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Abstract - This review covers the contributions to the synthesis of hetero-
cycles using heterocumulenes such as acyl and thioacyl isocyarates, and o-

ketosulfenes which have been reported in recent years.

INTRODUCTION
Heteracumulenes are known as compounds having the allenic cumulative system, in which one or more
carbon atoms are replaced by hetero atoms such as oxygen, nitrogen, or sulfur. Thus, one can m-
agine a variety of heterocumulenes by kinds and arrangements of atoms in the cumulative system,
Many kinds of heterocumulenes have been known up to date,
The chemical reactivity of heterocumulenes ranges from highly reactive species to almost inert
compounds, and the order of which is approximately as follows: sulfenes > carbon suboxide >
ketenes > isocyanates > carbodiimides > isothiocyanates > sulfinylamines > 502 > COS > €52 > CO2.
Some heterocumulenes such as sulfenes can only be aenerated in situ, whereas carbon dioxide 13
aimost inert gas. The effect of substituents on the reactivity of some heterocumulenes has been
investigated. Generally, electron-withdrawing substituents attached to the cumulative system en-
hance the reactivity of heterocumulenes.
A comprehensive menograph or heterocumulenes has been published by Ulrich], and the chemistry on
selected heterccumulenes has been also reviewed. Heterocumulenes conjugated with the electron-with-
drawing carbonyl group are more reactive than the corresponding simple heterocumulenes, and offer
the possibility of entry intc complex heterocyclic system through [72 + 72] or [nd + 2] cyclo-
additions. In this review the reactions of acyl and thioacyl isocyanates as well as of o-keto-

sulfenes are presented from the viewpoint of syntheses of heterocycles.
I. HETEKOCYCLES FROM ACYL AND THIOACYL ISOCYANATES

Acyl and thioacyl isocyanates are one of the most reactive systems among analogous compounds. The

facile methods for the preparation of acy12 and thicacyl fsocyanates3 by the reaction of primary
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amides or thioamides with oxalyl chloride have been reported in early 1960's. Since then, a great
deals of interesting information on the isocyanates have been obtained, and the chemistry of acy14-6
and thioacyl isocyanatess’6 has been partially reviewed.

I-1) Azetidinones and Cther Four-membered Heterocycles
Although the reactions of ary)l isocyanates with activated oiefins such as enamines, ketenacetals
and ketenaminals afford the corresponding azetidinones, ne additicns of aryl isocyanates to non-

activated plefins take place. However, acyl fsccyanates &s well as chlorosulfonyl isocyanate react

\] 3
RCONCO  « o= — & RCOT IO

R R R R
R=CC13, Ph R1=RZ=te, RO-R%=H R’ R
R1=R%eR3=r%=H !
Rk, k%R (cn)s 20-40%

R'=ph, RZ=R3=R%=H

Scheme 1

with nonactivated olefins by a [m2 + w2] cycloaddition process to give the correspending azetidin-

ones 1 (Scheﬁe 1)7'9. 0
Benzoyl isocyanate adds to p-bemzoquinone and 1,4-naphthoquincne, [:::]::i;::OF”°
giving the [n2 + 72] cycloadducts 2 and 3 in 45.6 and 40.5% yields 0
respectively!C, 2
Similarly, acyl isocyanates react with acyclic and cyclic 1,3-dienes
to afford the corresponding 1:1 adducts 4 and 5§ of azetidinone type N-COPh
in moderate yields {Scheme 2)9’11’ 12 0 3
1
R R RCO-N—L-Cch
RCONCO  +  peal—been, > 1 [ f2
R=CC13, Ph R1=RZ=H; R1=RZ=Me; 4
R=Me, RP=H
Cl,CCONCO  + R]I‘IR _— R].'\—R—"N-COCCla
; R™XTR R X’R_L 0
ReH, 1, X=CHy; 2
R=Ph, X=CO
Scheme 2

It has been cemonstrated that the interaction between trichloroacetyl isocyanate and enamines de-

reived from cyclohexanone and cyclopentanone afforded the [n2 + 2] cycloadducts in good yields (77-
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83%)]3. However, this reaction mede seems to be excepticnal for the reaction of acyl isocyanates
(see I-5)).
The reaction of benzoyl isccyanate with acetylenes gives the corresponding azetinoness’ 14, 15, but

this reaction seems not to be valuable as the preparative method because of very low yields.
Although the reaction of acyl isocyanates with carbodiimides will te described below (see I-6)), in
some cases benzoyl isocyanates react with carbodiimides to form the four-membered heterocycles.

The reaction of benzoyl isocyanates with diphenylcarbodiimides at 0% afferds the 1,3-diazetidinone
compound §J5_ On the other hand, Ulrich et a1.17 have reported that in the reaction of benzoyl iso-

cyanate with methyl-t-butylcarbediimide and di{o-tolyl)carbodiimide, the correspending 1,3-ox-

0% ArCO-N—rO
Ph-N N-Ph
6

ArCONCO  + Ph-N=C=N-Ph

Ar=Ph 55%; Ar=p-C1CgHs 72%,
Ar=p-02NCgHg 50%

R-

n 2
PhCONCO + R-N=C=N-R® —  » N-R
0 - 'NCOPh
R'=t-Bu, R2-Me 81%; R'=RZ=0-toly] 34%
35% C1L,CCON—FO
Cl3CCONCO  +  Cl3C-C=N 3
: 3 Cl,Ci=N
8

Scheme 3
azetidine compounds 7 are formed through a [#2 + =2] cyclcaddition of the carbodiimide to the C=0
bend of the isocyanato group. Trichlorpacetyl isocyanate reacts with trichloroacetonitrile to
afford the diazetinone compound ﬁ]s.
I-2) Five-membered Heterocycles Containing Two Hetero Atoms
In the reactions with iscnitriles, acyl and thioacyl isocyanates act as 1,4-dipoles, while iso-
nitriles act as 1,1-dipcles. Additions tc isonftriles occur readily, and 5-imincoxazolinone or

V9-21 (1apte 1).

-thiazolinone compourds § are formed
Both functional groups of p-phenylene- and 1,4-cyclohexylene-diisonitriles take part in the reaction
with tenzeyl and thiobenzoyl isocyanates, the corresponding bis-S-iminooxazolinone and -thiazolin-

ones 10 being formed, respective1y22.

o o
N N -
PRCXNCO  +  iC=N-R-N=C: ——> ph{x§=N_R_N2 e 10 Ry 75
10 =5, R={ ) 924
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0
Table 1. RCXNCO  + RIN=Ci ——= o N4 o

X
2
R X R Yield, % Lit.
Ph 0 Ph 93 19
Ph 0 c-Cgtlyy 83 16
Ph 0 p-0oNCeHa 57 15
CHC12 0 Ph 96 19
Ph $ ~Ph 70 21
Ph S p-MelCgHg 88 21
1-C1pH7 S p-MeOCgHa 29 21

Benzoyl isocyanates react with styrene oxide, epichlorohydrin and ethylene carbonate in the presence

of tetraethylammonium iodide, giving the corresponding oxazolidinones 11-14 (Scheme 4)23, In the

—

O, Fai'I”  arcon-®  arcon-¢°
ArCONCO + PhL ————> 0 ppd 0O
Ph
u 12
Ar=Ph 27% 28%
Ar=p-Me0CgHy 0% 20%
Ar=p—C1C5H4 18% 20%
Ar=p-0pNCgHa 0% 34%
0
ACO-N-E 0 .- .- ArCON—¢
Lo _omesy/ea O et AT,
ArCONCO -
CH.CL 17-47% 23-529 14
13 P
Scheme 4

reaction with styrene oxide, benzoyl and p-chlorobenzoyl isccyanates afford two isomeric oxazolidin-
ones in almost equal yields. In a similar reaction with N-substituted aziridines, benzoyl iso-

cyanate gives the imidazolidinones 1524.

M
Lic1 or Ligr PPCO-NN-R
PRCONCO  *+  R-NJ] Y 36-59%
R=PhCO, p-0 NC H , PhO 15

However, the above reactions are not characteristic of acy! isccyanates, because aryl isocyanates
react with oxirans and aziridines under similar conditions toc form the corresponding five-membered

heterocycles.
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Benzoy! 1socyanat925 and terephthaloyl diisocyanate26 react readily with diazomethane to give the

corresponding oxazalones 16 and 17 respectively. The formation of oxazolones fs the reacticn char-
acteristic of acyl isocyanate, because phenyl isocyanate forms the g-lactam in the same reaction2?,
Similarly, the reaction of thiobenzoyil isocyanate with diazoalkanes affords the thiazolone deriva-

tives 1§28 {Scheme 5),

0
N_f) PRCONCO OCNCO<D-CONCO N N«SO
{ = \ ff
P HoC =N, Z;}@ko
17

68-70% 61%
18 17
N 0
RI
PhCSNCO  + RRC=N, Ph—Q—j(
5 'R

18

R=Ph, R'=H 30%

R=R*=Ph 78%

RR'=(CgHa }oC 62%

Scheme 5

It has been reported that the reaction of benzoyl isocyanate with ethyl diazoacetate formed a 1,2,3-

triazolcne compound]g. However, it has been Jater revealed that the preducts from benzoyl iso-
cyanates and the diazoacetate are not the triazelone, but the benzoylcarbamoyldiazoacetates lg,
which are thermally decomposed tc the oxazole compounds gg, Similar results are also observed in

the reaction with diazoacetophenone (Table 2)29_

N2 & HO,_N
Table 2. ArCONCO + RCOCHN, —> ArCONHCOQCOR——"ROC[O»_Ar

19 20

Ar R Yield, % Yield, %
oh OFt 59 I
p-C1CgHg OEt 45 33
Ph Ph 25 55
p-C1CgHg Ph 72 61

Although 2-diazoacenaphthenone does not react with phenyl isocyanate, the diazo-
ketocne reacts with benzoy! and thiobenzoyl isccyanates to give the spiro-oxazelin-

ones and -thiazolinones g}go.

The reaction with a resonance-stabilized sulfonium ylide is appliceble to the

preparation of oxazole and thiazole compoundszg. Benzoyl f{socyanates Ar=Ph, X=0 38.5%
react with dimethylsulfonium phenacylide to form the corresponding Ar=p-C1CgH,, X=0  59%
stable benzoylcarbamoylsulfonium ylids (yields 75-90%) which on Ar=Ph, X=S 28%
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pyrolysis, are converted 1rto the oxazoles 20 in 47-851% yields, However, thioberzoyl isccyanate

directly affords the thiazole corpound 22.

- . -.COPh SMepS MO
PRCSNCO * Me;5-CHOOPh—>[Me, S - — ool
€:5"CHOOPh==[Me25"C e onmesen] a3 phocdg Sen

22
In the reaction with dimethyloxosulfonium methylide, benzoyl isocyanate gives the benzoylcarbamoyi-
and bis{benzoylcarbamoyljoxosulfonium ylides. Pyrolysis of Loth the adducts gives the same
oxazolone compoundzg.
An unique method for the preparation cf oxazoles has been reported31o The reaction of acyl iso-

cyanates with the dioxaphospholene proceeds through a dipolar adduct to give the 2-oxazolin-4-ones
k]
23 (Scheme €). !\'Ae Me 9 Me o
e 0=C—C—C Meco(-))—f
RCONCO + Me-G=CMe M ON T ON

0,0 ?)K E

MeO"|" OMe (MeO),p* R
OMe ? 0

R=Ph 92%; R=p-FCgHs 78%; R=p-MeOCgHg 87%; P=CCl3 60%

e =

Scheme €

Formation of the imidazolidinone compound by the reaction of benzoyl isocyanate with bis-cyclo-
hexylethylenediimine has been repcrted32 (see 1-8)).

I-3) Compounds Related to 1,2,4-Triazelinones
The reactions of acy! and thicacyl isocyanates with hydrazines provide useful methods for the prepa-
ratfon of thiazclinore derivatives. [Denzoyl isocyanate reacts with hydrazine to yield 1,2-bis-

benzoy1carbamoy]hydrazine3

3, while thiobenzoyl isocyanate gives the triazolinone gﬂ, which has
arisen from the semicarbazice by the evolution of hydrogen sulfide?®. The triazolinone 24 is a

tautemer of the triazalinone 25 which is obtained from the semicarbazone of phenylgiyonylic acid35.

- Hp$ N-NH HN-NH
PRCSNCO + NgH;,—a-[PhCSNHCONHNHZ] —%ph_{N}o Ph'{\N\iO
H
24 25

~ i

Acy1 isocyanates easily react with phenylhydrazine to give the corresponding semicarbazides 26
quantitatively. On treatment with hydrochloric acid, semicarbazides 26 are converted to the 3-
hydroxytriazoles 27, whereas thermal ring closure produces the triazolinones 28 (Scheme ?)36. Simi-
larly, bis-triazoles or bis-triazolinones are obtained by using isophthaloyl and terephthaloyl di-

isocyanates36.
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HCT _ Ar-N-N
78- © R4 3-OH

RCONCO + ArNHNH, ST RCONHCONHNHAr—{ 9°% N7
R=Ph, PhCHz, 2-furyl, 2-thienyl; 2§ 200-230°C
Ar=Ph L, Ar-N-NH
e 0L AR
28

n

Scheme 7
The reaction of thicbenzoyl isocyanate with arylhydrazines yields unstable semicarbazides 29, which
are easily converted to triazoles 2]. However, the isccyanate reacts with a slight excess of aryl-

34, 37

hydrazines to give directly triazolinones 28 As illustrated in Scheme 8, the formation of

- H2S
PRCSNCO + ArNHNH; — PhCSNHCONI-iNHAr-—-—-z—-.?-Z'f {R=Ph)

29
$H  _hps  ArNHNH4O - ArfHNHp
29 + ArNHNHz ——-> ArNHNHCONH-C-Ph ———> N ———>28
ArNHNH ArNHNZSPh (R=Ph)

Scheme 8

28 can be understood in terms of the further addition of the hydrazine to the semicarbazide 29.
This is followed by the eiimination of hydrogen sulfide from the adduct, and subsequent loss of the
hydrazine gives the triazolore 2§37.

The triazolinones ZE are also prepared by the reaction with aldehyde ary]hydrazonesag. As shown in
Scheme 9, benzoyl and thiobenzoyl isocyanates react with the arylhydrazones to give the correspond-
ing semicarbazones 30 quantitatively. Hydrolysis of the semicarbazones 30 with hydrochleric acid

affords readily the triazolincnes 28.

ArN-N=CHR' Ar-N-NH
PRCXNCO + ArNHN=CHR'—> [ o —[ "1 "2 15 28
CONHCXPH
30 {(R=Ph}
X=0, S; R'=Ph, Me ~
Scheme 9

The reactions of benzoy! and thicbenzoyl isocyanates with hydrazobenzenes provide a useful method
for the preparation of triaryl-substituted triazolinone compound537. Benzoyl isocyanate reacts
exclusively with the more basic nitrogen atom of hydrazobenzenes to give the corresponding stable
semicarbazides jJ1, which on treatment with hydrechloric acid underge ring closure to the triazoli-
nones 32 by loss of water. On the other hand, thiobenzoyl isocyanate attacks both nitrogen atoms
of hydrazobenzenes to yield a mixture of unstable semicarbazides 33 and 34, which on heating are
easily converted to two isomeric triazolinones 32 and 35 with the elimination of hydrogen sulfide

{Scheme 10).
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ArNNHAF Ar-N-N-Ar'

A
31 32
Avr=Ar'=Ph 95% 93%
Ar=ph, Ar'=p-ClCgH, 99 84
Ar=p-MeCgHg, Ar'=Ph 94 97
Ar=p-MeOCgH,, Ar'=Ph 54 74
. ArNNHAT ArNHNAT Ar-N-N-ar
PhCSNCO + ArNHNHAr —=[ "'y + i ] — 32 + N
[ CONHCSPh CONHCSPh 2% 7 priy >0
3 % 3
Ar=Ar'=Ph b oo -
Ar=ph, Ar'=p-CilgH, 52,5 22.59
Ar=p-MeCgHs , Ar'=Ph 59 25
Ar=p-MeOCgHy , Ar'=Ph 90 0
Scheme 10

Although the triazolinanes 32 (Ar=p-MeCgHg, Ar'=Ph) and 35 (Ar=Ph, Ar'=p-C1{gHs} are prepared from
the corresponding benzophenore arylhydrazones according to the voute 11lustrated in Scheme 11, the

yields from the hydrazones are below 30%37.

A-NHN=C(Ph), —S%12,  Ar-NN=C(Ph), _THEA* . Ar-NN=C(Ph), _a

cocl CON;
Ar-NN=C(Ph), Ar-N=NC(Ph); Ar-N-N-Ph  Ar=p-MelgHg
[ Con Neo ok Hpn
t N Ar‘=p-C'|C6H4

*tetramethylquanidinium azide

Scheme 11

As mentioned above, the reaction with aldehyde arylhydrazones provides the simple method for the
preparation of triazolinones 28 (Scheme 9). In the reaction with acetone or cyclohexanone aryl-

hydrazones, however, the triazolidinones 3&, whose structures correspend to the ring tautomers of

semicarhazones, are obtained from the reaction of benzoyl isocyanate?’a.
Ar-N-NH
PhCONCO + AMHN=CRR ——> 0L XD  Reve, RR=(Ck2)5
CoPh
Ij§

I-4) Other Five-membered Keterocycles
In analogy with aryl isocyanates, benzoy139‘ 8 and thiobenzoyl isocyanates28 react with nitrones

via & 1,3-dipolar cycloaddition, giving 1,2,4-o0xadiazolines 37 respectively. However, the adducts
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3 (X=5) are labile and easily change into the amidines 38 with the elimination of carbon dioxide.
Thiobenzoyl isocyanate affords the thiadiazoles 33 or oxadiazole 40 by the reaction with nitroso-
benzenes or phenylhydroxylamine respective]yzg‘ The thiadiazole 39 is probably formed via the in-

itfal 1,4-cycloadduct, followed by the exclusion of oxygen atom.
? - Ph =
ArCXNCO + PhCH=N-R —> A/CX i"'( —S—> ArcsnHCANR

X0, S; R=Ph, Me, PhCH, 33 38

N—¢° N—¢©
PRCSNCO + ArNO —> [phJ\ Nz AT ]——=—phJ\ N-Ar
/ \O
3.9
Ar=Ph 58%

Ar=p-C1CgHy 28%

0
OHy - #S N
PRCSNCO + PRNHOH—=[PhCSNHCON. '} —g57>p, 5

Scheme 12

When 2-phenylthiazoline-4,5-dione which is a precursor of thiobenzoyl isocyanate, is heated with

excess of sulfur, 5-phenyl-3H-1,2,4-dithiazol-3-one 4} is 0bta1ned4]. In the reaction with diphenyl-
sulfurdiimide, the 1,3,2,4-dithiadiazoline 42 is formed as major product together with by-products

such as 4] from the reaction of thiobenzoyl isocyanate 42 (Scheme 13).

Sg N—?O
Ph-{_S 72%
Ar=Fh S
l.._l
ArCSNCO
Ph-N=S=N-Ph

N-
Al %q P 33-48%
Qg

Scheme 13
Acyl isocyanates as well as aryl and sulfonyl isocyanates react with alkyl azides to give the tetra-

zolinones Qgﬁg. The cycloaddition of trichloroacetyl isocyanate to diazidopentane, and subsequent

methanolysis of the adduct afford the bis-tetrazolinone 1&43.

RCONCO + R'N, ——> N NN-COR e N=N
H - -N_ NH
W(n)’ \(N {CHe)s ¢
R=Ph, p-OpNCgHa, CC13, Ot 43 0 ag O
R'=n-Bu, 1-Pr, c-CgHy, c-CeHyy 65-824% 65%

Scheme 14
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I-5) Oxazine and Thiazine Derivatives
As described in Section I-1), in scme cases acyl isocyanates react with alefins and acetylenes to
give the corresponding [n2 + w2] cycloadducts in low yields. However, the reaction preferentially
proceeds via a [md4 + n2] cycloaddition, Particularly, thiocacyl isocyanates exhibit high reactivity
of 1,4-cycloaddition, and do not form the [n2 + w2] cycloadducts.
The reacticns of acyl isocyanates with norbornene7 or 4—v1ny1pyridine14, and of thiobenzoyl ise-

44

cyanate with novbornene’ ' afford the corresponding [#4 + 2] cycloadducts 45-47. As shown in Scheme

15, thiobenzoyl isocyanate adds to norbornadiene to give a mixture of 1:1 adduct 48 and two isomeric

[() 0
. @f‘jN
ReCCl3, 72% OJ‘C Cly

1:2 cycloadducts 49a and §2b44.

45
RCONCO
N_-CH=CH, 0
7N\
> N
R=Ph, 81% = 0—’2‘
Ph
6
HO
—
51% S
i S Ph
PhCSNCO 47

48 49a 49b
86% T
Scheme 15

In contrast te benzoyl isocyanate (see Section I-1)}, the reaction of trichloroacetyl isocyanate

10

with p-benzoguinone yields the oxazinone compound -. The [74 + w2] cycloadducts 50 obtained from

the reaction with cyclic enamines are shown in Table 3.

0
Table 3 RCXNCO + (CH@_FY——»(CH)H X)[“_R
~ N

() so
R X Y n Yield, % Lit.
Ph 0 0 4 64 13
Ph 0 CHp 4 66 13
CC13 0 0 3 76 13
Ph 5 Q 3 62 21
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Benzoyl isocyanate reacts with enaminoketones to give the corresponding acyclic carbamoyl compounds,

while the reaction of thiobenzoyl isocyanate affords the products 5] and 52 through a [nd4 + m2]

cycloaddition processqs.

0
H COPh PhCO PhCO
PRCSNCO + g ——= f‘N + N
O sen Cy Aen
5 52

The [#4 + n2] cycloadducts 53 from the reaction with other nucleophilic eolefins are shown in Table

4,

ORz .
Table 4 RCXNCO + R i —_— '\f R1
R R4 SR
R
53
R X R! R2 RS RY vield, ¥ Lit.
i3 0 OMe  OMe H H €9 7
CF3 0 ~0CH,0- H H 51 7
iy 0 Me  OMe Me  OMe 100 46
Ph S ~(CHy) 30 H H 44 21
1y 0 H SEt H H 76 47
1y 0 K SBu-n  H H 88 a8

Acy) isocyanates add to the C=C bond of allenes or ketenes to form the [nd + w2] cycloadducts re-
spectively. For example, trichloroacetyl isocyanate reacts with tetramethylallene to form unstable

cycloadduct 54, which easily rearranges to the acyclic compoundw. Acyl isocyanates add to ketenes,

0 Me Mezc Me
CCI;CONCO + Me,C=C=CMe, ——>c13c-<\N:§=cw2 —_—

. ] CCl;CONHCO  CHa
82%
9 Me
N R=CC13 7%
RCONCO *+ MeC=¢=0 — || [Me
0 R=Ph 25%

w
e

{

0 O
wc0—=p, 1 1)
57

58 Y
621 514

Scheme 16
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giving the corresponding cycloadducts 55 and 5@50. The adduct 56, which presumably formed via a
i,4-cycloaddition followed by enolization, is formed in cold diethyl ether, but in benzene at 30-
40°C the acetylated product 57 1s obtainedso {Scheme 16).

The oxazinene compounds 58 from acyl isocyanates and acetylenic compounds are listed in Table 5.

0
1
R
Table 5 RCONCO + R=~C=C-Ri——> zf'?'
R0 R
58

R R! RZ vield, % Lit.
T3 H 0t 100 16
Ph H 0Et g5 46
celg H CH=CHOMe 72 46
Cl3 Ph Ph 5 51
€Cl3  p-MeOCgH,  p-MeOCgHy 22 51
Ph CHO NMe2 74 52
Ph COMe WMep g2 52
Ph COOMe M 92 52
OEt CHO Meg 59 52
OEt COMe ey 81 52
OEt COOMe NMe 89 52

As shown in Table 5, the reactions with ethynyl ethers and yramines afford the cycloadducts in good
yields. In the reaction with 1-butene-3-ynyl methyl ether, the cycloaddition involving only the

C=C bond takes place and the [nd + w2] cycloadduct 59 is formed46.

0
et N“\i
76% 0
59
I-6) Compounds Related to Oxadiazines and Thiadiazines
There has been a number of [wd + n2] cycloadditions of acyl and thioacyl isocyanates to C=N bonds.
p-Substituted benzoyl isocyanates give oxadiazine derivatives when treated with appropriate cata-
Tysts.such as NEtg and pyridinium salt. The yields of the products strongly depend on the nature
5

of catalysts and substituents as well as on the reacticn conditions 3. The isolated results are

listed in Table 6.

—1078—




HETERQCYCLES. Vol 12. No 8. 1979

0 Ar 8]
Catalyst  N“ncoar N™N NN
Table 6§ ArCONCO —> i r 1
Ar‘l‘o’LO Arﬂo’ko Ark Ar
60 3 7
Yield, %

Ar Catatyst 50 [ 62

Ph NEts 90 - -
p-Me0CeHy?) NEt3 - - -
p-ClCgHg NEts - 90-93 -
p-N02C6H4 NEt3 - 90-100 -

Ph CsHgRCOPRCT™ - . 70
p-MeOCgH4 CsHERCOPhCT ™ - - 23
p-C1CqHg C5HsRCOPRCT™ - - 86
p-NOCgHg CsHshcoPhC1™ - - 50

a) The trimer is formed in ca. 40% yield.

Benzoyl isocyanate reacts with a phospholene cxide catalyst to give the 4-benzoylimine-1,3,5-0xa-
diazine 63, whose structure corresponds to the compound from trimer with the elimination of two
molecules of carbon dioxide54. Acetyl isocyanate reacts with methyl isccyanate to yield a mixed

dimer 64 quantitative1y55.

. NeoPh
PhCONCO L A Y
68% PhJLoj‘Ph
63
A N NMe
MeCONCO + MeNCO —2 el D

An unique method for the preparation of oxadiazine compounds such as 6] and 62 has been reported56.

When benzoyl isocyanate is treated with N-trimethylsilyldialkylamire in a 2:1 molar ratio, two oxa-

Ph 0

1.2 N)‘}N N

Table 7 PhCONCQO + Me;SiNRR H—*F’hJ'\OJ’O PhJI\O&NR“ R?

R) R? 61 65

Me Me 0% 83%

Et Et 66 0

n-pr n-Pr 27 48

n-8u n-8u 47 0

Me C-CEH” 58 35
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diazinones §] and 65 are formed. The relative yields of 61 and 65 are greatly affected by the
nature of the alkyl substituents on the nitrcgen atom {Table 7). On the other hand, N-trimethyl-
stannyldimethylamine (MeBSnNMeZ) reacts with an excess of the isocyanate to give the oxadiazine 62
(Ar=Ph} in 52% yield.

Thiobenzoyl isocyanate dimerizes readily without a cataiyst to the dimer 66, which on further heat-

3, 57, 58

ing converted to the thiadiazinone &7 However, the reaction of thiobenzoyl isocyanates

with NEt3 at room temperature affords 67 directly in 86-88% yie1ds40.

0
RCSNCO — _EE%CSRM.,R J'}'\EE_'SOS__,‘ (s R—EEJN-R
66 &7
R=Ph, Et0, c-CgHy10, PO, MeS, (CHalsN
NEt3 T

R=Ph, p-Me(CgHy, p-C1CgHy
Scheme 17

Acy? and thiocacyl isocyanates add to a variety of C=N bonds other than the C=N bond of isocyanates
menticned above, giving [74 + 72] cycloadducts. For instance, the reagtions of benzoyl and thio-
benzoyl isocyanates with Schiff bases afford the corresponding cxadiazinones and thiadiazinones &8

40, 59

in good yields respectively {Table 8) Furthermore, benzeyl and thiobenzoyl isocyanates add

4

N N-R

Table 8 ArCXNCO + Ar'CHsN-R Ar_]l\xJ_Ar1
68

Ar X Ar' R Yield, %
Ph 0 Ph PhCH2 100
p-Me0CgHs 0 Ph PhCHz 22
p-ClCgHy Q Ph PhCHo 100
p-NOzCgHg 0 Fh PhCH? 100
Ph S Ph PhCH2 a8
p-MelCgHg 5 Ph PHCK2 80
p-C1CgHy S Ph PhCHp 100
Ph ) Ph n=Pr 73
Ph S Ph c-CgH1 74
Fh S Ph Ph 100
p-Me0CgHs S Ph Ph 100
p-C1CgHy S Ph Ph 160
Ph 5 p-Me0CgHg Ph 88
Ph S Ph p-MeOCgHg 94
Ph S p-ND2CgH4 Ph 89
Ph s Ph p-NC2CgHs 70
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to dianils, giving the bis[n4 + 2] cycloadducts 69 in good yie1ds?9.

Thipbenzoyl isocyanate does

not add to the C=C bond ¢f cinnamylideneanilines, but it reacts with the C=N bend by a 1,4-cyclo-

[+]
addition process to afford the thiadiazinones ,ZQS’ (Scheme 18).

0 0]
AL M
N "N=-R—-N" "N
P + 2| N= —_—
hCXNCO PhCH=N-R-N=CHPh Ph’"\x’LPh PhJ\xﬂ‘P'h
69

X=0, R=(CHz}p 82%; X=S, R=(CHp)p 75%; X=5, R=PhCH 97%

0
N*SN-Ar
PRCSNCO e Ar-N=CHCH=CHPh ——— PPN
Ph*™~g~~CH=CHPh
70
Ar=Ph 88%; Ar=p-MeQCgH, 86%; Ar=p-MeCgH, 73%; Ar=p-ClCgH, 7%
Scheme 18

The reactions of N,N'—bis(a1ky'|)ethy]enediimines32

C=N bonds are illustrated in Scheme 19.

0

room temp.

PhCONCO o R-N=CH-CH:=N-R

R LI‘.OPh
reflux

and benzem:lazine's60 having the conjugated two

Benzoyl isocyanate reacts with the ethylenediimine to give

A

N N-R) R=c-CgH11 85%
(Phﬂ‘o"_i

7 R=n-Bu

)
NN
0 %O  R=c-CgHy1 23%
in xylene =<NIN 671

PRCO R
72
O Ar‘
ArCONCO Ar'-CH=N-N=CH-Ar A CO-N)J\'J\N COA
r + r-CH=N-N=CH-Ar ——=Ar - r
YN
Ar O
Ar=Ar'=Ph 58%; Ar=Ph, Ar'=p-MeOCgHa 82% 7

v

Ar=Ph, Ar'=p-MeCgHy 72%; Ar=Ph, Ar'=p-C1CgHy 34%
Ar=p-Cl1CgHg, Ar'=Ph 62%; Ar=p-NOpCgHg, Ar'=Ph 92%

O 0
—< N
PRCSNCO + Ar'—CH=N-N=CH—Ar1—-->ph—é\I N-N=CHAr (Ph-(’ N-);
S— 5~
A Ar
74 75
Ar'=Ph 100% 0%
Ar'=p-MeOCgHg 0 89
Ar'=p-MeCgHg 0 62
Ar'=p-C1CgHg 80 0

Scheme 19
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the bis-oxadiazinone 7] or criss-cross adduct 72 depending on the reaction conditicns. While
benzoyl isocyanates do not react with benzaldazires at room temperature, ¢riss-cross adducts 73 are
formed if the reaction is conducted in xylene under reflux. On the other hand, thiobenzoy] iso-
cyanate reacts easfly with the azines under mild conditions to afford mono- 74 or bis-oxadiazinones
1% depending on the nature of the substituent of the azire.

Although benzoyl isccyanate does not react with p-tosyl- and benzoylhydrazones, thiobenzoyl iso-
cyanate reacts with the hydrazones to give eaclusively {md + 72] cycloadducts, thiadiazinonESSB.

A few addition reactions with cyclic Cs=N bonds have been studied. The reaction of benzoyl ise-
cyanate with 2-pheny1-1-azirines affords the corresponding [n4 + n2] cycloadducts 76 (X=0) in low
yields. Thiobenzoyl isocyanate easily adds to the azirines at room temperature, giving the [n4 +

2] cycloadducts 76 (X=S), which at higher temperature are transformed into thiadiazepinones 17 and

then pyrimidine compound 78 (Scheme 20)61.

H
/JM\M/R room temp. PhT/X\F;;‘R
0'e
X=0, R=Me 45.5%; X=0, R=Ph 6%; 0
¥=S, R=H 20% (77 (R=Me) 38.5%); 76
X=S, R=Me 72%; X=S, R=Ph 85%
S 2
0 R 0
760XS, RePh) —=—» N y" _118C . N M
~ 67%  Ph*~g*Ph  86.5% PH~"Ph
Ph
77 (R=Ph) 78

Scheme 20

Similarly, thioacyl isocyanates react with the C=N bond of imidazcline-4,5-dione to form the [14 +

2] cycloadducts 1262.
0% R 0
N—7p0 NN
RCSNC * I E [
CSNCO Ph*N 0 47.97% Phj\s‘*\N 0
é1 Fhﬁ?
R=NEtz, HPho, PhO, Ph, c-CgHy10 79

R'=c-CgH11, Ph
The cycioaddition reaction to 2-thiazolines will be menticned below (see Section I-8)),
Although benzoyl isocyanates react with diphenylcarbediimide at 0°C to form the [n2 + n2] cyclo-
adducts (Scheme 3), in general the reactions ¢f benzoyl isccyanates as well as thiobenzoyl iso-
cyanates with carbodiimides afford the corresponding [n4 + n2] cycloadducts 80 (Table 9). As shown
in Table 9, benzoyl isocyanates add across the cyclohexyl-N=C bond of N-cyclohexyl-N'-phenylcarbodi-
imide to form the corresponding [n4 + 72] cycloadducts 80, whereas thiobenzoyl isocyanate reacts

with both the N=C bonds of the carbodiimide to afford two isomeric [nd + 2] cycloadducts 8] and
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o R

Takle 9 ArCXNCO + R- N=C=N- R _— PhJLx/EN'
QQ
Ar X R R? Temp. Yield, % Lit.
Ph 0 c-Cgyy c-Cghyy r.t. 54 1€
p-C1CgHg 0 c-CgH1  c-Cgb1y r.t 76 1€
p-NOoCgHy 0 c-CgH  c-Cgtyy r.t. 87 16
p-Me0CgHa 0 c-CgH11 c-CsH1 r.t. 64 16
Ph S c-CgHyp c-Cghyy r.t. 75 21
p-MeQCgHy S c-Cghyy  c-Cahyy r.t 98 21
p-MeqaNCgHy S c-CgHyp  c-Cghyq r.t, 98 21
Ph 0  c-Cgyy  Ph 70% 75 16
p-C1CgH, 0 c-Cghyy  Ph 70°C 71 16
p-NC2CgH4 0 c-Cghyy  Ph 709 75 16
p-MelCgH, 0 c-Cghyy Ph 70%¢ €6.5 16
§g]6. Furthermore, thiobenzeyl isecyanate adds to the C=N bond of aromatic ketenimines, giving the

thiadiazinonesSS.

0

N c-CeHys, NRN-Ph
AN Ph Ph S)N'C"CGHH
8 82
23% 20%

PhCSNCO  + CcH,,-N=C=N-Ph—>
Clgry PhJ\

18 (Scheme 3),

Trichloroacety) isocyanate reacts with a nitrile to afford a [72 + n2] cycloadduct
whereas thiobenzoyl isocyanate adds to aryl cyanates and disubstituted cyanamides by a 1,4-cyclo-

addition to give thiadiazinones §§§4.

PRCSNCO * R-C=N ————> NN

L g
R=PhQ 71%, R=p-MeOCgHs0 67%, a3
R=p-NOzCgH40 61%, R=HMe; 83%, R=M{Me)Ph 27%, R=NPhp 4%

I-7) Compounds Related to Oxathiazines
Trichloroacetyl isocyanate reacts easily with diphenyicyc1opropenone65 and tropone66 to give the
corresponding imino derivatives through a 1,2-cycloaddition, followed by the elimination of carbon
dioxide. On the other hand, thioacy! isocyanates add to the C=0 bonds of aldehydes, acet0n967, and
ketenes63 te form the corresponding cxathiazine derivatives 84, 85 by a 1,4-cycloaddition process
{Scheme 21). The reaction of thiocacyl isocyanates with ketenes is a contrast to that of acyl 1so-

cyanates {cf. Scheme 16).
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R R

N0 g
- —_ R
RCSNCO R..>=0 RAK

8

R=0Et, R'=H, R"=CC13 60%; R=0Et, R'sH, R"=Ph 47%;
R=0Et, R'=H, R"=furyl 74%; R=DEt, R'=R"=Me 290%,
R=Ph, R'=H, R"=Et 27%; R=Ph, R'=H, R"=Ph &1%
Y
PRCSNCO + RRC=C=0 ——> phJTSECRR'
85
R=R'=Ph 78%; R=Ph, R'=mesity)l 82%; R=Ph, R'=1-CigH7 94%;
rRic- QUIQ  42e
Scheme 21
1-8) Pyrimidine Derivatives
The introduction of an electron-withdrawing substituent to the R-carbon atom of enamines decreases
the nucleophilicity of the C=C bond, and makes its hydrogen atom more labile. Therefore, conjugated
addition takes place in the reactions of benzoyl isocyanate with 1—dimethy]amino—E-ethy1en868, and

63 and 6—am1n0uraci]s70. Upon treating with amine

of ethoxycarbonyl isocyanate with enaminoketcnes
or heating, the conjugated adducts afford pyrimidine derivatives. For instance, treatment of the

adducts 86 which are obtained from the reaction with enamincketones, with aqueous trimethylamine
69

gives the uracil derivatives 87 7.
NHR" " RCO
RCONCO' * \e-C-cHooR R S
¢ 54943 MEL=CCOR 5 g7y Me™N"0
SOEt: Ri- . nie 86
R=0Et; R'=QEt, Me; R"=H, Me, Ph QZ

In addition, benzoyl isocyanate reacts with piperidinoisobutene to form the Z:1 adduct, hexahydro-
pyrimidine derivative7]’72.
The reactions of benzoyl and thiobenzoyl isccyanates with Z-alkyl-Z-thiazoline or Z-oxazoline are

73. Thiobenzoyl isocyanate adds to Z-thiazoline and 2-methyl-2-thiazeline at low tempera-

unusual
ture, affording the [w4 + w2] cycloadducts in 65 and 67% yields respectively.

In the reactions of 2-methyl-2-thiazoline with benzoyl isocyanate at room temperature and with thio-
benzoy) isocyanate at 90°C, however, the corresponding thiazolo[3,2-clpyrimidin-7-ones 90 (¥=S),
whose structures correspond to those derived from a 2:1 adduct with loss of water or hydrogen

sulfide, are obtained in 66 and 17% yields respectively. Thiobenzoyl isocyanate reacts with 2-

methyl-2-oxazoline to form directly the oxazolo[3,2-c]pyrimidin-7-one 30 (X=§, Y=0), whereas benzoyl
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isocyanate affords the 2:) adduct 89 (X=Y=0), which on treatment with acetic acid is transformed
into 90 {X=Y=0)}. On the other hand, benzoyl isocyanate react with 2-ethyl-2-thiazoline to afford

the methylthiazolopyrimidinone 2 and methylthiazolopyridinedione derivative 3.

PhCXNCO  —NH R:H
r)~CHZR r ACHR rJﬁ,—cmxmcxph
88 R PhCXNCO
PhCONCO  X=0,¥=5 -~
| R=Me
l NH
C—NCONHCOPh —H0 r\( CONHCXPh
CONHCOPh CONHCXPh
Me
91 /Eh 83
NN -H,X
-PhCONH, Q E;'K‘;',,:LO l Ph
20 ~
) Me y/hﬁ/ko
93 CONHCXPh
X 90

Scheme 22

These réactions can be understood as illustrated in Scheme 22. The isocyanate initially attacks on
the g-carbon atom of the tautomeric enamine of 2-alkyl-2-thia{oxa)zoline to yield the 1:1 adduct 8B.
When R is hydrogen atom, the 2:1 adduct 89 is formed by a second addition of the i1sccyanate to the
B-carbon atom of 88. Subsequent cyclization of 89 with elimination of water or hydrogen suifide
leads to 30.

On the other hand, since the 1:1 adduct 88 (R=Me) does not possess a hydrogen atom on the 8-carbon

atom, the isocyanate reacts preferentially with the ring NH to give the 2:1 adduct 91, followed by
ring closure and the elimination of benzamide to give 2'3. The formation of 92 can be also under-

stood by the ring closure from 88 with loss of water.

II. HETEROCYCLES FROM o-KETOSULFENES

In 1911, Wedkind and Schenk’*

postulated the intermediacy of PhCH=50; for the formation of trans-

stilbene from phenylmethanesulfonyl chloride and triethylamine (NEts) (Scheme 23}, and first used

the name sulfene to molecules of the formula RR'C=507. The name sulfere was selected to express the
PHCHpS0,CY  +  NEtz ———= PhCH=S0p  + EtzNHC1 ™

PhCH=S02 ————— PhCH: + S02

2 PhCH: ~————— PhCH=CHPh

Scheme 23
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relationship to ketene.

Although no notable studies on sulfenes have reported until 1950's, the chemistry of sulfenes has

been rapidly developed since the almost simultaneous publication of papers by Opitz and Ado?ph75

and by Stork and Boromtz76 en the formation of sulfene-enamine cycloaddition products.
As pointed out in the beginning of this review, sulfenes are one of the most reactive species among

heterocumulenes, and can oniy be generated in situ. However, the existence of sulfenes as reactive

intermediates has been conclusively demonstrated77_

The principal methods for the generation of sulfenes are as follows.
i} Dehydrochlorination of atkanesulfonyl chlorides RR'CHS02CT {R, R'=H, alkyl, aryl) with base.

This is most commenly for the generation of sulfenes, and tertiary amines such as NEty are employed

as base74’ 78.
bas

e
i ‘=
RR'CHSO,C? _~——jﬁ§rﬁ___§ RR ' C=507

i1) Reaction of diazealkanes with sulfur dioxide. This is an apparently general route. This

method has 1ittle used except for the formation of episulfones {and olefins) since sulfenes react

with excess diazoa]kane79.
O2
R S R_ 502
R — —™R,C=CR,

- Np RoCNp
RCN, + $0, —=— R,C=S0,

1i1) A less genaral method for the generation of sulfenes is the photoiysis of cyclic unsaturated

su]tonesBO and su]tamsB].
(% C%
S\x h\) /S\X
$ - [;Vy (X=0, NR)

Other methods such as Sulfo-Cope rearrangement82 and thermolysis of benzothiazete 1,1-diox1d983 have

Tittle synthetic application.
11-1} Generation of a-Ketosulfenes
The methods for the generation of a-ketosulfenes are similar to those for simple sulfenes, and two

methods, 1) and 11) mentioned above, have been reported. 1In 1963, the study by Fusco et a1.84 on

NEt
PRCOCH,S05C1 s PHCOCH-SGy
NEts
E00CCH, S0,C1 > EtDOCCH=SOp
0 0
50,C| Nevs [::]:AS=502 (n=1,2)
{CH,)n (CHaIn
9 N 502 2 bh
Ph-t—C -Ph > Ph-C~C=30;
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the formation of a dimer of benzoylsulfene by the reaction of benzoylmethanesulfonyl chloride with
NEty provided the first information regarding a-ketosulfene. Later, the generation of the corre-
sponding a-ketosulfenes by dehydrochlorination of ethy? {ch]orosu]fony!)acetategs, 2-chlorosulfonyl-
indanone, and 2—ch10r0$u1fony]-]-tetra]onegﬁ, and by the reaction of azibenzil with sulfur dioxide87
has been reported.

I1-2) Oxadithiines Derivatives
In principle, simple sulfenes might undergo dimerization via a [72 + w21 cycloaddition. Howaver,
no examples of the dimerization of simple sulfenes are known. As described above, the long sought

184. 1.84 obtained the dimer

dimerization of a sulfepe was finally achieved by Fusco et a Fusco et a
94 in 40-60% yield from the reaction of benzoylmethanesulfonyl chloride with NEt3, and formulated
the cyclization as a Diels-Alder reaction of benzoylsulfene. However, the chloride reacts with 2
equivalents of NEty to give the triethylammonium salt of dimer 95. An intercenversion between 94

and 95 is also observed (Scheme 24). This reaction gives the dimer 94 in 88-95% yield. Hydrolysis

gZ\rCOPh % lc?:?) NHE, &
_ _ A ™
9 9 %
0
50, 72% O o5t 9
T 30
0,
37
Scheme 24

of 94 or 95 with hydrochloric acid affords the oxaditiine tetraoxide 96 in almost quantitative
yield®8,
On the other hand, dehydrochlorination of 2-chlorosulfonyl-1-tetralone with 1 equivalent of NEtj
gives the dimer 97 1ike 94. However, 2-chlorosulfonylindanone does not give the dimer, but instead
2,2 -diindanylidene 1,1'-dione is formed> .

11-3) Cycloadditions and Their Related Reactions to C=N Bonds
The two examples have been reported on the reactions of simple sulfenes with C=N bonds. One is the

79a, and

reaction of diphenyldiazomethane with sulfur dioxide in the presence of benzylideneaniline
the other is the concerted [72 + 2] cycloaddition of phenylsulfene, generated in situ from phenyl-
methanesulfonyl chloride and NEt3, to benzylidenemethylamine leading to the formation of the 1,2-
thiazetidine 1,1—diox1de90.

New heterocyclic compounds may be formed by the cycloadditions of a-ketosulfenes to the C=N bond,

because the electron-withdrawing acyl group will make a-ketosulfenes more reactive than simple
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sulfenes. Thus the reactions of a-ketosulfenes with various compounds having the C=N bond have
been investigated.

II-3-1} Reaction with Schiff Bases. The reactions of benzoylsulfene, generated in
situ from benzoylmethanesulfonyl chloride and base, with Schiff bases give the corresponding [wd +
n2] and/or [n2 + 2] cycloadducts, whose yields depend on the nature of amine components of Schiff
bases and on the reaction condition591.
For instance, benzoylsulfene, generated from the chloride and NEty, reacts with benzylidene-n-
propylamine to give the [nd + w2] cycloadduct 9§ as the sole product, whereas the reaction of the
chloride with 2 equivalents of the Schiff base affords the [n4 + n2] cycloadduct 98 and [a2 + n2]
cycloadduct 93. In the reaction of the chloride with benzylideneaniline in the presence of NEt3,

0,
S\w-pr  PRCOT—SO;
PhCOCH,SOCtL  + PhCH—N-Pr——“hE ]:4

Ph™0~Ph Ph-—N~Pr
base ?9 %?
NEts 82% -
anil 82% 13%

gzN—F'h F’hCO]:SOz

- + =N]-
PhCOCH=S0, PhCH=N Ph———>phﬁ ohrn

Ph h‘Ph
Reaction time, h [QP 101
1 8% -
12 14% 20%
24 - 30%
Scheme 25

the yield of the [w4 + m2] cycloadduct 1GQ decreases, and that of the [n2 + m2] cycloadduct 19)
1ncreases witn the reaction time {Scheme 25).
The chloride reacts with dibenzylidenethylenediamine in the presence of NEt3 to give the correspond-

ing bis(nd + m2] cycloadduct 1027 .

0, 0,
SN-CH,CH, -NS
PhCOCH=SO, *+ PhCH=N-CH,CH,-N-=CHPh ——> n[ 2CH,
: ZCH,"N-CHP P lo'LPh PhJ\oD‘Ph
102

Cyclic a-ketosulfenes, tetralonesulfene and indancnesulfene, show different characteristics in the

86

cycloadditions te Schiff bases Tetralenesulfene, generated in situ from 2-chlorosulfonyl-1-

tetralone and NEt3, does not react with benzylideneanilines (Ar=R=Ph; Ar=p-C1CgHq, R=Ph; Ar=p-Me(-
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CgHy » R=Ph), and adds to benzylidenealkylamines and benzylidene-p-methoxyaniline to form the corre-
sponding [14 + n2] cycloadducts 103. Indanonesulfene, generated ip situ from 2-chlorosulfonyl-
indanone and NEt3, reacts with p-chlorobenzylidenemethylamine to give the fmd + 72] cycloadduct 104,
but the reaction of indanonesulfene with Schiff bases generally proceeds via a 1,2-cycloaddition

process to yield the [n2 + m2] cycloadducts 105 {Scheme 26).

2 S0,  Ar-CH=N-R vl
(I:r > QQ SR

103
Ar=Ph, R=p-MeOCgHy 25%; Ar=Ph R=c-CgHy1 53%;

Ar=Ph, R=n-Pr 67%; Ar=p-C1CgH;, R=Me 67%

Ar-CH=N-Me R O OYAr
51.5¢ - S,N—Me

0 2
mso; ]9‘50 (Ar‘=p—C1C6H4)
Ar-CH=N-R 0 gz Ar
> @Q‘N—R

105

Ar=R=Ph  32%; Ar=p-C1CgHg, R=Ph 24%; Ar=p-MeOCgHy, R=Ph 31%;

Ar=Ph, R=p-MelOCgHs 39%; Ar=Ph, R=c-CgHyy 43%; Ar=Ph, R=n-Pr 40%

Scheme 26
11-3-2) Reaction with Carbodiimides or Ketenimines. Simple sulfenes do not react
with carbodiimides]. However, benzoylsulfene reacts with carbodiimides to give the cyclnadductsgz.

For instance, the reaction of benzoylsulfene with dicyclohexylcarbodiimide proceeds through both

15% gENO

PRCOT—S0; __,. PhCO
E ¥ OHNESNO

PhCOCH=50,

Ph-N=C=N-Ph ES‘N.ph Ph- N,/\so2
+
PH~0N-Ph PrN, S/L COPh
2
12 109
45% i
Scheme 27
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1,4- and 1,2-cycloaddition processes to give the [+4 + #2) cycloadduct 196 and 1,2-thiazete com-
pound 107 which is arisen from the initial [m2 + #2] cycloadduct. Oﬁ the other hand, benzoyl-
sulfene reacts with diphenylcarbodiimide to afford the [wd + n2] cycloadduct 108 and 2:1 adduct 109
(Scheme 27)

In general, the cycloaddition to ketemimines takes place across the C=C bond of the ketenimines.
However, benzoylsulfene adds across the C=N bond of the ketenimines to give 2-methyleneoxathiazine

derivatives 11993,

g,
SN-R
R | N-R
P = + == Ne — |
hCOCH=50, R,C C=N-R Ph‘l:()’l‘"'-’(g
R=Me, R'=p-tolyl 74% 10

R=Ph, R'=n-Bu 48%

I1-3-3) Reaction with 1—Azirinesg4. Phenylsul fene does not react with T-azirines, but
instead trans-stilbene is formed, However, a-ketosulfenes react with 1-azirines. That 75, the re-
actions of benzoylsulfere, indanonesulfene, and tetralonesulfene with 3-substituted 2-phenyl-1-
azirines proceed through a concerted [nds + w2s] process to give the corresponding endo—R1—cyc1o—

adducts 111-113 (Scheme 28).
1

R R
{/NE:R‘ O*ﬁiph
PhCOCH=50, +  Ph g ——> Ph \S,N
0,
11
Toh, R2=Ph 65%; R'=H, R®=Me 65%; R'=R%=Me 59%
R,
O\JR R'=H, R%=ph 423 \JRZ R1=H, RZ=pp 723
S,N “Ph R'=H, R%aMe 524 S,N R'=H, RZ=Me 70
2 RV-rP=Me 51% R'-R%-Me 514
n2 113

Scheme 28

2-Phenyl-1-azirine (R1=R2=H) shows an unusual behaviour toward w-ketosulfenes. In the reaction of
benzoylsulfene the sulfonamide, which is arisen from hydrolysis of the initial [wd + «2] cyclo-
adduct, is formed in 41% yield. Indanonesulfene reacts with the azirine to give new 1:1 adduct 1]4
and 2:1 adduct 115 along with the sulfonamide, whose yields depend on the amounts of the azirine
employed. The result employed 2 mo}. of theazirine is shown in Scheme 29,

Cn the other hand, the reaction of tetralonesulfene with the azirine gives the sulfonamide and 2:2

adduct ]jj;(34.5%) instead of the expected cycloadduct.
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0 o

N
(j]i}so2 P2 N> @SOZNHCHZCO% .
Ph
NH + or Ph 0
S - N O—'—~_.. gt
0, Py L H NS ‘

N4 115a 115b —N 0] O
~ " 02 H Ph
15% 22% 1
Scheme 29

I1I-4) Reaction with Nitrones
Atthough o-ketosulfenes, in analogy with simple su]fenesgs, react with C,N-diaryInitrones through
1,3-cycloaddition, followed by rearrangement via a four-membered cyclic transition state to o-
position of the N-phenyl group of the nitrone to yield the corresponding rearranged adducts, seven-
membered cyclic azasultones, the by-products which arise from the rearranged adducts with the elim-
ination of the benzaldehyde are invariably accompanied in the reaction of a—ketosuifenesgs.
Thus, the reaction of benzoylsulfene with the nitrones gives a mixture of two seven-membered cyclic

azasultones 117 and 118. Interconversion between 117 and 118 can be interpreted as illustrated in

Scheme 30.
O

N*‘F Nz
PhCOCH=S0, + ArCH= N PR ——= @ COPh + @[
O

2

Ar=Ph 28% 8%
Ar=p-MeOCgH, 10 5
Ar=p-C1CgH, 36 6
A!"=D—N02C6H4 35 6

+ Hp0 NH, HT.O - ArCHO NH - H20
]‘l:] _— @O A CHAr _—-—@ ? =115
- Hp0 SOZCH‘coph + ArCHD 030,CH,COPKh + Hp0  —~
19

Scheme 30

Hydrolysis of 117 under mild conditions gives the sulfonate 119, which is easily transformed to 118
by dehydration. The sulfonate 119 reacts with the benzaldehyde to form ]17. Further, thermolysis
of 117 under reduced pressure affords 118 with the elimination of the benzaldehyde {ArCHO).

Similarly, indanonesulfene and tetralonesulfene afford a mixture of the corresponding two azasultones
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120 and 12], and 122 and 123, respectively. '

J y
N-Ar H N1 N=
oo o oy, o

120 2 122 123
Ar=Ph 28% 4% 23% 6%
Ar=p-Me0CgHy 0 30 13.5 5
Ar=p-C1CgHy 31 5 30 5
Ar=p-NO,CeH, 52 3 26 5

The reaction of a-ketosulfenes with cyclic nitrones such as 1-pyrroline 1-oxides gives cis-s-cis B-

aminoenones and/or g-iming sulfonic acids, whose yields greately depend on the nature of solvents

emp]oyed97. The results of the reaction of indanonesulfene with 5,5-dimethyl-1-pyrroline 1-oxide

are shown 1n Table 10.

Table 10 Me/ ) Me
¢ m502+ “’Me ﬁ Me™

HS{T
. o]
Solvent Lzé 1,_25’
dioxane 69% 0%
THF 63 0
MeCN 3 70
CHoL1y 1 66

As shown in Table 10, it seems reascnable to conclude that B-aminoenone 124 is predominantly formed
in solvents such as dioxane and THF which have a strong affinity for sulfur trioxide, but 8-iminc
sulfontc acid 125 is obtained as & major product in acetonitrile which does not exhibit affinity for

suTfur trioxide. The pathway for the formation of B-aminoenones is ocutlined in Scheme 31. The

>O RCOC=S0p {)\f )
; R

0'502 O—isoz
LA
N
H COR L: Solvent
Scheme 31

formation of R-aminoenones is characteristic of w-ketosulfenes, and might be classified into a
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special reaction.

I1-5) Miscellaneous Reactions

It is well known that simple sulfenes react with enamines to give the corresponding thietane 1,1-

78a, 9 85,38 as well as simple sulfenes add to

98

dicxides, Benzoylsulfene 8and ethoxycarbonylsulfene

acyclic enamines to form the corresponding [n2 + 72] cycloadducts. Truce and Rach™ studied the
stereochemistry of adducts of sulfenes to acyclic enamines, and found that simple sulfenes give cis-
cycloadducts, whereas benzoylsulfene and ethoxycarbonylsulfene form trans-cycloadducts which are

arisen from the postepimerization of initial cis-cycloadducts {Takle 11). On the other hand, the

R Y7 RCO,

H.
Table 11 RCOC=SG, +Lﬁ>=<',:',§——>mme“—+ ) 502| ¥
=N Me p Me
cis

R R' Y trans
Ph H CHy - 64%
Ph H OCHz - 28
OEt Me CHp . - a3
OEt Me OCHz 27% 62

reaction of benzoylsulfene with enamines derived from cyclohexanone does not give the thietane 1,1-
dioxides, but instead acyclic sulfonyl compounds are formedgg.

. 78 . .
Opitz briefly described in a review 2 the formation of {4 + 72] cycloadduct 12§ in the reaction

of benzoylsulfene with enol ether, In the reaction with cinnamylideneamines, benzoylsulfene

100

acts as dienophile to give the Diels-Alder adducts 127 (S5cheme 32).

Me o]
>=CHOEt Sz Me
Me o IE Me
42% PH™>o" OEt
12

PRCOCH=S0,

PhCH=CH~CH=N-R Ph_~

S

PhCO S,N-R
R=Ph 43%; R=p-MeOCgHg 43% 0,
127

—~r

R=p-C1CgHs 26%; R=n-Pr 36%

Scheme 32
The reaction of a-diazoketone with sulfur dioxide affords occasionally the cycloadducts of a-keto-
sulfene to ketene which are generated in situ. The four-membered cyclic structures were postulated
for the cyc]oadduct587 but it has been later clarified that the cycloadducts are [w4 + w2] cyclo-

adducts 128 and 129 by 1,4-cycloadditions of the a-ketosulfene across the C=C and C=0 bonds of the
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0. )

R 2 2

R P . PR SR PR Sh

PRCNCOR + S0, —» [RCOC=50; + g >=C:0]—> R[OIO + R]lo Rgh

R 128 129

Ph 70°C (in benzene) 449 7%

Me 60°C {in benzene) 49 5

Ph hv 35 17

Me by 54 1
Scheme 33

ketene respectively. The results of thermal and photochemical reactions of a-diazoketones with

sulfur dioxide are shown in Scheme 33,

104

Benzoylsulfene as well as simple sulfenes reacts with tropone103 and azomethine ylide to give

the [78 + 72] cycloadduct 130 and [n4 + m2] cycloadduct 131 respectively.

“coPh
N-ph
PhCO™—0;
130(857%) 131 (31°%)
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