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Table I
Data Reported®
-78°C -116°C —-196 °C
Br, SF,Br, Br, SF,, SF,, SOF,, SiF,, S,F,,
Data Obtained by Following the Reported Procedure®
-78°C -116°C ~196 °C
Br,, SF(Br, S,F,, SF¢Br, Br, SF,, SF,Br, SF,
Data Obtained in the Modified Procedure
—68 °C¢ -116°C -196 °C
Br,, S,F,, SFBr, Br, SF,, SF,

% Pyrex beads used in the trap.

°C) was carried out with continuous pumping for 4 h. The
yield we obtained was 45%. After the reaction was repeated
five times (with use of recovered bromine with 10 mmol of
S,F,o each time), the yield increased to 75%. The '°F NMR
spectroscopy showed the presence of large amounts of SFBr
and unreacted S,F,, in the =78 °C trap. Fox had stated that
this trap contained only bromine. There was also some SF;Br
found in the —196 °C trap as detected by NMR signals at -5
and -88 ppm’ with respect to SF,.

The reaction was repeated with 10 mmol of S,F,, and 100
mmol of Br, (150 °C, 16 h). The conditions of the fraction-
ation were changed by (a) increasing the temperature of the
first trap to —63 °C in order to allow a better transfer of SFsBr
from the first to second trap and (b) using glass beads in order
to increase the surface area of the traps at —63 and ~116 °C
to prevent escape of Br, from the first into the second and of
SF;Br from the second into the third trap. The NMR spectra
of the contents of the traps at —63 and —196 °C showed no
presence of SFsBr. SF;Br was found only in the —116 °C trap,
along with small amounts of bromine. Purification of SFsBr
from traces of bromine was completed by addition of a few
milliliters of mercury to the SFBr trap at 0 °C.6

Table I compares the compounds in each trap for each
method.

The yield that we obtained in our method was about 85%
for SFsBr and was not dependent on reusing the bromine or
removal of a deleterious contaminant from the bromine, as
suggested by Kovacina, Berry, and Fox.®

Registry No. SF;Br, 15607-89-3; S,F,o, 5714-22-7; Br,, 7726-95-6.
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Chem., 1, 215 (1962).
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The organometallic chemistry of thioketones has undergone
a substantial recent development by Alper and his group.!
Thioketones have been used as model substrates for studying
the desulfurization reaction and for testing the thiophilicity

* To whom correspondence should be addressed at the Universita di Pisa.

of low-valent metal complexes.!™> The activation of the
thiocarbonyl function depends on the interaction mode in a
preliminary step of the >C===S unit with the metal. Thio-
ketones, usually, coordinate to a metal center by using the lone
pairs on the sulfur atom,? while a unique thioketone #*-C,S
bonded to a molybdenum complex was very recently struc-
turally identified.! The ortho metalation of aromatic thio-
ketones, occurring with a transformed* or retained® thio-
carbonyl function and the desulfurization reaction,%’ producing
carbenes, can be considered as the step following the prelim-
inary thioketone-metal interaction.

We decided to use vanadocene, (cp),V (cp = n2-CsHy), in
the reaction with a thioketone function, since vanadocene adds
as a carbene-like species to a variety of organic functions and
small molecules.? Vanadocene produces a remarkable change
in the chemical properties of the metal-bonded unit by a sig-
nificant electron transfer from the metal to the functional
group.

The present report concerns the reaction occurring between
vanadocene and thiobenzophenone leading to a n%-C,S met-
al-anchored thiocarbonyl function. The thermal decomposition
of such a complex generates a sulfur-containing vanadium
complex and diphenylfulvene.

Experimental Section

All the reactions described were carried out under an atmosphere
of purified nitrogen. Solvents were purified by standard methods.
Tetracarbonyl(n’-cyclopentadienyl)vanadium(I),’ bis(n3-cyclo-
pentadienyl)vanadium(II),'° and thiobenzophenone!! were prepared
as in the literature. IR spectra were measured with a Perkin-Elmer
283 spectrometer, Magnetic measurements were made with a Faraday
balance.

Synthesis of [(cp),V(Ph,CS)] (II). A toluene (15 mL) solution
of vanadocene (0.55 g, 3.04 mmol) was reacted with thiobenzophenone
(0.68 g, 3.43 mmol). The color of the solution changed rapidly from
deep violet to deep red. The solution gave on standing for 12 h dark
red crystals of [(cp),V(Ph,CS)] (0.65 g, 56%). The solid is very
sensitive to air. Anal. Caled for [(cp),V(Ph,CS)], C;3Hy,VS: C,
72.82; H, 5.27; S, 8.44. Found: C, 72.92; H, 5.22; S, 8.20. The
magnetic moment is 1.74 up at 292 K.

Reaction of Complex II with Methyl Iodide. An n-hexane (50 mL)
suspension of complex II (1.29 g, 3.40 mmol) was reacted with methyl
iodide (2.0 mL, 32.0 mmol). When the mixture was heated for 10
min at 50 °C, (cp),VI'? was formed as a maroon-green solid in almost
quantitative yield. A toluene solution of II reacted with I, gave in
quantitative yield (ca. 90%) (cp),VI,.}

Thermal Decomposition of Complex II. A toluene (30 mL) solution
of complex II (1.05 g, 2.77 mmol) was heated at 100 °C for 4 h. The
color of the solution changed to maroon, and a brown microcrystalline
solid was formed (0.19 g, 46% yield). Anal. Calcd for [cpVS],,
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Notes

Table I. Atomic Coordinates (x10*) with Estimated Standard Deviations in Parentheses for Complex II

atom x/a y/b z/c atom x/a y/b z/e

\% 2944 (1) 1917 (1) 310 (1) C(25) 3590 (4) 554 (4) 3652 (3)
S 4721 (1) 771 (1) 1031 (1) C(26) 4084 (4) 770 (3) 2908 (2)
C(30) 4311 (3) 2014 (3) 1610 (2) H(1) 1726 (46) 4166 (44) —-389 (31)
C(l) 2584 (4) 3670 (3) -433(2) H(2) 4032 (49) 4331 (42) 527 (31)
C(2) 3829 (4) 3753 (3) 77 2) H(3) 5613 (50) 2694 (45) -36 (31)
C(3) 4636 (4) 2882 (4) -203 (2) H4) 4358 (46) 1649 (44) ~1192 (30)
C(4) 3885 (4) 2259 (3) -887 (2) H(5) 1775 (48) 2607 (46) ~-1573 (29)
C(5) 2635 (4) 2749 (4) -1032 (2) H(6) 2208 (46) 363 (44) 1622 (31)
C(6) 1732 (4) 661 (4) 1028 (3) H(7) 615 (47) 2318 (46) 1214 (30)
C(7) 1030 (4) 1734 (4) 879 (3) H(8) 217 (47) 2515 (46) —349 (28)
C(8) 676 (4) 1856 (5) -7 (4) H(9) 1210 (46) 617 (41) —1034 (30)
C() 1190 (5) 856 (5) -396 (3) H(10) 2318 (49) -693 (44) 46 (32)
C(10) 1820 (5) 133 4) 239 (3) H(12) 4175 (46) 4212 (43) 2226 (30)
Cn 5354 (3) 2977 (3) 1795 (2) H(13) 5681 (45) 5770 (40) 2509 (31)
C(12) 5084 (3) 4095 (3) 2114 (2) H(14) 8050 (49) 5227 (42) 2285 (30)
C(13) 6056 (3) 4950 (4) 2314 (3) H(15) 8487 (46) 3369 (41) 1759 (31)
C(14) 7314 (3) 4725 (4) 2206 (3) H(16) 6860 (48) 1961 (43) 1467 (30)
C(15) 7615 (3) 3638 (5) 1891 (3) H(22) 2619 (47) 3278 (43) 2342 (29)
C(16) 6652 (3) 2768 (3) 1683 (2) H(23) 1429 (47) 2896 (43) 3451 (30)
C(21) 3719 (3) 1769 (3) 2404 (2) H(24) 2169 (48) 1155 (46) 4392 (32)
C(22) 2818 (4) 2554 (3) 2689 (3) H(25) 3859 (49) —-240 (42) 3992 (30)
C(23) 2333 (4) 2329 (4) 3452 (3) H(26) 4728 (48) 194 (44) 2717 (31)
C(24) 2720 (5) 1332 (4) 3931 (3)

CsH;VS: C, 40.54; H, 3.38; S, 21.62. Found: C, 40.52; H, 3.40;
S, 19.94. The mother solution, which was chromatographed on silica
gel and eluted with toluene, gave, as an orange crystalline solid,
diphenylfulvene, which was identified by comparison with an authentic
sample (63% yield). The same desulfurization reaction can be achieved
under milder conditions in the presence of PPh;.

Reaction of [cpV(CO),] with Elemental Sulfur. Elemental sulfur,
S; (0.70 g, 2.7 mmol), was refluxed for 4 h with [cpV(CO),] (0.74
g, 3.07 mmol) in toluene (25 mL) to give a microcrystalline maroon
solid (0.14 g, 31%). Anal. Calcd for [cpVS],, CsHVS: C, 40.54;
H, 3.38; S, 21.62. Found: C, 39.93; H, 3.31; S, 21.90. The IR
spectrum is identical with that of the compound formed from the
thermal decomposition of complex II. The magnetic moment was
1.36 up/vanadium atom at 292 K.

X-ray Crystal Structure Analysis of Complex II. A crystal of
dimensions 0.13 X 0.20 X 0.53 mm was mounted on a Lindemann
glass fiber under nitrogen. The choice of space group and preliminary
lattice parameters were determined from rotation and Weissenberg
photographs. Accurate unit cell dimensions were obtained from the
least-squares refinement of the 26 values of 20 general reflections (26
> 60°) measured on a Siemens AED automated X-ray diffractometer.

Crystal Data: Cp;H,SV; M, = 379.4; monoclinic; @ = 10.280 (1),
b=11.249 (1), c = 15.889 (2) A; 8 = 99.27 (1)°; ¥V = 1813.3 A3;
Z = 4; D, = 1,390 g cm™3; F(000) = 788; Cu Ka radiation; A = 1.5418
A; u(Cu Ka) = 56.7 cm™; space group P2,/n from systematic ab-
sences.

Data Collection. The crystal was mounted with its [001] axis
parallel to the ¢ axis of the Siemens diffractometer. A total of 3050
independent reflections were measured (6° < 28 < 130°), of which
2516 with intensity >20(/) were considered observed and used for
the structure determination. Nickel-filtered Cu K« radiation (A =
1.5418 A) was used and the §—26 scan method employed with a scan
speed related to the number of counts on the peak (lowest speed 2.5°
min~!). One reflection was remeasured after 20 reflections as a check
on crystal and instrument stability. No significant change in the
measured intensity of this reflection was observed during data col-
lection. Intensities were measured with use of the “five-point”
technique.!* The data were corrected for Lorentz and polarization
effects. No absorption correction was made (u¥ = 0.4) due to the
irregular shape of the crystal and the difficulties in indexing crystal
faces. Thermal coefficients are therefore influenced by this omission.

Structure Solution and Refinement.'* The structure was solved
by the heavy-atom method starting from a three-dimensional Patterson

Table II. Selected Bond Distances? (A) and Angles (deg) with
Estimated Standard Deviations in Parentheses for Complex II,
[(cp), V(Ph,CS)]

V-§ 2.374(2)  S-C(30) 1.762 (4
V-C(30) 2306 (4) C(BO)-CUD  1.519 (5)
V-cp(1)®  1.972(4)  CB0)-C(21)  1.512(4)
V-cp(2)® 1.971 (4)

V-C(30)-S 70.0 (1) S-V-C(30) 44.2 (1)

V-C(30)-C(11) 121.1 (2)  S-V-cp(l) 112.5 (1)

V-C(30)-C(21) 118.0 ) S-V-cp(2) 108.4 (1)

S-C(30)-C(11) 116.5 (2) C(30)-V-cp(l) 110.4 (1)

$-C(30)-C(21) 117.0 2) C(30)-V-cp(2) 113.6 (2)

CA1)-C(30)-C(21) 109.6 (3) cp(1)-V=cp(2) 133.9 (2)

V-§-C(30) 65.9 (1)

9 C-H distances range from 0.94 (5) to 1.14 (5) &. ® cp(1)
and cp(2) are referred to the centroids of the rings C(1)-C(5)
and C(6)-C(10), respectively.

synthesis, which gave the position of the vanadium atom. The re-
mainder of the molecule was located from a Fourier synthesis phased
by the metal atom. Refinement was by full-matrix least squares, first
isotropically to an R value of 0.110 and then anisotropically to R =
0.072. At this stage a difference Fourier synthesis located all the
hydrogen atoms, which were refined with isotropic thermal parameters
in the final cycles. Convergence was obtained at an R value of 0.056
with the weighted residual R,, of 0.058. The weighting scheme used
in minimizing the funciton was 3" w|AF]?, where w = k/[¢%(F,) +
|81F,2; k is determined after each structure factor calculation and
refined by fitting (|F,| — |F])? to (6X(F,) + |gl(F,2)/k. The value for
g was that giving the smallest variation of the mean value of w(|F,}
— |F)? as a function of the magnitude of F; in the final refinement
k = 1.000 and g = 0.002. The error in an observation of unit weight
was 1.27. The overdetermination ratio was NO:NV = 2516:306 =
8.2:1. In the final refinement no parameter shifted by more than 0.3
times its standard deviation. A final difference Fourier synthesis was
featureless with no significant peak above the general background.
No evidence for secondary extinction was found. Anomalous scattering
corrections were included in all structure factor calculations. Scattering
factors were taken from ref 15 for V, from ref 16 for S and C, and
from ref 17 for H. Final atomic positions are quoted in Table 1.
Thermal parameters are listed in Table SI; bond distances and angles
are in Tables IT and SII.!?
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Notes

Figure 1. ORTEP view of the molecular structure of [(cp),V(Ph,CS)].

Results and Discussion
A toluene solution of vanadocene (I) reacted with thio-
benzophenone, Ph,C==S, according toeq 1. Complex II was

Ph\ /F’h
C

/
oy + Phoc=5 — (el | a
[ S

1

cp =n*-CH;

obtained as very air-sensitive red crystals. The thiocarbonyl
function is displaced from II by the action of Iy and CH,]I, to
form (cp),V1,® and (cp),V1,!? respectively. Complex II, which
can be viewed as resulting from the carbene-like addition of
the metal to the thiocarbonyl function, has a magnetic moment
of 1.74 ug at 292 K.

The structure proposed for complex 11 is based mainly on
the results of the X-ray analysis. Figure 1 shows an ORTEP
view of the molecular structure of II. The most relevant bond
distances and angles are reported in Table II. The two cp
rings, which are ° bonded to vanadium, are bent away (cp-
(1)-V-cp(2), 133.9 (2)°) to make a room in the equatorial
plane of the molecule for the >C=S unit. The reciprocal
orientation of the cp rings is eclipsed and the V-cp(_L) dis-
tances are as follows: V-cp(1), 1.972 (4) A; V—cp(2), 1.971
(4) A (Table II). All the other structural parameters con-
cerning the [(cp),V] unit moiety are as expected.®® The
structural features of the [VCS] unit deserve great attention,
and they are compared in Figure 2 with the corresponding ones
found in the complexes [(cp),V(CS,)]?® (I1II) and [(cp),V-
(CS,;Me)]* (IV).2® V-S bond distances are comparable in the
three complexes, while C-S and V-C bond distances within
the [VCS] unit are significantly longer in complex II. The
carbenoid nature of the carbon atom in complexes III and 1V,
having a 7 interaction with adjacent heteroatoms, causes an
electronic delocalization over all the three atoms of the CS,
unit. A comparable C—S bond distance (1.769 (2) A) is found
in the thiocamphor molybdenum complex, where the thio-
ketone displays a similar #?-C,S bonding mode.! The C-S
bond distance is significantly longer than that found in free
Ph,C=S (1.636 (9) A).2! Very few data are so far available

(18) See paragraph at end of paper regarding supplementary data.
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on vanadocenes bearing an additional V-C bond.®!® In all
cases, however, the V-C bond distance is significantly shorter
than that found in complex II.

Complex II is thermally labile, and when it is heated at 100
°C in toluene solution, it undergoes the transformation

Ph Ph
Na”

c Ph
7~ I . 7~
(cp)zv\S - (Umlepvs), + C\ )
v . Ph
Vi

II

The highly insoluble complex V crystallized, while di-
phenylfulvene was isolated from the solution in a significant
yield. Such a transformation of complex II can be achieved
under milder conditions in the presence of PPh;. Few hy-
potheses can be made on the occurrence of the vanadocene-
promoted desulfurization of thiobenzophenone (reaction 2).
The thermal lability of the V-C o bond may be the reason for
a homolytic cleavage of the V-C bond in complex IL'? It can
occur in a preliminary step, generating a carbon free radical,
which then attacks one of the cp rings (eq 3). Migration of

H
A\
@\.C/Ph @\kc/%
heating ~ ~ .
n == v\l Ph v\1 Ph — V +VI
@ &
(3

a phenyl group to one of the cp rings of the vanadocene unit

was observed in the reaction of [(cp),VPh] with carbon

monoxide?? (eq 4). Conversion of VII into VIII with the
H

3: Fh co
T<6 % \\/ T>30°C

h

-
VPh + 2C0 —— —_
: Q =

VII
Ph

V—CO (4)

VIII
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subsequent loss of hydrogen occurs on gentle heating. Reaction
4 is strongly reminiscent of reaction 3. A similar mechanism
was proposed by Alper to interpret the desulfurization of
thiobenzophenones by [cpM(CO),] " M =Fe,n=2;M =
Mo or W, n = 3).% Such a reaction led to the cleavage of the
cp—metal bond and to the formation of diarylfulvenes.

For clarification of the nature of V, the reaction of elemental
sulfur with [cpV(CO),]° was carried out (eq 5). Compound

[cpV(CO),] + /58y = (1/n)[cpVS], + 4CO  (5)
\%

V was obtained as a microcrystalline solid from reaction 5.
There is, however, a striking difference in composition, mag-
netic properties, and IR spectrum between complex V and
[(cp),V4Ss], proposed to form in the reaction of [cpV(CO),]
with elemental sulfur in refluxing toluene for 16 h. Such a
difference may be due to the significant difference in the
experimental conditions.”? The crucial point is, probably, the
fact that the final solution was handled in the air. This might
cause the transformation of a preliminary compound coming
from reaction 5. We did not achieve a satisfactory knowledge
of the nature of V because of its low solubility. Analytical
data agree with the proposed formula, for which we found a
magnetic moment of 1.36 ug at 292 K per vanadium atom.
This cannot help in proposing a plausible structure for V in
the absence of any information concerning its molecular
complexity. We would draw attention to the close similarity
between the desulfurization of thiobenzophenone and the
deoxygenation of N,0,2* both promoted by vanadocene. The
latter reaction produces a polynuclear monocyclo-
pentadienylvanadium complex, [(cp);V;O4] (IX). The re-
semblance between V and IX is not only restricted to their
origin but can be extended, eventually, to their molecular
complexity and to their magnetic properties.
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In 1975 Wong and Kirk? reported the first successful
preparation of solid salts of the cis- and trans-[Cr-

(en),FNH;]?* (en = ethylenediamine) cations via the am-
monolysis of trans-[Cr(en),FBr]Br. The synthetic method,
which involved Cr—Br bond rupture and Cr-NH; bond for-
mation, produced both isomers with a cis/trans ratio of ap-
proximately 60/40. This preparative method, coupled with
the rather high solubility of the cis isomer, resulted in a low
overall yield of the cis isomer. Assignments of the cis and trans
structures were made on the basis of the differences in molar
absorptivities. This was necessary since both isomers have the
same local site symmetry (C,,), a situation which requires that
the number of spin-allowed electronic transitions be the same
for both isomers and that the wavelengths of maximum and
minimum absorptions be essentially constant.

During the course of stereochemical investigations in this
laboratory, it became necessary to develop a synthetic route
that could be used to prepare the cis isomer in quantity and
to establish unequivocally its structure; hence, the present study
was undertaken.

Experimental Section

Caution! Perchlorate salts of metal complexes with reducing ligands
such as amines are potentially explosive, and care should be exercised
when handling these materials.

Preparation of Starting Materials. (&)-cis-[Cr(en),F,][Cr-
(en)F,4)-H,0 was prepared as previously described.? (&)-cis-[Cr-
(en),;F,}[Cr(en)F,}-H,0 was converted to (%)-cis-[Cr(en),F-
(OH)]1;-H,0 and then to (%)-cis-{Cr(en),FCI]I via the published
methods.>*  (&)-cis-[Cr(en),FCI]I was utilized to obtain (&)-cis-
[Cr(en),FNH;]ICI by the method used to prepare trans-[Cr-
(tn),FNH;,]ICI (tn = 1,3-propanediamine) except that the ammonia
was dried over sodium prior to use instead of being condensed directly
from the cylinder.’

In a typical preparation of [Cr(en),FNH;]IC], a 6.2-g (17.5-mmol)
sample of (£)-cis-[Cr(en),FCl]I was reacted with 30-40 mL of dry
liquid ammonia. The yield was 6.1 g (94%) of crude product. The
electronic spectrum of the crude product in 0.1 M perchloric acid was
characterized by A, 495 nm (¢ 62.0 M™ cm™), A, 416 (¢ 17.7),
and Apg. 359 (e 38.6).

Isolation of ()-cis-[Cr(en),FNH;}(C10,);. A 1.0-g (2.7-mmol)
sample of crude [Cr(en),FNH;]ICI was dissolved in 1.0 mL of 0.1
M perchloric acid, the orange solution was filtered, and the cold filtrate
was diluted with perchloric acid as described by Wong and Kirk.?
This method produced 0.30 g (27%) of the desired product. Anal.
Caled for (£)-cis-[Cr(en),FNH;](C1O,),: C, 11.79; H, 4.66; N, 17.19.
Found: C, 11.56; H, 4.42; N, 17.23. The electronic spectrum in 0.1
M perchloric acid was characterized by A\, 496 nm (¢ 64.9 M~ cm™),
Amin 418 (€ 16.3), and A, 362 (€ 34.5) [lit.:? Apay 494 (€ 64.9), Ay
417 (€ 16.6), and Ap,, 360 (e 34.4)].

Isolation of (%)-cis-[Cr(en),FNH,;]I,, A 5.5-g (14.8-mmol) sample
of crude (&£)-cis-[Cr(en),FNH;]ICI was dissolved in 10 mL of water
at room temperature, and the solution was quickly filtered. The orange
filtrate was diluted with 5 mL of 47% hydriodic acid and cooled in
an ice bath for 15 min. The orange product was collected, washed
with acetone, and air-dried. The yield was 5.2 g (76%).

An 11.6-g (25.1-mmol) sample of crude (&)-cis-[Cr(en),FNH;]I,
was dissolved with constant stirring in 50 mL of water at 25-30 °C.
The orange solution was filtered, and the filtrate was cooled in an
ice bath for 1 h. The orange solid was collected, washed with acetone,
and air-dried. The yield was 6.0 g (52%). The electronic spectrum
in 0.1 M perchloric acid was characterized by Ay, 495 nm (¢ 65.9
Mtem™), Ay, 418 (e 17.4), and A, 357 (€ 39.6). Anal. Caled
for (%)-cis-[Cr(en),FNH;]1;: C, 10.39; H,4.11; N, 15.15; F, 4.11.
Found: C, 10.48; H, 4.25; N, 15.08; F 3.98.

Resolution of (&)-cis-[Cr(en),FNH;]I,, A 5.0-g (10.8-mmol)
sample of recrystallized (&)-cis-[Cr(en),FNH;]I; in 40 mL of water
at room temperature was added to a solution of 9.42 g (21.6 mmol)
of (+)sge-silver bromocamphor-w-sulfonate® in 50 mL of water at 45-55
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