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Summary 

The room-temperature reaction of cyclopentadienylcobalt dicarbonyl in ben- 
zene solution with arsenic trifluoride has unexpectedly produced in low yield a 
new tetranuclear metal complex [CO~(~~-C~H~)~(CO)~(~~-AS)]*BF; - :C6H6 by 
the extraction of boron from the Pyres-glass flask as the tetrafluoroborate anion 
This compound has been characterized by physical means including a single- 
crystal X-ray analysis which not only unambiguously established the actual com- 
position but also revealed an example of an unusual organometallic complex con- 
taining a quadruply bridging arsenic atom linking four metal atoms. The entire 
[Co,(h’-C,H,),(CO),(P~-As)]* monocation ideally posesses an &-z configuration 
which consists of two essentially identical [Co,(hs-CjHs),(CO),] fragments joined 
to each other by a metal-coordinated tetrahedral-like arsenic atom. The central 
Co&s core of the diamagnetic monocation, which is structurally related and 
electronically equivalent to the previously reported [ Fez(CO)&(&Sn) molecule, 
has an approximate D&2m geometry with two electron-pair Co-Co bonding 
distances of 2.60 & (av) and four Co--Co nonbonding distances of 4.14 W (av) 
and with a mean Co-As bond length of 2.27 A. The isolated compound crystal- 
lizes with two cations, two anions, and one benzene molecule of solvation in a 
reduced tricrmic unit cell of Pi symmetry and of dimensions a = 9.230(5), b 
= 18.815(10), c = S-939(4) A, Q = 100.38(5), /3 = 95.49(4), and y = 76.21(5)“. 
The structure was refined by full-matrix least-squares techniques to an unweight- 
ed R 1 value of 4.8% for 1784 independent diffracometry-collected data with 
I> 20(I). 

* Present address Department of Chemistry. University of New Mexico. AIbuquerque. New Mexico 
87131 (U.S.A.) 
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Introduction 

A number of tetrameric ]M(h5-C,H,)(Er,-X)]4R-type complexes containing 
triply-bridging sulfur, selenium, or phosphorus atoms bonded to iron or cobalt 
atoms have recentIy been synthesized and structurally characterized [l-5]. An 
X-ray structural determination of the cubane-like [CO,(~~-C,H,)~(~~-P)~] mole- 
cule [ 53 revealed unusually short P---P separations relative to the corresponding 
S---S distances in the isoelectronic and similarly distorted cubane-like [Fe,- 
(h5-CsH,)a(~sS)4] mole&e 113. In order to investigate whether these anomalous- 
ly short X---X distances (which were later attributed [S] from other work to give 
rise to distinct bonding forces) were peculiar to phosphorus or whether they 
might also occur for arsenic, attempts were made to prepare the hitherto un- 
known [CO,(~‘-C,H~)~(C(~-AS)~] complex [7] *_ 

Since arsenic trifluoride has been successfully utilized as a source of “bare” 
triply-bridging arsenic atoms in the preparation of [Ni&z5-CsHS)4(~J-As)3]*BF; 
ES] and Fe,(CO)&3-As), 19 1, it was thought that the reaction of arsenic trifluor- 
ide with cyclopentadienylcobalt dicarbonyl under appropriate conditions might 
yield the desired cobalt-arsenic tetramer. * This reaction instead produced the 
[CO,(!Z?-C,H,),(CO)~(~&~)]~ monocation, an unusual Spiro-like tetranuclear 
cobalt complex, whose structure and physicochemical properties are reported 
here. This tetracobalt-arsenic monocation was found to be of particular stereo- 
chemical interest in its being electronically equivalent and structurally analogous 
to [ Fe2(CO)8] t(&,-Sn) [lo] as well as structurally related to [ Fe2(C0)&2-SCH~)]2- 
(L&Z) 1111 and [Fe2(CO)s(CLzSn(CH3)*)]-(I.1~Sn) 1121, which also contain quadru- 
ply bridging sulfur or tin atoms. 

Experimental 

Preparation and properties 

[Co,(h5-C,H,),(CO),(~,-As)l’BF,- - &.H, was prepared from the reaction of 
arsenic trifluoride with a benzene solution of cyclopentadienylcobalt dicarbonyl 
in a Pyrex-glass reaction vessel at room temperature. A solution of 5 g (38 mmols) 
of anhydrous arsenic trifluoride (ROC/RIC Chemical Co.) in 25 ml of freshly 
distilled benzene was added dropwise to a vigorously stirred solution of 5 g (28 
mmols) of cyclopentadienylcobalt dicarbonyl in 25 ml of benzene under a nitro- 
gen atmosphere_ The stirring was maintained for 24 h and then discontinued. A 
slow evaporation of the solution to dryness under a stream of dry nitrogen pro- 
duced a dark-red, hexane-insoluble residue from which a few dark red crystals 
were removed and utilized for X-ray analysis. The remainder of the residue was 
purified by extraction with acetone and filtration through a short silica gel col- 
umn- An IR spectrum (Beckman IR-8, chloroform solutionj of the purified com- 
pound exhibited a single carbonyl stretching frequency at 1984 cm-‘, as well as 
bands indicative of cyclopentadienyl and BF; groups. The close similarity of 
this solution spectrum with a solid-state IR spectrum (KBr disc) of the red crys- 
tals provided firm evidence that the compound in solution was unchanged at 
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room temperature from that in the solid state. Its diamagnetic character was 
established from an EPR solution spectrum (Varian E-3) which showed no reso- 
nance and from the line-shape of a proton NMR spectrum (Varian XL-100) which 
showed only a very sharp singlet at 5.38 ppm corresponding to a single type of 
cyclopentadienyl proton. 

X-Ray data collection 
Since attempts to recrystallize the purified residue were unsuccessful, X-ray 

data were collected on crystals that had been removed from the reaction vessel. 
A dark-red trigonal prismatic crystal of approximate dimensions 0.04 X 0.20 

_ X 0.56 mm was used for the collection of intensity data. The crystal was glued 
to the inner wall of an argon-filled Lindemann glass capillary with epoxy cement 
and oriented along the crystal’s longest dimension such that the c axis was nearly 
parallel to the goniometer axis. This crystal was optically and then X-ray aligned 
on a Nova-automated Syntex Pi diffractometer. The angular coordinates of 15 
reflections, which were carefully centered with monochromatic MO-K, radiation 
were least-squares refined to yield lattice parameters of a = 9.230( 5), b = 
= 18.815(10), c = 8.939(4) A, a = 100.38(5), p = 95.49(4), and 7 = 76.21(5)” 
and a cell volume of 1480(l) A3. An experimental density of 1.79 g cme3 (flota- 
tion method) is in accord with the calculated density of 1.82 g cmm3 based on 
2 = 2 for the subsequently determined formula. 

Intensity data were collected via the 6 -- 28 scan mode with a scintillation coun- 
ter and pulse-height analyzer adjusted to admit 90% of the MO-K, peak. The 
Bragg 28 angle for the highly-oriented graphitecrystai monochromator was 12.2”, 
while a take-off angle of 4” was used for the incident-X-ray beam. Variable scan 
speeds with a minimum of O.Fi”/min and variable scan widths based on the over- 
all intensity and width of the peak were employed. A (stationary-crystal)-(sta- 
tionary-counter) background measurement for one-half of the total scan time 
was made on each side of a peak. Two standard reflections were measured every 
50 reflections to monitor instrument stability as well as crystal alignment and/or 
decay. Corrections were made for an observed 25% linear decrease in the stan- 
dard intensities during the data colle$ion period,All independent reflections 
corresponding to four o&ants, hkl, hkl, hkl, and hkl, of the triclinic reciprocal 
lattice were collected for 3” G 20 G 40”. After correction of the data for back- 
ground and Lorentz-polarization effects, structure factor amplitudes and corre- 
sponding standard deviations were obtained in a manner previously described 
[ 13]*. This treatment included the correction of data for absorption effects due 
to the calculated transmission coefficients varying from 0.50 to 0.85 (based on 
a p value of 35.08 cm-’ for MO-R, radiation). Of the 2145 independent reflec- 
tions that were sampled, 1784 reflections were considered above background 
with the criterion I> 2.00(I). 

Structural determination and refinement 
The approximate positions of the arsenic and four cobalt atoms were deter- 

mined by an interpretation of a Patterson map. The coordinates of the remain- 
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ing nonhydrogen atoms in the cation and anion were obtained from subsequent 
Fourier syntheses_ Two cycles of full-matrix least-squares refinement with varia- 
tion of only the positional parameters followed by two more cycles with vari- 
abIe isotropic temperature factors yielded RI = 16.6% and Rt = 19.7% *. The 
coordinates of the cyclopentadienyl hydrogen atoms were fixed at idealized 
positions at 1.1 A from their attached carbon atoms and recalculated after each 
cycle. At this point alI nonhydrogen atoms were assigned anisotropic thermal 
factors, and block-diagonal least-squares refinement was carried out until appar- 
ent convergence at R1 = 8.2% and Rt = 103%. A difference Fourier synthesis 
revealed a planar arrangement of six peaks about a crystallographic center of 
symmetry with distances corresponding to a benzene molecule- This solvent 
molecule per celI was refined in subsequent least-squares calculations as a rigid 
body with anisotropic carbon thermai parameters (and fixed isotropic hydrogen 
temperature factors) in order to compensate for a slight translational-type ring 
disorder, as evidenced by the thermal ellipsoids of the six carbon atoms being 
similarly elongated to a first approximation along one of the in-plane molecular 
directions. Further block-diagonal least-squares refmement until convergence fol- 
lowed by a final cycle of full-matrix least-squares refinement led to the final dis 
crepancy values of R1 = 4.8% and Rz = 52% with no A/a values on the last cycle 
being greater than 0.5 and with a fmal goodness-of-fit value of 1.27. A Fourier 
difference map showed no unusual features with the largest peak maximum be- 
ing only 0.7 electron/A3. The atomic scattering factors utilized in aU structure 
factor calculations were those of Cramer and Mann [14] for the nonhydrogen 
atoms and those of Stewart et al. [ 153 for the hydrogen atoms with corrections 
applied for real and imaginary anomalous dispersion effects [163 for cobalt and 
arsenic. 

The positional and thermal parameters from the final full-matrix least-squares 
refinement cycle are presented in Table 1 **_ Interatomic distances and bond 

A_ Positional Parameters 

As 

Co(l) 
CO(2) 
CO<3) 
CO(4) 
C(1) 
G(1) 
C<2) 

I Y 

O-5583(2) 0.2322<1) 
0.4589(3) 0.3287(l) 
O-6125(3) 0.3383(l) 
0.4602<3) 0.1453U) 
0_7010(3) 0.1184(l) 
0.3000<26) 0.3596(11) 
0_1929(18) 0.3820<10) 
0_7634<25) 0.3060(11) 

1 

0.3519(2) 
0_2269<2) 
0.4867<2) 
O-4266(3) 
O-2762(3) 
O-3304(24) 
0.3961<18) 
0.3879<23) 

(Table to be continued) 

* Rl=(SIIFoI-IIF,II/XIFoI) X 100~dR~=<XWiIIFoI-Iliz,IIz/XWfIFoI~)t~x 100. AUIeastspUarrS 

~finements -based on the 
= cl/of IF, I)*_ 

mlnimhation of ZwjIIF,,I - IF,IP with individml weights wi 

** set NAPS document no. 02951 for su~pkmentary material invol~ a Using of .the ob&v& 

and etlctdatcd structurk factors i% LCO~~~~~~H~~~CO)~<~~-AS)~BF~ - + C6Hg. Order f&m 
ASISINAPS Cl0 bfiaofiche Public&ions. P-0. Box 3613. Grand Central Station. New York, 
N-Y-. 1OOlZ Remit in advance for ca& NAPS accdon ~unxber $1.50 for microfiche or $S_OO for 
uhotocosks UP to 30 uaes.ltkforaclladaitt.nlal~?daks=~~pqrrble toMicmtirhe 
FQhliMti- 
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rdBLE l(continued) 

A.Positional Parameters 

x Y L 

O(2) 
C(3) 
O(3) 
C(4) 
O(4) 
cm-l) 
al-2) 

al-3) 

C(1-4) 
al-5) 
H(l-1) 
Wl-2) 

H<l-3) 

H(l-4) 
H(l-5) 
cc?-1) 

C(2-2) 

C<2-3) 

C(2-4) 

C(2-5) 
w2-1) 

H(2-2) 
H(2-3) 

H(2-4) 

H(2-5) 

C(3-1) 

C<3-2) 
C(3-3) 
C(3-4) 
C(3-5) 

H(3-1) 

H(3-2) 

H(3-3) 

H(3-4) 
H(3-5) 

C(4-1) 

cc42) 
C(4-3) 

CM-41 
Ci4-5) 

H(4-1) 
H(4-2) 
H(4-3) 

HC4-U 
H(4:5> 
B 

F(l) 

F(2) 
F(3) 

F(4) 
BC(l)b 
BC<P) 
BC(3) 
BHW 
BH<2) 
BH<3) 

0.8701(20) 

O-5757(25) 
O-6428(17) 

0.5927(24) 

0.5269(20) 

0.4839(21) 
0.3595(21) 
0.4069(21) 

0_5590<21) 

0.6079(20) 
0.4903 
0.2431 

0.3283 

0.6280 

0.7281 
0_6209(22) 

0.7139(24) 

0.6200(25) 

0_4749(23> 
0_4740(22) 
0.6582 

0.8341 
0.6597 

0.3759 

0.3750 

O-2321(23) 

0.2627(23) 
0.3249(22) 
O-3344(22) 

0.2807<20) 

0.1834 

0.2385 

0.3603 

0.3809 
0.2714 

0.9119(22) 
0_9020(26) 

O-8732(24) 
0_8635<24) 

0X872(24) 
0.9336 
0.9160 

0.8591 

0.8416 
0.8877 
0.0380<44) 

0.033X(28) 

0_0082<22) 
-4MJ479~29) 

0.1695(21) 

-0.0218 

-0.0474 

-0.0256 
-0.0389 
-0.0846 
--O.O457 

0.3352(10) 

0.1381(11) 
0.1302(8) 

0.0964(11) 

0.0811(S) 

0.2746(10) 
0.329301) 
0.3964(10) 

0.3827(11) 

0.3053(10) 
0.2134 
0.3250 

0.4541 

0.4223 
0.2735 
0.318?<11) 

0.3656(12) 
O-4296(12) 

O-4223(12) 
0.3497(12) 
0.2612 
0.3560 

0.4802 

0.4620 
0.3267 

0.1891(12) 

0.1478<13) 
0.0745<12) 
0.0718(12) 

0.1434(11) 

0.2506 

0.1674 

0.0261 

0.0219 

0.1607 
0.1374(12) 

0.076104) 

0.023803) 
0.0557<13) 
0.1312<12> 
0.1903 
0.0644 

-0.0332 

0.0324 
0.1706 
0.206808) 

0.248502) 

0.2469<9) 
0.1676(16) 
0.1651<12) 

-0.4283 

0.4772 

0.5489 
0.3719 
0.4592 

0.5874 

0.3302(18) 

0.5908(25) 
0_7014(18) 

O-1156(29) 

0.0020(19) 

0.0063(20) 
0_0096(20~ 
0.0627(20) 

0.0911(20) 

0.0573(20) 
-a.0293 
-0.0223 

0.0784 

OS336 
0.0670 
0.7056(20) 
0.7002(23) 
0.6536(24) 

O-6316(22) 
O-6626(21) 
0.7382 
0.7269 

0.6380 

0.5944 
0.6563 

0.4065(25) 

0.5155(24) 
O-4554(24) 
0.3014(23) 

0.2710(21) 
0.4172 

0.6422 

0.5186 
0.2173 

0.1546 
O-2782(25) 

0.1717<26) 
O-2665(27) 

0.4105<26) 
O-4243(24) 
0.2470 
0.0523 
0.2115 

0.5094 
0.5294 

-0.1080(38~ 

-0.2139(23) 
0.0195(21) 

-0.1594(38) 
-0_1055<18) 

-0.0134 

0.1234 
0.1367 

-0.0239 
0.2203 
0.2442 

. 

<Tabletobecontinued) 



214 

TABLEl(continued) 

B_AnisotropieTemperatureF~~to~(~104~b 

&r P22 i333 812 I913 823 

As 116(3) 26(l) 
Co(l) 173(4) 29(l) 
Co(2) 221(5) 32(l) 
Co(3) 122(4) 32(1.) 
Co(4) 125(4) 29(l) 
C(1) 266(46) 36(S) 
G(1) 239(31) 89(9) 
C(2) 233(42) 5400) 
O(2) 340(37) llO(10~ 
C(3) 254(44) 45(S) 
O(3) 278(31) 73(9) 
C(4) 216(42) 27(8) 
O(4) 378(39) 54(7) 
BC(l> 292(68) 44(13) 
BC(2) 221(59) 164(29) 
BC(3) 232(63) 125(26) 
B 337(73) 38(13) 
F(1) 843(78) 114(12) 
F(2) 671(54) 77(S) 
F(3) 659(75) 185(19) 
F<4> 374(38) 179(15) 

C-IsotropicTemperatureFactors(A1) 

120(3) 
99(4) 
93(4) 
168(4) 
235(5> 
217(42) 
283(32) 
208(38) 
298(34> 
195(39) 
265(31) 
281(48) 
263(33) 

1501(199) 
1552(214) 
1528(230) 
lSl(56) 
375(40) 
392(38) 

loS7(105) 
356(36) 

C(l-1) 
C(l-2) 
C(l-3) 
C(1-W 
C(l-5) 
C(2-I) 
C(2-2) 
C(2-3) 
C(2-4) 
C(2-5) 

HbW = 

6.0(4) 
6-l(4) 
6.0(4) 
6-l(4) 
6.0(4) 
6.5(5) 
7.5(5) 
8.0(5) 
7_6(5) 
6.8(5) 

C(3-1) 
C(3-2) 
C(33) 
C(3-4) . 
C(3-5) 

C(4-1) 
C(4-2) 
C(431 
C(4-4) 
C<4-5) 

4Cl) 
-5W 

-31(2) 
-16(2) 
-3(2) 
14(16) 
41(13) 

-50(17) 
-120(17) 
-26(16) 
-31(12) 
-5(14) 

-51(13) 
-48(25) 

-121(33) 
41(34) 
lO(25) 
92(25) 
15(16) 

-226(34) 
104(21) 

13<2) 
S(3) 

-9(3) 
29(3) 
52(4) 

--9(35) 
82(25) 
13(33) 
56(28> 
30(33) 

-55(25) 
loo(37) 
43(28) 

-370(93) 
-533(88) 
442(104) 
-46(53) 
124(41-j 
172(36) 

-184(64) 
31(29) 

l-xl) 
13(2) 
14(2) 
lS(2) 
16(2> 
6X16) 
31(13) 
40(15) 
19<15) 
39(17) 
76(14) 
-1(17) 

-18(13) 
65(44) 

394(77) 
25(63) 

-23(23) 
59(19) 
-3(15) 

-12(37) 
24(18) 

5.0 

7.6(5) 
7.7(5) 
7.3(5) 
7.3(5) 
6-l(4) 
7.3(5) 
X1(6) 
8.5(6) 
8.5(6) 
8-O(5) 

TABLE2 

DISTANCESANDANGLESFOR [COJ(~~C~H~)~(CO)~(~-AS)]+BF~- &5H5 

A.IntramoIecularDIstanccs <A) 

AS-CO(l) 2_263(3) Co(lWxl-1) 2.10<2) 
As-Go(2) 2273(3) CO(l~(l-2) 206(2) 
As-CO(B> 227X3) cocl)c<1-3) 2.07<2) 
.4s-C0<4) 2255<3) ~<ll-cc<l4) 208(2) 

2.266(w) COU)c<l-5) 2.10(2> 
Co<2xx2-1) 2.11(2) 

C0m-c0<2~ 2.596(3) Co(2)-c<2-2) 2.08(2) 
CO<3)GOC4) 2.607<3) Co(2)c(2-3) Pow% 

CdSCX24~ 2.08(2) 
co<lxxl~ l-73(2) Cd2)c(2-5) 2.ax2) 

(TabIetobeconhtnued) 
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TABLE2<continued) 
--. 

kIntramolecularDistances<d) 

Cm-D(l) 
C<2&0(2) 

C<3)-O(3) 

C<4~-0~4) 

B-F(l) 

B-F(2) 

B-F<31 

B-F<41 

c(1-1)c~1-2) l-38(2) Ccl-I)_HU-1) 1.09 
C~1-2)c<1-3~ l-37(3> CXI-2)_H(l-2) 1.15 
al-3kcx1-4) 1.49(3) C(l-3)-H(l-3) 1.06 

C(1-4)G~l-5) l-32(3) C<l-4)-H(1-4) 1.12 
al-5)E<l-1) l-47(3) @Xl-5)_H<l-5) 1.11 
c<2-1)6(2-2) l-45(2) C(2-l)_H(2-1) 1.10 
C(2-2)-C(2-3) l-39(2) C<2-2)-H(2-2) 1.09 

C<2-3)-C(24) l-38(2) C<2-3)-H(2-3) 1.14 
C(2-4)-C(2-5) l-41(3) C(2-4)_H(2-4) 1.09 
C<2-5)X(2-1) 1.37<3) C(2-5)_H<2-5) 1.13 
C<3-1)6<3-2) 1.?0(2) C<3-l)_H(3-1) 1.13 
C<3-2)-C(3-3) l-32(2) C<3-2)_H(3-2) 1.13 
c<3-3l-cx3-4) l-39(3) C(3-3tH<3-3) 1.15 
C(34)-C<3-5> l-38(2) C<34)-H(3-4) 1.13 

cx3-5)6<3-1) l-39(2) C<3-5)_H<3-5) 1.12 
C(4-ltc<4-2) l-41(2) C<4-l)-H<4-1) 1.13 

C(42MX4-3) l-37(2) C<4-2)_H(4-2) 1.09 
C(4-3I-tX4-4> 1.42<2) C<43tH<4-3> 1.15 
C(4-4hc<4-5) l-35(2) C(4-4)_H<4-4) 1.10 

C(4-5ka41) l-40(2) C(4-5)-H(4-5) 1.13 

1.70<2) 

1.74(2) 

1_71;3; 
1_72<av) 

l-15(2) 

1.16(2) 

l-13(2) 

1.16<2> 

1.15(av) 

1.32<3) 

l-26(3) 

1.22<3) 

l-28(3) 

1_27(av) 

B_BondAn~ea(Degrees) 

Co(l)_AsGo(?) 69.8(l) 
C0(3)_As-C0(4) 70.3~1~ 

Co<l)_AoCo<3) 133.0(l) 

Co<l)_As-Co(4) 1322(l) 

Co(P)_AoCo(B) 130.6(l) 

Co(2)_As-C0(4) 132.60) 
132_l(av) 

co<lhC.o<2)_As 54.9<1) 

Co(2I-Co(l)_As 55.3(l) 
Co<3)-Co~4)_As 55.1(l) 

co(4hCo~3I-As 54.5m 
55.0(w) 

~oa)G<l) 95.0<7> 

A=CO(2Hx2) 9&S<?) 
~0(3)c<3) . 95.X6) 

-__ __-_. 

C0<3)-C(3-1) 

Co(3)-C<3-2) 

CO(3&C(3-3) 

Co(3)G(3-4) 
C0(3)G(3-5) 

C0<4)6(4-11 

Co(-i)-C(4-2) 

C0<4)6(43) 

Co<4)6(44) 

CO(4I-cx45) 

2xXx2) 
2.07(2) 

2.04(2) 

2.0%2) 
2.11(2) 

2.06(2) 
2.11<2) 

2.08<2) 

2.07(2) 

2.06(2> 
2.08(av) 

1.70 

1.71 

1.72 

1.71 

l.?l(av) 

128.9 
129.0 

131.3 
130.5 

129.9W) 

137.4 
136.1 
136.6 
135.4 

136_4(av) 

129.3 
127.5 
127.8 - 
127.8 

128.l<av~ 

. 
<Tabletobecontinued) 
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TABLE 2 (continued) 

B. Bond Angles (Degrees) 

As-C0(4)-c(4~ 95.8(-J) F(l)_B-F(2) 
95.5bV) F(l)-B-F(3) 

F<lbB-F(4) 

cow4Asa-c(2) 88.0(7> F(Z)-B-F(J) 
C0(2)60<1>-C(1~ 87.lf-0 F(2)_B-F(4) 

Co(3)60~4)6<4) 87.0(7) F(B)-B-F(4) 

Co(4bC0(3PC(3> 87.6(7) 
87_4(av) 

co(lkC(1)-o(l~ 177f2) 

Cof2)-C(2Mf2) l%(2) 
co(3)-c<3)-of3~ 174f2) 

Co(4)G<4bo(4) 176(2) 

C_ chsest Intermolecular Distances (&I’ 

C(l)---H(2-3) 1 
C(3)---H(3-3) II - 
C(4)--H<34> Ix1 

O(l)---H(2-3) If 
om-0(2>I” 
0(2)--_H(3-1) v 
O(2)_--BHf2) V 

0(2)-_-F(2) ” 
O(3)---H(l-1) v1 
O(3)---H(3-3) vrx 
O(3P-H(3-4) v11 
O(3)_--0f4) VI 
0(3).--F(3) VII 
0(4)--_H(34) II1 
0(4)--O(4) III 
Ccl-l)-_-H(2-1) v111 
Ccl-2)---H(2-5) WI1 
C(l-3).--H(2-3) 1 
C(l-51..-Cf2-1) v1 
C(1-5).--Hf2-1) VI 

C(2-2)---F(l) VD 
C(Z-2)--BH(1) VII 
C(Z-2)---BH(3) I 
C(2-3)---H<l-3) 1 
C(2-3>---Hf2-4) 1 
C(2-4)---H(1-4) I 

C(2-4)--_H(2-3) 1 
c(3-1)--_c(4-1) IV 

C(3-lb--Hf4-1) Iv 

C(3-2)---F(l) 
C(3-3,---H(3-371 
C(3-3).--H(4-4) I1 
C(3-5)---X(4-1) V 
C(43).--H(33) II 
C<44)---H<3) II 

3.08 
3.00 
3.37 
‘3.27 
3-28 
3.05 
2.82 
3.18 
2.91 
3.24 
3.14 
3.34 
3.19 
2.55 
3.34 
2.95 
3.17 
3.21 
3.22 
2.87 
3.35 
3.20 
3.35 

3.02 
3.28 
3.27 
3.26 
3.37 
2.98 
3.37 
3.08 
2.88 
3.11 
3.41 
3.03 

B---H(l-5) Iv 
B---H(3-2) VlIf 
B--_H(4_3; 111 

B--BH(l) 

Ftl>---X%1-2) 

F(l)--_H(2-1) Ix 
F(l)--_H(2-2) Ix 
F(l)-_-H(3-2) WI1 
F(l)_--H(4-5) DC 
F(l)---BH(1) 
F(l)---BH(3) X 

F(2PH(l-2) 
F(2)---H(l-5) Iv 
F(2)---H(3-5) 
F(P)---H<4-1) Iv 
F(2)---BH(1) 
F(3)--_H(l-5) Iv 
I- (3).--H<2-1) IX 
F(3)---H(3-2) VIII 
F(3)-_-H(4-2) IV 
F(3)---H(4-3) ‘I1 
F(3)--_Hf4-5) Ix 
Ff44)--_H(l-2) 
Ff44)--_H(3-5) 
BC(l)---H(l-2) 
BC(l)---Hfl-3) 3.38 
BC(l)---H(2-2) Ix 2.85 

3.26 
2.92 
3.17 
2.99 
293 
3.40 
2.49 
2.44 
2.89 
2.60 
3.18 
2.98 
2.58 
2.87 
2.6i 
2.38 
3.12 _ 
3.02 
3.32 
3.04 
2.70 
2.80 
3.18 
2.43 
2.73 

BC(2)---Hfl-3) 3.44 
BC(2+Hf1-4) Iv 3.41 
BCf3)--_Hfl-3) 3.37 
BC(3)---Hf2-2) Il 2.85 

ill(3) 
104(3) 
107<4) 
114f4) 
112f3) 
107(3) 

n Cp(n) denotes the centroid of the nth cyclopentadienY1 ring. ’ The superscripts refer to the fOlkwing 
~mmetxyreIm.ed Dositioasr (I) 1 --x. 1 --Y. I -z: (11) 1 --x.---Y. I -r: (III) 1 --x.-Y* -2: (IV) -1 
+x. Y. z; <V) 1 *x. Y. t; <VI) x. Y. 1 + t; (VIII).x. Y. 1 + I (IX) -1 + X. Y. -1 + 2: <X) y. 1 - Y. 7. 

angles (with estimated standard deviations calcukted from the variance-co&i: 
ante matrix) are Listed in Table 2, The least-squares planes defined by specific 
atoms along with perpendicular displacements of these and other atoms from 

_ 
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TABLE 3 

-2.84 
2.81 

DISTANCES OF ATOMS FROM SELECTED LEAST-SQUARES PLANES” IN THE CCo&hS-CsHS)&COJ~ 
@a-AS)~+CATION AND ANGLES BETWEEN THE NORMALS TO THESE PL_4NES 

______-_..___-. _ -.__ .--. ___..~._~ . ..--.- __ _ _~ __.~_ 

A. Distances f_%J from fhe Plane Formed by Co(l). Cof2J. and As. 

0.869X - 0.104Y - 0.4842 - 3.243 = 0 

Co(3) -1.32 C(l) -1.71 O(l) 
co<41 1.28 C(2) 1.68 O(2) 

B. Dirtonces (AJ from fhe Plane Formed by C&31. Cof4J and As. 

-0-502-S + 0.069Y - 0.862% + 5.366 = 0 

CO(l) 1.27 C(3) -1.72 O(3) 
CO(2) -1.33 C<4) 1.69 O(4) 

C. Dtitances (AJ from fhe Plane Formed by Co(l). Cof2J. C/l). and C(2). 

-0.12iX - 0.992Y - 0.015Z * 6.484 = 0 

Co(l) 0.12 C(1) -0.12 O(1) 
CO<2) 0.13 C(2) -0.13 O(2) 
As 1.99 

D. Distonccs I.%) from the Plane Formed by CO(~). Cof4J. C(3). and CMJ. 

-0.118.Y - 0.993Y - 0.0062 - 2.398 = 0 

-2.82 
2.83 

4.33 
-0.34 

CO(3) 0.14 C(3) -0.13 O(3) -0.39 
CO(4) 0.14 C(4) -0.14 O(4) -0.31 
AS 1.99 

E. Distances I.% from the Plane Formed by C(l-I). C(I-2,. C(I-3). C(l-4). and C/l-5). 

0.2385 * 0.237Y - 0.9422 - 2.483 = 0 

CO<l) -1-10 C<l-21 0.00 C(1-4) 0.01 
cm-l) 0.01 C(l-3) 0.00 C<l-5) -0.01 

F. Distances I.&J from the Plane Formed by CC?-1). CO-2). C(2-3). CC?-4). and C(2-5). 

-0.163X - 0.244Y - 0.9562 + 6.021 = 0 

Cot21 1.70 c<2-2) 0.00 C(2-0 -0.01 
az-1) 4.01 C(23) 0.00 c<2-5) 0.01 

G. Dislonces (.%J from the Plane Formed by C(3-1). C(3-2). C(3-3). C(3-a). and Ct3-51. 

--0.971X-O-162%‘-O-1782+ 3.683 =0 

CO(3) -1.72 C<3-2) -0.01 C(3-4) 0.01 
C(3-1) 0.02 C(3-3) 0.00 c<3-5) --o-o2 

H_ Distances tdJ from the Plane Formed by C(4-I). C(4-2). CN-3). C(+4). and C(4-5). 

-0.910X + 0.384Y - 0.1572 + 7.566 = 0 

co(4> 1.70 c<4-2) 0.01 CC4-4) 0.00 
cm-l> --o.Ol a4-3) -0.01 C(4-5) 0.01 

I. Annles (Degrees) Beiween Norma& to the Planes. 

AandB 91.5 A2idE 50.4 
A and C 90.0 Aal?F 51.0 
BandD 89.2 BandG 51.0 
CandD 178.7 BandH 51.8 

=~he equations of the pbnes arr given in m orthogonal Angstrom coordinate system <XYZ) whic!x is 
mkt.& to the fractional trielink unit cell coordinate system (xyt) as follows: X = xo + yb co+ 7 + LC eos P. 

Y=ybbnr+zccosp.Z=tccoso.wherrcosp =(~~s~-~~~c~~)iain~.andsho=<l--cos*B 
- co2 P)’ =_ 
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these planes and the angles between the normals to these planes are presented in 
Table 3. 

Results qd discussion 

The [Co,(h’-C,H,),(CO),(icj-As)]* monocation with the BFL counterion was 
obtained in low yield from the reaction of arsenic trifluoride with a benzene solu- 
tion of cyclopentadienylcobalt dicarbonyl in a Pyrex-glass reaction vessel at 
room temperature_ The presence of only terminal carbonyl ligands was indicated 
from the analogous solution and solid-state IR spectra. The diamagnetism of the 
monocation was established in solution from the lack of an EPR resonance and 
from the nature of a ‘H NMR spectrum which showed only one sharp singlet 
characteristic of the equivalence of all cyclopentadienyl protons. The X-ray 
crystallographic study. which was undertaken to determine the actual composi- 
tion as well as the molecular configuration of this new type of metal-arsenic 
compIex, disclosed the presence of a tetrahedral-like arsenic atom linking two 
bis(cyclopentadienylcobalt carbonyl) moieties to each other by its participation 
as a common bridging ligand in each moiety. 

Crystalline [ Co,(hS-C,H,),(CO),(~~-As)]*BF; - f C,H, is composed of discrete 
cations and anions packed as shown in Fig. 1 and 2. Each primitive triclinic unit 
cell contains two ]Co,(hs-C,H,),(CO),(P~-As)]* cations, two BF; anions, and 
one benzene molecule of crystallization which is located on a crystallographic 
center of symmetry at (0, $, 0). The closest intermolecular contacts are normal 
thereby suggesting no unusual intermolecular interactions. 

The configuration of the [Co&“-C,H,),(CO)&&s)]+ monocation depicted 
in Figs. 3 and 4 consists of two identical [Co,(h’-C,H,),(CO),] moieties joined 
to a unique arsenic atom such that this arsenic atom is tetrahedrally coordinated 
to four cobalt atoms. Although no special symmetry is demanded by the space 





‘k, 
\ 
6Hll-21 Hf3-51 

Fig_ 3_ Configuratron of the [Co4(hs-C~Hs)~(C0)30~-_~s)l*monocation 

scheme used. 

showing the atom labeling 

C-O distances are 1.72 and 1.15 A, respectively, with the approsimately linear 
Co-C-O bonds being nearly perpendicular to the attached CozAs triangles. The 
cycIopentadieny1 rings form dihedral angles of 51” with the CozAs triangles- The 
average Co-C(cyclopentadienyl) distance is 2.08 -4, while the average distance 
from the centroid of a cyclopentadienyl ring to its attached cobalt atom is l-71 A. 

The [CO,(~~-C,H,),(CO),(~~-AS)]+ monocation is structurally analogous and 
electronically equivalent to the air-stable [Fe2(CO)s] -(p9-Sn) molecule [lOI 
which has a Spiro-like Fe,% core resulting from the bonding of four Fe(C0)4 
groups to a tetrahedrally distorted tin atom. The entire molecule closely con- 

viewed down the pseudo Ssaxis 



221 

forms to tetragonal D zd-42m symmetry with two bonding FeFe distances of 
2.87 J% and four nonbonding Fe---Fe distances of 4.65 A. The large tetragonal 
Dzd distortion from a cubic Td geometry containing a regular tetrahedral tin 
atom is also a consequence of the formation of the two electron-pair metal- 
metal bonds enabling each octahedral-like iron atom to attain a closed-shell elec- 
tronic configuration in accord with the observed diamagnetism of the compound_ 
Two other structurally related tetrairon cluster molecules are the [ Fe2(CO)B- 
(P~-SCH~)]~(~~-S) molecule [ 111 with its Spiro-like Fe,S core and the [ Fe2(CO)R- 
(cc-Sn(CH,),)j&+Sn) molecule [12] with its Spiro-like Fe,Sn core. The [Co,- 
(Iz~-C,H,),(CO),(~~-AS)]* monocation represents the first example (to our knowl- 
edge) of a discrete organometallic complex with a Spiro-like metal cluster core 
containing a central arsenic or phosphorus atom_ The prior existence of “bare” 
arsenic and phosphorus atoms tetrahedraily coordinated to four transition metals 
in a discrete metal cluster system was established from structural studies of the 
trimeric [Co~(C0)&+A~)]~and [Co,(CO),(p,P)I, complexes [19,20] in which 
the arsenic and phosphorus atoms are each tetrahedrally linked to three metal 
atoms in one bonding triangular array and to a fourth metal atom in another tri- 
angular metal array. 

The presence of the tetrafluoroborate anions was indicated by the IR spectra 
and substantiated by the X-ray analysis. The independent BF; anion was found 
to be a nearly regular tetrahedron with B-F bond lengths of range 1.22( 3)- 
1.32(3) A and with F-B-F angles varying from 104(3)” to 112(3)“. Although 
the average B-F distance of 1.27 A is considerably shorter than those previously 
reported for KBF, (l-40 a) 1213, RbBF, (1.43 A) 1221, and NH,BF= (1.43 A) 
1221, it is essentially identical with that determined for [NiJ(hS-CIH5)3(~~- 
(t-NC,H,))l*BF< 1231 and for [NiJ(h5-C5H5)J(~J-As)~]*BF; [8]. This short value 
may be attributed to unusually large anisotropic thermal motion of the mono- 
anion in the [CO~(~~-C~H~)~(CO)&I~-AS)]+BF,- - i&H, crystal, which resuits in the 
observed B-F distances being systematically reduced from their true values. The 
boron atom in the BF; anion apparently originates from the Pyrex-glass of the 
reaction vessel, in that similar extractions of boron from Pyrex glass with fluor- 
ine-containing reagents to give the tetrafluoroborate anion have been observed 
previously in the reaction of perfluoroethylene with truns-Pt(P(CzHS)&HC1 to 
produce [Pt(P(C2HS)&C1(CO)]*BF; 1241 and in the reaction of arsenic trifluor- 
ide with nickelocene to give [Ni~(h5-CsHg)-lfllj-_4s)j]+BF4 [8]. 

The detection of the benzene solvent molecule in the unit cell was revealed 
from a Fourier difference map which unequivocally showed a planar arrange- 
ment of six atoms about a crystallographic center of symmetry. As indicated 
from Figs. 1 and 2, the solvent molecule fits easily into its space in the unit cell 
with no anomalously short contacts involving either the [CO~(~~-C~H~)~(CO)+- 
(~&s)]+ cations or the BF; anions. The shortest H---H and H---F contacts are 
2.41 and 2-38 A, respectively. _ 
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