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The synthesis and properties of mononuclear vanadium complexes with Bu'S- ligation are reported. Treatment of VCI;(THF),
with NaSBu* and Bu'SSBu' in MeCN leads to high-yield isolation of V(SBu'), (1). In contrast, treatment of VCl;(THF), with
NaSBu* and 2,2’-bipyridine (bpy) leads to the VIII salt [V(SBut),(bpy),][V(SBu'),] (2). Complex 1 crystallizes in space group
P32,c with (at -158 °C) a = b = 11.034 (12) A, ¢ = 9.253 (9) A, and Z = 2. Complex 2 crystallizes in space group P2,/n with
(at-142°C)a = 21309 (9) A, b = 15.592 (6) A, ¢ = 17.151 (7) A, and Z = 4. The structures of 1 and 2 were solved by using
483 (F > 3.00(F)) and 2102 (F > 2.0¢(F)) unique reflections in the range 6° < 20 < 45° and refined to values of R (R,,) of 3.96
(4.00) and 8.54% (7.69%), respectively. The structure of 1 consists of a mononuclear four-coordinate V(SBu'), unit with imposed
4 (S,) symmetry, corresponding to a slight flattening from 7, symmetry. The V=S distances are 2.2184 (24) A. Complex 2 contains
an anion that is the on¢-electron-reduced version of 1; there is no imposed symmetry, but the geometry can be again described
as distorted tetrahedral. The V-S bonds (2.280 (7)-2.309 (7) A) are slightly longer than those in 1, as expected for the lower
oxidation state. The cation geometry of 2 is distorted octahedral with two chelating bpy groups and two Bu'S~ ligands in cis
positions. Complex 1 was investigated by cyclic voltammetry (CV) in CH,Cl,; it was found to undergo a reversible one-electron
reduction at -0.68 V vs SCE and an irreversible one-electron oxidation at +0.81 V. The EPR spectrum of 1 in toluene solution
at room temperature shows a typical eight-line hyperfine-structured signal with g, = 1.970 and 4;,, = 55 G. At 163 K in a toluene
glass, an axially symmetric spectrum is obtained with g, = 1.961, g, =1.975, 4, = 108 G, and 4, = 28 G; these parameters
are compared to those for V(OBu'), and differences shown to be as expected for the O vs S substitution. The electron ionization
mass spectral (EIMS) behavior of 1 has been investigated and its fragmentation pattern elucidated. The major fragmentation
modes involve sequential loss of C4Hy by C-S bond cleavage to yield [V(SBu"),.,S,]* (x = 0-4) ions and S atom loss leading
to ions of general formulation [V(SC,Hy),S,]* (x = 1, 2; y = 1, 2) and [VS,]* (x = 0-3). No evidence for one-step loss of an
entire SC,H, fragment is observed. The relevance of these results to several catalytic processes in the petroleum industry are
described, including the mechanism by which V,S, is formed during upgrading of heavy crudes containing vanadyl impurities and

the use of colloidal VS, particles as hydrodesulfurization catalysts in slurry-type processes.

One of the driving forces behind our current interest in vana-
dium-sulfur chemistry is the relevance of this area to certain
processes in the petroleum industry, specifically crude oil refining.
Crude oils have varying levels of organically bound sulfur
(thiophenes, thiols, and disulfides)? and metals (principally V, Ni,
and Fe).? In the conversion of crude oils to transportation fuels,
these elements are typically considered impurities and must be
removed for upgrading.* A lot of technology has been developed
around the large-scale removal of S® and, more recently, in dealing
with the high metal content associated with heavy crude oils.®
Many S-removal processes utilize heterogeneous catalysts that
have active chemical sites sensitive to even low-level contamination
by metal-containing compounds. These oil-soluble metal species
generally end up deposited on the catalyst and can cause the
demise of the activity of the catalyst pore.” For heavy crude oils,
V and Ni are generally the most deleterious metal components.
The binding of vanadium in crude oils is not unequivocally known
but is generally recognized as occurring in two forms, the me-
tallopetroporphyrins and metallo-non-porphyrins.® The metal-
lopetroporphyrins consist of a porphyrin ring with the four ni-
trogens binding a vanady! unit and alky! substituents on the outside
of the ring.® The nature of the non-porphyrins is not nearly so
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well-defined but is thought to consist of the vanadyl ion bound
by various ligands to form a square-pyramidal system.!® These
ligand structures are thought to provide combinations of S, N,
and/or O in the basal plane of the first coordination sphere.
Although some studies have been carried out, the molecular
mechanisms for the deposition of the metals on the catalyst surface
have not been completely elucidated.!!"'* However, it is known
that the deposited forms of the metals are the sulfides. Exactly
what are the identities of the M/S intermediates in this conversion
of crude oil impurities into metal sulfides is currently unclear.

Our development of the coordination geometry of V in a com-
pletely or partially sulfur environment has been designed to provide
a solid foundation for attempting to redress this lack of detailed
knowledge. In recent reports, we have described the preparation
and properties of a variety of discrete V/S/RS~ complexes, of
various nuclearities and oxidation levels, with R = Ph or bidentate
thiolates.!>2 More recently, we have employed Bu'S- as a ligand
and have prepared the four-coordinate species V(SBu'),*" as both
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Table I. Crystallographic Data for Complexes 1 and 2

param 1 2
space group PA2;c P2,/n
a, 11.034 (12) 21.309 (9)
b A 11.034 (12) 15.592 (6)
oA 9.253 (9) 17.151 (7)
B, deg 90 94,00 (2)
z 2 4
v, A’ 1126.67 5684.72
formula C|6H3684V C“H70N4SGV2'
M, 407.64 1035.48
Pealer 8 S 1.202 1.210
u, cm™! 7.771 5.632
T, °C -158 -142
A 0.71069 0.71069
range, deg 6<20<45 6 <20<40
no. of obsd data 483 2102
R (R)). % 3.96 (4.00) 8.54 (7.69)

% Excluding disordered solvate atoms.

the neutral (z = 0; V1Y) and monoanionic (z = 1; V) forms. We
considered the neutral form to be a good candidate for a mass
spectral investigation of its fragmentation pattern, believing the
obtained results might be of some utility as a model system for
some of the high-energy reactions occurring during hydrode-
metalation/hydrodesulfurization petroleum processes. The com-
bined results of this work are described herein.

Experimental Section

Syntheses. All manipulations were carried out under anaerobic con-
ditions employing standard Schienk techniques and freshly distilled and
degassed solvents. 2,2’-bipyridine (bpy) and Bu'SSBu' were used as
received. VCly(THF), was prepared as described in the literature.?!
NaSBu' was prepared by adding sodium metal to a THF solution con-
taining a slight excess of Bu'SH; the resulting white solid was collected
by filtration, washed with THF, and dried under vacuum.

V(SBu'), (1). VCI;(THF); (0.72 g, 2.0 mmol) and NaSBu* (0.67 g,
6.0 mmol) were dissolved in MeCN (50 cm?) to give a deep red solution,
followed by addition of Bu'SSBut (0.20 cm?, 1.03 mmol) by syringe.
After 1 h, MeCN was removed under vacuum and the residue extracted
with Et,0 or hexanes. The dark red solution was filtered and the product
isolated as a red-black powder by removal of the solvent under vacuum.
The yield from multiple preparations was 40-65%. Anal. Calcd for
CieHS,V: C, 47.14; H, 8.90; S, 31.46; V, 12.50. Found: C, 47.44; H,
8.91; S, 30.85; V, 12,95. Crystals suitable for crystallography were
obtained by storing a concentrated MeCN solution in a freezer overnight.

[V(SBu'),(bpy),JV(SBu'),] (2). A slurry of VCI;(THF); (0.72 g, 2.0
mmol), NaSBu' (0.70 g, 6.2 mmol), and bpy (0.32 g, 2.0 mmol) in THF
(60 cm?) was stirred for 1.5 h and the resulting deep red-brown solution
filtered. The filtrate was layered with an equal volume of hexanes. After
several days, a black crystalline solid was collected by filtration, washed
with hexanes, and dried under vacuum. Yields were typically 20-30%.
Some crystals were found large enough for X-ray crystallography. Anal.
Caled for C,HyoN SV, C, 55.67; H, 7.43; N, 5.90. Found: C, 54.36;
H, 7.13; N, 5.70. The product is very air sensitive in both the solid and
solution phases.

X-ray Crystallography and Structure Solution. Data were collected
on a Picker four-circle diffractometer by using standard low-temperature
facilities; details of the diffractometry, low-temperature facilities, and
computational procedures employed by the Molecular Structure Center
are available elsewhere.?? Data collection parameters are summarized
in Table I. Both structures were solved by MULTAN and Fourier tech-
niques and refined by full-matrix least-squares methods.

For complex 1, a systematic search of a limited hemisphere of recip-
rocal space yielded a set of reflections that exhibited P4/mmm diffraction
symmetry, indicating a tetragonal unit cell. The observed general con-
ditions for hk! of I = 2n and 0k0 observed for k = 2n lead to the unique
choice of the noncentrosymmetric space group P42;c. A total of 1011
reflections were collected; following the usual data processing, 521 unique
reflections remained. Since this is a noncentrosymmetric space group,
only one set of each Friedel pair was collected; the R for averaging of
399 redundant (non-Friedel) reflections was 0.049. Of the 521 unique
reflections, 483 were considered observed (F > 3.0¢(F)) and only 16 were
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Figure 1. ORTEP representation of complex 1 at the 50% probability level.
The view is approximately down the S axis.

equal to 0.0. All non-hydrogen atoms were refined anisotropically; all
hydrogen atoms were visible in subsequent difference Fourier maps and
included in the final refinement cycles with isotropic thermal parameters.
The final difference map was essentially featureless, the largest peak
being 1.03 /A2 near the V atom. Since the space group P42,c is non-
centrosymmetric, it was necessary to determine the absolute structure or
the “absolute polarity”.?* 1In this particular space group this means
determining the absolute axis assignment for the x and y axes. The
assignment opposite to the one given in this report yielded a final R of
0.043, clearly the incorrect assignment.

For complex 2, a systematic search of a limited hemisphere of recip-
rocal space yielded a set of reflections that exhibited monoclinic sym-
metry (2/m). The systematic extinction of 0kO for k = 2n + 1 and of
hOl for h + ! = 2n + 1 uniquely identified the space group as P2,/n. A
total of 7761 reflections were collected in the given range. Following data
reduction, and averaging of redundant data, a unique set of 5329 re-
flections were obtained. A total of 2102 reflections having F > 2.0¢(F)
were considered observed and used for the final refinements. The R for
the averaging was 0.07 for 1461 redundant data. All cation and anion
non-hydrogen atoms were readily located, but the CH; groups on one Bu'
group on V36 were disordered about two positions; these were refined
with fixed occupancies of 50%. In addition, a difference Fourier map
revealed a disordered solvate molecule, probably hexane or badly disor-
dered THF, and seven peaks were included in refinement cycles, five with
occupancies of 100% and two with occupancies of 50%. The solvate
atoms are well separated from the metal species and have no importance
to the structure of the latter; as such, we did not deem it warranted to
pursue a better model for the disorder. Only the V atoms were refined
anisotropically, and H atoms were included in fixed calculated positions.
The final difference Fourier was essentially featureless, the largest peak
being 0.64 ¢/A? near the disordered solvate molecule.

Mass Spectrometry (MS) Studies. V(SBu'), was examined by elec-
tron ionization (EI) MS using a triple quadrupole mass spectrometer
(TQMS) in both MS and MS/MS modes. The instrument was built
in-house, and complete instrumental details are given elsewhere.?® Each
sample mass was approximately 25 mg and was introduced by a direct
insertion probe. The temperature was ramped from room temperature
to 150 °C at a 31 °C/min rate. The ion source was set at 70 eV, and
the detector was in the positive ion mode. For MS detection, quadrupole
1 was the scanning quadrupole; no collision gas was used in quadrupole
2. For MS/MS detection, the sample was introduced in the same
manner. Quadrupole 1 was set at either m/z 407, 408, or 409, and Kr
was used as the collision gas in quadrupole 2 to afford collisional acti-
vated dissociation (CAD). Quadrupole 3 was the scanning quadrupole.

Other Measurements. Cyclic voltammograms were recorded on an
IBM Model EC225 voltammetric analyzer using a standard three-elec-
trode assembly (glassy-carbon working, Pt-wire auxiliary, SCE reference)
and 0.1 M NBu",ClO, as supporting electrolyte. The scan rate was 100
mV/s, and no iR compensation was employed. EPR spectra were re-
corded on a Bruker ER 300 spectrometer operating at ca. 9.4 GHz
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Table II. Selected Fractional Coordinates (X10%) and Isotropic
Thermal Parameters (A? X 10) for Complexes 1 and 2

atom X y z By,
Complex 1

Vi 0 0 10000 15

S2 888 (1) -1438 (1) 8702 (2) 17

C3 -135 (6) -2416 (5) 7597 (6) 18

C4 -854 (7) -3256 (6) 8592 (9) 25

C5 -984 (7) -1632 (7) 6699 (8) 28

Cé 693 (7) -3172 (8) 6619 (9) 30
Complex 2

Vi 9372 (2) 2132 (2) 9907 (2) 16

S2 8927 (3) 806 (4) 9581 (3) 21 (1)

C3 8064 (10) 640 (15) 9590 (13)  25(5)

s7 8954 (3) 3093 (4) 8970 (3) 21 (1)

C8 9142 (10) 2990 (15) 7926 (12) 24 (5)

N12 10221 (8) 1831 (11) 9390 (10) 18 (4)
N23 10018 (7) 3160 (11) 10304 (9) 16 (4)

Figure 2. Stercoviews of complex 1, emphasizing the envelopment of the N24 9746 (8) 1597 (10) 11034 (9) 15 (4)
metal by the hydrophobic ligands. N35 8701 (8) 2508 (11) 10703 (10) 18 (4)
V36 8140 (2) 589 (3) 4192 (2) 22

S37 7404 (3) 1274 (4) 3359 (4)  24(1)
C38 6819 (10) 567 (15) 2800 (12) 25 (5)
S42 7546 (3) 107 (4) 5156 (4) 26 (1)
C43 7903 (10) -88 (14) 6166 (12) 19 (5)
S47 8870 (3) 1652 (4) 4430 (4) 28 (1)
C48 8552 (11) 2676 (15) 4798 (14) 30 (5)
S52 8590 (3) -417 (4) 3415 (3) 26 (1)
Cs3 9232 (12) -1082 (17) 3952 (15) 38 (6)

Table II. Selected Distances (A) and Angles (deg)

Complex 1
Vi-S2 2.2184 (24) S2-V1-827 114.45 (12)
S2-V1-82 107.04 (6) V1-82-C3 116.30 (22)
Complex 2
V1-82 2.328 (7) V1-N35 2.127 (16)
V1-87 2.328 (M) V36-837 2.307 (7)
V1-N12 2,123 (17)  V36-S42 2.280 (7)
V1-N23 2,190 (17)  V36-S47 2.290 (7)
VI1-N24 2.204 (16)  V36-S52 2.309 (7)
$2-V1-§7 106.0 (3) N24-V1-N35  76.1 (6)
S2-V1-N12 92.8 (5) S$37-V36~S42 102.3 (3)
Figure 3. ORTEP representation of the cation of complex 2 at the 50% gg_x}j;%i lg;; g; g;;_z;g_gg; :8‘1‘3 8;
probability level. Carbon atoms of the bpy ligands are numbered in §2-VI-N35§ 96:8 ) S42-V36-S47 120:9 3)
sequence around the rings. ST-VI-NI2 986 () $42-V36-852 1179 (3)
S$7-V1-N23 86.9 (5) S47-V36-S52  106.9 (3)
cas cas S7-V1-N25 161.3 (5) V1-S2-C3 120.5 (8)
S7-V1-N35 91.4 (5) V1-S7-C8 120.6 (7)
C39 N12-VI-N23 759 (6) V36-S37-C38 116.3 (8)
Cc43 N12-VI-N24  90.9 (6) V36-S42-C43 121.0 (7)
$42 N12-VI1-N35 163.7 (7) V36-S47-C48 115.0 (8)
N23-VI-N24  79.8 (6) V36-S52-C53 113.9 (8)

N23-VI-N35  92.0 (6)

075V

Cs5

Figure 4. ORTEP representation of the anion of complex 2.

(X-band); accurate magnetic field values at various spectral positions
were obtained with a gaussmeter. The quoted g values include correc-
tions for second-order Zeeman effects.

+0.81V
Results . . .
Fi 5. Cycl It f lex 1 in CH,Cl, solution at 100
Procedures have been developed for the synthesis of the com- mlsll;r:_ pmg:t;:lzoa::?g%:;? ol complex T in Tt solution @
plexes V(SBu'), (1) and [V(SBu"),(bpy),][V(SBu'),] (2). Both
complexes have been structurally characterized, and the results EPR, and mass spectral studies have been performed on complex

are presented in Figures 1-4 and Tables I-1II. Electrochemical, 1, and the results are presented in Figures 5 and 6 and Table IV,
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Table IV. Relative Intensities® of [VS,H,]* lons Formed in the
EIMS of Complex 1

Y
0 1 2 3 4 5 6
54.8 351 101 nd nd nd nd
121.3 729 209 58 nd nd nd

778 1260 814 230 8.7 nd nd
433 335 309 1516 3834 363 6.3

?Relative to m/z 51. nd = jon intensity below 0.05% of C,H,*.

& W -]

[V(SCHo)yI*
o788 .‘%
l- Gty
[V(SCH)SI* <2 [V(SCH,)I*
0 91.49)
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ws,p = (Vs 2 IS 2 s =2 [vp
108 147 (2063) 1S @81) e ) 81 (1000

Figure 6. EIMS fragmentation pattern of complex 1. The m/z value
of each ion is indicated; the intensity relative to [V]* is given in par-
entheses. The individual fragments represent cluster ions; the indicated
intensity is the sum of the individual cluster components.

The results will be detailed in the sections that follow below.

Discussion

Syntheses. Our studies of V/Bu'S™ chemistry were initiated
with the investigation of the reaction between VCI;(THF), and
NaSBu'in MeCN in a 1:3 or 1:4 ratio. Unfortunately, we found
it difficult to isolate clean products from these reactions, which
yielded both soluble species and intractable dark brown solids.
It was noticed, however, that an Et,O extract of residues remaining
after removal of MeCN gave small amounts (typically ~5%) of
what proved to be V(SBu'), (1), presumably from oxidation of
VIl by adventitious air or oxidizing impurities in the reagents.
Complex 1 had been reported as the product from the reaction
of VCl, with Bu'SH/NEt,;** however, the relatively low yield
(19%) by the latter procedure, the lack of structural character-
ization, and our decision to study this molecule in more detail
prompted us to seek a convenient and high-yield synthesis and
to seek crystals suitable for crystallography. Both objectives were
accomplished. Treatment of VCI;(THF); with 3 equiv of NaSBu!
followed by oxidation with Bu'SSBu* and minimal workup allows
access to high yields of pure product. The synthesis can be
summarized in eq 1. A crystallographic investigation (vide infra)

VCl; + 3NaSBu' + %,Bu'SSBut — V(SBu), + 3NaCl (1)

confirms complex 1 to be mononuclear as found for Mo(SBut),2
and W(SBu'),?" and almost certainly the case for Ti(SBut),.2®
The effective magnetic moment in MeCN solution (the Evans
method) was found to be 1.75 % 0.07 ug consistent with the VIV
(d") formulation (spin-only value, 1.73 ug). Complex 1 is the only
well-characterized example of a homoleptic V!¥ thiolate, and its
mononuclear, four-coordinate nature can be attributed to the steric
bulk of the Bu'S~ group. No doubt other suitably bulky thiolates
could also lead to complexes with the V(SR), formulation, and
obvious examples include arenethiolates with bulky substituents
in the 2- and 6-positions, such as was successfully employed® for
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the synthesis of Mo(TIPT), (TIPT = 2,4,6-triisopropylbenzene-
thiolate).

Following our excursion into VIV/SBut chemistry, we returned
to the VCl;/Bu'S™ reaction system. Suspecting that the intractable
brown solids might be polymeric in nature ([V(SBu');], and/or
[NaV(SBut),],) and still desiring to obtain 2 VI!/Bu'S™ complex,
we repeated the VCl;/NaSBu' (1:3) reaction in the presence of
bpy, aiming for a complex such as V(SBu');(bpy); the latter would
be analogous to V(TIPT);(THF),* except for cis rather than trans
geometry as a result of the chelating nature of bpy. An extremely
air-sensitive product was obtained whose analysis was indeed
consistent with the formulation “V(SBu');(bpy)”; however, a
subsequent crystallographic investigation showed that a ligand
redistribution had occurred and the product to be the salt [V-
(SBu'),(bpy),]{V(SBu'),] (2) with a six-coordinate cation and
four-coordinate anion. The latter is, of course, the one-elec-
tron-reduced version of 1. With hindsight, we believe a contri-
butory factor to the ligand redistribution may be steric pressure
in a five-coordinate V(SBu'),(bpy) complex where chelating bpy
prevents the Bu'S™ groups from all occupying preferred equatorial
positions of a trigonal bipyramid.

Description of Structures. Complex 1 (Figures 1 and 2) pos-
sesses crystallographic 4 (S4) symmetry, giving only six unique
non-hydrogen atoms. The V-S bond lengths are all identical
(2.218 (2) A), and the S-V-S angles are of two types, four of
value 107.04 (6)° and two of value 114.45 (12)°; the latter (larger)
angles are those bisected by the C, (S,) axis, and this corresponds
to a slight flattening of the VS, core from T, to D,, symmetry.
The same VS, core distortion from T, to D,y is seen in the iso-
structural but not isoelectronic (d?) complexes M(SBut), (M =
Mo'Y, W1V) 2627 where, however, the distortion takes the form of
a slightly elongated tetrahedron (four larger and two smalier
angles); in addition, the disposition of Bu! groups is such as to
yield overall symmetry of D, rather than S, as in 1.

But Bu! But
B ’ %
S [S] S [
But”” \Me"" \Me""
& But o
s Mg~ 57 Vs
But But Buf
S¢ o M=V D,, M=Mo" W

Figure 2 shows stereoviews of the structure including a
space-filling diagram; the latter emphasizes the envelopment of
V inside a hydrocarbon shell, rationalizing the solubility of 1 in
nonpolar solvents such as toluene and hexane.

The structure of complex 2 consists of well-separated [V-
(SBu'),(bpy),]* cations and [V(SBu'),]” anions (V=V = 10.255(4)

). The six-coordinate cation (Figure 3) is the cis isomer and
has no imposed symmetry, although it approximates closely to
C, symmetry, the C, axis bisecting the S-V-S angle. The V-N
bonds trans to S (2.190 (17), 2.204 (16) A) are slightly longer
than those trans to N (2.123 (17), 2.127 (16) A), indicating
slightly differing trans influences; no noticeable Jahn-Teller
distortions are expected for an octahedral d> metal. Angular
distortions from octahedral geometry are primarily a consequence
of the chelating bpy ligands and their restricted bite angles (~76°)
and the steric bulk of the cis-Bu' groups, which opens up the
S-V-S angle (106.04 (26)°) and decreases the trans-N23-V1-
N24 angle (79.8 (6)°).

The four-coordinate anion of 2 (Figure 4) has no imposed
symmetry. The V-S bond lengths are, however, essentially
identical (2.280 (7)-2.307 (7) A) as in 1, and the S-V-S angles
again separate into two larger (117.9 (3), 120.9 (3)°) and four
smaller (105.5 (3)-106.9 (3)°) types; the two larger angles
(S42-V36~-S52 and S42-V36-S47, respectively) are not trans,
however, so the distortion of the VS, core from T, cannot be

(29) Roland, E.; Walborsky, E. C.; Dewan, J. C.; Schrock, R. R. J. Am.
Chem. Soc. 1988, 107, 5795.

(30) Randall, C. R,; Armstrong, W. H. J. Chem. Soc., Chem. Commun.
1988, 986.
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described as a flattening to D,y as in 1. On the basis of the
variation of S-V-S angles, the best description for the symmetry
of the VS, core is C, with the mirror plane defined by S37-
V36-S42. The Bu' groups must not be included for this description
to apply; the actual overall symmetry is C;. Since the anion of
2 is isoelectronic (d?) with M(SBu'), (M = Mo, W) and, as
mentioned above, the latter crystallize with imposed D,, symmetry,
it is probably reasonable to conclude that the low symmetry of
the anion of 2 is due to crystal packing requirements and forces;
the similarly d? (S = 1) 3d metal complex Cr(OBut), has been
shown to have S, symmetry in the gas phase.’!

In a mixed-complex salt such as 2, one can always formulate
alternative oxidation state assignments, viz. [VI(SBu'),-
(bpy)a] [VIV(SBu'),] and [VIV(SBu),(bpy),]** [VI(SBu'),}*; we
do not seriously entertain either of these possibilities. The anion
V-S distances in 2 (average 2.297 A) are distinctly longer than
those in 1 (2.218 A), the difference being comparable to that
between the covalent radii of six-coordinate VY and V! (0.06
A).32  This is consistent with a one unit lower oxidation level,
contrary to both alternative formulations (the difference in covalent
radii between six-coordinate V'Y and V!is 0.21 A). In addition,
we see no evidence in the cyclic voltammogram (vide infra) of
reduction of 1 to the V¥ level required for the latter alternative,
and we strongly suspect that such a formulation would be very
unstable to internal electron transfer from the dianion to the
dication. We are thus confident of the V!!! description of 2.

Electrochemistry and EPR Spectroscopy. With the chemical
stability of the V(SBu"),% pair established separately in isolated
complexes 1 and 2, an electrochemical study of their intercon-
version was carried out on complex 1 by using the cyclic volt-
ammetric technique. The results obtained in CH,Cl, solution are
shown in Figure 5. As anticipated, complex 1 undergoes a re-
versible one-electron reduction, at -0.68 V vs SCE; the peak
separation at 100 mV /s of 130 mV is comparable with that of
the ferrocene/ferrocinium couple under the same experimental
conditions (~100 mV). In addition, anodic scans revealed an
irreversible one-electron oxidation at a peak potential of +0.81
V and a peak current comparable to those of the reversible couple;
these processes define the three-component electron-transfer series
in eq 2. The low value of ~0.68 V rationalizes the very oxy-

V(SBuY),* —2Y v(SBuY), o= V(SBW),  (2)
gen-sensitive nature of 2. The irreversible nature of the oxidation
process is most probably due to ligand oxidation.

The EPR spectra of complex 1 were recorded at X-band in fluid
toluene solution at room temperature (~25 °C) and in a toluene
glass at 163 K. The fluid solution spectrum consisted of a typical
isotropic signal with the eight-line hyperfine structure characteristic
of an interaction between the electron spin and the vanadium
nuclear spin (°'V, I = 7/,). The measured parameters were g;;,
= 1.970 and A;, = 55G (51 X 10™* em™). The frozen-glass
spectrum displayed axial symmetry consistent with the structure
of 1; the obtained parameters were g, = 1.961, 4, = 108 G (99
X 104 cm™), g, =1975,and 4, =28 G (26 X 10%cm™). The
distortion of complex 1 from T, to S, symmetry will raise the
degeneracy of the e set of orbitals (d,;, d,2_;2) containing the
unpaired electron; the observed order g, > g, confirms a d,2
ground state, since a d,2 ground state would have g, > g, and
a value of gy close to the free electron value (2.0023).2* The
spectral profiles for 1 are typical of those obtained for numerous
vanadyl complexes and, more importantly, for two other four-
coordinate non-oxo VY complexes V(NEt,),** and V(OBut),.%
The latter two complexes also have g, > gy and structures
probably also distorted from T, to S, or D,; symmetry although

(31) Thaler, E. G.; Rypdal, K.; Haaland, A.; Caulton, K. G. Inorg. Chem.
1989, 28, 2431,

(32) Shannon, R. D. Acta Crystallogr., Sect. A 1976, A32, 751,

(33) G;odn;an, B. A.; Raynor, J. B. Adv. Inorg. Chem. Radiochem. 1970,
13, 135,

(34) Holloway, C. E.; Mabbs, F. E.; Smail, W. R. J. Chem. Soc. A 1968,
2980

(35) Koko'szka, G. F.; Allen, H. C.; Gordon, G. Inorg. Chem. 1966, 5, 91.
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crystallographic data are not available. The most informative
further comparison is between complex 1 and V(OBu'),, reflecting
the S vs O difference. The parameters for V(OBu'), in frozen-CS,
solution are g, = 1.964, Ay, = 69 G (64 X 107 cm™), g, = 1.940,
A, =138G (125X 10%cm™), g, =1.984,and 4, =39G (36
X 10 cm™). Thus, complex 1 has the larger g,,, value and smaller
hyperfine coupling constants, consistent with greater covalency
in the V~S vs V-O bonds, and a consequent greater delocalization
of the electron away from the metal. This is as expected for S
vs O if other factors are equal.

Mass Spectrometry of V(SBu'),. The most intense ion of the
MS analysis of complex 1 was m/z 57, corresponding to the C;Hy*
alkyl fragment and accounting for 34% of the total ion current.
Alkyl fragments CyH,* and C,H;* were also observed with in-
tensities of 50% and 25%, respectively, of the C,Hy* ion. In-
terestingly, methane was observed only at very low concentrations,
which is consistent with the fragmentation pattern of the molecule
(vide infra). The metal-containing ions were much less intense
than the alkyl fragments, with no individual ion being over 5%
of the C;H,* fragment intensity. The most intense metal-con-
taining ion was m/z 239, assigned to [V(SC,H;)S;H,]*. Parent
ions with m/z 407, 408, and 409 were detected with similar
intensities. This cluster ion behavior is a result of the sample
conditions chosen for EIMS as well of the propensity of the
compound to undergo self chemical ionization. Given this be-
havior, the concentration of hydrogen in the ion source can be
considered very high.

Figure 6 shows the suggested fragmentation pattern and
pathway.®® As with the parent ion, cluster ions were seen for
all the metal-containing fragments. For example, m/z 350 has
been assigned to the [V(SC,H,),S]* ion. However, also seen is
an ion at m/z 351, which is roughly twice as intense and which
is assigned as [V(SC,H,);SH]*. This cluster ion behavior has
been seen before in the EIMS of several different types of tran-
sition-metal coordination compounds.?73?

A prominent feature in Figure 6 (first column) is the stepwise
loss of C4H, fragment, producing ions containing progressively
more bare S atoms (or SH). This loss of C4Hg seems to be a major
process, given the high intensity of the resulting fragment ions.
This is also supported by C,Hy* being the most intense ion in the
spectrum. The second column shows the series of fragments
related by C,H, loss from the monodeligated [V(SC,Hj),]* cluster
ion. This ion could be formed directly from the parent ion either
by loss of SC,H, or stepwise from the loss of a C4H, fragment
and then the loss of a S atom. These are likely processes; however,
no [V(SC,Hy);]* ions were found in the spectrum. This indicates
that either this fragment type is very unstable and immediately
fragments further or it is not produced at all. MS/MS results
described below indicate the latter because [V(SC,H,);]* is
produced by CAD. This is further supported by the SC;Hg* and
HSC,H,* ions having very low intensity, again unlike the case
in the CAD fragmentation of V(SC,H,),. Likewise, the [V-
(SC4Hy),]* cluster ion is not observed, although the MS/MS
results show this ion is produced by CAD. Low-intensity peaks
were observed at masses m/z 140, 141, and 142, which have been
assigned to [V(SC4H,)]*. However, the intensities of these peaks
were extremely low, and close to noise levels, and are not con-
sidered an important species.

The absence of [V(SC,Hy),]* (x = 3-1) and SC,Hy* (or
HSC,Hy") suggests that thiolate loss is not a fragmentation
pathway. If we extrapolate further, it also suggests that ions that
could have been produced by SC,H, loss have in fact been pro-
duced by sequential loss of C4Hg and S. There are a variety of
fragments of general formula [V(SC,H,),S,]* (xand y =1 or
2) with relatively high intensity. Having ruled out the diagonal

(36) The assignments are strongly suggested but not unequivocally proven
by the data. The figure shows only suggested precursors to each frag-
ment; a complete MS/MS analysis is necessary to verify each step.

(37) Reynolds, J. G.; Fish, R. H.; Gallegos, E. J. Manuscript in preparation.

(38) The relationship of these hydrogenated fragments to the corresponding
precursor ion cannot be determined without the use of extensive MS/
MS detection, which is beyond the scope of this examination.
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(SC,H, loss) pathway and remembering that [V(SC,H,),]* (x
= 1-3) cluster ions are not observed, we can conclude that [V-
(SC,H,),S1*, [V(SC4H,)S)*, and [VS]* are probably formed by
S loss from the fragment to their left. Note, however, that the
three fragments [V(SC,H,),S}* (x = 3-1) do not lose S, for this
would lead to the unobserved ions [V(SCHy),]* (x = 3-1).

On the basis of the above observations, the following conclusions
about the fragmentation of complex 1 can be reached: (i) C;H,
fragment loss appears to be a major fragmentation process,
contributing to the formation of all ions except where the necessary
precursor is not present; (ii) the other major fragmentation process
is S loss from ions with more than one bare S atom. Ions with
only one bare S atom do not lose this S, with the exception of
[VS]*, which gives [V]*. That the source of the S lost is a bare
S ligand rather than a thiolate ligand is supported by the complete
absence in the spectrum of ions such as [V(SC,Ho),(C,Hy)]* (m/2
375, 376, and 377) and [V(SC4Hy)o(CHg)]* (m/z 286, 287, and
288).

The bottom row of Figure 6 shows the intensities and masses
of the [VS,]* fragments, all with relatively high concentration.
Table IV shows the relative intensity of these ions with respect
to [V]*. Cluster ions were observed for all values of x ranging
from H/S ratios of 0 to >1. This behavior is expected considering
the highly electronegative S atoms and the amount of self chemical
ionization seen under these conditions. The most intense ion in
Table IV is [VS,H,]*. This suggests the SH unit is a very stable
moiety in the -gas-phase chemistry of V=S type compounds in
hydrogen-rich environments, a point of relevance to the hydro-
demetalation process, as discussed below.

MS/MS Analysis. In order to discern the fragmentation
pathways of Figure 6, a preliminary MS/MS analysis was carried
out on parent ions m/z 407, 408, and 409. This type of analysis
uses collisions with uncharged inert gases in quadrupole 2 to
generate fragment ions. Because a single ion type can be selected
in quadrupole 1 and allowed into the collision cell, this technique
is very useful in determining ion—fragment relationships. For
parent ion m/z 407, the CAD fragmentation pattern was similar
to that shown in Figure 6 except that fragments which would result
from loss of whole ligands are observed. [V(SC,Hy);]* and
[V(SC4Hy),]* cluster ions had intensities of about half that of
the parent ion, whereas [V(SC,H;)]* was barely detected. For
parent ion m/z 408, only the [V(SC,H,);]* cluster ion was ob-
served. The noise was too great in the MS/MS of the m/z 409
parent ion to report data. The detection of these ions in the CAD
studies supports the above premise that [V(SC,Hy),]" ions (x =
3-1) are stable but not formed in the electron ionization of V-
(SC4Hyg)4. As stated earlier, it further suggests that direct loss
of an entire SC4H, ligand is not occurring to any great extent in
the fragmentation pattern of Figure 6.

Relevance to the Chemistry of Petroleum Processing. The MS
conditions employed in this work are relevant to HDS-type pro-
cessing conditions. The locally rich hydrogen environment and
gas-phase positive ion production of parents and fragments mimic
the high H, pressure and the gas-phase carbocation chemistry,
respectively, found in processes that utilize fluidized- or packed-bed
and acid catalysts.
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The mechanism by which crude oil vanadium impurities are
demetalated and finally deposited on the catalyst has yet to be
completely elucidated.!'"'* The currently accepted view, primarily
from model compound studies, is that the V-containing compounds
are vanady! (VO?*) species and that they are converted to poly-
meric vanadium sulfides via a variety of possible intermediates
including vanadyl, non-oxo vanadium, “diamagnetic”, and VS,
species of various nuclearities,!!:12:39.40

It is our belief that complex 1 represents a model for some of
the non-oxo vanadium intermediates and that its fragmentation
behavior can provide insights into the chemistry leading up to V,S;
formation. The following scenario can be proposed. Adsorption
of vanadyl impurities onto the catalyst is followed by, among other
possibilities, loss of the oxygen and some or all of the ancillary
ligands. The resulting coordinatively unsaturated metal center
now binds the available sulfur ligands in the crude oil (thiolate,
sulfide, etc.). The thiolate ligands (and presumably other S-based
ligands) are activated to C-S bond cleavage, and alkyl fragments
crack from the molecule, leading to mononuclear VS, species that
aggregate to form polynuclear vanadium sulfides and eventually
VZS3-

The gas-phase behavior of V(SBu'), may also be relevant to
other types of petroleum chemistry, for example the formation
and mechanisms of function of VS, slurry catalysts used in en-
trained flow reactors and for coal liquefaction processes.*™#* One
reasonable possibility is that the S-containing compounds in crude
oils react with VS, to form species similar to V(SBu'), and/or
its fragmentation products V(SBu'),S,. The V-8 interaction
activates the C-S bond, and upon cracking, a higher stoichiometry
VS, is formed. Hydrogen both caps the resulting alkyl group and
regenerates the initial VS, species by forming H,S. The prepa-
ration of these in situ formed slurry VS, catalysts is usually from
oil-soluble vanadyl compound (e.g., VO(acac),); this conversion
may also proceed through V(SBu'),-type mechanisms.
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