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Abstract 

Nb2(-qr-mesitylene)2(~-I) 4 (mesitylene = 1,3,5-C6H3(CH3) 3 ~ mes) (2) has been synthesized from the reaction of Nb('qr-mes)2 (1) 
with iodine in THF and characterized by NMR, IR, UV-vis spectroscopy, and single crystal X-ray diffraction. The mesitylene ligands in 2 
show nonplanar boat conformations, indicating localization of zr-electron density in a 1,4-diene fashion, which is supported by a 
molecular orbital calculation. NMR spectra, however, indicate that 2 undergoes rapid interconversion of boat conformations as well as 
ring rotation in solution even at -62°C.  A cyclic voltammogram of complex 2 exhibits two redox waves. A new intermediate-valent 
dinuclear complex [Nb2(-06-mes)2(/.t-I)4]I (3) was prepared from oxidation of 2 with iodine. The powder EPR spectrum of 3 is discussed, 
while magnetic studies of 3 exhibit Curie-Weiss paramagnetic behavior at temperatures above 100 K with /.tel f = 1.77 BM. Crystal data: 
2, C]8H2414Nb 2, monoclinic, P 2 1 / n  (No. 14), a =  10.186(2) A, b = 8.837(2) A, c =  12.797(3) ,~, /3=96.95(2) °, V =  1143.3 ,~3, 
Z = 2, and dealt # = 2.71 g cm-3;  3, C]sH24IsNb 2, monoclinic, C2/c ,  a = 8.348(2) A, b = 15.038(3) ,~, c = 20.373(4) ,~,/3 = 97.25(3) °, 
V =  2537.1(9) A 3, Z = 4, and dealt d = 2.78 g cm -3. 
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I. Introduct ion  

The chemistry of metal sandwich complexes, M('r/6- 

C 6 H n R 6 - n ) 2  (M = transition metal, n =  1-6) has 
been the focus of many research groups, especially 
since the synthesis of bis('q6-benzene)chromium using 
metal vapors by Timms in 1969. However, the chem- 
istry of group 5 complexes is considerably less devel- 
oped than that of the 18-electron group 6 complexes [ 1 ]. 
Bis(r/6-arene)niobium complexes have been synthesized 
mainly by metal vapor techniques [2]. Even though the 
metal vapor technique provides access to a variety of 
bis(arene)transition metal complexes not accessible by 
the conventional Fischer-Hafner synthesis [3a], special- 
ized equipment, available in few laboratories, is re- 
quired. Thus, a recently reported modification to Fis- 
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cher-Hafner syntheses [3b-f], which enabled conven- 
tional preparations of bis(~76-mesitylene)niobium (1), 
prompted us to examine the chemistry of 1. One of our 
current research interests is to prepare new transition 
metal solids, such as halides, chalcogenides and chalco- 
genide halides via low temperature routes by employing 
organometallic complexes like 1 as a precursor. Com- 
plex 1 is anticipated to be very reactive and a good 
precursor to other higher-nuclearity organometallic 
complexes owing to an electron-rich niobium atom. In 
addition, the weakly 7r-coordinated neutral mesitylene 
ligands in 1 are expected to be easily removed upon 
thermolysis. Therefore, investigations of the reactions of 
1 with various halogen and chalcogen sources have 
been attempted. Here, we report the reaction of 1 with 
iodine as the simplest reagent affording the quadruply 
bridged dinuclear niobium complex, Nb2(r/6-mes)2(/z- 
I)4(2), and a novel iodide salt [Nba(r/6-mes)z(/z-I)4]I 
(3). Reactions of 1 with chalcogen sources to afford 
binary solid state compounds at low temperature will be 
described elsewhere. 
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Numerous molybdenum complexes, [Mo2(r/5- 
CsH,R  5 - n)2(/.L-X)4] and [Mo2( ' r /6-C6HnR6 - n)2(/1,- 
X)4] 2÷ (X = halogen, S, SR), which are isoelectronic to 
2, have been synthesized and the electronic structures of 
a few complexes have been extensively investigated [4]. 
Only a few organometallic Nb(II) dimers with bridging 
ligands are known [3a,d,e,h], and their electronic struc- 
tures have not been investigated. Therefore, in addition 
to the synthesis, structure, and properties of the dimeric 
Nb(II) complexes 2 and 3, we shall briefly address their 
electronic structures. 

2. Results and discussion 

2.1. Reactivity of bis(B6-mesitylene)niobiurn (1) 

The low first ionization potential (5.18 eV) of bis(r/6- 
mes)niobium (1) [2b] and a large negative halfwave 
potential ( - 0 . 495  V vs. SCE) for the 1 /1  + couple [3g] 
clearly indicate that 1 is a high-energy, electron-rich, 
and, therefore, very reactive 17-electron complex, like 
many other zero valent transition metal sandwich com- 
plexes. Complex 1 should be handled very carefully in 
the absence of any oxygen and/or  water owing to this 
reactivity. 

The reaction of 1 with elemental iodine afforded a 
dinuc lear  d 3 - d  3 niobium complex, Nb2( 'q6-mes)2 (/./,-I) 4 
(2) with four bridging iodide ions and a total of 34 
valence electrons; each Nb atom in 2 has 17 valence 
electrons, and is anticipated to attain 18 valence elec- 
trons by forming a Nb-Nb single bond. A similar 
molybdenum arene sandwich complex with 18 valence 
electrons is reported to react with iodine to produce 
[Mo(mes)2]I through a one-electron redox process [5]. 
In contrast, [Nb(mes) 2]+ or [Nb(C6HsMe) 2] + cations, 
in which Nb atoms have only 16 valence electrons, 
could only be isolated by adding a two-electron ligand 
such as PMe 3, CO or THF [3e,6a]. However, the 
Nb( 1 ,3 ,5 - tBu3C6H3)~  - cation was found to be stable 
owing to bulky electron-releasing substituents which 
sterically protect Nb from further coordination [6b]. 
According to our electrochemical studies of 1, iodine 
can oxidize 1 to 1 ÷. However, any evidence for the 
formation of Nb(I) compounds could not be obtained; 
both Nb(mes)2I and [Nb(mes)2(THF)] ÷ have been re- 
ported by Calderazzo et al. [3el. To clarify whether the 
formation of 2 is due to a reaction of either of these 
complexes with iodine, compound 1 and iodine were 
reacted in a molar ratio of 2:1 instead of 1:1. However, 
this reaction exclusively produced 2 as an isolable 
product, which indicates that complex 1 behaved not as 
a one-electron, but as a two-electron reductant during 
the formation of 2. The exact driving force and the 
mechanism for the exclusive formation of complex 2 
remain unknown at this point. 

2.2. Structural study of 2 and 3 

Fig. 1 presents a view of a single molecule of 
complex 2. The molecular structure is centrosymmetric 
with the inversion center located at the midpoint be- 
tween the two niobium atoms. The two niobium atoms 
are bridged by four iodine atoms forming a compressed 
octahedral core unit, and the molecule itself can be 
viewed as two four-legged piano stools [4] sharing a 
common square base identified by the four bridgin~ 
iodo ligands. The Nb-Nb bond distance is 2.8546(7) A 
and Nb-I  distances range between 2.8721(4) and 
2.9001(4) ,~. Nb-Nb bond distances of 2.632(1)- 
3.361(1) ,~ are also reported in a few organometallic 
dimeric niobium(II) complexes [3el. A similar complex, 
Nb2(r/6-HMB)2Br4 (HMB hexamethylbenzene), was 
prepared from the reaction of NbG76-HMB)(A1Br4) with 
THF, and structurally characterized [3el. The smaller 
Nb-Nb bond distance of 2.761(2) ,~ in this complex is 
reasonable considering the smaller size of the bridging 
bromide ions compared to iodide ions. A similar com- 
pressed octahedral core unit involving bridging Se atoms 
occurs in a solid state compound, Nb2Se2C16, but with 
Nb atoms in the formal oxidation state of + 4. In this 
case, the reported Nb-Nb bond distance is 2.793 ,~ [6c]. 
Therefore, the Nb-Nb bond distance seems to be more 
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Fig. 1. OaT~ drawing of 2 showing the atom-labeling scheme. 
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Scheme 1. 

Table 1 
Selected overlap populations in the ideal and deformed structures of 
2 

Bond type Idealized Deformed 

Nb-Nb 0.307 0.307 
Nb-I 0.443 0.444 
Nb-CI 0.179 0.241 
Nb-C2 0.141 0.117 
C1-C2 0.982 0.912 
C2-C3 1.011 1.089 
CI-C11 0.761 0.767 

dependent on the identity of the bridging ligands than 
on the oxidation state of Nb, which can also be ob- 
served in the structural similarities of 2 and 2 + (see 
Discusion). Even though the observed Nb-Nb bond 
distance in 2 is short for a Nb-Nb contact, molecular 
orbital calculations suggest that this Nb-Nb bond has a 
bond order of one (see Discusion). 

The mesitylene ligands are coordinated to the nio- 
bium atoms in an r/6-fashion. However, in contrast with 
the ligands in complex 1 [3f], they have staggered 
conformations, and are substantially bent away from 
planarity, which is emphasized in Scheme 1. Deforma- 
tions of "o6-arene rings are frequently observed in transi- 
tion metal complexes [7]. The observed dihedral angle 
between the C 1 - C 2 - C 3 - C 4  plane and C 1 - C 6 - C 5 - C 4  
plane in 2 is 17.4(2) °. The corresponding dihedral an- 
gles in Nb2('06-HMB)zBr4, and [(C6Me6)3Nb3C16] 2+ 
are reported to be 19.9(2) ° and 17.8 ° , respectively. This 
results in a 'boat '  conformation for the mesitylene 
ligand that is further characterized by two carbon atoms 
(C1 and C4) closer to niobium (Nb-C1 = 2.269(4) ~, 
and Nb-C4 = 2.272(4) ,~) than the other four (average 
distance of Nb-C = 2.413 .~). Carbon-carbon bond 
distances in the ring manifest another effect of vr-coor- 
dination of mesitylene to the Nb atoms; shorter C2-C3 
and C5-C6 bond distances indicate a 1,4-diene type of 
localization of w-electron density in the coordinated 
mesitylene ligand. From the average bond distance of 
1.369(6) A of C2-C3 and C5-C6 bonds, these two 
C - C  bonds can be described as 'double' bonds, and 
from the average bond distance of 1.443(6) .A. of the 
other four C - C  bonds, they can be described as 'single' 
bonds. The difference (A) between (C-C),vg and 
(C=C)avg, which can be an indicator of the degree of 
~--localization, is found to be 0.074 ,~ in 2. A similar 
degree of 7r-localization (A = 0.075 ,A) was reported in 
(C6Me6)Ta(DIPP)2CI (DIPP = 2,6-diisopropylphen- 
oxide) with a greater distortion (dihedral angle = 34.4 °) 
of the ring [7d]. 

For better understanding of the Nb-Nb bonding and 
the arene deformation in 2, extended Hi~ckel calcula- 
tions were carried out on two models [8]. An idealized 
molecule was first constructed on the assumption that 
the arene ring is planar with equal C - C  bond distances 
of 1.428 A. The observed average values of 2.855 and 

2.888 ,~ were assigned to the Nb-Nb and Nb-I  bond 
distances, respectively. The deformation of the arene 
ring was then carried out without changing the rest of 
the structure to maintain C:h point symmetry. Table 1 
shows overlap populations calculated for various bonds 
in the two different molecular structures. In both mod- 
els, the overlap populations are different not only among 
the arene C - C  bonds (1.01 for C2-C3 and 0.98 for 
C1-C2),  but also among the Nb-C bonds (0.179 for 
Nb-C1 and 0.141 for Nb-C2). These results suggest 
that the idealized structure would distort so as to 
strengthen the bonding interactions within the C2-C3 
and Nb-C1 bonds, which is observed in the real struc- 
ture. The calculated overlap populations of the de- 
formed molecule supports this suggestion. 

Fig. 2 shows a MO correlation diagram in the vicin- 
ity of the HOMO for each model. The calculated 
HOMO-LUMO energy gap (ag ~ a u) increases from 
1.46 eV to 1.98 eV, which is near the observed transi- 
tion of 2.2 eV, and is in qualitative agreement with the 
result of Green et al. on Cp:MozC14 [4e]. As the 
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Fig. 2. Molecular orbital energy correlation diagram in the vicinity of 
the HOMO for (a) an idealized structure of 2 and (b) the observed 
structure. Occupied levels are darkened. 
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Scheme 2. 

distortion of the arene proceeds, the energy levels con- 
taining large Nb and C components shift significantly, 
while the others remain nearly unchanged. Scheme 2 
illustrates the niobium and carbon orbital contributions 
to the HOMO. The iodide component, which is Nb-I 
~--antibonding, is omitted for clarity. The fragment or- 
bital of the arene is one of its 7r orbitals that contains 
four nodes located between C1-C2, C1-C6, C4-C3, 
and C4-C5. The greatest Nb-C orbital overlap occurs 
between the Pz orbitals of C1 and C4 with the 4dxy 
orbital of Nb. Clearly, the observed deformation will 
increase the overlap between the filled metal 6 func- 
tions and the arene LUMO [15]. As the MO diagram in 
Fig. 2(b) shows, there are three levels with significant 
Nb components in the occupied manifold. These levels 
have Nb-Nb o(ag), 6 *(b u) and 6(ag) character. The 

* orbital (b u) is occupied due to through-bond cou- 
pling effects, which eliminates any iodide component 
from this orbital. The bond order, based upon this 
orbital occupation pattern, is close to a single bond, and 
we can assign the metal as having a d 3 configuration. 

The cation in 3, [Nb2(r/O-mesitylene)2(pM)4] + is 
almost isostructural to the neutral molecule 2. The C1 
and C2 atoms are also closer to Nb than the other four 
carbon atoms of the ring, but the differences in dis- 
tances between these two groups of carbon atoms are 
reduced (ca. 0.1 ,~), giving a lower dihedral angle of 
8.7 ° . Similar phenomena were observed in the case of 
(r/6-C6HsCH3)Co(C6Fs)2 and (r/6-C6HsCH3)Ni - 
(C6Fs)z; the latter, as an 18-electron complex, shows 
deformation in the arene ring, but the former, as a 
17-electron complex, does not [7a]. The average Nb-C 
ring distance in 3 is larger by 0.03 A, and all Nb-I 
bond distances are slightly smaller (0.037 ,~) than in 2, 
which is possibly due to a greater electrostatic interac- 
tion between iodide ions and Nb atoms. The mesitylene 
ring still exhibits the same 7r-electron localization with 
short C2-C3 and C5-C6 bond distances. The Nb-Nb 
bond distance decreases a little (0.027 A) upon oxida- 
tion from 2 to 3. 

2.3. NMR study of 2 

Complex 2 is insoluble in petroleum ether, sparingly 
soluble in dichloromethane and benzene, soluble in 
THF, and most soluble in chloroform, which, therefore, 
has been used as an NMR solvent. Ring protons in 2 

experience a characteristically large upfield shift (4.54 
ppm) from the uncomplexed mesitylene resonance (6.80 
ppm) owing to quenching of the ring current, metal- 
ligand bond anisotropy, and changes in hybridization of 
the ring carbon atoms. Methyl protons experience 
smaller changes in chemical shift (0.29 ppm) than ring 
protons owing to the greater separation from Nb. Identi- 
cal trends were observed in 13C{IH} NMR spectra. 

The calculated total energy difference of 13.4 kJ 
mol-~ between planar and distorted arene (Fig. 2) is 
small enough to be readily surmounted at room temper- 
ature on the NMR timescale. In fact, the solution NMR 
spectrum (CDC13) showed only one resonance for each 
type of site (methyl or mesityl) for complex 2, indicat- 
ing that the puckered rings are fluxional in solution at 
room temperature and also that the mesitylene ligand is 
rotating rapidly around the molecular axis. Cooling the 
solution to -62°C did not affect the spectrum except 
for a small change in the chemical shift due to the 
temperature change, which indicates that the barriers for 
both ring flip-flopping and ring rotation are small enough 
to be overcome even at low temperature. 

Solid-state ~3C{J H} NMR spectra (75 MHz) of 2 with 
cross polarization magic angle spinning at 2.5 and 3.25 
kHz show two different resonances for methyl carbons 
at 23.89 and 28.59 ppm in the ratio of 1:2. This 
observation strongly supports the hypothesis that there 
are two different types of methyl carbons in the solid 
state, even though they seem to be in the same chemical 
environment in solution due to rapid rotation and ring 
flip-floppings. The other carbon resonances are not as 
well resolved as those for the methyl carbon atoms, but 
they also strongly support the deformed structure of the 
complexed mesitylene ligands in 2. 

2.4. Electrochemical properties of complex 2 

Fig. 3 shows a cyclic voltammogram of 2 in THF. 
Complex 2 exhibits two successive quasi-reversible 
one-electron redox waves, one at E~/2 = 0.213 V vs. 
SCE for the [2]/[2] + couple and one at Ell 2 = 0.593 V 
vs SCE for the [2]+/[2] 2+ couple. [2] + can represent 
either a mixed-valent complex ion, [(~76-mes)Nb2+(/x- 
I) 4Nb 3 + (r/6-mes)]+, or an intermediate-valent complex 
ion, [('q6-mes)Nb25+(~-I)nNb25+(r/6-mes)]+; a cyclic 
voltammogram alone can not differentiate the latter 
from the former. Two redox waves are well-separated 
(AEj/2 = 0.380 V), even though they are much closer 
to each other compared with those of Cp~Mo2Br 4, 
which is isoelectronic to 2 and has two redox waves 
1.03 V apart [3c]. According to our electrochemical 
investigations, iodine, whose reduction potential to io- 
dide ion is 0.2943 V vs. SCE, can oxidize 2 to [2] +. In 
fact, 3, which can be expressed as an iodide salt of the 
[2] ÷, has been prepared from the reaction of 2 with 
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Fig. 3. Cyclic voltammograms of 2 (l mM) in THF, referenced to 
SCE (0.1 M [NBu~][PF6], scan rate 0.05 V s-I). 

iodine. However, iodine does not have enough oxidizing 
power to oxidize [2] + to the dication [2] 2+. 

2.5. Magnetic results of  lNb2(rl6-mes)e( tz-l)4]I (3) 

The magnetic susceptibility for complex 3 has been 
measured over the temperature range 6-296 K. The 
susceptibility essentially obeys the Curie-Weiss relation 
and the Weiss constant is nearly zero (0 = 2 K) as 
expected from very weak magnetic interactions between 
paramagnetic cations in the solid. The effective mag- 
netic moment above 100 K was calculated to be 1.77 
BM from the Curie constant (0.393 emu K mol-1), 

which is very close to the predicted spin-only magnetic 
moment (1.73 BM). 

2.6. EPR spectrum of 3 

The powder EPR spectrum of 3 (Fig. 4) was broad, 
and unsymmetrical with two different anisotropic g 
factors (g  j_ = 2.076 and gll = 2.234), typical of powder 
samples with axial symmetry at room temperature [9a,b]; 
similar g factors (g±  = 2.14 and g / =  2.35) were re- 
ported for a similar dinuclear cation, [Cpz* Mo2(/~-I)4] + 
[4g]. No hyperfine coupling to the Nb nucleus ( I  = 9 / 2 )  
was observed. Many attempts to obtain an expected 
19-line EPR solution spectrum were not successful ow- 
ing to the lack of solubility and /o r  stability of complex 
3 in any solvent. The powder EPR spectrum of bis(r/6- 
mes)niobium (1), which gave a well-resolved 10-line 
EPR spectrum in hexanes, showed a very similar line 
shape to that of 3 with two different anisotropic g 
factors (g±  = 1.980 and gll = 2.003) without any hy- 
perfine structure [3g]. 

Charge delocalization in dinuclear metal complexes 
depends on the extent of bridging between two metal 
atoms [7d,e]. In an isoelectronic complex ion, 
[CP2 Mo2(/~-Br)4] +, the authors assigned two different 
oxidation states to Mo although the ion was reported to 
have a M o - M o  single bond (2.643 ,~) [4b]. It seems to 
be a general assumption that the unpaired electron in 3 
should be delocalized between two chemically equiva- 
lent Nb atoms which are connected through a single 
bond, giving an intermediate-valent complex ion. How- 
ever, the chemical equivalence of the two Nb atoms in 3 
is exclusively based on the time-averaged X-ray single 
crystal structure. Therefore, we hoped to investigate in 
detail the chemical equivalence of the two Nb atoms 
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Fig. 4. Powder EPR spectrum of 3 at 9.47 GHz at room temperature. 
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relative to the unpaired electron via an EPR spec- 
troscopy [9c]. 

In order to obtain a well-resolved solution EPR 
spectrum, controlled potential electrolysis of 2 was per- 
formed in THF with 0.1 M [NBu~][PF 6 ] as a supporting 
electrolyte at 0.4 V in order to oxidize 2 to 2 ÷ electro- 
chemically and to produce [2+][PF6], which is expected 
to be more soluble than 3. As electrolysis proceeded, the 
pale brown solution changed color to pale red along 
with formation of a red precipitate. The resulting pale 
red solution with /~max at 534 nm was unfortunately 
EPR-silent at 25 and - 193°C. However, a powder EPR 
spectrum of the red precipitate, which was characterized 
as [2 ÷ ][PF 6 ] by IR spectroscopy and elemental analyses, 
shows a pattern similar to that of 3, and its magnetic 
susceptibility obeys the Curie-Weiss law with ~[Zef f of 
1.89 BM. These observations strongly indicate that 2 ÷ 
is paramagnetic, but EPR-silent owing to either instabil- 
ity in solution or fast relaxation. 

Further efforts to elucidate the delocalization of the 
unpaired electron density in 3 employing IR spec- 
troscopy was not possible owing to the absence of any 
characteristic strong absorption frequency which in- 
volves niobium atoms. 

3. Experimental section 

All manipulations were carried out under an atmo- 
sphere of dry deoxygenated argon either in a dry box 
(Vacuum Atmospheres Co.) or by employing standard 
Schlenk techniques [10]. Tetrahydrofuran (THF) was 
distilled from and stored over Na-K alloy, and 
vacuum-distilled immediately prior to use. CDCI 3 was 
distilled from P205. NbC15 (Johnson Matthey Co., Inc.) 
was sublimed under vacuum at 100°C. Nb(~/6-mes)2 (1) 
was prepared according to the literature method [3d,e]. 

I H NMR spectra were recorded on a Nicolet NT-300 
or Varian VXR-300 spectrometer using the proton im- 
purity of the solvents as an internal reference. Mass 
spectra were obtained on a Finnigan 4000 instrument. 
FT-IR spectra were recorded on an IBM/Bruker IR-98 
or a Digilab FTS-7 FTIR spectrometer as CsI pellets. 
Visible spectra were recorded on Hewlett Packard 
8452A Diode Array spectrometer. EPR measurements 
were performed with a Bruker ER200 spectrometer at 
X-band frequency. Elemental analyses were performed 
by Galbraith Laboratories, Inc., Knoxville, TN. 

Cyclic voltammograms of 1 and 2 were recorded in 
THF solutions (1 mM) with 0.1 M [NBu]][PF 6] as 
supporting electrolyte by employing a CV-27 potentio- 
stat (Bioanalytical Systems, Inc., West Lafayette, IN). A 
platinum electrode was employed as the working elec- 
trode and a platinum wire as the counter electrode. 
Potentials are referenced against the standard calomel 
electrode. 

The magnetic response of complex 3 was measured 
over the range 6-296 K using a Quantum Design DC 
SQUID magnetometer at constant field strength (3 
Tesla). Complex 3 (15 mg) was ground to a fine powder 
to minimize possible anisotropic effects, and loaded in a 
fused silica tube. Corrections for the diamagnetism of 
the sample holder and core diamagnetism were applied 
from Pascal's constants [11]. 

3.1. Preparation of Nbe(~)6-mes)e( tZ-I)4 (2) 

A solution of iodine (376 mg, 1.48 mmole) in THF 
(10 ml) was added dropwise over 15 min to a previ- 
ously filtered THF (30 ml) solution of 1 (593 mg, 1.78 
mmole). The reaction mixture was stirred for 12 h at 
room temperature and then cooled to -30°C,  affording 
2 as red diamagnetic microcrystalline precipitates. Com- 
plex 2 was filtered, washed with 2 × 5 ml of cold THF, 
dried under vacuum and collected in the dry box (69 
mg). The volume of the filtrate was decreased to ca. 10 
ml under reduced pressure and kept at - 30°C for 12 h, 
affording another crop of complex 2, as needle-shaped 
dark red crystals which were collected by the same 
procedure. Total yield: 311 rag, 45%. Anal. Calc. for 
CI2H24InNb2: C, 23.15; H, 2.57; Nb, 19.89. Found: C, 
23.31; H, 2.83; Nb, 19.92. ~H NMR (CDC13): 8 2.00 
(s, 18 H, -CH3), 4.56 (s, 6 H, ring proton), 'H NMR 
(CDC13, -62°C): 6 1.98, 4.54 ppm. 13C{1H} NMR 
(CDC13): 24.40 (s, CH3), 105.89 (s, C-CH3), 112.37 
(s, C-H)  ppm. EIMS (70 eV): m / e  120 (mesitylene+), 
127 (I+). CIMS (NH3): m/e  935 (M++H+) ,  953 
(M++ NH~-). IR (CsI pellet) 3036 w, 2963 m, 2910 m, 
2721 w, 1717 w, 1636 w, 1558 m, 1499 w, 1437 m, 
1373 s, 1288 w, 1138 m, 891 w, 874m, 706 w, 634m, 
564 m, 523 w, 481w, 395 m, 324 w cm -1. UV (THF): 
hmax(e) = 254 (5418), 310 (7427), 370 (6943), 555 nm 
(236). 

3.2. Preparation of [Nbe(Tla-mes)e( l~-l)4 ]l (3) 

THF (20 ml) was distilled into a flask containing 
complex 2 (76 rag, 0.23 mmole) and 12 (11 mg, 0.043 
mmole). After the reaction mixture was stirred for 12 h 
at room temperature, a dark red-brown solid 3 was 
filtered, washed with THF (2 X 5 ml) to remove any 
unreacted starting reagents, dried under vacuum and 
collected in the dry box. Yield: 64 mg (74%). Anal. 
Calc. for C,2H24IsNb2: C, 20.38; H, 2.28. Found: C, 
20.18; H, 2.22. IR (CsI pellet): 3053 w, 2984 w, 1541 s, 
1443 m, 1375 s, 1157 w, 1032 m, 1011 m, 908 w, 570 
w, 502 w, 285 w, 250 m. 

3.3. Preparation of [Nbe(716-mes)2( tx-I)41PF6 

Compound 2 (25 mg, 0.027 mmole) and dried 
[NBu~][PF 6] (387 mg, 1.0 mmole) were dissolved in 
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Table 2 
Crystallographic data 
mes)2(p.-I) 4 (3) 

for Nb2('r/6-mes)2(p.-I)4 (2) and [Nb2(-q 6- 

2 3 

Formula CIsH2,tI4Nb 2 CIsH24IsNb2 
Fw 933.8 1060.7 
Space group P21 / n C 2 / c  

a (,~) 10.186(2) 8.348(2) 
b (,~) 8.837(2) 15.038(3) 
c (A) 12.797(3) 20.373(4) 
/3 (deg) 96.95(2) 97.25(3) 
V (~3) 1143.3(8) 2537.1(9) 
Z 2 4 
dealt a (g cm - 3 ) 2.71 2.78 
)t (A) 0.71073 0.71073 
/~ (cm - 1 ) 64.4 69.89 
r (°C) -50(1) 27 
Transm coeff 0.999-0.728 0.927-0.592 
R( F 0)" 0.018 0.065 
R~( F 0) b 0.025 0.066 

a R( Fo) = E II Fo l - I Q II / E  I Fo I . b R~( Fo) = [Ew( l Fo l - I Q I )2 / 
~.wlFo1211/2; w = 1/o-2(I F0 ]). 

THF (10 ml), transferred into an electrochemical cell, 
and electrolyzed at 0.4 V (vs. SCE) for 2 h by employ- 
ing a glassy carbon electrode (o.d. = 8.0 mm) as the 
working electrode and a Pt wire (o.d. = 1.5 mm) as the 
counter electrode. As electrolysis proceeded, the pale 
brown solution changed color to pale red along with 
formation of a red precipitate, which was filtered, 
washed with THF (2 × 10 ml) to remove [NBu4][PF6] 
completely, dried under vacuum, and collected. Yield: 
22 mg (76%). Anal. Calc. for CI2H24F614Nb2P: C, 
20.04; H, 2.24. Found: C, 19.48; H, 2.36. IR (CsI 
pellet): 3098 w, 3060 m, 2966 s, 2934 m, 2877 w, 
1542w, 1458 w, 1384 w, 1303 w, 1263 w, 1099 w, 
1032 m, 837 s, 739 w, 558 s. 

3.4. C r y s t a l l o g r a p h i c  s tud ies  o f  2 a n d  3 

Table 3 
Positional displacement parameters for 2 

Atom 

Nb 1399.3(3) 4799.4(4) 4914.4(3) 6.7(1) 
I1 317.5(3) 2196.2(3) 5028.1(2) 25.8(1) 
12 116.6(3) 5019.1(3) 3019.9(2) 25.3(1) 
Cl 6823(4) 5 7 0 2 ( 5 )  5628(3) 26.6(1) 
C2 6524(4) 6 0 6 9 ( 5 )  4530(3) 27.6(1) 
C3 6549(4) 5 0 2 8 ( 4 )  3740(3) 25.6(1) 
C4 6895(4) 3 4 9 3 ( 5 )  4027(3) 24.2(9) 
C5 6819(4) 3 0 1 7 ( 5 )  5 0 9 8 ( 3 )  26.2(10) 
C6 6811(4) 4 0 9 7 ( 5 )  5 8 6 5 ( 3 )  28.0(10) 
C11 6 7 2 4 ( 4 )  6 8 8 4 ( 5 )  6 4 6 5 ( 3 )  39.5(11) 
C31 6 2 2 6 ( 5 )  5 4 2 6 ( 6 )  2 6 0 5 ( 3 )  38.0(13) 
C51 6789(5) 1349(5) 5 3 3 8 ( 4 )  39.4(11) 

Equivalent isotropic U defined as one third of the trace of the 
orthogonalized Uij tensor. 

value. The final refinement gave a residual value of 
1.8%. Positional parameters of the crystal structure for 2 
are listed in Table 3, and selected bond distances and 
angles are in Table 5 [13]. 

Growing single crystals of 3 by recrystallization was 
unsuccessful owing to the lack of  solubility and /o r  
stability of 3 in any solvent. Crystals could form by 
layering equimolar solutions of iodine in ether onto 
THF solution of 2. Surprisingly, single crystals of 3 
could also be grown from a saturated THF solution of 2 
which was stoppered with a septum and left undisturbed 
for 7 days. During this period, black needle-shaped 
crystals formed, which were collected by cannulating 
out the supernatant solution. The homogeneity of these 
crystals was confirmed later by comparing the observed 
X-ray powder diffraction pattern (Enraf-Nonius Guinier 
camera, Cu K a l radition) with the calculated X-ray 
powder pattern using the crystallographic parameters of 
3. A crystal of complex 3 was mounted in a glass 
capillary in an Ar-filled glove box, and data were 
collected on a Siemens P4 diffractometer at 27 + l°C. 

Crystals of 2 suitable for single crystal X-ray diffrac- 
tion were mounted into glass capillaries in an Ar-filled 
glove box. After the quality of the crystals was checked 
with Weissenberg photographs, data were collected on 
an Enraf-Nonius CAD4 diffractometer at - 5 0  +__ I°C. 
Pertinent crystallographic data are listed in Table 2. The 
space group P 2 J n  was selected based on the system- 
atic absences, and the crystal structure was solved by 
direct methods [12]. The following refinement gave a 
very good residual value which enabled location of at 
least one hydrogen atom of every methyl group from 
the difference Fourier map. These peaks were then used 
to generate ideal, riding ohydrogen positions with C - H  
distances equal to 0.95 A, and these were refined with 
isotropic thermal parameters. The mesitylene hydrogens 
were also refined as riding, but the thermal parameters 
were fixed at the adjacent carbon's isotropic equivalent 

Table 4 
Positional displacement parameters for 3 

Atom x y z U~q 

I1 1270(2) 8964(1) 166(1) 44(1) 
I2 328(2) 6743( 1 ) 51 4( 1 ) 44( 1 ) 
Nbl 3416(2) 7575(1) 630(1) 24(1) 
I3 0 5824(2) 2500 52(1) 
C1 3262(26) 8004(16)  1740(11) 33(8) 
C2 3666(30) 7103(16)  1788(12) 37(8) 
C3 4982(28) 6759(15)  1538(12) 39(8) 
C4 6 0 1 6 ( 2 7 )  7362(16)  1223(11) 38(8) 
C5 5736(29) 8291(16)  1266(12) 38(8) 
C6 4389(32) 8614(16)  1504(11) 43(9) 
Cll 1776(30)  8341(18)  2029(13)  54(10) 
C31 5481(33)  5781(15)  1601(12) 46(9) 
C51 7035(36)  8894(17)  1079(14) 67(12) 

Equivalent isotropic U defined as one third of the 
orthogonalized U~j tensor. 

trace of the 
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Table 5 
Selected bond distances (.~) and angles (deg) for 2 and 3 

Atoms Distance (2) Distance (3) 

Nb-Nb 2.8546(7) 2.828(4) 
Nb-II 2.8826(5) 2.847(3) 
Nb-l l  2.8721(4) 2.836(3) 
Nb-I2 2.8966(5) 2.857(3) 
Nb-I2 2.9001 (4) 2.865(3) 
Nb-C 1 2.269(4) 2.370(23) 
Nb-C2 2.392(4) 2.446(24) 
Nb-C3 2.430(4) 2.454(23) 
Nb-C4 2.272(4) 2.368(21 ) 
Nb-C5 2.436(4) 2.441(23) 
Nb-C6 2.393(4) 2.431 (23) 
C1-C2 1.438(6) 1.397(34) 
C1-C6 1.451(7) 1.440(35) 
C2-C3 1.369(6) 1.369(35) 
C3-C4 1.438(6) 1.455(34) 
C4-C5 1.445(6) 1.421(34) 
C5-C6 1.369(6) 1.369(37) 

Atoms Angle (2) Angle (3) 

Nb-I I -Nb 59.48(1) 59.6(1) 
Nb-I2-Nb 59.01(1) 59.3(1) 
I1-Nb-I1 120.52(1) 120.4(1) 
I I -Nb-I2  76.31 (1) 75.2(1 ) 
I2-Nb-12 120.99(1) 120.7(1) 

Lorentz and polarization corrections were applied to the 
measured intensities. In addition, during the course of 
the diffraction experiment, the standard reflections de- 
cayed to 92% of their original value, and a linear 
correction based on this decay was applied to the data. 
Pertinent crystallographic data for 3 are listed in Table 2 
and positional parameters are in Table 4. Selected bond 
distances and angles are listed in Table 5 and the view 
of unit cell packing is shown in Fig. 5. 

The space group C2/c was chosen based on system- 
atic absences and intensity statistics. This assumption 
proved to be correct by a successful direct-methods 
solution and subsequent refinement. All non-hydrogen 
atoms were placed directly from the E-map and refined 
with anisotropic thermal parameters. The hydrogens of 
the coordinated mesitylene were refined as riding-atoms 
with C-H distances of 0.96 ,~ with individual isotropic 
thermal parameters. 

Data collection and structure solution were done at 
the Iowa State Molecular Structure Laboratory. Refine- 

J 
o ~ o ~ '  

f 
Fig. 5. View of the unit cell packing in complex 3. The view is down 
the z axis. 

ment calculations were performed on a Digital Equip- 
ment MicroVAX 3100 computer using the SHELXTL-Plus 
programs [ 14]. 
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