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It is a pleasure to dedicate this paper to Professor Jaromir Plesek on the occasion of his
birthday, in recognition both of his stimulating presence in the world community of boron chel
and of his outstanding personal contributions to the pioneering, and the subsequent developn
polyhedral boron-containing cluster chemistry.

A preliminary investigation of the direct reaction of elemental sulfur with the representative me
boranes [64{°-CsMeg)-nido-6-RhByH,4 and [6-6)°-MeCgMe,i-Pr)-nido-6-RuByH, 4] in the presence
of base gives products that result from (i) the addition of one sulfur vertex and (ii) the additi
two sulfur vertices into the metallaborane cluster, as well as (iii) boron-vertex elimination accc
nied by sulfur-vertex addition. Products characterised includgG4Mes)-nido-7,11,12-Rh$BgHg],
[7-(n®-MeGsH,i-Pr)-nido-7,11,12-RugBgHg], [8-(n®-MeCsH,i-Pr)-nido-8,7-RuSBH ], and a species tentatively
identified as [9-G%-MeCgH,i-Pr)-nido-9,7,8-RuSBgHg].

Key words: Metallaborane; Thiametallaborane; Cluster; NMR; Metallaboranes, reactions of; Elen
sulfur.

There is current increasing interest in polyhedral thiametallaborane chemistry, wi
sults in {MSBy} (ref.l), {(MSBg} (refs'™"), {MS,Bg} (refs®1h, {(MS,Bg} (refst1),

{MS,Bg} (ref.%), {MS,By} (ref.%), {(MS,B;s} (ref.rd), {MS,B,q (ref.'%, {M,SBg}

(refs"?), {M,S,Bg} (ref.th), {M,S,B;} (ref.tt) and {M,S,B;s} (ref.'®) cluster systems
being recently reported. All these cluster types have been synthesized from the
tions of metal centres with pre-formed polyhedral thiaborane substrates. Surpris
the converse synthetic approach, the reaction of sulfur with pre-formed polyh
metallaborane substrates, is not previously reported, although reaction of sulfur (

* For Part 3 see Bould J., Brint P., Kennedy J. D., Thornton-Pett M., Barton L., Rath N. P.: Collect. (
Chem. Commun62, 1239 (1997).
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elemental or as anionic polysulfide) with boranes or borane anions is a well recoc
route to thiaborane cluster compounds that do not contain metal atortf§ (sefe, for
example, ret’, together with other references cited therein). We have now testec
converse approach, working at small scale Y00 pumol) in these initial siting experi-
ments, and using the ten-vertex metallaborane speciep{6ses)-nido-6-RhByH 4]
(1a)*¥and [615-MeCgMe,i-Pr)-nido-6-RuByH, 5 (1b)*° (both of schematic cluster struc
turel as representative metallaborane examples. We conclude that direct reactio
sulfur is in fact a convenient and viable route for interesting thiametallaborane
theses. We present preliminary results from these siting experiments here.

RESULTS AND DISCUSSION

Reaction between [6f-C;Mes)-nido-6-RhByH,4 (1a)'® or [6-(n-MeCiMe,i-Pr)-
nido-6-RuByH,4 (1b)'® and an excess of elemental sulfug)($ the presence of
N,N,N',N'-tetramethylnaphthalene-1,8-diamine (tmnd) as non-nucleophilic base is
plete in each case in one-to-two hours in CHlution atca +65 °C. Under the same
conditions, but with no tmnd present, no significant reaction occurs.

Chromatography of the products of the reaction with the rhodabd@anesults in
the isolation of only one predominant product, a red solid identified as the &Adv
species [74{>-CsMes)-nido-7,11,12-Rh$BgH,] (2a), of twelve-vertexnido-type archi-
tecture as in schematic cluster structilife. It was isolatable in the excellent yield c
ca 80%. It was readily identified by mass spectrometry and NMR spectroscopic
parison with reportétf®data (Table I), and has close spectroscopic analogies witk
diselenacobaltaborane analogue [ZHg)-nido-7,11,12-CoSgBgH,] (ref.?Y) and the
more recently report€d® phosphine iridium analogue [7,7,7-(RPh-nido-7,11,12-
IrS,BgHy). It has previously been prepareid the more conventional reaction betwe
the [arachneS,BgH, ]~ aniort’ and [(>-CsMes)RhCL], but the isolated yield was al
order of magnitude lowér?, at 8%.

The ruthenium congener [[{-MeCsMe, i-Pr)-nido-7,11,12-RuSBgH, (2b) is iso-
lated and identified similarly from the reaction of the ruthenabofdnéut now the
yield is somewhat smaller than f@a, atca 30%, and several other metallathiabora
products are present in yields sufficient for further characterisation (see below).
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It can be seen (schematic cluster structike that the cluster architecture of con
pounds2a and2b derives geometrically from compountia and1b (schematic cluster
structurel) by the addition of two sulfur atoms at cluster sites adjacent to the r
centre. Note that compoun@a and2b, together with the {CoSg analogue [7-(GH5)-
nido-7,11,12-CoSgByH,] (ref.2l) are all fluxional (schematid$B andlIC )®2% and at
room temperature give€'B and'H 2:2:2:1:1:1 NMR relative intensity patterr
for their {BgHg} units rather than nine separate resonance positions in eachAGise
for the fluxional process is estimatedcat30 kJ mot!for compounda (ref29).

M M
7 B

1B 1c

TaBLE |
Observed'H and’B NMR data (CDCJ solutions) for [7-(MeGH,,i-Pr)-nido-7,11,12-Ru$BgHg] (2b)
and the proposed anion [Rigo-S,BgHg),]>~ (6), together with data for [7-@eg)-nido-7,11,12-
RhSBgH,] (2a) for comparison

2aP 2pP¢ e
Assigment
5(*'B) 3(*H) 3("'B) 3(*H) 5(*'B) 3(*H)
BH(10) +17.6 +4.17 +13.4 +3.93 +10.3 +3.69
BH(2,8) +8.2 +2.98 +3.0 +3.06 +7.0 +3.66
BH(3) +0.3 +2.71 2.4 +3.45 +1.2 +3.45
BH(5) -4.3 +3.06 -3.0 +3.14 -2.3 +3.87
BH(1,4) -6.6 +3.20 -9.0 +3.04 -13.3 +2.70
BH(6,9) -23.8 +1.35 —24.1 +1.28 -28.0 ca+1.60

2 Data from ref®% 3(*H)(CsMes) +1.92 ppm.” 294-297 K.¢ 5(*H) (MeCgH,i-Pr) at +2.18 (Me),
+1.35 (Me; doublet), +2.85 (CH; septet) and +5.6 to +5.gHE multiplet). 9313 K.®No *H reso-
nances attributable to [Me8,i-Pr] exhibited.” At <295 K, separates into two resonance(t)

+4.53 and +2.95% At <295 K, separates into two resonanced(it) +2.61 and +2.25! At <295 K, sep-
arates into two resonancesf_ﬁlB) ca —32 andca —14; coalescence temperatege300 K at 128 MHz,
implying AG* ca 46 kJ mof™. ' At <295 K, separates into two resonanced(#t) +2.45 and +0.76.
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Chromatography also isolates additional thimetallaboranes in viable yields fror
reaction of the ruthenaborafib with elemental sulfur. The principal one of these is 1
yellow solid monothiaruthenaborane [§%MeCsMe,i-Pr)-nido-8,7-RuSBH,,] (3) of
eleven-vertexnido architecture as in schematic structiige obtained inca 30% yield.

S/M

\/\

Although it is previously unreported, it is a straightforward analogue of the Rnc
{(n>CsMey)Ir} species, and its 11-chloro derivative has also been tentatively ids
fied’. It is also therefore readily formulated by mass spectrometry and NMR spe

TasLE Il
Observed'H and!'B NMR data for [8-(MeGH,i-Pr)-nido-8,7-RuSBH,,] (3) and its iridium ana-
logue [8-(GMes)-nido-8,7-IrSByH4 4] for comparison; CDGlsolutions at 291-297 K

3 (CsMeg)Ir analogu8
Assignment
5''B) 3('H) 3(*'B) 3(*H)

BH(5) +10.1 +3.75 +7.7 +4.80
BH(3) +1.3 +2.67 +1.1 +2.52
BH(9) -2.2 +2.70 -2.6 +2.90
BH(11) -8.7 +2.06 -12.9 +2.57
BH(4) -12.3 +2.32 -13.8 +1.20
BH(2) -14.3 +2.23 -17.0 +2.61
BH(6) -16.0 +2.47 -18.2 +3.91
BH(1) -20.0 +1.77 -22.1 +1.46
BH(10) -21.2 +1.40 -23.0 +1.64
HH(8,9) - -11.35 - -11.40
MH(10,11) - -4.35 - -4.52

& Assignment by comparison with the 5(@es)Ir compound; there may be some uncertainty amc
BH(11), BH(4) and BH(2)3(*H) (MeCsH,i-Pr) at +2.25 (Me), +1.40 (Me doublet), +2.97 (CH;
septet) and +5.6 to +5.9 {8,; multiplet).® Data from ref; 5(*H)(CsMes) +2.11 ppm.
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scopy in comparison with these previously reported species (Table II). It can be
that its cluster architecture is derived from compofibdria a second synthetic prin:
ciple, viz. the addition of one rather than two sulfur atoms to the basic metallabc
substrate (compare structuteandlll ). The yield of compoun8 of ca30% is an order
of magnitude higher than the yielda(2%) of its 11-chloro analogue which is the on
{RuSBg} product isolated from the more conventional metallathiaborane synthetic
proach using [{®-MeCgH,i-Pr)RuCl], and the rachneSByH,,]~ aniort.

An interesting, third, product from the ruthenaborane reaction, but in smaller
(ca 7%), is a yellow solid which we tentatively propose, from mass spectrometry
NMR spectroscopy (Table 1lI), to be the eleven-vertex dithiaruthenaborang-[9
MeCgH,i-Pr)-nido-9,7,8-Ru$BgHg (compound4, schematic structur®/A). For com-
pound4, the mass spectrum as well as the NMR data are entirely consistent wil
molecular formulation [(MegH,i-Pr)RuSBgHg]. A cluster electron-count thence give
26 cluster electrons as required for an eleven-variga geometry. The compound i
therefore a close relative of the kndwdithiarhodaborane [8,8,8-(PPkH-nido-8,7,9-
RhSBgHg] (compounds, schematic cluster structux®. However, NMR spectroscopy
distinguishes eight different BlXg units, demonstrating asymmetry, whereas a dir
analogue of compoun, viz. [8-(n®-MeCgH,i-Pr)-nido-8,7,9-RuSBgHg], would have
mirror-plane symmetry and exhibita 2 : 2 :2:1:1: 1 relative intensity pattern in ec

TasLE Il
Observed'H and'B NMR data (CDCJ at 294-297 K) for compound, tentatively proposed to be
[9-(n®-MeCyH,,i-Pr)-nido-9,7,8-Ru$BgHgl

[¥B-1B]jCcOSY [*H-H]cosY

BH designation 5('8) 8(H)° correlation8 correlation$
A +10.2 +3.87 E D
B +7.5 +2.51 EH G H?
C +4.5 +4.28 - F
D -1.0 +3.00 H A E?
E -3.8 +2.03 AB DH
F -10.3 +2.50 - CG
G -18.9 +2.35 H B F H?
H -32.6 +1.55 BDG B E

@ Additionally 3(*H) (MeCgH,4i-Pr) at +2.28 (Me), +1.42 (Me doublet), +2.79 (CH; septet) and +5.
to +6.0 (GH, multiplet). b Recorded under conditions of completiHbroad band)} decoupling;
correlations are generally not observed Taf!B-1'B) whenn > 1. ¢ Recorded under conditions o
complete {!B(broad band)} decoupling; correlations are most generally observéd(fer-'H) when
n = 2 or 3; sometimes 4.
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its solution!'B andH NMR spectra. Compoundsand5 therefore differ in the dispo-
sition of the one ruthenium and two sulfur centres. On the presuriigifathe retent-
ion of open-face positions for the three heteroatoms, either of two structural tyy
{9,7,8-RuSBg} structurelVA , or a {10,7,9-RugBg} structurelVB, can be entertained
Of these, we tentatively propose the former {9,7,8-BgBstructurelVA on the basis
of the tendency of metal and sulfur atoms to group together on the open fa
B-frame clusters. However, although sufficientB-1'B] and [H-'H] COSY NMR
correlations are present to establish a contiguous {{Bsystem, there are insufficien
correlations precisely to define a specific eight-boron framework, and so the poss
of the alternative {10,7,9-RyBg} structure IVB cannot be excluded on presel
evidence.

M M M
\\S/ \ \ / \S \ \ /

IVA IVB \%

Both reactions yield other boron-containing by-products, in smaller yields, tha
have not been able thoroughly to characterise so far. One of the most interest
these is an unstable, intensely coloured, blue spéciebtained from the rutheniun
system. It is also obtained, in somewhat higher yield, when the reaction starting
compoundlb and elemental sulfur is carried out using KH as base in THF solu
rather than using tmnd as base in,CH solution. Its''B and*H cluster NMR proper-
ties at temperatures higher than ambient (Table I) show a2 :2:2:1:1:1 re
intensity pattern and analogous shielding characteristics to those of comgawamnti2b,
suggesting the same {MBg} structural typellA , and suggesting, in addition, the san
fluxionality 1B /IIC at higher temperatures. There are now!Horesonances corre
sponding to the {MegH, i-Pr} residue, showing that this is lost, which may imply th
the ruthenium coordination sites in compouficare taken up by two {BHg}
residues. This in turn implies a dianionic formulation [RBg5ls),]%~ (€.9. schematic
structuresvVlA andVIB). An ionic formulation would be consistent with the observ
lower chromatographic mobility. The countercation cannot be assessed on prese
dence. As just mentioned, like compour#dsand?2b, the species is also fluxional. A
the temperature is lowered through room temperature, there is an incipient splitt
the 1B resonances of relative intensity 2. This splitting is most apparent for the
resonance ai(*'B) ca —23 ppm, which at 223 K is clearly split into two resonance:
&(*'B) ca—14 andca—32 ppm. The coalescence temperature for these last two resor
is observed to bea 300 K in the 128 MHz spectrum, implyidgs* ca 46 kJ mot* for
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the fluxional process at this temperature. This value is much higher than the vedue
30 kJ mot! determine@2?°for 2a, but much lower than for the phosphine iridium an:
ogue [7,7,7-(PPP,H-nido-7,11,12-IrSBgH], which exhibits no evidence of fluxio-
nality®2% Interestingly, at 223 K there appears to be additional incipient broade
and thence splitting of th&'B resonances of relative intensity 1, which may imy
equilibration among fluxamer-rotamers sudh andVIB. We currently plan to inves-
tigate these phenomena, as well as the other minor products revealed in this preli
survey, in more detail.

VIA VIB

CONCLUSIONS

A principal conclusion from these siting experiments that are presented in this pr
nary communication is that the direct reaction of elemental sulfur with pre-formed
allaborane substrates is indeed a viable and potentially useful alternative syntheti
into thiametallaborane chemistry. It thereby complements the hitherto predom
route-42%hat involves the converse approaeiz, the reactions of metal centres wit
pre-formed thiaborane substrates. Within the general approach, several differen
tion processes are observable. In terms of the sulfur incorporation itself, three f
mental modes are readily discernable: (i) the addition of one sulfur vertex to a ¢
(as in the generation of compou8y (ii) the addition of two sulfur vertices to a clustt
(as in the generation of compour@sand2b), and (iii) sulfur-vertex addition accom
panied by boron-vertex elimination (as in the generation of compdun8ome fea-
tures of these reactions are currently a challenge to explain. For example, the fori
of species6, in which the loss of the ruthenium-bound MEGI-Pr residue is very
unusual, and also the different behaviour of the closely related ruthenaborane a
rhodaborane compounds and 1b, which give non-equivalent products under tl
same reaction conditions. An interesting chemistry is thereby presaged. In future
we hope to be able to apply the approach to the use of other main-group elemer
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to metallaborane systems other than the ten-vergxone. The routeyiz the direct
reaction of metallaboranes with main-group elements themselves, constitutes an inte
adjunct to a second new entry into heterometallaborane contemporaneously re
elsewher®, viz. the direct reaction of metallboranes with the hydrides of main-gr
elements, such as,N,, H,S, and HC,, which has been examined in siting experimel
using the versatifé nine-vertexarachnoiridaborane [(CO)(PMg,HIrBgH,,] as a rep-
resentative metallaborane model.

EXPERIMENTAL

General

The starting materials [63f-MeCgH,i-Pr)-nido-6-RuBH,3] and [6-°-CsMes)-nido-6-RhByH, 4]

were prepared as descriB@®®. Elemental sulfur,N,N,N',N'-tetramethylnaphthalene-1,8-diamin
(tmnd) and potassium hydride were obtained commercially. Potassium hydride was freed of n
oil by washing with hexane. The reactions were carried out under an inert atmosphere of dry dini
although subsequent manipulations were carried out in air. Dried and degassed solvents we
throughout. Tetrahydrofuran was distilled from sodium in the presence of sodium benzopht
Thin-layer chromatography (TLC) was performed using 1 mm layers of silica gel G (Fluka
GF254) on 20x 20 cm glass plates, made from aqueous slurries followed by drying in air°&t 8|

Nuclear Magnetic Resonance Spectroscopy and Mass Spectrometry

NMR spectroscopy was performedc@ 5.9 T and 9.4 T (fields corresponding to 250 and 400 M
1H frequencies, respectively) using commercially available instrumentation and using techniqu
procedures as described and enunciated elsetth&@eemical shift® are given in ppm to high fre-
quency (low field) of= = 100 MHz ford(*H) (x0.05 ppm) (nominally TMS) and = 32.083972 MHz

for 8(*!B) (0.5 ppm) (nominally EBIMEL in CDCL). = is as defined by McFarlafie Mass spec-
trometry was performed on a VG Autospec instrument with El ionisation at 70 eV: the neutral

cular compound®2a, 2b, 3 and4 all had high-mass cut-offs corresponding to their highest molec
isotopomers.

Reaction of [64)>-CsMes)-nido-6-RhByH, 4 1awith Elemental Sulfur and tmnd

To an orange solution of [61¢-CsMes)-nido-6-RhBH; 4] (1a; 26 mg, 86umol) in chloroform (25 ml)
was added tmnd (18 mg, §6nol) and yellow elemental sulfur,g$ mg, 255umol). The solution
was heated at reflux (oil bath at 7@) for one hour whereupon it turned to a red-brown. It w
filtered through TLC-grade silica using GEl,, and the filtrate then evaporated to dryness (rot:
evaporator, <45C, water-pump pressure). The resulting solid was dissolved in minimugCICH
and applied to preparative TLC plates, which were then developed usis@l,Gid liquid phase to
give one major compound and several minor products. The major product was a red con
(Re 0.6), identified by NMR spectroscopy and mass spectrometry (Table 1) as %ffo@r(n®-
CsMes)-nido-7,11,12-Rh§BgHg] (28, 25 mg, 80%). The minor products were present in insufficit
amounts for satisfactory identification on the reaction scale used.
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Reaction of [64)6-MeCgH,i-Pr)-nido-6-RuBgH, 5 1b with Elemental Sulfur and tmnd

To a suspension of [61f-MeCgH,i-Pr)-nido-6-RuBH,4] (1b; 60 mg, 170umol) in chloroform (20 ml)
was added tmnd (36 mg, 17@nol) and g (16 mg, 510umol). The reaction mixture was heated
reflux (oil bath at 70°C) for two hours, during which time the starting yellow solution turned
dark-brown. The resulting mixture was filtered through TLC-grade silica withOGHand the fil-
trate then evaporated to dryness (rotary evaporator,’€45vater-pump pressure). The resultin
solid was taken up in minimum GAI,, and applied to preparative TLC plates. Development w
CH,CIl, as mobile phase revealed four main coloured components: (i) a yellow compu®$)
proposed to be [9RC-MeCgH,i-Pr)-nido-9,7,8-RuSBgHg] (4; 5 mg, 7%), (i) a yellow compoundr{
0.65) characterised as [§%MeCgzH,i-Pr)-nido-8,7-RuSBH; 4] (3; 20 mg, 31%), (iii) an orange com
ponent R:- 0.6) characterised as twelve-vertex fjf-MeCgH ji-Pr-nido-7,11,12-RugBgH,] (2b; 20 mg,
29%) and (iv) an unstable blue speci& 0.1) that was further purified by preparative TLC usir
CH,CI,—CH;CN 1 : 9 as mobile phase, and is tentatively proposed to be a salt of an un:
[Ru(nido-S,BgHg),]%~ anion6 (R- 0.5; 5 mg,ca 8%). Other products were also present, but in ins
ficient amounts for satisfactory investigation on the reaction scale used.

Reaction of [64)®-MeCgH,i-Pr)-nido-6-RuByH; 5 (1b) with Elemental Sulfur in the Presence
of Potassium Hydride

Potassium hydride (8 mg, 340mol) was added to a stirred solution of [fMeCgH 4i-Pr)-nido-6-
RuBgH;4] (60 mg, 170umol) and yellow sulfur, §(27 mg, 850umol) in THF (10 ml). After two
hours the colour had changed from yellow to dark-blue. The solution was filtered through TLC-
silica, the solvent removed as above, the solid residue taken up in minimy@i,C&hd applied to
preparative TLC plates. Elution with GEI,-CH,CN 1 : 1 as liquid phase thence gave one princi
product, an unstable blue species wih0.5. This product (16 mg) was tentatively characterised
NMR spectroscopy as a salt of the anionic [BBgSlg),]°~ speciess.

The authors thank the EPSRC of the United Kingdom for funds towards the purchase of NMR eqt
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