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Table VI. Structural Parameters of the M,(p-CIj, Unit 

R(M-M), i(M-CI-M), R(M- 
'4 deg (w-clj), A ref 

Ti, C1, ' 3.43 86.7 2.493 a 
V,C1, ITHF), + 2.97 73.8 2.471 this 

Cr2C193- 3.12 76.4 2.52 b 

122. 
4661. 

work 

a Kirstenmacher, T. J.; Stucky, G .  D. Inorg. Chem. 1971,10, 
Wessel, G. J.; Ijdo, D. J.  W. Acta Crystallogr. 1957, I O ,  

Whereas there is no direct V-V bonding in the d2-d2 dimer 
[CpV(02CR)2]2 (V-V zz 3.7 A),24325 there are structural 
symptoms of incipient V-V bonding in [V2C13(THF)6]+. Thus, 
while the observed V-V distance of 2.97 A is much longer than 
the 2.73 A in V2(CO)s(p-PMe2)2,26 the 2.46 A in Cp V2- 
( C O ) S , ~ ~  the 2.439 A in Cp2V2(CsHs),' and the 2.20 in 
V2[C,H3(OMe)2]4,28 it is shorter than the 3.255 A in [CpV- 
(p-C1)PEt3]2.29 A useful standard for comparison is the set 
of isostructural face-shared octahedra listed in Table VI. The 
metal-metal separation in the do-do dimer [Ti2Clg]- is nearly 
0.5 A longer than in the d3-d3 species [V2C13(THF)6]+. 
Perhaps the most revealing comparison is with the d3-d3 dimer 
Cr2C1:-, which has a longer M-M distance in spite of the fact 
that Cr(II1) is inherently smaller than V(I1). The contracted 
V-V distance suggests some bonding interaction between the 
metal atoms, which may be expected to manifest itself as 
magnetic coupling between the two d3 centers. Antiferro- 
magnetism is indeed observed, with an exchange integral (-J 
= 75 cm-', calculated from the magnetic susceptibility between 
30 and 270 K; Table I) considerably larger than in the iso- 
electronic Cr2C163- systems30 (-J varies with the counterion 
between 4 and 11 cm-l). A smaller exchange integral (-J = 
40 cm-') is also found for [Et3NI3[V2Cl9], a V(II1) complex 
anion with three halogen bridges.31 In the V(I1) complex the 
metal orbitals are larger and can give a better overlap, leading 
to a stronger magnetic interaction and the observed increase 
in the exchange integral, -J. For [CpV(p-C1)PEt3l2 (V-V = 
3.255 A29), the exchange integral (-J = 110 cm-l) is consid- 
erably larger, despite the fact that the distance between the 
metal centers is 0.3 A longer. In the V(II1) carboxylates, 
[CpV(O,CR),],, the exchange between the d2 centers is even 
stronger (-J varies between 110 and 165 cm-', depending on 
R32), despite the fact that the V-V distance (3.63-3.70 A)24,25 
is 0.6 A larger than twice the covalent radius of vanadium. 
Strong superexchange through the four bridging carboxylate 
ligands was suggested as a mechanism for this unusually strong 
magnetic i n t e r a c t i ~ n . ~ ~ , ~ ~  

The electronic spectrum of the [V2C13(THF)6]+ cation in 
CH2C12/THF (340-1 200 nm) is typical of spin-allowed, La- 
porte-forbidden transitions. The spectrum is remarkably 
similar to that reported for authentic (from electrochemical 
reduction) VC12.2THF in THF.18 This, taken with the oberved 
antiferromagnetic for the latter,18 leads us to suggest for au- 
thentic VC12.2THF in solution a structure similar to the one 

(23) Neiman, J.; Teuben, J .  H.; Huffman, J .  C.; Caulton, K. G.  J .  Orga- 
nomet. Chem. 1983, 255, 193. 

(24) Larin, M.; Kalinnikov, V. T.; Aleksandrov, G. G.; Struchkov, Yu. T.; 
Pasynskii, A. A.; Kolobova, N. E. J .  Organomet. Chem. 1971, 27, 5 3 .  

(25) Kirilllova, N. I.; Gusev, A. I.; Pasynskii, A. A.; Struchkov, Yu. T. Zh. 
Strukt. Khim. 1972, 13, 880. 

(26) Vahremkamp, H. Chem. Ber. 1978, 111, 3472. 
(27) Huffman, J .  C.; Lewis, L. N.; Caulton, K. G.  Inorg. Chem. 1980, 19, 

2755. 
(28) Cotton, F. A.; Lewis, G. E.; Mott, G. N. Inorg. Chem. 1983, 22, 560. 
(29) van Bolhuis, F.; Nieman, J.; Teuben, J .  H., to be submitted for publi- 

cation. 
(30) Grey, I. E.; Smith, P. W. Aust. J .  Chem. 1971, 24, 73. 
(31) Hodgson, D. J. h o g .  Inorg. Chem. 1975, 19, 173. 
(32) Kalinnikov, V. T.; Zelentsov, V. V.; Larin, G. M. Pasynskii, A. A.; 

Ubozhenko, D. D. Zh. Obshch. Khim. 1972, 42, 2692. 

reported here, e.g. [V2C13(THF)6]C1. When the observed 
spectrum is idealized to V(I1) in an octahedral ligand field, 
the maxima are assigned as 4A2g - 4T2g (v = 10.0 X lo3 cm-I), 
4Azg - 4T1,(F) ( u  = 15.6 X 10 cm-l), and 4A2, - 4T1,(P) ( u  
= 24.5 X lo3 cm-I). From these data, values for lODq (10.0 
X lo3 cm-I) and the electron repulsion parameter, B (814 
cm-'), can be c a l c ~ l a t e d . ~ ~  These predict 4A2g - 4T1g(P) at 
26.2 X lo3 cm-I. The actual local symmetry (C3") is evident 
as shoulders in the high-energy band due to splitting of the 
T,,(P) level, while the lower energy bands are too broad (Av' !~  
= (2-3) X lo3 cm-I) for normal high-symmetry d-d transi- 
tions. 

Conclusions. The precipitated solid from the zinc reduction 
of VC13-3THF has precisely the average solution composition 
resulting from this one-electron reduction: VC12.1/2ZnC12. 
3THF. The isolation of this unexpectedly complicated product 
is probably due more to its low solubility than to its exceptional 
stability. Spin coupling within the two d3 centers in the cation 
is significant compared to analogous systems, but nevertheless 
only comparable to thermal energies in the range 100-300 K 
and thus weaker than, for example, a hydrogen bond. At the 
same time, this weak interaction is in part responsible for the 
dimeric aggregation that is proposed to facilitate multielectron 
reduction of N2 by V(II), thereby avoiding high-energy or 
radical nitrogenous  intermediate^.^ 

Acknowledgment. This investigation was supported by the 
Netherlands Foundation for Chemical Research (SON) with 
financial aid from the Netherlands Organization for the Ad- 
vancement of Pure Research (ZWO), by the U S .  National 
Science Foundation (Grant No. CHE 80-06331), by the 
Bloomington Academic Computing System, and by NATO 
(Grant No. 070-82). We thank Scott Horn for skilled tech- 
nical assistance and Stauffer Chemical Co. for gifts of chem- 
icals. 

Registry No. [V,(r-CI),(THF),]2[Zn2c16], 90823-1 1-3; VC13- 
3THF, 19559-06-9; Zn, 7440-66-6. 

Supplementary Material Available: Listings of anisotropic thermal 
parameters, hydrogen positional and thermal parameters, C-C and 
C-0 distances, and observed and calculated structure factors (29 
pages). Ordering information is given on any current masthead page. 

(33) Larkworthy, L. F.; Patel, K. G.; Phillips. D. J.  J .  Chem. Soc. A 1970, 
1095. 

Contribution from the Department of Chemistry, 
University of Arizona, Tucson, Arizona 85721 

ThioNtrosj - and Bridging Sulfide Complexes of 
Dicarbonyl[hydridotris( 3,5-dimethylpyrazolyl) boratolmetal 
(Metal = Molybdenum and Tungsten) 

Dennis L. Lichtenberger* and John L. Hubbard 

Received August 5, 1983 

The few transition-metal-thionitrosyl complexes that are 
known have displayed some remarkable chemical and physical 
properties in relation to those of their more common metal- 
nitrosyl There is considerable interest in ex- 
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2247. 
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mixture of benzenelhexane. The first red band through the 
column was the thionitrosyl complex followed by the green 
bridging sulfide complex." Several other colored bands 
followed but were found to contain no carbonyl IR bands and 
were not characterized. The individual collections were com- 
bined for each complex and were pumped to dryness. The final 
products were obtained by recrystallization from CH2C12/ 
pentane. Yield: HB(Me2Pz)3Mo(CO)2NS, 0.30 g (24%); 
(HB(M~,Pz),Mo(CO)~)~(~-S), 0.17 g (15%). Anal.*O Calcd 
for Cl7HZ2N7O2SBMo: C, 41.23; H, 4.48; N, 19.80. Found: 
C, 41.20, H, 4.37; N,  20.1 1. Calcd for C34H44N1z04SB2M02: 
C, 43.89; H, 4.77; N, 18.07. Found: C, 43.91; H, 4.63; N,  
17.77. 

The tungsten complexes were prepared in a similar way. 
Yield: HB(Me2Pz)3W(CO)2NS, 10%; (HB(Me2Pz),W- 
(C0)2)2(p-S), ca. 1%. Anal. Calcd for C17H22N702SBW: C, 
35.01; H, 3.80; N,  16.81. Found: C, 35.22; H, 3.60; N, 16.53. 
The relatively small amounts of the W-p-sulfide complex 
isolated prevented a satisfactory analysis, but the complex was 
identified on the basis of its characteristics (IR spectrum, color, 
NMR) similar to those of the Mo analogue (vide infra). 

Attempts at producing the HB(Me,Pz),Cr(CO),NS com- 
plex from N3S3C13 and the corresponding Cr carbonyl anion 
have so far been unsuccessful. It is apparent from the work 
of Trofimenko and work in this laboratory that the HB- 
(Me2Pz)3Cr(C0)2N0 complex cannot be obtained from the 
treatment of the chromium tricarbonyl anion with ClNO but 
can only be produced by using an alkyl nitrite reagent." 
McCleverty has commented on the susceptibility of the tris- 
(pyrazoly1)borate ligand to oxidation in certain ~omp1exes.l~ 
The smaller metal in the chromium complex may be over- 
protected by the bulky hydridotris(3,5-dimethylpyrazolyl)- 
borate ligand, causing competing reactions to occur prefer- 
entially. 

The dark violet thionitrosyl compounds of Mo and W dis- 
solve in solvents such as CHC13, CH2C12, C6H6, and acetone 
to give blood red solutions that are stable for weeks in air. The 
Mo-NS complex decomposes at temperatures above 240 OC, 
while the W-NS complex decomposes at temperatures above 
280 OC. In comparison, the corresponding nitrosyl complexes 
decompose at temperatures above 270 and 335 "C, respec- 
tively. Like their nitrosyl analogues, the thionitrosyl complexes 
sublime in vacuo at temperatures above 200 "C. The IR and 
'H NMR data for these complexes, along with the data for 
the corresponding nitrosyl complexes (this work), are given 
in Table I. Their IR spectra show the expected dicarbonyl 
pattern of two strong bands, and the [hydridotris(3,5-di- 
methylpyrazolyl)borato] metal IR resonances match very 
closely with those of the corresponding nitrosyl complex. The 
NS stretch appears in the 1125-1 140-cm-l region (Table I). 
The green bridging sulfide complexes show an IR pattern for 
the carbonyl ligands similar to that of the ( C ~ C r ( c o ) ~ ) ~ ( p - S )  
complex in both solid (KBr) and solution spectra. 

The 250-MHz proton NMR data for the NS complexes 
show characteristics similar to other systems containing the 
HB(MQPz)~ ligand.13 The thionitrosyl complexes have a plane 
of symmetry as shown in Figure 1, and the proton resonances 
appear as sharp signals with relative intensities of 2: 1, rep- 
resenting the two pyrazolyl groups cis to the thionitrosyl 
substituent and the one pyrazolyl group trans to the thio- 
nitrosyl. It is clear that the hydridotris(3,5-dimethyl- 

tending the limited range of known metal-thionitrosyl species, 
particularly through triads of the transition-metal series. The 
reagent N3S3C13 has been shown to react with CpCr(CO), 
(Cp = 7S-CsH5-) in T H F  to give CpCr(C0)2NS1v2 and 
( C ~ C r ( c o ) ~ ) ~ ( p - S ) ~  but only serves to oxidize the analogous 
Mo and W anions to the CpM(CO)3Cl and (CpM(CO),), 
comple~es.~ We have investigated alternatives to the cyclo- 
pentadienyl systems that might help to inhibit the apparent 
oxidizing power of N3S3C13 and therefore provide a complete 
series of group 6 N S  complexes for characterizing metal-NS 
interactions. An attractive approach was to use the poly- 
pyrazolylborate type ligand, introduced some years ago by 
TrofimenkolSl2 and further investigated by McCleverty.13J4 
The hydridotris(pyrazoly1)borate ligand is similar to cyclo- 
pentadienyl in its formal charge and effective occupation of 
three coordination sites at the metal. Complexes with this 
ligand have been shown in some cases to surpass the stability 
and chemical diversity of their Cp  analogue^.'^ More recently, 
the work of Enemark and co-workers has shown the ability 
of the HB(Me2Pz),- ligand to stabilize a variety of mononu- 
clear oxomolybdenum(V) complexes16 (HB(Me2Pz)3- = hy- 
dridotris(3,5-dimethylpyrazolyl)borate). It was our objective 
to determine whether the HB(Me2Pz)3- ligand could retard 
oxidation of the tricarbonyl anions and allow the production 
of the N S  complexes. 

The potassium or tetraethylammonium salts of HB- 
(Me,Pz),M(CO)< (M = Mo, W) react in THF with N3S3C13 
in a way similar to the Legzdins synthesis of CpCr(C0)2NS. 
As in the synthesis of CpCr(CO),NS, a bridging sulfide 
complex is also produced in Scheme I. 

In a typical preparation 1.3 g of K+HB(Me2Pz)3Mo(CO)3- 
(2.5 mm0l)~'3'~ was dissolved in dry, N2-saturated T H F  (40 
mL), and the solution was cooled to 0 OC. To this rapidly 
stirred slurry was added dropwise a solution of 0.2 g of N3- 
S3C1317 (0.83 mmol) in 10 mL of THF. The reaction evolved 
gas and turned a dark reddish brown color. The reaction 
mixture was allowed to warm to room temperature over a 1-h 
period. The solvent was then removed in vacuo, and the 
residue was slurried in a minimum amount of benzene and 
filtered through a short (2 X 4 cm) alumina column (activity 
111). The benzene eluent was concentrated in vacuo to a 
saturated solution, and 5 mL portions were syringed to the top 
of a medium-pressure chromatography column (1.5 X 25 cm) 
packed with silica ge1.18 The column was eluted with a 1:l 

(3) Greenhough, T. J.; Kolthammer, B. W. S.; Legzdins, P.; Trotter, J. 
Inorg. Chem. 1979, 18, 3543. 

(4) Hubbard, J .  L.; Lichtenberger, D.  L. Inorg. Chem. 1980, 19, 1388. 
(5) Hubbard, J .  L.; Lichtenberger, D. L. Inorg. Chem. 1980, 19, 3865. 
(6) Chatt, J.; Dilworth, J .  R. J .  Chem. SOC., Chem. Commun. 1975, 780. 
(7) Herberhold, M.; Haumaier, L. 2. Naturforsch., B Anorg. Chem., Org. 

Chem. 1980, 358, 1277. 
(8) For a recent review see: Pandey, K. K.; Raju, D. K. M.; Nigam, H. L.; 

Agarwala, U. L. Proc. Indian Natl. Sci. Acad., Part A 1982, 48, 16. 
(9) Herberhold, M. (Bayreuth), personal communication. Also see ref 2; 

same result was obtained in this laboratory. 
(10) Trofimenko, S.  J .  Am. Chem. SOC. 1966,88, 1842. 
(1 1) Trofimenko, S.  Inorg. Chem. 1969,8, 2675. 
(12) Trofimenko, S. Arc. Chem. Res. 1971, 4, 17. 
(13) McCleverty, J. A.; Seddon, D.; Bailey, N .  A.; Walker, N. W. J.  Chem. 

SOC., Dalton Trans. 1976, 898. 
(14) McCleverty, J. A.; Rae, A. E.; Wolochowicz, I.; Bailey, N. A.; Smith, 

J .  M. A. J .  Chem. SOC., Chem. Commun. 1981, 348. 
(15) Shiu, K.; Curtis, M. D.; Huffman, J .  C. Organometallics 1983,2, 936. 
(16) Marabella, C. P.; Enemark, J. H. "Abstracts of Papers", 181st National 

Meeting of the American Chemical Society, Altanta, GA, 1981; Am- 
erican Chemical Society: Washington, DC, 1981; INOR 33. 

(17) Jolly, W. L.; Maguire, K. D. Inorg. Synth. 1967, 9, 102. 

(18) E. M. Laboratories LiChroprep Si 60 silica gel, activated grade reduced 
to activity 111. 

(19) The (HB(Me2Pz)3Mo(CO),),(p-S) complex has also been prepared by 
the reaction of Et4N+HB(Me2Pz),Mo(CO),- and Ss in refluxing THF, 
and a single-crystal X-ray analysis indicates a linear Mo=S=Mo 
linkage: Lincoln, S.; Soong, S.; Koch, S. A,; Sato, M.; Enemark, J. H., 
submitted for publication in Inorg. Chem. 

(20) Microanalysis by MicAnal, Tucson, AZ 85717. 
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Scheme I 
Pz' 

Notes 

Table I. Spectroscopic Data 

'H  
N M R , ~ , ~  

IR? cm-' b assgnt' 

HB(Me,Pz),Mo(CO),NO CO:c 1997, 1905 5.84 (2) b 
NO:' 1650 5.73 (1) b' 

2.46 (6) c 
2.36 (6) a 
2.33 (3) c' 
2.32 (3) a' 

HB(Me,Pz),Mo(CO),NS CO:' 2003, 1924 5.88 (2) b 
NS:f 1125, 1136 5.66 (1) b' 

2.62 (6) c 
2.37 (6) a 
2.28 (3) c' 
2.23 (3) a' 

HB(Me,Pz),W(CO),NO CO:' 1993, 1884 5.88 (2) b 
NO:' 1640 5.76 (1) b' 

2.49 (6) c 
2.39 (9) a,  c' 
2.32 (3) a' 

HB(Me,Pz),W(CO),NS CO:' 1988, 1902 5.92 (2) b 
NS? 1127, 1140 5.70 (1) b' 

2.66 (6) c 
2.38 (6) a 
2.29 (3) c' 
2.26 (3) a' 

(HB(Me,Pz),Mo(CO),),- CO:g 1984, 1929, 5.76 (2)h b 
h - S )  1891, 1868 5.58 (1) b' 

2.40 (6) c 
2.23 (12) a,i c', a' 

(HB(Me,Pz),W(CO),),- CO:g 1962, 1902, 5.77 (2y b 
(!J-S) 1863, 1838 5.63 (1) b' 

K'(HB(Me,Pz),)- 

2.41 (6) c 
2.29 (3) c' 
2.27 (3) a' 
5.83 (3) b 
2.25 (18) a, c 

a Perkin-Elmer 983 IR spectrophotometer. Bruker WM-250 
NMR, in CDCl,, Me,Si reference. ' KBr pellet. Integrations 
in parentheses. e See Figure 1 and text. Two peaks observed 
in KBr pellet also observed in CH,Cl, solutions. 
solution. Slightly broadened. ' Broad. Broad; resonance 
of protons a not observed. 

CH,Cl, 

pyrazoly1)borate ligand is not undergoing rotation on this time 
scale. The average proton resonances show small (0.02-0.03 
ppm) deshielding upon proceeding from the nitrosyl to the 
thionitrosyl complexes and similar shifts when proceeding from 
Mo to W. 

When the substituent indicated by X in Figure 1 is -S- 
(HB(M~,Pz)~(CO),), rotation about the M-S-M bond de- 
stroys the plane of symmetry. The resonance of protons b of 
the cis pyrazolyls (see Figure 1) of the bridging sulfide com- 
plexes are slightly broadened at room temperature for the Mo 
complex and are very broad for the W complex. Likewise, 
one of the methyl proton resonances (assigned as protons a) 
of the cis pyrazolyls is very broad for the Mo complex and 
could not be observed at room temperature for the W complex. 

Figure 1. Proton labels in HB(3,5-Me2Pz)3M(C0)2X complexes (X 
= NO, NS,  or S(CO),M[HB(3,5-MezPz),]). 

The resonances of the protons on the trans pyrazolyls are not 
affected by rotation about the M-S-M bond and remain sharp 
in all spectra. It is interesting that the proton NMR of the 
(HBPz,Mo(CO),), dimer, with the much shorter distance 
between metal atoms, did not give evidence of rotation about 
the metal-metal bond." Further multinuclear NMR and 
other characterization of these NS complexes in comparison 
to their N O  analogues are part of a separate study.21 

The main point is that the HB(Me2Pz),M(CO)< anions 
with M = Mo and W allow simple production of NS sub- 
stitution products while the cyclopentadienyl analogues do not. 
It is apparent that the nitrogen electron pair donors of the 
hydridotris(pyrazoly1)borate ligand are more effective than 
cyclopentadienyl at imposing pseudooctahedral electronic 
symmetry at the metal center,14-15 and the nitrogens are 
probably better donors in comparison to cycl~pentadienyl.~~-~~ 
The steric requirements of HBPz3- are somewhat similar to 
the pentamethylcyclopentadienyl ligand, and only one metal 
dimer complex with HBPz,- ligands on the metals is presently 
k110wn.l~ In the chemistry we report here, the pyrazolyl groups 
have methyl substituents in the 3 and 5 positions, and this 
greatly increases the steric requirements of the ligand. Curtis 
has commented on the importance of steric factors in facili- 
tating decarb~nylation,~' and the steric crowding around the 
metal atom will make formation of (HB(Me,Pz),M(CO),), 
and HB(Me,Pz),M(CO),Cl less favorable. The steric bulk 
of the HB(MqPz)C ligand apparently protects the metal from 
competing oxidation reactions while facilitating smooth dis- 
placement of the carbonyl ligand with the thionitrosyl species. 
These features of [hydridotris(3,5-dimethylpyrazolyl)bora- 
tolmetal chemistry promise many additional interesting ap- 
plications of this ligand in inorganic and organometallic 
chemistry. 
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