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Insofar as we are aware the structure of Zr(BH,), is
unique in having three hydrogen bridge bonds linking
each boron atom to the metal atom; otherwise the
structure does not appear to be unusual. A tetrahedral
arrangement of ligands around zirconium atoms has
been observed in ZrCl,,*® for example, and the structure
of the BH, groups is similar to that found in AI(BH,)s?
(B-H, = 1.196 + 0.012 A, B-H;, = 1.283 = 0.012 A,
/H,BH, = 114.2 £+ 0.2°).

The bonds involving the zirconium atom are all
considerably longer than the sum of the covalent radii
corrected for electronegativity difference.!®* Thus, if
one uses the valite 1.36 A for the zirconium radius, de-
duced from #(Zr-Cl) = 2.32 A in ZrCl, with the aid of
the formula?0 7(A-B) = 74 + 75 — 0.02|xa — xs|, then
the lengths of the Zr-B and Zr-H bonds predicted from
the same formula (but with the constant 0.02 replaced
with 0.08%!) are, respectively, 2.12 and 1.61 A. Some-
what better agreement is obtained using Pauling’s
metallic radii,?! which without the electronegativity cor-
rection yield the values 2.25 and 1.76 A. At first glance
these long distances appear to have no explanation in
terms of siinple valence-bond concepts except a qualita-
tive one: each of the four zirconium bonding electrons
is involved in bonding to three hydrogen atoms and a
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boron atom with the result that on the average a one-

quarter bond is formed with each. However, a some-

what more satisfying picture of the bonding may be

developed using a method applied by one of us?? to the

hydroborons and their derivatives. In the case of

Zr(BH,)s, as with these molecules, the ligancy of the

heavier atoms exceeds the number of bonding orbitals

suggesting bonding situations (from the valence-bond

point of view) similar to those encountered in metals and.
intermetallic compounds. One might expect that

Pauling’s empirical equation® D(n) = D(1) — 0.600

log n, where D(n) and D(1) are interatomic distances for

a bond of fractional bond number and a single bond, )
could be applied. If one takes D(1) equal to 2.20, 1.76,

and 1.16 A for Zr-B, Zr-H, and B-H, respectively,

calculated from Zr, B, and H radii of 1.45, 0.80, and
0.37 A using the electronegativity correction, these
bonds in Zr(BH,) are calculated to have bond numbers
of 0.66, 0.18, 0.66 (B-H,) and 0.93 (B-H:). The
weighted sum of these is 16.44 corresponding to 32.88

bonding electrons, which is to be compared with the
number 32 available from the outer shells of the atoms.

The agreement is especially good in view of the sensi-

tivity of the calculation: a decrease of only 0.01 A in

the radius of the hydrogen atom, for example, leads to
31.8 calculated bonding electrons.
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Reaction of the bis-7-dicarbollide ligand complexes of Co3* and Fe?* with CS; in the presence of AlCl; and HCI produced the
first examples of zwitterionic species having an ~S—-CTH-S- bridge between boron atoms of the two dicarbollide ion ligands of

the complex.
with an HCIO, catalyst,

In a previous communication? we have briefly re-
ported the structure and synthesis of the compound
shown in Figure 1 in conjuction with Churchill and
Gold. It was obtained by an acid-catalyzed addition
of carbon disulfide to (1,2-ByC,Hy;):Co~ with concom-
itant evolution of hydrogen gas (eq 1). Similar reac-
tions (eq 2, 3) with a variety of ligands have been pre-
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Similarly, a suspected ~OC*(CH;)O- bridged species results from the reaction of acetic acid-acetic anhydride
Further transformations of these species are described.

viously observed?® with the ByH;jp?~ and BpHp?~ ions
but not with any metallocarborane complexes. We

(1,2-B9C2H11)2CO_ + CS; + HtY —>
(1,2-BsCyHy):CoS,CH + Hy (1)

BH;*~ + L 4+ H* —> ByH, L™ + He 2)
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(e) M. D. Marshall, R. M, Hunt, G, T. Hefferan, R. M. Adams, and J. M.
Makhlouf, ibid., 89, 3361 (1967).
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Figure 1.-—Schematic drawing of bridged product containing
sulfur-bridged system and previously reported.?

H+ .
Blelzz'— + ROH —> BleuORz— + H; (3)

report here the details of our examiriation of the appli-
cability of this reaction to the (ByCyHy):M— complexes.

Experimental Section

The dicarbollylmetal complexes were prepared by literature
methods;¢ other chemicals were of reagent grade and were used
as received. Infrared spectra were recorded with a Perkin-
Elmer Model 137 spectrophotonieter and are recorded in Table I.
The 32-MHz 1B and 60-MHz 'H nmr spectra were obtained with
Varian HA-100 and A-60 spectrometers, respectively. Peak
positions of !B resonances are given with respect to boron tri-
fiuoride etherate. Microanalyses were conducted by Schwarz-
kopf Analytical Laboratories,

K*(ByC,H;;)sM ~.—Preparations of these compounds yield
aqueous solutions of the sodium salt, which cannot be adequately
dried. The potassium salts may be obtained by use of an ion-
exchange resin or by precipitating them with a saturated solution
of KCl (rubidium and cesium salts are easily obtained by pre-
cipitation and dried biit react much more slowly). An aqueous
solution of K*(ByC;sHy;):M ~ containing 1-29%, KCl was extracted
with a 1:1 mixture of ether and toluene. THe organic phase
was thoroughly dried (Na;SO, followed by CaSO;) and reduced
in volumie uhder vacuum until precipitation was complete.

(1,2-ByC2H9)2C0S:CH.—To a dry flask containing a stirring
bar, 100 ml of CS, and 1.5 g of AICl; was added 2 g (5.5 mmol) of
(1,2-ByC;Hi1):Co~K*, A slow stream of HCI (equivalent to 1 or
2 bubbles/sec) was passed over the stirred solution for 5 hr.
By this time gas evolution had nearly ceased, and the solution
was a deep brownish orange. The mixture was filtered, the solid
was washed with 100 ml of CS;, and the combined filtrates were
reduced to dryness. The orange and red product was dis-
solved in 100 ml of dichloromethane, and the solution was run
through a 2-cm diameter column of about 5 g of silica gel. About
50 ml of heptane was added to the orange solution which was re-
duced to a volume of 50 ml. This produced a thick slurry of the
voluminous yellow product; it amounted to 1.6 g (4 mmol,
70%). 1t was contaminated with some sulfur-containing com-
pounds, and in this form was easily electrified, making tramnsfers
difficult. Recrystallization from boiling 1:1 heptane-benzene
afforded large brownish yellow crystals containing 809, by weight
of benzene. These were more easily handled, and the benzene
could be removed easily by washing with hexane or drying in
vacuo. The pure materidl melted at 302-304°. Pmr (acetone-
ds): 5 11.6 (broad, s, 1, S-CH*-S), 4.65 (s, 9 Hz wide, 4, car-
borane CH). !B nmr (tetrahydrofuran, relative to BF;-
O(CeHs)): —20 ppm (s, 2), —1 to 428 ppm (multiplet, 16).
The mass spectrum was consistent with the formula known from
the single-crystal X-ray diffraction study.

'(4) M. F. Hawthorne, D. C. Young, T. D. Andrews, D. V. Howe, R. L.
Pilling, A. D. Pitts, M. Reintjes, I.. F. Warren, Jr., and P. A, Wegner, J.
Amer. Chem. Soc., 90, 879 (1968).
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TABLE I
INFRARED SPECTRA (NUjoL MULLS) (tmp~1)

(1,2-ByC2H10):CoS;CH and 3.30 w, 3.87 vs, 7.80 m, 8.36
(1,2-BC:Hyp).FeS,CH m, 8.80 m, 8.97 w, 9.12 s,
9.75 vs, 9.90 sh, 10.22 s,
10,58 w, 10.85 m, 11.01 m,
1140 w, 11.50 w, 11.74 w,
11,93 s, 12.60 w, 13.29 s,
13.52m

3.28 w, 3.87 vs, 7.78 s, 8.78
m, 890 w, 8.98 s, 9.03 s,
9.13 s, 9.24 m, 9.70 vs,
10.02 s, 10.20 m, 10.45 w,
10.63 s, 10.83 m, 10.92 m,
11.12m, 11.38 w, 11.85 sh,
11.93 vs, 12.05 sh, 12.95 m,
13.525, 13.82s, 14.23 m

3.28 w, 3.90 vs, 7.17 m, 8.29
m, 8.34 m, 8.80 m, 897 w,
9.10 s, 9.25 w, 9.87 m,
10.05 sh, 10.20 s, 10.46 sh,
10.58 m, 10.80 sh, 10.92 m,
11.21 w, 11.36 m, 11.55 m,
11.70 s, 11.85 s, 12.02 s,
12.65 m, 13.32 s, 13.76 s,
1446 w

3.30 m, 3.90 vs, 8.31 m, 8.70
m, 8.77 sh, 8.96 w, 9.08 s,
9.23 w, 9.82 br, w, 10.12 s,
10.50 br, w, 10.85m, 11,03
m, 11.32sh, 11.41m, 11,70
m, 11.89 s, 12.70 br, m,
13.32s,13.60 br, m

3.30 m; 3.90 vs, 8.34¢ m, 8.81
m, 8.96 m, 9.13 s, 9.23 sh,
9.41 w, 9.82 m, 9.90 m,
10.20 s, 10.54 m, 10.90 s,
11,12 m, 11.32 m, 11.69 s,
11.80 s, 12,00 m, 12.45 w,
12.68 w, 13.28 s, 13.70 m,
14.50 w

3.29 w, 3.85 vs, 3.92 vs, 6.55
s, 6.80 vs, 7.15 w, 8.36 m,
890 s, 9.14 s, 9.28 s,
0.60 w, 9.85 m, 10.12 m,
10.39 m, 10.51 w, 10.80
m, 10.98 m, 11.28 m, 11.41
m, 11.62 s, 12.50 m, 12.62
m, 13.12 m, 13.52 s, 14.13
m, 14.32 w

2.80 w, 3.29 m, 3.90 vs, 6.76
s, 6.95 w, 7.10 w, 7:49 m,
7.83 w, 838 m, 8.80 s,
9.15 m, 9.30 w, 946 m,
9.88 m, 10.31 s, 10.54 m,
10.86 w, 10.97 w, 11.05 w,
11.18 w, 11.38 w, 12.72 w,
13.40s,13.80 br, m

(1,7-B¢CeH10)2CoS:,CH

[(1,2-B DCsz)'zCOSzCHz] ~Cst

[(1,2'B9C2H108H)2CO] —Cs™

[(1,2-ByC:H18].Co] ~Cs *

(1,2-ByCyH10):CoO,CCH;

[(1,2-ByCH;p0H ):Co] ~(CH, W N+

(1,7-ByC:H,0):C08,CH was prepared as above. Several re-
crystallizations from dichlorometharie-hexane afforded a 50%
yield of orange crystals melting at 225-238°, The ion peaks of
the mass spectrum matched those of the 1,2 isomer in both
intensity and position.

(1,2-ByC:H0):FeS,CH was prepared as above. It was a
paramagnetic gray-green solid decomposing at 240° when heated
rapidly. The infrared spectrum was identical with that of the
analogous cobalt complex. Admal. Caled for CsHzuBisFeSs:
C, 15.17; H, 5.35; B, 49.17; S, 16.20. Found: C, 14.65; H,
5.28; B, 47.82; S, 15.92.

(1,Z-BgCgHm)zCOSchz—CS+.——A 1-g sample of (1,2-B9C2H10)2-
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CoS;CH was dissolved in 40 ml of ethanol, and small por-
tions of NaBH4 were added until foaming no longer occurred
upon each addition. The red solution was poured into 100 ml of
water after several minutes, and Cs* or (CH;);N* was added to
precipitate the product. Either salt could be recrystallized
from acetone-toluene mixtures. Pmr of (CH;);N* salt in ace-

tone-ds: 8 3.40 [s, 12, (CH;):N%], 4.03 (broad s, 6 Hz wide, 4,
carborane CH 4 S-CH:-8). Anal. Caled for C;HunBy-
CoCsS,:  C, 11.27; H, 4.16; B, 36.52; S, 12.04, Found: C,

11.76; H,3.72; B, 35.47; S, 12.16.

Cs™(1,2-BsCoH1,SH):Co~.—(ByCyH1):CoSCH was dissolved
in 4:1 ethanol-water 0.1 N in HC! and refluxed for 1 hr under
nitrogen. Two volumes of water and one volume of saturated
NaClsolution were added, and the product was precipitated with
cesium chloride. It was recrystallized from acetone—toluene
and dried at 140° under vacuum. The yield was nearly quanti-
tative. Pmr (acetone-ds): & 4.47 (s, 9 Hz wide, 4, carborane
CH), 040 (s, 10 Hz wide, 2, SH). Anal. Caled for CyHyp-
BisCoCsS,:  C, 9.22; H, 4.26; B, 37.37; Co, 11.33; Cs, 25.52.
Found: C, 10.62; H, 4.23; B, 35.81; Co, 11.28; Cs, 25.60.

Cs*(1,2-BsC:H,08 ).Co ~.—Before precipitating the (1,2-ByCeH -
SH):Co~ in the previous preparation, the solution was made
basic (pH 10) with NaOH, and several equivalents of HyO, was
added. The solution changed from a deep red to a deep purple
color in a few minutes. The product was isolated and purified
in the same manner as the dithiol and the yield was again nearly
quantitative. The pmr showed only one broad (9 Hz) singlet at
o 3.82 in CDyCN. Average particle weight (osmometer,
CH,CN): caled, 230.1 amu; found, 240. Anal. Caled for
CiH2BsCoCsS::  C, 9.26; H, 3.89; B, 37.51; Co, 11.36; Cs,
25.62; 8,12.36. Found: C,9.75; H, 4.03; B, 35.43; Co, 11.48;
Cs, 26.59; S, 12.57.

(CH3):N*(1,2-ByC;Hi0):CoSHSCHO ~.—(1,2-BoCyH1; )2 CoS.CH
was dissolved in 4:1 ethanol-water and cooled to 0°, and 0.98
equiv of NaOH solution was added with rapid stirring. The
product was precipitated with excess 509 aqueous (CH;)N*Cl—
and two volumes of water. The infrared spectrum of the product
contained a strong band at 1710 cm™. Pmr (acetone-de):
810.60 (s, 1, CHO), 4.40 (s, 14 Hz wide, 4, carborare CH), 3.99
[s, 12, (CH3).N*], 0.60 (broad s, 1, SH).

(1,2-BgCgH10>2COOzCCH3r——A 1-g Sample of K+(1,2'B9C2H11)21
Co~ was dissolved in 10 ml of a 4:1 mixture of acetic acid—
acetic anhydride 0.05 N in HClO, and heated at 100° for 24 hr.
The solution was cooled, and the orange solid (300 mg, 29%,)
was collected and washed with acetic acid. It could be recrystal-
lized from benzene-heptane to give golden yellow crystals.
Pmr (benzene): & 2.61 (s, 10 Hz wide, 4, carborane CH), 1.17
(s, 3, CH;). The !B nmr in tetrahydrofuran and relative to
BF;-O(CyH;), showed one singlet of area 2 at —20 ppm and a
broad multiplet of area 16 from —1 to 28 ppm. The mass
spectrum was consistent with the formula proposed. Anal.
Caled for CgHBiCoOs: C, 18.9; H, 6.04; B, 51.7; Co, 15.5.
Found: C, 19.3; H, 6.02; B, 48.7; Co, 15.2. '

[(1,2-ByC;H;,OH).Co] ~(CH;):N* was prepared by the hydrol-
ysis of (1,2-BgCaH0):Co0.CCH; using the procedure for the

hydrolysis of (1,2-ByCeH1):CoS:CH. Pmr (acetone-dg): & 2.97
[s, 12, (CH3)NT], 3.64 (s, 9 Hz wide, carborane CH). Anal.
Caled for CgH34B;3sCoNO,:  C,22.32; H,7.95; N,3.25. Found:

C,21.63; H,7.83; N, 3.06.

Results and Discussion

Reaction with Carbon Disulfide.—We had selected
(1,2-BsC:Hu)2Co™ to begin our work because of its
great thermal, hydrolytic, and electrochemical stability
but subsequently found several closely related com-
plexes also suitable for study. The substitution reac-
tion with carbon disulfide proceeded as readily with
(1,2-ByCoHy)sFe~ as with (1,2-BsCyHyy)2Co™, yielding
products with identical structures. Both of these com-
plexes contained the metal in the preferred +3 oxida-

James N. Francis AND M. FREDERICK HAWTHORNE

tion state. The corresponding nickel complex, how-
ever, has a low Ni(III)-Ni(IV) oxidation potential4
(—0.3 V) and under the reaction conditions yields only
the neutral (1,2-B9C2H11)2Nio.

The (1,7-BoC:H1)2Co~ ion, in which the two carbon
atoms of each ligand are no longer adjacent, also reacted
readily. Mass spectrometry indicated that the prod-
ucts from the 1,2 and 1,7 cobalt complexes had the same
composition, and we have assigned the structure of
Figure 2 to the 1,7 isomer on the basis of the pmr spec-

Figure 2.—Proposed structure of one enantiometer of di-(1,7-
BsCeHy ):CoS;CH in schematic form with H atoms omitted.

trum, which exhibits two carborane CH resonances of
equal weight. The spectrum of the 1,2 isomer, by con-
trast, has only one CH resonance. The B nmr spec-
tra of the two products were similar in that both exhib-
ited one low-field singlet of weight 2, indicating that the
two sulfur atoms of the bridge were bonded to equiva-
lent boron atoms. A meso form of (1,7-BsCeHip)s-
CoS:CH can also exist; the broad melting point of the
material obtained (225-238° after several recrystalliza-
tions) is probably due to the product containing a mix-
ture of d/ and meso forms.

Although the substitution reaction takes place on
boron atoms well separated from the carbon atoms of
the carborane cage, the 1,17,2,2’-tetramethyl derivative
of (1,2-ByC:Hu):Co~ yielded only a small amount of a
purpie tar when we attempted to carry out this reaction
with this material. The difficulty may be due to either
side reactions occurring on the methyl groups or more
probably to the inability of the methylated complex to
assume the necessary cisoid configuration.

Reaction with Acetic Acid.—When K1(1,2-ByCoHu)o-
Co~ was heated in 4:1 acetic acid-acetic anhydride
with HC1O, as a catalyst, a moderately low yield of a
neutral orange compound was obtained. Microanaly-
sis and mass spectrometry established the formula as
(BgC:H1):CoO.,CCH;.  As written, the resemblance to
the CS, product is obvious, and we have assigned the
structure of Figure 3 to this material on the basis of the
following significant spectral features: (i) the infrared
spectrum lacks any absorption in the regions in which
carbonyl or hydroxyl group stretching frequencies
would be expected to occur; (ii) the proton nmr comn-
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Figure 3.—Proposed structure of (1,2-ByC;Hi)2Co0.C(CHs) in
schematic form with H atoms omitted.

tains a sharp 3H singlet and a single 4H carborane CH
resonance; (iii) the B nmr spectrum exhibits a low-
field singlet of weight 2, similar to that observed in the
product obtained from CS,. The carborane CH and
boron resonances are rather broad, so that small differ-
ences in chemical shifts might be obscured, but the
structure shown is the only reasonable structure with
truly equivalent carborane CH and singlet boron nmr
absorptions.

The reaction presumably proceeds in two steps, the

(ByC2Hy 2Co~ + CH;COOH —>
(ByC:Hy;)Co(ByC,H{;OOCCH;)~ + H,
(BQCQIIll)CO(BQCZHlQOOCCHa)_ + H Fe—
(BgCgHw)zCOOzCCHa + Hg

first an addition of acetic acid to give an acetate (sim-
ilar to the reaction of alcohols with BjoHi2™, eq 3) and
the second an intramolecular attack of the acetate group
on the adjacent carborane cage. Two curious features
of this reaction are that no hydrogen gas is evolved, in
contrast to the reaction with CS;, and that this reaction
will not occur in the absence of acetic anhydride, even
in carefully dried acetic acid. These facts are comnsis-
tent with the hypothesis that some acetic acid is re-
duced, so that no hydrogen is evolved, and the water
from the reduction stops the reaction unless it is con-
tinuously removed. We have also noted the absence of
visible gas evolution when K+(1,2-ByCoHy):Co~ re-
acted with 949, HySO4 at 125°. The complex dissolved
over a 15-min period to yield a yellow solution with a
strong odor of sulfur dioxide, which would be expected
if sulfuric acid were reduced. This solution contained
compounds which could not be precipitated with large
cations, but still exhibited strong B—H stretching bands
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in the infrared spectrum. We were unable to isolate
any of these presumed sulfonic acid derivatives, how-
ever.

Further Transformations of Bridged Species.—
The carbonium ion centers of (1,2-ByCyHip):CoO;CCHjs
and (1,2-BsCoHi):C0S;CH were rather unreactive to-
ward protic solvents, probably due to the adjacent neg-
ative charge and delocalization of the positive charge
onto the neighboring heteroatoms. The reaction with
borohydride ion was much faster, so that a solution of
this reagent in ethanol reduced (1,2-BsCyHy):CoS:CH
to (1,2-B¢CoHi)2CoS:CH,~ in excellent yields. The
product presumably has an S-CH,—S bridge between
the two carborane cages. Refluxing aqueous ethanol
does eventually hydrolyze the positively charged
bridges of (1,2-ByCyHy0)eC0S:CH and (1,2-ByCyHyg)e-
Co0O,CCH; to a dithiol and a diol, respectively. The
diol shows the expected OH band in the infrared spec-
trum at 3600 cm—1, but the weak SH band of the dithiol
is hidden by the strong B-H absorption. Recrystal-
lization of the cesium salt of the dithiol from D;O (con-
ditions far too mild to effect B-H exchange) did yield a
material with a weak absorption at 1850 ecm ™1, assigned
to the S-D stretching vibration.

The fate of the carbon bridge fragments lost in these
hydrolyses has not been studied; presumably the final
product is formic or acetic acid. We have isolated
an intermediate product by adding 0.98 equiv of hy-
droxide ion to (1,2-ByCyHy0)eCoS;CH in ethanol. The
crude ionic material so obtained contains a band in the
infrared spectrum at 1710 cm~! and pmr resonances at
8 10.6 and 6; we believe it is the thiol thioformate (1,2-
ByC.H;,SH)Co(1,2-ByC,H1tSCHO) ~, which would cer-
tainly yield formic acid upon further hydrolysis.

A very cursory examination of further reactions of
the dithiol (1,2-B4CyH;;SH):Co~ has been made. It
appears to behave generally as an aliphatic 1,3- or 1,4-
dithiol (cyclic dithioketals and disulfide formed), except
that the negative charge results in the ready formation
of internal sulfonium salts in alkylation reactions. The
monomeric disulfide is a deep purple color, in contrast
to the yellow to orange color typical of these compounds.
This may be due to a geometrical distortion of the com-
plex due to the short S-S bridge between the carborane
cages; the S-S distance in (1,2-B¢CsH10):CoS:CH is 3.07
= 0.05 A, while in the disulfide it should be near the
usual S-S bond length of 2.04 A.
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