomposi-
tion of the tosylhydrazone salt to the diazo compound, re-
action of the diazo compound with the metal catalyst to
create a metal-carbene complex, transfer of the carbene to
the sulfide, and finally reaction of the resulting sulfur ylide
with the aldehyde. As such, the epoxide yields depend upon
all of these events occurring very efficiently and a variety
of different reaction conditions had to be optimized. The
factors controlling selectivity, including diastereoselectivity
and enantioselectivity (when chiral sulfide 6 was utilized)
have been comprehensively described elsewherel>*-6-38 in-
cluding our efforts into designing chiral sulfides compatible
with the in situ process.>>°!l Thus, only the factors that
influence the decomposition of the salt will be discussed.

a) Choice of catalyst. Even though copper acetylace-
tonate (Cu(acac),) was the catalyst of choice when phenyl-
diazomethane was wused directly, rhodium acetate
(Rh,(OAc),) was significantly more efficient in the in situ
reactions. For instance, control experiments in which benz-
aldehyde-derived tosylhydrazone salt was coupled with p-
chlorobenzaldehyde, the maximum yield obtained when the
copper catalyst is utilized is 73% with a 5 mol-% catalyst
loading. In contrast, an 86% yield is obtained when the
rhodium catalyst is used, even though the catalyst loading
was 1 mol-%. The reason for this difference in catalyst be-
haviour is unclear but it is entirely plausible that copper is
more sensitive to the presence of salts (either tosylate or
chloride from the PTC).

b) Choice of counterion. In addition, the choice of coun-
terion to the tosylhydrazone salt is also important, with the
sodium tosylhydrazone salt outperforming the analogous
lithium, potassium and tetrabutylammonium salts in terms
of both yields and conditions. This could be either due to
the initial decomposition of the salt; however, the later steps
could also be affected and we have yet to the controlling
factors in this observation.

¢) Optimal conditions. Although the epoxide yield greatly
depended on the coupling partner, sulfide, and solvent, we
could optimize the reaction conditions such that a 98%
yield of epoxide was obtained when p-methoxybenzalde-
hyde was used as the coupling partner with the benzalde-
hyde derived tosylhydrazone salt and 20 mol-% of tetrahy-
drothiophene (THT) was used. This kind of result indicates
decomposition of the tosylhydrazone salt and transfer to the
rhodium metal species is a clean reaction and is not be a
factor in determining the success of a reaction. The lower

PhCHO +

1 mol% ha(OAC)4

yields observed are generally due to subsequent reactions,
such as the carbene transfer from rhodium to sulfide or the
reaction between the sulfur ylide and aldehyde.

The optimal reaction conditions using achiral sulfides
were generally 1 mol-% of Rh,(OAc)4, 20 mol-% of THT,
and 0-20 mol-% of benzyltriethylammonium chloride in
acetonitrile at 40 °C. When chiral sulfides were used, a
higher concentration of sulfide was sometimes necessary to
generate epoxide in good yields due to the lower ability of
hindered chiral sulfides to trap the metal carbene. However,
this again was not due to the decomposition of the tosylhy-
drazone salt.

These optimized conditions were subsequently applied to
a wide range of tosylhydrazone salts derived from both aryl
and o,B-unsaturated aldehydes. We were unable to use the
p-nitrobenzaldehyde derived tosylhydrazone salt as it de-
composed upon formation to give a deep red solution of
the corresponding diazo compound. Similarly, the p-fluoro-
benzaldehyde-derived tosylhydrazone salt was capricious
and variable yields of epoxide were obtained from the same
batch of starting materials, although the o-fluorobenzalde-
hyde tosylhydrazone salt gave high and consistent yields
(when coupled with benzaldehyde). Other notable examples
include tosylhydrazone salts derived from 2- and 3-furyl al-
dehydes. The corresponding diazo compounds have been re-
ported to decompose readily and without the in situ tech-
nology, we would not have been able to use such com-
pounds. In addition, a,B-unsaturated tosylhydrazone salts
could also be employed in the epoxidation reaction
(Scheme 8). This reaction was particularly effective in terms
of yields when the tosylhydrazone was substituted at both
the a and B positions. The epoxide yields could sometimes
be improved by using the (2,4,6-triisopropylphenylsulfonyl)
hydrazone salt instead of the tosylhydrazone salt. Presum-
ably, the bulkier sulfonyl group facilitated the decomposi-
tion of the salt at lower temperatures thus preventing the
salt from undergoing side reactions.

Application in the Sulfur Ylide-Mediated Aziridination of
Imines: The in situ technology was also applied to the sulfur
ylide mediated aziridination of imines (Scheme 9).#1:49-62]
We had been encouraged by our earlier aziridination results
using phenyldiazomethane as very high levels of enantio-
selectivity and diastereoselectivity (up to 10:1 trans:cis) had
been achieved.[*”]

When the in situ process was applied towards the azirid-
ination reaction, an increase in both yield and scope were
observed. By using the chiral sulfide 6, reasonable yields
(50-829%) and very high enantioselectivities of aziridines
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Scheme 8. Epoxides formed from benzaldehyde and substituted vinylsulfonylhydrazones.
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Scheme 9. Asymmetric sulfur ylide mediated aziridination of imines using diazo compounds generated in situ (R! = Ph; R? = alkyl, aryl,

vinyl; R? = Ph, H).

H a) LiHMDS, SES
N. THF, -78°C, 1 h N _
MesSi” XN Ts X SiMe
’ b) PhCHNSES, Ph/@\ x2S
Rh,(OAC),, BnEtsNCH, .
! SUI#dZGCM ERNC 8, 82% yield

1,4-dioxane, 40 °C, 12 h

C) sz(dba)3CHC|3, Pph3

78:22 trans:cis
trans: 94% ee
SES cis: 73% ee
|

trans-8

PhH, CO,50°C, 12 h

Pha N.__O
|91

9, 52% vyield
93% ee

Scheme 10. Synthesis of an unsaturated aziridine and subsequent converstion to a lactam.

were achieved. The reaction was sensitive to the nitrogen
protecting group on the imine with TcBoc-protected imines
giving the highest yields whereas the Boc-protected imine
partially hydrolyzed under the reaction conditions (in con-
trast to the non in situ case).*’] Even though the TcBoc-
protected imines resulted in a slightly higher yields than the
N-SES-protected imines, the N-SES-protected imines were
easier to prepare and used in most studies [TcBoc = 1,1-
dimethyl-2,2,2-trichloroethoxycarbonyl, Boc = terz-butoxy-
carbonyl, SES = 2-(trimethylsilyl)ethylsulfonyl].

This methodology was extended to the synthesis of un-
saturated aziridines by generating alkenyldiazomethanes in
the presence of an N-SES-activated imines.[*” The resultant
aziridines were formed in good yields with moderate to
good selectivities. This reaction was particularly attractive
as unsaturated aziridine trans-8 could undergo rearrange-
ment to form d-lactam 9 (Scheme 10).

In order to highlight the usefulness of the in situ technol-
ogy as a synthetic tool, we applied our technology to the
synthesis of the side chain of Taxol 14, a syn-a-amino
alcohol (Scheme 11).[?ltrans-Aziridines can be useful inter-
mediates in the synthesis of these functionalized alcohols as
aziridines can be readily converted to either syn- or anti-
a-amino alcohols depending upon the reaction conditions.
Thus, N-SES imine 10 reacted with tosylhydrazone salt 11
in the presence of a PTC, Rh,(OAc), and catalytic quanti-
ties of chiral sulfide ent-6 affording satisfactorily aziridine
12 in 57% yield as a 8:1 trans/cis diastereomeric ratio in

Eur. J. Org. Chem. 2005, 1479-1492 WWW.eurjoc.org

98% ee (trans isomer). The diastereomeric mixture of aziri-
dines 12 was desulfonylated and separated and the trans
isomer was converted into the corresponding benzoyl aziri-
dine and treated with BF5-OEt, resulting in regioselective
ring-expansion/isomerization. The oxazoline protected
amino alcohol 13 was then transformed into the side chain
of Taxol (14) by a sequence involving hydrolysis and furan
oxidation.

Application in the Sulfur-Mediated Cyclopropanation of
Electron Deficient Alkenes: The in situ technology can also
be used for the cyclopropanation of alkenes (Scheme 12).[4]
We initially investigated tosylhydrazone salts derived from
benzaldehyde or an o,B-unsaturated aldehyde (7).[*7 When
chiral sulfide 15 was used, good yields and high enantio-
selectivities were obtained. The less than perfect yields were
not a result of incomplete decomposition of the tosylhydra-
zone salt, but a consequence of subsequent reactions.

We have also found that a-amino-substituted acrylates
are excellent substrates providing cyclopropanes in high
yields as exemplified in Scheme 13.1° The cyclopropanes
derived from the amino acrylates could be converted in one
step to the corresponding amino acids providing the most
efficient asymmetric route to this important class of confor-
mationally locked amino acids.

Applications in the Transition Metal Catalyzed Cyclopro-
panation of Electron-Rich Alkenes: Transition metal cata-
lyzed cyclopropanation of alkenes is one of the most ef-
ficient methods for the preparation of cyclopropanes.'”? A
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\-SES  Na a) sulfide ent-6, O 0O \
| ,’:L ha(OAC)4 Q\% \\\Ph @"u, _\\\Ph
J + N Ts : ' + N7
| J PTC, 1,4-dioxane, N N
|
0710 P g4 40°C trans-12 SES cis12 SES

b) BusNPh3SiF,,
CsF, DMF, 40°C,
then separation

7
@W.\\\Ph 74% yield

N ¢) i) PhCOCI, NEt; DCM
SES ii) BF3OEt,, DCM
12 81% yield

57% yield
8:1 trans:cis
98% ee (trans isomer)

13 14

Scheme 11. Asymmetric synthesis of the Taxol side chain (14) using diazo compounds generated in situ.

- _Na
Ph” N Ts
O N - PTC
Rh,(OAGC), Py
—" AN
" Ph" SN, s
0
Ph
AR
AR N, 15
[Rh]=CHPh

up to 73% vyield,

4:1 trans:cis

91% ee (trans isomer)
forR'=H, R? = Ph

Scheme 12. Catalytic sulfur ylide mediated cyclopropanation of electron-deficient alkenes using tosylhydrazone salts (R!

R? = O-alkyl, alkyl, aryl).

= H, CH,, Ph;

P SNNs ) sulfide 15, on 2 o
Rh(OAC), \<L b) 6N HCI
¥ N — NH5*CI"
Q 1,4-dioxane, reflux 2 3
BnEt;NCI Et0,C o 90% yield CO,H
N :
40°C
EI0,C 40% yield, 99% ee

Scheme 13. Synthesis of cyclopropane amino acids using diazo compounds generated in situ.

variety of transition metal catalysts can directly transfer
carbenes from diazo compounds to alkenes, thus forming
cyclopropanes. However, up until this point, the only diazo
compounds that had been regularly utilized were diazocar-
bonyl analogues presumably due to the inherent instability
of aryl-, alkenyl-, or alkynyl diazomethanes and their pro-
pensity to undergo metal-catalyzed dimerization.[®3]

The in situ technology was used in the synthesis of an
assortment of functionalized cyclopropanes (Scheme 14).[64]
We screened a variety of different transition metal catalysts
including commonly used cyclopropanation catalysts such
as copper salts, iron porphyrin complexes, and rhodium and

1486 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

palladium complexes. The copper salts gave only traces of
the cyclopropanated product even though it is one of the
most common catalysts for the cyclopropanation of alkenes.
This is in line with what we observed in our epoxidation
chemistry and lends more support that the copper is some-
how inhibited in the presence of either a tosylate anion or
a PTC. The best catalyst in terms of both yield and diaster-
eoselectivity was the iron porphyrin complex CIFeTPP
(TPP = tetraphenylporphyrin), which gave a 91:9 trans:cis
selectivity when the benzaldehyde-derived tosylhydrazone
salt was coupled with styrene. Interestingly, when rhodium
acetate was used as the catalyst, similar yields were
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Ar [M] -Na
PTC =~
A“\R2 ArTSN, = AT N Ts
R1
H R?
1 — N,
R H [M}=CHAr
Scheme 14. Transition metal catalyzed cyclopropanation of alkenes by using tosylhydrazone salts.
F LIHMDS, THF, F 0
x> -78°Ctort.
EtO N’N\Ts EtO N
then N-vinylphthalimide
Cl RhQ(OAC)4, BnEt3NC|, Cl O
17 1,4-Dioxane, r.t.
76% yield
15:85 trans:cis H
EtO LN
H H
Cl 16

Scheme 15. Synthetic route into HIV-1 reverse transcriptase inhibitor 16.

achieved, but an opposite diastereoselectivity (23:77
trans:cis) was observed.

A variety of tosylhydrazone salts could be utilized in this
process. Unfortunately, the yields for the p-fluoro- substi-
tuted and p-methoxy- substituted aromatic rings were less
than desirable when rhodium acetate was used as the cata-
lyst. It should be noted that this is not due to the actual
decomposition of the tosylhydrazone salt to form the diazo
compound as these salts have been quite successfully used
in the epoxidation chemistry. Contrary to the epoxidation
chemistry, the moderate yields often obtained in these cy-
clopropanation reactions are due to the lower nucleophilic-
ity of alkenes in comparison with sulfides, which limits the
use of the tosylhydrazone salts in these reactions.

We further demonstrated the utility of the in situ technol-
ogy by applying it towards the synthesis of HIV-1 reverse
transcriptase inhibitor 16 (Scheme 15).14 This urea was
prepared via cyclopropanation of N-vinylphthalimide with
a highly substituted aromatic tosylhydrazone salt generated
from hydrazone 17. The phthalimide unit was then readily
converted in two steps to the desired urea 16. This efficient
synthesis of HIV-1 inhibitor 16 (6 steps, 18% overall yield)
is also notable in that it demonstrates the first direct use of
enamides in cyclopropanation reactions.

The in situ technology was also used to prepare cyclopro-
pane amino acids from dehydroamino acids and tosylhydra-
zone salts (Scheme 16).19 In this system, we found that the
reaction conditions could be varied to favour either the E
or Z isomers. The reaction was Z selective when dehy-
droamino acid 17 was employed in the presence of
CIFeTPP. In contrast, the E isomer was favoured when de-
hydroamino acid 18 was employed and no catalyst was pres-
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ent. The mechanism of the cyclopropane formation of non-
metal-catalyzed reactions was postulated to go by a dia-
stereoselective construction of a pyrazoline followed by ex-
trusion of nitrogen.

The utility of the in situ technology in the synthesis of
cyclopropane amino acids was exemplified in the synthesis
of the dopa decarboxylase inhibitor (*)-(E)-2,3-methano-
m-tyrosine (19) and the natural product ()-coronamic acid
(Scheme 17).19°1 With regards to the former, the cyclopro-
panation step was uncatalyzed and resulted in a 47% yield
and very good diastereoselectivity (96:4 E:Z ratio). The E
cyclopropane was then fully deprotected under acidic con-
ditions providing anti-Parkinson agent 19. The key cyclo-
propanation step involved in the synthesis of coronamic
acid was low yielding (36% yield, 72:28 E:Z ratio) due to
the use of a problematic a,B-unsaturated hydrazone 20 (vide
supra). However, the E isomer could be isolated and easily
converted into the carboxylic acid upon exposure to an at-
mosphere of hydrogen in the presence of Pd(OH), on car-
bon, and then treated with concentrated hydrochloric acid
to provide coronamic acid.

Che’s and Doyle’s research groups have also explored the
use of tosylhydrazone salts for the cyclopropanation of al-
kenes. Che and co-workers utilized a ruthenium-porphyrin
catalyst for the transformation and up to 92% yields and
95:4 trans:cis selectivity could be obtained (Scheme 18).
This is a significant improvement over our catalyst screen-
ing results using similar reaction conditions.[®® Che’s ruthe-
nium catalyst is more efficient than any of the commercially
available catalysts that we screened using similar reaction
conditions. Contrary to the rhodium acetate system, the ru-
thenium porphyrin catalyst failed to provide good dia-
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cose oM PR A come
R NHAc 17 N 18 % RY “NHBoc
Z-selective ClFeTPP BnEtsNCI E-selective
BnEt;NCI R= Ar. vinvl tol, 50 °C
tol, 50 °C SALVIYE 48 h
48 h
Scheme 16. Cyclopropanation of dehydroamino acids by using tosylhydrazone salts.
LIHMDS, THF,
« H 789C i, «NHBOC «NH,
N~ "Ts COszB CO,H
then BnEtzNCI
tol., 40 °C
OTBS NHBOC oTBS
COzPNB 47% yield, 96:4 E:Z
LIHMDS, THF,
SN -78°Ctort \ANHBOC o \ANHZ
XN TS - =X CO,PNB "= CO,H
then BnEtsNCI
20 tol., 40 °C 36% vyield, 72:28 E:Z coronamic acid
NHBOC
CO,PNB

Scheme 17. Synthetic routes into (*)-(£)-2,3-methano-m-tyrosine (19) and (£)-coronamic acid.

H NaOMe, MeOH
N. ’ A\ .Ph
PR SNTs * PhTN Then Rup-CHTPPICO  ph
BnENCI
CeHe, 40 °C, 24 h 92% yield
96:4 E:Z

Scheme 18. Cyclopropanation of styrene-catalyzed Che’s ruthenium catalyst using benzaldehyde-derived tosylhydrazone.

stereoselectivities when N-vinyphthalimide was employed
and the diastereoselectivities were similar to those obtained
with CIFeTPP in our previous studies.[®4

Doyle’s group have also explored the utility of tosylhyd-
razones salts as diazo precursors in the synthesis of cyclo-
propanes possessing an unsaturated substituent.l'® To this
end, they generated the tosylhydrazone salt of cinnamal-
dehyde (21) and treated it with styrene in the presence of a
PTC and a metal catalyst at elevated temperatures
(Scheme 19). The results were disappointing in terms of
yields of cyclopropane 22 as both triene 23 formed by diazo
dimerization and pyrazole 24 produced by electrocycliza-
tion were major side products. Nevertheless, we have dem-
onstrated that unsaturated tosylhydrazone salts can be used
as diazo precursors for the cyclopropanation of dehy-
droamino acids catalyzed by ClIFeTPP.I®]

Applications in the Synthesis of Alkenes via Wittig-Type
Transformations: The metal-catalyzed Wittig olefination of
aldehydes with diazo compounds in the presence of tri-
phenylphosphane was discovered in 1998 by Fujimura and
Honma.??) Diazo compounds are able to generate phos-
phorus ylides from phosphanes in the presence of a transi-
tion metal catalyst via carbene transfer as in the previously
described sulfur ylide mediated reactions. In addition to the
typical problems associated with using diazo compounds,

1488 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

this methodology had additional limitations due to the di-
rect reaction between diazo compounds and phosphanes to
form phosphazines.®”l Thus, the in situ technology is ideal
for this type of Wittig olefination reaction.

Our in situ technology was successful employed in the
Wittig olefination chemistry (Scheme 20).1°?! The iron por-
phyrin complex, CIFeTPP, was found to be the most ef-
ficient catalyst we tested. This is presumably due to the abil-
ity of phosphane to bind and inhibit other carbene-transfer
catalysts such as Rh,(OAc), and Cu(acac),. The base-free
conditions used for generating phosphorus ylides by simple
carbene transfer chemistry encourage us to test phosphites
for the first time in the Wittig reaction. Phosphoranes de-
rived from phosphites had never been used in such chemis-
try due to their propensity to undergo the Arbuzov re-
arrangement under standard Wittig reaction conditions.[®!
Our approach was successful and we were able to obtain
alkenes in good yields. Interestingly, when trimethylphos-
phite was used we were able to obtain significantly better
E/Z selectivity than when triphenylphosphane was used.
Optimization of the reaction conditions resulted in alkene
yields of around 90% for most substrates examined. For
instance, when benzaldehyde-derived tosylhydrazone was
coupled with p-chlorobenzaldehyde, the resulting stilbene
was formed in 92% yield and an E/Z selectivity of 97:3.
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Scheme 19. Doyle’s cyclopropanation results using unsaturated tosylhydrazones.
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Scheme 20. Wittig olefination reaction using phosphoranes generated from tosylhydrazone salts and trimethylphosphite.

The advantage of the tosylhydrazone salt methodology was
further illustrated when we tried this reaction using a solu-
tion of purified phenyldiazomethane. The resulting alkene
was obtained in yield of 30%, with the corresponding stil-
benes (diazo dimer) and phosphazine (Staudinger reaction
product) as the major by-products.

In contrast to our epoxidation chemistry, tosylhydrazone
potassium salts gave the best results in terms of both yields
and selectivity. In addition, as toluene was our optimal sol-
vent, we conveniently changed the PTC from benzyltrieth-
ylammonium chloride to the greasier Aliquat® 336. We ap-
plied our optimal reaction conditions towards the synthesis
of anticancer compound 25 (Scheme 21). Substituted stil-
bene 25 was generated in 75% yield with an E/Z selectivity
of 97:3 leading to the most direct route to this biologically
active molecule.

H tBuOK, toluene
N 0°Cto25°C1h

N~ "Ts
then ArCHO, P(OMe)s,
CiFeTPP, Aliquat 336,
toluene, 40 °C, 48 h

17X

Ar

Ar = 3,5-(Me0),CgHs
Ar' = 4-(MeO)CqH,4

25, 75% yield

OMe

Scheme 21. Synthesis of anticancer agent 25 by using diazo com-
pounds generated in situ.

Zhu and co-workers have also utilized a tosylhydrazone

salt for use in the synthesis of fluorinated E-stilbenes via a
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Wittig-type transformation as exemplified in Scheme 22.1¢]

In their studies, arsines were found to give excellent selectiv-
ity (E/Z = 100:0) and yields (up to 70%) than analogous
phosphanes (trimethylphosphite was not examined). In ad-
dition, rhodium acetate was found to be the most efficient
catalyst whereas CIFeTPP gave only moderate to low yields
of the desired stilbenes.

F Na _
F SN PhCHO, AsPhs
Rhy(OAC)s, BANEt;CI,
F F 1,4-dioxane, 35 °C, 5 h
F 26

70% yield (100:0 E:Z)

Scheme 22. Representative olefination of benzaldehyde using arsen-
ium ylides derived from polyfluorinated tosylhyrazone salts.

Applications in the Homologation of Aldehydes to
Ketones: The majority of studies on the in situ use of tos-
ylhydrazone salts have been focused on the generation of
diazo compounds in the presence of a metal catalyst cap-
able of transferring carbenes. In the absence of such a cata-
lyst, other diazo reactivity can be exploited. For instance,
diazo compounds can react directly with aldehydes to form
ketones. Both the Angle group (Scheme 23)°! and our
group (Scheme 24)P% have applied the in situ technology
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towards this reaction. It should be noted that PTC is not
necessary in this transformation due to the solubility of the
salt under the polar reaction media. Additionally, additives
commonly required for a successful transformation, such as
LiBr, were not necessary.[%]

H

N

“Ts MeOH / MeONa or

EtOH / EtONa
50-65°C,0.75-72h

AI’AN’ o)
5 R)K/Ar
M

R™ H

Scheme 23. Angle’s conditions for the homologation of aldehydes

by using tosylhydrazones.
#\o
+ O

N Na
P SN Ts H
0o
THF / H,0 (9:1) S 0
50°C, 48 h Ph
0

32% yield
91% ee

Scheme 24. Homologation of a chiral aldehyde using benzaldehyde-
derived tosylhydrazone salt.

The Angle group methodology varied from ours in that
they did not isolate the tosylhydrazone salt prior to use
whereas we examined both the in situ generated tosylhydra-
zone and the isolated tosylhydrazone salt. In addition, the
Angle group favoured methanol or ethanol solvents. In con-
trast, we found that 9:1 mixture of THF and water gave the
best results.

Two different studies carried out by both groups did re-
veal the importance of isolating tosylhydrazone salts when
sensitive substrates were used. Both the Angle group and
ours investigated the homologation of enantiomerically
pure glyceraldehyde acetonide with the benzaldehyde-de-
rived tosylhydrazone. With our isolated tosylhydrazone salt,
we were able to obtain a 91% ee for the homologated pro-
duct; however, the Angle group noted complete racemiza-
tion in albeit higher yield (66 %). These results can probably
be attributed to a small amount of excess base present in
Angle’s system, which would readily catalyze the racemiza-
tion process.

a) TsNHNH,,
MeCN, 25°C, 3 h

b) 5M NaOH

+

Ar H

Ar

N

N

P

Applications in the Synthesis of Pyrazoles by 1,3-Dipolar
Cycloadditions: The 1,3-dipolar cycloaddition of diazo com-
pounds onto multiple bonds is one of the most straightfor-
ward methods for the preparation of pyrazoles.”!] We de-
cided to expand the utility of the in situ process towards a
new user-friendly method for the synthesis of pyrazoles
from tosylhydrazone derivatives (Scheme 25). The 1,3-di-
pole reactivity of diazo compounds generated in situ was
tested with the intermolecular reaction of alkynes and al-
kenes bearing a leaving group.’!! For both reactions, we
generated the tosylhydrazone directly from the aldehyde
precursor, treated the resulting solution with a 5 M NaOH
solution, then added the alkyne or alkene to the tosylhydra-
zone salt solution and heated the reaction mixture to 50 °C.
In the former reaction, we utilized either phenylacetylene
or 3-ethynylpyridine as the alkyne in addition to a variety
of different aryl tosylhydrazone salts providing the desired
pyrazoles with excellent regioselectivity (re = 90-99.6%) in
favour of the 3,5-regioisomer. The yields of the reaction
varied from 19 to 67%, depending upon the coupling part-
ners (aldehyde and alkyne). However, these yields could be
increased if the tosylhydrazone salt was isolated prior to
treatment with the alkyne.

N-Vinylimidazole was utilized in the coupling of the tos-
ylhydrazone salts with alkenes. This reaction initially forms
a non-isolable cycloadduct intermediate that loses imida-
zole to form the desired 3-substituted pyrazole product.
Again, moderated to good yields (32-79%) were obtained
for all tosylhydrazone salts investigated. Additionally, if iso-
lated tosylhydrazone salt was used, then greater pyrazole
yields can be obtained.

Synthesis of tert-Butyl Ethers: The in situ technology has
also been applied to the synthesis of fert-butyl ethers.’?! In
protic solvents, diazo compounds can be protonated by a
protic media forming diazonium intermediates, which losses
nitrogen providing a carbocation that can be trapped with
alcohols, such as rBuOH. Chandrasekhar and co-workers
expanded this reaction and generated a wide range of tert-

H
J x N'N‘T tBuOK, BuOH J OJ<
S rr——————— e e B
/ reflux, 4 h (f
S S

82% yield

Scheme 26. Chandrasekhar’s synthesis of fert-butyl ethers using
tosylhydrazone salts.

N—NH
Cy AF/&/\Ar1
50°C,48h
C)\>
ZONN N—NH

Scheme 25. Synthesis of pyrazoles using diazo compounds generated in situ.
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butyl ethers in good yields by treating tosylhydrazones with
tBuOK in refluxing tBuOH (Scheme 26).

Summary and Outlook

The in situ generation of diazo compounds from tosylhy-
drazone salts is a safe alternative for the use of diazo com-
pounds in synthesis. This safer way of handling diazo com-
pounds has several advantages in addition to the obvious
safety benefit. Firstly, the tosylhydrazone salts can be pre-
pared well in advance and on fairly large scales, negating
the need to prepare the diazo compound just prior to use.
Secondly, the number of tosylhydrazone salts, and the re-
sulting diazo compounds, is immense and diazo chemistry
is no longer limited to electron-poor substituted diazo com-
pounds. Finally, this process is user friendly as it forgoes
the use of syringe pumps which are necessary for the slow
addition of diazo solutions. Factors influencing the decom-
position pathway of the tosylhydrazone salt have been de-
termined, as well as factors controlling their stability. Our
group and others have demonstrated that this methodology
can be utilized in the synthesis of a wide variety of sub-
strates, including several natural products and medicinally
relevant compounds. We are currently working on de-
termining the scalability of this process and have obtained
several good results towards that end.
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