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13, R = allyl; R=Me 
15, R = H-C5H11; R'=H 

16, X = N-allyl 17, X = N-allyl 
Y = I 19,X=O 

18, X=O; Y=I 
20, X=O; Y=Br 

Cl 

23, R = -O-CS-SMe 
24, R = -Z 

1 0 25,R = |3 -O-CS-SMe 
0 - J 26, R =-Z; a: p = 35: 65 

NMe 

Z = -S-CS-OCH2CMe3 
27, R = -O-CS-SMe 
28, R = -Z 

potassium 0-ethyl xanthate. However, it is a low-melting solid 
which does not keep well, resulting in erratic behavior in some 
of the experiments. The analogous dithiocarbamate derivative 
lb7b was more stable but much less reactive (see Table I, entries 
5 and 6). In contrast, the neopentyltin xanthate Ic turned out 
to be a stable and effective reagent, giving reproducible results. 
It is nicely crystalline (mp 94-96 0C) and easily made7c and kept. 
Moreover, we found that addition of a small amount (ca. 10 mol 
%) of hexabutylditin or, even better, hexaphenylditin increased 
the rate significantly,7d presumably by destroying traces of sul­
fur-containing impurities8 or side products which can otherwise 
inhibit the chain reaction. 

As shown in the table, a variety of typical radical reactions can 
be performed using this novel system. In the case of lactam 

(7) (a) Schmidt, M.; Schumann, H.; Gliniecki, F.; Jaggard, J. F. / . Or-
ganomet. Chem. 1969,17, 277. (b) Domazetis, G.; Magee, R. G.; James, B. 
D. J. Organomet. Chem. 1977, 141, 57. (c) Preparation of Ic: Chlorotri-
phenyltin (21.2 g, 55 mmol) was added at room temperature to a stirred 
solution of sodium 0-neopentyl xanthate (10 g, 54 mmol) (Johansson, A. Ark. 
Kemi Mineral. Geol. 1946, B22,7; Chem. Abstr. 1947,41,1209e) in 100 mL 
of dry acetone. The reaction mixture was allowed to stir at room temperature 
for 3 h and then filtered, and the filtrate was evaporated to dryness. The 
residue was recrystallized from diethyl ether-pentane to give la as almost 
white crystals: yield 19.8 g, 72%; mp 94-96 0C; IR (CH2Cl2, cm"1) 3046, 
2963, 1479, 1429, 1223, 1071; 1H NMR (200 MHz, CDCl3) 7.7 and 7.4 (m, 
15 H), 4.01 (s, 2 H), 0.86 (s, 9 H); 13C NMR (50 MHz, CDCl3, ppm) 216.2, 
138.6, 136.8, 129.8, 128.9, 85.63, 31.71, 26.45; MS m/z (M+) calcd 514.0447, 
obsd 514.0439. (d) Typical experimental procedure: Argon was bubbled 
through a suspension of the substrate (1 mmol), Ic (2 mmol), and Ph6Sn2 
(0.15 mmol) in 5 mL of dry cyclohexane for 15 min. The mixture was then 
irradiated with visible light (500-W tungsten lamp) for the time specified in 
the table (the heat from the lamp caused the solvent to reflux). The reaction 
mixture was then concentrated in vacuo and the residue purified by silica gel 
chromatography. 

(8) Ditin derivatives are known to react with disulfides and other sulfur 
compounds, see: Neumann, W. P. The Organic Chemistry of Tin; J. Wiley: 
New York, 1970. The role of the ditin in our case is probably analogous to 
that played in reactions involving iodine atom transfer: Curran, D. P.; Chen, 
M.-H.; Kim, D. J. Am. Chem. Soc. 1989, 111, 6265. 

formation (examples 13 and 15), no need for high dilution or slow 
addition of the tin reagent is necessary, in contrast to similar 
stannane-mediated cyclizations.9 As would be expected, aromatic 
bromides were much less reactive than the corresponding iodides 
(entries 13 and 14). It is also possible to convert an 0-alkyl 
xanthate into an 5-alkyl xanthate as illustrated by examples 24, 
26, and 28 (entries 16-18) in what appears to be a promising and 
expedient route to thiosugars and thionucleosides. Some of these 
derivatives exhibit interesting biological activities and are not 
always easily accessible by conventional ionic reactions.10 In the 
case of 26, the two epimeric xanthates were shown to interconvert 
under the reaction conditions, indicating that the xanthate transfer 
is indeed a reversible process. 

We believe that this approach adds a new dimension to tin-based 
radical methods. Furthermore, since the addition of silyl radicals 
onto a thiocarbonyl group has also been shown to be reversible,4* 
a similar process should be feasible with the corresponding silicon 
xanthates. 
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Several structural types of trinuclear molybdenum cluster 
complexes have been reported, and the relationship between their 
geometrical and electronic structures has been an important subject 
of intensive studies.1 In the present communication, we report 
a new cluster complex [Mo3(At3-S)2(M-S)3(PMe3)6] (I) containing 
a "Mo3S5" unit with two capping and three edge-bridging sulfur 
ligands. The unit is the first member of the series Mo3nS3n+2 

(1) (a) Muller, A.; Jostes, R.; Cotton F. A. Angew. Chem., Int. Ed. Engl. 
1980, 19, 875. (b) Burnsten, B. E.; Cotton, F. A.; Hall, M. B.; Najjar, R. 
C. Inorg. Chem. 1982, 21, 302. (c) Cotton, F. A.; Feng, X. lnorg. Chem. 
1991, 30, 3666. (d) Cotton, F. A.; Shang, M.; Sun, Z. S. / . Am. Chem. Soc. 
1991,113, 3007. (e) Cotton, F. A.; Shang, M.; Sun, Z. S. / . Am. Chem. Soc. 
1991, 113, 6917. (f) Cotton, F. A.; Kibala, P. A.; Miertschin, C. S. Inorg. 
Chem. 1991, 30, 548. 
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Figure 1. ORTEP drawing of [Mo3S5(PMe3)6] with 50% probability 
ellipsoids. Carbon and hydrogen atoms have been omitted. 

constructed from a stack of Mo3 triangles in a staggered fashion. 
The higher members (n > 2) of the series are the building blocks 
of the superconducting Chevrel phases,2 and a molecular complex 
containing the octahedral Mo6S8 unit (n = 2) has been reported 
by us.3 

The cluster complex I was prepared by the treatment of 
(NH4)2Mo3S13

4 with excess trimethylphosphine in tetrahydrofuran 
at room temperature. A black crystalline product was isolated 
in 26% yield. A visible spectrum in CH2Cl2 shows absorptions 
at Xmal/nm («/(103 M"1 cm"1)) 368 (3.4), 447 (4.0), 565 (2.0), 
and 780 (0.3). A 31P NMR spectrum shows a sharp singlet at 
6 30.4 (85% H3PO4 as an external reference). A 1H NMR 
spectrum in CDCl3 gives a broad singlet at 8 1.4. Cyclic vol-
tammetry in the CH2Cl2 solution has indicated a quasi-reversible 
reduction wave at £1/2 = -1.16 V and a quasi-reversible oxidation 
wave at £1/2 +0.06 V (vs Ag/AgNO3 (0.01 M in CH3CN)).5 

The X-ray crystal structure determination6 of I has revealed 
the structure illustrated in Figure 1. The cluster has an equilateral 
triangle of three molybdenum atoms capped by two sulfur atoms 
and bridged by three sulfur atoms. Two trimethylphosphines are 
coordinated to each molybdenum atom. There is a crystallo-
graphically imposed 3-fold axis through the cluster, and the overall 
molecular structure has a Z)3 symmetry slightly distorted from 
the Dih symmetry, with distances Mo-Mo 2.714 (1) A, Mo-M3-S 
2.421 (1) A, and MO-M-S 2.393 (1) A. 

The electronic structures of several types of triangular mo­
lybdenum cluster complexes have been calculated and discussed. 
If we assume 3-fold symmetry, triangular clusters have two low-
lying orbitals consisting primarily of molybdenum 4d orbitals, 
which are an ai (or a/) and an e (or e') orbital.1 If a cluster has 
six metal electrons, these orbitals are occupied and the cluster is 
electron-precise. However, it depends on the structure whether 
the next lower metallic orbital is degenerate or not.1 Therefore, 
the Jahn-Teller distortion can operate in some of the eight-electron 
clusters. 

The disposition of the atoms in I is similar to that in [Mo3-
(^3-S)2(M-Cl)3Cl6]

3- (II)7 and in [Cr3(M3-S)2(M-S)3-

(2) Chevrel, R.; Sergent, M. In Superconductivity in Ternary Compounds 
I; Fisher, 0., Maple, M. B., Eds.; Springer-Verlag: Berlin, 1982; p 25. 

(3) Saito, T.; Yamamoto, N.; Nagase, T. Tsuboi, T.; Kobayashi, K.; Ya-
magata, T.; Imoto, H.; Unoura, K. Inorg. Chem. 1990, 29, 764. 

(4) (a) Mailer, A.; Sarkar, S.; Bhattacharyya, R. G.; Pohl, S.; Dartmann, 
M. Angew. Chem., Int. Ed. Engl. 1978,17, 535. (b) Muller, A.; Krickemeyer, 
E. Inorg. Synth. 1990, 27, 47-48. 

(5) Tetrabutylammonium perchlorate (0.1 M) was used as the supporting 
electrolyte. The measurement was made at 17 0C in a CH2Cl2 solution by 
using a platinum electrode with a scan rate of 100 mV/s. Ferrocene (2 mM 
in CH2Cl2) gave an oxidation wave at £1/2 = +0.46 V under the same con­
ditions. 

(6) Crystal data: space group Rlc with a = 11.112 (1) A, c = 53.507 (10) 
A, V = 5722 (I)A3, and Z = 6. The structure was solved by direct methods 
and Fourier syntheses (SHELXS76 and SHELXS86) and refined with an 
isotropic extinction correction (ANYBLK). R = 0.043 and /?w = 0.026 for 
1534 observed reflections (F > 3.Oa(F)) with 26 < 60° (Mo Ka radiation). 
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Figure 2. Energy levels of (a) [Mo3(MrS)2(M-Cl)3Cl6]

3-, (b) [Mo3(M3-
S ) 2 ( M - S ) 3 ( P H 3 ) 6 ] , and (c) [Cr3(M3-S)2(M-S)3(PH3)6] calculated by the 
DVXa method. Degenerate levels are drawn with thicker lines than those 
for nondegenerate levels. The metal constitution for each orbital is shown 
with a continuous line while the total contribution from nonmetal orbitals 
is indicated with a broken line. 

Figure 3. Schematic drawings of the molecular orbitals of the a / ' 
(HOMO) and the e" symmetry for [Mo3S5(PMe3)6]. 

(Me2PC2H4PMe2)3] (III).8 The edge-bridging and terminal 
ligands in II are chlorines instead of sulfur and trialkylphosphine 
as in I and III. All of these clusters have the same metal oxidation 
state (+3.33) and eight cluster electrons. However, in contrast 
to the equilateral triangular core of I, the triangular metal cores 
in II and III are distorted to isosceles triangles with a shorter (II) 
or a longer (III) base. According to the electronic structure 
calculation by Jiang and others, the cluster II should have a 
degenerate HOMO (e") occupied by two electrons if II had the 
perfect Dih symmetry.7 The distortion has been accounted for 
in terms of the Jahn-Teller effect. On the other hand, Arif and 
others have obtained the results of the calculation in which the 
chromium cluster HI in the Dih symmetry has a nondegenerate 
HOMO (a/'). and they argued that the distortion observed in 
spite of the nondegeneracy of the HOMO may be due to the 
second-order Jahn-Teller effect which mixes the HOMO (a/') 
and the LUMO (e").8 

To elucidate the reason why the Mo3 triangle in I is not dis­
torted, we have calculated the molecular orbitals of model com­
plexes [Mo3(M3-S)2(M-S)3(PH3),] (I'), [Mo3(M3-S)2(M-Cl)3Cl6]

3-
(H'), and [Cr3(M3-S)2(M-S)3(PH3)6] (III') by the DVXa method.9 

Dih symmetry has been assumed for all the complexes. In all of 
the clusters I', II', and III', either the e" or the a," orbital is the 
HOMO (Figure 2). The a," and e" levels of II' have very similar 

(7) (a) Jiang, Y.; Tang, A.; Hoffmann, R.; Huang, J.; Lu, J. Organo-
metallics 1985, 4,11. (b) Huang, J.; Shang, M.; Lui, S.; Lu, J. Sd. Sin., Ser. 
B (Engl. Ed.) 1982, 25, 1270. (c) Huang, J.; Shang, M.; Huang, J.; Lu, J. 
Proceedings of the 2nd China-Japan-U.S.A. Symposium on Organometallic 
and Inorganic Chemistry, 1982; p 38. 

(8) Arif, M. A.; Hefner, J. G.; Jones, R. A.; Albright, T. A.; Kang, S.-K. 
J. Am. Chem. Soc. 1986, 108, 1701. 

(9) The program used was written by H. Adachi. (a) Adachi, H.; Tsukada, 
M.; Satoko, C. J. Phys. Soc. Jpn. 1978, 45, 875. (b) Satoko, C; Tsukada, 
M.; Adachi, H. J. Phys. Soc. Jpn. 1978, 45, 1333. (c) Adachi, H.; Shiokawa, 
S.; Tsukada, M.; Satoko, C; Sugano, S. J. Phys. Soc. Jpn. 1979, 47, 1528. 
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energies, and its structure will be distorted due to the Jahn-Teller 
effect. On the other hand, the a / ' level is lower than e" in I and 
III, yielding a nondegenerate HOMO. These results are consistent 
with previous extended Huckel calculations as mentioned above.7"'8 

The order of the a," and e" levels seems to be determined mainly 
by the antibonding ir-interaction between the molybdenum 4d 
orbitals and the filled 3p orbitals of the bridging ligand atoms. 
These orbitals are derived from the same type of molybdenum 
4d orbitals as shown in Figure 3. The interaction destabilizes 
only the e" orbital because the a / ' does not interact with the p 
orbitals due to the mismatch in symmetry. Since sulfur is less 
electronegative than chlorine, the energies of its 3p orbitals are 
closer to those of the molybdenum 4d orbitals. Therefore, the 
sulfur ligands in I' and III' are expected to have stronger ir-in-
teractions with metal d orbitals, and to destabilize the e" orbital 
more than the chlorine ligands in II'. 

As shown in Figure 2,1 ' and III' have very similar energy level 
diagrams in the HOMO-LUMO region except that the three 
highest occupied orbitals have more metallic character in III' than 
in I'. Our preliminary calculation has also shown that the elec­
tronic levels of I' change similarly to those of III' when the 
structures are distorted in the C10 symmetry in such a way as 
observed in HI. Especially, the HOMO a," orbital is influenced 
very little by the distortion in both compounds. Therefore, the 
electronic structures of I and III should be very similar though 
only III exhibits distortion of the metal triangle in the X-ray 
structure analysis. The interplay of electronic and steric influences 
that distorts III may be very delicate and/or complex. However, 
the lack of distortion in I can be explained straightforwardly by 
the nondegeneracy of the HOMO. 
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A recent publication' has criticized results obtained using the 
theory of atoms in molecules2 by claiming that the "atomic size" 
dependency of the form of the charge distribution leads to erro­
neous and unaccountable errors in the predictions of the theory. 
The interpretation of the behavior of simple model systems is used 
to claim that the location of the zero-flux surface depends upon 
atomic orbital size. These models are the foundations of the 
critical arguments that follow regarding the exaggeration of the 
atomic populations predicted by the theory of atoms in molecules 
and consequently their unreliability as a basis for the investigation 
of physical phenomena. 

The second model presents a "1:1 LCAO-MO" model which 
"localizes a known, and preferably equal, electron population on 

(1) Perrin, C. L. J. Am. Chem. Soc. 1991, 113, 2865. 
(2) Wiberg, K. B.; Laidig, K. E. J. Am. Chem. Soc. 1987, 109, 5935. 

Wiberg, K. B.; Laidig, K. E. J. Am. Chem. Soc. 1988, 110, 1872. Wiberg, 
K. B.; Schrieber, S. L. /. Org. Chem. 1988, 53, 783. Wiberg, K. B.; Brene-
man, C. M.; Le Page, T. J. J. Org. Chem. 1990, 112, 61. Wiberg, K. B. /. 
Am. Chem. Soc. 1990, 112, 4177. Siggel, M. R. F.; Streitwieser, A., Jr.; 
Thomas, T. D. J. Am. Chem. Soc. 1988, 110, 8022. 

Figure 1. Gradient vector field of the nuclear potential of the system as 
defined in eq 1. The surface of balanced forces between the two nuclei 
has been darkened for emphasis, the intersection of this surface with the 
internuclear axis is represented by a black dot, and the position of each 
nucleus is represented by a cross. 

each atom".1 A system with carbon and oxygen separated by 2.70 
bohr is presented with each nucleus having a Slater sp hybrid 
atomic orbital. One electron is put into this system, and the 
resulting distribution produces a critical point (the point at which 
the charge density reaches a minimum along the interatomic axis) 
closer to the carbon nucleus than to the oxygen along the inter­
atomic axis. An integration is performed within the regions 
bounded by the zero-flux surface in the gradient vector field, and 
the atomic populations are determined, with the carbon atom 
having 0.30 and the oxygen 0.70 of the electronic charge. The 
author claims that the failure to distribute the population equally 
between the two atoms demonstrates the "atomic size" dependency 
and hence the weakness of the theory of atoms in molecules. 

The implicit assumption used above is that the amount of charge 
should be evenly divided between the two atoms of this system. 
We propose a simple consideration of the nuclear potential3 be­
tween these two atoms to demonstrate that this cannot be so. The 
nuclear potential generates the nuclear-electron attraction, the 
dominant force within a molecular system, and is responsible for 
the form of the molecular distribution.3 The nuclear potential, 
for a given nuclear configuration, X, with nuclear charges, Za, 
is defined as 

V(rJ0 = zZZa(\r - Xa\r (D 
a 

Given the model system described above, one finds the nuclear 
potential, as displayed by its gradient vector field, has the form 
found in Figure 1. The lines shown in the figure are those of 
force (the gradient of the potential), i.e., lines along which a 
negative test charge moves under the influence of the nuclear 
potential. The system is divided into two regions of space in which 
the lines of force lead to one nucleus or the other, i.e., regions of 
space in which a test charge is dominated by the potential of that 
nucleus. Figure 1 shows that the region of space in which the 
test charge is dominated by oxygen is larger than that for carbon. 
The form of the distribution of one electron under the influence 
of this potential will not have an equal amount of charge on each 
atom, and integration of the atomic populations of such a dis­
tribution should yield a larger population for oxygen. 

In between these regions there is a surface in three dimensions 
on which the force on a test charge is equally balanced between 
the two nuclei. This surface of balanced force is not midway along 

(3) TaI, Y.; Bader, R. F. W.; Erkku, J. Phys. Rev. 1980, All, 1. Parr, R. 
G.; Berk, A. In Chemical Applications of Atomic and Molecular Electrostatic 
Potentials; Politzer, P., Truhlar, D. G., Eds.; Plenum Press: New York, 1981; 
p 51. Bader, R. F. W. Atoms in Molecules: A Quantum Theory; Oxford 
University Press: Oxford, 1990. 
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