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high basicities, not only because of their negative charges but 
also because of the intrinsic basicities of the ligand acetato 
groups resulting from their inherent tendency (unlike the 
oxalato groups of 9)  to dechelate r e a d i l ~ . ~ ' , ~ ~  

It is also significant that a recent studyz9 of the first p-OH 
bridge cleavage of the heteronuclear di-p complex ion 
[(en),Cr(OH),C~(en)~]~' fits into the general scheme with 
the proviso that only the water-catalyzed process contributes. 
For this complex, ko has a value of s-l at 25 OC, very 
much more rapid than the corresponding value of - for 
reactants 418J9 and 6,23 though closely comparable to that for 
the singly bridged species 7, for which ko is found to have a 
value30 of about 6 X s-l. A further study3' involving the 
homonuclear di-p chromium(II1) complex ion [(en)+ 
(0H),Cr(en),J4' exhibits properties similar to its heteronuclear 
analogue, with a value for ko of 7 X 

Finally, it should be noted that the limited deuterium solvent 
isotope effect data obtained in our study are completely 
consistent with the mechanistic suppositions. As shown in 
Table I, both the "slow" and "fast" reactions are more rapid 
in heavy water, the factor being about 2 for the former and 
3.5 for the latter. While the proton-catalyzed step described 
by kz[H+] might presumbly be somewhat decelerated in DzO 
solvent if direct proton transfer is the process involved, this 
effect is apparently overwhelmed by the positive effect ac- 
companying the proton preequilibration. The predicted factor32 
for a protonated intermediate which is a moderately strong 
acid (see association constant values in Table 11, footnoted c 
and d) is close to 3, in reasonable agreement with the observed 
experimental value of 3.5 for the "fast" reaction. For the 
second p-OH bond fission (the "slow" reaction), the factor 
is somewhat smaller, possibly because there is an appreciable 
isotope effect in the opposite direction, associated with the 
direct proton transfer in the much slower rate-determining step 
governed by k2. 
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Three routes for the synthesis of dithiolato- and diselenido[difluoro-3,3'-(trimethylenedinitrilo)bis(2-pentanone oxima- 
to)borate]rhodium(III) complexes, (RE)2[C2(DO)(DOBF,)]Rh1" (E = S, Se), have been demonstrated. These are (1) 
[C2(DO)(DOBF2)]Rh' + REER, (2) [C2(D0)(DOBF2)]Rh1 + 2REH, and ( 3 )  C12[C2(DO)(DOBF2)]Rh"' + 2RE-. These 
reactions have been expanded to include germanium-bearing sulfur and selenium substituents. The  synthesis and physical 
properties of two hydrosulfidorhodium complexes, (HS)2[C2(DO)(DOBF2)]Rh"' and (SH)(H) [C2(DO)(DOBF2)]Rh"', 
a re  also discussed. 

Introduction 
We are presently engaged in the synthesis and charac- 

terization of compounds comprised of heavy elements cova- 
lently bound in a linear array. Our synthetic approach to this 
problem has centered about the oxidative addition1B2 of di- 
sulfides and diselenides to a square-planar, macrocyclic 
rhodium(1) complex. The desired one-dimensional character 

of the heavy-atom backbone is ensured by the rigorous 
geometric demands of the rigidly planar, tetradentate ligand. 

The development of one-dimensional materials has been the 
subject of considerable interest during the past decade. 
Activity has recently intensified due to the demonstration of 
highly anisotropic electrical conduction in some of these 
 material^.^ We expect compounds of the type described herein 
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Scheme I 

Collman, Rothrock, and Stark 

These general reactions have been expanded to include 
germanium-bearing sulfur and selenium substituents. 
Treatment of the Rh(1) complex 1 with bis(tripheny1- 
germanium) disulfide in T H F  affords the oxidative addition 
adduct (Ph3GeS)2[C2(DO)(DOBF2)]Rh111, 5 (eq 1). This 

+ (C6H5)3GeEEGe(C6H5)3 
EGe(C6H,), * (1) 

1 

& + 2(C6H5)3GeE- / (-2CI - )  
EGe(C6H513 

5 , E = S  
6, E = Se CI 

4 
same compound is formed in the reaction of the dichloro 
complex 4 with sodium triphenylgermanium sulfide in ace- 
tonitrile. 

The previously unknown bis(tripheny1germanium) diselenide 
was synthesized by treatment of triphenylgermanium bromide 
with sodium selenide followed by oxidation with methane 
sulfonyl chloride. Oxidative addition of (C6H5),GeSeSe- 
Ge(C,H,), to Rh[C2(DO)(DOBF2)], 1, resulted in 
(Ph3GeSe)2[C2(DO)(DOBF2)]Rh111, 6 (eq 1). The diselenido 
complex 6 also can be formed by treating [C2(DO)(DOB- 
F2)] RhC12, 4, with sodium triphenylgermanium selenide in 
acetonitrile. 

A three-dimensional x-ray diffraction studyI2 of (PhSe)2- 
[C2(DO)(DOBF2)]Rh"', 3 (R = C6HS), revealed the expected 
structural features. The complex displays octahedral geometry 
about the rhodium, which lies in the center of the plane of the 
four nitrogen atoms of the macrocycle. The phenyl selenido 
ligands occupy the two remaining trans positions. 

Both bridged and monodentate transition metal thiols are 
extremely rare. Only a very few such complexes have been 
re~0rted.l~ The novel complex (HS)2[C2(DO)(DOBF2)]Rh111, 
7, was formed in high yield as the unexpected product from 
the reaction of the dichloro complex 4 with an excess of sodium 
triethylgermanium sulfide in acetonitrile. The dithiol complex 
7 is presumed to result from the hydrolysis of the expected 
(Et3GeS), [CADO) ( DOBF2)] Rh"' (eq 2). 

& + 2(C2H5I3GeS- (-2cI-j 

[+c2H5)3] 

CI SGe(CzH5)3 

4 

- + [[C2H,l,Ge],O (2) 
H 20 

SH 

7 
[C2(DO)(DOBF2)]Rh(SH)2, 7, is indefinitely air stable in 

the solid state, although air stable in solution for only a period 
of hours. The complex exhibits a very weak vsH at 2580 cm'l, 
characteristic of organic thiols. The NMR spectrum in 
CD3CN exhibits a single broadened peak at 6 -1.55 ppm 
assigned to the SH ligands. The thiol protons are exchangeable 
with H 2 0  and D 2 0  at a rate which is slow on the NMR time 
scale. This exchange provides a rationalization for the 
broadened singlet observed for the thiol protons rather than 
the doublet which might have been expected (Io3Rh, S = 
in the absence of exchange. 

A rhodium monothiol was prepared by adding 1 equiv of 
hydrogen sulfide to the rhodium(1) complex 1 (eq 3). This 

(3) a + H2S - 4 
1 H 

8 

SeR 

L W ,  

U 

to be of future interest in the area of one-dimensional con- 
ductors. 
Results and Discussion 

For the past decade, it has been our long-range goal to 
realize the synthesis of a one-dimensional, soluble polymer 
comprised of a heavy-atom backbone surrounded by organic 
ligands. Our early work in this area centered about d' 
square-planar complexes which tend to stack in the solid state 
affording one-dimensional metallic  axe^.^,^ Our next approach 
employed group 4A (Ge, Sn) metal atom chains with appended 
transition metal groups.6 Rationalization of such a choice 
comes from the fact that spectral data and calculations7 
suggest a suitable band gap for germanium chains such that 
conduction might result upon introduction of electrons from 
appended, electron-rich transition metal groups. Herein, we 
report our most recent synthetic approach to this problem. 

With respect to the oxidative addition reaction, the [di- 
fluoro-3,3'-(trimethylenedinitrilo)bis(2-pentanone oxima- 
to)borate]rhodium(I) complex 1, Rh[C2(DO)(DOBF2)], is the 
most reactive neutral, d' complex yet isolated. Alkyl halides 
and tosylates generally undergo the addition by an SN2 
mechanism.' Presently, we report that disulfides and di- 
selenides oxidatively add to Rh[C2(DO)(DOBF2)]. Treatment 
of the Rh(1) complex 1 with organic disulfides in THF affords 
the corresponding dithiolato complexes of [CZ(DO)- 
(DOBF2)]Rh"', 2 (Scheme I). Organic diselenides react in 
an analogous fashion, affording diselenido complexes of 
[C2(DO)(DOBF2)]Rh"', 3. The oxidative addition of di- 
su l f ide~~ , '~  and diselenides'O to other low-valent transition metal 
complexes has been previously reported. The same dithiolato 
complexes 2 are formed in the reaction of the rhodium(1) 
complex 1 with 2 equiv of thiol." Although we have not 
rigorously demonstrated its formation, hydrogen is presumed 
to be the other product from the reaction. It is likely that this 
reaction involves an intermediate (thiolato)(hydrido)rhodi- 
um(II1) complex which forms upon attack of Rh[C2(D- 
O)(DOBF2)] by the first equivalent of thiol. This intermediate 
and a second equivalent of RSH could then form the final 
observed product. A third general synthetic route to complexes 
2 and 3 involves the reaction of dichloro[difluoro-3,3'-(tri- 
methylenedinitrilo)bis(2-pentanone oximato)borate]rhodi- 
um(III), 4, [C2(DO)(DOBFZ)]RhC12, with alkyl or aryl 
thiolates and selenides, respectively. 
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Table 1. Preparation and Characterization of [C,(DO)(DOBF,)]Rh(ER), Complexes; E = S ,  Se 
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~~ ~ ~ ~ 

Analysis, % 

Calcd Found 
[C,(DO)(DOBF,)I- 

Rh(ER) z Prepnaib 
No. E R (% yield) IR freq? cm-' C H N  S Se C H N S Se 

2a S CH, 

2b S C,H, 

2c S CH,C=O 

2d S pC,H,NH, 

3a Se CH, 

3b Se C,H, 

6 Se Ge(C,H,), 

5 S GdC",), 

35.25 5.53 

Uph 3030,1425,740 47.18 5.08 

vco 1620 35.93 4.97 

VNH 3450,3340,3200 45.10 5.14 

29.73 4.66 
VN-Ph 1275 

Vph 3020,1420,740 41.12 4.42 
Vph 3020,1420,725 53.99 4.81 

Uph 3040,1430,  735 49.71 4.43 

10.92 

8.82 

9.86 

12.60 

9.25 

7.67 
5.14 

4.73 

12.51 

10.07 

11.28 

9.63 

26.06 

21.63 
5.88 

13.34 

35.20 
34.90 
34.98 
46.88 
46.85 
47 .OO 
35.55 
35.37 
35.5 3 
44.62 

29.15 

41.14 
53.54 
54.06 
49.29 
49.08 

5.49 
5.38 
5.38 
5.10 
5.14 
5.20 
4.79 
4.93 
4.88 
5.28 

4.55 

4.38 
4.84 
4.89 
4.38 
4.40 

10.76 
10.73 

8.62 
8.71 

9.80 
9.75 

12.21 

9.02 

7.52 

5.09 
4.99 
4.77 

12.26 

9.91 
9.89 

11.41 

11.09 
9.38 

26.28 

21.60 
5.91 
5.95 

13.11 
13.8 

a A = Rh[C,(DO)(DOBF,)] + REER (E = S ,  Se); B = Rh[C,(DO)(DOBF,)] + 2RSH; C = [C,(DO)(DOBF,)]RhCl, + 2RE- (RE = NaER), 
REH + N(CH,CH,), (E = S ,  Se). All of the complexes exhibit the following infrared stretching frequencies character- 
istic of the macrocyclic ligand: VCN 1600, 1525 cm-'; VNO 1120 cm-'; VBO 1170,810 cm-'; VBF 1005 cm-'. All IR spectra were obtained 
as KBr pellets. 

Isolated yields. 

reaction was carried out in tetrahydrofuran, a solvent in which 
the resulting (HS)(H)[C2(DO)(DOBF2)]Rh"', 8, is insoluble. 
The expected vSH in the monothiol8 is apparently too weak 
to be detected. The rhodium hydride stretch appears as a 
strong band at 1910 em-'. Compound 8 is unstable in solution, 
reverting back to 1 via reductive elimination of hydrogen 
sulfide. 

Transition metal thiols constitute a unique class of com- 
pounds whose synthetic utility has not yet been explored. We 
expect these complexes to prove useful as synthetic inter- 
mediates. 
Experimental Section 

All reactions were performed under a nitrogen atmosphere. 
Nitrogen (Liquid Carbonic) was further purified by passage through 
a BASF catalyst in the standard fashion. Tetrahydrofuran and 
acetonitrile were distilled from calcium hydride just prior to use. 
Benzene was distilled from Red-al, a 70% solution of sodium bis- 
(2-methoxyethoxy)aluminum hydride in benzene (Aldrich). All other 
solvents, unless otherwise noted, were of reagent grade and used 
without further purification. 

Commercial triethylamine, dimethyl disulfide, thioacetic acid, 
benzenethiol, and methanesulfonyl chloride were all distilled prior 
to use and stored over 4 A  Linde molecular sieves. Gaseous methyl 
mercaptan and hydrogen sulfide were dried by passage through 3A 
Linde molecular sieves. Diphenyl disulfide was twice recrystallized 
from hot/cold absolute ethanol and dried under vacuum for 24 h. 
Technical grade 4-aminophenyl disulfide (Aldrich) was recrystallized 
from hot benzene/hexane to a constant melting point of 75-77 OC. 
Commercial dimethyl diselenide (Alfa, Ventron), diphenyl diselenide 
(Eastman Kodak), sodium selenide (Alfa, Ventron), and tri- 
phenylgermanium bromide (Alfa, Ventron) were used as obtained 
without further purification. Acetyl sulfenyl chloride,I4 methane- 
selenol,15 sodium methyl selenide,15 bis(tripheny1germanium) di- 
sulfide16, sodium triphenylgermaniumthio1,l6 and triethylgermanium- 
thiol" were prepared as previously described. The  preparations of 
Rh[C2(DO)(DOBF2)] and [C2(DO)(DOBF2)]RhC12 were describedsa 
in an  earlier paper of this series. 

Elemental analyses were performed by the microanalytical lab- 
oratory of the Stanford University Department of Chemistry. Infrared 
spectra were recorded on a Perkin-Elmer Model 457 grating spec- 
trometer. Nuclear magnetic resonance spectra were recorded on a 
Varian T-60 instrument and chemical shifts are reported relative to 
tetramethylsilane (6  0.0). 

Table I summarizes the methods of preparation and the char- 
acterization of the [C2(DO)(DOBF2)]Rh(ER)2 complexes ( E  = s, 
Se)  reported herein. 

Acetyl Disulfide. To  freshly distilled acetyl sulfenyl chloride (3.67 
g, 33 mmol) was added dropwise thioacetic acid (2.53 g, 33 mmol). 
After the exothermic reaction subsided, the mixture was heated to 
80-100 OC for 2 h. The reaction mixture was twice distilled in vacuo 
and the fraction with bp 100-1 10 OC (15 mm) was collected as a very 
pale yellow liquid (3.2 g, 64%). 

Sodium Triphenylgermanium Selenide. To  a suspension of 2.0 g 
(16 mmol) Na2Se in 30 ml of absolute ethanol was added dropwise 
a solution of 2.0 g (5.2 mmol) of triphenylgermanium bromide in 30 
ml of benzene. After 15 min of additional stirring, the solvent was 
removed under vacuum (0.01 mm) and the resulting residue extracted 
with hot benzene and filtered. The filtrate was used as a solution 
without further purification. 

Bis(tripheny1germanium) Diselenide. A solution of sodium tri- 
phenylgermanium selenide in benzene was treated with an  excess of 
methanesulfonyl chloride. An immediate reaction occurred with the 
precipitation of an  orange powder. Recrystallization from benzene 
afforded orange crystallites, mp 140-171 O C  dec. Spectral data: I R  
(KBr pellet) vph 3060, 1480, 1430, 1090, 730, 695 cm-I, vSeSe 290 
cm-'; N M R  (CC14) 6 7.4 (m). Anal. Calcd for C3,H30Ge2Se2: C, 
56.47; H, 3.95; Se, 20.62. Found: C, 56.38; H, 3.90; Se, 19.94. 
Bis(methanethiolato)[difluoro-3,3'-( trimethylenedinitrilo) bis(2- 

pentanone oximato)boratekhcdium(III) (2a). Method A. To a solution 
of Rh[C2(DO)(DOBF2)], 1 (100 mg, 0.239 mmol), in 10 ml of THF 
was addgd via syringe an  excess of dimethyl disulfide (50 pl, 0.56 
mmol). A pale orange solution with a deep red precipitate formed 
immediately. After 10 min of stirring, the product was collected by 
filtration and washed with diethyl ether. Recrystallization from 
acetonitrile afforded red crystals (103 mg, 85%); mol wt calcd for 
CI5H2sBF2N4O2RhS2, 5 12; found, 506 in dichloromethane (by os- 
mometry). 

Method B. Methanethiol was bubbled through a solution of 
Rh[C2(DO)(DOBFz)] (100 mg, 0.239 mmol) in 10 ml of THF.  After 
30 min, a red precipitate formed, was collected by filtration, and 
washed with diethyl ether. Recrystallization from acetonitrile afforded 
red crystals (40 mg, 33%). 

Method C. Methanethiol was bubbled through a solution of 
[C2(DO)(DOBF2)]RhClZ, 4 (25 mg, 0.05 1 mmol), and triethylamine 
(70 ~ 1 , 0 . 5 0  mmol) in 5 ml of acetonitrile for 20 min. The solvent 
was removed under reduced pressure and the resulting residue 
crystallized from acetonitrile affording red crystals (20 mg, 76%). 

Thiolato complexes 2b-2d and 5 and selenido complexes 3a, 3b, 
and 6 were prepared employing similar procedures (Table I). 

Bis( hydros~1do)[diflwro-3,3'- (trimethylenedinitrilo)bis( 2-pentanone 
oximato)borate]rhodium(III) (7). T o  a solution of [C,(DO)(DO- 
BF2)]RhCI2, 4 (100 mg, 0.205 mmol), in 10 ml of CH3CN was added 
a solution of sodium triethylgermaniumthiol (175 mg, 0.81 mmol) 
in 2 ml of methanol. The color of the solution rapidly changed from 
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yellow to orange with precipitation of a colorless solid. After being 
stirred for 4 h, the mixture was filtered. The solvent was removed 
from the orange filtrate under reduced pressure. The resulting orange 
solid was then washed with 2 X 10 ml of diethyl ether, 3 X 10 ml 
of water, 1 ml of absolute ethanol, and finally 2 X 10 ml of diethyl 
ether. The resulting bright orange solid (75 mg, 76%) was recrys- 
tallized from acetonitrile under a nitrogen atmosphere affording orange 
crystallites. Spectral data: IR (KBr pellet) VSH 2580 cm-’, ucN 1600, 
1530 cm-’, vNo 1115 cm-I, vB0 810 cm-’, vBF 995 cm-’; N M R  
(CD3CN) 6 -1.55 (br s, 2 H), 6 1.10 (t, J = 8 Hz, 6 H),  6 2.40 (s, 
6 H),  6 2.45 (m, 2 H),  6 2.80 (q, J = 8 Hz, 4 H),  6 4.1 (br t ,  4 H). 
Anal. Calcd for C13H24BFZN402RhSZ: C, 32.24; H,  5.00; N ,  11.57; 
S, 13.24. Found: C,  32.29; H, 5.04; N, 11.47; S ,  13.01. 

(Hpdrosulfido) (hydrido)[difluoro-3,3’-( trimethylenedinitrilo) bis- 
(2-pentanone oximato)borate]rhodium(III) (8). Hydrogen sulfide was 
bubbled through a solution of Rh[C2(DO)(DOBF2)], 1 (100 mg, 0.239 
mmol), in 10 ml of T H F .  The orange precipitate which formed 
immediately was collected by filtration and washed with diethyl ether 
(70 mg, 65%). Spectral data: IR (KBr pellet) VRh-H 1910 cm-’, ucN 
1590, 1520cm-’,vNO 1115cm~’,vg~1165,810cm~’,~g~990cm~’. 
Anal. Calcd for C13H24BF2N402RhS: C,  34.54; H, 5.36; N, 12.40; 
S, 7.09. Found: C, 34.41; H,  5.36; N ,  12.19; S, 7.26. 
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Pentacoordinate Nickel(I1) Complexes of Monodentate Ligands. Complexes of 
Trimet hyls tibine 
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Receioed February 3, 1976 AIC60082+ 
Five new complexes of nickel(I1) and trimethylstibine, NiX2(SbMe3)3 (X = C1, Br, I, CN,  SbMe3), have been synthetized 
and characterized. To our knowledge, these are the first examples of stable Ni(I1) complexes containing Ni-Sb bonds 
in which neither steric nor chelating properties of the ligand can be responsible for the observed stability. Except 
[Ni(SbMe3)S](BF4)2 which is a 2:l electrolyte, they are molecular, diamagnetic complexes. On the basis of their vari- 
able-temperature electronic spectra in the solid state and in solution in organic solvents, they have been assigned a trans 
trigonal-bipyramidal structure (D3h symmetry). The two ligand field bands attributed to the allowed ‘A’l - ,E’ and the 
symmetry-forbidden ‘A’, - ‘E” transition are present for all complexes. At low temperature, improved resolution of the 
spectra is marked by an increase in symmetry and in the extinction coefficient of the lower energy ligand field band. The 
stability of the complexes follows the order I > Br > SbMe3 >> C N  > C1. Only the first three derivatives have been isolated 
in the solid state. [Ni(SbMe3),] (BF4)2 represents one of the few Ni(I1) pentacoordinate complexes with five identical ligands. 
They are all dissociated in solution at room temperature, even in the presence of excess SbMe3, but they are stable at low 
temperature. However no tetracoordinate species have been obtained. The particular influence of SbMe3 in stabilizing 
pentacoordinate Ni(I1) complexes is discussed by comparison with trimethylphosphine from the point of view of steric and 
electronic factors (polarizability and u- and 7-bonding abilities) of the ligands. 

Introduction pseudohalide) with nickel(II).’ However, the kinetic and 
thermodynamic stabilities of these complexes, as well as their 
stereochemistries which depend on both electronic and steric 
effects, are not yet fully understood. 

In recent years, particular attention has been focused on the 

It is well-known that monodentate tertiary phosphines, 
phosphites, and phosphonites readily form pentacoordinate 
low-spin complexes of the type NiX2L3 (X = halide or 

* To whom correspondence should be addressed at the Laboratoire de chime geometrical structure and characterization of these complexes, 
de Coordination du CNRS, BP 41-42, 31030, Toulouse, France. in order to determine their preferred geometry: the trigonal 


