2710 J. Am. Chem. Soc. 1984, 106, 2710-2711

89414-86-8; 3 (R = p-CIC¢Hy; R’ = H; R” = CO,Et), 89414-87-9; 3 (R
= Ph; R’ = CH;; R” = CO,Et), 89414-88-0; diethyl malonate, 105-53-3;
Mo(CO)s, 13939-06-5.

Supplementary Material Available: ORTEP diagram of 3 and
Tables I-VI of spectral data, crystal data, data collection and
refinement, fractional atomic coordinates, interatomic distances
and angles, and final thermal parameters (9 pages). Ordering
information is given on any current masthead page.
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M03O3S4+
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The presence of a M0;0,** core structure in the Mo(IV) aqua
ion has been confirmed by single-crystal X-ray structure analyses,!
%Mo NMR,!* EXAFS structure analysis,? and '30-labeling ex-
periment,? after many contradictory reports had appeared.* The
information on the reduction products of the Mo(IV) aqua ion
also is available.’

We will describe here the preparation and characterization of
a sulfur-capped trinuclear Mo(IV) ion, M0;0,S** and the X-ray
structure analysis of Ba[Mo0;0;S(Hnta);]-10H,O (Hjnta; nitri-
lotriacetic acid) having the Mo;0;S*" core structure. The in-
vestigation of sulfur-bridged Mo(IV) complexes will give valuable
information on the role of sulfur in the trinuclear Mo(IV) cluster
system.

The mixture of the (u-0x0)(u-sulfido)molybdenum(V) dimer
Mg[Mo,0,S(edta)]-6H,0° (1.0 g) and K,CO; (3.5 g) in water
(50 mL) was heated (ca. 1 h) with stirring and then cooled by
ice water. Neutralization of K,CO; and acidification of the
mixture to 4 M were made with concentrated HCl, and it was
allowed to stand overnight and filtered. After the filtrate was
diluted 10 times, the brown solution was absorbed on a Dowex
S0W-X2 cation exchanger, which was washed with 0.5 M HCL.
The red eluent obtained by the use of 2 M HCl was diluted twice
with water, and Sephadex G-10 column chromatography was
applied for purification (1 M HCI). The resultant solution (1)
was analyzed to give Mo/S = 3.0 £ 0.2 (four determinations).
Yield was ca. 20% based on starting binuclear complex. The
absorption of the ion on the cation exchanger from HCI solution
followed by the elution of it with 2 M HPTS gave the HPTS
solution of the ion. The charge of the ion was estimated to be

(1) (a) Bino, A.; Cotton, F. A.; Dori, Z. J. Am. Chem. Soc. 1978, 100,
5252-5253; (b) Ibid. 1979, 101, 3842-3847. (c) Gheller, S. F.; Hambley, T.
W.; Brownlee, R. T. C.; O’Conner, M. I.; Show, M. R.; Wedd, A. J. Ibid.
1983, 105, 1527-1532,

(2) Cramer, S. P.; Eidem, P. K ; Paffet, T. M.; Winkler, J. R.; Dori, Z;
Gray, H. B. J. Am. Chem. Soc. 1983, 105, 799-802.

(3) Murmann, R. K.; Shelton, M. E. J. Am. Chem. Soc. 1980, 102,
3984-3985.

(4) (a) Souchay, P.; Cadiot, M.; Duhameaux, M. C. R. Seances Acad. Sci.
1966, 262, 1524-1527. (b) Ardon, M.; Pernik, A, J. Am. Chem. Soc. 1973,
95, 6871-6872. (¢) Ramasami, T.; Taylor, R. S.; Sykes, A. G. Ibid. 1975,
97, 5918-5920. (d) Ojo, J. F.; Sasaki, Y.; Taylor, R. S.; Sykes, A. G. Inorg.
Chem. 1976, 15, 1006-1009. (e) Ardon, M.; Bino, A.; Yahao, G. J. Am.
Chem. Soc. 1976, 98, 2338-2339. (f) Chalilpoyil, P.; Anson, F. C. Inorg.
Chem. 1978, 17, 2418-2423. (g) Cramer, S. P,; Gray, H. B.; Dori, Z.; Bino,
A. J. Am. Chem. Soc. 1979, 101, 2770-2772.

(5) (a) Richens, D. T.; Sykes, A. G. Inorg. Chim. Acta 1981, 54, L3-4;
(b) Inorg. Chem. 1982, 21, 418-422. (c) Paffet, M. T.; Anson, F. C. Ibid.
1983, 22, 1347-1355.

(6) Otto, V. R.; Swieter, D. S; Schultz, F. A. Inorg. Chem. 19717, 16,
2538-2545. edta, ethylenediaminetetraacetate (4-) anion.
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Figure 1. Perspective view of [M0,0,S(Hnta);]*". The average Mo--Mo,
Mo--8, Mo--O(bridge), Mo--O(ligand), and Mo--N distances are 2.589,
2.360, 1.917, 2.097, and 2.264 A, respectively.

4+ on the basis of its behavior similar to that of the M0;O,** aqua
ion on the ion exchanger.’

The Mo/S ratio and the electronic spectrum of the red solution
(Amax (€) 333 (932) and 512 nm (153 M~ cm™) in 2 M HPTS)
indicate the probable existence of a Mo;O,S** ion,® which
prompted us to prepare crystals of a complex with the Mo;0,S**
core structure.

Hjnta (H;nta/Mo = 2.5) was dissolved in the solution 1, and
the pH was adjusted to 1.2 by addition of concentrated NaOH.
Dark red distorted cubic crystals were obtained by addition of
BaCl, after several days storage. The crystals were analyzed to
be Ba[Mo,0,S(Hnta),]-10H,0,° of which peak positions, nm, (¢)
of the electronic spectrum in water were 330 (1830) and 530 (352).

X-ray crystal structure analysis'® revealed the existence of a
sulfur-capped trinuclear molybdenum core structure, Mo;0,S**
in the [M0;0,S(Hnta);]>" anion (Figure 1). The core can be
regarded as an incomplete cube,!! as in the case of the Mo;0,**
core.! Every Mo has a distorted octahedral coordination by S
and two O atoms from the core and two O and N from the Hnta?
ligand. The Mo--Mo distance is slightly longer than and the
Mo--O (bridge) distance is similar to the corresponding value in
[M0;0,(0x);(H,0);]%,'* [(M0;0,),(edta);]*,'* and [Mo;0,-
(mida);]*".'* The Mo--S distance is similar to that in [Mo,S-
(Sy)6]*".12 One uncoordinated CO, group in each Hnta?" ligand
has a long (av 1.325 A) and a short (1.205 A) distance indicating
the existence of three -COOH groups in the whole complex anion,
in accord with the presence of an absorption band at 1725 cm™!
in the infrared spectrum.

This: X-ray structure analysis supports the existence of a
Mo,0;S** ion (probably [Mo;0;S(H,0)g]**) in solution. Elec-
trochemical and other studies of the present and related compounds
are in progress.

(7) The oxygen-bridged complex Mo,0,** could be prepared by the same
method by using Na,[Mo,0,(edta)]-4H,0 as a starting material and a di-
nitrogen atmosphere. The mechanism and reducing agent of the formation
reaction of M0;O,;S** ion are not clear at present.

(8) The M0;0,S* ion is very stable and the electronic spectrum remains
unchanged after more than 10 days in the air. )

(9) Anal. Found (caled): N, 3.52 (3.35); C, 17.40 (17.26); H, 2.95 (3.30).

(10) Crystal data: triclinic system, space group P1, a = 15.602 (3) A, b
=11.614(2) A, c=11.150(2) A, & = 100.89 (1)°, 8 = 95.42 (1)°, ¥ = 99.70
(1)°, ¥ =1939.1 (7) A%, Z = 2. Intensity data were collected on an auto-
mated four-circle diffractometer by use of graphite-monochromated Mo K&
radiation on the 26 < 46° range. The coordinates of four Mo’s, S, and three
u-O’s were determined by means of MULTAN, and the remaining nonhydrogen
atoms were located from difference maps. The current R value is 0.0335 for
4245 reflections (Fy? 2 30(F,?)).

(11) Miller, A.; Jostes, R.; Cotton, F. A. Angew. Chem., Int. Ed. Engl.
1980, /9, 875-882.

(12) Miiller, A.; Pohl, S.; Dartmann, M.; Cohen, J. P.; Bonnet, J. M. Z.
Naturforsch., B 1979, B34, 434-436.
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The interaction between photoexcited electron acceptors and
several derivatives (1) of the bicyclo[1.1.0]butane system have
been found to generate strong nuclear spin polarization effects.
These results give an insight into the structure of the radical cations
of 1 and reveal an unusually rapid isomerization of one of these
cations.

The reactions of bicyclo[1.1.0]butane derivatives with excit-
ed-singlet electron acceptors have been studied under varied re-
action conditions.! The structures of the reaction products are
compatible with the intermediacy of radical cations, 2, in which
the C1-C7 bond is broken or weakened. Such a structure is readily
rationalized on the basis of the bicyclo[1.1.0]butane HOMO,
which is bonding principally between the two bridgehead carbons.?

R1 R1
i
I
.+
|
|
R> Rz
1 2
a, R, =R,=H
b,R, = H:R, =CH,
¢, R, =R, =CH,

In an attempt to obtain further insight into the structures of
these radical cations and to assess the involvement of other
high-lying bicyclo[1.1.0]butane orbitals, we have applied the
CIDNP technique to photoreactions of excited-singlet acceptors
such as 1-cyanonaphthalene (1-CN) or triplet acceptors such as
chloranil (CA) with bicyclo[1.1.0]butane derivatives. The CIDNP
method has proved to be a powerful tool in the elucidation of
radical cation structures, especially those derived from strained-
ring hydrocarbons.?

The irradiation of 1-CN or CA in acetonitrile solutions con-
taining tricyclo[4.1.0.0>7]heptane (Moore’s hydrocarbon, 1a)*
resulted in strong nuclear spin polarization for all signals of the
strained-ring hydrocarbon (Figure 1). Significantly, the polar-

(1) (a) Gassman, P. G.; Olson, K. D.; Walter, L.; Yamaguchi, R. J. Am.
Chem. Soc. 1981, 103, 4977-4979. (b) Gassman, P. G., Olson, K. D. Ibid.
1982, 104, 3740-3742.

(2) (a) Pomerantz, M.; Abrahamson, E. W. J. Am. Chem. Soc. 1966, 88,
3970-3972. (b) Whitman, D. R.; Chiang, J. F. Ibid. 1972, 94, 1126-1129.
(c) Haddon, R. C. Tetrahedron Lett. 1974, 2797-2800. (d) Gassman, P. G.;
Mullins, M. J.; Richtsmeier, S.; Dixon, D. A. J. Am. Chem. Soc. 1979, 101,
5783-5797. (e) Gassman, P. G.; Greenlee, M. L.; Dixon, D. A ; Richtsmeier,
S.; Gougoutas, J. Z. Ibid. 1983, 105, 5865-5874.

(3) (a) Roth, H. D.; Schilling, M. L. M. Can. J. Chem. 1983, 61,
1027-1035. (b) Roth, H. D.; Schilling, M. L. M.; Raghavachari, K. J. Am.
Chem. Soc. 1984, 106, 115-117. (c¢) Roth, H. D.; Schilling, M. L. M,;
Wamser, C. C., unpublished results. (d) Roth, H. D.; Schilling, M. L. M_;
Mukai, T.; Miyashi, T. Tetrahedron Lett. 1983, 5815-5818.

(4) Moore, W. R.; Ward, H. R.; Merritt, R. F. J. Am. Chem. Soc. 1961,
83, 2019-2020.
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Figure 1. PMR spectra (90 MHz) of (a) an acetonitrile-d; solution of
0.02 M tricyclo[4.1.0.0*"Theptane (1a) and 0.02 M chloranil in the dark
(insets show detailed spectra for protons at C2 and C6 at ~2.3 ppm and
for protons at C1 and C7 at ~1.5 ppm), (b) the same solution during
UV irradiation, (c) an acetonitrile-d, solution of 0.02 M 1a and 0.02 M
l1-cyanonaphthalene during UV irradiation, and (d) and acetone-dg so-
lution of 0.02 M 1a and 0.02 M chloranil during UV irradiation. A
CIDNP spectrum essentially identical with trace d is observed during the
irradiation of 0.02 M chloranil in the presence of 0.02 M norcar-2-ene

(6).

ization observed for the triplet near 1.5 ppm (H,, H,) was opposite
to the effects observed for the broad signal at 2.3 ppm (H,, Hy)
and for the multiplet at 1.3 ppm, which represents the protons
at C3, C4, and C5. This polarization can be rationalized as being
induced by a reaction sequence initiated via electron transfer (eq
1) from 1a to the photoexcited electron acceptor of spin multiplicity

mA¥ + D — mA~D*. (1
MA=D* = "A~D". (2)
IA~D*. > A + D' 3)
YA~D*. — A~ + D*. (4)
* signifies an excited state and ' signifies nuclear spin
polarization

m (m =1 for 1-CN, m = 3 for CA). The resulting cation
radical-anion radical pairs begin random diffusion as well as
intersystem crossing. The latter process (eq 2) may be either
slightly accelerated or somewhat retarded due to the involvement
of different nuclear spin states in the radical cations. Depending
on the prevailing electron spin multiplicity at the time of a sec-
ondary encounter, the pairs may recombine, usually from the
singlet state (eq 3), or diffuse apart (eq 4).

On the basis of this mechanism and on the assumption that the
bicyclo[1.1.0]butane radical cation has a lower g factor than either
of the acceptor anions (CA™ g = 2.0051; I-CN™. g = 2.0031),
the polarization of the regenerated starting material can be used
to assign the hyperfine coupling (hfc) pattern of the cation radical.
The results observed during the photoreaction with 1-CN (Figure
1¢) indicate negative hfc’s for H, and H, and positive hfc’s for
H,, Hg, and also H, 3 and H; s of the intermediate. This pattern
supports a radical cation with a broken (or weakened) C1-C7
bond, in full agreement with the structure assigned on the basis
of the reaction products.!

Surprisingly, an entirely different result is obtained during the
photoreaction of CA with 1a under only slightly different reaction

© 1984 American Chemical Society



