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(Et4N)2[Fe2S214], 65045-63-8; (Et4N)2[Fe4S4(S-t-Bu)4], 62873-87-4; 
( ~ - B U ~ N ) ~  [ Fe4S4CI4], 65 103-98-2; ( Me4N), [ Fe4S4CI4], 65 103-99-3; 
(Et4N)2[ Fe4S4C14], 62758-02-5; (Et4N)2[ Fe4S4Br4], 65208-04-0; 
(Et4N)2[Fe4S414], 65208-05- 1 ; 5, 65045-40- 1 ; o-xylene-cu,cu’-dithiol, 
41 383-84-0; PhCOC1,98-88-4; (Me4N)2[Fe4S4(S-t-Bu)4], 52678-92-9; 
[Fe4SS4(SPh),l2-, 52325-39-0; [FezS2(SPh)4]2-, 55939-69-0; 
(Et4N)2[ Fe2S2CI4], 62682-8 1-9; (Ph4A~)2[ Fe2S2CI4], 65045-64-9. 
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In aqueous sodium hydroxide, cobalt chloride and nickel chloride react with B10H12As- to give C o ( B l o H l 0 A ~ ) ~ -  and 
Ni(BloHloAs)22-, respectively. Reacting BloHI2AsCH3, C5H6, CoCl2, and excess KOH in anhydrous ethyl alcohol gives 
( C ~ H ~ ) C O ( B ~ ~ H ~ ~ A S ) - .  The piperidinium salt of B9H10AsC treated in aqueous sodium hydroxide with cobalt chloride gives 
C O ( B ~ H ~ A S ~ ) ~ - ,  while (C5H5)Co(B9H9As2) is produced by reacting the piperidinium salt of B9HloAs2- with CoCl2, C5H6, 
and triethylamine in THF. Alternatively, (C5H5)Co(B9H9As2) may be produced by reacting 1 ,2-BloHloAs2, C5H6, and 
CoC1, in piperidine. 

Transition-metal complexes of 1 1-particle icosahedral 
fragments containing 0ne3-5 or two carbon atoms,6 one s u l f ~ r , ~  
selenium,8 tellurium,8 or phosphorus atom,* and both C and 
P9 or C and As’’ are  known. 

W e  now report complexes of this cage fragment containing 
one or two arsenic atoms. Preparation of the ligands 

themselves has already been reported.” 

Section 
Preparations of I11 and V were carried out in a nitrogen atmosphere. 

Salts of BIOHI2As- and B9HloAsC plus 1,2-BloHloAs2 and B10H12- 
AsCH3 were prepared according to literature methods.” Hydrous 
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Transition-Metal Complexes of Arsaboranes 

Table I. Analvtical Data 
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No. Compd 
% calcd % found 

C H Metal C H Metal 

a Mp 289-291 OC. 

Table 11. Infrared Spectra (KBr Pellets) (cm-') 
I 3602 w, 3020 w, 2490 vs, 1484 m, 1448 w, 1284 w, 1015 s, 

948 m, 895 m, 760 w, 730 w, 698 w, 451 w 
I1 3030 w, 2510 vs, 1483 s, 1409 w, 1290 w, 1007 s, 948 m, 

897 m, 765 w, 735 m 
111 3095 w, 3020 w, 2490 vs, 1484 m, 1415 m, 1288 w, 1063 w, 

1019 s, 946 s, 893 w, 850 w, 824 s, 763 w, 730 m, 692 w, 
412 w 

926 w, 880 w, 864 w, 757 m, 726 w, 495 w 

872 w, 845 s, 752 w, 728 w, 117 w, 581 w, 440 w, 405 w 

IV 3020 w, 2520 vs, 2444 w, 1482 m, 1415 w, 996 s, 944 m, 

V 3106 w, 2510 vs, 1416 m, 1060 w, 999 s, 978 m, 920 w, 

Table 111. Proton NMR Dataa 
No. Resonance Re1 intens Assign 

Ib  6.60 (CH 3) N+ 
IIC 6.58 (CH,),N+ 
IIIC 6.60 12.0 (CH3)4N+ 

5.02 4.9 C5H5 
IVC 6.59 (CH,),N+ 
VC 4.17 C5H5 

a Relative to (CH,),Si = 10.0. Dimethyld, sulfoxide solution. 
CAcetoned, solution. 

cobalt and nickel chlorides were used as received from Fisher and 
J. T. Baker Chemical Companies, respectively. Anhydrous cobalt 
chloride was prepared from the hexahydrate by heating it at 10-1 Torr 
and 100 'C for 2 days. Tetrahydrofuran (THF) was refluxed over 
LiAlH4 overnight and then distilled just prior to use Melting points 
were taken in sealed, evacuated capillaries and are uncorrected. 

Analytical data are reported in Table I. Elemental analyses were 
performed by Schwarzkopf Microanalytical Laboratories, Woodside, 
N.Y. Infrared spectra (Table 11) were obtained with a Perkin-Elmer 
621 instrument and are reported as very strong (vs), strong (s), medium 
(m), or weak (w). Proton NMR spectra (Table 111) were obtained 
with a Varian EM-360 spectrometer, and boron ("B) NMR spectra 
(Table IV) were obtained at 70.6 MHz with a Varian HR-220 
spectrometer and are externally referenced to (C2H5)20-BF3. 
UV-visible spectra (Table V) were obtained with a Cary 17 in- 
strument. 

[ ( ~ ~ ) ~ ~ [ ~ O ( B I ~ ~ ~ ~ ) Z ) H Z O  (1) and [ ( ~ 3 ) 4 ~ d N i ( B d 1 o A s ) 2 1  
(II). To 50 mL of 33% sodium hydroxide solution in a round-bottomed 
flask was added 1.00 g of CsBloHI2As. Then 3.0 g of CoCI2-6H20 
or NiCI2.6H20 dissolved in a minimum of warm water was added 
with stirring. The resulting slurry was stirred and maintained at 55 
"C for 33 h for the cobalt reaction or 50 "C for 10 h for the nickel 
reaction. The reaction mixture was then filtered on a fritted glass 
funnel, and the solids were washed with hot water until the filtrate 
became colorless. Air was bubbled through the combined filtrate and 
washings from the nickel reaction until a yellow color appeared. 
Precipitation with tetramethylammonium chloride solution gave crude 
solids which were recrystallized from hot water (I) or a small volume 
of acetonitrile (11) to give 0.973 g (93% yield) of I and 0.468 g (52% 
yield) of 11. 

(~,) ,N(C,H~)CO(B,~H,OAS) (111). This salt was prepared in the 
same manner as (CH3)4N(C5H5)Co(BloHloP).1~ The quantities of 
reagents used were 1.96 g of BloHl&CH3, 4.4 mL of CSH6, and 3.2 
g of CoC12. The initial quantity of KOH was 6.8 g, and the final 
quantity was 4.1 g. The air-dried crude tetramethylammonium salt 
was extracted twice with IO-mL portions of hot ethylene dichloride. 
The remaining solid was then extracted with several fractions of boiling 
methanol, and the methanol solution was filtered while hot. Reducing 

8.5 1 8.59 20.77 8.44 8.54 
7.47 9.89 15.85 7.46 10.16 
6.95 15.06 27.25 7.23 15.50 
4.68 9.13 7.52 4.89 9.23 
3.71 15.50 15.90 3.70 14.86 

Table IV. Boron ("B) NMR Spectra at 70.6 MHz 
No. Relintens Chem shifts, ija ( J B H ,  Hz) 
Ib 1:2:2:1:2:2 6.2 (130), 4.3 (130), 1.7 (-120), 

0.0 (120),- 11.9 (125), -- 13.4 (-125) 
I F  1:4:1:2:2 20.9 (130), 12.5 (140), 8.3 (145), 

IIId 2:1:1:2:2:2 8.0 (125), -6.7 (-120), 5.0 (1201, 

IVd 1:1:2:2:1:2 20.6 (145),-16.1 (-140), 12.3 (115), 

-4.3 (130),-6.1 (-130) 

3.2 (140),-7.3 (135),- 12.7 (145) 

11.5 (130),-- 1.7 (-140),-2.6 (145) 
Vd 1:5:2:1 17.1 (145), 12.3 (145),-4.7 (155), 

-8.8 (165) 
a Relative to (C,HS),O*BF, = 0. 
Dimethylformamide solution. Acetone solution. 

As a trisodium salt in water. 

Table V. Electronic Spectraa 

No. hmax, mw ( E )  NO. Amax, mH (€1 
I 451 (384) IV 473(260) 

348 (14 900) 

I1 332 (21 400) 231 (15 400) 

309 (28 700) 
210b (24 800) 283 (8400) 

305 (20 600) V 443 (326) 
341b (1710) 
311 (10 700) 
266 (10 400) 
239 (15 500) 

111 431 (305) 
313b (1850) 
266 (18 700) 
201b (15 500) 

a Acetonitrile solution. Shoulder 

the volume of methanol and allowing the solution to cool gave 1.57 
g (43% yield) of orange-brown crystals of 111. 

(CH3)4N[Co(B9H9As2)2] (IV). To 1.00 g of 1,2-BloHl&2 under 
a nitrogen blanket in a 50-mL three-necked flask was added 20 mL 
of piperidine, and the solution was stirred magnetically for 22 h. Excess 
piperidine was removed by rotary evaporation, and the crude solid 
dried several hours at Torr and 110 "C. Fifty milliliters of 33% 
NaOH solution was placed in a 125-mL Erlenmeyer flask, and 2.0 
g of CoCI2.6H20 dissolved in a minimum of warm water was added 
with stirring. Then the crude piperidinium salt of BgHloAs2- from 
above was added and the slurry stirred for 24 h. The slurry was 
filtered, and the filtrate washed several times with distilled water. 
The remaining solid was then extracted with several small portions 
of acetone until there was very little color in the extract. Water and 
(CH3),NC1 solution were added to the acetone solution and then more 
water was added until precipitation of the crude brown salt was 
complete. After air-drying, the crude salt was dissolved in acetone 
and chromatographed on a 6-in. neutral alumina column using acetone. 
The orange band was collected and the solvent removed by rotary 
evaporation. Recrystallization was effected by dissolving in acetone, 
adding absolute ethanol, and slowly rotary evaporating to give small 
dark red needles of IV (0.562 g, 46% yield). 

(CSH5)Co(B9HgAs2) (V). Method A. In a three-necked 50-mL 
flask under a nitrogen blanket was stirred 0.50 g of 1,2-BloHloAsz 
in 20 mL of piperidine for 22 h. Excess piperidine was removed in 
vacuo and the resulting solids were dried at IO-' Torr and 110 "C 
for several hours. The flask was fitted with a reflux condenser and 
gas inlet, and a nitrogen blanket was once again established. To the 
flask was added 50 mL of dry THF, IO mL of dry (C2H&N, 3.0 
mL of freshly cracked C5H6, and 2.0 g of anhydrous CoCl2 in that 
order. Stirring was carried out for 17 h, and then the mixture was 
refluxed for 1 h. After the mixture was cooled, a stream of O2 was 
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bubbled through it for 1 h, and the THF removed in vacuo. The solid 
residues were extracted with several portions of methylene chloride, 
silica gel was added, and the solvent was removed on a rotary 
evaporator. Chromatography of the solids on a silica-gel column with 
25% methylene chloride-75% hexane gave a yellow band. Removal 
of the solvent and crystallization of the solid from ethylene di- 
chloride-heptane gave 0.33 g (46% yield) of orange plates of V. 

Method B. To 0.50 g of 1,2-BloHloAs2 under a nitrogen blanket 
in a 50-mL two-necked flask fitted with a reflux condenser and nitrogen 
inlet was added 25 mL of piperidine. Then 3.0 mL of CSH6 and 2.0 
g of anhydrous CoC12 were added, and the mixture was stirred at rcom 
temperature for 10 h and refluxed for 12 h. Excess piperidine was 
removed in vacuo, and the residues were chromatographed'* as in 
method A to give 0.24 g of V (33% yield). 

Results and Discussion 

The  complexes Co(BloHloAs)23~ and Ni(BloHloAs)22- are  
obtained when a strong aqueous solution of sodium hydroxide 
reacts with CsBIOH12As and cobalt chloride or nickel chloride. 
Salts of several large cations may be prepared, although the 
tetramethylammonium salts a re  most conveniently prepared 
and purified. Precipitation of the cobalt complex anion with 
tetramethylammonium chloride solution and recrystallization 
from hot water give [(CH3)4N]3[C~(B10H10A~)2]~H20 (I) in 
very high yield. The water of crystallization is seen both in 
the elemental analysis (Table I) and in the infrared spectrum 
(Table 11, 3602 cm-'). Waters of crystallization have been 
observed for Cs' salts of the analogous "carbollide" complexes 
M(BloH&H)?-, where M = Cr, Fe, or C O . ~  The boron ("B) 
N M R  spectrum a t  70.6 M H z  was obtained using a trisodium 
salt (eluted from the sodium form of a strongly acidic ion- 
exchange resin with hot water) because of the insolubility of 
the tetramethylammonium salt in most solvents. Doublets in 
the 70.6-MHz boron N M R  spectrum (Table IV) overlap 
badly, but the 1:2:2: 1 :2:2 pattern corresponds to the expected 
C, cage symmetry. 

Precipitation of Ni(BloHloAs)22-  with tetramethyl- 
ammonium chloride solution and recrystallization from a small 
quantity of acetonitrile give a moderate yield of [(CH3)4- 
N]2[Ni(B10HI&~)2]  (11) as large reddish orange crystals. The 
boron N M R  spectrum shows a 1:4:1:2:2 pattern, which 
corresponds to C, cage symmetry except for the accidental 
degeneracy of two doublets of area 2 each. As has been 
0bserved~3~ for BloHloCH3- and B9C2H1 12- complexes of nickel, 
BloHloAs3- stabilizes the Ni" oxidation state. 

Attempts to synthesize (C5H5)Co(BloHloAs)~ from salts of 
B10H12As- gave no product, even though the complex ion 
(C5H5)Co(BloH,oCH)- had been successfully prepared5 from 
a salt of BloH12CH-. Thus, as in the case of the 
phosphaborane2 (C5H5)Co(B10H10P)-, we started with a cage 
having an  alkyl substituent on the heteroatom. Reacting 
BlOHI2AsCH3,  C5H6, and CoC1, in a KOH solution of ethyl 
alcohol gave after precipitation with (CH3)4NC1 solution a 
moderate yield of (CH3)4N(C5H5)Co(BloHloAs) (111). None 
of the expected (C5H5)Co(BloHloAsCH3) was found. 

When attempts were made to methylate the arsenic on I11 
with methyl iodide in T H F ,  cage disruption was the result 
(similar results were found with ethyl iodide). This is in 
contrast to the analogous phosphaborane complex, in which 
the phosphorus is alkylated smoothly in high yield by a variety 
of alkyl iodides.2 

Complex I11 had the only integrable proton N M R  spectrum 
(Table 111) of any of the arsaborane complexes: the resonance 
a t  7 6.60 (relative area 12.0) is assigned to the (CH3)4N+ ion 
and the resonance a t  7 5.02 is assigned to the cyclopentadienyl 
protons. The  boron-1 1 N M R  spectrum was completely re- 
solved into doublets of relative areas 2:1:1:2:2:2, as expected 
for C, cage symmetry. 

Synthesis of complexes of 7,8-B9H9As22- proved to be a 
difficult task. Many different salts of the B9HloAs2-, tran- 
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sition-metal ions, and reaction conditions were tried before the 
first complex was successfully synthesized. Cobalt is the only 
metal of which complexes have yet been made, and the only 
salt of B9HloAs2- found to be synthetically useful is the pi- 
peridinium salt. Thus reacting C5H10NH2B9H1&s2 and cobalt 
chloride in strong aqueous sodium hydroxide solution followed 
by precipitation with (CH3)4NC1 solution gives a moderate 
yield of (CH3)4NCo(B9H9As2)2 (IV). The Co" complex 
initially formed is evidently oxidized to a Co"' complex by air 
during the reaction. 

The  boron-11 N M R  spectrum of IV is in a 1:1:2:2:1:2 
pattern of doublets (the upfield set of doublets is very poorly 
resolved), readily interpretable in terms of C, cage symmetry. 

Reacting the piperidinium salt of B9Hl&sl ,  freshly cracked 
cyclopentadiene, triethylamine, and C0C12 in THF produces 
(C5H5)Co(B9H9As2) (V) in moderate yield. An alternate route 
starting with 1,2-B10HloAsz in piperidine gives a lower yield 
of V, the only neutral arsaborane complex thus far synthesized. 

The  boron-1 1 N M R  spectrum of V is in a 1:5:2:1 pattern, 
interpretable as C, cage symmetry with two doublets of area 
2 each and one doublet of area 1 accidentally degenerate. The 
cyclopentadienyl protons are  found a t  7 4.17 in the proton 
N M R  spectrum (Table 111), which is close to the values of 
the resonances for the complexes CSHSCo(BloHloPR).2 An 
absorption a t  3 106 cm-l in the infrared spectrum is attributable 

The low-resolution mass spectrum of V cuts off a t  m / e  382, 
corresponding to the 11B91H1412C575As259Co+ parent ion. 

Electronic spectra of the complexes are  presented in Table 
V and are  quite similar to spectra of analogous complexes of 
1 1-particle fragments containing C,  P, S, Se, or Te. 

Attempts were made to synthesize a complex of the formula 
Fe(BloHloAs)23- using CsBloHlzAs and ferrous ammonium 
sulfate in an aqueous base solution under a nitrogen blanket. 
A burgandy color developed (the color of the F e ( B l o H l o C H ) ~ -  
ion), and iron metal was deposited. However, rapid de- 
composition took place when the solution was exposed to air. 

Attempts to synthesize the neutral molecule (C5H5)-  
Ni(BloHloAs)  using CsBloH12As, sodium amalgam, and 
(C5H5)2Ni in acetonitrile solution gave about 1% yield of a 
volatile dark orange complex showing a cutoff in the low- 
resolution mass spectrum a t  m / e  319, corresponding to the 
molecular ion 11Blo1H1512C575As59Ni+. Hawthorne and co- 
workers had successfully synthesized (C5H5)Ni(BlIH1 I)- from 
B11H132- by a similar route.13 Because of the very low yield, 
we did not investigate this material further. 

Attempts at alkylating the nonbonding pairs of electrons 
on arsenic atoms for the complexes I-IV resulted in cage 
degradation. 

Thus the chemistry of arsaborane-transition-metal com- 
plexes, as well as the number of complexes that can be made, 
is very limited. This is in direct contrast to the rich chemistry 
associated with most other heteroborane ligandsS6 W e  have 
observed that when very heavy members of a given family are 
substituted into a borane cage, both the percent yields of the 
products and the number of readily accessible compounds drop 
dramatically. Our studies of stibaboranes bear this 0 ~ t . I ~  
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The Question of Fluxional Behavior in B3Hs- and B5Hll 
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The structures of B3Hc and B5H11 have been examined by molecular orbital techniques to study whether they exhibit fluxional 
behavior. The PRDDO (partial retention of diatomic differential overlap) method was employed in this study, and the 
negative ion B3H8- was also examined by ab initio extended-basis 4-3 1G calculations. The pseudorotation process, which 
involves conversion of the equilibrium geometry double-bridge structure to a single-bridge structure, followed by rotation 
of the BH3 group, was found to afford a low-energy pathway. The calculated 4-31G barrier to hydrogen exchange is about 
1 kcal/mol (in the gas phase) and is consistent with fluxional behavior for B3H*-. The bonding in B3H8- is examined in 
terms of localized molecular orbitals, vacant-orbital topology theory, and donor/acceptor interactions of the molecular 
subunits. Geometry optimization of B5H11 was performed in C, symmetry starting from a set of crystal coordinates. A 
recently reported asymmetric crystal structure of C1 symmetry was also examined. After substantial optimization, this 
Cl structure was less stable than the C, structure, but only by about 1 kcal/mol. An identical energy increase was obtained 
for the C, structure by displacing the unique terminal hydrogen on the apical boron by 10”. Thus, B5Hll appears to have 
C, symmetry and not to be fluxional. A low-lying vibration involving substantial displacement of the unique hydrogen 
on the apex is indicated, however. 

Fluxional behavior in the boron hydrides has been observed 
in a number of instances.’ Two systems that  have been 
postulated to be fluxional (i.e., to be comprised of two or more 
structures which interconvert rapidly on the N M R  time scale) 
a r e  B3HB- and B5HII. Observation of the former in solution 
by N M R  shows that all protons and borons remain equivalent 
on the N M R  time scale even down to 137 K2 Thus, a rapid 
intramolecular tautomerization occurs, the activation energy 
for which has been estimated to be no greater than 8 k c d /  
mol.’ In the solid state, only one structural study of the ion, 
an x-ray diffraction study of ((NH3)2BH2+)(B3Hx-),3 has been 
reported for other than transition-metal complexes. This study 
indicates that the anion has C, symmetry, as shown in Figure 
l a ,  and has two hydrogen bridges and three BHz groups. 
Solid-state N M R  results have also been obtained for KB3H8 
and for (CH3)4NB3H8. A t  room temperature, the proton and 
l lB spectra indicate equivalent borons and protons on the 
N M R  time scale.4 

The pseudorotation process proposed by Lipscomb for B3H< 
(Figure 2) involves transformations between a one-bridge and 
a two-bridge ~ t r u c t u r e . ~  The  two distinct phases of this 
mechanism are  (1) an  exchange of bridge and terminal hy- 
drogens, which corresponds to the interconversion of the 
double- and single-bridge structures, and (2) a subsequent 
rotation of the BH3 group in the single-bridge structure. Since 
the single-bridge structure can reclose to either of the two 
equivalent two-bridge structures, all borons and all hydrogens 
can exchange. A theoretical study employing the N E M O  
method in conjunction with unoptimized geometries yielded 
barriers of 4.4 and 2.5 kcal/mol, respectively, for the successive 
bridge-terminal exchange and BH3-rotation steps.6 

A n  unambiguous experimental determination of the mo- 
lecular structure of BsHl l  has proven to be difficult to obtain.’ 
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The  initial crystal structure of Lavine and Lipscomb (LL) 
suggests that the molecule has C, ~ y m r n e t r y . ~  N M R  studies 
have also been reporteds but do not establish whether B5H11 
has C, symmetry or has two equivalent interconverting forms 
of C1 (no) symmetry. This perplexing question has not been 
resolved, despite the new crystal structure determination by 
Huffman and S ~ h a e f f e r , ~  who reported a C1 structure. If the 
ground state of the molecule in fact lacks symmetry, then, as 
noted, it must have a fluxional structure. 

Theoretical studies of systems such as these may have 
predictive value, even though such studies strictly apply only 
to processes occurring in the gas phase, where solvation effects 
a r e  absent. The  N E M O  studies on B3Hs- a re  subject to this 
limitation and are  further suspect because of the  sizable 
approximations to  a b  initio theory employed in the method. 
A b  initio SCF and localized-orbital studies have been reported 
for BSHl1.l0 However, these studies employed geometries 
based on the C, crystal structure of Lavine and Lipscomb and 
thus do  not answer the question of the symmetry of the 
molecule. 

In this study, we have examined various structures for B3Hs- 
using both PRDDO” and 4-31G” calculations. P R D D O  is 
an  efficient approximate method which employs minimum 
basis sets of Slater atomic orbitals and which accurately 
reproduces the results of a b  initio calculations using mini- 
mum-basis sets. The  a b  initio 4-31G calculations a re  much 
more expensive but employ more flexible basis sets which 
circumvent some of the special difficulties which arise in 
minimum-basis-set calculations on negative ions; the larger 
basis sets allow for the necessary expansion of the charge 
distribution in regions of excess electron density. For B 5 H l l ,  
several structures have been examined at the P R D D O  level, 
and a characterization of the bonding in terms of the localized 
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