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Abstract: New radical annulation reactions are described involving addition of cyano-substituted alkyl
and sulfanyl radicals to aromatic isonitriles. The tandem cyclisation of the resulting imidoy! radicals
onto the cyano group affords cyclopenta- and thienoquinoxalines, respectively. The intervention of the
isonitriles in the aromatisation process of the cyclohexadienyl radicals is discussed, as well as the
regiochemistry of the cyclisation of the iminyl radicals obtained by addition of the imidoyls to the nitrile

. , tha
moiety. The hypothesis of an exclusive 6-membered ring closure onto the aromatic ring is also

supported by the results of semiempirical AM1 calculations.© 1998 Elsevier Science Ltd. All rights reserved.
INTRODUCTION

The last decades have witnessed an explosive growth in the use of radical reactions and, in the future,
there is likely to be a further spreading of free-radical-based methodologies in organic synthesis. Particularly,
the radical addition, tandem cyclisation strategy has found appealing applications in cascade radical reactions
that nave auowea the construction of polycycnc molecules.! During the nineties, this procedure has been
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terocyclic compounds. In this regard we have

recently reported the synthesis of quinoxaline derivatives through the first 1molecu]ar version of the radical
addition, tandem cyclisation strategy.3i This result encouraged the search for other annulations involving the
facile S-exo-dig cyclisation of the nucleophilic imidoy! radical onto a cyano group as a route to other
heterocycles. Some results dealing with the addition of ortho-cyanophenyl radicals to arylisothiocyanates have
just been published.* Here we report the reactions of some aromatic isonitriles with cyano-substituted alkyl
and sulfanyl radicals affording substituted cyclopenta-, thieno-, and benzothienoquinoxalines.

i. Alkyl Radicals. lodide 1 (1 mmol), easily accessible from the commercially available bromo-
derivative, was allowed to react at 150 °C with the isonitriles 2 (5 mmol) and hexamethylditin (1.5 mmol) in
tert-butylbenzene (40 ml) solution under sunlamp irradiation.?b After 48 h, the reaction afforded the
cyclopentaquinoxalines 3 and the amines 4 (Scheme 1, Table 1). Modifications in temperature or
concentration resulted in lower yields of 3.

¥ This paper is dedicated to Emeritus Professor Antonio Tundo on the occasion of his retirement.
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Scheme 1
Entry R 3 (%)
a H 40
b MeO 40
¢ Cl 30
d Ph 50

2 Yields are for the pure product obtained after column chromatography.
Table 1
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Scheme 2

Addition of § to the isonitrile affords the imidoyl radical 6; subsequent 5-exo-dig cyclisation of 6 onto the
cyano group gives the iminyl 7. Ring closure of 7 onto the aromatic ring eventually affords the
cyclopentaquinoxaline 3 through aromatisation of the cyciohexadienyi radical 8. The feasibility of the above
steps has been already discussed.3i4 The possxbnllty that 1mmyl 7 could give rise to both 6- and 5-membered
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Nevertheless, in the case of the intermediate 7, this behaviour would result in the formation of identical
products (3a-d and 3’a-d). Therefore, its likelihood will be discussed in the section dealing with the addition
of sulfanyl radicals (see below).

The formation of amines 4 — in up to 10% yield — was unexpected, since they cannot derive from any
reasonanle sme-reacnon ot tne xsommles b m tne iight of previous resuits which suggested the intervention of'
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or, auemauvely, direc yurogen—amm transfer between the two species — generates the aromatic compound
3 and the o-unsuibsti “t d umuuyl radical 18. Trapping of 1§ by >a a radical displacement

rara
reactxon would affo rd the imine 11, whose hydrolysns could most likely lead to the amines 4.7 The

2 c

ar vieldin g mixtures of 1sor fford a 3:1
mixture of the isomeric products 12 and 13.31 W h the 1od1de l llowed to react w1th sonltnle 2b under
the usual conditions in the presence of phenylacetylene, it gave small amounts of a nearly 3:1 mixture of 12
and 13. This is undoubtedly a supporting evidence of the intermediacy of radical 10 and thence of the
intervention to some extent of the isonitrile-mediated aromatisation of the cyclohexadienyl radicals.

Attempts to synthesise cyclohexa-fused quinoxalines by an analogous methodology were unsatisfactory.
The reaction of S-iodovaleronitrile with isonitrile 2b in the presence of MeO NG

hexamethylditin and sunlamp irradiation gave, under various conditions, quinoxaline L J\ J\ J
. ~ o <. . ™. P
14 in yields ranging from trace amounts to only 10%. It is reasonable to suppose that =~ °N
this reaction could be strongiy affected by a 1,5-hydrogen shift from the methylene i4
linked to the cyano group. This kind of process, which is likely to be very fast,® would trap the imidoy! radical
preventing cyclisation onto the nitrile moiety
o Ir I n 2 1. T S W LSRR . N, SPL.PEPISNGL N ¥ « SV [DVURPE 5P DU UGS SIS VYIS PRSI o JRPup URURPES b |
14} uifany!l Kadicails. 1nC aadiuon oI Cydno-SuDSLHUICd sulidnyl ragicals 1o 15S0nuliices as ISt Stuuied
with aliphatic sulfanyls suitable for 5-exo-dig cyclisations of the resulting imidoy! radicals onto the carbon-

somewhat rare. e9de
The thiol 15 (1 mmol), easily prepared from the commercially available 3-bromopropionitrile, was
allowed to react with isonitrile 2b (2 mmol) and azo-bis-iso-butyronitrile (AIBN) in boiling toluene (40 ml).
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radicals that abstract the hydrogen atom from 15 giving sulfanyl 18, A.nalegously to what claimed for radical

5, 18 can add to the carbon atom of 2b giving the imidoyl 19.
and the resulting iminyl 20 onto the aromatic ring lead to the thienoquinoxaline 16. Imidoyl 19 can also give a
competitive B-fragmentation with formation of isothiocyanate 17 and release of a 2-cyanoethyl radical 21.

MeO. -~ °N
— - | —> 16
XNT s
20
AIBN 2b MeO NG
16 —» .S/\\/CN A U j —_—t 17 + -/\CN
A 21
18 19
MeO NC
G N I
Y NAS
22
Scheme 6

The formation of 21 was supported by a GC-MS analysis of the reaction mixture, which showed the presence
of small amounts of compound 23, resulting from addition of 21 to 2b and

MeO._ -~ e
subsequent hydrogen abstraction. By GC-MS analysis of the reaction crude we also - n ‘I-'N
detected small quantities of compounds 22 and 24, the former arising from SN
reduction of 19 and the latter from addition of 2-cyano-iso-propyl radicals to 2b 23
followed by hydrogen abstraction. As one can see, the addition of sulfanyl radicals Meom
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to isonitriles seems to be a very efficient process {(the overali yieid of compounas A P
At s frniin nndl sl 10 o cmnmelsy TEOAY TV Fnatireintale: thn nmmiilatine Affainma; \/\N/\Kr\ll
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favoured under these conditions. Actually, the formation of isothiocyanates fr om o-(tert-alkylthio)imidoyl
radicals has been reported, 9a hut we were quite astonished at finding that radical 19 prefers so strongly this
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route even when a primary alkyl radical is formed.

To prevent fragmentation, we carried out the reaction at lower temperatures with sunlamp-initiated
decomposition of AIBN. At room temperature, compounds 16 and 17 were formed in 20% and 15% yield,
respectively, and a GC-MS analysis showed a considerable increase in the amount of 22. At -78 °C, the
quinoxaline 16 was not formed at all and, besides trace amounts of 17, the reaction yielded the
thioformimidate 22 in almost quantitative yield.10 At this temperature, the B-fragmentation is nearly
suppressed but, at the same time, the S-exo ring closure is so slow that the imidoyl radical 19 is completely
trapped by the thiol prior to cyclisation Therefore we tried to overcome this problem by carrying out the

presence of 2Zb gave, after 48 h, a 3:1 mixture of 16 and 17 and smali amounts of the thiol 15. Umonunately,
mcrnes a0 ae smss dee sirm snrmses st allo f0 S Laot i abe o £/ ammsrorcims ALt n cdarting Alar i Ada sl
CvCI d1Cr I]ldﬂy Udys, wt WCIC 110U 4UIC W0 DDAl HIUIC Lildll DU /70 COIVEISI0I U1 UIC Staitiig, Uiduilue, proobdoly
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due to radiation quenching by some tarry materials. The reaction MeO._~_ N
afforded quinoxaline 16 in an acceptable 35% yield, based on the NG~ Seg A~ -CN KJ\ J\ S
reacted disulfide. It is worth noting that 16 was never NT TS
contaminated, neither under these conditions nor in the presence 25 28
of AIBN, by any irace of the fully aromatic compound 29, easily prepared by DDQ oxidation of 16.

Finally, we mmed our attention to aromatic disulfides. We reasoned that, due to the lower sulfur-sulfur

d‘u t

disulfide should be a better photolytic source of sulfanyl radicals. In addition, the
sho uld discourage the - Fragmentatmr! to mnthmcvanate and, again. the absence of
ex
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conditions, the benzothlenoqumoxalmes 28a-d were formed in fair ylelds (Scheme 7, Table 2).
/\ ~CN 7\

V\SN\I/\I e N NP A

NC)\/ [ ]
27 28a-d
Scheme 7
Entry R 28 (%)
a H 40
b MeQ 55
c Cl 70
d Ph 65

a Yields are for the pure product obtained after column chromatography.
Table 2

This procedure gave much cleaner reaction mixtures and the starting
disulfide 27 was completely converted in 3-24 h. The only identifiable W —
by-products were the benzothienoquinoxalines 29a-d. They were formed in \/IkN’ S S—-(/ \3
small amounts and can reasonably derive from addition of another sulfanyl - e
radical to 28a-d.!! “ad  NC

The iminyl radicals 32a-d, obtained by cyclisation of imidoyls 31a-d, could actually lead to different
isomeric derivatives (28a-d and 28’a-d) if a competitive 5-membered ring closure would occur (Scheme 8).
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Scheme 8
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The reaction certainly afforded only one product, but it could be argued that we cannot actually
distinguish between structures 28 and 28°.12 A complete discussion about the three possible annulation routes
(Scheme 8, paths a, b, and c¢) and the actual structure of the reaction product has been reported in a recent
paper.4 In that study, imidoyi radicais 31 have been generated by addition of 2-cyanophenyi radicais to
aryiisot'niocyanates and the finai product has been claimed to ‘nave struc‘ture 23 Here we wouid iike to

s at tamtoel P ~on ctmiindiisa —

CmpnclSlSC that isolation of compound 29 -— whose structure was un:
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benzothlenoqumoxalme 28 (path a). Path b does not seem to occur to a SIgmﬁcant extent

Semiempirical calculations according to the AMI1 method fully support the formation of the six-
membered cyclisation product 33 as the main reaction pathway. Both relative stability of the cyclohexadienyl
radicals 33 and 34 and the transition states leading to the cyclisation products (Figure 1) indicate that the
spiro-cyclisation is energetically unfavoured. A classical rationalisation of the quanto-mechanichal result is
the loss of delocalisation following the cyclisation pathway b: the unpaired electron in 33 is delocalised on the
whole n-system of the molecule; this is not possible in radical 34, because of the tetrahedral structure of the
spiro-carbon atom. On the other hand, the relatively smalil activation barrier for the opening of the spiro
intermediate 34 suggests that - when formed - a spirocyclohexadienyl radical could actually revert to an open

I et 3§ ____1

raalcal glVlIlg the isomerisation reactions described eisewhere.

,.
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heat of formation (AM1):

N\ _/ ‘
TN AL /N 32a, 140.2 kealimol

34a, 155.7 kcal/mol 33a, 116.8 kcal/mol
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CONCLUSIONS

The results reported in this paper show once more that radical addition to isonitriles is an appealing
process that can lead to a variety of heterocyclic molecules through cascade radical reactions. With alkyl
radicais § cyciopentaquinoxalines are formed together with minor amounts of amines. The iatter compounds
presumably arise from hydrolysis of imine derivatives that are the result of the intervention of the starting
isonitriles in the aromatisation of cyclohexadienyl radicals. The formation of quinoxalines with larger fused

rings appears to be hindered by side reactions, probably intramolecular hydrogen-abstraction processes. If this
is the case, the prou!em could be circumvented by replacing a methylene with other non-radicophilic moieties

when the sulfanyl is generated from alkyl thlols is hmlted in scope by the e of B- fragmentatlon and
hydrogen-abstraction reactions of the resulting o-thioimidoyl radicals. Indeed, the reactions of radicals 18
with isonitriles afforded thienoquinoxalines, isothiocyanates, and thioformimidates. When the sulfanyl
radicals are generated by UV-initiated homolysis of disulfides the reactions are more selective and, in the case
of aromatic sulfanyls, give benzothienoquinoxalines in fair yields. In principle, the final iminyl radicals could
give rise to both five- and six-membered cyclisations onto the aromatic isonitrile ring, leading to the different
quinoxaline derivatives 28 and 28’. Nevertheless, only one benzothienoquinoxaline isomer is always formed
and this is explained in terms of a direct 6-membered ring closure of the iminyl. This belief is also supported
by semiempirical AMI calculations. In our opinion, this methodoiogy couid be successfuily extended to other
unsaturated isonitriles and/or carbon- or heteroatom-centred radicals bearing radlcophlhc groups in the side

fac a i = nacrads sadinal raastin IS H SVII P
dies are in progress to apply these cascade radical reactions to the synthesis o

EXPERIMENTAL SECTION

General Procedures.

Melting points were determined on an Electrothermal capillary apparatus and are uncorrected. lH-NMR
spectra were recorded in deuterochloroform on Varian Gemini 200 (200 MHz) or Gemini 300 (300 MHz)
instruments, using tetramethylsilane as an internal standard. Mass spectra (MS) and high resolution mass
spectra (HRMS) were performed with a VG 7070E spectrometer by electron impact with a beam energy of 70
eV. IR spectra were recorded in chloroform on a Perkin-Elmer 257 spectrophotometer. GC-MS analyses were
carried out on a Carlo Erba AUTO/HRGC/MS-QMD 1000 instrument equipped with a Quadrex capillary
column (007, 25 m x 0.25 mm 1.D.) and a NIST/NBS library. Photolysis of iodides and AIBN was carried out

- Ter 10 1

with an Osram Uitra-Vitalux suniamp (300 W); UV photoiysis of disuifides was performed with a Heraeus

Y Y < <=rm

TQ 150 high-pressure mercury lamp (150 W). Column chromatography
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Silica, 63-200, 60 A) using light petroleum (40-70 °C) and a light pt.ti“‘ eum/
to 100% diethyl ether) as eluant. Previously reported reaction products were identified by spectral comparison

-
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Starting Materials.

3-Bromopropionitrile,  4-bromobutyronitrile, ~ 5-bromovaleronitrile,  aniline, 4-methoxyaniline,
4-chloroaniline, 4-aminobiphenyl, diphosgene, hexamethylditin, DDQ, phenylacetylene, azo-bis-iso-
butyronitrile (AIBN), 4-methoxyphenylisothiocyanate (17), and tert-butylbenzene were commercially
available (Aldrich). AIBN was purified by being dissolved in chloroform and reprecipitated with methanol.
4-lodobutyronitrile (1, bp [15 mmHg] = 109-111 °C)13 and 5-iodovaleronitrile (bp [I mmHg] = 98 °C)!4
were prepared by treatment of the corresponding bromides with sodium iodide in acetone. 13 Phenylisonitrile
(2a, bp [I1 mmHg] = 50-51 °C),15 4- methoxyphenylisonitrile (2b, bp [I mmHg] = 76-78 °C),i6
and 4-chlorophenylisonitrile (2¢, mp = 71 °C)17 were prepared according to the literaturel3 by reaction of

am= 1Q

the corresponding formamides with diphosgene and triethylamine. 3-Mercaptopropionitrile (15),'°
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3, -dithio-bis-propionitrile (25),19 2,2’-dithio-bis-benzonitrile (27),20 6-methoxy-4-phenylquinoline (13),2!
74D

and 7-methoxy-4-phenyiquinoline (12)“# were prepared according to the literature.

4-Isocyanobiphenyl (2d). According to the procedure reported for other isonitriles,!5 a solution of

Adimhacoana (N 16 mal} in anhudenne dishlacammathana 748 o T Y wxrng addad domaea-Zon oo o 1
GIpHUSELIT (V.1 U1y i aiuiy Grious GilinGroimiculalic (Uo iTin) Was ataaca aropwise at 6°Cimlihtoa bllITCU

solution of 4-formamidobiphenyl?? (19.7 g, 0.1 mol) and anhydrous triethylamine (0.69 mol) in

dichloromethane (150 mL). The reaction vessel must be equinped with a condenser kept at -30 °C. The

mixture was stlrrgd for addmonal 30 min at 0 °C and then w:n:ed to 25 °C. Water (100 !'nl; ) was added and
the organic phase was separated, washed with an aqueous sodium bicarbonate solutlon (7.5 %), and dried over
calcium chloride. The solvent was evaporated and the residue chromatographed on silica gel eluting with light
petroleum / ethyl acetate (97:3 v/v) to give the title compound (13.4 g, 75%), mp = 77-79 °C; 200 MHz
TH-NMR § 7.27-7.53 (9 H, m); Vppay 3000, 2130, 1660, 1490 cm-!; MS m/e (rel inten) 179 (M, 100), 178
(66), 177 (27), 153 (13), 152 (21), 151 (36), 76 (30), 63 (19), 51 (17). Anal. caled for Cy3HgN: C, 87.12;
H, 5.06; N, 7.82. Found: C, 87.08; H, 5.07; N, 7.85.

Reactions of iodide 1 with isonitriles.

General procedure. A degassed solution of iodonitrile 1 (1 mmol), isonitrile 2 (5 mmol), and
hexamethylditin (1.5 mmol) in tert-butylbenzene (40 mL) was kept at 150 °C for 48 h under sunlamp
irradiation (sealed Pyrex tube kept for one-third in a silicon-oil bath and at 5 cm from the iamp).

A

UISappearance of the srarung iodide was moniiored Dy GC-MS. After removal of the SOIVCI’II the residue was

) ROTGRPUF PR, 7 O Ji . g |- SRR PR S, o0/

L[llUllldlUgldpllCu [AVa "33 45 quulu;mmlca J dHU ATy "' [‘Iu J/O, ‘I'U, lU/l), ‘IL, trace dﬂ]UUJllb, ‘l'u, .)/0) lm:
following quinoxalines were obtained according to this general procedure in the yields reported in Table 1.

6-Mpthnrvm('lnnonmf 1,2- hlmnnnxalme (3b), mp = 86-87 °C (from hoht pgt_rvl ); 300 MHz
1H-NMR § 2.29 (2 H quintet, J 7.5 Hz, 2-CHj), 3.13-3.20 (4 H, 2 overlapped triplets, J; J = 7.5 Hz,

1-CH, + 3-CH,), 3.92 (3 H, s, OMe), 7.28-7.33 (2 H, m, Ar-H), 7.87 (1 H, m, Ar-H); MS m/e (rel mten) 200
(M*, 100), 199 (38), 185 (66), 169 (18), 157 (55), 156 (22). Anal. calcd for Cy,H;,N,O: C, 71.98; H, 6.04; .
N, 13.99. Found: C, 72.10; H, 6.06; N, 13.95.

6-Chlorocyclopenta[1,2-b]quinoxaline (3c), oil; 200 MHz 1H-NMR & 2.28 (2 H, quintet, J = 7.0 Hz,
2-CH,), 3.16-3.18 (4 H, 2 overlapped triplets, J; = J, = 7.0 Hz, 1-CH; + 3-CH,), 7.58 (1 H, dd, J; = 8.3 Hz,
J = 1.8 Hz, Ar-H), 7.90 (1 H, d, J = 8.3 Hz, Ar-H), 7.96 (1 H, d, J = 1.8 Hz, Ar-H); MS m/e (rel inten) 206
(M* + 2, 23), 205 (M + 1, 27), 204 (M*, 86) 203 (100), 176 (11), 168 (20). Anal. calcd for C;;HgCIN,:
C, 64.56; H, 4.43; N, 13.69. Found: C, 64.63; H, 4.42; N, 13.66.

r- -~ Aan 2Ty lyy atrnan © A e i~ T - ¥ ~ o~y

6-Phenyicyclopentaf I, 2-b]quinoxaline (Ja}, oil; 200 MHz ‘H-NMR & 2.18 (2 H, quintet, J = 7.2 Hz,
A MTT Y Y NN AR F __ "~ I 1 MY A MY AN T N2 TT A_TIN 708 1 1YY 311 ¥y O 1y ) G—
2-CHy), 3.09 (4 H,t,J=7.2 Hz, i-CH; + 3-CHj), 7.20-7.60 (5 H, m, Ar-H), 7.84 (1 H,dd, J; =8.7Hz, J, =
1T 0TI A_ I 700 71 1T 1 F— 0O 71T+ A.LIN O 14 (1 XY 1 Fe= 1 QI A LI\, NAQ /o fonl lmtn WAL INAH
1.7 , A1), /.701 N, U, J — 0.7 I'tL, Al-Ilk), O0.1%4 \l n, u, v — 1.7 1L, £Al-11), IVIO /€ (IC1 HIWKIL) 490 (ivl
1NN 248 Q1Y D1Q /AN 181 (1M 172 (16 Anal aalad Far O 1T N 200N 11 & 72-. N 11 27 Eannd-
1UV), 290 \71)y L£10 \7), 11 (1VU), 147 \1VU). Allal. vaivld 1UL 7 4INT . vy OL. 7V, K1y Ju7 Ty INy 1 1.07. DVUIG.
o RYOT-H 571-N 11 12
Ny OLT Ty KAy JoF 2, 0N% 1104

Reaction of S-iodovaleronitrile with 2b. According to the general procedure, the reaction yielded
7-meth0xycyclohexa[ 1,2-b]quinoxaline (14, 10%), oil {200 MHz lH-NMR 8 2.03 (4 H, m, 2-CH; + 3-CH,),
3.12 (4 H, m, 1-CH; + 4-CH;), 3.94 (3 H, s, OMe), 7.26-7.36 (2 H, m, Ar-H), 7.85 (1 H, d, J = 8.7 Hz, Ar-H);
MS m/e (rel inten) 214 (M*, 100), 213 (15), 199 (42), 186 (6), 171 (20). Anal. caled for C;3H4N,0:

C, 72.87; H, 6.59; N, 13.07. Found: C, 72.94; H, 6.57; N, 13.04] and 4-methoxyaniline (4b, 33%).
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Reaction of 1 with 2b in the presence of phenylacetylene (I mmol). According to the general procedure,
the reaction yielded 3b (35%), 4b (2%), and a 3:1 mixture of quinolines 132! and 1222 (0.02 g), identified by
spectral comparison with a mixture of authentic specimens. The isomer ratio was determined by integration of
the 1H NMR signals of the two methoxy groups.

Reactions of thiol 15 with isonitrile 2b.
Reaction in boiling toluene A toluene (40 mL) solution of 15 (l mmol) 2b (2 mmol) and AIBN (0 15
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( . Anal. caled for Cy;H;(N>OS: C, 60.53; H, 4
, 14.73), 4-methoxyphenvlisothiocvan )

60%), and 4b ( trace amounts).

Reaction in toluene at r.t.. A toluene (40 mL) solution of 15 (1 mmol), 2b (2 mmol), and AIBN (0.5
mmol) was kept at r.t. for 4 h under a nitrogen atmosphere and sunlamp irradiation. After removal of the
solvent, the residue was chromatographed to give 16 (0.045 g, 20%), 17 (0.025 g, 15%), and 4b (traces).

By GC-MS analysis, both reactions also afforded small, variable amounts of N-(3-cyanopropylidene)-4-
methoxyaniline (23) [MS m/e (rel inten) 188 (M*, 52), 173 (35), 146 (10), 134 (100), 107 (25), 92 (25), 77
(40)] and N-(2-cyano-2-methylpropylidene)-4-methoxyaniline (24) [MS m/e (rel inten) 202 (M*, 10), 134

P IR Wt AN e AN

(100), 107 (19), 92 (14), 77 (23)].

Reaction in toluene at -78 °C. A toluene (40 mL) solution of 15 (1 mmol), 2b (2 mmol), and AIBN (0.5
mmnl) wme Lant at L 7R o1 far § h iindar a nitrnoan atmnenhara and aimlamn irradiatinan O _NQ and ll]_\]l‘D
llullUl] yvado l\\iyl at 170 N UL 1L ULIUWEL G L Us\dll AUIIVOPIIVIY Al Dulllallll.’ ALIAGULAQLIVLI. VUL TLVID allg B ATINIVIAN
analvges of the reaction crude chowed the ahgence of 16 and the nracence of dh (trace amonnte) and
“ll“lJ A~ A VARN Awitweivwa A Z 2 wFALNS g AR AT ViILW Y Wi AWV AL AR '-Il A2 ¥4 2 wva WA \l.l Bww “lllv“.l‘vh’l CAL1INS
2»cygnr)ethy_/ N-/d-methgxyphenyl)rhzqfhrmimidgtp (22) as the almost exclusive nroduct [200 MHz IH.NMR

(reaction crude) 6 2.84 (2 H, t, /= 7.0 Hz, -CH»-), 3.30 (2 H, t, /= 7.0 Hz, -CH>,-), 3.78 (3 H, s, OMe), 6.82
(2 H, A part of AA’BB’, J = 9.0 Hz, Ar-H), 7.00 (2 H, B part of AA’BB’, J = 9.0 Hz, Ar-H), 8.37 (1 H, s,
N=CH); MS m/e (rel inten) 220 (M*, 18), 167 (22), 134 (100), 107 (32), 92 (25), 77 (43); HRMS calcd for
C11H 2N, 0S8 220.0670, found 220.0672].

Reaction of disulfide 25 with isonitrile 2b. A benzene (40 mL) solution of 25 (0.5 mmol) and 2b (5
mmol) in a quartz Erlenmeyer flask was kept at r.t. for 48 h under a nitrogen atmosphere and UV irradiation.
After removal of the solvent thc rcsidue was chromatographed to give 16 (0 03 g 14%, 35% based on the
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Ar matlsauon oF 10. A DENZENE (Lo ML) SOWtion Or 1o (Uv.u4 g, u.10 Iminot na iy (v.v4 g, u.io
st Al) 2xrna eafliavad Fhe & mvin Tha calyiant 1irne avanarntad and tha vacidiia Aheamataoeanbhad 44 S0 NN) o
LML l} wadd lclluﬁ.cu lUl < Hii. 11T SUIVULIL wad CV‘IPUI‘I&CU dallu uic 1TOIUuc Liivillau glapucu w EIVC V.Ul 5
(51%) of 6-methoxythieno[2,3-b]quinoxaline (26), mp = 134-136 °C; 300 MHz 'H-NMR & 4.00 (3 H, s,
OMe), 7.43-7.49 (2 H, m, Ar-H), 753 (1 H, d, /= 6.3 Hz, Ar-H), 8.01-8.07 (2 H, d + m, J = 6.3 Hz, Ar-H);
MS m/e (rel inten) 216 (M*, 100), 201 (16), 186 (16), 173 (60). Anal. calcd for C;;HgN,0S: C, 61.09;
H, 3.73; N, 12.95; S, 14.83. FoundC6115H372 N, 12.91; S, 14.87

Reactions of disulfide 27 with isonitriles.

General procedure. A benzene (40 mL) solution of 27 (0.5 mmol) and 2 (5 mmol) in a quartz
Erlenmeyer flask was kept at r.t. for 3-24 h under a nitrogen atmosphere and UV irradiation. After removal of
the solvent, the residue was chromatographed to give quinoxalines 28 in the yields reported in Table 2. The
following quinoxalines were obtained according to this general procedure.



Benzo[4,5]thieno(2,3-b]quinoxaline (28a), mp = 165-167 °C (from ethanol) (lit.25 mp = 166-167 °C).

9-Methoxybenzo[4,5 Jthieno[2,3-b]quinoxaline (28b), mp = 185-187 °C (from ethanol/chloroform) (lit.4
mp = 187-188 °C).

n oM r4

9-Chlorobenzo[4,5 Jthieno[2,3-b]quinoxaline (28¢cj, mp = 224-226 °C (from benzene) ( = 224-
226 °C).

O_Phormilhonznld lthionnl? _hlauimnvaline 28A) mn = 19R.MN1 ° [(firnm hanoonal NN NALl~

iR OENZ0 5,0 [eRIEN0] 4,50 QUINCXGHINE (40&G,, TP 1 70%4vs O OCLZCHC ), Vv iVianiZ
IH-NMR 8 7.34-7.56 (4 H, m + ddd, J; = J, = 7.3 Hz, J; = 1.3 Hz), 7.61 (1 H, ddd, J; =J,= 7.3 Hz, J; = 1.5
Hz), 7.70-7.85 (3 H, m), 803 (1 H, dd, J; =88 Hz, /= 1.9 Ha). 8.16 (1 H, d,J = 8Hz), 43 (1Hd,J, =

76.90, H, 3.87, N, 8.97, S, 10.26. Found: C, 76.98, H, 3.86, N, 8.94, S, 10.22.

Reactions b, ¢, and d also afforded small amounts of compounds which, on the basis of the X-ray
crystallography of the methoxy derivative (reaction b), were tentatively given structures 29b-d. Whereas
compound 29b was unambiguously characterised, the structures of the other analogues need some more
investigation, particularly on the exact position of the (cyanophenyl)thio-group.!! Here we report preliminar
spectral data of these products.

9b (7%): 200 MHz 'H-NMR & 4.03 (3 H, s, OMe), 7.08-7.16 (1 H, m), 7.28 (I H, ddd, Jy=Jy=176

LY . F — 1 &£1¥.\ 712071 1Y 111 F — ¥ — "7 £ L1~ F — 1 771X.\ 7T AQ /1 11 1.3 F —— O 1 ¥ T — Y7711 "TCA

rnz,J3=1.J5nz}, /.56(1n,aad,s; =Jy= 1.0 »J3 = 1./ 1), 147 (1 1n,04,4;=Y.1 NZ,J) = 2.1 NZj, /.04

1H,d,J=27Hz),7.61-7722H,t+ m,J=7.6 Hz), 792 (1 H,dd, J; = 7.6 Hz, J, = 1.0 Hz), 8.04 (1 H, d,

J.=01 2V K2 (VT H dd I, =766 H7z F.=10 Hz} v 3000 2230 1625 1605 1330 1100 em-1- MS

Jp= 2.0 82), 8.0 (1 1, €4, J; 1.6 Nz, J 1.V RZ), Vinax SV, 2230, 1040, 100D, 1330, 1100 cm™'; Mo
m/e (rel inten) 400 (M* + 1, 100), 385 (6), 357 (17), 200 (6)
AN 7 AN 2 7 73 \ Va4 7

29c (10%): MS m/e (rel inten) 405 (M* + 2, 44), 404 (M* + 1, 29), 403 (M, 100), 402 (10), 301 (7),
202 (8), 133 (8); HRMS calcd for Co1H;oCIN3S, 403.0005, found 403.0008.

29d (5%): 200 MHz 'H-NMR § 7.17 (1 H, m), 7.26-8.00 (10 H, m), 8.10-8.29 (2 H, m), 8.48-8.54 (1 H,
m), 8.65-8.76 (1 H, m); MS m/e (rel inten) 445 (M*, 100), 444 (6), 343 (5), 223 (11); HRMS calcd for
C27H15N382 4450707, found 445.0700.

Semiempirical calculations. Semiempirical calculations on radicals 32, 33 and 34, as well as the search
for the reaction path connecting 32 - 33 and 3Z - 34 were carried out with the Spartan pius package running
on a Power Macintosh computer The geometrnes of the open-shell intermediates were fully optxmxsed

A
At each step all the remaining degrees of freed ere fully mmnmsed Transmon state geometry (and
ing the “saddle” alg gh

uuuuuu "‘D 141803

lowi s
O
transition states were _ha_racteris_d by a single imaginary vibrational fr

laxgiildly vibiqtiviidl

1982 11 UK P el pPala “"D . L

W2 1.2 il alie ¢ L%

for the transition states leading to 33 and 34 respectively) resulting from a negative force constant in the
diagonal form of the Hessian, and collapse to the starting products when the “saddle” option is removed.
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