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Of interest is the finding that the difference between the 
hydrogen couplings of the ortho positions in 5 is larger 
than it is in 1, presumably owing to the difference in the 
strain of the bridged bicyclic skelton. 

The spectrum of 6,7-dinitrobenzonorbornene anion 
radical (6) was obtained, and its assignment is based on 
the observationI0 of the spectra of 5,8-dideuterio-(7) and 
exo,exo-2,3-dideuterio-6,7-dinitrobenzonorbornene an­
ion radicals (8). The coupling of the anti-C-9 hydrogen 

aN = 2.91 (2N) 

a FW I 3 = o.64 (2H) 

0H,.,i s < o,4 

NO, 

was determined to be less than 0.4 G from the line width 
of 6. In the symmetrical norbornene anion radical sys­
tem, the anti hydrogen atom lies on the symmetrical 
plane which bisects the spin-labeled component, so the 
magnitude of the anti-C-9 hydrogen coupling can be 
elucidated by the orbital symmetry theory.10,11 The 
opposite signs of the highest occupied molecular orbital 
coefficients for C-4a and C-8a in systems such as the p-
semiquinone2 prevent the derealization of the unpaired 
spin into the C-9 methylene position, since the form aH = 
Q(ci& + c8a)

2 is taken.12 In contrast, the semidione 
system having the same sign shows a large coupling at 
the anti hydrogen.1 In a similar manner, we conclude 
that because of the anti symmetry of 6, the anti-C-9 hy­
drogen coupling is considerably small. 

In order to make additional confirmation of the or­
bital symmetry theory in a symmetry system other than 
the semidione system, we prepared norbornyl o-semi­
quinone (9). As 9 has the same sign at C-4a and C-8a, 
it is predicted that the value of anti-C-9 hydrogen cou­
pling in 9 will be greater than it is in 6 or in norbornyl 
/?-semiquinone (10).2c From the spectrum of 9, the 
anti-C-9 hydrogen coupling was determined to be 3.10 

a H - « = 3.10 (1 H) 

aH = 1.09 (2 H) 

a" = 0.96 (4 H) 

oH, = 2.50 (2 H) 

o«. = 0.70 (2 H) 

a«A = 0.70 (1 H) 

G. The validity of the symmetry theory was established 
by the fact that the ratio of the anti-C-9 hydrogen hfsc 

(10) A coupling of 0.64 G was observed in 7 and not in 8. 
(11) G. A. Russell, T. Ku, and J. Lokensgard, J. Amer. Chem. Soc, 

92, 3833 (1970). In this reference, the difference between a spin de-
localization mechanism and a spin polarization mechanism is discussed 
with regard to the magnitude and stereoselectivity of long-range 
splittings. 

(12) D. H. Whiffen, MoI. Phys., 6, 224 (1963). 

of 9 to that of 10 is much larger than the ratio of the C-4 
hydrogen hfsc of o-semiquinone itself13 to the hydrogen 
hfsc of/j-semiquinone itself.13 
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Proton Contact-Shift Study of 6-Aminobenzonorbornene 
and 6-Aminobenzonorbornadiene1 

Sir: 

The mechanism of long-range hyperfine splittings 
(hfs) across a bonds observed in the esr spectra of 
charged radicals of various types of rigid bicyclic and 
polycyclic compounds2-6 has been a subject of contro­
versy in recent years.2-7 As an aid to understanding 
spin derealization mechanisms, the esr technique is 
known to suffer from the disadvantage that only the 
magnitude and not the sign of hfsc's can be deter­
mined."5 A pmr technique8 has been used to determine 
several signs of hfsc's in bicyclic nitroxide free radicals,9 

but there still remain difficulties in preparation of suffi­
ciently stable and concentrated solutions of such free 
radicals.93 

Applications of the paramagnetic contact shift 
(cs)8b10 using bis(acetylacetonato)nickel(II), Ni(ac-
ac)2,'1 have recently been highlighted in nmr spectroscopy 
for the investigation of electron spin distribution trans­
mitted through (j orbitals.12 We present here a proton 

(1) Nmr Studies of Bridged Ring Systems. XV. For Part XIV, see 
K. Tori, M. Ohtsuru, Y. Hata, and H. Tanida, Chem. Commun., 1096 
(1968). 

(2) (a) G. A. Russell, "Radical Ions," E. T. Kaiser and L. Kevan, Ed., 
Interscience Publishers, New York, N. Y., 1968, Chapter 7; (b) G. A. 
Russell, G. W. Holland, and K.-Y. Chang, J. Amer. Chem. Soc., 89, 
6629 (1967); (c) G. A. Russell, P. R. Whittle, and R. G. Keske, ibid., 
93, 1467 (1971), and references therein. 

(3) (a) D. Kosman and L. M. Stock, ibid., 88, 843 (1966); (b) ibid., 
91,2011 (1969), and references therein. 

(4) (a) S. F. Nelsen and B. M. Trost, Tetrahedron Lett., 5737 (1966); 
(b) S. F. Nelsen and E. D. Seppanen, J. Amer. Chem. Soc, 89, 5740 
(1967); (c) ibid., 92, 6212 (1970); (d) S. F. Nelsen and P. J. Hintz, 
ibid., 92, 6215 (1970). 

(5) R. O. C. Norman and B. C. Gilbert, J. Phys. Chem., 71, 14 (1967). 
(6) T. M. McKinney,/. Amer. Chem. Soc, 90, 3879 (1968). 
(7) (a) G. R. Underwood and R. S. Givens, ibid., 90, 3713 (1968); 

(b) G. R. Underwood and V. L. Vogel, ibid., 93, 1058 (1971), and 
references therein. 

(8) (a) K. H. Hausser, H. Brunner, and J. C. Jochims, MoI. Phys., 
10, 253 (1966); (b) E. de Boer and H. van Willigen, Progr. NMR 
Spectrosc.,2, 111(1967). 

(9) (a) H. Lemaire, A. Rassat, and R. Rey, Chem. Phys. Lett., 2, 
573 (1968); (b) C. Morat and A. Rassat, Bull. Soc. CMm. Fr., 893 (1971), 
and references therein. 

(10) (a) D. R. Eaton and W. D. Phillips, Advan. Magn. Resonance, 
1, 103 (1965); (b) G. A. Webb, Annu. Rep. NMR Spectrosc, 3, 211 
(1970). 

(11) J. A. Happe and R. L. Wards, J. Chem. Phys., 39, 1211 (1963). 
(12) (a) T. Yonezawa, I. Morishima, and Y. Ohmori, / . Amer. Chem. 

Soc, 92, 1267 (1970); (b) I. Morishima, T. Yonezawa, and K. Goto, 
ibid., 92, 6651 (1970); (c) I. Morishima, K. Okada, T. Yonezawa, and 
K. Goto, Chem. Commun., 1535 (1970); (d) I. Morishima, K. Okada, 
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cs study of 6-aminobenzonorbornene (1), its endo-2,-
endo-3- and exo-2,exo-3-dideuterio derivatives (2 and 
3, respectively), 6-aminobenzonorbotnadiene (4), and 
5-amino-m-l,3-dimethylindane (5),13 complexed with 
Ni(acac)2 at their nitrogen lone pairs in CDCl3. 

Figure 1 shows the proton cs data14'17 obtained in the 
usual manner.' '•12,18 The relative cs values are in good 
agreement with those for hfsc's obtained by esr studies 
of anion radicals of the corresponding nitro derivatives 
done in this laboratory (see Figure I).19 We have de­
termined not only the sign, but also the assignments of 
hfsc's remaining undetermined. Moreover, the cs study 
disclosed relatively smaller values with unambiguous as­
signments. The downfield cs (positive sign) is due to 
positive spin density and the upheld cs (negative sign) 
may result from negative spin density.12 'n 

The cs behaviors of the aromatic and the bridgehead 
protons of all the compounds examined were found to 
be similar to those obtained for toluidines.18 There­
fore, the relatively lower negative and higher positive 
TT spin densities are delocalized onto C-4a and C-8a 
(meta and para to the amino group), respectively,12b by 
a 7T derealization mechanism.10-18 

These spin densities on C-4a and C-8a in 2 are re­
flected in the small upheld and the large downfield cs 
values for H3x and H2x, respectively, both of which lie 
in the W-plan arrangement with the p7r orbitals of C-4a 
and C-8a, respectively;20 these facts imply that a mecha­
nism of electron spin derealization through a orbitals is 
operative.12 On the other hand, the cs values of H2n and 
H3n in 3, both of which lie in the folded path, are nega-

M.Ohashi, and T. Yonezawa, Chem. Commun., 33 (1971); (e)M. Ohashi, 
I. Morishima, K. Okada, T. Yonezawa, and T. Nishida, ibid., 34 (1971). 

(13) The compounds used in this study were synthesized from their 
corresponding nitro derivatives by reduction with Pd/C and showed 
satisfactory elemental analyses as /7-nitrobenzamides. Protons Hexo, 
Hendo, Hanti, and Hsyn are abbreviated as Hx, Hn, Ha, and H8, respec­
tively. The numbering for 5 used in this paper (see Figure 1) is con­
venient for the purpose of comparison. 

(14) The pmr spectra were recorded on a Varian HA-100 spectrometer 
in the frequency-swept and TMS-locked mode, using about 0.8 M 
solutions of the compounds. 

Signals in the initial spectra of uncomplexed 1-4 were assigned simi­
larly to those of benzonorbornene, benzonorbornadiene,15 and their 
6-methoxy derivatives.16 The H9a and Hg8 signals (doublets of triplets 
at S 2.40 and 1.07 ppm, respectively) in the spectrum of uncomplexed 
5 were readily assigned from /9a.i(4) and J»g,m) values (6.8 and 10.0 Hz, 
respectively). 

In the spectra of 1-4 complexed with Ni(acac)2, the Hi and H4 signals, 
which initially coincided and then were separated by the paramagnetic 
shifts due to Ni(acac)2, were assigned on the basis of their signal broaden­
ing caused by paramagnetism;10 the signals due to H4, which must be 
closer to the paramagnetic center than Hi is, become broader than those 
due to Hi as the Ni(acac)2 concentration is increased. The assign­
ments of the H2 and H3 signals were confirmed by spin-decoupling 
experiments, in which the Hi and H4 signals which were sufficiently 
separated by the paramagnetic shifts were successively irradiated. 

The assignments of the Hi and H 4 signals in the spectra of complexed 
5 were made by removing the benzylic spin couplings on double irradia­
tion of the aromatic H8 and Hs signals, respectively. 

(15) K. Tori, K. Aono, Y. Hata, R. Muneyuki, T. Tsuji, and H. 
Tanida, Tetrahedron Lett., 9 (1966). 

(16) N. Inamoto, S. Masuda, K. Tori, K. Aono, and H. Tanida, 
Can. J. Chem., 45,1185 (1967). 

(17) In this paper, a positive sign for a cs value denotes a downfield 
shift, in conformity with the suggestion of E. F. Mooney, Annu. Rep. 
NMR Spectrosc, 3, xi (1970). 

(18) (a) R. W. Kluiber and W. DeW. Horrocks, Jr., Inorg. Chem., 6, 
430 (1967); (b) T. Yonezawa, I. Morishima, Y. Akana, and K. Fukuta, 
Bull. Chem. Soc. Jap., 43, 379 (1970). 

(19) (a) R. Konaka, S. Terabe, and H. Tanida, Abstracts, The 8th 
Esr Symposium, Japan, 1969, p 79; (b) Abstracts, 23rd Annual Meeting 
of the Chemical Society of Japan, 1970, p 1-321; (c) S. Terabe and R. 
Konaka, / . Amer. Chem. Soc, 93, 6323 (1971). 

(20) For the W-plan interactions in radicals, see ref 2 and 7 as well as 
G. A. Russell and K.-Y. Chang, ibid., 87, 4381 (1965), and G. A. Russell, 
K.-Y. Chang, and C. W. Jefford, ibid., 87, 4383 (1965). 
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Figure 1. Relative values for proton contact shifts due to Ni(acac)2 

(values in square brackets are absolute shift values in parts per 
million at a 0.5 molar ratio of Ni/ligand)14'17 and relative values of 
hfsc's obtained with anion radicals of the corresponding nitro 
derivatives (in parentheses).19 <* Taken from ref 19c. 6 Taken 
from ref 19a. c Tentatively assigned by the present authors. 

tive and very small due to a a spin polarization mecha­
nism. 12c,d Similarly, H9a in the W-plan arrangement 
with the benzene ir system in 1-3 evidently shows a 
downfield cs resulting from the a spin derealization, 
whereas the cs value for H9s implies a spin polarization 
mechanism; the relatively smaller cs values are attribut­
able to the opposite signs of spin densities induced on 
C-4a and C-8a, although the higher positive density on 
the latter evidently has an effect. These results are 
considered to offer experimental support for the theoret­
ical study of anion radicals of bicyclic semidiones.7b 

In compound 4, the cs values for the vinyl H2 (down-
field) and H3 (upfield) indicate that the negative and 
positive if spin densities are transmitted onto C-2 and 
C-3 from C-8a and C-4a, respectively, by a -rr derealiza­
tion mechanism through direct homoconjugation.2b,3a,4a 

Thus, the downfield cs of H9s, which lies in the W-plan 
arrangement with the px orbitals of the olefinic carbons, 
can be interpreted as due mainly to the <r spin derealiza­
tion from C-2, as was previously suggested.4a How­
ever, the fact that both cs values for H9a and H9s are 
more positive in 4 than in 1-3 might not entirely exclude 
an alternative explanation that the strain from the dou­
ble bond is responsible for the effects, as was previously 
suggested from esr studies on bicyclic semidiones.2b 

That the cs values for Hi and H4 are smaller in 4 than 
in 1-3 may be due to the change in molecular geometry 
by the introduction of the double bond. The very large 
cs values for Hi and H4 in 5 in comparison with those in 
1-4 can readily be understood by the stronger hyper-
conjugation between the C-H bonds and the benzene 
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7T system due to their axial nature, which is apparent 
from the /93,1(4) and /9s,i(4) values.u As can be expected 
from the molecular conformation of 5, the cs values for 
the methyl protons, H93, and H9s were very small. 

In conclusion, it is suggested that the sign of the hfsc 
of a proton with a p7r orbital across the W-plan arrange­
ment is the same as the sign of the w spin density. 
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Organometallic Chalcogen Complexes. XXIII. 
Preparation and Structural Characterization of a 
Mixed Transition Metal Cluster Complex, 
[Re2Mo(/z5-C5H5)(CO)8](S)[SMo(/!8-C5H5)(CO)3], 
Containing Triply and Quadruply Bridging Sulfur 
Atoms. A New Synthetic Route to Highly 
Clustered Metal-Sulfur Systems1 

Sir: 

The extreme versatility of sulfur in atomic form in its 
various modes of coordination in organometallic 
cluster systems has been established directly from 
crystallographic studies which have shown a "bare" 
sulfur atom linked to transition metals as (1) a doubly 
bridging, two-electron c-donating ligand;2 (2) a triply 
bridging, four-electron ^-donating ligand;3 (3) a 
quadruply bridging, four-electron <r-donating ligand;4 

and (4) a quadruply bridging six-electron c-donating 
ligand.6 Similar metal linkages have also been found 
for atomic selenium and tellurium. Although a 
variety of reactions have been used to prepare such 
organometallic chalcogen complexes, in many cases 
they are obtained mostly in low yields from rather 
unusual and sometimes unpredicted reactions. In an 
effort to acquire them in a more designed fashion, we 
are carrying out reactions by which reactive organo­
metallic chalcogen intermediates can be isolated and 
then brought by further reaction to produce desired 
metal cluster chalcogen species. 

Abel and coworkers6 first studied the reactions of 
organotin-mercapto complexes of the types R3SnSR' 
and R2Sn(SR')2 with organometallic halides to produce 
compounds containing the mercaptan as a ligand, the 
driving force being the formation of a metal-sulfur 
bond and an organotin halide. It was subsequently 
shown by Schumann and coworkers7 that the chalcogen 
atom in (Me3Sn)2X (where X = S, Se, Te) is sufficiently 
basic to displace a carbonyl ligand from M(CO)6 

(1) Previous paper in this series: C. E. Strouse and L. F. Dahl, 
/ . Amer. Chem. Soc, 93, 6032 (1971). 

(2) (a) D. L. Stevenson and L. F. Dahl, ibid., 89, 3721 (1967); (b) 
A. C. Skapski and P. G. H. Troughton, J. Chem. Soc. A, 2772 (1969). 

(3) V. A. Uchtman and L. F. Dahl, / . Amer. Chem. Soc, 91, 3756 
(1969), and references cited therein. 

(4) C. H. Wei and L. F. Dahl, to be published. 
(5) J. M. Coleman, A. J. Wojcicki, P. J. Pollick, and L. F. Dahl, 

Inorg. Chem., 6, 1236 (1967). 
(6) E. W. Abel, A. M. Atkins, B. C. Crosse, and G. V. Hutson, 

J. Chem. Soc. A, 687 (1968), and references cited therein. 
(7) (a) H. Schumann, O. Stelzer, and W. Gick, Angew. Chem., Int. 

Ed. Engl, 8, 271 (1969); (b) H. Schumann and R. Weis, ibid., 9, 246 
(1970). 

(where M = Cr, Mo, W) to form M(CO)5(X(SnMe3)O 
(where X = S, Se, Te). We have undertaken a system­
atic study of the reactions of (Me3Sn)2S, both in the 
free state and bound to a metal as a Lewis base adduct, 
with a variety of organometallic halides. In order to 
illustrate the diversity and scope of this method, in­
cluding the means of preparing mixed metal-sulfur 
clusters, we report here the synthesis and structural 
analysis of one of the first mixed metal-sulfur com­
plexes, [Re2Mo(/z5-C5H5)(CO)8](S)[SMo(/z5-C5H5)(CO)3] 
(1), which is of special interest in its hitherto unknown 
feature of possessing both triply bridging, four-electron 
(r-donating and quadruply bridging, six-electron <r-
donating sulfur atoms. 

The reaction of (Me3Sn)2S with Re(CO)5Cl was 
previously reported by one of us to go smoothly to a 
bridged dimeric species, [Re(CO)4(SSnMe3)]2.

8 This 
Me3SnS-bridged dimer reacts with Mo(^-C5H5)(CO)3Cl 
in either 1,2-dimethoxyethane or benzene at 75° with 
loss of carbonyl to form 1. This air-stable compound, 
which is only slightly soluble in polar solvents, was 
shown from a magnetic susceptibility measurement9 to 
be diamagnetic. Its stoichiometry10 as well as atomic 
arrangement were ascertained from a crystallographic 
investigation. 

Crystals of 1 suitable for X-ray diffraction were taken 
from the reaction product and were found from photo­
graphic data to belong to the monoclinic system. The 
unit cell of centrosymmetric symmetry Pljc contains 
four molecules. The lattice parameters obtained from 
application of a diffractometric method11 are a = 
9.364 (1), b = 30.256 (3), c = 11.015 (1) A, /3 = 122.52 
(1)°. The structure was determined by conventional 
Patterson and Fourier techniques from intensity data 
collected with Mo Ka radiation by the 0-20 scan 
technique on a General Electric full-circle, Datex-
controlled diffractometer. A mixed anisotropic-iso­
tropic, full-matrix, least-squares refinement based on 
2224 absorption-corrected data with|f| > Aa(F) yielded 
an unweighted Ri value of 4.3%. In this refinement, 
each of the two cyclopentadienyl rings was constrained 
as a rigid regular Dih pentagon with C-C and C-H 
bond lengths of 1.405 and 1.09 A, respectively. Aniso­
tropic thermal parameters were utilized for the metal 
and sulfur atoms and isotropic ones for all other atoms, 
with those of the hydrogen atoms not varied throughout 
the refinement.12 

The molecular geometry (Figure 1) of 1 consists of a 
nonlinear trinuclear metal framework with Re(I) of the 
central Re(CO)3 fragment forming electron-pair metal-
metal bonds with a Re(CO)3 group and a Mo(Zz5-
C5H5)(CO)2 group. The three metal atoms of this 
open triangular system are all bridged on one side of 
their plane by a "bare" sulfur atom, S(I), and on the 

(8) H. Vahrenkamp, Chem. Ber., 103, 3580 (1970). 
(9) We gratefully thank Dr. Michael Camp for this measurement at 

room temperature by the Faraday method. 
(10) Yield >60% based on S. Anal. Calcd for Re2MOjSsC2IOnHiO: 

Mo, 17.99; S, 6.02; C, 23.65; H, 0.94. Found: Mo, 17.30; S, 5.98; 
C, 24.23; H, 1.00; mp, 290° dec. 

(11) A. S. Foust, Ph.D. Thesis, University of Wisconsin, Madison, 
Wis., Jan 1970. 

(12) For computation of distances and bond angles, atomic coordi­
nates will appear following these pages in the microfilm edition of this 
volume of the journal. Single copies may be obtained from the Reprint 
Department, ACS Publications, 1155 Sixteenth St., N.W., Washington, 
D. C. 20036, by referring to author, title of article, volume, and page 
number. Remit check or money order for $3.00 for photocopy or $2.00 
for microfiche. 

Journal of the American Chemical Society / 93:23 j November 17, 1971 


