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1. INTRODUCTION

Extrusion reactions have until recently not been recognized as having wide application in
organic synthesis. While the exﬁusion process was often tﬁeoretioélly interesting, in many cases
the required intermediates for such extrusions were not readily available. This significantly limited
the preparative utility of these feactions. Recent advances ih organosulfur, organoselenium and
organotellurium chemistry have overcome many of these obstacles. Applying new methods novel
substrates for extrusion reactions are much more readily available. The synthesis of a vériety of
complex moleéulés is now possible using extrusions. These reactions have proved to be especially
useful in the preparation of extremely strained organic molecules previously unattainable when
using standard synthetic procedures. This review will attempt to summarize recent applications of
extrusion reactions of organic sulfur, selenium and tellurium compounds in organic synthesis,
concentratlng on non-traditional preparations of strained organic molecules.

Extrusion reactions have been defined as reactions in which an atom or molecular fragment

Y connected to two other atoms X and Z is lost from a molecule, leading to a product in which X is
6241
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directly bonded t0 2.} In general the substrate is a cyclic organic molecule, and the extruded
fragment is a very stable inomanic species. The reaction is most often induced thermally or
photochemically. A number of classes of extrusion reactions have been excellently surveyed in a
monograph by Stark and Duke.?

X—Y—2Z — X~—7

Direct removal of such an extrudable group from acyclic systems, although not unknown, is
less common because of the lowered likelthood of evemuél bonding between the remaining atoms
X and Z. Note that in general, in cases where acyclic products are formed — for example in the
Ramberg—Backiund and related reactions — cyclic structures are, in fact, intermediates in the
reaction. Cheletropic reactions involving formation of a conjugated x éystem via loss of a stable
fragment are sometimes also ciassed as extrusion reactions (Scheme 1).3

S == M

A number of atoms or groups can be chosen for Y in extrusion reactions. For related
substrates with similar extrusion mechanisms, Stark and Duke empirically ranked the ease of

extrusion of a number of inorganic species as follows:

Paine and Warkentin subsequently confirmed these observations quantitatively based on
thermodynamic considerations.*

Despite these results sulfur species prove to be very amenable to extrusion. While the ease
of extrusion of these species is clearly not so great as that reported for molecular nitrogen, the
numerous methods available for the preparation of sulfur containing substrates make such
molecules extremely useful precursors for extrusions. The selenium analogues of such molecules
until recently have been less-widely studied than the corresponding sulfur compounds (and the

tellurium compounds even less so). As expected selenium and tellurium systems normally exhibit
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closely related chemistry, however selenium or teliurium substitution often requires milder
conditions for the desired extrusions. Higher yields and therefore greater synthetic applicability
often are a result of such substitutions.

A wide variety of new synthetically useful extrusion reactions utilizing sulfur, selenium and
tellurium — containing moloculeé as substrates have been reported since the Stark and Duke
review. We have limited our survey to those reactions that follow the previously described
definitions for extrusion reactions, and which dlso appear to have real synthetic utility. We do not
attempt to discuss the complex extrusion chemistry of polysulfides or polyselenides, nor will we
cover reactions in which a reactive intermediate obtained by an extrusion is trapped in a further
intermolecular reaction. The reactions are classified based on the extruded groups. In addition we
will indicate how those reactions have been applied to functional group preparations. Finalty we
will give a detalled report on applications of twofold extrusions in the synthesis of extremely

sterically hindered molecules.

Probably the most synthetically useful sulfur-based extrusion reaction is the Ramberg-
Backlund reaction. This involves the treatment of an a-halo sulfone with base to afford an olefin.
The mechanism of this reaction involves the formation of an episulfone intermediate followed by
elimination of sulfur dioxide (Scheme 2). The standard procedure has been used in the
preparation of a vanety of strained organic molecules, for example in the synithesis of the
bicyclooctene 1 (Scheme 3).5 This reaction has been extensively reviewed 67 and some recent
applications of these reactions have been collected.®?

Scheme 2

base 7N\

R—CH, CH—R ———= R—CH CH —R
8N
N Nai N Lo

-S0,
R—CH==CH —R

R—CH— CH —R
/
SO,
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Scheme 3

Br

There are a number of interesting variants on the standard Ramberg-Backlund procedure.
One such method has been utilized by Bochi for the synthesis of polyclefins from allylic alcohols.'®
Treatment of an allylic aicoho! with sulfide 2 affords sulfinate derivative 4 which can be converted to
the corresponding sulfone 5 thermally or via catalysis. The diallylic sulfoxylate 3 is a probable
intermediate in this reaction (Scheme 4). Treatment of the resulting sulfone with carban
tetrachloride - potassium hydroxide'! led to the desired Rambarg-Backlund transformation affording

the polyene. Vitamin A has also been converted to B-carotene using this reaction sequence.

Scheme 4

N==N ,Nng

N N

ook

3

-0 >_\/\ _/-=<
80, s—0
2 5
5 4
Treatment of cyclic sulfones with n-butyl lithium followed by addition of lithium aluminum
hydride leads to a ring contraction with concomitant formation of a carbon-carbon double bond.
This process may involve rearrangement to an intermediate sulfinate followed by reductive
elimination affording the olefin. In non-hindered cases reduction to the sulfide is a competing side-
reaction. This method has been utilized for the efficient synthesis of a variety of complex

cyclobutene derivatives such as 6 (Scheme 5).12-'4 In a related reaction oxidation of suffony! 1,3

dianions with Cu(ll) salts also affords alkenes, presumably via a thiirane dioxide intermediate.'s

Scheme 5
CH, CHj
N 1) n-Bull \
SO, N CHy
. 2) UAH,,
dioxane 6
CH, A

72%
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Other preparations of alkenes via loss of sulfur dioxide are reported in Section 4.2,
2.2 Alkyne Praparations:

The reaction of a, a-dihalo sulfones with excess base.affords isolable thilrene-1,1-dloxides 7
which can be thermally decomposed to the corresponding acetylenes (Scheme 6).'¢ In a related
reaction a, a-dichlorobenzy! sulfides can be converted to acetylenes upon treatment with base and
triphenylphosphine, again presumably via a thiirene intermediate. 718

Scheme 6

1. Triethylene diamine,

ArCH2S0,CClLAr A L. ac=ca
2. H0

Thermal and phqtochémieal extrusions of sulfur dloxlde‘hairo proved to be very useful in a
variety of carbon - carbon sifigle bond forming reactions. The thermal extrusion of sulfur dioxide
from the bicyclic sulfone 8, essentially under flash vacuum thermolysis conditions, provided a
convenient route to bicyclooctane 9 (Scheme 7).5 Similarty pyrolysis of the thietane S,S-dioxide
10 led to efficient formation of the cyelopropane mixture 11 and 12 (Schgmo 8).19

Scheme 7 .
. H _

-S0, 5
8 H
9

50 %

Scheme 8
OCH;,
a0° +
SOz _so2 X CHS 12 CH3
CH. § ‘o
* 10 cHY 44 CHy 2%
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The thermal extrusion of benzylic substituted sulfur dioxide was initially developed by Cava
as a synthetic route to a variety of benzocyclobutene derivatives (Scheme 9).2° Flash vacuum
thermolysis of these derivatives provided a powerful method for the preparation of extremely
strained benzocycldbutenes such as 13 (Scheme 10).2' This method subsequently found wide
application in cyclophane and related syntheses.22-24 -

Scheme 9
mo
67 %
Scheme 10
. . |
: 13 v
47 %

Photoextrusion of sulfur dioxide as a synthetically useful route to carbon-carbon slnglé bonds
was also pioneered by Cava and coworkers.25 Irradiation of sulfone 14 afforded the benzocyclo-
butene 15 (Scheme 11). Under the attempted conditions required for thermal sulfur dioxide
extrusion, the desired benzocyclobutene underwént further thermal reactions preventing its

isolation.

Scheme 11
Ph
hy Ph
SO,
-S0, “, .
Ph
14 PP 1s

13%

Photoextrusion in many cases is milder than thermal extrusion and has found wide
applicability in [2.2]cyclophane synthesis (Scheme 12) 2632 Ag axpected, only dibenzylic sultones
undergo this reaction.32 Some recent applications of this reaction include the preparation
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Scheme 12

of [2.2] (2,7) anthracenophan 16 32 and the preparation of a'key intermediate in the synthesis of

¢
90

16

"kekulene."34

Flash vacuum pyrolysis of the cyclic sulfone 17 and cyclic sulfinates 19 and 21 afforded

excellent yields of the corresponding extrusion products 18, 20 and 22 (Scheme13).35

Scheme 13
(o] o] '
N/ [ v
FVT 600 °
0.01 Tor +
17 18 18%
72% )
(o]
[
oS
FVT 500 °
0.05 Torr
19 20
quantitative
(o]
I
O0O——sS
FVT 700°
0.05 Torr +
21 22

10% . .
90%
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Photochemical extrusion of sulfur dioxide from a y-sultine 23 is also a key step in the conversion of
epoxides to cyclopropanas (Scheme 14).3¢ Only those sultines with an aryl group « to the ring

oxygen undergo the desired extrusion.

Scheme 14
0

o) l O\
‘cﬁ—\cu © 1) +-BUSCHGHg Ph S==0
/ 2 2)NCS

Ph
23 CHy
84%
/ hv
—S0,

Sulfur dioxide extrusion via flash vacuum thermolysis was a key step in the preparation of
metal-complexed cyclobutadiens 24 (Scheme 15).37

Scheme 15

mo

| SO ICDI
FVT !
I
[

o

Thermal and photochemical sulfur dioxide extruiions have also been used in the prepara-
tions ot B-lactams (Scheme 16) 32 and also in the stereospecific conversion of 2-thiacephems to

penems (Scheme 17).39



Extrusion reactions of organic S, Se and Te compounds 6249

Scheme 16
N 4 CHy  Pn
CHy, .S_ Ph )
hv or A CHy H
CHy N\ H — S0, ’-—N\
o} 0
CH, CHy
N 4
“, CH Ph CH H
CHiy .S 4P y \_/ \
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\ 4 \ 4
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Scheme 17
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/ i__‘/s
/—N / CHy
o]
CO,CHy
65 % overal

The thermal and photochemical extrusions of sulfur dioxide from Cyclic systems leading to
polyengs have proved to be a synthetically useful reaction in many cases. For example, the
thermolyses of the sulfoienes 25 and 28 proceeds in a stereospedific manner, affording products of
disrotatory ring opening in greater than 99.9% stereochemical purity 404! The photochemical
process is not completely stereospecific, but favors a conrotatory ring opening as predicted by
Woodward-Hoffmann rules (Scheme 18).42
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Scheme 18

I Y Vg
CH;, A

S0, |
LK/\/‘*‘/\/\/
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+ NN
0%
& k/\/
PO YN
SO,
“CH, hv
26 \ P Y Vgl K/\/
 80% 25%
+ X
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A number of excellent applications for this reaction in synthesis have been reported,
including the separation of the 9-cfs and trans isomers of the red bollworm moth pheromone.
Sulfur dioxide adds only to the trans diene 27 which can then be separated and regenerated upon
pyrolysis (Scheme 19).43

Scheme 19

=" NN o

$O;
~20°
/\/\/\/\/\/\OAC B
27
80,
+ unreacted cis -diene
A
|

trans -diene (> 99 % purity)
27
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Alkylations of sulfolenes foliowed by thermat extrusion of sulfur dioxide provided convenient
routes to 1,3,5-trienes (Scheme 20) 44 and polyenes (Scheme 21).45 These extrusion reactions
are reported to be promoted by fithium aluminum hydride.*8

Scheme 20
T 40-%0° CsH
CSH” /\/\==/ s
S0, 91%
Scheme 21
_ 1. LIN(SiMey),
2.

Sulfolene formation has also. bean used as.a method for the protection of the s-cis diene
portion of vitamin D derivatives. it should be noted hov}low)er thé} tﬁermotysis of 28 afforded 28 in
high yield in apparent violation of orbital symmetry rules (Scheme 22).4748 Biock has
summarized a variety.of related chaletropic reactions.4? |

Scheme 22
CaHrr CgHy7
NaHCO3
EtOH
HQ.‘. %°
SO HOOC(CH)s
H {(CHZ),COOH OH
28 29

77%
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2.5 Suthir Monnxida Extrusians

Although synthetically useful extrusion reactions of sulfur dioxide-are-quita common, the
direct loss of sulfur monoxide in an extrusion is much less common.5® This is perhaps surprising in
view of the previously mentioned extrudability scales for sulfur species. One interestihg'synthetic
application of sulfur monoxide extrusion involves the conversion of 1,2,6-thiadiazene S-oxides 30
to pyrazoles 31 (Scheme 23).5' The procedure can also be carried out using sulfur dichloride,
with sultur extrusion, however no extrusion of sulfur dioxide was noted upon thermolysis of the

corresponding thiadiazene S-dioxides even under forcing conditions.52
Scheme 23

The pyrolytic extrusions of elemental sulfur from phenothiazine 32, thianthrene 33 and cyclic
disulfide 34 are some early examples of the preparative use of extrusion reactions (Seheme 24).
The driving force for such reactions is the increase in the aromatic character of the product
heterocycles.5358 Much of the early work in this area has been reviewed by Stark and Duke.5?

Scheme 24
OO0 = O
X | 4 X
32 X=NH
33 X=S
8 s
S-S
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In many other direct sulfur extrusions episuifides have been postuiated as intermediates. For
example, 4,5-benzothiepin derivatives 35 rapidly extrude sulfur under mikd conditions (Scheme
25).6962 The dibenzothiepins also extrude sulfur affording the corresponding phenanthrenes,
although at significantly higher temperatures.®® The extrusion of sulfur from the thiazepin system
has been studied in detail, and thé results were also consistent with an apisulfide intermediate in

this reaction.54

Scheme 25

35

Extrusion of sulfur from the 1,4-dithiin system 36 has been extensively studied. (Scheme
26).55 The reglochemical preferences in this reaction have also been recently reported.¢ This and
related chemistry have also been adequately reviewed.5® A number of othér interesting applications
of sulfur extrusion in-ring contractiort leading to novet heterocycles have aisd been recently
reported,®7.88 including, for example, that indicated in Scheme 27.%9

Scheme 26 . —_
H . 4Ph
IS I Ph A \' S \’
Ph” S" "NO, Ph f NO,
36
I s
H Ph
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Scheme 27
N
| e PhN== ,NPh Ph,
c N/ . N—N
-+ s> — ELN Y—npn
I =S
Me Me

A number of clever synthetic procedures have been devised in which in situ generated
episulfides are desulfurized generating carbon-carbon bonds. Eschenmoser has used sulfur
extrusion from in situ generated episulfides in a number of particularly usefu! transformations.
Enolizabla B-dicarbony! systems can be prepared in a two step alkylative-extrusion procedure.
Treatment of the thiocarboxylate with an a-haloketone atfords a f-keto thicester 37. Treatment ot
this compound with a tertiary phosphine at elevated temperatures affords the carresponding p-
diketone in excellent yield (Scheme 28). 70 A similar reaction has been reported using the
corresponding selenocarboxylates,”!

Scheme 28
(H) ﬁ Et3N / Et,0 ? (H)
/\/C\sH + . Ber\/ /\/C\s . ,C\/
37
KO t- amyl
PhyP, 70°
©)
. K~. /K'l,
/\/@J\/ == /\/(I)>)o\/
. S
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A related sulfur extrusion could be utifized for the preparation of secondary vinylogous
amides 38 (Scheme 29).72 This procedure was used by Eschenmoser as a key step in the
synthesis of corrins, including the cobyrinic acid portion of vitamin B,,.7273 Ketamidines have been

prepared using an analogous extrusion.”™

Scheme 29 '
Br
H ; . H
N SH N S N .
v = T O
i
‘ (o]
P , ether
B (o]
© j (EtO)sP
(o]

| Br
H
o SO e | P
Al J

Ancther type of direct sulfur extrusion reaction has been applied in an elegant synthesis of
corroles and related compounds. Grigg and coworkers recognized that a disrotatory electrocyclic
reaction of a cyclic sulfide with (4n+2) x electrons could be used in complex macracycle formation
(Scheme 30). |

Scheme 30

cvit X

Treatment of sulfide 39 with diacid 40 in the presente of hydrogen bremide- directly afforded
macrocycle 43. Presumably the intially formed thidmiasrocycle 41 is converted-to episitfide 42 in
the péricycic prodess. ' Direct thermval foas of sulur then leads to the desired macidcycles
(Scheite 3T).  Hewting the isolatéd mgsd-thiaplilerin 44 with: Mphenylphasphlno also atforded
corrole 45 in good yield (Scheme 32).75 e
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Scheme 31
OHC/O\S/(OB\ CHO
39 HBr
+ - Coz
HOC N N COzH
H 4 " |
-8
43 - 42 -
Scheme 32
CHy CH, cl
. S _ cl
0,E
Et0,C NH HN CQEt
N reflux
CHg NH CH, -
PhsP
Et Et

44

Photolysis of-dialkylsulfides in the presence of a tertiary phosphine was shown by Corey and
Block to lead to sultur extrusion and carbon-carbon bond formation (Scheme 33). The
mechanism for this transformation involves cleavage of a carbon sulfur bond and farmation .of alkyl
and thiyl radicals. The latter are desulfurized with the phosphine and radical recombination -affords
the desired carbon-carbon bond.5
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Scheme 33
hv
@ (CeH170)0P <I> + O
21% 21%
hv
- /\/\/
NN PP
38%

The method has proved to be quite useful in the preparation of cyclophane derivatives,
especially in cases where oxidation to the sulfone would be difficult (Scheme 34).7¢ A great

variety of related transformations have been reported.?7-80

Scheme 34

CHy
CHy

@

I I ‘ (MeO);P O
ot CH,

85%

Thermal and photochemical extrusions of selenium from selenides have also been used in
cyclophane synthesis (Scheme 35).81.82 |t is claimed that photodeselenation is the method of
choice for extrusion based synthesis of cyclophanes. The metacyclophane 48 could be obtained in
excellent yield using the photodeselenenation (Scheme 36).82 Flagh vacuum thermolysis
aftorded 48 in only 8% yiekd while Stevens rearrangement followed by Raney nickel treatment led
to a 49% yield of the cyclophane.8!

Scheme 35

N h
Se Se M

L—O—J . HCHa):NIP

25%
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Scheme 36

Se

46
93 %

Photochemical extrusion of selenium or suifur from bis-9-anthryl selenide and also from the
corresponding sulfide a.orded the interesting lepidopterene 47.83

While benzylic sulfides are moderately stabie thermally, benzylic selenides and tellurides
upon thermolysis afford 1,2-diarylethanes with extrusion of selenium or tellurium.83-88 Simitar
extrusions have been noted for the corresponding diselenides and ditellurides.®384.87 Thermal

tellurium extruslon has been used in a convenient preparation of p_enzocyctobutenes 48 (Scheme
37).08

Scheme 37

: 500°C '
° VT
48
74%

Thermal extrusion of elemental tellurium from the cyclic teliuride 49 has aiso been reported
to yield the fluxionally mobile bicyctic diene 50 (Scheme 38).2° The corresponding sulfide is

stable at 200 °C. for 16 hrs. The selenium analogue upon prolonged hé‘ating decomposes to
ethylbenzene and o-xylene.®
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Scheme 38

= Q=0
49 50

Coupling of allylic hatides via thermal tellurium extrusion from in sit generated tellurides is

reported to proceed in high yield (Scheme 39).%' The reaction appears to proceed via radical
coupling. The corresponding selenides are réponed to be stable under the required reaction

conditions. Scheme 39

86 %
3.5 Metal and Qrganometallic Promoted Extrugions

Another synthatically useful selenium and tellurium based extrusion reaction involves
conversion of diary! selenides and diaryl tellurides to the corresponding biaryls by their treatment
with Raney nickel.®29% The tellurium reaction is especially useful since the desired telluride
intermediates can be generated in situ by reduction of the corresponding readily available
tellurium halides (Scheme 40).94

Scheme 40

60-80°
CHy0 +  TeCl CHy0 TeCly
- o
' Degassed o
] RaNi |
cl

84-90%
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Raney Nickel is reported to convert the spirothietanes such as 51 to the ‘corresponding cycio-
propanes in moderate yield (Scheme 41).95

Scheme 41
S Ph
Ph I
N—CHg Raney Nickel
/ .
°N
51 ©

Trost and coworkers reported that treatment of thietanonium sait 52 with n-butyl lithium leads
to extrusion of a sulfide affording the cyclopropane ring stereospecifically (Scheme 42).96 A
related sulfide extrusion has been used to convert mintsulfide 53 and its isomer to a mixture of 54

and tricyclic cyclobutane 55 stereoselectively (Scheme 43).97

Scheme 42

BuLi
— BuSCH;
Ry
B s R,
CHs

Meli +

54 55
43% ' 29%



Desulfurization of episuifides provides a convenient route to carbon-carbon double bonds. A
number of previously dascﬂbed synthetic methods utiized sulfur nucleophilicity as a fouts to
carbon-carbon single bond formation (see Schemes 28, 28). In a number of other cases thio-
carbony! nucleophilicity has been utilized in carbon-carbon double bond formation. Thiocarbonyl
groups can be easily alkylated using a-halocarbonyl compounds. Intramolecuiar episulfide
formation followed by sulfur extrusion provides a convanient routs to carbon-carbon double bond
formation (Scheme 44)%, (Scheme 45)% (Scheme 46)'°C. A variety of similar transformations
using alkylation-extrusion procedures have also been reported, 0119 including introduction of

Extrusion reactions of organic S, Se and Te compounds

3.8 Multiple Bond Formation

carbon substituents into nucleosidas using this method, %4

Scheme 44

HNT S

Schama 45

CH,3

CH—C

= NH
O o]
| - — . I
SCH,CPh N
H

626}
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NP _cozE HoN COLE
c —_— >T A
HC
9 + —~on a7 Ns” “on
Br
L
PhsP
V4
HoN_ _CO.E
Y

A variant of the Ramberg-Backlund reaction involves using a-halo sulfides 58 as
intermediates. Treatment with base and triphenylphosphine in refluxing tetrahydrofuran affords

alkenes, presumably via a thiirane intermediate (Scheme 47).19¢

Scheme 47
t+BuO K*
ArCHSCHAr , ~  ArCH ==CHAr
| PhaP
Cl 56
4, Twofold Extrusion Reactions

reaction are quite aw:eptable. yields of trisubstituted olefins are lower. Yields of tetrasubstituted
olefins are very low or often go unreported. While elimination reactions often provide high yields of
sterically hindered alkenes, the highly substituted substrates for such eliminations are often difficult
to prepare. A new strategy, that of twofold extrusion, was developed in order to prepare and
investigate the praperties of extremely hindered alkenes.

The twofold extrusion reaction has been extensively utilized in the preparation of sterically
hindered olefins. This method was independently developed by Barton and Keilogg and involves
preparation of species such as A. The rationale for the process is the fact that intermolecular
reactions are much more influenced by steﬁc hindrance than intramolecular processes.

Construction of a molecule such as A would keep steric interactions to a minimum in the

intarmolgcular sten. Consecutive extrusions of X and Y in subsequent reactions would lead 1o th

introduction of the sterically strained double bond into B (Scheme 48).
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QAP v AR
O/\/\O oo

An example of an early twofold extrusion process involves the flash vacuum thermolysis of
thietan-3-one-1,1-dioxide 57 which extrudes sulfur dioxide-and carbon monoxide at over 900 °C to
afford 2-methylpropene (Scheme 49).°% Similarly, the 1,3-dithietan-1,1-dioxide derivative 58
extrydes suliur digxide at 600 °C 10 afford the corresponding thilrane (Scheme 30),197 which in
theory could be daesulfurized to the correspanding akene, for example by using a tertiary
phosphine.

Scheme 49

o)

> I

SO,
- 87

Scheme 50

XX = X

Barton and coworkers initially investigated oxathiolan-5-ones 59 as potential substrates for
the twofold extrusion reaction.'%8.1% Ary| substituted oxathiolanones could be easily prepared by
the acid-catalyzed condensation of thiobenzilic add with aldehydes and ketones. Pyrolysis of these
compounds in the presence of a tertiary phosphlﬁe led to extrusion of carbon dioxide followed by
desulfurization affording the corresponding alkenes (Scheme 51). in the absence of tortiary
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Scheme 51

A : " Ph R

Ph. s R
Ph>S_2<Fr [(CH3CHZ)sN]3P _ pn: :R'
0 .

al -Co,
[(CH3CH2)aN]3P
A
Ph :S: R
PR° R

phosphine, thiiranes were dbtained. The reaction could be used to prepare highly hindered

alkenés, however aryl substitution was necessary for efficient extrusion of carbon didxide. Pyrolysis
of oxathiolanone 60 without ary! substitution led only to decarboxylative elimination (Scheme 52).
Increased ary! substitutiorr on the oxathiolanone led to extnision of carbon dioxide at a lowered

temperature.
Scheme 52
S
O — O] — O
o CO,H
o O,
60

The 1,3,+thiadiaionhe system independently investigated by Barton'08.1% angd
Ketiogg'1%!1! proved to be particularly useful for the synthesis of a variety of sterically hindered
alkenes. Treatment of cyclohexanone with hydrazine hydrate and hydrogen sulfide followed by
oxidation of the intermediate thiadiazolidine 61 afforded the desired thiadiazoline 62. Pyrolysis of
this compound at 100 °C afforded the thiirane. If the pyrolysis was carried out.in the presence of a
tertiary phosphine, bis-cyclohexylidene was obtained in high yieid (Scheme 53).109.110

Scheme 53
B
e OO 2 OO
L e _d
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62 95 %
heat heat
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Similar results were obtained by Kellogg and coworkers who also investigated the
mechanism of this reaction. They showed that the thermolysis of thiadiazolines involved a
stereospecific conrotatory ring closure of a resondnce stabilized thiocarbonyt ylide intermediate 83
formed upon extrusion of molecular nitrogen (Scheme 54).11:112 The rasulting thiiranes could be

"é-ﬁf' ‘&_h‘f “=-ﬁ-=lm*n =“#ﬁii% b momeod Akl ome | lalee dhola cmcdbead
both cis- and trans 1,2-di-tert-butylethylene could be readily prepared (Scheme &5).'!! A variety

of other sterically hindered alkenes could be prepared using this method including compounds 64-

67.113-117
Scheme 54
+ +
PNz SN\ T /N
R,C CR; R,C CRy’ RL CR;
53 e
/7 S\ -— -7 N\t o
RLC CR; R.C CR;
Scheme 55
N=N H
9% end
W S 4 X
N=N H X
- C=C
H s H/ Ny
64 (ref. 113) 85 (ref. 114)

68 (ref. 117) 67 (ref. 116,117)
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it should be noted that thermolysis of relatively non-hindered thiadiazolines leads to low
yields of thiiranes or olefins. -For exampte, tri-substituted olefins 68 and 89 couid be obtained from
the corresponding thiadiazolines in yields of only 10 and 13% respectively.\!8

\r\/\rv\/w/\/\/\)\/\/\/

Relatively non-hindered 1,3,4-thiadiazolines such as the spiro-bis-cyclohexyl derivative can
be readily prepared by the direct addition of hydrbgen sulfide to an azine. Oxidation of‘the resulting
thiadiazolidine using lead tetraacetate or diethyl azodicarboxylate affords the desired thiadiazoline.
With increased steric hindrance the thiadiazolidine is unstabie reiative to hydrogen sulfide and
azine. In cases such as the di-tert-butyl derivatives addition of hydrogen sulfide to the azine had to
be carried out under pressure. The resulting extremely unstable thiadiazolidines also had to be
quickly oxidized to the more stable thiadiazolines.11?

An alternative route for converting azines to the required thiadiazolines without the
intermediacy of thiadiazolidines was subsequently devised by Kellogg and inwolved "oxidizing" the
azine with chlorine to the dichloroazoalkane 70 prior to hydrogen sulfide addition. The desired
thiadiazolines were obtained in 60-100% yield using this method (Schemie 56).119

Scheme 56

O
An alternative route to the thiadiazoline ring system had long been known.'2%12! Staudinger
showed that addition of diphenyidiazomethane to thiobenzophendne rapidly occurred at fow
temperatures with nitrogen extrusion affording tetra.phenylthiirane.h (Scho_mo 57). He proposed

a 1,2,3-thiadiazoline intermediate for this reaction.'?® The reaction of diazoalkanes with sulfur was
also known to afford episuifides, presumably through thione and thiadiazofine intermediates.'22
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Schems 37
Ph Ph g
\ \ -N, Ph Ph
C=S + C=N, . >£A<
Ph” ph” . Ph Ph

71

A number of other investigators indicated that the reactions of thiones with diazo compounds
could lead to both 1,2,3- and 1,3,4-thiadiazoline intermediates.'2-128 Thermolysis of these
compounds afforded episulfides which could be dasulfurized to the corresponding olefins using
triphenylphosphine. They however failed to adapt this reaction to the synthesis of extremely
sterically hindered alkenes. . »

Barton and coworkers subsequently investigated the cycloadditions. of sterically hindered
thiones with sterically hindered diazoalkanes. This reaction provided a very facile method for the
preparation of extremely sterically hindered thiadiazolines which could be easily converted to the
corresponding alkenes (Scheme 58).'27 For example, treatment of thiocamphor 72 or thio-

fenchone 74 with diphenyidiazomethane followed by addition of triphenylphosphine in refluxing

Scheme 58
@) N==N
Nems b e —— SIS
o o
heat ,
"N
Q /O ReP O\ /s\ /O

c——=¢C

\c=c
J o J o

tetrahydrofuran afforded the corresponding diphenylmethylene desivatives 73 and 75 in excellent
yield (Scheme 58).

Scheme 59

Ph .- Ph
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This method of thiadiazoline preparation can be especially useful because the stability of
both the thiones and diazoalkanes increases with increasing steric hindrance.'28.129 The diazo
component in the reaction coulid also be generated in situ from the corresponding tosyl hydrazone
or upon thermolysis of the phosphoranylidene hydrazone derivative. In the latter reaction, the
phosphoranylidene hydrazone reagent also generates the required tertiary phosphine necessary
for episulfide desulfurization.12®

As previously described, in the reactions of moderately hindered thiones with diazomethane,
mixtures of 1,3,4-thiadiazolines and the corresponding 1,2,3-isomers were obtained. 124130 The
nature of the thiadiazoline intermediate-involved in the twofold extrusién reaction was determined to
be the less hindered 1,3,4-thiadiazoline. Treatment of di-tert-butyi thione with diphenyidiazo-
methane afforded the same thiadiazollne as that obtained: upon treatment of thiobenzophenone
with di-tert-butyldiazomethane {Scheme 60). This could only be possible if the intermediate was
in fact the symmetrical 1,3,4-thiadiazoline 76.127

Scheme 60

Ph .
><c-s + >C=N2 ~

Ph

X
S Ph
>>(<C'-Nz + Ph>c_s — 76
A Ph .

The conversion of thiadiazoline to olefin proceeded without difficulty in most cases. Nitrogen
and sulfur extrusion via thermolysis of 76 in the presence of triphenylphosphine afforded the
extremely hindered 1,1-di-tert-butyl-2,2-diphenylethylene 77 in good yield. The even more -
hindered di-tert-butylmethylene camphane 78 could similarly be prepared from di-tert-
butyldiazomethane and thiocamphor, however the more reactive tri-h-butjlphosbhine was

necessary for desulfurization.1?”

s X

><c=c : c. -
X Nen | ><

77 78
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As expected phenyl substitution of the thiadiazoline ring greatly increases the ease with
which nitrogen can be thermally extruded. The diphenyl substituted thiadkazoline 79 rapidly loses
nitrogen in refluxing tetrahydrofuran to afford the desired apisulfide. Hiridgred alky! substituted thia-
diazolines are significantly more thermally stable than the aryl derivatives. For example the di-tert-
butyl derivative 80 is thermally stable up to its melting point,141 °C.134

D e

There are some significant steric limitations to the thiadiazoline method. The attempted
synthesis of the extremely steriéalry hindered tetra-tertbutylethylene 81 failed. Nq réaction
between di-tert-butyl thione and di-tertbutykliazomethane was observed even under forcing
conditions of temperature or pressure.'2” This suggests that either the desired thiadiazoline failed to
form or that retrodyclization of the thiadiazoiine occured in preference to nitrogen extrusion.
Retrocyclization can be a major limitation in thiadiazoline thermolyses. In comrasi to the previously
mentioned successful preparation of di-fertbutyimethylens camphane 81, when thidfenchone was
treated with di-tert-butyidiazomethane and the mixture heated to réfiux in tetrahydréfuran, the only
identifiable product was di-tert-butyl thione (Scheme 61). Apparently retrocyclization of the
intermediate thiadiazoline is favored over nitrogen extrusion in this extremaly hindered case.'2?

Scheme 61

I -
Nﬁ~>%<<
O

Despite thess limitations the reactions of sterically ﬁinderéd diazoalkanes with thiones have

proved to be very useful in the synthesis of a variety of extremely sterically hindered olefins, among
them, compounds 82 - 87.

6269
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ge

82 (ref. 132) 83 (ref. 133)

84 (ref. 134)
88 (ref. 135) 86 (ref. 135) 87 (ref. 135)

Photolysis of the sterically hindered thiadiazolines led to extrusion of sulfur with formation of
the corresponding azine (Scheme 62).'%%.110 While this result would seem at first surprising, it
appears that the sulfur extrusion occurs because no symmetry allowed pathway for nitrogen
extrusion exists. in the case of the thiadiazoline ring system.110

Scheme 62
=N R "
RN R hv \ A
>k — C m=N ~=— Nme= C

The 1,3,4-thiadiazoline system could be oxicized to the corresponding S-oxide or S,S-
dioxide derivatives 88 and 89, however pyrolysis of these materials led to only poor yields of the

olefin,109
N==N N=N

YN "L X
R S R R S R
L o
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Reaction of sulfines with sterically hindered diazoakanes aiso afforded the thiediazoline .
oxide derivatives in-a number of cases.'-137 in most cases, complete retrecyciization of the
thiadiazoline 0xide was obsarved upon thermolysie.’’2 Photolyses of these dertvatives again ted to
the azines.%? it is perhaps worth noting that the sulfines are significantly’less reactive than thiones
in cycloadditions with hindered diazoalkanes.!3!

In a number of cases the reaction of a sulfine with a diazoalkkane is reported to directly afford
an episulfoxide (Scheme 63).138139 |t ig noteworthy that in these cases no intermediate thiadia-
2oline oxide could be isolated from the reactions and nitrogen extrusion occurred spontaneously.

Scheme 63 ﬁ?
- PhSOz, S, ,CHs
CH,
N ' CHa
/0 + C=N, —
c=s? CHyY
3%,
PhSOJ (epimeric
mixture)

It has been suggested that such reactions take place via a stepwise mechanism such as that
indicated in Scheme 64,740

Scheme 64

Al'\ | + -
c=S N=N—TC
/ o + Rz

r

0
! 5 i,
S - ' Cé C/N-_—

~
Arzc/ CR,

Thiadiazoline S,S-dioxides 89 have also been considéred as potential twofold extrusion
substrates. Oxidation of a thiiadiazoline S-oxide affords an isolable thiadiazoline-S,S-dioxide,
however pyrolysis of the dioxide affords the corresponding oléefin only in low yield. Photolysis of the
thiadiazofine dioxide again atfords the azine.'™

fmadlazoune S,S-dioxides 89 have also been postulated as intermediates in the
Staudinger-Pfenninger reaction.'#! In this reaction a diazoakane Is treated with sulfur dioxide
afforcing often in excelient yield the comresponding episulfones. These can be thermally converted
to symmetrical olefins with extrusion of sulfur dioxide. In some ary) substituted derivatives olefins are
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obtained directly (8cheme 85). & should be noted that the propesed intermediate thiadiazoline
S,S-dioxides couid not-be observed in any of the cases where high yiekis of either {he ‘episutfone
and/or olefins were obtained.'42-144 5 hindered alky! substituted cases the reaction affords an-
isolable 1,3,4-thisdiazoline S,S-dioxide, which upon slow warming extrudes sutfur dioxide to afford

the corresponding azine. 45

Scheme 65

A,Co=N, + SO, " Ar,C ==CAr,

A number of attempié have been made to apply the Staudinger-Pfenninger reaction to the
synthesis of sterically hindsred alkenes. Oxidation of a Stéﬂeally hindered hydrazone followed by
treatment of the resulting diazoalkane at low temperature with sulfur dioxide afforded an isomeric
mixture of thiadiazoline S,S-dioxides in modest yield. Presumably an in situ generated sulfene 90
is an intermediate in this reaction. Pyrolysis of the thiadiazoline S,S-dioxide mixture afforded the
desired alkenas only in low yield (Scheme 68).146

Scheme 66
R R N
\ HgO N SO, R\ y N=N
C=N_ —_ C=N, c
/ NH, -5° / -50° /7 N\ . _
R R R SO,
e~
-N
R’ = CHaCHg- 2
F!\c N,
=
2
, N=N e R
R R R AN
>=<R 4 R -— C=S0O;
R' R' = N2 T 302 R' soz R' R
90

The probable reason for the lack of success in the thermal conversion of thIaglgzolina S,8-
dioxides to olefins lles with orbital symmetry. The initial thermal nitrogen evoiutlon is a symmetry
forbidden process.''2 The desired yiide intermediate 91_has only 2 x—olqetmné and would be
formed via a retro 2+2 cycloaddition. In contrast, the 4 x thiocarbonyl yiide 92 obtained from
thermolysis of a 1.3.4-thiadiazoline is formed via a symmetry allowed retro 4+2 cycloaddition
process. While It is hard 10 predict the symmetry properties of the ylide 83 obtained via nitrogen
extrusion from the thiadiazoline S-oxides, the lack of success in such pyrolyses suggests that a
symmetry forbidden process is probably also required for such a transformation.
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R R R R R . R
3 : \ \ - N
R>\CS>2)<R >R>\Sxﬁ : R>\§/<R
. 4 3

91 ' 82 " 83

The reactions of in situ generated sulfenes have besn utilized much more succassiully in the
synthesis of unhindered alkenaes. Treatment of an alkyisutfonyl chioride .with triethylamine in the
presence of a diazoalkane affords the corresponding episulfone 84. Thermal extrusion of sulfur
dioxide then affords'thavdbsired‘éll&neﬁ" Both ra_actioris proceed-in high yields (Scheme 87). In
no case was formation of an intermediate thiadlazoﬁna S,S-dloxide observed. It is Bkely that a
dipolar intermaediate is invoived in this reaction. Similar dipoiar intermediates have been proposed
both in the successiul Staudinger-Plenninger reactions 142-144 a5 well as in the formation of an
episuifoxide from the reaction of sulfine with diazomethane (see Scheme 64).

Scheme 87

SO.CI B T
jo% : 50
CHy CH
o : : )
{CaHs)aN
OOC .
CH,N,
- Ny
CHy . Ozls\CH
i e 2
HC HC
(o] (o]
-850,
a5°C
74 % 84 94 %

To extend the twofold extrusion procedure of thiadiazolines o the preparation of even more
sterically hindered olefins, Bartan _and.oo-work_ers attomm_od to prepars the corresponding selenium
analogues ét thigdigzolines. They develapad the first method for the preparation of seiones,
selenium analogues of ketones, and investigated the reactions of these compounds with hindered

diazoalkanes, 148.148
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The selones reacted cleanly with diazoalkanes to afford 1,3,4-selenadiazolines. They
proved to be significantly more feactive than the corresponding thiones in thess cycloadditions. For
example, treatmeni of an equimolar mixture of di-test-butyl selone 95 and di-tert-butyl thione with
one equivalent of diphenyldiazomethane afforded only the 1,3,4-selenadiazoline 96 (Scheme
88). None of the corresponding thiadiazoline was observed. 149

Scheme 68
X 9'5 X '~ Ph ' X se” “en
o ' 96

1eq - = 1eq © Teq. : 16q.

Another advantage of the seienadiazoline procedure was that it allowed for the direct thermal
extrusion of both nitrogen and selenium. Pyrolysis of the selenadiazoline in moderately hindered
cases led to rapid nitrogen evolution, followed by direct extrusion of selenium from the presumed
thermally unstable episelenide intermediate 87, affording the desired hindered alkene (Scheme
69). This eliminated the need for a phosphine-media‘teq removal of the thiirane sulfur as was

necessary in the case of the thiadiazoline reactions. 49

0 O o
O>C—S° + c/c—N—N _— ys)@
NI

Use of the selenadiazoline route allowed for the ready preparaﬁon of a variety of sterically
hindered alkénes, in our experience, more conveniently than the thiadiazoline procedure. The
overall procedure was significantly improved with the advent of an improved meéthod for the
preparation of the starting selones.!S?
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in a number of applications the salenadiazoline procedurs proved to be successful in cases
where the thiadiazoline procedure failed. Pyrolysis of the symmetrical bis-tetramethyindane derived
selenadiazoline 98 directly affords the desired sterically hindered alkane 99 in good yieid
(Scheme 70), '29.15' Krebs reported that upon pyrolysis, the corresponding thiadiazoline 100

doss not atford the dasired thiirane 1m hut ingtead vialds mnin!u rMmNaH’nﬁnn nmdnnc nl e a
UJOS IIUI ﬂll\)lu e \ﬂ W MINTRIY LW R, L

L ablibicid b Wy T varw )

thicether of structure 102.or 103 (Scheme 71). 135 No corresponding selenoether was detected

Scheme 70
99 711 %
Scheme 71
S
101
102 103

in the selenadiazoline pyrolyses. Aside from the previously mentioned compounds, extremely

sterically hindered afkenes 104-109 could be readily prepared using selenadiazoline
intermadiates. 129.149.152

30 0 ok
330 9%

107
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The ‘steric limitations of both the selenadiazofine and thiadiazoline based twofold extrusion
reactions have baen reporfed.'2%.135 Similar to the previously mentioned case of di-tert-butyl
thione, di-tert-butyl selone does not react with di-tert-butyldiazomethane to afford either tetra-tert-
butylethylene 81 or the corresponding selenadiazofine 110 (Scheme 72)." '

Scheme 72

Attempts to prepare di-tert-butylmethylene fenchane 111 were also unsuccessful. Treatment
of selenofenchone. 112 with di-tert-butyldiazomethane led only to formatioﬁ of the less hindered
symmetrical olefin, btfonchy‘ild’ene 106. Presumably in this case the desired selenadiazoline 113
formed, however retrocyclization rather than nnrogeh extrusion predominated. The resulting diazo-
fenchane 114 reacted with selenofenchone to afford the observed alkene 106 (Scheme 73).149

Scheme 73 C><
~ 111 >§<
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Addition of di-tert-butyidiazomethane 10 the neat sterically hindered selones such as 115 at
-30 °C afforded crystalline di-tert-butyimethyl substituted selenadiazolines in good yiekl. These
compounds. were stabla in crystaliine form to their melting points, but retrocyclizedin a matter of
hours at room temperature upon dissolving in common solvents (Scheme. 74). Pyrolysis of these
materials led only to products derived from retrocyclization.153

Scheme 74

Treatment of the deep blue 2,2,6,6-tetramethylcyclohexane selone with the corresponding
orange diazo compound at -30 °C led to complete decolorization of the mixture and formation of a
colorless crystalline material, presumably the desired selenadiazoline 116. Upon warming this
material to room tempegature or upon attempted dissolution of this materjal in deuterochloroform at
<30 °C, only the starting selone and diazo compound could be detected. These abservations

indicate the steric limits of selenadiazoline thermal stability.!53

e

How can a thia- or selenadiazoline decide whether to extrude nitrogen or retrocyclize? At
first glance sgenc lme@cﬂons are kept to a mjnlmum until eit}lﬂo— or‘ selenoeaﬁony_l ylide torms., ’
Perhaps the best explanation comes from the work of Kellogg on thiadiazoline decomposition and
the geometry of thlooarbonyl ylides.'? In the transition state leading to the ylide intermediate, a sig-
niﬁoam geometnc change occurs simultaneouely with nitrogen extrusion. The :emlred conrotatory
twustmg may Iead to severe steric interactions, raising the enargy necessary for nitrogen evolution
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(Scheme 75). if the steric interactions ate-great enough, this pathway is inhibited and
retrocyclization predominates. The increased length of the carbon-selenium bond relative to a
carbon-sulfur bond may decrease these steric interactions allowing for greater success In many

selenadiazoline pyrolyses. -

Scheme 75

X=8,Se

Even in cases where ratrocydizaﬁons ware not complste, extreme steric hindrance could
change the course of the reaction. Keliogg had showed that the initial nitrogen extrusion from the
thiadiazolines was stereospecific. Since thilrane desulfurizations are also stereospacific, the
overall twofold extrusion reaction should be stafécépedﬂc."z In contrast to these observations,
Krebs noted that the pyrolyses of some sterically hindered thiadiazolines led to mixtures of products
with loss of stereochemistry (Scheme 76).135 This loss of stereochemistry may be explained by a

twisting of the thiocarbony! ylid intermediate due to extreme steric hindrance. 112,119

Scheme 76
S\‘
+ — +
\\o'sa,, \\\S.-,,
N=N
various ratios ~ same ratio

In the extreme case such a twisting would léad to a singlet diradical intermediate. Consistent
with this view is another observation 6f Krebs.'3 Pyrolysis of the exifemely stéﬁcally hindered
thiadiazoline 117 lead mainly o retrocyciization, but thioether by-products 118 and 119 are also
obtained. These materials could arise from intramolecular radical abstraction ’-’faeombination
reactions (Scheme 77). Similar diradical species may account for the products of the previous|yv
mentioned pyrolysis'of thiadiazoline 101 (Scheme 71). While there are no other ééﬁorts of the
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S+ 503D

N,

R D

isolation and characterizatuon of such radical-denved products itis Iikely that such products do form
in other sterically hindered thiadiazoline and selenadiazoline pyrolyses. In most cases such

pyrolyses lead to complex mixtures of products even when the desired alkenes can be obtained.

Sulfur and selenium-based twofold extrusion reactions have also proved to be extremely
useful in the synthesis of other strained organic molecules. Schinberg reported that reaction of a
thione with an aromfatlc‘azlde afforded imines in undetermined yield.'>* We subsequcntly
compared the reactions of thiones and selones with azides, and found that this reacticn isa
convenient method for the preparation of a variety of extremely sterically hindered imines.'55 The
reaction presumably involves the formation of 2,5-dihydrothiatriazole 120 (and its selenium
analogue), which upon heating can consecutively extrude nitrogen and sulfur {or selenium)
affording the corresponding N-phenylimines 121. As with the previously described reactions with
diazoalkanes, selones proved to be more reactive than thiones. The selone reactions also allowed

for easier isolation of pure hindered imines in comparison with the thione reactions (Scheme 78).

Scheme 78
R heat N=N
N\ R \
J + R)kx/ \Ph
R x-sears 120
heat
_N2
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The reactions of a number of thione esters and dithioesters with diazoalkanes have also
been studied. The aro_matlc thioester 122 upon reaction with diazomethane affords an intermediate
thladiazoliné which was thoroughly characterized as the 1,2,3-derivative 123. This compound
extrudes both nitrogen and sulfur upon heating ylelding the enol ether (Scheme 79).15¢

Scheme 79
MeO
CeH /\/7 \ MeQ
CoHs— & —OCH. Crite Hs N —— >=
g L= 3 - Z
122 W CeHs

123

Treatment of dithioester 124 with diazomethane afforded the episulfide 125 dlrectly which could be
thermally desulfurized to the enethiol ether 126 (Scheme 80) ’

Scheme 80 .
M
CH,N, es A MeS
R— G —SCH,3 —_— —_— >'=CH2
o R q
[S S
124 | 125 , 126

The twofokd extruslon reacuan also provided a route from the thioxo-azetidinone 127 to func-
tionalized B-lactams such as 128 (Scheme 81). Related oompounds have also been’ prepared

using transition metal catalysis in this reaction (Scheme 82).157

Scheme 81
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~-Scheme 82
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Finally, photolytic selenium extrusion from symmetrical or unsymmetrical selenadiazolines

provides a convenient route to the corrasponding‘azinos'(Schomo 83).158

Scheme 83

N=N R '
R R hy P
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5. Overvléw

From the previous descriptions, it should be clear that extrusion reactions have proved to be
remarkabl} versatile rﬁgthods’ for the synthesis of many stralned organic molecules. Why then are
extrusion reactions not more commonly used in the synthesis of less strained molecules? Fears
about preparative scale pyrolytic and photolytic reactions necessaty for some extrusions are not
unfounded. There has been very Iim; work investigating the effects of complexiwﬁ:ﬁonality on the
course ot extrusion reactions. it should be noted that even in the case of the thoroughly studied
twofold extrusion reaction, attempts to prepare unhindered molecules such as 68 or89 worked



6282

F. S. Guzigc, Jr and L. J. SanFiLipPo

poorly, if at all. One possible future course of investigation in this aréa involves determining the

effects of organometallic catalysts on the course of extrusion reactions. Despite the recent

advances in such catalysis in other areas, applications of organometallic catalysis to extrusion
reactions have been largely untapped (although note Scheme 82). it is possible that such
investigations may lead to a much wider application of extrusion reactions in complex organic

synthesis.
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