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This review will deal with the generation, reactions and theoretical calculations of both C- and N-

bonded thionitroso compounds, including the spectroscopic detection of unstable C-thionitroso com-
pounds. Several types of transition metal complexes of thionitroso compounds are also addressed.
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1. INTRODUCTION

Organic compounds containing double bonded sulfur atoms have been exten-
sively studied during the last thirty years. Among them the most documented
are the thiocarbonyl compounds (with a C=S bond) which are widely utilized
in organic synthesis."

As for compounds containing an N=S bond much less work has been reported
than with thiocarbonyl compounds in spite of their interesting properties. Among
them thiocumulenes of the type R—N=—S=X with a central tetravalent sulfur
atom have been relatively well investigated and their chemistry has been occa-
sionally reviewed.”” Recently, the chemistry of N-sulfides was also reviewed.®
Thionitroso compounds, with their divalent monocoordinate sulfur atom, how-
ever, have been much less studied. Although the parent system HN=S has been
calculated by several workers HN=S has not been detected so far. Its existence
has only been postulated in the reactions of intermediary sulfenylnitrenes (ArSN)
and arylthioamines (ArSNH,),” although the NS radical'® and the NS* cation"
have been detected spectroscopically. A compound of formula FNS was reported
in 1963, but its structure was found to be that of the isomer F—S=N.'*"
The only example of an isolated thionitroso compound is Me,NN=S," but the
electronic structure of Me,NN=—S is concluded to be Me,N*=—N—S~, both
experimentally and according to theoretical calculations (see Section 6). Thus,
the character of the N—S bond in the AN-thionitroso compound Me,NN=S is
considered to be substantially changed. Otherwise unstable N—S bonds are also
known to be stabilized by complexation with metals (see Section 7). C-Bonded
thionitroso compounds have only become known as reactive intermediates so
far.

The present review will focus on the chemistry of organic thionitroso com-
pounds and the papers discussed in this review are confined to those reported
before June, 1992,

2. COMPUTATIONAL STUDIES

Theoretical investigations of thionitroso compounds started in 1978, when Collins
and Duke reported the theoretical structures of FSN and HNS by ab initio cal-
culation.” They optimized the structure of HNS using STO-3G and some polar-
ization functions for p- and d-orbitals. As a result, of the two possible isomers,
HNS was more stable than HSN by 25.6 kcal/mol, whereas FNS was less stable
than FSN. This result suggested the existence of HNS (or RNS) in the thionitroso
form, although the structure of FNS was experimentally determined to be
F—S=N. The calculated NS bond length was 1.5499 A and the H—N—S angle
was 100° (Table 1).

As for organic thionitroso compounds, quantum chemical calculations were
performed by Mehlhorn et al.'® They described the electronic structure and var-
ious physical properties of HNS, PhNS and R,NNS using INDO, CNDO/S and
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TABLE 1 Optimized structures of RNS and net charges on N and S

bond length/A angle calculation net charges
R N—S R—N <RSN method N S ref.
H 1.550 1.005 100° STO-3G — — 15
H 1.618 — — SCF/3-21G — — 16
H 1.549 1.017 110° SCE/D11 -0.26" +0.06” 17
H 1.539 1.010 111° SCF/6-31* — —_ 18
H 1.541 — — SCF/3-21G(d) — — 19
H 1.600 1.010 108° MRD-CI — — 20
H 1.54 1.01 110° RMP2/6-31G** -0.49 +0.18 21
H 1.552 — — INDO -0.15" +0.03” 16
Me;N 1.582 — — INDO -0.06” -0.30 16
Ph — — — CNDO/S -0.12 -0.11 16
H 1.491 1.013 — MNDO — — 22
Me 1.495 1.456 — MNDO — — 22
Ph 1.505 1.404 — MNDO — — 22
a) SCF/F32 basis
b) CNDO/S

ab initio SCF methods. The NS bond length of an optimized structure of ground
state HNS by INDO was 1.552 A, similar to that of Collins and Duke, but
somewhat longer (1.618 A) by the SCF-method (STO-3-21G). The NS distance
was lengthened considerably in the lowest triplet state T, (1.717 A/SCF) com-
pared to the S, ground state. In the case of Me,NNS, the NS distance was 0.030
A (INDO) longer, indicating single bond character of the N=S bond in the
thionitrosoamine. The electronic structure of the thionitroso compounds was pre-
dicted to be polarized in the sense N>*>=S** when the NS bond is attached to
hydrogen or carbon. This electronic structure of the NS moiety was substantially
different from that of Me,NNS, which was predicted to have a zwitterionic struc-
ture of Me,N*=N—S~. These polarizations are different from the electronic
structure of HNO, indicating different chemical behavior of thionitroso com-
pounds and nitroso compounds. From the viewpoint of frontier orbitals, the
LUMO energy of thionitrosobenzene was considerably lower than that of nitro-
sobenzene, whereas the HOMO enegies were very similar. Hence thionitrosoar-
enes are expected to have a strong electron affinity and their facile acceptance
of electrons should drastically diminish the chance of isolating thionitroso com-
pounds in the presence of electron donors. Significant changes of the frontier
orbitals of thionitroso compounds by substituents are also pointed out. A tran-
sition state calculation by CNDOQY/S shows that the UV-VIS spectrum of a thio-
nitroso compound has weak n-w* absorption bands, for instance at 1282 and 426
nm for HNS (1234 and 491 nm for thionitrosobenzene). Mehthorn’s calculations
also suggest that the lowest triplet state of a thionitroso compound lies close to
the singlet ground state and, specifically, the T, state of HNS was estimated to
be slightly more stable than the S, state in simple basis set calculations (STO-3-
21G).

More sophisticated calculations of HNS were carried out by Wasilewski and
Staemmler."” Their calculations were performed at the SCF level with inclusion
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of electron correlation effects by means of the CEPA method for the excited
states. The optimized structure of HNS by SCF/D11 showed a similar NS bond
length (1.549 A) and a widened H—N—S angle of 110° in comparison with the
calculations by Mehlhorn, but very similar to those calculated by Hess et al.
(SCF/6-31*)."® The harmonic vibration frequencies of HNS were estimated to be
1231, 1338 and 3607 (NH stretching) cm~'. Also calculations of the excited states
were performed in this report. As a result, the number and relative energetic
order of the low-lying states agreed with those of HNO, but the energy sepa-
rations were much smaller for HNS than for HNO, and a pair of low-lying
excited A” states possess excitation energies of 1-2 eV. Wasilewski and Staemm-
ler suggested that although the HNS molecule has a closed-shell 'A’ ground state,
it has to be considered as a highly reactive radical. With regard to the NS bond,
the bond order was estimated to be two and polarized as N*~=S** (net charge
on N: —0.26, on S: +0.06; D21 basis set).

The = bond strength of HNS was calculated by Schmidt et al. with the ab
initio MCSCF method (3-21G(d)).” The calculated length of the N—S bond in
HNS was 1.541 A and the stretching wavenumber 1245 cm~'. The estimated w
bond strength was 42 kcal/mol, i.e. it is less stable than the N—O and the P—0
bond by 20 and 10 kcal/mol, respectively, and close to the N—P and the P—S
bond (Table 2). These facts are suggestive of thermal instability of thionitroso
compounds, and of the necessity of some features stabilizing N—S bonds for the
isolation of thionitroso compounds.

Recently, Mehlhorn et al. reported a theoretical study of RNS involving
excited states.®? For HNS an MRD-CI calculation was carried out.? As a result,
HNS is expected to have a singlet ground state in agreement with the conclusion

TABLE 2 A = B w-bond strengths®”

estimated value experimental
A B (kcal/mol) (kcal/mol)
C C 65 59, 65
Si Cc 38 38,39
Si Si 25 26
N N 60 55, 64
P N 4
P P M4
C N 63
Si N 36
Si P 29
C (0] 77
Si (0] 50
C S 53
Si S 50
N o 62
P o 53
N S 42
P S 40




12: 54 25 January 2011

Downl oaded At:

THIONITROSO COMPOUNDS 297

of Wasilewski ef al. The calculated molecular geometry was: d(NH) 1.010 A,
d(NS) 1.600 A, and <HNS 108.0° (MRD-CI(DC/DZP)). The NS bond length
increased when the basis set was improved to take some electron correlation into
account. The excited states S, and T, lie close to the singlet ground state. The
energy gap between the S, and the T, state is small (25 kJ/mol). The low-energy
S-S transition of the type 'A’-'A” had a very low dipole strength (nmw*) and its
transition energy was in the near infrared region (1305 nm). The So-S, transition
should give rise to a second weak band in the visible region at 432 nm, suggesting
that thionitroso compounds are orange or yellow colored. The S,-T, splitting
(4436 cm ') was estimated to be larger than the ST, energy difference (3326
cm™!). Ab initio calculations on CH;N=—S were also carried out and the result
was similar to that with HNS. The S, and T, states (T, was lower than S,) lay
close to the singlet ground state, the energy gap of S¢S, being 7000 cm~'.*

MNDO calculations on RN=—S (R =H, CH;, Ph) have also been carried out.?
The calculated NS bond lengths are 1.491 A (R=H), 1.495 A (R=CH,) and
1.505 A (R=Ph). The NS bond length was not dramatically affected by substi-
tuents, but became slightly stretched when R was an alkyl or aryl group. The
calculated frontier orbital energies are Epomo: —10.06 ~ —9.44 eV and E_ymo:
—-1.76 ~ —1.37 eV (R=H, CH,, Ph). The estimated non-vertical ionization
potential of HNS was 9.55 eV, the electron affinity —1.86 ¢V and the dipole
moment 4.77-10 Cm.

A theoretical study of the radical cation HNS* has been reported by Redondo
et al.® In their report, the UHF wave function was used for three solutions of
the HNS* radical and two of these structures were estimated to be more stable
than the other.

3. GENERATION OF THIONITROSO COMPOUNDS

Thionitroso compounds are considered to be unstable species based on the the-
oretical studies mentioned above. In fact, thionitroso compounds which are sta-
ble under ambient conditions have not been reported so far except for an N-
thionitrosoamine. The parent compound HNS has still not been detected. How-
ever, C-thionitroso compounds as reaction intermediates have been occasionally
reported in various reactions.

3.1. Thermal Reactions of N,N'-Thiodianiline

The first thionitroso intermediate was reported in 1966 by Tavs in thermal reac-
tions of N,N’-thiodianilines.* N,N’-Thiodianilines 1 decompose slowly at room
temperature with the appearance of a blue color. When heated at 80°C for 6 h
with excess 2,3-dimethylbutadiene, 2-aryl-4,5-dimethyl-3,6-dihydro-1,2-thiazines
3, the corresponding Diels-Alder adducts, are obtained in 22—41% yield (Scheme
1), suggesting the intermediacy of thionitrosoarenes 2.
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Scheme 1
A

x)mmompx —2 e x4 {x@m]

1 2

ol X = H,Cl,
: O e
S
3 (22~41%)

The generation of thionitroso compounds in this type of reaction was also
reported by Minami et al.” and by Davis and Skibo.”* Minami obtained the Diels-
Alder adduct of thionitrosobenzene (5) with 2,3-dimethylbutadiene in the ther-
mal reaction (140°C) of the thiobisamine 4 in 35% yield (Scheme 2), but when

Scheme 2
Fi"h
O N O« _NHPh
Ss-NHPh A + PANS ]
PR PR
5
4

y Ph\gj
5 \ 6

Ph—N=—N-—Ph

tetraphenylcyclopentadienone was used as a diene, azobenzene was obtained
(65%) instead of the Diels-Alder adduct. Davis and Skibo obtained azo com-
pounds, aniline, and sulfur in high yields in the absence of a trapping agent, and
Diels-Alder adducts in the presence of 2,3-dimethylbutadiene in the thermal
reaction of N,N’-thiodianilines 7 and arylaminothiopiperidines 10 (Schemes 3 and
4). They explained the formation of these products as shown in Schemes 3 and
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5. First, a thiodianiline disproportionates to an aniline and a thionitrosoarene,
and the latter undergoes dimerization, followed by desulfurization to give an
azobenzene and elemental sulfur.

Scheme 3

(X-CgHNH),S X-CeHsNH,  + [ X-CGH,,-NS}

7 8

)(-CSH,t\'Tl |
Eha
8 \
X-CgHy-N=N-CgH,-X

9 (83~99%)

(X = 4-MeO, H, 4-Br, 4-Cl, 3-NO,)

Scheme 4

A
{ N-S-NHCgHX ———

10

{ NH +  XCgH,;N=NCgH,X + s
9

(X = 4-MeO, H, 4-Br, 4-Cl)

Scheme 5

XCgH,—N—S
2XCHNS — | — 8 + 25
XCgHy—N——8
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The intramolecular generation of the thionitroso compound 12 was postulated
in the reaction of 1,2-diaminobenzene and trithiazyl trichloride (N;S;Cl;) via 11
(Scheme 6).7

Scheme 6

H
@ NH, S3N3Cla N\ NHz
S ——i
NH, @N/ CENS
H

11 12

3.2. Sulfurization of Amines

The preparation of thionitroso compounds by sulfurization of anilines has been
attempted from early years. The simple reaction of anilines and SCl,, however,
did not afford thionitroso compounds, but instead gave N-thiosulfinylanilines 13
or sulfur diimides 14 (Scheme 7).%

Scheme 7
SCl,

RNH, R-N=S=§ and/or R-N=S=N-R
13 14

Scheme 8
P2S10

MeaN NO —— MezN N=S=S
15 16

Barton and Robson’s sulfurization of p-(dimethylamino)nitrosobenzene (15) with
phosphorus pentasulfide resulted in the formation of N-thiosulfinylaniline 16
(Scheme 8).” Although these studies failed to yield isolated thionitroso com-
pounds, this represented the first isolation of a stable N-thiosulfinylamine. The
sulfur diimide was regarded to be formed via dimerization and subsequent desul-
furization of a thionitroso intermediate.

When N,N-bis(trimethylsilyl)aniline (17) was employed, the reaction with SCl,
resulted in the successful trapping of the intermediary thionitrosobenzene (5) as
the Diels-Alder adduct 6 (Scheme 9).%
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The sulfurization of silylated amines could be achieved by reaction with SCl,,
followed by thermolysis (Scheme 10),*' and the thionitroso intermediates were
trapped with 2,3-dimethylbutadiene.

Scheme 9
/SiMea SCl Ph‘N
Ph—N [ Ph-N=S ] — éi

SiMe,

17 5 6

Scheme 10
SiMe; SiMe; R
/ SCI. / ~
e e G L i ) §
H NEt; e
R = tBuy, +Pr

Diaminonaphthalene 18 also underwent sulfurization by piperidine-1-sulfenyl
chloride (19) (Scheme 11).* Although the thionitroso compound 20 was not
trapped, this reaction was considered to proceed via bis(thionitroso)naphthalene
20 (pathway A), since the alternative reaction pathway B was disproved by the
fact that the authentic sulfoxide 22 did not yield the thiadiazine 21 when treated
with 19 under similar conditions.

Scheme 11
NH, NH,  ( NSCI N=S N=S NN
O —— 0 — O
path A
18 20 21
' e
; path8 |c|)
S ~S.
HN"" NH HN”""NH 7 -HO
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3.3. Fragmentation of S—N Ylides

Hata and Watanabe found that the fragmentation of an S—N ylide led to an
intermediary thionitroso compound (Scheme 12).> They prepared the S—N ylide
26 in situ by the reaction of thiirane 23 with oxaziridine 24, and the ylide 26
formed from 2§ fragmented at room temperature into an olefin and thionitro-
somethane 27 which in turn gave the sulfur diimide 28 in the absence of a trap-
ping reagent and could be trapped by Diels-Alder reaction with 2,3-dimethyl-
butadiene.

Scheme 12
Ph Ph
s + Me—N/( _ DS—---N/{
D ~o I>o
Me
23 24
25
- PhCHO

olefin + Me—-N=$§

[DE—N—Me }

26 27

Me—N=S=N—Me  23: [>S . Os.
28
i-Pr
3.
* \

Me OAc

Me\'}‘ |
S S

Meth-Cohn and van Vuuren found that a similar fragmentation of an appro-
priate S—N ylide generates an electron-poor thionitroso compound.** Reaction
of the starting S—N ylide 29 with an olefin afforded another S—N ylide 30 which
led to a thionitroso intermediate 31 under the reaction conditions (Scheme 13).
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Interestingly, the trapping of 31 in the presence of 2,3-dimethylbutadiene gave
not only the Diels-Alder adducts 33 but also the ene products 32 in comparable
yields.

Scheme 13
cl
a_ ¢ c
+ -
~ s—NR + || —_— ls¢
Sy
ci ci- \_
(o] olefin ¢l NR
29
30
Cl
cl
30 — + [ R—-—N:S]
Cl
cl 31
H SNHR
N7 R
"X X
Me
32 33
43% 43% (R=CO.Ph)

R = CO,Ph, 4-MeCgH,SO,, CO,Et

olefin : cyclohexene, acenaphthylene

3.4. Ring Opening Reactions of Benzothiadiazoles and Benzisothiazoles

Transient thionitroso compounds are also formed by ring opening reactions of
benzothiadiazoles® and benzisothiazoles.”’*® Pedersen observed a photochemical
ring opening reaction of benzo[c]-1,2,5-thiadiazole 2-oxide (34) at low temper-
ature by UV-VIS spectroscopy to form 2-thionitrosonitrosobenzene (35) (details
to be described in Section 4) (Scheme 14).%
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Joucla and Rees reported thermal and photochemical reactions of the azido-
benzisothiazole 36 with loss of molecular nitrogen and a subsequent ring opening
reaction to form the thionitrosoarene 37 (Scheme 15).” The thionitroso com-
pound formed in this reaction afforded the sulfur diimide 39 in a thermal reaction
at 180°C and a Diels-Alder adduct 38 in a photochemical reaction in the presence

M. TAKAHASHI AND R. OKAZAKI

Scheme 14
?.
_N* hv NO
o~ 'S
N hvor A NS
34 35

of cyclopentadiene.

Scheme 15
N3
5 —=
=N or A NS
CF, CF,
36 37
" \

CN CN
l}l N=8=N

CF; s oF

3
38 39

Similar reactions were reported by Bryce and Heaton (Scheme 16)* and by
us (Scheme 17).* The thionitroso intermediates 40 and 44 were trapped as the
Diels-Alder adducts 41 and 47, and as the ene adducts 42. These ring opening
reactions proceed readily to form thionitrosoarenes cleanly with elimination of
nitrogen and have become an efficient method for the generation of o-cyano-

thionitrosobenzenes.
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Scheme 16
Na y .
¥ = A j@( N (Y, 2) = (H. H), (H. Br),
S —_—
z SN z NS (H,Cl). (CLH)

40

CN CN
S
4 —— = ¥ N\:/z- + Y NHSX
z Z
41 42

Scheme 17
NS
tBu CN
or A
t-Bu tBu
43 44

t‘BU t‘BU

Q—N S= N—Q + tBu‘Q—NHZ
/ oN
45 46

A
S
+Bu \_j/Z—
CN

47
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3.5. Desulfurization of N-Thiosulfinylamines

N-Thiosulfinylanilines (R—N—=S8==S) can also be precursors of thionitroso inter-
mediates. Inagaki et al. reported that the sterically hindered N-thiosulfinylanilines
48a,b undergo desulfurization reactions in the presence of light or tertiary phos-
phines to give the sulfur diimides 49a,b, the anilines 50a,b and the N-sulfinylan-
ilines 51a,b probably via thionitroso compounds (Schemes 18 and 19).“* A sim-
ilar reaction was reported by Unno et al. for the highly sterically hindered N-
thiosulfinylaniline 48c¢.*

Scheme 18

hv
ArN=S=5 —— [ ArN=S ]

48

—  Ar-N=S=N-Ar + ArNH, + Ar-N=8=0

49 50 51

Ar=  a) 2,4-di-+-butyl-6-methyipheny!
b) 2,4,6-tri-t-butylphenyl
¢) 2,4,6-tris[bis(trimethylsilylymethyi]phenyl

Scheme 19

PPhy
Ar-N=S=S ———— [ ArN=S | ——— AINSNAr + ANH, + Ar-N=S=0

48 49a,b 50a,b 51a,b

3.6. 1,2-Elimination from N-(Arylaminothio)phthalimides

Bryce and Taylor reported the generation of the thionitrosoarenes 53 by 1,2-
elimination reactions of N-(arylaminothio)phthalimides 52 in the presence of tri-
ethylamine.*®**** Their reports are concerned with the reactivity of thionitroso-
arenes towards dienes (details to be discussed in Section 5) and the thionitroso
intermediates 53 were trapped as Diels-Alder adducts 54 and ene products 55
(Scheme 20). By their method, thionitrosoarenes are generated in high yield
(deduced from the yields of Diels-Alder and ene products) and the precursors
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are easily prepared. Their method can be used for the generation of various
types of thionitrosoarenes.

Scheme 20
T
NEts Ay
Ar-NH-S-N —— |AN=S | —— :I A'NHS/:C
0
53 54 55
52

Ar = Ph, 4-MeCgH,, 4'MGOC5H4, 4-BI’CGH4, 4-CIC5H4, 4-°2NC6H4,
4-NCCgHj, 2-MeCgHy,, 2-BrCgH4, 2-NCCgH,, 1-naphthyl, 3-pyridyl

3.7. Dehalogenation of N-Aryliminosulfur Dichlorides

N-Aryliminosulfur dichlorides are known as very unstable compounds, but they
can nevertheless be used as precursors of thionitroso compounds. Bryce and
Taylor reported the reaction of N-aryliminosulfur dichlorides 56 with 2,3-dime-
thylbutadiene (Scheme 21).*° They obtained both the Diels-Alder adducts 57 and
the ene adducts 58 of the corresponding transient thionitrosoarenes. The reaction
is clean and efficient (ca. 70% yield) and considered to proceed by 1,1-elimi-
nation of chlorine from sulfur. Although 2,3-dimethylbutadiene was considered
to act both as dechlorinating agent and diene, a reaction pathway via interme-
diate 59 cannot be ruled out.

Scheme 21
SCl, + -
ArNH, AN=SCl, == AN=STCICI ——=[ AN=S |
56
!
| =
Ar\N >/< Ar\N ArNHS
ons_ | s M+
59

57 . 58
Ar = 4-MeOCgHj, 4-CICqH,
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4. SPECTROSCOPIC DETECTION OF THIONITROSO COMPOUNDS

There have been only a few reports concerning the spectroscopic detection of
thionitroso compounds. Their paucity is due to the instability of thionitroso com-
pounds and the scarcity of generation methods compatible with spectroscopic
detection at cryogenic temperatures.

The first study of spectroscopic detection of thionitroso compounds was done
by Pedersen et al.,* who used the thiadiazole N-oxide 34 as precursor. When 34
was irradiated at room temperature and then hydrolyzed, the thiadiazoline 61
was obtained, presumably via the thiadiazole S-oxide 60 (Scheme 22). In the
flash photolysis of 34 one observed a transient absorption band at 467 nm (in
ethanol) or 493 nm (in cyclohexane), which disappeared with concomitant regen-
eration of the starting material, suggesting the formation of a reversible inter-
mediate. The transient species decayed in a first-order process with k ~ 100 s™!
at ambient temperature both in the presence or the absence of oxygen, the
thermodynamic data being E, = 16.1 kcal/mol, A = 1.06-10" s™', AS* = 3.7
cal/K-mol, AH* = 15.5 kcal/mol (at 25°C) and AG* = 14.4 kcal/mol (at 25°C)
(in cyclohexane).

Scheme 22
? -
+
ZN] hv NO
=~ 's
N A, hv NS
34 35
hv
H
=N, . H20 N,
,S—O ,802
=~ N N
H
60 61

A similar absorption band was observed when the photoreaction was carried
out in matrices at cryogenic temperatures. When 34 was irradiated at 85 K in
an EPA matrix, a transient species with absorption maxima at 458 and 485 nm
(¢ 8000-9000) and a compound assignable as the S-oxide 60 were observed in
the ratio 2:1, the former being reverted to a mixture of the starting material and
the S-oxide 60 when the matrix was warmed or photolyzed (400 nm) for a pro-
longed time. Pedersen concluded that the transient species with absorption max-
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ima at 458 and 485 nm was o-thionitrosonitrosobenzene (35) on the basis of its
reversibility to starting material, the absence of a triplet oxygen effect on its
lifetime, and the comparison of the products at both ambient and cryogenic
temperatures.

We recently attempted the matrix isolation of a thionitroso compound in the
photochemical reaction of the azidoisothiazole 43 and succeeded in the obser-
vation of the UV-VIS and IR spectra of the thionitroso compound 44 (Scheme
23).447 When the photolysis of the azidoisothiazole 43 at 12 K in an argon matrix
was monitored by UV-VIS spectroscopy, a transient species with absorptions at
456 and 483 nm (e 4000-5000) was observed, with isosbestic points. A similar
absorption was also observed in some organic glass matrices such as EPA, 2-
methyltetrahydrofuran and isopentane at 70 K. The transient species disappeared
below 100 K to give another intermediate assignable to a dimer of the thionitroso
compound which afforded the sulfur diimide 45 upon warming of the matrices
to 195 K. When the photochemical reactions in argon and undecane matrices
were followed by IR spectroscopy, an absorption due to a cyano group (2225
cm™') was observed at the expense of the azide absorption. The transient species
also had absorptions at 1120 and 1200 cm~' which disappeared at 110 K. The
observation of the cyano group in the IR spectra, diagnostic of the formation of
44, under conditions similar to those for the observation of the electronic spectra
led us to conclude that the transient species with absorption at 456 and 483 nm
was the thionitrosoarene 44.

Scheme 23
';l‘s NS
+Bu 7 Ny hy +Bu CN
+Bu tBu
43 34
i
44 ———=  ARN=S=N-Ar - Ar-N=S=N-Ar
45
N-S
+-Bu ! Z N
+-Bu

62
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A similar absorption was observed in solution in the desulfurization reaction
of the highly sterically hindered N-thiosulfinylaniline 48¢.* When 48¢ was desul-
furized with (Me,N);P at —90°C an absorption around 475 nm (& 200-300) was
observed in ethereal solution and this spectrum disappeared at —70 ~ —40°C
with emerging absorption of the corresponding sulfur diimide. Because N-thio-
sulfinylanilines are known to produce anilines and sulfur diimides via a thioni-
troso intermediate, the observed transient species is assignable to the correspond-
ing thionitrosoarene.

Theoretical calculations predict that the vibrational wavenumber of the N—S
stretching in HNS (see Section 2) is 1231 cm™' (Wasilewski'’) or 1245 cm™*
(Schmidt'). Since it is known that the experimental values of stretching wave-
numbers can be estimated by multiplication of the calculated value by 0.9, the
experimental stretching wavenumber of HN=S is estimated to be about 1100
cm™’. Although the assignment of the above mentioned IR spectra observed with
the thionitrosoarene 44 was difficult because of the complexity of the spectra,
the absorption at 1120 or 1200 cm ™' is reasonably assigned to the N=S stretching
of the thionitrosoarene. Accurate assignments of experimental stretching fre-
quencies of N—=S bonds, however, are still outstanding.

As for UV-VIS spectra, theoretical values have only been reported by Mehl-
horn who used a semiempirical method. The estimated absorption maxima of
the weak n-n* band were 1282 and 426 nm for HN=S, 1234 and 491 nm for
PhN=S, and 657 and 408 nm for Me,NN=S, whereas the wavelengths of the
absorption maxima of the mw—m=* transition for PhAN=S were predicted to be
shorter than 350 nm." On the other hand, experimentally, Me,NN=S has
absorption maxima at 306, 587 and 705 nm (in cyclohexane), while C-thionitro-
soarenes have absorption maxima at 458 and 485 nm (for 35) and 456 and 483
nm (for 44). Although these values are close to the 491 nm predicted by Mehl-
horn, the observed absorption coefficients [¢ 8000-9000 (for 35) and 4000-5000
(for 44)] indicate that these absorptions should be assigned to the m—mn™* tran-
sition. The possibility of the presence of a forbidden weak absorption due to an
S¢S, transition® in this region can not be excluded.

ESR studies of thionitroso compounds have also been carried out because
thionitroso compounds may have a triplet ground state or biradical character.
Although we attempted an ESR study of the ring opening reaction of the azi-
doisothiazole 43 in organic glass matrices, no ESR signals of the thionitrosoarene
44 nor the nitrene intermediate 62 could be detected.” This fact suggests a singlet
ground state of the thionitrosoarene 44.

Mayer et al. reported an ESR study of transient thionitrosobenzenes in the
pyrolysis of 63 and 64.% Instead of the signals of the thionitrosobenzenes they
observed signals due to the stable radicals 66 and 67, probably formed via thio-
nitrosobenzenes. These radicals were also observed when formed from 65
(Schemes 24 and 25). The fact that 66 was formed from Ph—N=—=S despite the
accompanying loss of aromaticity was considered as due to the biradical character
of the thionitrosobenzene.
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Scheme 24
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5. REACTIONS OF THIONITROSO COMPOUNDS
5.1. Dimerizations

Thionitroso compounds R—N=—S are known to give azo compounds or sulfur
diimides in the absence of trapping reagents. The reaction is considered to pro-
ceed via dimerization of the thionitroso compound, followed by desulfuriza-
tion (Scheme 26). Azo compounds are formed when R is phenyl or monosub-
stituted phenyl,*? while sulfur diimides are produced when R is methyl (85%),*
2-trifluoromethyl-5-cyanophenyl  (58%),” or  2,4-di-+-butyl-6-cyanophenyl
(78%).*%4 The formation of azo compounds and sulfur diimides can be
explained in terms of head-to-head dimerization of the thionitroso compounds,
followed by loss of two sulfur atoms and by head-to-tail dimerization, followed
by loss of one sulfur atom, respectively. In some cases the azo compounds can
also be produced from the sulfur diimides when these are unstable under the
reaction conditions. However, the exact reason for the selectivity of these dimer-
ization reactions is not clear at present.

Scheme 26
S
A }
R-N N-R  or R-N=S=N-R ———= R-N=S=N-R
N7
/ S -8

2| R-N=s] \

R-N—S

R-N=N-R
R'N_‘S '23

The dimerization of thionitroso compounds seems to be very fast since 2,4-di-
t-butyl-6-cyanothionitrosobenzene (44) undergoes dimerization even at about 100
K in organic glass matrices as evidenced by monitoring of the UV-VIS spectra,”
although the dimerization would be anticipated to be rather slow because of
steric congestion.

Intramolecular dimerizations of thionitroso groups can also take place. When
thionitroso groups were generated in the 1,8-positions of naphthalene via sul-
furization of the corresponding diamine 20, the cyclic sulfur diimide 21 was
obtained (62%) (Scheme 27). A similar reaction proceeded when the thionitroso
groups were introduced in the 1,4,5,8-positions of naphthalene (25%). The intra-
molecular dimerization of peri-positioned thionitroso groups is considered to be



12: 54 25 January 2011

Downl oaded At:

THIONITROSO COMPOUNDS 313

Scheme 27
NS NS N‘-S~‘N
20 21
NS NS NN
«.-N
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faster than Diels-Alder trapping, since only the cyclic sulfur diimide was
obtained, even in the presence of 2,3-dimethylbutadiene or cyclopentadiene.

5.2. [2+4] Cycloaddition Reactions

Thionitroso compounds react with dienes to form [2+4] adducts. This reaction
has often been used as a proof of the intermediacy of thionitroso compounds.
Aromatic and aliphatic thionitroso compounds react with 2,3-dimethyl-1,3-buta-
diene and 1,3-butadiene (see Section 3).

Cyclic dienes react with thionitroso compounds in a similar fashion. Cyclo-
pentadiene and cyclohexadiene react with simply substituted thionitrosoarenes or
electron-poor thionitroso compounds to give [2+4] adducts.>”’ Bicyclic dienes
such as 1,1'-bicyclopentene or 1,1'-bicyclohexene also react with a thio-
nitrosoarene (4-MeOCH,-N=S) to give the [2+4] cycloadducts 68 (75% yield)
(Scheme 28).** These results are suggestive of the high reactivity of simply
substituted thionitrosoarenes even toward highly substituted dienes. Steric
congestion of cyclic dienes or thionitroso compounds, however, seems to prevent
the [2+4] cycloaddition in some cases. Meth-Cohn reports that EtO,C-N=—S8
gives [2+4] adducts with butadiene in 82% yield and with cyclohexadiene in
40% yield.* This difference can be explained in terms of the difference in the
steric congestion of the dienes. Furthermore, although 2-trifluoromethyl-5-cyano-
thionitrosobenzene gave a [2+4] adduct with cyclopentadiene,” 2,4-di--butyl-6-
cyanothionitrosobenzene afforded no [2+4] adduct with cyclopentadiene, furan,
or anthracene.” With cyclopentadiene, an interesting reaction forming an adduct
69 of two molecules of thionitroso intermediate with one molecule of cyclopen-
tadiene has been reported (Scheme 29).* The reaction was considered to proceed
in a [2+2+2] manner.
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Scheme 28
CH CH
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Ar= 4-MeOCeH4 n=3,4
Scheme 29
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The regioselectivity of [2+4] cycloadditions of thionitroso compounds shows
a dependence upon their electronic nature. Meth-Cohn reported that the reaction
between electron-poor thionitroso compounds and isoprene gave two isomeric
[2+4] adducts (70 and 71; 25% yield each) and the ene adduct 72 (50% yield)
(Scheme 30),* while 3:1 regioselectivity was observed in the reaction of 4-meth-
oxythionitrosobenzene with isoprene (Scheme 31).* The change in regioselectiv-
ity is considered to be due to the change in the reactivity of the thionitroso
compound: regioselectivity was observed for electron-rich, stabilized thionitroso
compounds, but not for electron-poor, destabilized thionitroso compounds.

Scheme 30
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Scheme 31
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The stereochemistry of [2 + 4] cycloaddition reactions of thionitroso compounds
has been investigated by Bryce and Taylor.*®* When thionitrosoarenes (Aryl =
4-MeOCH,, 4-BrC(H,) were treated with (E,E)-hexa-2,4-diene, [2+4] adducts
with a cis-structure were obtained stereoselectivity (> 98% diastereomeric
excess, 70% yield). A similar stereochemical outcome was observed in the reac-
tion of thionitrosoarenes (Aryl = 4-MeOCH,, 3-pyridyl) with 1,4-diphenylbu-
tadiene (Scheme 32).

Scheme 32
R
Ar\N
[ A-N=s | + r— \_p — 1o
Ar = 4-MeOCgH,, 4-BrCgH,, 3-pyridyl R
R =Me, Ph

However, when (E,Z)-hexa-2,4-diene was allowed to react with thionitrosoar-
enes, the products were not only the expected trans-[2+4] adducts 73, but also
the cis-adducts 74 (Scheme 33). The ratio of cis- and trans-isomers was dependent
upon the electronic nature of the substituents of the thionitrosoarenes. With
thionitrosoarenes with electron-withdrawing substituents (Ar = 4-BrC¢H,, 4-
CICH,) the formation of the trans-products was favored (> 90% d. e.), while
those with electron-donating group (Ar = 4-MeOCsH,) gave a 1:1 mixture of
cis and trans products. They explained these facts by a possible (E,E) impurity
in the diene and the changes in selectivity by the substituent of the thionitro-
soarene to (E,Z)- and (E,E)-diene isomers. The higher reactivity of the less
hindered (E,E)-diene and the large excess of dienes used in the reactions allowed
even a small percentage of an (E,E)-diene impurity to give a considerable
amount of the corresponding products. Indeed, when they treated thionitrosoar-
enes with 1:1 mixtures of (E,E)- and (E,Z)-dienes, the cis-adducts were obtained
with high stereoselectivity (> 80% d. e.). The change in selectivity by the aryl
substituent was explained as follows: thionitrosoarenes which are electronically
stabilized by electron-donating groups are less reactive and hence more selective
toward (E,E)-dienes to give cis-adducts, whereas highly reactive thionitrosoar-
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enes bearing electron-withdrawing substituents are relatively indiscriminate and
react with (E,Z)-dienes to afford predominantly trans-adducts. These results
show the retention of the stereochemistry of dienes in [2+4] cycloaddition re-
action of thionitroso compounds and suggest that the cycloaddition proceeds not
in a stepwise manner, as observed in the reaction of sulfinylamines
{(R—N=8—0), but in a concerted manner.

Scheme 33
Me Me
A A Ar
7 N r\N N
[ Ar-N=s} + Me _ Yo+ L
Me S S
Me Me
trans cis
73 74

Asymmetric [2+4] reactions with chiral thionitroso dienophiles have been
attempted by Dillen et al., but trapping with chiral thionitroso compounds
(RO,C—N=S, R = a: (—)-menthyl; b: (+)-fenchyl) resulted in the formation
of thiazines with no diastereodifferentiation, and the adducts were obtained as
inseparable mixtures of diastereomers.

5.3. Ene Reactions

An ene reaction of thionitroso compounds was first reported by Meth-Cohn and
van Vuuren.** When the electron-poor thionitroso compounds PhO,C—N—S§
and 4-MeC:H,SO,—N=—S were generated in the presence of cyclohexene, ene
products were obtained in 72 and 64% yield, respectively. A similar reaction
proceeded also in the case of EtO,C—N=S to give ene adducts in moderate to
high yields from various acyclic and cyclic alkenes (Scheme 34, Table 3). Thio-
nitrosoarenes also react with alkenes in the ene reaction mode. Bryce and Taylor
report the reaction of thionitrosoarenes (Ar = 4-MeOCg¢H,, 1-naphthyl and 3-
pyridyl) with a-methylstyrene and isobutene to give the ene adducts 75 (45 ~
65%).43’45

Scheme 34

RN=S » . _ RNHS_ALR
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R = PhO,C, EtO,C, 4-MeCgH,SO, 75
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TABLE 3 Ene adducts of RNS with olefins®

alkene ene adduct yield/%
Q 98
SNHCO.Et
Q 98
SNHCO,Et
72

-0

SNHCO:Ph

<O

SNHSO,CHMe-p
18
SNHCO,Et
\/V\/SNHCOZFJ 79

Ph

A

SNHCO,Et

/ 95
EtOzCNHS/\/\Br

SNHCO,Et

O 5

The regioselectivity of the ene reaction of thionitroso compounds is very high.
The structure of the isolated ene products is always that of an S-allylthioamine
and no N-allylhydrothioamines have been isolated so far. The selectivity of the
ene reaction of thionitroso compounds is different from that of thioaldehydes,
which yield both regioisomers in their ene reactions, but similar to that of N-

sl 8 000a
8
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sulfinylamines. The regioselectivity of the reaction may be due to the steric
congestion of the transition state, but electronic effects involving the lowest trip-
let state may also play an important role. Theoretical considerations will be
necessary to elucidate this point.

Meth-Cohn also reports that electron-poor thionitroso compounds undergo
competitive [2+4] cycloaddition and ene reaction with 2,3-dimethylbutadiene
and isoprene. In the reaction of PhO,C—N=S with 2,3-dimethylbutadiene, both
the [2+4] adduct and the ene adduct were obtained in 1:1 ratio (43% yield
each) (Scheme 13).* Similar results were observed in the reaction with isoprene.
In this case, two isomeric [2+4] adducts (25% each) and an ene adduct (50%)
were obtained.

They reported that the ene reaction is not observed to compete with the [2+4]
cycloaddition in the case of any of the isosteres (EtO,CCH=S, EtO,CN=0 or
ArSO,N=8=0) of the thionitroso compounds and that the only other examples
in which methylbutadienes undergo competitive ene and [2 + 4] cycloaddition are
reactions with reactive intermediates such as benzyne, PhS*=—O0 or certain reac-
tions with diethyl azodicarboxylate.*

The selectivity of the [2+ 4] cycloaddition and the ene reaction has been well
documented by Bryce and Taylor.®*** They generated simply substituted thio-
nitrosoarenes in the presence of dienes. The thionitrosoarenes afforded [2+ 4]
adducts 76 and ene adducts 77 in their reactions with 2,3-dimethylbutadiene
(Scheme 35). The ratio of the products was affected by the substituent of the
thionitrosoarenes. The changes in this ratio by the substituents are summarized
in Table 4. Based on these results, electron-poor thionitroso compounds tend to
predominantly give ene adducts, whereas electron-rich ones give {2+ 4] adducts.
We also studied the reaction of 2,4-di--butyl-6-cyanothionitrosobenzene (44)
with 2,3-dimethylbutadiene. Only the [2 + 4] adduct 47 was obtained (14%) with-
out any formation of the ene adduct, but the aniline 46 was obtained (75%)
instead (Scheme 17),*” which is in contrast to Bryce’s result. The difference may
be due to the steric or electron-donating effect of the t-butyl groups, although
the possibility can not be excluded that some ene product was actually formed,
but decomposed to give the aniline under our reaction conditions or during the
work-up, since the aniline was not formed in high yield in the absence of the
diene.

Scheme 35

Ar,
[Ar-N=s] + H - A'NHS/I + z:):

76 77
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TABLE 4 Product isomer ratios from 2,3-dimethylbutadiene trapping of Ar—N—S
intermediates®*

product isomer ratio

Ar 76 i
4-MeOCH, 15 85
4-MeCH, 40 60
2-MeC:H, 65 35
C¢Hs 45 55
1-naphthyl 55 45
4-BrCH, 75 25
2-BrCH, 88 12
4-CICH, 75 25
3-pyridyl 75 25
4-NCCH, 80 20
2-NCCH, 90 10
4-O,NCH, 80 20
2-NC-5-BrC:H; 78 22
2-NC-5-CIC(H;, 78 22
2-NC-4-CIC¢H;, 80 20

5.4. [2+3] Cycloaddition Reactions

A thionitrosoarene reacts with 1,3-dipoles to give [2+ 3] adducts. We have stud-
ied the possibility of [2+ 3] cycloaddition to thionitroso compounds.**” In both
thermal and photochemical reactions of the azidoisothiazole 43, a small per-
centage of the unsymmetrical sulfur diimide 78 was isolated (Table 5). The most
plausible mechanism for the formation of 78 is a [2+3] cycloaddition of the
thionitrosoarene 44 to the starting azide 43, followed by loss of nitrogen from
the unstable thiatetrazoline intermediate 79 (Scheme 36).

Scheme 36
N-8
tBu P> hvorA
Ny ——o
.N2
t-Bu
43
N- N-S
2 t-Bu U S 3 it
[Ar—N=S]——— I:)\N‘/ “N—Ar | = P N=s =N
N=N 2
44 t-Bu +-Bu 78

Ar = 2,4-di-t-butyl-6-cyanophenyl
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TABLE 5 Products of thermal and photochemical reactions of azidoisothiazole 43¢

reaction products/%
solvent condition 45 46 78
hexane hy 78 16 2
hexane A 72 14 11
THF hv 76 14 2
THF + H,0 hy 59 14 5
EPA hv 46 51 trace
ethanol hv 5 91 3
ethanol A 18 68 10
2-methyl-2-propanol A 15 7 12

Although the thionitrosoarene 44 did not react with aryl azides, it reacted
efficiently with diazo compounds (Scheme 37). When the thionitrosoarene 44
was treated with the sterically hindered 2-diazo-1,1,3,3-tetramethylindan 80e, a
[2+3] adduct, the thiatriazoline 8le, was obtained in 34% yield. The thiatria-
zoline ring seems to be unstable and undergoes further reactions when other
diazo compounds are used. In the corresponding reactions with 2,2,6,6-tetra-
methyldiazocyclohexane (80¢) and 2,2,5,5-tetramethyldiazocyclopentane (80d),

Scheme 37
Bu L
u Z S
Ny ———[ Ar—N=8 |+ R,C=N, Ar—-N/ \;CRZ
+Bu N=N
43 Q
80a : R,C = (23 80d : RoC = jj 81e: 34%
80b:RC= C
80e : R,C =

80c:R,C= C Ar = 2,4-di-t-hutyl-6-cyanophenyt

v

81 — = Ar—N=S=CR, —g—— ArN=CR,
82 83
82c: 98% 83a: 78%

82d: 50% 83b: 80%



12: 54 25 January 2011

Downl oaded At:

THIONITROSO COMPOUNDS 321

the thiocarbonyl imines 82¢,d were obtained (98 and 50% yield, respectively).
They were considered to be formed by denitrogenation of the thiatriazolines
81c,d. In the case of aromatic diazo compounds 80a,b without steric protection,
the thiocarbonyl imine 82 was not isolated, but the corresponding imine 83 was
obtained in about 80% yield. This reaction provides a new route for the prep-
aration of thiocarbonyl imines. We also attempted [2+3] cycloaddition of the
thionitrosoarene 44 to other 1,3-dipoles, such as mesitonitrile oxide or N,a-
diphenylnitrone, but we were unable to obtain any [2+ 3] cycloadduct. This is
thought to be due to the steric congestion in these stable 1,3-dipoles, the only
reagents which can be used under the reaction conditions.

5.5. Sulfurization Reactions

Thionitroso compounds are expected to be good precursors of thiocumulenes
such as RN=S8—0, RN=S=S, and RN=S8—=NR through appropriate function-
alization. Indeed, the thionitrosoarene 44 reacted with phenylthiirane to afford
the N-thiosulfinylamine 85 (Scheme 38).** The N-thiosulfinylamine is thought
to be formed via ylide 84 by nucleophilic attack of the thiirane on the sulfur
atom of 44, since the N=S bond is considered to be polarized in the sense of
N®~=S§** according to theoretical calculations.

Scheme 38
[Ar—N=s] _Ph—. Ar—N=§"-8¢, — Ar—N=8=8§ + PhCH=CH,
N/ Ph
44 S 84 85

Ar = 2,4-di-tbutyl-6-cyanophenyl

5.6. Reactions with Molecular Oxygen

The thionitrosoarene 44 also reacts with molecular oxygen under both photo-
chemical and thermal reaction conditions (Scheme 39).** When 44 was gener-
ated in a photochemical reaction in the presence of oxygen, 20% of the N-
sulfinylaniline 86 was formed. By contrast, the oxathiazoline 87 was formed
(30%) in addition to the N-sulfinylaniline 86 (11%) in the thermal reaction. The
mechanism of these reactions is considered to be as shown in Scheme 40. The
primary product of 44 and oxygen is considered to be any of 88-91. The inter-
mediacy of the N-sulfonylaniline 91 was confirmed by its trapping as an ethanol
adduct 92 in ethanol as solvent (Scheme 40). The N-sulfonylaniline 91 was con-
sidered to undergo either reaction with the thionitrosoarene 44 to give the N-
sulfinylaniline 86 or intramolecular cycloaddition affording the oxathiazoline 87.
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It is remarkable that a thionitrosoarene, which is considered to be a ground-
state singlet (see Section 4), reacts easily with triplet oxygen in contrast to nitro-
soarenes which are stable to triplet oxygen. This reactivity resembles that of
triplet phenylnitrene which reacts readily with triplet oxygen to form nitroso-
benzene oxide.®** The cyclization of the N-sulfonylaniline 91 to 87 can be
regarded as a 1,5-dipolar cyclization or an intramolecular [2 + 3] cycloaddition.

Scheme 39
(0]
/
+B r'\l-S hvorA tB 'f's./
-Bu P or u 0
Ny ——— 45 + 46 + 78 + Ar—N=S=0 +
3 o, + Ar—N=8=0 CN
tBu hexane 86 +-Bu
43 87
hv(0°C) 34% 17% 2% 20%
A40°C) 14% 15% 14% 1% 30%
Scheme 40
[ Ar—N=8S ]
0;
44

. o 0
Ar—N-S-0-O+ or Ar—N=§*-0-O" o Ar—N=S<(I) or Ar—N=S:<o

88 89 90 91
37
tOH o °
ArNH-SO4E A—N=sZ —
O \
a4 2 86
92 91

Ar = 2 4-di-tbutyl-6-cyanophenyl

This oxidation reaction in our study obviously indicates the higher reactivity
of a thionitrosoarene compared to that of a thiocarbonyl compound. In the case
of thiocarbonyl compounds, an oxidation reaction of a thione to a thione S-oxide
(R,C=S$=0) does not proceed generally with triplet oxygen and needs a
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stronger oxidizing reagent such as a peracid although thiobenzophenone is known
to react rather slowly with triplet oxygen. The high reactivity of thionitrosoarenes
toward triplet oxygen may be a consequence of the presence of a low-lying triplet
state.

5.7. Reductions

In the case of the thionitrosoarene 44 we found that a considerable amount of
the aniline 46 was formed in each reaction (Table 5), especially in the reaction
with ethanol as solvent.”” Even in hydrocarbon solvents, under both thermal and
photochemical conditions, the aniline 46 was formed in substantial yield. The
possibility of the reduction of the N=S bond by a-hydrogens of ethanol was
eliminated by a similar formation of the aniline in the reaction with 2-methyl-2-
propanol as solvent. An effect of water can be excluded because no change was
observed in the product ratio by addition of water to the solvent. Therefore, the
relatively high yield of the aniline is considered to result from the facile addition
of ethanol to the thionitrosoarene, followed by hydrolysis. In light of the fact
that the aniline was formed also in hydrocarbon solvents, the aniline is consid-
ered to be formed also through hydrogen abstraction by the thionitrosoarene and
subsequent loss of sulfur. Since theoretical calculations on HN=S have shown
a small energy gap between its singlet ground state and lowest triplet state, the
thionitroso group might have some biradical character and be able to abstract
hydrogen atoms from solvents. In reactions of thionitrosoarenes in alcoholic sol-
vents, the above two pathways to the aniline may be both operative.

6. N-THIONITROSOAMINES

N-Thionitrosoamines are the only example of isolable thionitroso compounds.

The first N-thionitrosoamine was prepared and isolated by Middleton.’** He
prepared N-thionitrosodimethylamine 93 by two different procedures, one being
the sulfurization of a hydrazine and the other the reduction of the N-sulfinylhy-
drazine 94 (Schemes 41 and 42). Compounds 95 and 96 were also prepared by
the former method. The preparation of N-thionitrosodimethylamine via reduction
afforded dimethylhydrazine as a by-product whose formation was considered to
be due to further reduction of N-thionitrosodimethylamine.

Scheme 41
Me, Sg Me, S Me , S’
,N—NH2 /N—N —-— N=N
Me 20% Me Me/

93 93’
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Scheme 42

Me\ Me\
N—NH, + OSN—@-NSO N—NSQO —— 93

/ /

Me Me

94

€ N—-N=8 GN—N:S

85 96

Another N-thionitrosoamine was prepared by Roesky et al.** They obtained
N-thionitrosodiphenylamine in the reaction of N,N-diphenylhydrazine with S,Cl,
in the presence of triethylamine. Although this procedure is known for the prep-
aration of N-thiosulfinylanilines from anilines, it successfully affords N-thionitro-
soamine in this case (Scheme 43).

Scheme 43

PthNHg + SgClg + 2NEt3 —_— Pth'N=S + 2Et3NHC| + Sa

N-Thionitrosoamines have a remarkable stability in contrast to C-thionitroso
compounds, but are known to decompose under ambient conditions. Neat N-
thionitrosodimethylamine decomposes in a few hours at room temperature, but
the decomposition is delayed at low temperatures (ca. < —30°C) or in dilute
solution in nonpolar solvents.” Although N-thionitrosodimethylamine could be
isolated in pure crystalline form, N-thionitrosopiperidine 95 was not stable
enough to be purified by recrystallization or distillation.'*** The decomposition
of N-thionitrosoamines was significantly accelerated by acidic materials such as
boron trifluoride, acetic acid or mineral acids with deposition of elemental sulfur,
whereas basic materials such as pyridine, triphenylphosphine, and even aqueous
sodium hydroxide did not greatly accelerate the decomposition of N-thionitro-
soamines.

N-Thionitrosoamines are stabilized by the contribution of the zwitterionic res-
onance structure 93’ as evidenced by spectroscopic data. The 'H-NMR spectra
of N-thionitrosodimethylamine (and N-thionitrosopiperidine, respectively)
showed a pair of separated singlets at 8 3.6 and 4.1 (5 3.8 and 4.3) assignable
to N-methyl (N-methylene) groups, indicating restricted rotation around the
N—N bond and hence the double bond character of the N—N bond.

The isolated N-thionitrosoamines possess a blue to deep purple color. Their
UV-VIS spectra show absorptions at longer wave length (Table 6). The absorp-
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TABLE 6 UV-VIS spectra of N-thionitrosoamines™

compound solvent Ame/NM €
93 cyclohexane 705 1.5
587 273
306 11900
cal, 685 1.8
576 38
309 12300
ethanol 680 1.0
533 17.5
306 10800
95 CCl, 585 13
318 14500
9% ether 700 —
584 —
306 —

tion of 93 (Amax 500600 nm) shows a large hypsochromic shift by 54 nm between
cyclohexane and ethanol solutions. A similar hypsochromic shift was observed
in the case of N-thionitrosopiperidine (95), and this shift was regarded as a
dramatic example of a solvent effect on an n-w* band. Thus the hypsochromic
shift in 93 is considered to be evidence for extensive hydrogen bonding in ethanol
and indicates that the dipolar resonance structure 93’ is an important contribution
to the structure of 93.

N-Thionitrosoamines behave as dienophiles and undergo |2 + 4] cycloadditions.
Although [2 +4] cycloadditions of N-thionitrosoamines with normal or electron-
rich dienes are unknown, an inverse Diels-Alder reaction of 93 with 3,6-
bis(methoxycarbonyl)-1,2,4,5-tetrazine has been reported (Scheme 44) to afford
the triazole 97 via [2 +4] cycloaddition, followed by loss of nitrogen and sulfur.”

Scheme 44
CO.Me CO;Me CO.Me
NN e N“ S S z
N+ MeNNS  ——— p ¢ f N -NMe;
X Qr \NMGQ
CO,Me 93 COo,Me CO,Me
97

7. METAL COMPLEXES OF THIONITROSO COMPOUNDS

It is well-known that unstable w-bonded compounds or open-shell species are
stabilized by coordination to transition metals. Thionitroso compounds with their
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thermodynamically unstable N—S bond can also be stabilized by this method.
There are several types of coordination of thionitroso compounds (R—N=S)
depending upon the substituent R.

7.1. Complexes of N-Thionitrosoamines

The most explored complexes of thionitroso compounds are those of N-thioni-
trosoamines, especially those of N-thionitrosodimethylamine (93) and N-thioni-
trosodiphenylamine with group VIII and group VIA transition metals. Most of
the complexes of N-thionitrosoamines are more stable than the N-thionitroso-
amines themselves and isolable in crystalline form.

The first of the complexes reported by Roesky et al. was prepared by substi-
tution of Cr(CO)s(THF) with N-thionitrosoamines (Scheme 45).*** The chro-
mium complex 98 was isolated as ruby-red crystals and stable at room temper-
ature, but decomposed above 100°C. The structure of 98 (R = Me) was
confirmed by X-ray structure analysis. The coordination structure of 98 is nearly
octahedral and the Me,NNS ligand is coordinated to chromium via the sulfur
atom, which is in contrast to the fact that monodentate N—S ligands are gen-
erally coordinated to the metal via nitrogen atoms in transition metal complexes
with acyclic sulfur-nitrogen compounds. Since the sulfur atom of N-thionitro-
soamines has a partial negative charge due to the contribution of the resonance
structure 93’, the formation of the sulfur-metal bond takes place readily.

Scheme 45

RNN-N=S + (CO)sCr'THFE ——— R.NNS-Cr(CO)s + THF

R=a:Me, b: Ph 98

Indeed, the structure of N-thionitrosoamines in complexes shows an enhanced
tendency for the resonance structure 93’ as indicated by spectroscopic data as
well as X-ray crystallographic data. The SNNC; atoms of the Me,NNS ligand
and Cr are coplanar in crystals. The N—S distance is 1.635 A (corresponding to
a single bond) and the N—N distance 1.278 A (remarkably shortened compared
to that in hydrazine derivatives). These data indicate that the ligand can best be
described in terms of the resonance structure 93'.

This interpretation is also supported by the IR spectra. In the IR spectrum of
98, ¥(NS) is shifted from 915 cm™" in neat Me,NNS to 785 cm™' in the complex,
indicative of weakened N—S bonding and m'—S complexation.**
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The mean S—Cr—C (cis-CO) angle in the crystalline complex is very close to
90°, indicating that the m back donation from chromium to the N-thionitroso
ligand is similar to that to the carbonyls.

Pd and Pt complexes (both neutral and cationic) of 93 have been investigated
by Tresoldi et al. Neutral Pd(II) and Pt(II) complexes have been prepared as
shown in Schemes 46 and 47.” Compound Me,NNS reacts with Pd(diene)Cl, to
give PA(SNNMe;),Cl; 99 and with M(1,5-cyclooctadiene)Cl, (M = Pd", Pt") in
the presence of PR; (PPh;, 4-CH,CsH,PPh,) to give mixed ligand complexes of
cis-M(SNNMe,)(PR;)Cl, 101 despite the general formation of trans-PdL,X,.”
This reaction is considered to be controiled by the chelate effect of the diene.
The cis-structure of the complex was confirmed by the far infrared spectrum
(v(Pd—Cl) 320 and 280 cm™'). The complex 99 underwent ligand exchange reac-
tions with triarylphosphines, AsPh;, and SbPh; to give cis-Pd(SNNMe,)LCl, 100
(Scheme 46). A bridge cleaving reaction of [Pd(MeO-diene)Cl], with Me,NNS
also occurred to form Pd(MeO-diene)(SNNMe,)Cl 102 (Scheme 48). The com-
plexes 99 and 101 underwent metathetical reactions with KSCN and KSeCN to
give PA(SNNMe,),(YCN), and M(SNNMe,)(PR;)(YCN) (Y = S, Se), respec-
tively (Scheme 49).

Scheme 46

Pd(diene)Cl + 2 Me,NNS —— =  Pd(Me,NNS),Cly

diene = 1,5-cyclooctadiene, 99
norbomadiene,
1,3,5,7-cyclooctatetraene,
dicyclopertadiene L
Pd(Me,NNS)LCl
100
Scheme 47
PR3
M(1,5-cyclooctadiene)Cla M(MeoNNS)(PR3)Cla
MeoNNS
M=Pd", Pt 101

PRj = PPhg, p-tolylPPh,
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Scheme 48

Me,NNS
[Pd{MeO-diene)Cl),

Pd(MeO-diene}(MeoNNS)CI

diene = 1,5-cyclooctadiene,

1,3,5,7-cyclooctatetraene, 102

dicyclopentadiene
Scheme 49
KYCN
99 Pd(MeNNS),(YCN),
KYCN ]
101 M(Me,NNS)(PR3)(YCN),
M=Ppd", pt"
Y¥=S, Se

The ligands in all the complexes prepared by Roesky were considered to coor-
dinate to Pd and Pt through the sulfur atom as observed with the chromium
complex. This interpretation was supported by the higher-frequency shift of
V(N—N) (~1130 cm™') and the lower-frequency shift of ¥(N—S) (~770 cm™").

An X-ray crystal analysis was carried out with the complex
Pd(SNNMe;)(AsPh;)Cl,. The palladium coordination geometry is nearly square-
planar and the ligand Me,NNS nearly planar. The ligand Me,NNS is located in
a cis-position relative to AsPh;. The geometrical features of Me,NNS are quite
comparable to those found in the chromium complex 98 (d(N—S): 1.639 A;
d(N—N): 1.272 A). These features indicate that the zwitterionic structure of 93’
is important here as well.

Cationic complexes and binuclear complexes of Me,NNS with Pd and Pt have
also been reported.® The complexes M(PhCN),Cl, (M = Pd", Pt") react with
excess Me,NNS to give the unstable products [M(SNNMe,),]Cl, 103 (Scheme 50).
These unstable salts gave the slightly more stable salts 104 and 105 when the
counterion was changed to BPh; or HgCl{. They were diagnosed as bi-mono-
valent electrolytes by conductivity measurements. The cationic complexes 103
react with triphenylphosphine to give the neutral complexes 106. The preparation
of additional cationic Pd(IT) and Pt(IT) complexes (107-109) is shown in Scheme
51. Also in these complexes the ligand Me,NNS coordinates monodentately
through the sulfur atom and exhibits spectroscopic properties consistent with the
zwitterionic structure 93’.
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Scheme 50
excess
M(PhCN),Cl, [M(SNNMe),]Cl,
- Me;NNS
M=Pd’, Pt 103
[M(SNNMe,)4)(BPhy)o
NaBPh4 104
HgCl,
103 [Pd(SNNMe,)4]HgCl,
\ 105
cis-M(SNNMe,)(PPh3)Cl
106

Scheme 51

[M(diene)(acetone)sl(PFg)2 + 4 MeNNS

[M(SNNMeo)4)(PFg)2 + diene
107

2 NasPdCly + 4 Me;NNS  ———  [Pd(SNNMe,)4)PdCl, + 4 NaCl

108

2 KgPtCh + 4 MegNNS

[PH{SNNMe,),JPtCl, + 4 KCl

109

Binuclear Pd(II) complexes 111 have been prepared by reactions of the neutral
complexes 110 with PA(PhCN),Cl, (Scheme 52). The ligand Me,NNS again coor-
dinates through the sulfur atom in the terminal position and with evidence of
back donation (v(Pd—S): 390 cm~'). The structure of 111 (X = Cl, SCN, SeCN)
was shown to correspond to the trans-configuration 112 as judged by v(Pd—Cl)
absorptions in the far infrared region (~340 cm™).
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Scheme 52

cisPA(SNNMeo);X, . +  PA(PhCN),Cle

110
——  [(0-X)2{Pd(SNNMe,)Cll] + 2 PhCN
X = Cl, Br, SCN, SeCN 11
Me NNS, X Cl
S e
a” x7 Ssnnms,
112

Complexes of Me,NNS with rhodium have been reported by Tresoldi e al.>%
Compound Me,NNS reacts with [Rh(CO),Cll, to produce cis-
Rh(SNNMe,)(CO),Cl 113, which undergoes reversible CO substitution by
Me,NNS to give trans-Rh(SNNMe,),(CO)CI 114 (Scheme 53). Compounds 113
and 114 spontaneously lose CO and Me,NNS, respectively to give the binuclear
complex trans-(u-Cl),{Rh(CO)(SNNMe,)], 115. Compound 113 was also prepared
by the reaction shown in Scheme 54. The complexes 113 and 114 react with EPh;
(E = P, As, Sb) the Me,NNS ligand being substituted by EPh, to give the
neutral complex trans-Rh(EPh;),(CO)Cl. The reverse of this reaction also takes
place and trans-Rh(E'Ph;),(CO)X (X = Cl, E' = As, Sb; X = Br, NCS, E’
= As) undergoes E'Ph, displacement to give trans-Rh(SNNMe,),(CO)X (Scheme
55).

.Scheme 53
[Rh(CO)Cll
+ 2 Me;NNS

2 cis-Rh(SNNMe,){CO)Cl

113
+ 2MeNNS

-2C0

-2C0

- 2 MeNNS
trans-(u-Clio[Rh(SNNMe,)(CO)s

2 trans-Rh{SNNMe,})»(CO)CI

115 114
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Scheme 54

MeNNS co

[Rh(diene)Cll, Rh(SNNMe,)(diene)Cl 113

diene = 1,5-cyclooctadiens, norbornadiene

Scheme 55

MeyNNS

trans-Rh(EPhj3),(CO)X trans-Rh(SNNMe;),(CO)X

EPh,
114

X=Cl,Br,NCS E=As, Sb

Oxidation of Rh(I) complexes affords octahedral Rh(III) complexes. The com-
plexes 114 have been oxidized with halogens to give the Rh(III) complexes 116
(Scheme 56). Compounds 113 and 114 react with iodomethane to afford a mix-
ture of (u-Cl);[Rh(SNNMe,)(CO)(CH3)I], and (u-Cl).[Rh(SNNMe,)(CH;CO)I],
and a mixture of Rh(SNNMe,)(CO)(CH;)CII and Rh(SNNMe,)(CH;CO)CII,
respectively.

All these complexes are again considered to be S-coordinated on the basis of
the IR spectra and the two quadruplets (N—Me) in their '"H NMR spectra.

Scheme 56
Xz
trans-Rh(SNNMep{(CO)C!  —————  Rh(SNNMe,),(CO)CIXa

114 X=Cl,Br,| 116

Also cationic complexes have been prepared by Tresoldi et al.* Treatment of
[Rh(diene)Cl], (diene = 1,5-cyclooctadiene, norbornadiene), [Rh(CO),Cl],,
CsH;Rh(CO)I,, and [CsMesRhCl,], with AgPF, in acetone or acetonitrile, fol-
lowed by reaction with a large excees of Me,NNS, gives the cationic complexes
[Rh(diene)(SNNMe,),]PF, [Rh(CO),(SNNMe,),]PF;, [CsHsRh(SNNMe,);](PFy),,
and [C;MesRh(SNNMe,);](PFq),, respectively. These salts could be converted to
the corresponding perchlorate salts by treatment with AgClO, (with exception
of the C;Hs and CsMes complexes). Also these complexes are S-coordinated.
The complexes [Rh(diene)(SNNMe,),]ClO, react with PR, (R; = Ph;, p-tolylPh,)
to give labile products, only [Rh(1,5-CsH,,)(SNNMe,)(PR;)]CIO, could be iso-
lated. These cationic complexes of Me,NNS seem to be more stable than the Pd
or Pt complexes.
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Ruthenium complexes of Me,NNS have also been reported by Tresoldi et al.%
Cationic complexes of [Ru(Cg¢Hg)(SNNMe,);]X, (X = PFs, ClO,) have been pre-
pared from [Ru(CsH,)Cl;], and Me,NNS. Their spectroscopic data are very close
to those of the cationic rhodium complexes.

Herberhold and Hill, and Gieren et al. have reported the hexa-coordinated
Me,NNS complexes of ruthenium, osmium, and iridium.“* They prepared the
hydride complexes (ML)CIH(SNNMe,)(PPhs), 117 from (ML)CIH(PPh;); [ML =
Ru(CO), Os(CO), Ir(Cl)] (Scheme 57). The Me;NNS ligand in these complexes
is located in the trans-position relative to H since 'H NMR spectrum con-
tained a triplet assignable to trans-H. Bis(thionitrosoamino) cations
[RuH(CO)(SNNMe,),(PPh;),]* and [IrCIH(SNNMe,),(PPh;),]* have been
obtained by reaction of Me,NNS with [RuH(CO)(NCMe),(PPh;),]* and
(IrCIH(NCMe),(PPh;),]3.

Scheme 57
PPh PPhy
L h|d _BPn,  MeNNS | | Snwe,
PPhy PPhy
ML = Ru(CO), Os(CO), Ir{CH) 117

The aryl complexes 119 have been prepared from the 16-electron aryl com-
plexes 118 and Me,NNS (Scheme 58). An X-ray structure analysis of the osmium
complex 119 revealed the octahedral structure of the complex with trans-coor-
dination of the tolyl and Me,NNS groups, short bond lengths of Os—S (2.411
A) and N—N (1.293 A) and a long N—S bond (1.616 A). Here again, metal-
to-ligand back bonding is operative, and the coordinated Me,NNS is reasonably
described by the canonical structures 120-122 with the major contribution from
the resonance form 121 (Scheme 59).

Scheme 58
PPh PPh,
ol Me,NNS ci_|_CeHMe
M""'CGH4M8 PN
| Me,NNS”™ | L
PPhy PPh,
118 118

ML = Os(CQ), Os(CS), Ru(CO)
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Scheme 59
S~ Me . S Me S Me
M SN—NZ Vg M= SN—nNZ
Me Me Me
120 121 122

The substitution of these aryl complexes 119 showed the lability of the chlorine
ligand, which was readily exchanged by N3 or #-BuCN (Scheme 60). The
Me,NNS ligand could be substituted by the bulky 2-xylyl isocyanide or by CO
which has a large w-acid capacity.

Scheme 60

PPh, l’i"Ph
cl cl
~ ~
M—CBH,,Me‘p M
oc” | pMeCgH”~ | Sco
PPh, PPhy
- Me,NNS
Me,NNS
PPh, +BuCN PPh, +
I /SNNMe2 NH,PF; tBuCN_ | _SNNMe,
Ru Fs-
pMeCgH;”~ | \co pMeCgH” | Sco
PPh,
Me2NNS 119 NaNs + NHCI
M=Ru, Os
PPhs

\I N3\| SNNM92

p-MeCHy”™ | p-MeCgHy |

Phy + NaCl

7.2. Complexes of C-Thionitroso Compounds

Complexes of C-thionitroso compounds have been known even earlier, but only
iron complexes have been reported so far. Complexes of +-BuNS and PhNS have
been reported by Otsuka et al.® They prepared these complexes from thiocu-
mulenes (sulfur diimides and N-sulfinylamines). The iron complex of #-BuNS
(123a) is prepared by the reaction of (+-BuN),S with Fe(CO), under irradiation



12: 54 25 January 2011

Downl oaded At:

334 M. TAKAHASHI AND R. OKAZAKI

with sunlight (Scheme 61). The corresponding Me;SiNS complex (123c) is pre-
pared from the sulfur diimide (Me;SiN),S and Fe;(CO),,.* No similar reaction
proceeds in the case of (PhN),S, but the reaction of PANSO with Fe(CO), gives
123b.%

The complex 123¢ furnishes iron complexes of HNS (123d) and MeNS (123e)
(Scheme 62).% The parent complex 123d is obtained by hydrolysis of 123¢ on
silica gel and 123e by treatment of 123d with diazomethane.

Scheme 61
+Bu
hv N~=S
Fe(CO)s + (tBUN)S —— 20
° OC-—/-FleéFIe—CO
oC co COCO
123a
Ph
A AN
Fey(C PhNSO T??
9(CO)g + —_—
oc-—/Fe—'FIe\—co
oC co coCO
123b
Scheme 62
Fe3(COhe
silica gel CHaoNp
+ — 123¢ — 123d 123e
(MeasiN)zs
R
5
oc _/Fle _}F-la\_co R =c: Me3Si, d: H, e: Me
OC ¢o co®
123

These complexes are stable at room temperature, indicating that the stability
of thionitroso compounds increased dramatically by coordination to transition
metals. The structures of these complexes have been determined as 123 from
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spectroscopic data. In 123, both of the lone pairs on the nitrogen and sulfur
atoms participate in coordination forming two bridges. The IR absorption
v(N—S) of 123 is 705-760 cm~' corresponding to the stretching mode of N—S
single bonds.

7.3. Thionitrosyl Complexes

Thionitrosyl complexes® formulated as metal-NS belong to the thionitroso com-
pounds R—NS if the coordinated transition metal is regarded as a substituent
R. The ligand NS* itself exists in salts like NS*EFs (E = As, Sb)*® and
gaseous NS* has been characterized by photoelectron spectroscopy."

Thionitrosyl complexes can be prepared from these salts.® The reaction of
NS*EF; with carbonyl and cyclopentadienyl complexes affords the thionitrosyl
complexes [CsHFe(CO),NSJ*(AsFs),, [CsHsMn(CO),NSJ**(AsF,™);, and
[Re(CO)sNSJ**(AsFg),.* The corresponding rhenium complex was also pre-
pared from the thiazyl iodide complex [Re(CO)sNSI]*AsFg.™

Neutral thionitrosyl complexes have been prepared with chromium.” The
thionitrosyl ligand was introduced with S$;N;Cl; (Scheme 63).

Scheme 63

Na[(n>-CsHs)Cr(CO)s] + /3 SaN3Cl

—_— m>-CsHs)Cr(COJNS) + CO  + NaCl

Nitrosyl ligands are considered to be coordinated at the nitrogen atom. The
v(N—S)’s change with the central metal of [CsHsM(CO),NS]** (Cr(0): 1165
cm™', Mn(I): 1284 cm™!, Fe(II): 1388 cm™'), indicating a decrease of the m-
donor ability of the central atom from Cr to Fe. The o-donor ability of NS* is
greater than that of NO*, since NS* coordinates to [Re(CO)sSO,J** to give
[Re(CO)sNS]** while NO* does not react.

X-Ray structural analysis™” and a study of the physical properties™™ of
[CsHsCr(CO),NS] have been carried out. The crystal structure of
[CsHsCr(CO),NS] shows a ‘piano stool’ configuration, the NS ligand being coor-
dinated essentially linearly to the metal via the nitrogen atom. The Cr—N dis-
tance (1.644 A) falls in the same range as the Cr—N distance of linear terminal
nitrosyl (NO*) ligands and is suggestive of NS* (an overall three-electron donor)
as the character of the thionitrosyl ligand. The N—S$ distance is 1.551 A, con-
siderably longer than the gas state NS* equilibrium bond length (1.440 A). This
long NS bond indicates the occurrence of back donation from Cr = orbitals to
NS =* orbitals. This back donation decreases when a carbonyl group is substi-
tuted by NO.



12: 54 25 January 2011

Downl oaded At:

336 M. TAKAHASHI AND R. OKAZAKI

As judged by the results of electron impact mass spectroscopy the Cr—CO
bond is apparently weaker in the thionitrosyl complex than in the nitrosyl com-
plex and the Cr—N bond stronger in the thionitrosyl complex than in the nitrosyl
complex. The stronger w-acceptor ability of NS* compared to that of NO* was
explained by the relatively lower w* orbitals and higher 7 orbital of NS* com-
pared to NO* as evident from the photoelectron spectra of [C;HsCr(CO),NS]
and [C5H5CI'(CO)2NO].74

7.4. Other Complexes

As more exotic types of thionitrosyl complexes, transition metal complexes of
the bidentate ligand RN,S, and the tridentate ligand N,S,°~ have been reported.
For the bidentate ligand RN,S;, complexes 124 are known with Co, Ni and Pd
as central atoms.”® Also Pt complexes of N,S;>~ 125 are known.®® We will
not describe these complexes in detail here because they cannot be regarded as
‘thionitroso compounds.’

s
T NN
N N | o |
S\ / 8 S| _S—N
| M | Rt
Neeo” NN | SN—s
s’ s
cl
124 125
M = Co, Ni, Pd.

8. CONCLUSIONS

Thionitroso compounds are generally thermodynamically unstable. This is due to
the polarization of the NS bond and to their biradical character which enhance
the reactivity of thionitroso compounds. The biradical character of thionitroso
compounds has been pointed out by theoretical studies; the lowest triplet excited
state T, lies very close to the singlet ground state S,.

Many approaches to C-thionitroso compounds have been reported. Spectro-
scopic detection of thionitroso compounds has been carried out and the experi-
mental observations compared with the predictions of theoretical calculations.

Thionitroso compounds can be stabilized by the introduction of an electron-
donating group such as an amino group. Although C-thionitroso compounds have
not been isolated so far, N-thionitrosoamines with a resonance structure
R;N*=N—S~ are isolable. Coordination to transition metals also stabilizes
thionitroso compounds and several types of complexes have been studied.

Although their high reactivity prevents the isolation of thionitroso compounds,
various types of reactions have been studied with transient thionitroso com-
pounds, generated in situ in low concentration, and thus interesting reactivities
of thionitroso compounds could be revealed.



12: 54 25 January 2011

Downl oaded At:

THIONITROSO COMPOUNDS 337

Although thionitroso compounds have been investigated for about 25 years

from various angles as described here, additional new and fascinating chemistry
of thionitroso compounds still remains unexplored.
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NOTE ADDED DURING THE PROCESS OF PUBLICATION

A review on the generation of double bonded chalcogen compounds and their

reactions for the synthesis of heterocyclic compounds was published during the
preparation of this review.* Thionitroso compounds are described there as one
of the heterodienophiles. The only report concerning a selenonitroso compound
(RN=S8e)** was also cited in the review.

*M. R. Bryce, J. Becher, and B. Filt-Hansen, Adv. Heterocycle. Chem., 55, 1 (1992).
**C. L. Pedersen, Tetrahedron Lett. 745 (1979).



