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carbon could be the major pathway in this system,

An alternate mode of attack is initial addition of carbon to
one of the double bonds of furan to generate a cyclopropylidene
intermediate 4. The intermediacy of cyclopropylidenes has
been well documented in the reaction of carbon with simple

alkenes,5-8 The cyclopropylidene, precluded in this system
from normal rearangement to a cumulene, could ring open as
shown in eq 3.

As indicated in both eq 2 and 3, the two mechanisms for the
formation of 2 may be differentiated through the use of labeled
carbon atoms. In order to do this, we synthesized 1-13C. The
synthesis of the carbon-13-labeled diazo compound was ac-
complished using our previously reported procedure for the
carbon-14-containing compound,* Authentic 2 was prepared
according to the procedure of Schechter and Hoffmann® and
its 13C NMR measures.

» ——
ﬂ + & — @S/ —_ H—<_\c‘
o o o %
4 ‘H
~ (3)

Although the spectrum of 2 prepared by tosylhydrozone-
lithium salt pyrolysis is complicated by the presence of a small
amount of the trans isomer, we were able to assign the spec-
trum of cis- 2 as follows; Cy, 191.2; C», 139.6;C3, 127.0; Cy4,
88.9; Cs, 77.5 ppm, The assignmemt of the Cs resonance was
confirmed by an observed J('3C-H) of 254.8 Hz, a typical
value for terminal alkyne carbons.® When carbon-13 atoms
were allowed to react with furan, the spectrum of the product
showed only peaks corresponding to carbons 4 and 5. Since the
yield of 2 is small, carbons which are not labeled do not appear
in the spectrum. Hence, we conclude that 13C atoms react with
furan to generate 2 which is labeled at carbons 4 and 5. The
ratio of peak height of C4:Cs = 1.33 in the labeled sample as
compared to C4:Cs = 0.262 in the unlabeled sample allows us
to calculate that 2 is 83.5% labeled at C4, Thus only a small
amount of 2 arises by a C-H insertion, while the remainder
probably results from addition to the double bond followed by
the rearrangement shown in eq 3.

The fact that carbon atoms do not deoxygenate furan is not
surprising when one considers that the furan HOMO (=3) has
no electron density on oxygen.'? However, rj is of the proper
symmetry to interact with the empty = orbital of atomic carbon
to lower the energy of the transition state for addition to the
double bond as shown in Figure la.

Attack of atomic carbon on an ether in which the HOMO
is the nonbonding orbital on oxygen involves the HOMO-
LUMO interaction in Figure 1b which favors attack on oxy-
gen. Thus THF and other simple ethers are attacked by carbon
atoms on oxygen.2

Reaction of carbenes, which also have an empty = orbital,
with ethers appears to follow the same pattern, Thus methylene
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reacts with THF to give significant quantities of products re-
sulting from attack on oxygen,!! Furan, however, gives only
products of addition to the double bond and of C-H insertion.!?
The rearrangement shown in eq 2 may be compared with that
observed when substituted carbenes are added to furans to
produce, either directly!? or upon heating!4 substituted 2,4-
pentadienals,

It is anticipated that the use of 13C atoms in conjunction with
13C NMR will allow the detection of other rearrangements of
energetic species similar to that reported here.
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Ferricenyl(III)tris(ferrocenyl(II))borate.

Synthesis, Electrochemistry, and Molecular
Structure of an Unusual Mixed-Valence Zwitterion
Sir:

We report here our discovery of a novel mixed-valence fer-
rocene compound, namely, ferricenyl(III)tris(ferrocenyl-
(IT))borate zwitterion (I) and our studies on its electrochem-
ical, spectral, and structural characteristics. An X-ray crys-
tallographic investigation of I has revealed its unique molecular
structural features and furnishes valuable information about
its electron-transfer processes. Compound I consists of three
ferrocenyl(II) and one ferricenyl(IIT) moieties covalently at-
tached to a tetravalent boron atom, hence the formal de-
scription of the complex as a zwitterion. In contrast to
mixed-valence biferrocenes with w-bonding bridges! through
which intervalence charge transfer takes place, it was antici-
pated that there would be little or no charge transfer through
a coordinatively saturated?? boron atom. However, data pre-
sented below suggest that I acts as a mixed-valence system,

The reaction of an excess ferrocenyllithium, FcLi where Fc
= dicyclopentadienyliron, with tri-n-butylborane or BF; af-

© 1979 American Chemical Society
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Figure 1, Cyclovoltamagrams of Fc,B (I) and FeyB* (I). The following
experimental conditions obtain for both: solvent CH,Cl,, electrolyte
(n-Bu)4N*BF,~, SCE electrode as reference.

fords red tris(ferrocenyl)borane,® mp 162-163 °C, and
zwitterion I as a black, crude powder. Zwitterion I was re-
crystallized from CH,Cl,/hexane to yield black crystals. El-
emental analysis for C, H, and Fe agreed well with our pos-
tulated formula FcsB. The overall synthesis may be represented
as follows:

8]
4FcLi + BF; — Li*B(Fc)s~ —> Fc+B(Fc);~
I

A similar compound, (triphenyl)(ferricenyl)borate zwitterion
(II) has been reported to form from the air oxidation of (tri-
phenyl)(ferrocenyl)borate:?

PhMgBr O,
FcB(OH)>; ——> FcB~Ph; : MgBrt —> Fc*BPh;~
II

Compound II, while similar to I, lacks the interesting mixed-
valence properties reported herein.

For example, I shows an electronic absorption spectrum
consisting not only of bands assignable to a ferrocenyl moiety
(273 nm (e 40 000), 295 (24 000)) and to a ferricenyl group
(480 nm (e 1350), 665 (900)), but also a very broad band
(900-2200 nm (e 300)) with a maximum near 2200 nm. Ab-
sorptions in this spectral region have been commonly assigned
as intervalence, electron-transfer transitions.!#

Cyclovoltametry of I (Figure 1) reveals four reversible ox-
idation potentials at —0.18, 0.09, 0.29, and 0.41 V. The neg-
ative oxidation potential suggests that there is a ferricinium
moiety in I. Furthermore, the positive oxidation potentials are
rather low when compared with values for ferrocene or
w-bridged ferrocene derivatives.

Complex I was quantitatively converted to its monovalent
cation by a controlled current oxidation (1 F/mol), and the
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absorption spectrum of I was taken in CH,Cl,. The inter-
valence band in I is slightly narrower than that of I itself and
at a somewhat higher exitation energy (1800 nm (e 230-240)).
The monocation was also obtained by chemical oxidation
employing benzoquinone and BF3.Et,0. Cyclovoltametry of
I* (Figure 1) shows two negative oxidation potentials for the
two ferricenyl moieties (—0,42 and —0.17 V) and two positive
oxidation potentials for the two ferrocenyl moieties (0.1 and
0.31V).

It was decided that a molecular structure determination
could aid in our understanding of the electrochemical and
spectral properties of I, Crystal data for I are as follows: a =
17.224 (3),h = 11.444 (2),c = 15.547 (3) A; 8= 94.50(1)°;
V = 30550 A3; Z = 4; space group P2,/n (monoclinic). In-
tensity data for 4720 independent reflections were collected
employing Mo Ka radiation and the §-28 scan technique. The
data were corrected for the usual geometric factors as well as
absorption effects. The structure has been refined by full-
matrix least-squares to an Ry value (anisotropic refinement
of the nonhydrogen atoms) of 0.057.

The overall conformational properties of I are presented in
Figure 2. While the complex is not required to possess any
crystallographic symmetry, qualitatively, some elements of
tetrahedral symmetry can be noted in Figure 2. In particular,
the complex has a nearly threefold axis normal to the plane
defined by Fe(1), Fe(2), and Fe(4). Thus one of the Fc units,
that labeled Fe(3) in Figure 2, is sterically distinct, Quite
surprisingly, this stereochemically distinct Fc group does not
coincide with the electronically unique Fc moiety. Focusing
on the centroid-to-centroid (c-t-¢) distance between the two
cyclopentadienyl rings in each Fc group, a clear trend is ob-
tained. These distances in the groups defined by iron atoms 1,
2, and 3 range from 3.291 to 3.320 A, Similar distances are
observed in ferrocene’ and several other ferrocenyl® derivatives.
It has, however, been found that in several ferricinium salts this
distance expands to ~3,4 A.7 The observed c-t-c distance of
3.428 A for Fc(4) seems to establish this as the ferricenyl
moiety. Other parameters within the complex are in agreement
with this interpretation,

In summary, then, the ferricenyl(tris(ferrocenyl))borate
zwitterion contains one sterically distinct Fc group and one
electronically unique Fc moiety and they are not coincident.
Moreover, the presence of an intervalence electronic transition,
as well as electrochemical data, establishes this inner salt as
a mixed-valence system. The intervalence charge-transfer
mechanism in I is probably different from the common
through-bond electron transfer in w-bonded biferrocene
complexes. We suggest that the electron-transfer mechanism
in I may proceed via a through-space mechanism.
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ministered by the American Chemical Society, and the Na-
tional Science Foundation (DMR 76-84238), D.O.C. thanks

Figure 2, A stereoview of the molecular conformation of the ferricenyl(IIDtris(ferrocenyl(II))borate inner salt.
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Hydrogenation of Small Molecules by Transition
Metal Cluster Hydrides. Reaction of H,0s3(CO)1g
with Carbon Disulfide

Sir:

The hydrogenation of small molecules by transition metal
cluster hydrides is presently an area of intense study.! In
connection with our studies on the hydrogenation abilities of
H>0s3(CO) 0,'d we have investigated its reaction with carbon
disulfide. Here we report that we have found an unusual di-
cluster reaction in which two triosmium clusters cooperatively
attack and reduce a single molecule of carbon disulfide.

Over a period of 34 hr a solution of H>Os3(CO)¢ in re-
fluxing CS, solvent slowly changes color from purple to yellow.
This is accompanied by the formation of a brown precipitate.
From the solution we have isolated? (21% yield) a yellow
compound which we have analyzed as H,CS,[HOs3(CO)y0]2
on the basis of IR,3> 'TH NMR, and X-ray crystallographic
analyses.* The molecular structure is shown in Figure 1. Two
regular HOs3(CO),g groupings are bridged by an S-CH,-S
ligand.>:6 Each sulfur atom bridges two osmium atoms in
separate cluster units. The S(u-H)Os3(CO)io units are
structurally similar to those observed in related monocluster
systems.” Although the hydrogen atoms were not observed
crystallographically, the presence of two hydrogen atoms on
the carbon atom of the S-CH,-S bridge is indicated by the
following considerations. The '"H NMR spectrum shows only
two resonances which are at 6 2.92 and —17.46 ppm with rel-
ative intensities of ~1:1. We assign the latter to a combination
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Figure 1. ORTEP diagram of (H,CS;)[(H)Os3(CO) o], showing 50%
probability ellipsoids.

of equivalent bridging hydride ligands (one from each cluster)
and the former to a methylene group. An alternative formu-
lation as a dithioformate is considered most unlikely since the
proton shifts in these ligands lie in the very characteristic region
8 10.0-15.0 ppm.2® Structural considerations also support the
formulation as a gem-dithiamethylene group. The C-S dis-
tances of 1.82 (2) and 1.86 (2) A are similar to the distances
1.81-1.82 A found in both monothia-® and gem-dithiaal-
kanes!® and the 1.89 (4) A found for the compound (u-H)-
(1-SC,H;5)0s3(CO) 0.7 In contrast the C-S distances in di-
thioformate ligands are considerably shorter and lie in the
range 1.64-1.68 A,11.12

The ligand behavior of carbon disulfide has been demon-
strated in numerous metal complexes.!* Carbon disulfide
reacts with mononuclear metal hydrides to produce complexes
containing chelating dithioformate ligands.®1115 Qur reaction
shows that the cluster reduction proceeds one step farther to
a CH>S,2™ unit which might be viewed as a precursor of di-
thioacetal. The reason for this is presently unclear, but may
center on the tendency of sulfur atoms to favor bridging posi-
tions across two metal atoms. The greater reducing effects
produced by the bridging environment may promote reduction
reactions beyond the dithioformate stage. Efforts to produce
still further reduction of the CH,S, unit are currently in
progress.
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