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is also of interest to note that the long Fel-S2 distance of 2.238 
(5) A is accompanied by a short S2-C8 distance of 1.721 (18) 
A, in contrast to the corresponding values of 2.160 (5) (FeI-Sl) 
and 1.782 (18) A (Sl-Cl) . The two intact S-S bond lengths in 
1 are 2.077 (8) A (S3-S4) and 2.086 (8) A (S5-S6). 

The structure of 2 (Figure 2) or 3 (Figure 3) can be described 
as two M(^-C5H5) moieties bridged by two sulfur atoms (Sl and 
S2) (in a butterfly-like arrangement) from one end of the TCTTN 
ligand via oxidative addition, leaving the other S3-S4 bond intact 
at ca. 2.07 A. There is a single Co-Co bond of 2.415 (3) (molecule 
A) or 2.434 (3) A (molecule B) in 2 but nonbonding Ni -Ni 
contacts at 2.951 (3) (molecule A) or 2.809 (3) A (molecule B) 
in 3, in accord with the noble gas rule. The average Co-Co 
distance of 2.425 A in 2 is among the shortest single cobalt-cobalt 
bonds known (e.g., (j75-C5H5)2Co2(PPh2)2,

12 2.56 (1) A; Co2-
(CO)6(C2(Z-Bu)2),

13 2.463 (1) A). The average Ni -Ni distance 
of 2.880 A is among the shortest nonbonding nickel—nickel dis
tances known (e.g., (775-C5H5)2Ni2(PPh2)2,

12 3.36 (1) A). In fact, 
it is even 0.26 A shorter than the metal-metal distance of 3.14 
A in [(775-C5H5)2Fe2(CO)2(PPh2)2]

+ with a formal bond order of 
V2.

3 The soft N i -Ni interaction is probably responsible for the 
0.14 A difference in the Ni -Ni distance between the two inde
pendent molecules in the unit cell. The stereochemical contrast 
between 2 and 3 on the one hand and (775-C5H5)2M2(PPh2)2 where 
M = Co and Ni on the other is rather interesting. 

It is interesting to compare the dihedral angle (angle between 
the normals) between the two MS2 planes within the butterfly-like 
M2S2 fragment in 2 and 3. The values are 78.6° and 77.2° for 
2 and 44.1° and 54.5° for 3 for molecules A and B, respectively. 
Apparently, the addition of two electrons to the metal-metal 
antibonding orbital (presumed to be the lowest unoccupied mo
lecular orbital)14 in the dicobalt species to form the dinickel cluster 
is responsible for the opening of the M2S2 fragment and the drastic 
change in the dihedral angle of ca. 30°. Futhermore, while the 
dihedral angle formed by the C3S2 plane and the MS2 plane in 
all the structurally characterized metal tetrathiolene complexes' 
generally fall in the range of 38.9-52.8°, the values are 50.4-51.8° 
in 2 and 62.6-68.0° in 3. We note that the observed N i -N i 
distance of 2.880 A in 3 is not far from the limiting distance of 
3.184 (molecule A) or 3.159 A (molecule B) at the extreme 
dihedral angle of 90° between the C3S2 and MS2 planes (or 0° 
between the two MS2 planes). 

It is conceivable that the sought-after Fe=Fe double bond, 
presumably formed in the early stage(s) of the reaction of (r/5-
C5Hs)2Fe2(CO)4 with TCTTN, is so reactive that it further reacts 
with TCTTN with the unexpected elimination of one sulfur to 
form I.15,16 At least one other major product in the filtrate of 
the reaction has been identified by HPLC.17 Characterization 
(in progress) of this or other reaction products will eventually 
provide evidence for the fate of the "lost" sulfur atom as well as 
shed light on the desulfurization process. Nevertheless, the present 
study represents a new example of desulfurization of aryl di
sulfides {and the first example for the tetrathiolene ligands) under 
very mild conditions (at atmospheric pressure, low temperature, 
and in the absence of hydrogen)}%^ 
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1975, 14, 3103. (b) / . Organomet. Chem. 1974, 70, 413. 
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atm) in the presence of catalysts such as presulfided cobalt-molybdena or 
nickel-tungsten supported on alumina.26-3" 
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As part of our studies1,2 exploring the use of polyfunctional 
phosphine ligands for the construction of multinuclear transi
tion-metal complexes, we have examined the coordination behavior 
of 2,6-bis(diphenylphosphino)pyridine (1) ((Ph2P)2Py).3 In this 

Ph2P N ^ - p p h 2 

1 

paper we compare and contrast the binding of two d8 metal ions, 
Pd(II) and Rh(I) with 1 and the related triphosphine bis(di-
phenylmethyl)phenylphosphine (dpmp). The latter forms a simple, 
chelated complex, (dpmp) PdCl2, with palladium and a remarkable 
trinuclear complex, 2, with rhodium. 

P h 2 P n, P r-, PPh3
+ 

2 I ,Cl I Cl I 2 

^ R h ^RIv Rh. 
O C ^ I I COl ^ C O 

2 

The ligand (Ph2P)2py is closely related to 2-(diphenyl-
phosphino)pyridine (Ph2Ppy), which has been useful in con
structing binuclear, particularly heterobinuclear, complexes.3 

Because of the location of the pyridine ring, (Ph2P)2py is con-

(1) Guimerans, R. R.; Olmstead, M. M.; Balch, A. L. J. Am. Chem. Soc. 
1983, 105, 1677-1679. 

(2) (a) Farr, J. P.; Olmstead, M. M.; Balch, A. L. /. Am. Chem. Soc. 1980, 
101, 6654-6656. (b) Maisonnat, A.; Farr, J. P.; Olmstead, M. M.; Hunt, C. 
T.; Balch, A. L. Inorg. Chem. 1982, 21, 3961-3967. (c) Farr, J. P.; Olmstead, 
M. M.; Wood, F.; Balch, A. L. J. Am. Chem. Soc. 1983, 105, 792-798. 

(3) Newkome, G. R.; Hager, D. C. J. Org. Chem. 1978, 43, 947-949. 
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Figure 1. A perspective drawing of the structure of [M-
(Ph2P)2Py]3Pd3Cl6. In order to clarify the drawing, the two phenyl 
groups on each phosphorus atom have been omitted. 

siderably less flexible than dpmp. As a result, (Ph2P)2Py cannot 
function as a chelating diphosphine, although chelation through 
a P and N donor pair, as found for Ph2Ppy,4 is a possibility. The 
limited flexibility is demonstrated in the reaction of (Ph2P)2py 
with Pd(II). (l,5-Cyclooctadiene)palladium(II) chloride reacts 
with (Ph2P)2py in dichloromethane to give a yellow solution from 
which pale yellow [M-(Ph2P)2Py]3Pd3CL5 is crystallized in 76% yield 
upon the addition of ethyl ether. The structure of the interior, 
nonplanar, 18-membered ring of trinuclear complex, as revealed 
by an X-ray crystallographic structure determination, is shown 
in Figure 1.5 The molecule possesses no symmetry. Two of the 
palladium ions are bound by cis pairs of chloride ions and 
phosphorus atoms, while the remaining palladium is bonded to 
trans pairs of chloride and phosphorus. The nitrogen atoms are 
uncoordinated. The 31Pj1H) NMR spectrum of [jt-
(Ph2P)2Py]3Pd3Cl6 in dichloromethane solution consists of three 
equally intense resonances at 37.8, 23.0, and 17.0 ppm (reference, 
external 85% H3PO4). Consequently, it appears that the trinuclear 
structure is retained in solution, although conformational flexibility 
renders the following pairs of phosphorus atoms equivalent: P(I) 
and P(5), P(2) and P(6), and P(3) and P(4). The cyclic structure 
is quite stable with respect to other isomers and differing degrees 
of polymerization. After heating at 132 0C for 5 days, the 31Pj1H) 
NMR spectrum of a sample of [#-(Ph2P)2py]3Pd3Cl6 in chloro-
benzene solution is unchanged. 

A very different, tetranuclear complex is formed from this 
ligand and rhodium(I). Heating a benzene solution containing 
equimolar amounts of dicarbonylrhodium(I) chloride dimer and 
(Ph2P)2py under reflux for 8 h produces a deep green solution 
from which green crystals of Rh4[^-(Ph2P)2Py]2(M-CO)(CO)2-
(/X-Cl)2Cl2 (3) are isolated in 75% yield by the addition of ethyl 

- N - PPh. 
Cl 

Ph«T,cuJ I I „ 
. R h - - R h — Rh---Rh 

c I Ph2P^ O u 
Cl 

ether. The infrared spectrum shows the presence of both bridging 
and terminal carbonyl groups (c(CO) 1994, 1818, 1804 cm"1) in 
dichloromethane solution, while the 31Pj1H) NMR spectrum in
dicates that two equally populated, rhodium-bound phosphorus 
environments are present (S1, 39.9,1Z(Rh5P) = 129.7 Hz; <52 36.2 
ppm, 1J(Rh5P) = 149.7 Hz). The structure of the molecule, as 
determined by an X-ray crystal structure, is shown in Figure 2.6 

(4) For examples of chelating forms of Ph2Ppy, see ref 3c and: Olmstead, 
M. M.; Maisonnat, A.; Farr, J. P.; Balch, A. L. Inorg. Chem. 1981, 20, 
4060-4064. 

(5) Yellow crystals of [M-(Ph2P)2Py]3Pd3CVnCH2Cl2 were grown by dif
fusion of ethyl ether into a dichloromethane solution of the complex. They 
belong to space group PlJn with a = 19.397 (15), b = 14.925 (3), c = 35.326 
(18) A, 0 = 98.6 (5)°, Z = 4, R = 0.12 for 8520 reflections with F > 3oF. 
The presence of several severely disordered molecules of dichloromethane have 
hampered our effors to obtain a better R value. 

Figure 2. A perspective drawing of the structure of [M-
(Ph2P)2Py]2Rh4(M-CO)(CO)2(M-Cl)2Cl2. Some significant interatomic 
distances and angles: Rh(l)»-Rh(2), 2.921 (2); Rh(2)-Rh(2)', 2.594 (2); 
Rh(I)-Cl(I), 2.390 (6); Rh(l)-Cl(2), 2.355 (4); Rh(2)-Cl(2), 2.555 (5); 
Rh(l)-Cl(2), 1.88 (2); Rh(2)-Cl(l), 1.97 (2) A; Rh(2)-Cl(l)-Rh(2), 
82.5 (10)°; Rh(l)-Rh(2)-Rh(2)', 168.0(1)°; Rh(l)-Cl(2)-Rh(2), 73.0 
(2)°. 

The molecule sits on a 2-fold rotation axis that passes through 
the bridging carbonyl and bisects the Rh(2)-Rh(2)' bond. Each 
phosphine ligand bridges three rhodium atoms. While these 
bridging ligands are trans to one another, their alignment involves 
a one-unit translation, 4, which contrasts to the arrangement of 

Rh 

N 

I 
Rh 

I 
R. 

P 
I 
Rh Rh 

I 
P 

I I 
Rh Rh 

P 
I 

Rh 

I 
.P 

triphosphine ligands in Rh3(M-dpmp)3(^-Cl)Cl(CO)3
+, where the 

phosphines are exactly aligned, 5.1 The central portion of the 
structure of [^-(Ph2P)py]2Rh4(|U-CO)(CO)2(M-Cl)2Cl2 is closely 
related to that of Rh2Gt-Ph2Ppy)2(M-CO)Cl2 (6).7 Thus, the 
Rh(2)-Rh(2)' distance in 3, 2.594 (2) A, and the Rh-Rh distance 
in 6, 2.612 (1) A, are similar and indicative of the presence of 

J 

a metal-metal bond. In going from 6 to 3, however, the terminal 
chloride ligands are absent, and in their place are the two Rh(2) 
atoms, each with a planar array of ligating atoms (2Cl, C, P). 
The Rh(l)-Rh(2) separation is significantly longer than the 
Rh(2)-Rh(2)' distance, but is shorter than the nonbonded Rh-Rh 
separations found in Rh3(^dPmP)2Oi-Cl)Cl(CO)3

+.1 The position 
of Cl(2) indicates that it is semibridging with Rh(l)-Cl(2) and 
Rh(2)-Cl(2) distances of 2.354 (5) and 2.553 (5) A, respectively. 
The latter distance is considerably longer than normal Rh-Cl bond 
lengths. The only other distance of similar length is found in 
Rh2(M-dpm)2(M-CO)(M-Cl)(CO)2

+.8 The available evidence in
dicates that 3 retains its structure in solution. 
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Chemical Resemblance to Nitrogenase?1 

T. Adrian George* and Lenore M. Koczon 

Department of Chemistry, University of Nebraska 
Lincoln, Nebraska 68588-0304 

Received June 13, 1983 

In 1978, Thorneley, Eady, and Lowe2 reported the detection 
of hydrazine upon quenching the functioning enzyme nitrogenase 
with acid or base. On the basis of the chemistry of molybdenum 
and tungsten dinitrogen complexes they concluded that hydrazine 
was produced from an enzyme-bound dinitrogen hydride inter
mediate species upon quenching, and that neither hydrazine nor 
enzyme-bound hydrazine was an intermediate on the reduction 
route from dinitrogen (N2) to ammonia. 

We wish to report the first example of an analogous result in 
a noncatalytic ammonia-forming reaction (eq I)3 in which hy-

HBr 

* 
THF 

27ra«s-[Mo(N2)2(triphos)(PPh3)] 
1 

2NH4Br + 3N2 + 2MoBr3(triphos) + 2PPh3 (1) 

drazine is not a product in the reaction but is detected upon early 
quenching of the reaction with water. Thus, reactions of trans-
Mo(N2)2(triphos)(PPh3) (1), where triphos = PhP-
(CH2CH2PPh2)2, with anhydrous HBr in anhydrous tetra-
hydrofuran (THF) carried out over a period of >60 h produced 
high yields of ammonia (eq 1) but no more than traces of hy
drazine (<0.0015 mol of N2H4 per mol of I).1 However, when 
volatiles were removed in vacuo from reactions that had proceeded 
for only short periods of time (e.g., 1 h, see Figure 1) and a 
H20/CH2C12 solvent mixture was added, hydrazine yields of up 
to 0.16 mol per mol of 1 were recorded.4 No free hydrazine was 
present before the addition of H20/CH2C12 (see below). 

Typically, reactions were carried out in one of two ways by using 
ca. 0.15 g (ca. 0.2 mmol) of 1 and ca. 20 mol of anhydrous HBr 
per mol of 1. One method involved condensing HBr and THF 
onto 1 at -196 0C and allowing the mixture to reach ambient 
temperature. After the mixture was stirred for a fixed period of 
time, all volatiles were removed in vacuo and CH2Cl2 (10 mL) 
and H2O (25 mL) added. The aqueous layer was analyzed for 
ammonia and hydrazine.4 The second method involved the re
action of liquid HBr with 1 in the absence of solvent. Following 
the loss of 1.0 mol of N2 per mol of 1, a green-brown solid mixture 
of two isomeric hydrazido(2-) complexes resulted (eq 2).1,5 It 

Br + 

V ' 

HP I , . -™i 

Ho' 
' IN 

(2) 

TIME (hours) 

Figure 1. Variations in yields of hydrazine and ammonia vs. time. In 
separate experiments the reaction of 1 with HBr in THF was stopped 
after 0.25, 0.5, 1.0, 1.5, 2.0, and 12 h. At 60 h or longer, the yields of 
ammonia and hydrazine are routinely 0.72 and <0.0015 mol per mol of 
1. 

is these two hydrazido(2-) complexes that react further to afford 
ammonia and N 2 (eq 3). To this solid was added T H F , and the 

HBr 

2A and 2B • 2NH4Br + N2 + 2MoBr3(triphos) + 2PPh3 

(3) 

reaction was allowed to proceed for a fixed period of time. An 
identical workup procedure with that described above was used. 
Both methods gave similar results. 

The yields of ammonia and hydrazine were plotted as a function 
of time (see Figure 1). Early in the reaction, following the loss 
of 1.0 mol of N2, a rapid buildup of hydrazine was observed while 
the amount of ammonia produced was small. As the reaction 
proceeded a maximum yield of hydrazine was observed after 1.0 
h beyond which time the yield continued to decrease. The am
monia yield (and further N2 evolution) increased steadily with 
time. 

The relatively rapid buildup of hydrazine corresponds very 
closely with the decrease in intensities of resonances due to 2B 
(totally absent within 1 h) and the appearance of PPh3 in the 
31P(1H) NMR spectrum of a mixture of HBr, 2A, and 2B in THF.1 

No new species, other than PPh3, were seen in the spectrum. 
Hydrazine could be being formed at this stage in the reaction and 
behaving as an intermediate on the route to ammonia. In order 
to investigate this possibility solid 1 was treated with liquid HBr 
to produce a mixture of 2A and 2B. Upon cooling to -196 0C, 
evolved N2 was removed in vacuo, and 15N2H4

6 and THF were 
added. The reaction mixture was allowed to stir for 60 h at which 
time the evolved gases were collected. The aqueous extract was 
treated with a NaOBr solution and the gases were collected. Mass 
spectral determination of the ratio of N2 isotopomers provided 
no evidence that 15NH4

+ (as determined from N2-29) had been 
produced in yields any greater than the background. In other 
words, there is no evidence for incorporation of 15N2H4 (present 
as 15N2H5Br) into the ammonia-forming sequence of reactions.7 

These results suggest that early in the reaction a metal-bound 
dinitrogen hydride intermediate species is present in high con
centration that leads to ammonia under normal reaction conditions. 
However, upon treatment with water this intermediate8 produces 
hydrazine. That dioxygen plays no part in hydrazine formation 
was demonstrated by using scrupulously outgassed water and 
showing no decrease in the yield of hydrazine after 1 h. 

(1) Reactions of Coordinated Dinitrogen. 13. Part 12: Bossard, G. E.; 
George, T. A.; Howell, D. B.; Koczon, L. M.; Lester, R. L. Inorg. Chem. 1983, 
22, 1968-1970. 

(2) Thorneley, R. N. F.; Eady, B. R.; Lowe, D. J. Nature (London) 1978, 
272, 57-558. Thorneley, R. N. F.; Lowe, D. J. hr. J. Bot. 1982, 31, 61-77. 

(3) Baumann, J. A.; George, T. A. / . Am. Chem. Soc. 1980, 
/02,6153-6154. 

(4) See ref 3 for details of ammonia and hydrazine analyses. 

(5) The ratio of 2A to 2B is ca. 1:2. 
(6) Prepared from 15N2H6SO4: Browne, A. W.; Welsh, T. W. B. / . Am. 

Chem. Soc. 1911, 33, 1728-1734. 
(7) The transitory existence of hydrazine within a solvent cage or bound 

to a metal cannot be eliminated by this experiment. However, the large yields 
of hydrazine determined early in the reaction after workup argue against these 
likelihoods. 

(8) We believe that hydrazine is produced from the same intermediate in 
the reactions of 1 with HBr in benzene and toluene.1 

00O2-7863/83/1505-6334SO1.50/0 © 1983 American Chemical Society 


