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Abstract: General, high-yield metathesis reactions provide two related and comprehensive series of dithiabismuth
heterocycles. The compounds are characterized by spectroscopic and X-ray crystallographic analysis. Monocycles
2-chloro-1,3-dithia-2-bismolandy), 2-chloro-1,3-dithia-2-bisman&), 2-chloro-1,3-dithia-2-bismepang)( 2-chloro-
1,3,6-trithia-2-bismocaned], and 2-chloro-1,3-dithia-6-oxa-2-bismocar® &re kinetically stable with respect to

the tethered bicyclic derivatives 1,2-bis((1,3-dithia-2-bismolan-2-yl)thio)ethénd. (3-bis((1,3-dithia-2-bisman-2-
yhthio)propane 7), 1,4-bis((1,3-dithia-2-bismepan-2-yl)thio)butai®, pis((1,3,6-trithia-2-bismocan-2-yl)thio)ethyl)

sulfide @), and bis(((1,3-dithia-6-oxa-2-bismocan-2-yl)thio)ethyl) etti€) ( Mass spectrometry provides an excellent
means of characterization of compounds of this nature and is responsible for the identification of monocyclic
bismuthenium cations as general and dominant dissociation products. In addition, the atmospheric pressure chemical
ionization technique reveals solvent coordination chemistry of the bismuthenium cations.

Introduction

Bismuth preparations have been used to treat a variety of

medical disorders for over two hundred yéassith little
understanding of their mechanism of activity. Recent develop-
ments indicate a special bioactivity for thiabismuth compouinds.
The prevalence and structural simplicity evident for chelated
or cyclic thiabismuth compounéis® highlight them as ideal
candidates for systematic study. On this basis we have
employed the bismuth metathesis recognized for alcohols
(formation of Bi-O bondsy and the preliminary observations
of Powelll® and others'12to generate a comprehensive series

® Abstract published if\dvance ACS Abstractdjarch 15, 1996.

(1) (a) Dalhousie University. (b) National Research Council of Canada.
(c) University of Louisville.

(2) See, for example: Baxter, G. Ehem Br. 1992 445-448; Pharm
J. 1989 805-808. Gorbach, S. LGastroenterology199Q 99, 863—875.

(3) Klapake, T.; Gowik, PZ. Naturforsch 1987, 42h, 940-942. Kopi-
Maier, P.; Klapdke, T.Inorg. Chim Acta1988 152 49-52. Klapdke,
T. J. Organomet Chem 1987, 331, 299-307.

(4) Curry, J. D.; Jandacek, R. J. Chem Soc, Dalton Trans 1972
1120-1123. Miler, A.; Krickemeyer, E.; El-Katri, F.; Rehder, D;
Stammler, A.; Bogge, H.; Hellweg, Z. Anorg Allg. Chem 1995 621,
1160-1170. Raston, C. L.; White, A. Hl. Chem Soc, Dalton Trans
1976 791-794. Raston, C. L.; Rowbottom, E. L.; White, A. Hbid. 1981,
1352-1359, 1366-1368, 1369-1371, 1383-1388. Snow, M. R.; Tiekink,
E. R. T.Aust J. Chem 1987, 40, 743-750. Haiduc, |.; Silvestri, C.; Cea-
Olivares, R.Polyhedron1994 13, 547-552. Begley, M. J.; Sowerby, D.
B.; Haiduc, 1.J. Chem Soc, Dalton Trans 1987 145-150.

(5) Raston, C. L.; Rowbottom, E. L.; White, A. H.Chem Soc, Dalton
Trans 1981, 1372-1378, 1379-1382.

(6) Block, E.; Ofori-Okai, G.; Kang, H.; Wu, J.; Zubieta,ldorg. Chem
1991 30, 4784-4788. Hermann, W. A_; Kiprof, P.; Scherer, W.; Pajdla,
L. Chem Ber. 1992 125 2657-2660.

(7) Hermann, W. A.; Herdtweck, E.; Pajdla, Chem Ber. 1993 126
895-898.

(8) Drager, M.; Schmidt, B. MJ. OrganometChem 1985 290, 133~
145.

(9) Rogers, R. D.; Bond, A. H.; Aguinaga, $.Am Chem Soc 1992
114, 2960-2967. Rogers, R. D.; Bond, A. H.; Aguinaga, S.; ReyesJA.
Am Chem Soc 1992 114, 2967-2977.

of monoheterocyclic bismuth compounds of varying ring size
(1-5), as well as a series of tethered bicyclic systefs1(0)
(Chart 1). Characterization by X-ray crystallography and
vibrational spectroscopy establishes the structural simplicity of
these compounds. The systematic relationships within the series
has allowed for an extensive mass spectrometric study which
reveals the prominence of bismuthenium cations.

Experimental Procedure

General Procedures. Bismuth(lll) chloride, bismuth(lll) nitrate
pentahydrate, bismuth oxychloride, 1,2-ethanedithiol, 1,3-propanedi-
thiol, 1,4-butanedithiol, 2-mercaptoethyl ether, and 2-mercaptoethyl
sulfide were used as received from Aldrich. Melting points were
recorded on a Fisher-Johns melting point apparatus and are uncorrected.
IR spectra were recorded as Nujol mulls on Csl plates using a Nicolet
510P spectrometer. Raman spectra were obtained for powdered and
crystalline samples on a Bruker RFS 100 spectrometer. Chemical
analyses were performed by Fenwick Laboratories, Halifax, Nova Scotia
(Perkin-Elmer Elan 5000 ICPMS), and Canadian Microanalytical
Service Ltd., Delta, British Columbia. Solutidhl NMR data were
recorded on a Bruker AC-250 spectrometer. Chemical shifts are
reported in parts per million relative to TMS and are calibrated to the
internal solvent signal.

Electron impact (El) mass spectra were obtained using either a VG
ZAB-EQ double-focusing mass spectrometer (VG Organic, Manchester,
U.K.) or a VG 20-250 quadrupole mass spectrometer (VG Organic).
The spectra were obtained at an ionizing electron energy of 70 eV,
using a standard solids probe or a direct probe. Accurate mass
measurements were made on the ZAB-EQ instrument at a mass
resolution of at least 8000 (10% valley definition) with perfluorokero-
sine (PFK) as the reference compound. Data acquisition for the ZAB-
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Anorg Allg. Chem 1974 406, 74—79.
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crystals which were filtered using a Buchner funnel, washed with cold

running Fisons OPUS software. The 20-250 was controlled using a pyridine (10 mL), air dried for 30 min, and characterized &3° yield
Fisons 11-250J data system running on a Digital PDP11\73 computer.0.46 g, 1.1 mmol, 81%; dp 138C; IR (cnT?) 1412 (s), 1276 (w),

Atmospheric pressure chemical ionization (APCI) spectra were
obtained using either a SCIEX API-lll triple quadrupole mass

1197 (m), 1185 (s), 1108 (m), 915 (w), 837 (w), 725 (m), 681 (m),
581 (w) cnm’; 'H NMR (DMSO-de) 6 1.7 (s, 4H), 7.1 (s, 4H), 7.4 (s,

spectrometer (SCIEX, Ontario, Canada) controlled by a Macintosh 950 2H), 8.6 (s, 4H).

Quadra computer using SCIEX software, or a VG Quattro mass
spectrometer (VG Organic) controlled by a Digital DECpc using Fisons
MassLynx software. Solvent flow (1:1 water/acetonitrile at 200

min) and sample injection (2015 uL) used a Hewlett-Packard Series

I 1090 liquid chromatograph pump with autoinjector or a Shimadzu
LC-6A with a Rheodyne syringe loading sample injector. MS/MS

spectra on either the SCIEX API-Ill or the VG Quattro used argon

X-ray Crystallography. Crystals of4, 5,12 6, 9, and 11 suitable
for crystallography were obtained as described above. The crystals of
9 were twinned, and a fragment was used for data collection. X-ray
diffraction data were obtained on Enraf-Nonius CAD-4 and Rigaku
AFC5R diffractometers. Unit cell parameters were obtained from the
setting angles of a minimum of 20 accurately centered reflections having
6 >24°. The choice of space groups was based on systematically absent

collision gas in the second quadrupole, resulting in a beam attenuationreflections and confirmed by the successful solution and refinement of

of approximately 50%.
General Synthetic Procedure. In a typical reaction, the dithiol was
added dropwise to a stirred slurry prepared by mixing bismuth chloride

the structures. An empirical absorption correction based on azimuthal
scans of several reflections was applied in each case, resulting in
transmission factors listed in Table 2. The data were corrected for

or bismuth nitrate pentahydrate at appropriate stoichiometry (1:1 or Lorentz and polarization effects. A correction for secondary extinction

3:2) in ethanol (150 mL). Yellow precipitate formed immediately, and

the reaction mixture was allowed to stir at room temperature overnight.

The precipitate was filtered using a Buchner funnel, washed with 20

was applied to structureand6. The structures were solved by direct
methods (Shelxs-86 fot, 5, 9, and11; PATTY for 6).14 All non-
hydrogen atoms were refined anisotropically, except for struddure

mL aliquots of distilled water, ethanol, and acetone, respectively, and where only Bi and S were made anisotropic. Hydrogen atoms were
air dried. Yields, chemical analyses, and IR and Raman data for eachplaced in their geometrically calculated positions but not refined. In

compound are presented in Table 1.
2-Chloro-1,3-dithia-2-bismoland),'° 2-chloro-1,3-dithia-2-bismane
(2), 2-chloro-1,3-dithia-2-bismepan8)( 1,3-bis((1,3-dithia-2-bisman-
2-ylthio)propane T), and 1,4-bis((1,3-dithia-2-bismepan-2-yl)thio)-
butane 8) were spectroscopically characterized as analytically pure
powders. 2-Chloro-1,3,6-trithia-2-bismoca#g {* 2-chloro-1,3-dithia-
6-0xa-2-bismocanes], bis(((1,3,6-trithia-2-bismocan-2-yl)thio)ethyl)
sulfide @), and bis(((1,3-dithia-6-oxa-2-bismocan-2-yl)thio)ethyl) ether
(10) were recrystallized as yellow needles from hot DMSO. 1,2-Bis-
((1,3-dithia-2-bismolan-2-yl)thio)ethan6)(was recrystallized from hot
1,2-ethanedithiol as dark yellow cubic crystals.
2-Chloro-1,3-dithia-2-bismoland) was also formed by the reaction
of bismuth oxychloride with 1,2-ethanedithiol in HCI (1 M), and was

the case of compountil, the pyridine rings were constrained to have
reasonable geometries during refinement. Full-matrix least squares
refinement was carried out using the teXsan software paékage/

or Shelxl-93' For both program® = 5 ||Fo| — |F||/3|Fo|. Atomic
scattering factors and corrections for anomalous dispersion were taken
from the International Tables for Crystallograpkly All pertinent
crystallographic data are summarized in Table 2. Selected bond lengths
and angles are presented in Table 3.

Results and Discussion

Powell first recognized the rapid, high-yield reaction between
BiCl; and ethanedithiol, and characterized the product as

characterized by Raman spectroscopy and chemical analysis, yield2-chloro-1,3-dithiabismolanel) by elemental analysi® and

73.0%.

Formation of 6 from 1. 1 (0.58 g, 1.7 mmol) was combined with
1,2-ethanedithiol (0.11 g, 1.1 mmol) in aqueous NaN®@10 M). The
slurry was allowed to stir overnight at room temperature, and the yellow
precipitate was filtered, air dried, and characterized by melting point
analysis and Raman spectroscopybagield 94%.

Formation of 9 from 4. 4 (1.4 g, 3.6 mmol) was combined with
2-mercaptoethyl sulfide (0.72 g, 4.7 mmol) in aqueous Naki012
M). The slurry was allowed to stir overnight at room temperature,

infrared spectroscopy,and by formation of a pyridine complex

(13) The crystals 05 were of poor quality: GHgBICIOS,, space group
Pmng a = 7.885(4) A,b = 12.307(5) A.c = 9.158(9) A,V = 888.7(10)

As, Deacd = 2.845 Mg/n$, GOF = 1.220,R = 0.0587,R, = 0.1003,
isostructural with4.

(14) Shelxs-86: Sheldrick, G. M. I€rystallographic Computing ;3
Sheldrick, G. M., Kruger, C., Goddard, R., Eds.; Oxford University Press:
Oxford, 1985; pp 175189.

(15) teXsan: Crystal Structure Analysis Package, Molecular Structure

and the yellow precipitate was filtered, air dried, and characterized by Corp., 1985 and 1992.

melting point analysis and Raman spectroscop$®,aseld 97%.
Isolation of 2-Chloro-2,2-dipyridyl-1,3-dithia-2-bismolane (11).

1 (0.55 g, 1.4 mmol) was dissolved in hot pyridine (30 mL) and the

solution slowly cooled to room temperature, giving white needle-like

(16) ShelxI-93: Sheldrick, G. M. Institut"fuAnorganische Chemie,
Gottingen, Germany, 1993.

(17) International Tables for Crystallographywilson, A. J. C., Ed.;
Kluwer Academic Publishers: Boston, 1992; Vol. C.

(18) Ikram, M.; Powell, D. B.SpectrochimActa 1972 28A 59-64.
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Table 1. Yields, Melting Points, Analyses, and Vibrational Spectral Data for Compotrd®

elemental analysis (%)

IR data (cnT?)

Raman data (crt)

Compd yield (g (%)) mp [dp] o(C) Ccalc (Cfound) Hcalc (Hfound) Scalc (Sfound)
1 102.5 [120] 7.14 1.20 19.05 237 (s) 638 (M) 76 (s) 279 (s)
(82) (7.76) (1.25) (19.35) 330 (s) 665 (M) 105 (s) 324 (vs)
436 (m) 126 (s) 435 (w)
145 (s) 635 (m)
200 (s) 662 (w)
2 5.95 110 10.24 1.72 14.29 295 (vs) 611 (w) 102 (vs) 480 (w)
(95) (10.54) (1.72) (11.16) 480 (w) 638 (w) 164 (s) 543 (w)
528 (m) 669 (m) 300 (vs) 638 (m)
445 (w) 671 (m)
3 4.59 [100] 13.17 2.21 17.59 286 (w) 388 (w) 68 (s) 277 (vs)
(97) (13.61) (2.12) (15.12) 304 (m) 420 (w) 89 (vs) 305 (vs)
370 (w) 639 (w) 114 (vs) 371 (m)
132 (vs) 461 (w)
194 (s) 505 (w)
255 (vs) 641 (m)
4 15.01 [170] 12.11 2.03 24.25 283 (s) 463 (m) 81 (s) 418 (w)
(87) (12.34) (2.03) (23.77) 294 (s) 608 (w) 120 (vs) 450 (w)
332 (s) 629 (W) 163 (s) 610 (w)
422 (s) 660 (M) 190 (s) 628 (M)
452 (w) 684 (w) 225 (s) 659 (m)
294 (vs) 684 (w)
331 (m)
5 4.78 [190] 12.62 2.12 16.80 224 (s) 471 (m) 74 (s) 318 (vs)
(92) (14.64) (2.39) (20.65) 256 (s) 509 (w) 118 (vs) 361 (w)
293 (s) 538 (w) 182 (s) 468 (w)
316 (m) 666 (m) 237 (s) 534 (w)
366 (w) 275 (s) 664 (m)
293 (s)
6 1.27 [145] 10.38 1.74 27.70 255(vs)  433(s) 71 (s) 258 (vs)
(97) (10.60) (1.72) (27.65) 269 (vs) 634 (m) 86 (s) 269 (vs)
302 (m) 662 (m) 104 (s) 288 (s)
318 (s) 672 (w) 132 (s) 310 (vs)
159 (s) 428 (m)
179 (s) 633 (M)
196 (s) 660 (W)
7 2.06 [170] 14.68 2.46 26.12 240 (s) 430 (m) 86 (s) 278 (vs)
(92) (15.11) (2.52) (22.23) 264 (s) 636 (W) 136 (s) 430 (w)
297 (vs) 663 (W) 165 (s) 617 (w)
307 (w) 677 (m) 181 (s) 641 (w)
319 (s) 230 (s) 658 (w)
240 (s) 671 (w)
8 2.58 [140] 18.51 3.11 24.71 256 (vs) 526 (w) 83 (vs) 313 (vs)
(98) (19.02) (3.07) (23.62) 266 (vs) 570 (w) 120 (vs) 370 (m)
319 (vs) 659 (m) 190 (s) 408 (m)
350 (m) 673 (m) 203 (s) 460 (w)
378 (m) 669 (m) 246 (vs) 646 (m)
429 (s) 267 (vs)
9 1.28 [180] 16.47 2.77 32.99 248 (s) 493 (m) 68 (s) 294 (vs)
(67) (16.78) (2.71) (32.47) 326(m) 530(w) 102 (s) 332 (m)
467 (w) 669 (m) 126 (s) 425 (w)
162 (s) 620 (M)
181 (s) 656 (w)
242 (s) 682 (m)
271 (vs)
10 2.06 177 17.44 2.93 23.27 283 (vs) 470 (m) 92 (s) 271 (s)
(99) 178 (17.63) (2.85) (26.65) 294 (vs) 608 (w) 169 (s) 303 (s)
301 (s) 629 (w) 213 (s) 491 (w)
335 (s) 660 (s) 242 (vs) 666 (m)
422 (s) 684 (M)
453 (m)

characterized in a similar fashion to that bf We have now
confirmed these observations with a comprehensive charactercompoundsl (as the dipyridyl complexll), 4, and 5! are
ization of 1 and11. More importantly, we have exploited the
general quantitative metathesis reaction to generate a series ofpectroscopic data for uncomplexed bismoldndismane2,
cyclic chlorodithiabismuth compound4+5) with increasing

ring size (Table 1). As a modification of Powell's procedure
all reactions occur in the absence of acid. Moreover, BiOCl is
demonstrated to be the actual reactant by the observatién of complete metathesis is observed to give three Bbonds at
formed in high yield from the reaction of BiOCIl with 1,2-
ethanedithiol® A formal double metathesis at each bismuth analogous to compounds-5. The compounds are assigned

site is inferred in all cases, and the cyclic structures of
confirmed by X-ray crystallography (Tables 2 and 3). The
and bismepan8, are consistent with the cyclic structure (X-
ray quality crystals were not obtained for these compounds).
When Bi(NGy)s is combined with the same dithiols, a

each bismuth site, including a cyclic or chelate formation



no. of observed reflections
no. of parameters refined

49B% 3.005(1))
47

1897 ( > 3.00(1))
194

3718 ( > 3.00(1))
209
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Table 2. Crystallographic Data
4 6 9 11
formula CHgBICIS;s CeH12Bi>Ss C1oH24Bi»Se C1,H14BICIN,S,
Fw 396.72 694.48 874.82 494.81
crystal description yellow needle yellow cube yellow needle cream needle
crystal size (mm) 0.4& 0.15x 0.10 0.12x 0.15x 0.15 0.007x 0.015x 0.200 0.10x 0.15x 0.30
space group Pnma Ru/c P1 P2,
alA 8.1280(9) 8.875(4) 9.757(2) 9.590(3)
b/A 12.263(5) 17.582(12) 16.625(2) 9.206(3)
c/A 9.2529(9) 18.250(9) 37.942(3) 9.761(2)
Aideg 90 90 90.05(2) 90
pldeg 90 96.05(4) 107.84(3) 117.1(2)
yldeg 90 90 105.81(1) 90
VIA3 922.3(6) 2832(3) 1174.9(6) 767.1(4)
z 4 8 2 2
DdJ(Mg m3) 2.857 3.260 2.473 2.142
ul(cmt) 199.7 256.48 364.%7 118.81
abs corr method ¢ scan ¢ scan ¢ scan ¢ scan
abs max-min 0.552-1.000 0.676-1.000 0.448-1.000 0.614-1.000
20 range (deg) 370423 24.6-37.0 41.15-58.82 24.58-29.03

1051 ( > 2.00(1))
162 (30 restraints)

Flack parameter 0.018(12)
R 0.029 0.035 0.045 0.019
Ry 0.033 0.035 0.056 0.047
GOF 1.22 1.19 4.26 1.14
aCu Ka.

the tethered bicyclic structurés-10 on the basis of the X-ray  longer than terminal BiCl bond$72223and are comparable
structure of6 and9, and the comparative analytical, infrared, with reported bridging bond¥. A seventh coordination site is
Raman, and mass spectral data for the series of compoundsmposed by a contact to a sulfur atom of a neighboring
6—10. The observed products are independent of stoichiometry, heterocycle. This intermolecular contact is longer [3.443(5) A]
illustrating a dominant thermodynamic preference for the Bi than the two equivalent endocyclicBS bonds [2.545(4) and
bond formation and suggesting that the chloro-substituted 2.542(6) A]. The BN bonds are similar [2.534(8) and
monocyclic derivatives are kinetically stable with respect to the 2.592(9) A] and are typical of NBi coordinate bond§23.25.26

tethered bicyclic analogue8—10 in the presence of excess Compoundst, 512 6, and9 have been crystallized free of
dithiol. Indeed, compound can be quantitatively tethered to  solyent and show molecular structures with significant inter-
give 6 on introduction of sodium nitrate in the presence of molecular and intramolecular interactions. Compountis
ethanedithiol, which presumably facilitates tethering by promot- (Figure 2) andb are isostructural and can be viewed as eight-
ing Bi—Cl heterolytic bond cleavage. This is a general process mempered heterocycles with a cross-ring 2,6 intramolecular
allowing for tethering of all heterocyclés-5and the possibility  nteraction, involving a coordinative donation from sulfur (in
of the tether having a different chain length than the heterocycle. 4 oxygen in5) to bismuth, a structural arrangement that is
The observed structure @ is consistent with the previously  now well established for many nonmetal eleméAtEonsistent
reported structure of the antimony analogtand is reminiscent \yith this bonding model, the two symmetry-related heterocyclic
of a diazabismuth derivativé. Bi—S bonds [2.541(6) A] o are slightly shorter than the cross-
Structural Features. Compoundsl—10 have very low ring Bi—S bond [2.849(5) A], and are comparable to the
solubilities in most solvents, but anomalous is the dissolution endocyclic Bi-S bonds inl [2.545(4) and 2.542(6) A]. Three
of 1 in pyridine. Colorless needle-like crystals bt can be intermolecular contacts from chlorine and the sulfur centers of
obtained, which slowly release pyridine and lose crystallinity. a neighboring molecule impose a seven-coordinate environment
The X-ray structure ot 1 (Figure 1) reveals a dipyridyl complex  for hismuth. The structures are fundamentally analogous to
of 1 with the pyridine ligands in &ansorientation with respect  those reported for the phenyl derivative Hf and the corre-
to a distorted square plane demonstrated by tit& Shelate
ring and two chlorine atoms. The chlorine centers are dicoor-
dinate with essentially equivalent [3.111(4) and 3.231(5) A} Bi > : ,
Cl bonds, providing an alternating BCI polymeric backbone ggg (S:tr'lzsrgﬁ? E_';' gﬁg‘féﬁ%ﬂ?ﬁgﬁg?g‘ ﬁgéulnzkglg?il,\?gfmn’
which links the heterocycles. The bond lengths are substantially N. C.; Orpen, A. G.; Stratford, S. E.; Struve, @.Chem Soc, Dalton
Trans 1994 1327-1335.

(26) See, for example: Raston, C. L.; Rowbottom, G. L.; White, A. H.
J. Chem Soc, Dalton Trans 1981, 1389-1391. Forster, G. E.; Begley,

(23) Battaglia, L. P.; Bonamartini Corradi, A.; Nardelli, M.; Vidoni Tani,
M. E. J. Chem Soc, Dalton Trans 1978 583—-587.

(19) This is expected as Bigis rapidly converted to BiOCl in agueous
media: Advanced Inorganic Chemistnpth ed.; Cotton, F. A., Wilkinson,
G. A, Eds.; J. Wiley & Sons: Toronto, 1988; p 393. M. J.; Sowerby, D. B.; Haiduc, . Chem Soc, Dalton Trans 1995 383~

(20) Hoffmann, H. M.; Drger, M. Z. Naturforsch 1986 41hb 1455- 387. Bertazzi, N.; Alonzo, G.; Battaglia, L. P.; Bonamartini Corradi, A.;
1460. Pelizzi, G.J. Chem Soc, Dalton Trans 1990 2403-2405. Bensch, W.;

(21) Veith, M.; Bertsch, BZ. Anorg Allg. Chem 1988 557, 7—22. Reifler, F. A.; Reller, A.; Oswald, H. RZ. Kristallogr. 1989 189 169-

(22) See, for example: Willey, G. R.; Barras, J. R.; Rudd, M. D.; Drew, 179. Galdecki, Z.; Glowka, M. L.; Golinski, BActa Crystallogr 1976
M. G. B. J. Chem Soc, Dalton Trans 1994 3025-3029. Willey, G. R.; B32 2319-2321.

Lakin, M. T.; Allcock, N. W.J. Chem Soc, Dalton Trans 1992 1339- (27) Cea-Olivares, R.; Lomeli, V.; Hernandez-Ortega, S.; Haiduc, I.
1341. Battaglia, L. P.; Bonamartini Corradi, A.; Pelizzi, G.; Vidoni Tani, Polyhedron1995 14, 747-755. Brai, E.; Falke, R.; Ellner, A.; Beuter,
M. E. J. Chem Soc, Dalton Trans 1977, 1141-1144. Battaglia, L. P.; M.; Kolb, U.; Dréger, M.Polyhedron1994 13, 365-374. Kolb, U.; Beuter,
Bonamartini Corradi, A.; Pelizzi, G.; Vidoni Tani, M. Eryst Struct M.; Gerner, M.; Diiger, M.Organometallicsl994 13, 4413-4425. Kolb,
Commun 1975 4, 399-402. Clegg, W.; Compton, N. A.; Errington, R. U.; Beuter, M.; Diger, M. Inorg. Chem 1994 33, 4522-4530.

J.; Fisher, G. A.; Hockless, D. C. R.; Norman, N. C.; Orpen, A. G.; Stratford, (28) Drager, M. Chem Ber. 1974 107, 2601.

S. E.J. Chem Soc, Dalton Trans 1992 3515-3523. (29) Drager, M.; Engler, RZ. Anorg Allg. Chem 1974 405, 183-192.
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Table 3. Selected Bond Lengths (A) and Angles (deg)
Bond Distances

4 6 9 11
Bi—CI(1) 2.682(5) Bi(1)>-S(1) 2.591(7) Bi(1)>S(1) 2.597(5) Bi-CI(1) 3.111(4)
Bi—S(1) 2.849(5) Bi(1)}S(2) 2.565(7) Bi(1)}S(2) 2.559(4) B+N(1) 2.534(8)
Bi—S(2) 2.541(6) Bi(1)>S(3) 2.633(7) Bi(1)>S(3) 3.071(5) Bi-N(2) 2.592(9)
S(1-C(1) 1.75(2) S(1rC(1) 1.82(2) Bi(1)-S(7) 2.615(4) Bi-S(1) 2.545(4)
S(2-C(2) 1.78(2) S(2¥C(2) 1.81(3) Bi(2)-S(4) 2.576(4) B-S(2) 2.542(6)
C(1)-C(2) 1.42(2) C(1yC(2) 1.42(3) Bi(2)-S(5) 3.197(5) S(HC() 1.82(1)
Bi(1)*—CI(1) 3.285(6) S(3XCQR) 1.79(3) Bi(2)-S(6) 2.599(4) S(2¥C(2) 1.83(2)
Bi(1)*—S(2) 3.534(7) S(4yC(4) 1.83(3) Bi(2)-S(9) 2.566(5) C(yC(2) 1.52(2)
C(3)-C4) 1.46(4) Bi(2)-S(8) 3.192(4) Bi-S(1)* 3.443(5)
Bi(2)—S(4) 2.635(7) S(HC@1) 1.81(2) Bi~CI(1)* 3.231(5)
Bi(2)—S(5) 2.552(6) S(3¥C(2) 1.79(2)
Bi(2)—S(6) 2.553(7) S(3¥C(3) 1.82(2)
S(5-C(5) 1.75(3) S(4yrC(5) 1.84(2)
S(6)-C(6) 1.85(3) S(73rC(9) 1.81(2)
C(5)—C(6) 1.48(3) C(1)C(2) 1.51(3)
Bi(1)—S(5) 3.170(6) C(3yC(4) 1.46(3)
Bi(1)—S(4) 3.902(7) C(5yC(6) 1.52(3)
Bi(1)—S(1)* 3.134(7) C(9)-C(10) 1.53(2)
Bi(1)—S(4)* 3.391(1) C(11yC(12) 1.53(3)
Bi(2)—S(3)* 3.214(7) Bi(1)-S(1)* 3.346(5)
Bi(2)—S(1)* 3.257(6) Bi(1}S(7)* 3.261(5)
Bi(2)—S(4)* 3.5910(9) Bi(2)-S(6)* 3.342(4)
Bond Angles
4 6 9 11
Cl(1)-Bi—S(1) 155.3(2) S(2¥Bi(1)—S(1) 83.8(2) S(1yBi(1)—S(2) 94.2(2) Cl(1yBi—S(1) 157.26(9)
Cl(1)—Bi—S(2) 85.2(1) S(2)yBi(1)—S(3) 91.2(2) S(1)Bi(1)—S(3) 75.5(1) CI(1)yBi—S(2) 75.3(2)
S(1-Bi—S(2) 79.0(1) S(1yBi(1)—S(3) 84.7(2) S(2¥Bi(1)—S(7) 95.6(2) Cl(1)Bi—N(1) 82.8(4)
S(2)-Bi—S(2A) 99.4(3)  S(2)Bi(1)—S(5) 155.9(2)  S(4yBi(2)—S(6) 93.9(1)  ClI(1¥Bi—N(2) 101.9(3)
Bi—S(1)-C(1) 101.7(6) S(3yBi(1)—S(1)* 166.6(2) S(4yBi(2)—S(9) 93.5(2) S(LyBi—S(2) 84.8(2)
Bi—S(2)-C(2) 107.5(8)  S(1)*Bi(1)—S(4)* 74.9(1)  S(6)Bi(2)—S(5) 74.2(1)  N(1¥Bi—N(2) 173.1(4)
C(1)-S(1)y-C(1) 105(1) S(1yBi(1)—S(1)* 82.0(2) S(6)yBi(2)—S(9) 81.7(2) BS(1)-C(1) 100.2(5)
S(1)-C(1)-C(2) 121(1) S(5)Bi(2)—S(6) 84.3(2) S(9)Bi(2)—S(8) 75.9(1) Bi-S(2)-C(2) 100.5(5)
S(2-C(2)-C(1) 123(1) S(6)yBi(2)—S(4) 86.4(2) Bi(1}S(1-C(1) 104.0(7) S(IyC(1)—-C(2) 112.3(9)
S(5)-Bi(2)—S(4) 104.1(2) Bi(1)S(2)-C(4) 96.6(6) S(2rC(2)-C(2) 112.3(9)
S(6)-Bi(2)—S(1)* 78.7(2) Bi(2)-S(4)-C(5) 100.1(6)
S(4)-Bi(2)—S(4)* 90.4(2)  S(3rC(2-C(1) 116(1)

S(3)-Bi(2)—S(1)* 129.3(3)  S(5¥C(7)-C(8) 114(1)
S(7)-C(9)-C(10)  109(1)
S(8)-C11-C(12)  109(1)

a Structural parameters for one of two independent molecules in the asymmetric unit.

sponding arsocaf&and stibocan@8with expected bond length  ion [M — CI]*, which have been confirmed by accurate mass

and bond angle adjustments. measurements (M, BiC,CIH4S, mVz 335.92376 = 2.9 ppm;
Two structurally identical molecules are observed in the [M — CI]*, BiC,H4S; measuredn/z 300.9550,0 = 2.8 ppm).

asymmetric unit fol, and its tethered bicyclic structure (Figure Compound4 gives weak M* ions and major fragment ions at

3) is similar to that of9 (Figure 4) in that they both possess m/z336 and 301, which are assumed to have the same structure

essentially equivalent BiS bond lengths within the heterocycle as M* and [M — CI]™ ions from 1. This suggests a

[one molecule o, 2.565(7), 2.591(7), 2.552(7), 2.553(7) A; thermodynamic preference for the five-membered heterocycle

9, 2.597(5), 2.559(4), 2.576(4), 2.599(4) A] and for the exocyclic and implies elimination of SgH, from M*+ and [M — CI]*

tether linkages§, 2.633(7), 2.635(7) A9, 2.615(4), 2.566(5) ions of4 followed by ring closure, as was proposed eaflfer

A]. The cross-ring S*Bi contacts observed in the structure of the methyl and phenyl analogues. Similarly, compoBistiows

4 are also evident in the rings 6f although they are slightly  a fragment ion ¥z 285) which is the oxa analogue of the [M

longer B, 2.849(5) A;9, 3.071(5), 3.197(4) A]. In addition, — CI]* ion from 1. The data for compound are consistent

donations from the tether sulfur centers to a bismuth site are with those of a previous repothowever, previous reports for

observed in botl and9, which effect the folding or wrapping  compounds} and5'! do not describe the intense peaks for [M

of the tether. It is interesting to note the five-membered ring — CI]* or [M — Cl — SGH4]*.

motif that is generated by most of the intramolecular interactions The ElI mass spectra of compoun@dsand 3 show ions

and which is likely responsible for the onset of five-membered observed in the spectrum of BiCin addition to the ions

ring fragmentation in the mass spectradé suprg. The corresponding to the organic portion of the molecule, indicative

intermolecular and intramolecular contacts provide for six- and of thermal decomposition. Compounts10 behave similarly

seven-coordinate bismuth environments. to bismuth sulfide which is polymeric in the solid state and is
Mass Spectrometric Features. Table 4 summarizes the not sufficiently volatile to give an EI mass spectrum.

electron ionization (El) mass spectra for compouridss. APCI mass spectral data for compouridg=igure 5b),2, 4,

Molecular ions are observed far 4, and5. Figure 5a shows  and5in DMSO and compound§, 7, 9, and10 in acetonitrile
the strong molecular ion M for 1 as well as the major fragment  with 1% HCI are summarized in Table 5, revealing some general



3230 J. Am. Chem. Soc., Vol. 118, No. 13, 1996

Figure 1. Crystallographic view of the unit cell of compouridL
showing intermolecular contacts.

s1 Bi1

Cl1

C2A
c1

Clix
S2A%
C2A%

Figure 2. Crystallographic view of two molecules of compoudd
showing intermolecular contacts and Besymmetry of the structure.

S7*

Figure 3. Crystallographic view of one of the two independent
molecules of compoun@ showing inter- and intramolecular contacts.

trends. Dominant in all the spectra are monocyclic cations,

which represent [M—- CI]™ for compoundsl, 2, 4, and5, and
heterolytic Bi~S cleavage of the tether for compour@l¥, 9,

Agocs et al.

Figure 4. Crystallographic view of compounfl showing intramo-
lecular contacts.

Table 4. Electron lonization (70 eV) Mass Spectral Datalef5

compd nmz % abundance ion
1 336 25 M
301 30 M—cCht
273 10 [BiS]*™
244 18 [BiCI}*
241 58 [BiST
209 77 Bif
92 100 [SCoH4 T
2 314 4 [BiCk]*
279 15 [BiCh]*
244 <1 [BiCI]*
209 8 Bi*
106 100 [SCsHe]*
3 314 35 [BICE]*
279 100 [BiCH*
244 19 [BiCI}"
209 45 Bif
122 3 [SCaHg)*
4 396 <1 M=+
361 <1 M —cCIl*
336 73 [CIBISCH4]*
301 30 [BiIGH4]*
241 58 [BiST
209 95 Bif
152 100 [SCaHg] ™
5 380 9 M+
345 8 M—cCI*t
285 5 [BISGH,O]*
244 9 [BiCIJ"
241 10 [BiST
209 19 Bi
136 100 [SOCHg]*

of dicoordinate phosphoréfsand arsenic catiord. They are
also observed in the EI mass spectralpél, and5, as can be
seen in Figure 5 which compares the El spectrum of compound
1 with the APCI spectrum of compouridin DMSO.
Acidified solutions of compound§, 7, 9, and10 also show

bismuthenium cations as the dominant species (Figure 6a), and

both five-memberednyz 301 for9; m/z 285 for 10) and eight-
memberedrfyz 361 for9; m/z 345 for 10) heterocyclic cations
are observed in the spectra®&nd10. A protonated molecular

(30) Sanchez, M.; Mazieres, M. R.; Lamande, L.; Wolf, RMaltiple
Bonds and Low Coordination in Phosphorus Chemj$Rggitz, M., Scherer,
0. J., Eds.; Georg Thieme Verlag: Stuttgart, 1990; pp-1248. Burford,
N.; Losier, P.; Macdonald, C.; Kyrimis, V.; Bakshi, P. K.; Cameron, T. S.
Inorg. Chem 1994 33, 1434-1439.

(31) Burford, N.; Parks, T. M.; Royan, B. W.; Borecka, B.; Cameron,

and 10. These cations are representative of bismuthenium 1, g 'Richardson, J. F.; Gabe, E. J.; HynesJRAm Chem Soc 1992
cations, bismuth analogues of the now well-established series114, 8147-8153.
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Figure 5. (a) El mass spectrum of compourdd (b) APCI mass

spectrum of compountd dissolved in DMSO at a cone voltage of 30
V.

Table 5. APCI Spectral Data for Compounds 1, 2, 4, and 5 in
DMSO and 6, 7, 9, and 10 in Acetonitrile with 1% HCI

relative abundance

compd mz SC=30V SC=10V lon
1 301 100 - M —-cCit
379 11 100 [M— CI + DMSOJ*
457 - 17 [M — CI + 2DMSO}*
2 315 100 - M —cCh*
393 8 100 [M— CI + DMSQ]J*
471 — 23 [M — Cl + 2DMSOJ*
4 301 27 - [BiS,CoHal *
361 100 16 [M—CI]*
379 4 100 [BiSC,H4 + DMSOT+
439 - 55 [M — Cl + DMSO]*
457 - 18 [BiS;C,H4 + 2DMSO}*
5 285 12 - [BISOCH,*
345 100 - M —-cCh*
363 10 16 [BiSOGH4 + DMSOJ*"
423 - 100 [M — CI + DMSOJ*"
6 301 100 [BiSCoH4 "
7 209 100 Bir
315 86 [BiSCsHe] ™
9 301 16 [BISCoH4 ™
361 100 [BiSCaHg] "
10 209 8 Bi*
285 9 [BiSGH.O]*
345 100 [BiSOC4Hg] *
724 1
827 1 MH"

ion was observed for compourdd (Figure 6a), and the MS/
MS spectrum of this ion (Figure 6b) reiterates that the principal
fragmentation pathway is the loss of $4. Loss of SGH, or
2SGHs from MH™ may result in a tethered ion with either one
or two pendant five-membered heterocyclesrté 767 and

706, respectively), each containing an oxygen and a sulfur atom.
As was observed for the APCI mass spectrum (Table 5), the

MS/MS spectrum oflOH" is dominated by the eight-membered

bismuthenium speciesn(z 345) plus a minor fragment ion due

to loss of SGH4 to give the five-membered speciesnalz 285.
Notable in the APCI spectrum df(Figure 5b) is the peak at
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Figure 6. (a) APCI mass spectrum of compouff in acetonitrile
with 1% HCI. (b) APCI MS/MS spectrum of compourid.

600

m/z 379 which corresponds to a DMSO complex of the cation,
suggestive of a donor stabilization. Similar complexation is
also observed foR, 4, and5 in DMSO solution. Metal ion
complexes preformed in solution have been observed by
electrospray mass spectromettyMoreover, a related bismuth-
enium example has been isolafédand complexes of phos-
phenium and arsenium cations have been reafizé&tf>

By adjusting the sampling cone (SC) voltage of the Quattro
mass spectrometer, we were able to effect the acceleration of
ions through the region of intermediate pressure where-ion
molecule collisions result in a declustering of the solvent
molecules and, in the limit, collision-induced decomposition of
the ions. For APCI experiments with 2, 4, and5, at an SC
voltage of 30 V (typical operating condition) the bismuthenium
cation [M — CI]* is the base peak with a small peak1(0%
relative intensity) representing [[DMSO)M CI]*. Atan SC
voltage of 10 V, [(DMSO)M— CI]* becomes the base peak
and a significant peak for [([DMS@Y — CI]™ complex is
observed for compoundsand2. However, for compound$
and 5, the cross-ring donation from the ether and sulfide,
respectively, inhibits complexation of a second solvent molecule,
compared to compoundsand 2, and the bis complex is not
observed at all fod or 5. Elimination of SGH, from 4 and5
in the ion source is observed to occur (confirmed by a precursor
ion scan), forming BigH4S,™ and BiGH4OS", respectively.
These ions also form DMSO complexes. The identity of these
complex ions is confirmed by MS/MS experiments which show
sequential loss of the solvent molecule to yield the dicoordinate
bismuthenium cation in each case. In addition, the APCI spectra

(32) Colton, R.; Traeger, J. Morg. Chim Acta1992 201, 153-155.
Curtis, J. M.; Derrick, P. J.; Schnell, A.; Costantin, E.; Fallagher, R. T.;
Chapman, J. Rnorg. Chim Acta1992 201, 197-201. Hopfgartner, G.;
Piguet, C.; Henion, J. D). Am Soc Mass Spectroml994 5 (8), 748
756. Anderson, S. G.; Blades, A. T.; Klassen, J.; Kebarlént?J. Mass
Spectromlon Processed995 114, 217—-228.

(33) Carmalt, C. J.; Norman, N. C.; Orpen, A. G.; Stratford, SJE.
Organomet Chem 1993 460, 022—C24

(34) Reed, R.; Reau, R.; Dahan, F.; Bertrand,ABgew Chem, Int.
Ed. Engl. 1993 32 399-401.

(35) Burford, N.; Losier, P.; Sereda, S. V.; Cameron, T. S.; Wu).G.
Am Chem Soc 1994 116, 6471-6475.
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for compoundg} and5 show the elimination of SgH,4 to form
the five-membered bismuthenium cations Bi#gS,* and BiGH.-
OSt, respectively. The ions Biand BiS™ are observed in the
MS/MS spectra of all compounds.

Complex ion formation was also observed in DMSO solutions
of compounds6, 7, 9, and 10, consistent with the spectra
obtained for compounds, 2, 4, and5, whereas in acetonitrile
solutions complex ion formation was found to be variable.

Conclusions

General, high-yield synthesis of two related and comprehen-

sive series of bismuth heterocycles demonstrates a dominan

thermodynamic preference for the dianion dithia chelate for
bismuth. The chloro-substituted monocycless are kinetically
stable with respect to the tethered bicyclic derivatigeslO.

Mass spectrometry provides an excellent means of characteriza

tion of compounds of this nature and is responsible for the
identification of monocyclic bismuthenium cations as a general
and dominant dissociation product. In addition, the APCI

Agocs et al.

technique exhibits solvent coordination chemistry of the bis-
muthenium cation.
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