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The synthesis, and spectroscopic and structural characterisation of a transition 
metal complex of, formally, a monoanionic carbaborane ligand are described. Two. 
molecules of [3,3,3-(CO)+t-SMq-3,1,2-MnC,$H,,] crystaGe in the trich.nic space 
group Pi, with a 7.154(4), b 8.7890(21), c 13.366(3) A, a 91.438(19), j3 101.21(3), y 
110.69(3)O, at 185 f 1 K. R = 0.0352 for 3859 observed reflections. The carba- 
manganaborane has an essentiahy icosahedraI polyhedral geometry, and the pen- 
dant SMe, unit is oriented such that the S lone pair.. . H(1)8’ interaction is 
maxim&d. The average OC-Mn-CO angle is 89.91°. A redetermination of the 
structure of the known species CpMn(CO), affords molecular parameters of -high 
precision. Space group P2,/u with a 11.941(7), b 6.981(5), c 10.798(7) A, /3 
117.97(5)‘, Z= 4, R = 0.0418 for 1960 significant reflections measured at 185 f 1 
K. In this compound OC-Mn-CO is wider, average 92.14O. Charge iterated EHMO 
calculations suggest that the anionic carbaborane ligand may be represented by a 
form in which a charge of -1.5. e on the five facial atoms is partially offset by a 
charge of +0.3 e on the pendant S atom. EHMO/FMO calculations confirm that 
the carbaborane is a better electron donor than the Cp ligand to the {Mn(CO),} 
unit, and indicate that the additional electron density on Mn resides in fragment 
orbitals that are antibonding between C and 0. In particular, CO + Mn u donation 
is restricted in the carbaborane compound relative to the Cp compound. Consistent 
with the results of these calculations, v(C0) values of the former compound are 
measurably lower than those of the latter species. 

* Dedicated to Professor F.G.A. Stone on the occaskm of his 65th birthday and in recognition of his 
many outstanding contributions to metal carbony chemistry and carbametallaborane chemistry. 

* * Preheat address: New Reactions Branch, B.P. Research Centrc, Chertsey Road, Sunburysn-lhames, 
Middx. TM’ 16 7LN, U.K. 
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The archetypal carbaborane ligand is [C,$H,J2-(carb2-), first reported nearly 
25 years ago and used to synthesise the first examples of carbametallaboranes [1,2]. 
Ever since these earliest reports an analogy has been drawn between carp- and 
[C,HJ(Cp-), in that both possess 6 rr electrons occupying similar frontier orbitals 
[3,4], and both have the ability to bond in an q5 fashion to metal centres. To a 
certain extent the analogy was later refined by Hanusa [5], who argues that, in term 

of its steric requirements, care- is better compared with [C,Mq]-(Cp*-). 
We believe, however, that, even in its more recent version, this analogy is severely 

limited in its practical utility, in that it ignores the important charge difference 
between the two ligands. Thus we contend that species like [(carb)MLJy- and 
[CpML,]“- cannot really be compared since either (i) if M is in the same oxidation 
state and the ligand set L, is common to both species, then the overall charges on 
the two compounds must differ by one unit (JJ = z + l), or (ii) if the charge on the 
two species is to be the same, then the metal atoms must be in different oxidation 
states or the ligand set L, must differ. 

To date, few transition metal complexes of monoanionic carbaborane ligands 
have been described [6], and only a limited number of these have been fully 
characterised. We are interested in establishing detailed comparisons between truly 
analogous cyclopentadienyl- and carbaborane-metal compounds with particular 
emphasis on their electronic and consequent physicochemical properties. Herein we 
describe the synthesis, and the spectroscopic and structural characterisation of the 
monoanionic carbaborane-transition metal compound [3,3,3-(CO),4SMq-3,1,2- 
MnC2H,H,aJ. For comparative purposes we have also redetermined the molecular 
structure of CpMn(CO), to an accuracy an order of magnitude greater than that 
previously reported [7]. A comparison of the electronic structures of these two 
compounds has been made via the results of extend& Htickel molecular orbital 
(EHMO) calculations. 

Experimental 

Syntheses 
All syntheses were carried out under Schlenk line conditions, with some subse- 

quent manipulations in the air. All solvents were dried and distilled under N, just 
before use. NMR spectra were recorded at room temperature as CD,Cl, solutions 
on Brucker WP 80 SY (‘I-l) and WP 200 SY (‘rB, ‘?) spectrometers. Infrared 
spectra were obtained as KBr pellets on a Perkin Elmer 598 spectrophotometer. 
Microanalyses were performed by the departmental service. The starting materials 
9-SM%-7,8-C2$H,, [6b], Mn(CO)5Br [8], and [Mn(CO)@CMe)JBPh, [9] were 
prepared by modified versions of published methods. 

Synthesis of [3,3,3-(CO),-4-SMe,-3,1,2-MnC2B,H,,I (1). To a mixture of finely 
ground KOH (0.1385 g, 2.47 mmol) and 9-SMe-7,8-C,$H,, (0.0910 g, 0.47 mmol) 
in CH,Cl, (10 &) was added, dropwise, a suspension of [Mn(CO),(NCMe),]BPh, 
(0.2731 g, 0.47 mmol) in CH,Cl, (15 cm3) over a period of 20 min, during which the 
colour of the mixture changed from bright yellow to yellow-orange and a light-col- 
oured flocculate precipitate separated. The mixture was stirred overnight and 
filtered, and the solvent removed from the filtrate in vacua. The resulting solid was 
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redissolved in CHzClz (5 cm3) and the products separated by preparative TLC 
(Kieselgel60 Fzs4). Development with CH&l, yielded 1 as a bright yellow solid (R, 
0.80, 0.047 g, 30%) (Found: C, 25.5; H, 4.72. C,H&Mn4S caIcd.: C, 25.3; H, 
4.85%), together with a small amount of an orange, as yet unidentified, species (R, 
0.68), which by IR spectroscopy contains BH and CO functions. For 1 v_. at 2525 
(B-H), 2020, 1950, and 1925 (all C-O) cm-‘. NMR: iH, 6 2.50 and 2.72 (both 
CH,); 13C, 6 221.9 (CO); llB, & - 0.73 (lB), - 4.05 [lB, B(4)], -7.13 (lB), -7.79 
(lB), - 11.69 (lB), - 13.07 (lB), - 17.44 (lB), - 19.77 (lB), and - 25.23 (1B) ppm. 

Synthesis of CpMn(CO), (2). Tetrahydrofuran (25 cd) was added to a mixture 
of Mn(CO),Br (1.1163 g, 4.06 mmol) and TlCp (1.0943 g, 4.06 mmol) in a 
foil-covered vessel, in a procedure analogous to that [lo] which afforded fluorenyl- 
and indenyl-manganese tricarbonyl from the appropriate sodium salt. The mixture 
was stirred for 3 days, then filtered. The filtrate was concentrated and eluted 
through a Florisil column (20 X 2 cm) with CH2C12. A fast-moving yellow band was 
co&&d, from which solvent was removed in vacua to afford a yellow solid, 
identified as the known species 2 by microanalysis, IR, and NMR spectroscopy. 

X-Ray crystallogrnpy 
All measurements were made at 185 f 1 K with an Enraf-Nonius CAD4 

diffractometer and graphite-monochromated MO-K, X-radiation, h(bar) 0.71069 A. 
Suitable crystah of both 1 and 2 were obtained by slow diffusion of hexane into 
CH,Cl, solutions at - 30° C. 

Compound 1. Crystal data. C,H,,$Mn4S, M = 332.47, triclinic, space group 
Pi, a 7.154(4), b 8.7890(21), c 13.366(3) A, cy 91.438(19), j3 101.21(3), y 110.69(3)“, 
V 764.5 A3, using 25 centered reflections, 13 < 8 -z 15”, Z = 2, 0, 1.444 g cmB3, 
/J(M~-K,) 9.55 cm-‘, F(OO0) = 336. 

Data collection and processing. w-20 scans in 96 steps, w scan width 0.8 + 
0.34tan8,1<8<30°, hO+8, k-10+10, I-15-,15,scanspeedsO.82-2.35O 
min-‘. 4814 data measured over ca. 128 X-ray hours, no decay or movement. 3859 
reflections with Fr 2.0o(F) retained. 

Structure solution and refinement. Patterson synthesis for Mn position, and 
iterative full-matrix least-squares refinement/AF syntheses for all other atoms [ll]. 
Cage C atoms identified by refined (as B) isotropic thermal parameters, and by 
internuclear distances. The pair of sites thus given correspond to one of two 
chemically sensible possibilities. Empirical absorption correction [12] applied after 
isotropic convergence. In the final stages all non-H atoms were refined with 
anisotropic thermal parameters, and alI H atoms with individual isotropic parame- 
ters. Weighting scheme w-l = a’(F) + 0.000967~2. R = 0.0352, R, = 0.045, S = 
1.059. Max. and min. residues in final AF map 0.47 and -0.53 eAm3. Atomic 
coordinates appear in Table 1. Computer programs in addition to those referenced 
above: CADABS [13], CALC [14], and EASYORTEP [15]. Atomic scattering factors 
from International Tables [16] or inlaid in SHELX76. 

Compound 2. Crystal data. CsH,Mn03, M = 204.05, monoclinic, space group 
P2,/a, u 11.9410, b 6.981(5), c 10.798(7) A, /I 117.97(5)O, V 795.0 A3, by the 
least-squares refinement of 25 centered reflections, 15 < 8 -z 17”, Z = 4, D, 1.705 g 
cm_31 /.t(Mo-&) 15.53 cm-‘, F(OO0) = 408. 

Data collection and processing. AsforlexcepthO+16,kO+9,1-15+15, 
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Table 1 

Fractional coordina~ of atoms in 3,3,3-(CO)34SM%-3,1,2-MnC2&HIo 

m(3) 

hw 
c(S2) 
C&Y 
o(A) 
c(B) 
O(B) 
c(C) 
o(C) 
Cu) 
c(2) 
B(4) 
B(5) 
B(6) 
B(7) 
B(8) 
B(9) 
WO) 
Wll) 
Wl2) 
H(1) 
H(2) 
H(5) 
H(6) 
H(7) 
H(8) 
H(9) 
H(l0) 
H(W 
H(12) 
H(S11) 
H(S12) 
H(S13) 
H(S21) 
H(S22) 
H(S23) 

x 

0.27009(8) 
0.3293(5) 
O.o007(4) 
0.2500(3) 

0.20127(4) 

0.2784(3) 
- 0.0661(3) 
-0,23858(Z) 

0.1913(4) 
0.1872(4) 
0.4903(3) 
O&36(3) 
0.2977(3) 
0.5274(3) 
0.6241(3) 
0.2121(4) 
0.1112(3) 
0.2898(4) 
0.4916(4) 
O&42(4) 
0.2381(4) 
0.574(4) 
0.503(4) 
0.624(4) 
0.777(5) 
0.134(5) 

- o.oey4> 
0.247(4) 
0.564(4) 
0.498(5) 
0.159(5) 
0.45q7) 
0.263(5) 
0.296(5) 

- 0.047(5) 
- 0.064(5) 
- o.olys) 

- 0.15568(5) 

Y 

- 0.1956(3) 
- 0.2671(3) 
- 0.0289(3) 
-0.13069(24) 

0.12906(4) 

O-02095(25) 
- 0.04681(22) 

0.2326(3) 
O-3028(3) 
0.19644(22) 
0.35289(23) 
0.06749(23) 
O-1932(3) 
0.3783(3) 
0.3461(3) 
0.1590(3) 
0.17587(25) 
0.3695(3) 
0.473q3) 
0.35Oq3) 
0.167(3) 
0.409(3) 
0.136(3) 
O&3(4) 
0.416(4) 
0.091(3) 
0.115(3) 
O-431(3) 
0.605(4) 
O-413(4) 

-O-143(5) 
- 0.16q4) 
- 0.299(4) 
- 0.268(4) 
-0.23x4) 
- 0.357(4) 

0.69886(4) 
0.57909(22) 

z 

O&932(23) 
0.91973(16) 
0.96441(15) 
0.82698( 16) 

0.84748(2) 

0.81349(15) 
0.%380(19) 
1.03566(16) 
0.80137(14) 
0.83112(15) 
0.71054(15) 
0.67885(17) 
0.75971(18) 
0.76563(18) 
0.68204(17) 
0.60114(16) 
0.63164(18) 
0.73338(19) 
O-63586(18) 
0.8461(21) 
0.8949(21) 
0.6614(20) 
0.7976(25) 
0.7933(24) 
0.6406(20) 
0.5245(22) 
0.5834(21) 
0.7492(24) 
O-5842(23) 
0.58q3) 
0.531(3) 
0.5706(23) 
0.721(3) 
0.617(3) 
0.65q3) 

2591 reflections measured over 60 X-ray hours, of which 1960 had F 2 2.04 F). 
Structure refinement. The starting point for refinement made use of the non-H 

atom coordinates previously published [7]. After isotropic convergence following 
full-matrix least-squares refinement, empirical absorption correction applied. There 
after all non-H atoms allowed amisotropic thermal motion. H atoms located from 
AF synthesis and all except H(8) satisfactorily refined. H(8) unstable under refine- 
ment and therefore set in fixed position. H atoms given an overall isotropic thermal 
parameter, 0.080(6) A2 at convergence. Weighting scheme w-r = a*(F) + 
0.0011057F2. R = 0.0418, I$ = 0.0600, S= 1.153. Max. and min. residues in final 
A F map 0.50 and - 1.06 eAm3 (near Mn). Coordinates of atoms in Table 2. 
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Table 2 

Atomic coordina~ in (q-C,H,)M.n(CO), 

X Y I 

h4l.l 0.28993(3) 0.00486(4) 0.26318(3) 

o(1) O&3324(18) 

o(2) 0.08500(18) 

o(3) 0.2672(3) 

c(1) 0.40814(21) 

c(2) 0.16497(21) 

c(3) O-2757(3) 

co 0.4117X25) 

c(5) 0.35952(25) 

Ci6) 0.2281(3) 

cx7) 0.1977(3) 

C(8) 0.3114(3) 

H(4) 0.486(4) 

H(5) 0.398(5) 

H(6) 0.166(4) 

H(7) 0.123(4) 

H(8) 0.333 

0.3074(3) 
0.2888(3) 

-0.0365(S) 
0.1887(3) 
0.1777(3) 

-0.0190(3) 
-0.208q4) 
-0.0963(4) 
-0.1174(4) 
-0.2445(4) 
-O-2988(3) 
-0.203(7) 
-0.032(6) 
-0.059(7) 
-0.277(6) 
-0.367 

O-38259(24) 
0.14544(21) 
O-52081(23) 
O-33768(25) 
0.X9287(23) 
0.4209(3) 
0.2493(3) 
0.1257(3) 
0.05959(24) 
0.1428(3) 
O-2589(3) 
0.309(5) 
0.105(S) 

-0.007(5) 
0.129(5) 
0.345 

For both structures tables of thermal parameters and additional interbond angles 
and lists of observed and calculated structure factors are available from A.J.W. 

Molecular orbital calculations 
All calculations by a locally modified version of ICON8 [17] using the weighted 

Hij formula [18]. To probe the preferred conformation of the SMe, group an 
idealised model Ff [9-SH,-7,84$$H,,]- with B-B = B-C = C-C = 1.75 A, B-H 
= C-H = 1.20 A, B-S 1.88 A, S-H 1.28 A, and tetrahedral angles at S was 
employed. Hii’s used were those inlaid in ICON8. The charge iteration calculations 
used the crystallographically determined models of 1 and 2. Thereafter, average 
Hii’s (given, together with Slater exponents, in Table 3) were employed in the 

Table 3 

ParametexsusedinEHMO/FhSOcalculations 

Orbital H,, WI s; 

Wls) -13.30 1.30 
B&j -15.40 1.30 

B(2P) -8.68 1.30 

c(2s) -20.90 1.625 

c(2P) -11.10 1.625 

o(2s) -29.10 2.275 

WP) -12.50 2.275 

s(3s) -25.10 1.817 

s(3P) -14.50 1.817 

h(W -11.00 5.15 1.90 0.53108 0.64788 
Mn(4s) -9.11 1.80 

W4P) -4.68 1.80 
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EHMO/FMO calculations, the g-l&and models being those derived experimentally, 
the PWCO)$ units being idea&d (C,, symmetry, C-Mn-C 90 O, Mn-C-O 180 O, 
Mn-C 1.78 A, C-O 1.14 A): 

Results and ttiscudon 

Synthesis, characterisation, and molecular structure of 1 
The compound 9-SMq-7,8-C,$H,, (carb’H) [6,19] is deprotonated by an excess 

of KOH in CH,Cl, to yield the monoanionic carbaborane ligand [9-SMe,-7,8- 
C,$H,,]- (carb’-), which upon treatment with a convenient source of the frag- 
ment fuc-{Mn(CO)3+} gives, after appropriate work-up, compound 1 in reasonable 
yield. This synthetic procedure also gives rise to a smaller amount of a second 
product, complete characterisation of which has so far been hampered by its relative 
instability. 

1 has been fully identified by microanalysis and by multielement NMR spec- 
troscopy. In the ‘H NMR spectrum there are two signals due to the S-bonded CH, 
groups, confirming their magnetic inequivalence. The”B-{‘H} NMR spectrum 
comprises 9 singlets all of relative integral 1. Eight of these [the exception being the 
2nd highest frequency signal, at -4.05 ppm, therefore assignable to the S-bonded 
boron atom B(4)] display clear doublet coupling (J(BH) 138-170 Hz) on retention 
of proton coupling. 

Thus 1 is shown to be [3,3,3-(CO),4SMq-3,1,2-MnC,$H,,I [20], a rare exam- 
ple of a transition metal complex of a monoanionic carbaborane ligand. To establish 
the stereochemistry of 1, an accurate low-temperature X-ray diffraction study was 

Fig. 1. Perspective view of compound 1. All atoms drawn as 50% probability ellipsoids, except for H 
atoms which have an artificial radius of 0.18, for clarity. Cage H atoms carry the same number as the B 
or C to which they are bound. 
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Table 4 

Interatomic distances (A> and selected interbond angles (“) in 3,3,3-(CO)94SM~-3.1,2-h4nC$~H10 

W3WW 
w3wP~ 
W3)-co 
Iw3wm 
m3wx21 
W3)-W4) 
fi(3kW7) 
W3)-B(8) 
s-C(S1) 
s-c(S2) 

S-B(4) 
c(Sl)-H(S1l) 
C(Sl)-H(S12) 
c(Sl)-H(S13) 
c(S2)-H(S21) 
c(S2)-H(S22) 
C(S2)-H(S23) 

c(A)-o(A) 
WPXB) 
c(C)-o(c) 
c(l)-c(2) 
c(l)-B(4) 
c1ww 
c(WW 
W-W) 
c(2kW 
q2)-~(7) 
~2vvl) 

1.7802(22) 
1.8059(23) 

1.808(3) 
2.1686(20) 
2.1688(21) 
2.1988(21) 
2.208q25) 
2.2298(23) 
1.7933) 
1.792(3) 
1.8995(22) 
0.83(5) 
0.82(4) 
0.85(3) 
0.83(4) 
0.88(3) 
0.77(4) 
1.144(3) 
1.146(3) 
1.139(4) 
1.585(3) 
1.687(3) 
1.711(3) 
1.719(3) 
0.88(3) 
1.713(3) 
1.704(3) 
1.702(3) 

90.93(10) 
89.92(11) 
88.88(11) 
42.88(7) 
45.43(7) 
45.82(8) 
47.44(8) 
47.76(9) 
99.98(14) 

107.00(12) 
m4.60(11) 
178*93(U) 
179.13(21) 
177.67(24) 
68.57(10) 
68.23(10) 
62.30(13) 
62.81(13) 
61.97(13) 
68.55(10) 
68.30(11) 
62.69(13) 
62.07( 14) 
63.46(14) 
66.33(10) 
67.19(10) 

W-W) 
B(4)-B(5) 
B(4)-B(8) 
W4)-B(9) 
W5)-B(6) 
W5)-B(9) 
B(5)-WO) 
B(5)-H(5) 
B(6)-WO) 
W6PW) 
B(6)-H(6) 
WhB(8) 
B(7)-B(w 
B(7)-W2) 
WI-WI 
B(8)-B(9) 
W8)-W2) 
W8)-H(8) 
w9)-wO) 
w9w302) 
B(9)-H(9) 
wlO)-wl1) 
JwOkB(l2) 
B(lO)-H(10) 

Jwlkwl2) 
B(ll)-H(11) 
B(12)-H(12) 

0.92(3) 
l-771(3) 
1.782(3) 
1.768(3) 
1.766(3) 
1.772(3) 
1.770(3) 
1.05(3) 
1.775(4) 
1.761(4) 

l-06(3) 
l-797(3) 
l-791(4) 
l-780(4) 
1.07(3) 
1.805(3) 
l-797(3) 

lW3) 
1.777(3) 
1.772(3) 
1.08(3) 
1.771(4) 
1.783(4) 
0.97(3) 
1.764(4) 
1.08(3) 
1.09(3) 

58.77(13) 
58.65(13) 
59.99(14) 
60x2(14) 
65.87(11) 
66.76(11) 
58.2q13) 
60.30(13) 
59.18(14) 
65.37(10) 
65.49(11) 
59.05(12) 
59.4q13) 
58.95(13) 
60.02(13) 
59.82(12) 
59.84(13) 
60.3q13) 
60.33(14) 
59.74(13) 
59.95(13) 
59.54(14) 
60.10(14) 
59.70(14) 
59.49(14) 
59.28(13) 



Table 4 (continued) 

59.25(12) 
60.12(13) 
61.13(13) 
57.93(12) 
59.26(13) 
59.8q13) 
60.27(14) 
60.21(13) 
55.01(12) 

c(w3w-B(7) 
W6)-WW-B(W 
B(lO)-J3(11)-El(12) 

3(7)-~(12)-~(8) 
~(7)-~(12)-wl) 
B(8kWl2WV9) 
B(9)-w12)-w10) 
3(10)-B(lZ)-B(11) 

58.34(13) 
60.35(14) 
60.59(14) 
60.29(13) 
60.72(14) 
60.76(13) 
59.97(14) 
59.91(14) 

undertaken, and afforded highly precise structural parameters. Figure 1 shows a 
perspective view of 1 and the atomic numbering scheme used. Table 4 lists the 
interatomic distances and selected interbond angles. 

Clearly, the geometry of t+z polyhedron of 1 is that of a closed icosahedron. The 
manganese atom is 1.643 A from the best (least-squares) plane through the 

W)C(2)B(4)B(7)B(8) f ace, which is slightly folded into an envelope conformation. 
Usually for icosahedral 1,2-dicarba-3-metallaboranes [21] the fold is along the 
C(2). . .B(8) vector, and is such that the 3 and 4 atom portions (defined by 
C(2)B(7)B(8) and CJ2)C(l)B(4)B(8) respectively) are bent towards the metal, affor- 
ding fold parameters [21] + -2.40°, 8 - 1.52O. The manganese atom is somewhat 
closer to C(1) and C(2) than to the facial boron atoms, but this merely reflects the 
smaller polyhedral radius of C than of B, since calculation reveals no slip of Mn(3) 
relative to the lower pentagonal belt [B@)B(6)B(ll)B(12)B(9)]. 

The {Mn(CO),} fragment is oriented with respect to the carb’ ligand such that 
one carbonyl function, C(B)O(B), is essentially trans to the mid-point of the 
C(l)-C(2) connectivity (see Fig. 2, a view of 1 from a position above the manganese 
atom). The l&-C(B) bond is significantly shorter than the other two. This tram 
influence of the cage carbon atoms is readily understood in terms of the fact that 
the frontier orbitals of nido-C,$ ligands have been shown to be local&d predomi- 
nantly on the facial boron atoms [4]. Surprisingly, no similar trans influence is 

‘C(A) U 

Fig. 2. Projection of 1. 
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observed in the related complex [(carb)Re(CO)J [22]. Since, in 1, Mn-C(A) = 
Mn-C(C) there appears to be no perceptible difference in trans influence between 

the {B(4)SMe, ] unit and the (B(7)H) function. 
The orientation of the SMe, unit is of some interest. As Figure 2 clearly shows, 

the torsion about the B(4)-S bond is such that the sulphur lone pair nearly eclipses 
the B(4)-C(1) connectivity (the torsion angle C(l)-B(4)-S-lone pair, calculated 
from the measurable angles C(l)-B(4)-S-C(S1) and C(l)-B(4)-S-C(S2) is only 
4.1(3)“). Moreover, the angle C(l)-B(4)-S, 11782(13)O, is substantially narrower 
than B(8)-B(4)-S, 130.47(14) O, i.e. the sulphur lone pair is inclined towards 
C(l)H(l). Since there is no evidence of intramolecular yowding involving the 
methyl groups and cage H atoms (Hmerhyl . . . H,, > 2.4OA), and since it is well 
known [23] that the H atoms terminal to carbaborane C atoms are relatively 
protonic, we suggest that the preferred orientation of the SMe, unit is that which 
maxim& the lone pair.. . H(1)8’ interaction. Consistent with this, EHMO calcula- 
tions using an idealised model of [9-SH,-7,8-C&H,,]- reveal that the optimum 
energy is reached when the C(7)-B(9)-S-lone pair [20] torsion angle is exactly 0 O. 
Similar torsions and inclinations of the SMe, group are observed in the structure of 
carb’H itself [19] and in the isolobally-substituted species lO,ll-p-(Ph3P)Au-9- 
SMq-7,8-C,$H,, [24], presumably for the same reason as that discussed above for 
1. 

Molecular structure of 2 
An early crystallographic study of 2 was reported previously [7], but by today’s 

standards it was of low precision. Therefore, to enable meaningful comparison 
between 1 and 2 to be made, we redetermined the solid state structure of 2, and 
achieved a fmal model which, in terms of estimated standard deviations, is an order 
of magnitude better than that previously reported. Interatomic distances and 
selected interbond angles are given in Table 5. 

Table 5 

Interatomic distances (A) and selected interbond angles ( * ) in ( T&H+~II(CO)~ 

M-c(l) 
h-c(2) 
W-c(3) 
h-c(4) 
&-c(5) 
=-c(6) 
&-C(7) 
a-c(8) 
0(1)-c(l) 
0(2)-c(2) 

1.7947(25) 
1.7876(25) 
1.797(3) 
2.136(3) 
2.133(3) 
2.141(3) 
2.142(3) 
2.139(3) 
1.148(3) 
1.148(3) 

91.85(11) 
92.63(12) 
91.94(12) 
38.74(11) 
38.21(11) 
38.07(11) 
38.89(11) 
38.20(12) 

0(3)-W 
c(4)-c(5) 
c(4)-c(8) 
c(4)-H(4) 
c(5)-WI 
(X5)-H(5) 
c(6)-WI 
W)- W) 
W-c(8) 
c(7H-W 

~-W-W) 
b-c(2)-o(2) 
a-c(3)-o(3) 
c(5)-c(s)-cl8) 
c(4)-c(5bW) 
c(5)-Q5)-471 
co-c0-~8) 
c(4)-c(8WO 

l-137(4) 
1.416(4) 
1.399(4) 
0.81(5) 
1.394(4) 
O-75(6) 
l-426(4) 
0.85(5) 
1.401(4) 

O-86(5) 

178.58(24) 
178.68(23) 
179.1(3) 
107.8(3) 
108.46(25) 
107.5(3) 
107.8(3) 
108.5(3) 



Fig. 3. 

The molecule, which is viewed in perspective and in projection in Fig. 3 and 4, 
respectively, has effective C’ point group symmetry about the plane defined by Mn, 
C(l),.O(l), and C(7). That carbonyl carbon atom [C(2)] which is most trans to a 
C-C(Cp) edge is significantly closer to Mn than are the other two, but there is no 
significant variation in C-O distances. The manganese atom is 1.772 A from the C, 
plane and all the H atoms are slightly (3-9 ” ) inclined out of this plane towards Mn. 
In 1 the Mn-q-plane distance is less because the ligand face is larger [25]. 

Fig. 4. Projection of 2. 
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Comparison of the molecular and electronic structures of 1 and 2 
The [carb’]- ligand may be drawn in two extreme forms. In I there is a net 

charge of -1 located on the atoms of the pentagonal face, whereas in the 
zwitterionic form II the net charge on the facial atoms is -2. 

In an attempt to assess the relevance of these alternate forms of [carb]- in 
complex 1 we performed EHMO calculations on the crystallographically derived 
models of both 1 and 2 with full charge iteration on all atoms. These calculations 
reveal that in 1 the {Mn(CO),} fragment carries a total charge of -0.51 e, i.e. 1.51 
e is transferred from the carbaborane ligand to an (Mn(CO)i} unit. In contrast, the 
{ Mn(CO),} fragment in 2 has a total charge of only - 0.20 e. 

Thus, the carb’ ligand in 1 is a significantly better electron donor than is the Cp 
ligand in 2. Clearly this difference is related to the fact that the occupied frontier 
orbitals of the earbaborane ligand contain substantial amounts of B 2p character, 
and are therefore higher lying than the corresponding orbitals of Cp. Although 
carbaborane ligands are often regarded as the archetypal electron deficient ligands 
they are, of course, electron precise for the structures they adopt, and the above 
results are certainly sensible in terms of the difference in size of the 5 atom l&and 
faces of carb’ and Cp and the difference in Hii’s of the atoms that define those 5 
atom faces. The calculations show that carb’ transfers 0.31 e more to the metal 
centre than does Cp. Given that the S atom in 1 is calculated to carry a charge of 
+0.26 e, the results suggest that a reasonable description of the electron partition- 
ing in the anionic carbaborane ligand is that given in III. 

Part of the reason for selecting compounds 1 and 2 for comparison resided in the 
potential of the carbonyl ligands common to both species to reflect the amount of 
charge transfer between the anionic ligands and the metal atom. The crystallo- 
graphic results show that there is no measurable difference in either Mn-C or C-O 
bond distances between 1 and 2, implying that any differences in bonding within the 
(Mn(CO), } moiety are small. The charge iterated EHMO calculations indicate that 
the metal tricarbonyl unit in 1 is somewhat more negative than that in 2. Subse- 
quent EHMO/FMO calculations (using models of 1 and 2 built up of crystallo- 
graphically determined q-ligands (carb’ or Cp) and ideal&d (Mn(CO),} units 
positioned and oriented over the q-ligand face as found in the crystal structures, and 
using the averaged optimised Hii’s given in Table 3) show that 80% of the extra 
charge on the metal resides in the e acceptor orbitals (LUMO) of {Mn(CO)l }, 20% 
in the a, acceptor orbital (2nd LUMO) [25] (Fig. 5). Build up of charge in these e 
orbitals limits u donation from carbonyl ligand to metal, and since the HOMO of 
CO is antibonding between C and 0, prevents the C-O bond from strengthening. 



e 

Fig. 5. The e and a1 acceptor orbit& of (Mn(C0); }. 

At the same time the slight additional charge in the ut acceptor orbital of the 
{Mn(CO)l } fragment in 1 versus 2 is in an orbital of the correct symmetry for 
interaction with the C-O 7r* system. Roth these features suggest that the C-O 
bonds in 1 should be somewhat weaker than those in 2. Indeed, the EHMO/FMO 
calculations give C-O bond overlap populations of 1.278-1.292 for the carb’ 
compound 1 and 1.295-1.296 for the Cp compound 2. 

In agreement with these theoretical conclusions, the C-O stretching frequencies 
[26,27] of 1 are slightly lower than those of 2, by an average of 7 cm-‘. On its own, 
a result like this would generally be held to be of little significance, and certainly the 
difference is a small one. It is, however, fully consistent with the greater donor 
ability of carb’ versus Cp, and it correlates perfectly with the C-O bond overlap 
populations calculated above, so we are confident that it is a meaningful result. It is 
equally satisfying that our accurate redetermination of the structure of 2 affords an 
average OC-Mn-CO bond angle of 92.14’ (c.f. 89.91’ in 1) which fits perfectly 
with the prediction of Haas and Sheline (271 that the angle in 2 would be obtuse on 
the basis of the relative integrated absorption coefficients of the e and a vibrations. 
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