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Formation and X-ray Structures of Eight- and Sixteen-Membered Rings (ArC)N2,(SPh), [n
= 2, Ar = 4-XCeH4 (X = Br, CF3); n = 4, Ar = 4-BrCgH4] and the Electronic Structures of

(HC) 2N4(SH)2 and (HC)2N4(SH)22_
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Optimum yields of heterocyclic products are obtained when the reaction of#XD,(SiMes)s (X = Br, CFRs)
with PhSCI in a 1:3 molar ratio in Ci€l; is carried out at-100 °C followed by the mixture being warmed to
—70°C for 16 h. Under these conditions the eight-membered rings (HXaC,N,S,Ph, (1b, X = Br; 1c, X
= CR;) are obtained in 64 and 80% yields, respectively, in addition to the purple diaZ@hBsPhSN(4-XGHy)-

CN=NC(CsH:X-4)NSPh @b, 8%; 2c, 19%)

and, in the case of X= Br, the sixteen-membered ring

(4-BrCsH4)4CaNgSsPhy (3) (8%). With a reaction time of 40 h the yield 8fis increased to 25%. By contrast,

the reaction of 3-BrgH4,CN»(SiMes)s with 3 equiv of PhSCI at-70 °C givesZ,E,Z-PhSN(3-BrGH;)CN=NC-
(3-BrGsH4)NSPh in 75% yield. A possible pathway for the formation of cyclic products is proposed. The solid-
state structures dfb, 1c, and3 were determined by X-ray crystallography. The eight-membered dbgnd
1cadopt long boat conformations with the phenyl groups (attached to S) in equatorial positions. Density functional
theory (DFT) calculations for the model ring system (KIC)YSH), reveal that the observed,, geometry is the

result of a second-order Jahmeller distortion of the planamXz,) structure. The chair conformeC4,) is only

ca. 10 kJ mot™ higher in energy than the boat conformer. The hypothetical dianion#{3H),2~ is predicted

to have a transannularSS contact of about 2.5 A. The sixteen-membered 8riups a cradle-like structure

with §; symmetry.

Introduction

Since the seminal discovery obR4S, rings (dithiatetrazo-
cines) in 198% heterocycles based on CNS frameworks have
been the subject of numerous investigatidnblost of these
studies have involved ring systems containimg-coordinate
sulfur atoms, some of which form stable radicals that are of
interest in the construction of molecular conducts.How-
ever, the original goal of generating hybrid CN/SN polymers
from these ring systems has not been achiéved.

Carbon-nitrogen-sulfur heterocycles containingpree or
four-coordinate sulfur atoms are also potential precursors of
hybrid CN/SN polymers via ring-opening reactions. Although
a wide variety of six-membered CNS(IV) ring systems is readily
accessiblé; 8 much less is known about larger rings. The'S,S
dichloro derivativela may be obtained by oxidative addition
of Clp across the SS bond of the folded ring (M®C)2N4S,.72
Sulfur(ll)-containing diazenes of the ty@gR = Ar, R = Ph)

are the thermodynamically stable products of the reactions of
ArCNy(SiMes)s with benzenesulfenyl chloride in a 1:3 molar
ratio>19 Preliminary evidence indicates that eight-membered
rings of the typel are attainable under certain conditidfsn
the specific case where Ar 4-CRCgHg, the eight-membered
ring 1c was obtained in addition to the isomeric diaze&te
However, the size of the heterocyclic rikgwas deduced from
MS data alone, and X-ray structural information was lacking.
The initial objective of the present investigation was to
optimize the yields of heterocycles by varying the conditions
of the reaction of trisilylated benzamidines ArgNiMes); with
PhSCI, particularly with respect to the possible formation of
larger ring systems. The influence of the position of the
substituent attached to the C-aryl group on the nature of the
products was also investigated. We describe here the synthesis
and X-ray structures of the eight-membered ringsand 1c,
and the novel sixteen-membered g The eight-membered
rings 1b and1c were found to undergo photochemical isomer-

*Tel.: (403) 220-5741. Fax:
acs.ucalgary.ca.
® Abstract published if\dvance ACS Abstractddarch 15, 1997.

(1) Ernest, I.; Holick, W.; Rihs, G.; Schomburg, D.; Shoham, G.; Wenkert,
D.; Woodward, R. BJ. Am. Chem. Sod.981 103 1540.

(2) (a) Cordes, A. W.; Haddon, R. C.; Oakley, R. T.The Chemistry of
Inorganic Ring SystemSteudel, R., Ed.; Elsevier: Amsterdam, 1992;
Chapter 16. (b) Banister, A. J.; Rawson, J. M.Tlhe Chemistry of
Inorganic Ring SystemSteudel, R., Ed.; Elsevier: Amsterdam, 1992;
Chapter 17. (c) Morris, J. L.; Rees, C. \@hem. Soc. Re 1986 15,

1

(403) 289-9488. E-mail: chivers@

(3) (a) Whangbo, M.-H.; Hoffmann, R.; Woodward, R.Broc. R. Soc.
London A1979 366, 23. (b) Chivers, T.; Richardson, J. F.; Smith, N.
R. M. Mol. Cryst. Lig. Cryst.1985 125 319.

(4) (a) Greevers, J.; Hackmann, J. Th.; Trompen, Wl.”Zhem. Soc. C
197Q 875. (b) Schramm, W.; Voss, G.; Rembasz, G.; Fischek,.E.
Chem.1974 14, 471. (c) Schramm, W.; Voss, G.; Michalik, M.;
Rembasz, GZ. Chem.1975 15, 19.

(5) (a) Roesky, H. W.; Scier, P.; Noltemeyer, M.; Sheldrick, G. M.
Naturforsch.1983 38B, 347. (b) Hds, H. U.; Hartmann, G.; Mews,
R.; Sheldrick, G. MZ. Naturforsch.1983 39, 1389.

(6) (a) Hayes, P. J.; Oakley, R. T.; Cordes, A. W.; Pennington, W. T.
Am. Chem. Socl985 107, 1347. (b) BoereR. T.; French, C. L,;
Oakley, R. T.; Cordes, A. W.; Privett, J. A. J.; Craig, S. L.; Graham,
J. B.J. Am. Chem. S0d985 107, 7710. (c) BoeteR. T.; Cordes, A.
W,; Craig, S. L.; Oakley, R. T.; Reed, R. \§..Am. Chem. S0d.987,
109, 868.

(7) (a) Chivers, T.; Richardson, J. F.; Smith, N. R.Ikbrg. Chem1986
25, 47. (b) Apblett, A.; Chivers, TJ. Chem. So¢Chem. Commun.
1989 97. (c) Apblett, A.; Chivers, Tlnorg. Chem.1989 28, 4544.

(8) (a) Magiulli, R.; Mews, R.; Stohrer, W.-D.; Noltemeyer, M.; Sheldrick,
G. M. Chem. Ber1988 121, 1881. (b) Jandas-Prezel, E.; Magiulli,
R.; Mews, R.; Oberhammer, H.; Paust, T.; Stohrer, WGbem. Ber.
199Q 123 2123. (c) Fischer, E.; Jandas-Prezel, E.; Magiulli, R.; Mews,
R.; Oberhammer, H.; Paape, R.; Stohrer, WEBem. Ber1991, 124,
1347.

(9) (a) Chandrasekhar, V.; Chivers, T.; Fait, J. F.; Kumaravel, S. S.
Am. Chem. S0d.99Q 112, 5374. (b) Chandrasekhar, V.; Chivers, T.;
Kumaravel, S. S.; Parvez, M.; Rao, M. N.I8org. Chem1991 30,
4125.

(10) Chivers, T.; Krouse, |.; Parvez, M.; Vargas-Baca, |.; Ziegler, T.;
Zoricak, P.Inorg. Chem.1996 35, 5836.

S0020-1669(96)01157-3 CCC: $14.00 © 1997 American Chemical Society



1670 Inorganic Chemistry, Vol. 36, No. 8, 1997
R
s
& RC
s \N\ N=N
RC © CR : \c
oLt ) R
N N /7
S E—N
R R’
la (R =NMe,, R’ = Cl) 2a(E=S$;R=R'=4-CH,CH,)

1b (R = 4-BrCH,, R’ = Ph)
l¢ (R = 4-CF,CH,, R’ = Ph)

2b (E=S; R =4-BrCH,, R’ = Ph)
2¢ (E=S$; R =4-CF,CH,, R’ = Ph)
2d (E=S$; R =3-BrCH,, R' =Ph)

ization to the corresponding diazen2s and 2c.1? Density
functional theory (DFT) calculations were carried out on the
model system (HGN4(SH), in order to explain the structural
features of the éN4S; ring and to provide a MO description of
the photochemical process.

Experimental Section

All reactions, and the manipulation of reagents and products, were
carried out under an atmosphere of dry nitrogen gas. The separation

of products on silica gel columns or by TLC was performed under a

solvent-rich atmosphere, and exposure to air was minimized. The
reagents 2-XgH,CN (X = Br, CF), 3-BrCH4CN, 4-XCGH4CN (X =
Br, CR), PhS;, and MeSiCl (all from Aldrich) were used as received;
SOCl; was distilled before use. LiN(SiMp (Aldrich) was dissolved
in hexane and converted to the adduct LIN(SiMOEL by the addition
of 1.1 equiv of diethyl ether. All solvents were dried by standard
procedures and freshly distilled before used. The following reagents
were prepared by the literature methods: PR&S&Hd ArCN(SiMes)s
(Ar = 3-BI’C6H4, 4-BrC6H4, 4-CF?,C6H4 14

Instrumentation. All *H NMR spectra were recorded on a Bruker
ACE 200 spectrometer. The references for the spectra were the residu
protons of deuterated solvents. Chemical shifts are quoted relative to
tetramethylsilaned = 0 ppm). Ultraviolet spectra were obtained by
using a Cary 219 spectrometer. Infrared spectra were obtained as Nujol
mulls on KBr plates with a Mattson 4030 FT-IR spectrometer. Mass
spectra were measured on a Kratos MS80RFA instrument. All chemical
analyses were carried out by the Analytical Services division of the
Department of Chemistry, University of Calgary.

Reaction of 4-BrCsH4CN(SiMes); with PhSCI. This reaction was
carried out several times under different conditions, and only a typical
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procedure is described here. Details of the product distribution obtained
under various reaction conditions can be found in the Results and
Discussion section.

A solution of PhSCI (0.770 g, 5.40 mmol) in GEl, (30 mL) was
added dropwise to a solution of 4-B#,CNy(SiMes); (0.744 g, 1.79
mmol) in CHCI, (50 mL) at—100°C. After the addition the mixture
was kept at—=30 °C for 16 h to give a dark purple solution. Solvent
and MeSiCl were removed under vacuum, and the residue was
extracted with pentane (4 20 mL) to give PBS; (0.37 g, 1.70 mmol,
95%). The pentane-insoluble solid was separated into PhSN(¢HB-C
CN=NC(4-BrGHsNSPh @b) (0.30 g, 0.49 mmol, 55%), (4-
BrCeHa),C:N4S:Phy (1b) (0.22 g, 0.36 mmol, 40%), and (4-Bgig.4).-
C4NsSsPhy (3) (30 mg, 5%) by the following procedure. The mixture
of 1b, 2b, and3 was dissolved in a large amount of gt,, and the
solution was layered with diethyl ether. After 16 h the precipitéied
was separated by filtration. The filtrate (as a £OH solution) was
placed on a silica gel column and eluted with hexanes to rerdbve
and then with CHCI, to separatelb and 3. The last two fractions
were monitored by UV light over a TLC plate. All three fractions
were reduced in volume by vacuum transfer and layered with diethyl
ether to produce crystalline products. The diaz2inevas obtained as
violet needles. Mp: 193C dec. Anal. Calcd for &H1sBroNsS;: C,
51.16; H, 2.97; N, 9.18. Found: C, 49.95; H, 2.87; N, 9.6A.NMR
(in CDCl, 6): 8.30 (d, GHa, 2), 7.72 (d, GHa, 2), 7.75 (m), 7.52 (m)
and 7.38 (m, @Hs, 5). UV—vis (in CH,Cl): Amax543 nm,e = 1.7 x
10* M~ cmt. The eight-membered ringb was obtained as yellow
needles. Mp: 199C (decomposed to give a purple melt). Anal. Calcd
for CaeH1gBroNsS,: C, 51.16; H, 2.97; N, 9.18. Found: C, 50.86; H,
2.60; N, 8.95.H NMR (in CDCl, 8): 8.16 (m) and 7.68 (m, ¢Eis,
5H), 8.05 (d, GHa, 2), 7.47 (d, GH4, 2). The sixteen-membered ring
3 was obtained as colorless, rectangular prisms. Mp:°€ldec. Anal.
Calcd for GoHzeBrsNgSs: C, 51.16; H, 2.97; N, 9.18. Found: C, 50.66;
H, 2.71; N, 8.95.1H NMR (in CDCls, §): 7.65-7.40 (m, GHs and d,
CeHa, 7), 6.95 (d, GH4, 2).

Reaction of 4-CRCsH4CN2(SiMes); and PhSCI. A solution of
PhSCI (1.30 g, 9.10 mmol) in Gigl, (50 mL) was added dropwise to
a solution of 4-CECe¢H4CNx(SiMes); (1.16 g, 2.87 mmol) in CkCl,

(80 mL) at—100°C. The yellow solution was kept at78 °C for 16

h and became purple. Solvent and49&C] were pumped off, and the
solid residue was extracted with pentanex(4L5 mL) to give PhS,
(0.60 g, 2.75 mmol, 96%). The pentane-insoluble solid was dissolved
in CH,Cl, and filtered to remove a purple solid identified as PhSNC-
(4-CRsCsHa)N=NC(4-CRCsH4)NSPh @c) (0.26 g, 0.44 mmol, 19%).
Mp: 205°C. Anal. Calcd for GgHigFeNsS,: C, 57.14; H, 3.08; N,
9.52. Found: C, 56.23; H, 2.58; N, 9.14. WVis (in CHCly): Amax

541 nm,e = 2.2 x 10* M~ cm™% H NMR (in CDCls, 6): 8.50 (d,
CeHa, 2), 7.50 (d, GH4, 2), 7.80 (m), 7.55 (m), and 7.38 (mglds, 5).

The filtrate contained mainly (4-GEsH4).C:NsS:Phy (1¢) (1.13 g, 1.92
mmol, 80%), which was purified by recrystallization from &,/
diethyl ether in a closed vessel to give yellow needled®@0.5CH-

Cl,. When crystallization was achieved by the slow evaporation of
§0Ivent, some colorless crystals of the unsolvated product were obtained
and mixed with the yellow needles. Both types of crystals were
analyzed by X-ray diffraction (see Results and Discussion). An
analytical sample was obtained by subjecting the powdered yellow
crystals to a dynamic vacuum for 3 days to remove solvent of
crystallization. Mp: 178°C (decomposed to a purple melt). Anal.
Calcd for GgH1gFeN4sS,: C, 57.14; H, 3.08; N, 9.52. Found: C, 57.56;
H, 2.15; N, 9.23.*H NMR (in CDCls, 6): 8.30 (d, GHa, 2), 7.62 (d,
CeHa, 2), 8.20 (m) and 7.70 (m, &s, 5).

Reaction of 3-BrCsH4sCNy(SiMes)s with PhSCI. A solution of
PhSCI (1.71 g, 12.0 mmol) in Gi&l, (50 mL) was added dropwise to
a solution of 3-BrGH4CN,(SiMes); (1.85 g, 4.46 mmol) in CkCl,

(70 mL) at—100°C. The mixture was kept at78 °C for 16 h, during
which time the yellow solution became purple. The solvent ang-Me
SiCl were pumped off, and the solid residue was extracted with pentane
(4 x 20 mL) to remove P48, (0.66 g, 3.03 mmol, 78%). The pentane-
insoluble solid was dissolved in GHI,. Addition of pentane to this
solution and cooling to—30 °C gave purple crystals of PhSNC(3-
BrCeHs)N=NC(3-BrGH4)NSPh @e) (0.88 g, 1.44 mmol, 75%). Mp:
200°C. Anal. Calcd for GeH1sBroN»S,: C, 51.16; H, 2.97; N, 9.18.
Found: C, 51.00; H, 2.84; N, 9.08. UWis (in CH,Cly): Amax 544
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Table 1. Crystallographic Data fotb, 1c, and3
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1b 1c 1c0.5CHCI; 3
formula GoeH18N4S:Br2 CogH18N4SFe CogH18N4SF6*0.5CHCl, Cs2H36NgS4Br4
fw 610.38 588.59 631.05 1220.77
space group C2/c (No. 15) P1 (No. 2) C2/c (No. 15) 14,/a(No. 88)
a, 25.383(9) 11.389(5) 27.417(6) 22.761(4)
b, A 4.080(2) 13.472(4) 7.933(4)

c, A 23.181(3) 8.811(2) 26.772(7) 10.238(1)
a, deg 102.54(2)

B, deg 95.31(2) 90.73(2) 111.07(3)

y, deg 84.25(3)

v, A3 2390(1) 1312.9(7) 5433(3) 5303.9(7)
z 4 2 8 4

T,°C —103 23 —-73 23

A A 0.71069 0.71069 0.71069 0.71069
Pcalcas g CNT 3 1.696 1.489 1.543 1.529

u, cnrt 36.00 2.72 3.63 32.45

R 0.045 0.049 0.055 0.038

Ry° 0.043 0.045 0.055 0.020

AR = 3 (IIFo — Fell)/ZIFol. ® Ry = [IW(IFol — IFel)¥ X wIFo7"2

nm,e =2.0x 10 Mt cm . *H NMR (in CDCl;, d): 7.4-8.6 (m,
CeHs and 3-B|’QH4).
X-ray Analyses. All measurements were made on a Rigaku AFC6S
diffractometer. Crystallographic data are summarized in Table 1.
1b. A yellow prismatic crystal (0.50x 0.30 x 0.20 mm) was

were obtained by a least-squares fit of the setting angles of 22 reflections
in the range 18.9% 26 < 29.88. Scans of (0.68+ 0.34 tan6)°

were made at a speed of 2@in~! to a maximum 2 value of 50.2.

The intensities of 5195 reflections were measured, of which 2128 had
| > 3.00s(1). The procedures for data reduction, structure solution,

mounted on a glass fiber. Cell constants and an orientation matrix and refinement were the same as those described bor A half
were obtained by a least-squares fit of the setting angles of 22 reflectionsmolecule of CHCI, per asymmetric unit was located in the lattice with

in the range 18.5% 26 < 24.19. Scans of (1.68+ 0.34 tanf)°
were made at a speed of 8. @in~* to a maximum 2 value of 50.1.

The intensities of 2439 reflections were measured, of which 1051 had

| > 3.00s5(I). The data were corrected for Lorentz and absorption
effects, and an empirical absorption correction was apptiedhe
structure was solved by direct meth&tdand expanded using Fourier
techniques’ The non-hydrogen atoms were refined anisotropically.

one of the chlorine atoms disordered and lying on a 2-fold axis.
Refinement converged witR = 0.055 andR, = 0.055.

3. A colorless prismatic crystal (0.2& 0.22 x 0.25 mm) was
mounted on a glass fiber. Cell constants and an orientation matrix
were obtained by a least-squares fit of the setting angles of 25 reflections
in the range 20.00< 26 < 35.80. Scans of (1.16+ 0.34 tan6)°
were made at a speed of 2@in~! to a maximum 2 value of 50.2.

Hydrogen atoms were included but not refined. Refinement converged The intensities of 2504 reflections were measured, of which 717 had

with R = 0.045 andR, = 0.043. For all four structures, scattering
factors were those of Cromer and Wabeand allowance was made
for anomalous dispersiofi. All calculations were performed using
TEXSAN .2

1c. A colorless block (0.15¢ 0.20 x 0.30 mm) was mounted on a

glass fiber. Cell constants and an orientation matrix were obtained by
a least-squares fit of the setting angles of 25 reflections in the range

18.81< 20 < 23.68. Scans of (1.26+ 0.34 tan6)° were made at a
speed of 4.0min~! to a maximum 2 value of 50.2. The intensities

of 4635 reflections were measured, of which 1491 had 3.005(1).
The structure was refined by using SHELX%6. The fluorine atoms

of the CR groups were disordered over two sites with unequal

| > 3.00s(I). The procedures for data reduction, structure solution,
and refinement were the same as those describetbfoiRefinement
converged withR = 0.038 andR, = 0.020.

Computational Details

Details of the methods used for the DFT calculations have been
described in a previous publicatiéh.

Results and Discussion

Formation of Cyclic Products in the Reaction of ArCN,-

occupancy factors of 0.658(3), 0.342(3), 0.795(3), and 0.205(3) for (SiMes)s with PhSCI. The reaction of 4-BrgHsCNx(SiMes)s

F(1)—-F(3), F(1*-F(3*), F(4-F(6), and F(4*)-F(6%), respectively.

The F sites with the smaller occupancy factors were allowed isotropic
temperature factors with the other F sites, and all non-hydrogen atoms

were refined anisotropically. Refinement converged ViRt 0.048
andR, = 0.045.
1c0.5CH,Cl,. A yellow prismatic crystal (0.4% 0.30 x 0.15 mm)

with PhSCI in a 1:3 molar ratio produces three products: the
eight-membered ring (4-BiEl4)CoN4sSPhy (1b), the ZE,Z
diazene PhSN(4-BigEl;)) CN=NC(4-BrGH4)NSPh @b), and the
sixteen-membered ring (4-BgH4)4CsNsS4Phy (3) in addition

to PhS,. Analysis of the reaction mixture by TLC (after

was mounted on a glass fiber. Cell constants and an orientation matrixremoval of PhS, by extraction with pentane) provides an easy

(15) North, A. C. T.; Phillips, D.; Mathews, F. ®cta Crystallogr., Sect.
A 1968 24, 351.

(16) SIR92: Altomare, A.; Burla, M. C.; Camalli, M.; Cascarano, M.;
Giacovazzo, C.; Guagliardi, A.; Polidori, G@. Appl. Crystallogr, in
press.

(17) DIRDIF92: Beurskens, P. T.; Admiraal, G.; Beurskens, G.; Bosman,
W. P.; Garcia-Granda, S.; Gould, R. O.; Smits, J. M. M.; Smykalla,
C. The DIRDIF program system. Technical Report; Crystallography
Laboratory, University of Nijmegen: Nijmegen, The Netherlands,
1992.

(18) Cromer, D. T.; Waber, J. Tnternational Tables for Crystallography
Kynoch Press: Birmingham, England, 1974; Vol. IV, Table 2.2A, pp
71-98.

(19) lbers, J. A.; Hamilton, W. CActa Crystallogr.1964 17, 781.

(20) TEXSAN Single Crystal Structure Analysis Softwakéersion 1.2;
Molecular Structure Corp.: The Woodlands, TX, 1992.

(21) Sheldrick, G. M.SHELX76 Program for Crystal Structure Deter-
mination University of Cambridge, England, 1976.

identification of these three products which give rise to purple,
pale yellow, and colorless bands fis, 1b, and3, respectively.
The three products can be separated by chromatography on silica
gel by using hexane as the eluent. For an efficient separation
of the cyclic productslb and 3 it is necessary to remove as
much of the purple diazen@b as possible prior to the
chromatography step (see Experimental Section for details). The
purity of each fraction can be readily determined by TLC or
IH NMR spectra, since the resonances for the 4sB@jroups
for 1b, 2b, and3 appear as well-separated pseudodoublets of
an AA'XX' spin system, in different regions of thel NMR
spectrum.

The relative yields of the three produdb, 2b, and3 are
markedly dependent on the reaction conditions, especially
temperature, as indicated by the results of the experiments
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Table 2. Relative Yields (%) of Products from the Reaction of
4-BrCsH4CNy(SiMes)s with PhSCI (1:3 Molar Ratio)

reaction conditions

isolated yields (%)

concn (M} temp €C)° 2b 1b 3
0.24 —781t023 99 <1
0.016 —781t0 23 99 <1
0.325 30 100
0.28F 77 100
0.036 —100to—30 54.5 40 55
0.079 —100 to—78 8 64 8
0.034 —100 to—78* 17.5 37 25.5

a Concentration of 4-BrgH4CNy(SiMes); in CH,Cl. ® The lower
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value indicates the temperature at which the addition of reagents Figure 1. ORTEP drawing for (4-BrgHs),CoNsS:Phy, 1b. Starred

occurred. Reactions were allowed to continuecrl6 h after reaching
the higher temperaturé Solvent was CGl ¢ Reaction time was 40 h.
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//N—SPh /N:sph
_P]
ArC hS ArC\\O
N—SPh N
/'
PhS PhS
N=—SPh N—SPh N—SPh
/ -PhSe 7
ArC\\' + ArC —_— ArC\
N N—SPh
/ N—S/éh
PhS PhS /)
ArC
N—SPh
PhS
Ph
| 2PhSe
S
/N / \N\
ArC\ CAr
N
\S/ N
I
Ph

summarized in Table 2. At room temperature (or above) the
diazene2b is formed in essentially quantitative yields and the
cyclic compoundslb and3 are isolated in<1% yields. This
observation is consistent with the results of DFT calculations
which, for the model diazene HSKMC(H)N=NC(H)=NSH,
predict that theZE,Z isomer2 (R = R = H) is the
thermodynamically stable product, which is 155 kJ mdbwer

in energy than the isomeric eight-membered dtgdowever,
substantial yields of the cyclic produdtb and3 can be obtained
under kinetically controlled conditions. When the addition of
reagents was carried out atL00 °C and the reaction mixture
was maintained at-78 °C for 16 h, the yields ofLtb and 3
were 64 and 8%, respectively. The yield of the sixteen-
membered ring3 may be improved to 25% by allowing the
reaction to continue at70°C for 40 h. An attempt was made

atoms are related by the symmetry operatien y, ¥, — z

The synthesis of the cyclic products may be rationalized from
the known mechanism of diazene format@nThe first stage
involves replacement of the trimethylsilyl groups by thiophe-
nolato groups to yield RCMSPh}. These species are thermally
unstable and produce the resonance-stabilized radicals RC-
(NSPh)*. In a recent study we have shown that HC(NSPh)
decays to the diazene PhSNC(HFNC(H)NSPh with a second-
order rate law, which indicates that radical dimerization is the
rate-determining stef. These radicals must be very reactive
species, and as an alternative to dimerization, they could react
with RCN,(SPh} to form a longer-chain intermediate which,
subsequently, cyclizes with loss of Pli&form eight-membered
rings (Scheme 1). This ring formation pathway would have a
first-order rate law with respect to radical concentration.
Competition between the two processes can explain the observed
trend in relative yields. At low temperature the decomposition
of RCNx(SPh} is slow so that only a small amount of RC-
(NSPh)* is present and the first-order process will be dominant.
At higher temperatures the concentration of RC(N$Ph)
increases. Consequently, the second-order pathway becomes
faster, and the diazene is the main product.

The eight-membered ringdb and 1c are pale yellow
compounds that decompose at 199 and iCZ8respectively,
under ambient light to give purple melts which were shown to
contain the corresponding diazerisand2c, respectively, by
IH NMR spectroscopy. The sixteen-membered rihgs a
colorless solid that decomposescat 211°C. The diazenb
is not one of the products of decomposition.

X-ray Structures of (4-XCgH4)2C2N4sSPh, (1b, X = Br;
1c, X= CF3). The X-ray structures afb and1c were carried
out in order to determine the conformation of theNGS, ring
and, in particular, for comparison with the structures of related
P.N4S; rings (in PhPN4S;Rz) which are known to adopt either
boat or chair conformatior’S. The initially formed boat
conformers of PiP.N4sS;R, are the kinetic products, which
isomerize slowly in solution to the corresponding chair con-
formers?* ORTEP drawings ofLlb and 1c with the atomic
numbering schemes are displayed in Figures 1 and 2, respec-
tively, and selected bond lengths and bond angles are compared
in Table 3. Both GN4S; rings adopt a boat conformation with
sulfur atoms in the prow and stern positions, and the substituents
attached to sulfur equatorially. The structure b was
determined for a colorless crystal of the unsolvated compound

to prepare another derivative of the novel sixteen-memberedgnd a yellow needle containing 0.5@E1, of solvation (see

ring 3 by conducting the reaction of 4-QEH,CNy(SiMes3)3
with PhSCI under the conditions which were found to favor
the formation of cyclic products. In this case, however, only
two products were isolated. The purple diaz&dweand the
yellow eight-membered rindc were obtained in yields of 19
and 80%, respectively. There was no evidence from TLC for
the formation of a sixteen-membered ring.

Experimental Section). There are no significant differences in

(22) Chivers, T.; McGarvey, B.; Parvez, M.; Vargas-Baca, |.; Ziegler, T.
Inorg. Chem.1996 35, 3839.

(23) Chivers, T.; Gao, X.; Hilts, R. W.; Parvez, M.; Vollmerhaus]irg.
Chem.1995 34, 1180.

(24) Mean geometrical parameters flbr are calculated from the experi-
mental data forlc and 1¢c-0.5CHCl».
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Figure 2. ORTEP drawing for (4-C§CsH4).CoNsSPhy, 1c.

Table 3. Selected Bond Lengths (A) and Bond Angles (deg) for
(4-XCsH4)2CN4S:Phy (1b, X = Br; 1c, X = CF)

CompoundLb
Bond Lengths
S(1)y-N(1) 1.661(7) C(1yN(2) 1.339(10)
S(1)-N(2) 1.650(7) C(1yC(2) 1.51(1)
C(1)—-N(1) 1.328(9) S(1)yC(8) 1.779(8)
Bond Angles
N(1)*—S(1)-N(2) 110.8(4) C(1LyN(1)—S(1)* 118.0(6)
N(1)*—S(1)-C(8) 98.4(4) N(2YC(1)-N(1) 135.1(7)
N(2)—S(1)-C(8) 99.2(4) N(2rC(1)-C(2)  112.1(7)
S(1)-N(2)—C(1) 118.6(6) N(1)C(1)-C(2) 112.7(7)
Compoundlc-0.5CH.CI,
Bond Lengths
S(1)-N(1) 1.651(6) C(21yN(3) 1.312(7)
S(1)-N(4) 1.634(6) C(21¥N(4) 1.348(7)
S(2)-N(2) 1.623(5) C(13)yC(14) 1.492(9)
S(2-N(3) 1.652(5) C(21)C(22) 1.514(8)
C(13-N(1) 1.319(7) S(1yC(1) 1.794(6)
C(13)-N(2) 1.330(7) S(2-C(7) 1.791(6)
Bond Angles
N(1)—S(1)}-N(4) 112.5(3) S(2rN(3)—C(21) 124.0(4)
N(1)—S(1)}-C(1) 99.1(3) C(21yN(4)—S(1) 118.1(5)
N(4)—S(1)}-C(1) 99.5(3) N(1)-C(13)-N(2) 132.9(6)
N(2)—S(2)-N(3) 114.1(3) N(1)yC(13>-C(14) 113.4(5)
N(2)—S(2)-C(7) 98.6(3) N(2C(13)-C(14) 113.7(6)
N(3)—S(2)-C(7) 96.8(3) N(3)C(21)-N(4) 133.6(6)
S(1-N(1)-C(13) 118.6(5) N(3yC(21)>-C(22) 113.9(5)
C(13y-N(2)—S(2) 125.5(5) N(4rC(21)y-C(22) 112.4(6)

the bond lengths and bond angles of th&l&S; rings for these
two crystals, but the packing in the unit cell differs considerably.
Unsolvatedlc contains two molecules in the unit cell whereas
eight molecules of the heterocyclic ring and two £
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Table 4. Calculated Molecular Dimensions for (HB(SH), (1d)
and the Dianion (HGN4(SH)?*~ (1d*")

1d(Cz) 1d(Dzn) 1d(Ca) exptldata  1d?-
Bond Distances (A)
C—N 1.327 1.320 1.331 1.329 1.341
N-S 1.710 1.757 1.705 1.645 1.877
S-S 3.260 3.249 3.247 2.88 2.537
Bond Angles (deg)
N—C—N 139.4 139.6 135.2 133.9 134.4
C—-N-S 122.6 122.9 118.6 120.5 113.8
N—S—N 124.9 154.6 130.1 112.5 156.3
R—S—N 92.9 102.7 92.8 98.8 85.2
Torsion Angles (deg)
N-C—N-S 16.8 0 26.8 9.8 3.6
N-S-N-C 69.6 0 81.7 82.6 86.6

a2The experimental data are average values taken from the X-ray
structural determinations dfb and 1c.

1c0.5CH.CI,, respectively. These values are well within twice
the van der Waals radius for S (3.7 A).

Theoretical Calculations: (HC):N4(SH), and (HC),-
N4(SH),?>~. The synthesis, structures, and redox behavior of
1,5,2,4,6,8-dithiatetrazocine rings of the type (RC}5, con-
tinue to attract attentioff-25 In derivatives where R aryl2526
the GN4S; ring is a planar 10z-electron system, whereas a
folded structuret with d(S+++S)= 2.4—2.5 A is observed when
one or both of the R groups is a dialkylamino grdi#p227
Similar geometric distortions involving transannularf--S
contacts are common in-N heterocycles containing two-
coordinate sulfur atoms, e.g., 1,5-PpSN42® and 1,5-
R4P:N4S; (R = Me, Et, Ph)y®

NEREER
H-S S-H VAN
\ \ N N NN
N N\g/’N \C \C/
\C/N N R
H Me,
1d 4 (R = NMeg, or Ph)

The observed,, structures forlb and1c resemble those of
4. In this context, and in view of the unexpectedly shortS
separations ota. 2.9 A for 1b and 1, it was of interest to
determine the relative stabilities of the chair and boat conformers
of the GN4S; ring in the model system (H@N4(SH), (1d).
Approximate DFT theory has been applied successfully to
modeling the properties of a variety of chalcogeritrogen

molecules are accommodated within the unit cell of the solvated compounds®223% In this study the structure ofld was

crystal.

The mean SN bond lengths are 1.655(7) and 1.644(6) A,
and the mean €N distances are 1.333(10) and 1.321(7) A for
1b and 1c¢2* respectively, indicating some-delocalization

within the rings. Consistently, the sums of the bond angles at

the carbon atoms are 359.fbr 1b and 360.0 and 359%or

1c. The planar trigonal geometry is considerably distorted at

the carbon atoms with endocyclic bond angles of 135°1f(#)
1b and a mean value of 133.9¢@pr 1c. The endocyclic bond
angles at S are 110.8¢4fpr 1b and 113.5(3) for 1c while the
exocyclicONSC bond angles are all less than 10@&flecting

optimized on the basis of th@,, structure determined fdtb
by X-ray crystallography. The calculated structure Idris in
reasonable agreement with the experimental data (see Table 4);
the largest deviations are for parameters involving S atoms. The

(25) (a) Dell, S.; Ho, D. M.; Pascal, R. A., Jnorg. Chem.1996 35,
2866. (b) Pascal, R. A., Jr.; L'Esperance, R.JPAm. Chem. Soc.
1994 116, 5167. (c) Pascal, R. A., JRure Appl. Chem1993 65,
105. (d) Ho, D. M.; Pascal, R. A., JActa Crystallogr, Sect. C1994
50, 108.

(26) BoefeR. T.; Moock, K. H.; Derrick, S.; Hoogerduk, W.; Preuss, K.;
Yip, J. Can. J. Chem1993 71, 473 and references cited therein.

(27) Amin, M.; Rees, C. WJ. Chem. So¢Perkin Trans. 11989 2495.

the influence of nonbonding electrons on the sulfur atoms. The (28) Bojes, J.; Chivers, T.; MacLean, G.; Oakley, R. T.; Cordes, A. W.

mean endocyclic bond angles at N are 118.3¢6) 1b and
121.4(5) for 1c. Each half of the eight-memberedNGS; rings,

represented by SNCNS units, is close to planar as indicated by

the torsional angles of 7(1for S(1)*—N(1)—C(1)—N(2) and
11(1y for S(1}-N(2)—C(1)—N(1) in 1b. Interestingly, the
S-S separations are 2.82, 2.95, and 2.94 A for 1c, and

Can. J. Chem1979 57, 3171.

(29) (a) Burford, N.; Chivers, T.; Codding, P. W.; Oakley, R.lIforg.
Chem.1982 21, 982. (b) Burford, N.; Chivers, T.; Richardson, J. F.
Inorg. Chem.1983 22, 1482. (c) Chivers, T.; Edwards, M.; Parvez,
M. Inorg. Chem.1992 31, 1861.

(30) (a) Chivers, T.; McGregor, K.; Parvez, M.; Vargas-Baca, |.; Ziegler,
T. Can. J. Chem1995 73, 1380. (b) Chivers, T.; Jacobsen, H.;
Vollmerhaus, R.; Ziegler, TCan. J. Chem1994 72, 1582.



1674 Inorganic Chemistry, Vol. 36, No. 8, 1997

‘.’@-’e‘@éﬁ

&)
X7 oS |
6a,, /
T et —_— @
—%0 Sb,, s 8a, ~ gl?
e ,
) ?
2b L
Q 3g + IS
) S .
ﬁ.% , 0b
@ A
D,, u XL,y c,
C/
" ~ 5 g
H‘IS/ I,\] H \\N—- j_Nl/ \H
N\ N N/ § H N\(I:/N
/( H

Figure 3. Qualitative correlation diagram for (H@4(SH), in D
and C,, geometries.

observedC,, geometry can be explained by considering a
hypothetical planar@.,) structure. This optimized structure
is a 127-electron system in which the HOMO(2p lies just
0.12 eV below the LUMO(5h) (see Figure 3). Itis predicted,
therefore, that a second-order Jafireller distortion will occur

in the direction of the axis perpendicular to the molecular plane.
In response to this effect the S atoms are lifted out of the plane.
Consequently, the ands orbitals are mixed in the final MOs
(see Figure 3). This change in geometry (fr@g, to Cy,)
provides a stabilization energy of 267.8 kJ miol Indeed, the
C,, structure is the result of the same effect that leads to folding
in 4 (R = NMey).3! The relationship betweebhd and4 (R =

Chivers et al.

Figure 4. ORTEP drawing for (4-BreHa)sCsNsSsPhy, 3. For clarity

only a-carbon atoms of aryl groups attached to the C and S atoms of
the heterocyclic ring are shown. Starred atoms are related by the
symmetry operatiod/y, —y+ 1, Y, +x— 1, Y — z

Photochemical Isomerization of 1b and 1c.Solid samples
of 1b or 1c stored in a vial in daylight develop a purple taint
after several weeks. The purple chromophore is readily
attributed to the diazene2b and 2c on the basis of the
characteristic visible absorption band at 5825 nm. This
identification was confirmed byH NMR spectroscopy. The
transformation ofLb into 2b occurs at a convenient rate under
the influence of UV irradiation to allow the kinetics to be
determined. A combination of kinetic data and DFT calcula-
tions, which were reported in a preliminary communicafidn,
reveal that this is a first-order, i.e., intramolecular, process that
is thermally symmetry forbidden, but photochemically allowed.
The total reaction enthalpy for the isomerization of the model
ring systemld into the corresponding diazene is154.7 kJ
mol~1. The driving force is the formation of a very stable=N

NMe,) becomes apparent by considering that the attachmentP0nd at the expense of the elongation of tweNs bonds.
of two substituents to the S atoms brings about the occupationlthough molecular rearrangements are commonzfetectron-

of the S-S antibonding orbital and, hence, the cleavage of the
S---S interaction with the formation of a lone pair on each S
atom. Although the calculations show that the most stable
geometry forld is Cy,, consistent with experimental observa-
tions, the chair conformerCyy) is only 9.5 kJ mot? higher in
energy. The possible existence of conformational isomers of
lcwas investigated b?F NMR spectroscopy. However, only

rich S—N compounds}! there is only one previous report of a
photochemical isomerization of a CNS heterocy€leThis
involves the transformation of 1,3,2,4-dithiadiazoles into the
1,2,3,5 isomers, which occurs by lmolecular process in
solutior?® and in the solid staté

X-ray Structure of (4-BrC ¢H4)4C4NgSsPh, (3). As indi-
cated in Figure 4, the structure &f consists of a sixteen-

one isomer (presumably the boat conformer) was observed inMeémbered ring with alternating CN and SN groups arranged to

CDCl; solution at 23°C.

Despite the short &S distance observed ith and 1c, no
bonding interaction can be identified in the MOslaf however,
consideration of the frontier orbitals &fl (see Figure 3) leads
to an interesting prediction for the hypothetical dianion
(HC)2N4(SH)?~. The composition of the LUMO ofld is
similar to that of the aorbital which stabilizes th€,, geometry
of 4 (R = NMey).3! This implies that (HGN4(SH)?~ should
also display a transannular--S5 contact. The optimized

give a cradle-like structure wit, symmetry!! The only other
example of a sixteen-membered CNS ring has the composition
CsN4Sy with alternating CC and SN groups and SN and CN
bond lengths of 1.692 and 1.293 A, respecti&iBond lengths

and bond angles fd8 are summarized in Table 5. The mean
S—N bond length is 1.658(7) A, and there are two distinet\C
bond lengths of 1.317(9) and 1.359(9) A. In contrast to the
eight-membered fD4S; rings, the endocyclic bond angle at C(1)

is typical for a three-coordinate carbon. Although the exocyclic

structure of this dianion (see Table 4) does indeed predict a NCC bond angles have markedly different values, 115.9(8) and

S-S interaction of about 2.5 A. The NSN bond angles increase
from ca. 125 in the neutral ringC,,) to ca. 156 in the dianion
making the ring flatter. The predicted valueat 1.88 A for
d(S—N) implies very weak SN bonds. We note, however,
that (a) the predicted-SN distances folld areca. 0.06 A longer
than the experimental values (see Table 4) and (b) thBl S
bond distances in the thermally stable compourgFE);N are
greater than 1.8 A2 Attempts to prepare the dianion db or

1c will be the subject of a future investigation.

(31) Oakley, R. TProg. Inorg. Chem1988 36, 299.

(32) The quality of this X-ray structure is very podR € 0.115,Ry =
0.125) . The re/forted values fd(S—N) are 1.795(18) , 1.806(14) ,
and 2.067(18) A. Biehl, A.; Boese, R.; Haas, A.; Klare, C.; Peach, M.
Z. Anorg. Allg. Chem1996 622, 1263.

124.6(9y, the geometry at the carbon atoms is perfectly planar
(30OC() = 36C°). The endocyclic bond angle at S is 108.7-
(4)°, and, likelb and1c, the exocyclic bond anglEISNC is
<10C. Interestingly, the endocyclic bond angles at N(1) and
N(2) differ significantly (119.4(6ys 111.7(6Y), but the larger
angle is associated with the longer-@ bond. The N(1)
C(1)-N(2)—S(1) units are almost planar with a dihedral angle

(33) (a) Burford, N.; Passmore, J.; Schriver, MJJChem. SocChem.
Commun1986 140. (b) Brooks, W. V. F.; Burford, N.; Passmore, J.;
Schriver, M. J.; Sutcliffe, L. HJ. Chem. So¢Chem. Commuri.987,

69.

(34) Aherne, C.; Banister, A. J.; Luke, A. W.; Rawson, J. M.; Whitehead,
R. J.J. Chem. So¢Dalton Trans.1992 1277.

(35) Sundermeyer, J.; Roesky, H. W.; Noltemeyer@4n. J. Chem1989
67, 1785.
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Table 5. Selected Bond Lengths (A) and Bond Angles (deg) for
(4-BI‘06H4)4C4N884Pht (3)

Bond Lengths

S(1)-N(1) 1.649(7) C(1yN(2) 1.317(9)
S(1-N(2) 1.667(7) S(13C(8) 1.785(9)
C(1)-N(1) 1.359(9) C(1yC(2) 1.49(1)
Bond Angles
N(1)=S(1}-N(2)* 108.7(4) C(1)N(2)—-S(1)* 111.7(6)
N(1)—S(1)-C(8) 99.3(4) N(1}C(1)-N(2)  119.5(8)
N(2)*—S(1-C(8) 97.6(4) N(1yC(1)-C(2) 124.6(9)
S(1)-N(1)—C(1) 119.4(6)  N(2C(1)-C(2) 115.9(8)

of 3(1)° while the C(1}-N(1)—S(1)—N(2) units have a torsional
angle of—78.8(8}. The four N(1) nitrogen atoms form a square
with edges of 3.07 A so that there is sufficient room to
accommodate a metal ion of radius 1.42 A (e.g") kq the
central cavity of this macrocycle.

Influence of Aryl Substituents on the ArCNy(SiMes)s/
3PhSCI Reaction. The position of the substituent attached to

Inorganic Chemistry, Vol. 36, No. 8, 19971675

C-aryl group the reaction of 3-BgH,CN,(SiMes3)s with 3 equiv

of PhSCI under kinetically controlled conditions was also
investigated. This reaction produces the purple diaZgBZ-
PhSN(3-BrGH4)CN=NC(3-BrGHs)NSPh @e) in 75% yield,
and no cyclic products were detected by TLC.

Conclusion. Eight-membered rings of the type (4-Xdy)-
CoN4SPh (X = Br, CRs) can be obtained as boat conformers
in good yields, and the sixteen-membered ring (4-4Bt{)s-
C4NgS4Phy is formed in reasonable amounts when the reaction
of (4-XCgH4)CNy(SiMes)s with PhSCI (1:3 molar ratio) is
carried out at very low temperatures (i.e., under kinetic control).
Samples of the eight-memberedNGS; rings should be stored
in the dark to avoid photochemical decomposition to the
corresponding diazenes. DFT calculations indicate that (a) boat
and chair conformers of the,N4S; ring have similar energies
and (b) the dianions of heterocycles of the tyhould exhibit
transannular 8-S interactions. The nature of the products
obtained from the ArCNSiMe;)3/3PhSCI is markedly depend-

the C-aryl group has a dramatic influence on the nature of the ent on the Ar group. When A« 2-XCgH4 (X = Br, CR), the

products obtained from the ArGi6iMe;)s/3PhSCI reaction. In
a previous repotf we have shown that 2-BgBl, or 2-CRCeHy
groups give rise to diazenes of the type PESIAr)N=NC-
(Ar)=NSPh with anE,E,E rather thanZ,E,Z geometry with
respect to the BC, N=N, and CG=N double bonds. In the
present work red products tentatively identified as Ehg,E
isomers of 2b and 2c were evident in the TLCs of the
4-(XCgH4)CN,SiMe; (X = Br, CF3)/3PhSCI reaction mixtures,
but isomerization to the purpl&E,Z diazenes occurred during

the workup procedure. DFT calculations for model diazenes

show that theZ,E,Z isomers of type2 are the most thermody-
namically stablé? It is apparent that, in addition to enforcing
theE,E,E structure, the 2-Br (or 2-GJFsubstituents also impede
the thermal isomerization to the correspondif)g,Z isomers.

In view of the remarkable effect asrtho substituents on the

red E,E.E diazenes PhSNC(Ar)N=NC(Ar)=NSPh are ob-
tained, whereas for A+ 3-BrCsH, only theZ,E,Z diazene was
isolated.
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