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The electrophilic tetranuclear complex [(Cp'Mo(u-S))2(S2CH2)]2(BF4). (1: Cp' = CsHs (1a),
CsHsMe (1b)), in which two dinuclear complexes are joined by a sulfur—sulfur bond, reacts
with the electron-rich nitrogen heterocycles pyrroles and indoles at room temperature. The
reactions involve heterolytic scission of the disulfide bond by the nucleophiles followed by
proton transfer, and the products are [(Cp'Mo0)2(S2CH2)(u-S)(u-SH)]BF4 (2) and [(Cp'MoS).-
(S2CHy)(u-S)(u-S-pyrrolyl)]BF, (3—6). The reactions have been characterized for pyrrole,
1-methylpyrrole, 1,2,5-trimethylpyrrole, and 1-methylindole. The regiochemistry of the
reactions depends on pyrrole substituents. Complex 1 also reacts readily with the coordinated
pyrrolyl ligand in (PMe,Ph);Cl,Re(NC4H,4). The electrophilic substitution occurs on the
3-position of the heterocycle to form [(Cp'Mo0)2(S.CH3)(u-S)(u-SC4sH3sN)ReCl,(PMe,Ph)s]BF,
(7). Complex 7 undergoes a further reaction with 1 to give the hydrogen abstraction product
[(Cp'M0)2(S2CH3)(u-S2C4H2N)ReCl(PMe,Ph)s]BF, (8). An X-ray diffraction study of 8b
confirms that the 3- and 4-carbons of the pyrrolyl ligand are coordinated to the u-sulfido
ligands of the molybdenum dimer. The new products suggest that there are a number of
ways in which electron-rich heterocycles might interact with a sulfided molybdenum catalyst
in the hydrodenitrogenation reactions. Reactions of 1 with other nucleophiles have also been
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surveyed.

Introduction

Five-membered nitrogen heterocycles, such as pyrrole
and indole, are common impurities in petroleum feed-
stocks that are removed by the catalytic hydrodenitro-
genation process.?2 The heterogeneous catalyst most
commonly used for this process is sulfided molybdenum
adsorbed on alumina or other supports. Nitrogen het-
erocycles are known to adsorb strongly on sulfided
catalysts, but very little is known about the mode of
their adsorption.2 Because the mechanistic features of
the HDN reactions are not well-defined on a molecular
level, studies of discrete metal—heterocyclic complexes
have been carried out in order to investigate fundamen-
tal questions on how the heterocycle might interact with
and be activated by a catalyst surface. Although several
aspects of the reactivity of coordinated pyrrole,3—°
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indole,1°-13 and indolinel*~18 ligands have been inves-
tigated, no model studies are available to show how
these heterocycles might interact with a sulfided metal
surface.

The reactivity of the five-membered nitrogen rings is
dominated by the z-electron-rich character of the mol-
ecules, and electrophilic substitution and addition reac-
tions are well-known for these systems. For this reason
we have investigated the reactivity of pyrrole deriva-
tives with electrophilic molybdenum sulfide complexes.
The molecular metal sulfide compounds studied here
may provide fundamental information about possible
interaction modes of heterocycles with the heteroge-
neous catalysts. The latter are known to also contain
electrophilic centers, particularly S—H sites that display
Brensted acidity.!® During the course of chemical trans-
formations on the surface, hydrogen atom transfer from
S—H sites could also lead to electrophilic disulfide
linkages on the catalyst.
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In previous work we have shown that the one-electron
oxidation of (Cp'Mo0S),S,CHj> results in the formation
of the diamagnetic tetranuclear dication 1, which con-
tains two dimers linked by a bond between bridging
sulfido ligands (eq 1).2° The sulfur—sulfur bond distance

S.s
CP'M/<SS/\>Mon' + NOBF, -

V
N
Cp'Mé;\;Mon‘ (BF42

/ (1)
P

1/2 Cp'M

-

in 1 is relatively long (2.14 A), and this appears to be a
reactive electrophilic site in the molecule. Complex 1
undergoes reactions similar to those of organic disul-
fides. For example, heterolytic scission of the S—S bond
by nucleophiles has been observed for 1 (eq 2).2°

1 + OW —_—

\S\ s\\ S s\\
+
cp M.<s//Mon +Cp M<s//Mocp 2

However, this metallo disulfide also undergoes reactions
that are not characteristic of the organic analogues. For
example, 1 reacts rapidly and quantitatively with mo-
lecular hydrogen at room temperature to form the
cationic hydrosulfido complex 2 (eq 3a) and reacts with
PhSH to abstract a hydrogen atom (eq 3b).20

S_s

25°C % AN
2 Cp' MoCp' BF;  (3a)
N

V

2

1+H2

°C
1 + PhSH »cC, 2 +

PhS-SPh (3b)
The reactions of organic disulfides with the electron-
rich nitrogen heterocycles appear to be quite limited,
since other available reagents are more effective for the
introduction of thiolate substituents on the rings.?!
Examples of nucleophilic attack of pyrrolyl and indolyl

(20) Birnbaum, J.; Godziela, G.; Maciejewski, M.; Tonker, T. L;
Haltiwanger, R. C.; DuBois, M. R. Organometallics 1990, 9, 394—401.
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anions on disulfides have been reported,?? and the
reaction of methyl disulfide with indole in the presence
of Cul was found to produce the 3-thiolate indole
derivative.?® In contrast, 1 reacts readily with neutral
pyrrole derivatives, leading to electrophilic substitution
of the nitrogen rings with the formation of new molyb-
denume-sulfido-substituted pyrrole complexes. The char-
acterizations and reactivities of these products are
reported here.

Results and Discussion

Reactions of 1 with Pyrroles. Compound 1 was
found to react with several different pyrroles at room
temperature over a period of 1-2 days to form new
cationic products containing pyrrolyl thiolate ligands.
Complex 2 or its conjugate base is also formed in this
reaction, and isolated yields suggest that the products
are formed in a 1:1 ratio. The reaction is illustrated in
eq 4 using unsubstituted pyrrole as the reagent. The

N
R
* 7\
4 3
HSs
2

/> s\\
Cp'M< Mocp' *+ |CpM MoCp' (BFa)
el N7
V V

|

- N-H
H\s s
< S ~ S
U \\ y 3 /\\ |
Cp M< s//Mon BF, + Cp M\ s//Mon BF; (4)

V Vv
2 3

2-isomer

net reaction involves the homolytic cleavage of a C—H
bond of the pyrrole ring, but the reaction pathway is
likely to proceed by heterolytic scission of the S—S bond
by the nucleophilic ring, followed by loss of a proton from
the heterocycle,?* as shown in eq 4. The two molybde-
num products can usually be separated by recrystalli-
zations that take advantage of solubility differences. For
example, 2 is readily deprotonated by undried solvents
and the resulting neutral complex (Cp'Mo(u-S))2(S2CHy)
can be extracted into nonpolar solvents. After recrys-
tallization, the derivatives of the pyrrolyl thiolate
cations have been characterized by spectroscopic tech-
niques. Their formulation is confirmed by FAB mass

(21) Sulfenyl chlorides and N-(methylthio)morpholine have been
used in reactions with pyrroles and indoles to introduce thiolate
substituents: Sundberg, R. J. In Comprehensive Heterocyclic Chem-
istry; Bird, C. W., Cheeseman, G. W. H., Eds.; Pergamon Press: Oxford,
U.K., 1984; Vol. 4, p 313, and references therein.

(22) (a) Gronowitz, S.; Hornfeldt, A. B.; Gestblom, B.; Hoffmann, R.
A. Ark. Kemi 1961, 18, 151. (b) Browder, C. C.; Mitchell, M. O.; Smith,
R. L.; el-Sulayman, G. Tetrahedron Lett. 1993, 34, 6245—6246.

(23) Rankin, P. F.; McKinnie, B. G. J. Org. Chem. 1989, 54, 2985.

(24) Field, L. In Organic Chemistry of Sulfur; Oae, S., Ed.; Plenum
Press: New York, 1977; p 303.
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Table 1. NMR Data for Pyrrolyl Thiolate Complexes of Molybdenum?

pyrrole other
complex 1H 13C 1 13¢
3a, 2-isomer 5.70 (H3)P 118.47 (C3)° 7.04 (s, Cp) 105.23 (Cp)
5.89 (H4) 109.84 (C4) 4.03 (s, S2CHy) 48.26 (So.CH>)
6.65 (H5) 122.95 (C5) 9.0 (br s, NH)
4a, 2-isomer 5.53 (H3), J34 = 3.77 7.03 (s, Cp)
5.83 (H4), J45 = 2.78 4.08 (s, S2CHy)
6.71 (H5), Jss = 1.79 3.50 (s, NMe)
4a, 3-isomer 5.75 (H4), J24 = 1.89 7.00 (s, Cp)
6.25 (H2), 325 = 2.08 3.98 (s, S2CHy)
6.42 (H5), Jss = 3.08 3.49 (s, NMe)
4b, 2-isomer 5.53 (H3), J34 = 3.77 119.23 (C3) 6.98, 6.92, 6.87 (3 m, Cp) 105.68, 105.45, 103.96, 103.69 (Cp)
5.83 (H4), J45 = 2.88 108.72 (C4) 4.06 (s, S2.CHy) 48.46 (S2.CHy)
6.72 (H5), J35 = 1.79 128.07 (C5) 3.50 (s, NMe) 35.00 (NMe)
2.46 (s, CpMe) 16.88 (CpMe)
4b, 3-isomer 5.75 (H4), 324 = 1.89 114.25 (C4) 6.8—7.0 (3 m, Cp) 103.81, 103.91, 104.94, 105.05
6.27 (H2), J5s = 2.28 127.19 (C2) 3.97 (s, S2CHy) 47.58 (S.CHy)
6.43 (H5), Jss = 2.68 123.49 (C5) 3.48 (s, NMe) 36.58 (NMe)
2.47 (s, CpMe) 16.88 (CpMe)
5a, 3-isomer 5.19 (H4) 111.95 (C4) 6.99 (s, Cp) 104.71 (Cp)
4.01 (s, S2CHy) 48.65 (S2.CH»)
3.24 (s, NMe) 31.19 (NMe)
2.03,2.14 (2 s, Me) 11.83, 11.06 (Me)
5b, 3-isomer 5.10 (H4) 6.79 (m, Cp)
4.13 (S, SzCHz)
3.26 (s, NMe)
2.48 (s, CpMe)
2.14,2.05 (2 s, Me)
6b, 3-isomer 6.52 (s, H2) 134.31 (C2) 6.86, 6.93, 7.03 (3 m, Cp) 103.32, 103.57, 105.36, 105.09 (Cp)

7.18 (t, H6)
7.25 (t, H5)
7.34 (d, H4)
7.57 (d, H7)
4.01 (s, S2CHy)
3.71 (s, NMe)
2.45 (s, CpMe)

121.55 (C6)
123.70 (C5)
111.47 (C4)
118.95 (C7)
47.88 (S2CH32)
33.53 (NMe)
16.87 (CpMe)

a Recorded in CD3CN, chemical shifts reported in ppm, J values reported in Hz. ® Multiplets not well resolved. ¢ Resonances of quaternary

carbons were not observed in these experiments.

spectra, which show the expected mass for the parent
cations, and by elemental analyses.

In the 'H NMR spectrum of the crystallized product
3a (a, Cp' = CsHs; b, Cp' = MeCsHy) only one isomer
was apparent. A broadened resonance for the NH proton
of 3a was observed at 9.0 ppm, and three multiplets
were observed for the hydrogens of the pyrrole at 5.70,
5.89, and 6.65 ppm. In an HSQC experiment, these
pyrrole hydrogen signals correlated with carbon reso-
nances at 118.5, 109.8, and 122.9 ppm, respectively. The
product is assigned as the 2-pyrrolyl thiolate derivative
on the basis of comparisons with related, more fully
characterized isomers discussed below. The most down-
field proton and carbon resonances are assigned to the
hydrogen and carbon atoms o to the nitrogen based on
the relative shifts of a- and g-positions in the free
pyrrole ring. 'TH NMR data for the new complexes are
given in Table 1, and 13C NMR data are presented for
either the Cp or MeCp derivative of each product.

When the reaction of 1 was carried out with 1-meth-
ylpyrrole, two isomeric products of 4 were observed in
the NMR spectrum. For example, in the reaction using
the MeCp derivative, isomers usually occur in an
approximate 2:1 ratio. Several thiolate-bridged cations
of the type [(Cp'M0)2(S2CH2)(u-SR)(u-S)]™ have been
identified in previous work,25 but in all previous studies
of these cations, only one isomer has been observed, and
this has been identified by X-ray studies as the deriva-
tive with an equatorial conformation of the thiolate
substituent. Since there is no reason to expect both axial

and equatorial isomers for this particular thiolate
substituent, the isomers are attributed to different
positions of attack by the sulfido electrophile, as shown
in eq 5. Although electrophilic attack at the 2- (or a-)

Me
N
1 + 5‘\ /72 —_— 2 +
4 3

Me
/
= N
Q'M“ |/
S_Ss S_S
N N
Cp' ' BF, + Cp'M MoCp' BF. 5
PM<//Mon 4 p - oCp' BFs  (5)
S™g S™s
V Vv
4 4
2-ilsomer 3-lsomer

position of pyrrole is usually favored, both steric and
electronic effects can promote attack on the 3- (or j-)
carbon in some cases.2%

(25) (a) Casewit, C. J.; Haltiwanger, R. C.; Noordik, J.; DuBois, M.
R. Organometallics 1985, 4, 119—129. (b) Laurie, J. C. V.; Duncan, L.;
Haltiwanger, R. C.; Weberg, R. T.; DuBois, M. R. J. Am. Chem. Soc.
1986, 108, 6234—6241. (c) Weberg, R. T.; Haltiwanger, R. C.; Laurie,
J. C. V.; DuBois, M. R. J. Am. Chem. Soc. 1986, 108, 6242—6250. (d)
DuBois, M. R. J. Cluster Sci. 1996, 7, 293—315.

(26) Black, D. St. C. In Comprehensive Heterocyclic Chemistry I1;
Katritzky, A. R., Rees, C. W., Scriven, E. F. V., Eds.; Pergamon Press:
Oxford, U.K., 1996; Vol. 2, pp 39—117.
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Figure 1. Resonances for pyrrole hydrogens in the 500 MHz *H NMR spectrum of two isomers of 4b. The major product
is assigned to the 2-isomer, and the minor product is the 3-isomer. See Table 1 for assignments and coupling constants.

In the *H NMR spectrum of 4b, three well-resolved
multiplets characteristic of an ABX spectrum are ob-
served for the hydrogens of the pyrrole ring in each
isomer (Figure 1). These have been analyzed to obtain
coupling constants for the pyrrole hydrogens. The values
for coupling constants in substituted pyrroles are well-
established and are diagnostic of the position of substi-
tution on the ring.?” The J values obtained for the major
isomer (see Table 1) are consistent with the assignment
of a 2-substituted pyrrole ring, while the coupling
constants for the minor isomer are indicative of a
3-substituted ring.

The 13C NMR spectra for the isomers of 4b are
consistent with the above isomer assignments. In the
HSQC spectrum of the 2-isomer, multiplets at 5.53 (H3),
5.83 (H4), and 6.71 (H5) ppm correlate with carbon
resonances at 119.2 (C3), 108.7 (C4), and 128.1 (C5)
ppm. For the isomer assigned to the 3-substituted
pyrrole ligand, carbon resonances occur at 123.5 and
127.2 ppm for the a-carbons (C2 and C5) and at 114.2
ppm for the g-position (C4). No evidence for intercon-
version of the isomers in solution was observed over a
period of several days.

Related derivatives have been synthesized using
similar reaction conditions. In the reaction of 1 with
1,2,5-trimethylpyrrole only a single substitutional iso-
mer is possible, and only one isomer of the thiolate
cation 5 was observed (eq 6). The chemical shifts for the

l\{le
N
] +MQUM° 2 +

Cp'M<>>Mon’ BF, (6)

H4 and C4 resonances of the pyrrolyl thiolate ligand of
Sa were 5.19 and 111.9 ppm, respectively, similar to the

values assigned above to the -positions of the pyrrole
rings in the isomers of 4.

The reaction of 1b with 1-methylindole also proceeded
to form a single isomer (>96%) of the electrophilic
substitution product 6b (eq 7). Electrophiles generally

N 7

1+2\ s-———>2+
3

4 5

/é\ 2

S. S

( / \\ )
Cp Mg// MoCp' BF,; (7)

S
6

react with indoles to give the 3-substituted derivatives,?8
and NMR data for 6b suggest that the substitution of
the molybdenum sulfide electrophile shows similar
selectivity. In the IH NMR spectrum the multiplets of
the six-membered carbocyclic ring show chemical shifts
that are quite similar to those of free indole?® (see Table
1). A singlet at 6.52 ppm was assigned to H2 of the
indolyl ring. This signal correlates with a 13C resonance
at 134 ppm, which is consistent with the downfield
chemical shifts observed for o-carbons in the other
pyrrolyl thiolate derivatives.

The cyclic voltammetry of representative examples of
the pyrrolyl thiolate derivatives was studied with a
glassy-carbon electrode in acetonitrile. For example, for
the mixture of isomers of the 1-methylpyrrole derivative
4b, distinct waves for the two isomers were not resolved.
Two quasi-reversible one-electron-reduction waves were
observed at —0.71 and —1.63 V vs ferrocene. Two

(27) Jones, R. A.; Bean, G. P. The Chemistry of Pyrroles; Academic
Press: New York, 1977; pp 472—476.

(28) Gilchrist, T. L. Heterocyclic Chemistry, 2nd ed.; Wiley: New
York, 1992; Chapter 6.5.

(29) Chadwick, D. J. In Comprehensive Heterocyclic Chemistry; Bird,
C. W., Cheeseman, G. W. H., Ed.; Pergamon Press: Oxford, U.K., 1984;
Vol. 4, p 155, and references within.
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reduction waves at similar potentials have been ob-
served for other thiolate cations of this type, and these
reductions were found to be primarily metal-based.26d
The cyclic voltammogram of 5a showed only one revers-
ible reduction at a potential of —0.73 V vs ferrocene.
Reactions of Pyrrolyl Thiolate Complexes. In
previous work cationic molydenum derivatives with
unsaturated thiolate substituents were found to undergo
reactions with hydrogen or other reducing agents to
reduce the substituent on the sulfur ligand: e.g., eq 8.2

Cp‘M<>>Mon' * 4 Hy OrEtsSIH ——
S$™s
V
Ph\(Me
Cp'M MoCp' 8
p <s M ®

Similar conditions were examined for the pyrrolyl
thiolate derivatives to determine whether an intramo-
lecular S—H addition might be extended to an aromatic
substituent under mild conditions. Complex 4a was
found to react with hydrogen at room temperature in
acetonitrile solution. However, the reaction led to the
formation of free methylpyrrole and 2a,3° and no
reduced heterocyclic products were detected (eq 9).

4 + H2 Loc—»
CHCN
H\ Me

S. s\\ "‘

" ,+

Cp M<//Mon + ;\ /7 (9)

$™s
V
2

Similar results were observed when 4a was reacted
with the reducing agent Et;SiH at room temperature.
No evidence for reduction of a coordinated heterocycle
was observed, and the only molybdenum product identi-
fied was (Cp'Mo(u-S))2S,CHs.

Synthesis of Mixed-Metal Pyrrolyl Complexes.
To obtain models for the study of how multiple metal
coordination might activate the pyrrole ring, the reac-
tion of an N-metalated pyrrole ligand with 1 has also
been carried out. The addition of the N-pyrrolyl complex
(PMezPh)3;Cl;Re(NC4H,4)° to a dichloromethane solution
of 1 at room temperature also resulted in electrophilic
substitution of a sulfido ligand on the pyrrolyl ligand,
similar to the substitutions described above for uncom-

(30) Complex 2 was not isolated because it underwent further
reaction under hydrogen in acetonitrile solution, as reported previ-
ously: Bernatis, P.; Laurie, J. C. V.; DuBois, M. R. Organometallics
1990, 9, 1607—1617.

Organometallics, Vol. 19, No. 18, 2000 3511

plexed pyrroles. The product isolated from this reaction
was formulated as [(Cp'Mo0)2(S2CH2)(u-S)(u—SCsH3N)-
ReCl,(PMe,Ph)s]BF4 (7), as shown in eq 10. In the elec-

€' pMe,Ph

~
1 + PhMegP——He—NO I
/ —
PhMe,P ’

Cl

PRy PR,

Cl—l/ie~0|
N_ PRy
/

%
S. s\
2 + Cp / \Mon' BFs  (10)
$™s
V

7

trospray mass spectra for 7a and 7b, a parent ion for
each cation was observed at m/z values of 1201 and
1229, respectively.

The 'H NMR spectra of 7a and 7b are each consistent
with the presence of a diamagnetic thiolate-bridged
cation of molybdenum containing a paramagnetic rhe-
nium pyrrolyl complex as the thiolate substituent. For
example, for 7b four Cp multiplets are observed in the
region between 6.0 and 6.6 ppm, while singlets at 2.1
(6 H) and 4.6 ppm (2 H) are assigned to equivalent
methyl groups of the Cp rings and the methanedithi-
olate protons, respectively. The resonances of the pyr-
rolyl ring show paramagnetic shifts because of coordi-
nation to the octahedral Re(l11) ion. In previous studies
of electrophilic substitution reactions on the pyrrole ring
in (PMe,Ph)sCl,Re(NC4H,), 'H NMR spectroscopy was
found to be a very useful technique for establishing the
regiochemistry of the reactions because of the charac-
teristic chemical shifts of the ring hydrogens.® The
resonances of the a-hydrogens of the Re(l11)-coordinated
ring were found to occur upfield in the region of 0 to —3
ppm, while those of the S-hydrogens occurred downfield
near +10 ppm. The 'H spectrum of 7b provides clear
evidence for the electrophilic substitution of the sulfido
ligand at a 8- (or 3-) position of the pyrrolyl ligand. Two
inequivalent resonances for a-hydrogens are observed
in the spectrum at —0.96 and —2.77 ppm, while a single
B-hydrogen singlet is observed at 10.46 ppm. Similar
shifts are observed in the spectrum of 7a. This selectiv-
ity for substitution at the S-position is probably due to
the steric bulk of the pyrrole N substituent.

In the cyclic voltammogram of 7a (obtained in aceto-
nitrile at a glassy-carbon electrode), three reversible
waves were observed: an oxidation at 0.167 V vs Fc and
two reductions at —0.706 and —1.365 V. Comparison of
the data to those of the mononuclear Re complex, which
showed an oxidation at +0.016 V and a reduction at
—1.42 V vs Fc,® suggests that the oxidation and more
negative reduction of 7a may be assigned to redox
changes at the rhenium(l11) center. The anodic shifts
relative to those of the mononuclear complex reflect the
electron-withdrawing character of the cationic substitu-



Downloaded by NORTH CAROLINA CONSORTIUM on June 29, 2009
Published on July 29, 2000 on http://pubs.acs.org | doi: 10.1021/0m000218u

3512 Organometallics, Vol. 19, No. 18, 2000

ent on the pyrrolyl ligand in the complex. The reduction
wave of 7a at —0.706 V occurs at a potential very similar
to those of the other molybdenum derivatives with
pyrrolyl thiolate substitutents, and this wave is there-
fore assigned to a reduction of the molybdenum dimer
in the heteronuclear complex.

We have begun to compare the reactivity of the
pyrrolyl thiolate derivatives, e.g., 3—6, with that of the
heterotrinuclear complex 7. For example, no further
substitution reaction was observed on the pyrrolyl ring
in 4 upon the addition of the electrophilic reagent 1.
However 7 does undergo a further reaction with 1 at
room temperature to form a new product, 8, resulting
from hydrogen atom abstraction from the heterocycle.
In the H NMR spectrum of 8b, for example, MeCp
resonances were slightly broadened, suggesting a para-
magnetic molybenum product, but the reasonably sharp
resonances could still be readily assigned. In particular,
the spectrum showed only a single resonance in the
region of the pyrrole a-hydrogens at —1.27 ppm, while
no downfield resonances assignable to pyrrole s-hydro-
gens were observed. The conversion of 7 to 8 is proposed
to involve a second hydrogen atom abstraction to form
a f,p-disubstituted pyrrolyl ligand as shown in eq 11.

1 + 7 - 2 +

1/2eq

Cp'M<>>Mon’ BF, (11)

Single crystals of 8b were obtained by recrystalliza-
tion from an acetonitrile/diethyl ether solution, and the
proposed structure was confirmed by an X-ray diffrac-
tion study. A perspective drawing of the cation is shown
in Figure 2, and selected bond distances and angles are
given in Table 2. The structure confirms that each of
the S-carbons of the pyrrolyl ring are coordinated to a
bridging sulfide ligand of the molybdenum dimer. The
bond distances and angles within the Mo,S, core are
close to those reported previously for other 1,2-alkene-
dithiolate derivatives of the dimers,3'and bond distances
and angles within the rhenium coordination sphere are
very similar to those observed for the mononuclear
pyrrolyl rhenium complex.® Similarly, the bond dis-
tances within the pyrrolyl ligand are similar to those
found in the starting rhenium pyrrolyl complex,® and
these data suggest that the aromatic character of the
nitrogen heterocycle in 8b remains intact. Further
studies of 8 are planned in order to determine whether

(31) (a) Miller, W. K.; Haltiwanger, R. C.; VanDerveer, M. C,;
DuBois, M. R. Inorg. Chem. 1983, 22, 2973—-2979. (b) McKenna, M.;
Wright, L. L.; Miller, D. J.; Tanner, L.; Haltiwanger, R. C.; DuBaois,
M. R. J. Am. Chem. Soc. 1983, 105, 5329—-5337.
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Figure 2. ORTEP diagram and numbering scheme for the
cation of [(MeCpMo),(S,CH.)(u-S,C4sH2N)Re(PMe,Ph);Cl,]-

Table 2. Selected Bond Lengths (A) and Angles
(deg) for [(MeCpMo0),(S,CH;)(S-3c,S-4¢c-C4H;N)-
ReCl,(PMe,Ph);]1BF, (8b)

Bond Lengths

Re(1)—N(1) 2.161(8) Re(1)—CI(1) 2.341(3)
Re(1)—CI(2) 2.334(3) Re(1)—P(2) 2.434(3)
Re(1)—P(1) 2.457(3) Re(1)—P(3) 2.474(3)
N(1)—C(25) 1.375(13) N(1)—C(28) 1.384(13)
C(25)—C(26) 1.386(15) C(26)—C(27) 1.387(15)
C(27)—C(28) 1.371(156) S(1)—C(26) 1.745(11)
S(2)—C(27) 1.762(11) Mo(1)—S(1) 2.449(3)
Mo(1)—S(2) 2.445(4) Mo(2)—S(1) 2.455(3)
Mo(2)—S(2) 2.433(3) Mo—Mo 2.5815(15)
Bond Angles

N(1)—-Re(1)-CI(1)  90.4(2) N()-Re(1)-CI2)  92.1(2)
CI(2)-Re(l)-CI(1) 176.31(10) P(2)—Re(1)-N(1) 176.3(2)
P(1)-Re(1)-P(3)  165.81(10) N(1)-Re(1)-P(3)  82.1(3)
N(1)—-Re(1)-P(1)  84.2(3)  Mo(1)-S(1)-Mo(2)  63.52(8)
Mo(1)—S(2)—-Mo(2)  63.89(8)  S(1)—C(26)—C(27) 120.2(9)
S(2)-C(27)-C(26) 118.6(8)

such multiple complexation to the heterocycle activates
it to further reactions.

The results of this work suggest that there are several
ways in which a reactive metal sulfide surface may
interact with the electron-rich nitrogen heterocycles. In
addition to the possibilities of 5°-coordination of the
heterocycles to the metal site and r(N)-coordination of
anionic pyrrolyl and indolyl ligands to the metal, it is
also possible that these rings could interact with reac-
tive sulfur sites on the catalyst surface, in either »*- or
n?-bonding modes.

Reactions of 1 with Other Nucleophiles. The
electrophilic substitution reactivity of 1 was found to
be kinetically controlled and was limited to the most
electron-rich heterocycles, pyrroles and indoles. No
reaction was observed when 1b was stirred with excess
thiophene or 2,5-dimethylthiophene at room tempera-
ture, even though the C—H bond strengths in pyrrole
and thiophene are estimated to be very similar (e.g.,
approximately 113 kcal/mol for the A-hydrogens).3?
Similarly at room temperature, no significant reaction
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was observed between 1b and dihydroanthracene with
a C—H bond dissociation energy of 78 kcal/mol.33

In preliminary studies of the interactions of 1 with
other potential nucleophiles, oxidation reactions have
been identified. For example, the reaction of 1b with a
slight excess of benzylamine in acetonitrile under
nitrogen was followed by 'H NMR spectroscopy. An
instantaneous color change was observed, and the
formation of (MeCpMo(u-S)).S.CH; was observed in the
spectrum along with new resonances which were ten-
tatively assigned to PhCH=NH (see Experimental Sec-
tion). Addition of 1 equiv of water to this solution caused
the disappearance of these resonances and the forma-
tion of benzaldehyde (eq 12). A similar reaction of 1b

25°C
1 + PhCH2NH, —5— PhCH=NH + 2

H,0 ' l xs amine

S_ S\\

PhCHO + Cp'M< MoCp' (12)
v
V

O
1 + PhCHO0H -ZF ophcHo +2  (13)

with benzyl alcohol under nitrogen also resulted in the
formation of benzaldehyde (eq 13), but this oxidation
was much slower than that of the amine. In the
unstirred reaction carried out in an NMR tube, the
product appeared in low yield (ca. 40%) over a period of
several days. Heating the solution to about 40 °C
resulted in a higher yield of benzaldehyde, but signifi-
cant decomposition of 1b was also observed under these
conditions. The oxidation of alcohols by metal—oxo
complexes has been studied,3*~37 but to our knowledge,
alcohol oxidations by metal—sulfido derivatives have not
been reported previously. Further work is in progress
to learn more about the scope and mechanisms of these
oxidation reactions.

Experimental Section

General Procedures and Materials. Reactions were car-
ried out under nitrogen using Schlenk-line and vacuum-line
techniques, but products were isolated in air unless otherwise
specified. Dichloromethane and acetonitrile were distilled from
CaH; prior to use. Tetrahydrofuran, toluene, and diethyl ether
were distilled from sodium/benzophenone. *H NMR spectra

(32) (a) Barckholtz, C.; Barckholtz, T. A.; Hadad, C. M. J. Am. Chem.
Soc. 1999, 121, 491-500. (b) Blank, D. A.; North, S. W.; Lee, Y. T.
Chem. Phys. 1994, 187, 35—47.

(33) Bordwell, F. G.; Cheng, J.-P.; Ji, G.-Z.; Satish, A. V.; Zhang, X.
J. Am. Chem. Soc. 1991, 113, 9790—9795.

(34) (a) Zauche, T. H.; Espenson, J. H. Inorg. Chem. 1998, 37, 6827—
6831. (b) Marray, R. W.; lyanar, K.; Chen, J.; Wearing, J. T.
Tetrahedron Lett. 1995, 36, 6415—6418.

(35) (a) Lebeau, E. L.; Meyer, T. J. Inorg. Chem. 1999, 38, 2174—
2181 and references within. (b) Gerli, A.; Reedijk, J.; Lakin, M. T.;
Spek, A. L. Inorg. Chem. 1995, 34, 1836—1843.

(36) (a) Mahadevan, V.; DuBois, J. L.; Hedman, B.; Hodgson, K. O;
Stack, T. D. P. J. Am. Chem. Soc. 1999, 121, 5583-5584. (b)
Chaudhuri, P.; Hess, M.; Florke, U.; Wieghardt, K. Angew. Chem., Int.
Ed. 1998, 37, 2217—-2220. (c) Wang, Y.; Stack, T. D. P. 3. Am. Chem.
Soc. 1996, 118, 13097—13098. (d) Chaudhuri, P.; Hess, M.; Muller, J.;
Hildenbrand, K.; Bill, E.; Weyermuller, T.; Wieghardt, K. 3. Am. Chem.
Soc. 1999, 121, 9599—-9610.

(37) Shapley, P. A.; Zhang, N.; Allen, J. L.; Pool, D. H.; Liang, H. C.
J. Am. Chem. Soc. 2000, 122, 1079—1091.
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were recorded at 300 and 500 MHz on Varian VXR-300 and
Varian Inova 500 MHz instruments, respectively. All chemical
shifts are reported in ppm relative to tetramethylsilane. HSQC
data were obtained on the Varian Inova 500 MHz spectrom-
eter. Spectra for the pyrrole hydrogens in isomers of 4b were
simulated using the program gNMR, version 3.6. Mass spectra
were obtained on a HB5989A mass spectrometer with ES
ionization, on a VG Analytical 7070 EQ-HF mass spectrometer,
or on a Finnigan MATR LCQ ion trap mass spectrometer.
Cyclic voltammetry experiments were carried out under
nitrogen on acetonitrile solutions containing 0.1-0.3 M Bug-
NBF, with a Cypress Systems electrolysis system. Ferrocene
was used as an internal standard, and all potentials are
referenced to the ferrocene/ferrocenium couple. Elemental
analyses were performed by Desert Analytical Laboratory,
Tucson, AZ. Pyrroles and indoles were purchased from Aldrich
and used without purification. [(Cp'Mo(u-S)).S.CH;]2(BF4),%°
(1), and mer-(PMe,Ph);Cl,Re(NC,4H,)® were prepared as previ-
ously reported.

Synthesis of [(CpMo0).(S,CH,)(u-S)(u-SC4sH3;NH)]BF, (3a).
[(CpMo(u-S))2(S2CH2)]2(BF4), (1a; 0.10 g, 0.091 mmol) was
dissolved in a mixture of 10 mL of dichloromethane and 10
mL of acetonitrile, and pyrrole (43 uL, 0.62 mmol) was added
via syringe. The solution was stirred for 2 days at room
temperature, and then the solvent was reduced in vacuo to a
volume of 2—3 mL. The solution was filtered to remove a blue
or black precipitate. In many cases this was identified by NMR
spectroscopy as (CpMo(u-S)).S.CH,. Yield: 50—60% based on
1. About 5 mL of Et,O was added to the red filtrate, and this
solution was cooled to 0 °C. The resulting red-brown precipitate
was filtered and dried. Yield: 0.045 g, 82% based on moles of
1. See Table 1 for *H and 3C NMR data. MALDI MS: m/z
530 (P for cation). Anal. Calcd for C15sH16NM0,S,BF 4 + Y/,CHz-
CN: C, 30.12; H, 2.77; N, 3.29. Found: C, 30.30; H, 3.09; N,
3.16.

Synthesis of [(Cp'M0)2(S2CH.)(u-S)(u-SCsHsNMe)]BF,4
(4). Cp' = MeCp (4b). [(MeCpMo(u-S))2(S2CH2)]2(BF4). (1b;
0.224 g, 0.194 mmol) and 1-methylpyrrole (0.120 mL, 1.35
mmol) were reacted according to the procedure described
above. The product was recrystallized from CH3;CN/Et,0.
Yield: approximately 80%. See Table 1 for *H and *C NMR
data. MS (FAB*): m/z 572 (M*); 493 (M — C4H3sNMe)); 460
(M* — SC4H3;NMe); 446 (MeCpMo),S3). CV in CH3CN/0.1 M
BusNBF, (V vs Fc): Ei, =—0.71V; AE = 138 mV in cell where
AEg. = 74 mV; second Ey, = —1.63 V, AE = 137 mV. Anal.
Calcd for CigH22BF4sMo,NS,: C, 32.74; H, 3.51; N, 2.12.
Found: C, 32.63; H, 3.41; N, 1.97.

Cp' = CsHs (4a). A similar procedure was followed using
[(CpMo(u-S)).S.CH>)]2(BFa4), and 1-methylpyrrole. Yield: 53%.
See Table 1 for *H NMR data.

Synthesis of [(CpMo0)2(S2CH2)(u-S)(u#-SC.H(Me).NMe)]-
BF,4 (5). Compound 5a. Complex 1a (0.10 g, 0.093 mmol) and
1,2,5-trimethylpyrrole (0.088 mL, 0.65 mmol) were reacted in
a procedure similar to that described above. The purple-black
product was recrystallized from CHCls/ether. Yield: 50—60%.
See Table 1 for *H and *C NMR data. MALDI MS: m/z 572
(P of cation). CV in CH3CN/0.3 M BusNBF, (V vs Fc): Ey, =
— 0.73 V, AE = 66 mV; two irreversible oxidations were also
observed with Ep, = 0.41 and 0.66 V. Anal. Calcd for CigHa»-
NS;Mo,BF4: C, 32.79; H, 3.36; N, 2.12. Found: C, 32.51; H,
3.42; N, 2.38.

Compound 5b. A similar procedure was followed using
[(MeCpMo(u-S)).S.CH>)12(BF4), and 1,2,5-trimethylpyrrole. See
Table 1 for 'H NMR data.

Synthesis of [(MeCpMo0).(S2CHy)(u-S)(u-SCsHsNMe)]-
BF, (6b). Complex 1b (0.070 g, 0.060 mmol) and N-methylin-
dole (54 uL, 0.42 mmol) were reacted in a similar procedure.
The purple-black product was recrystallized from CHCls/ether.
Yield: 94%. See Table 1 for *H and *C NMR data. FAB MS:
m/z 622 (P of cation). Anal. Calcd for C;;H22NMo0,S4BF4: C,
37.35; H, 3.13; N, 1.98. Found: C, 37.07; H, 3.30; N, 1.75.
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Reaction of 4a with Hydrogen. [(CpMo),(S,CH2)(u-S)(u-
SCsHs;NMe)]BF4 (4a; 0.030 g, 0.040 mmol) was dissolved in
CDCI; (0.8 mL) and CD3sCN (0.4 mL) in a flask with a Teflon
stopcock. The solution was freeze—pump—thaw degassed
twice, and 60 mm of H, was added at —196 °C. The flask was
sealed and the solution was warmed to room temperature and
stirred for about 36 h. The solution was transferred to an NMR
tube under nitrogen. The spectrum showed the presence of 50%
(CpMo(u-S)).S.CH, and 50% [(CpMo)2(S.CH:)(S.CCD3)]BF..
The latter resulted from the reaction of 2a with CD;CN.?°
N-methylpyrrole was also identified in the spectrum. NMR:
0 5.90, 6.43 (2 m); 3.49 (s, NMe).

Reaction of [CpMO0)2(S.CH2)(u-S)(u-SCsH3;NMe)]OTT
with EtsSiH. The triflate salt of 4a (prepared in a similar
procedure starting with the triflate salt of 1a) (0.040 g, 0.058
mmol) was dissolved in CH3CN, and Et3SiH (0.116 mmol, 36
uL) was added. The solution was stirred at room temperature
for 4 days. The color of the solution changed from red to green-
black. The solvent was removed in vacuo, and the remaining
solid was washed with 1—2 mL of CHsCN and filtered under
nitrogen. The filtered solid was identified by NMR spectroscopy
as (CpMo(u-S)).S,CH,. The filtrate was evaporated, and the
NMR spectrum showed primarily the same Mo complex and
unidentified Ets;Si derivatives.

Synthesis of [(Cp'M0)2(S2CH:)(u-S)(u-SCsHsN)Re(PMe,-
Ph)gClz]BF4 (7) Compound 7a. [(CpMO(M-S))gSzCHz]z(BF4)2
(1a; 0.088 g, 0.080 mmol) and (PMezPh)s;Cl.Re(NC4H,) (0.11
g, 0.15 mmol) were dissolved in a mixture of 10 mL of CH.Cl,
and 10 mL of CH3CN under a nitrogen atmosphere, and the
solution was stirred at room temperature for about 24 h. The
resulting brown-black solution was evaporated to dryness, and
the solid was extracted with CH;CN and filtered. The precipi-
tate in the extraction was identified as (CpMo(u-S)).S.CH..
Yield: 54%. The orange-brown acetonitrile filtrate was evapo-
rated, and the solid was further purified by chromatography
on an alumina column. The column was first eluted with CH,-
Cl, to removed a rhenium impurity and then with CH3;CN to
give an orange-brown band of the desired product. Yield: 0.032
g, 31%. (Another 20—30% could be isolated by further elution
from the column, but this product still contained an unknown
Re complex as an impurity.) *H NMR (CDCls): 6 —3.18, 0.67,
0.82 (3 s, 6 H each, PMe); —2.81, —0.54 (2 s, 1 H each, a-H,
pyrrole); 5.07 (s, 2 H, S;CH,); 6.48 (s, 10 H, Cp); 8.20 (t, 2 H,
Ph); 8.77 (t, 4 H, Ph); 10.04 (t, 2 H, Ph); 10.37 (m, 3 H, Ph);
10.62 (s, 1 H, p-H, pyrrole); 13.18 (d, 4 H, Ph). MALDI MS:
m/z 1201 (P of cation); 1064 (P — PMe,Ph). CV in CH3CN/0.3
M BusNBF; (V vs Fc): Ei, = —0.17 V, AE, = 59 mV; second
Ei, = —0.71V, AE, = 72 mV, third Ey, = —1.36 V, AE, = 69
mV. Anal. Calcd for CsoHssNCI,SsPsMo,ReBF, + CH3;CN: C,
37.06; H, 3.87; N, 2.11. Found: C, 36.78; H, 3.81; N, 1.68.

Compound 7b. The MeCp analogue was prepared by a
similar procedure. *H NMR (CD3CN): 6 —3.20, 0.85, 0.97 (3 s,
6 H each, PMe); —2.77, —0.96 (s, 1H each, a-H, pyrrolyl); 2.07
(s, 6 H, MeCp); 4.63 (s, 2H, S;CHy); 6.12, 6.22, 6.34, 6.57 (m,
2H each, Cp); 8.36 (t, 2H, Ph); 8.88 (t, 4H, Ph); 9.81 (t, 2H,
Ph); 10.34 (t, 1 H, Ph); 10.46 (s, 1 H, -H, pyrrolyl); 10.94 (d,
2 H, Ph); 13.88 (d, 4 H, Ph). Electrospray MS: m/z 1230 (P of
cation).

Synthesis of [(CpM0)2(S2CH,)(#-S.C4H,N)Re(PMe,Ph)s-
Cl;]BF, (8). Compound 8a. Complex 7a (0.025 g, 0.019
mmol) and 1a (0.011 g, 0.0095 mmol) were dissolved in 1 mL
of CD3;CN, and the solution was stirred at room temperature
for 2 days. The NMR spectrum of the solution confirmed that
the reaction was complete to form 8a and [(CpMo)(S.CHy)-
(u-S)(u-SH)IBF4 (2a). *H NMR (CD3CN): 6 —2.73 (s, 6H, PMe);
—1.45 (s, 2H, o-H, pyrrole); 0.50 (s, 12 H, PMe); 3.88 (s, 2H,
S,CH,); 6.11 (br s, 10 H, Cp) 8.44 (t, 2H, Ph); 8.85 (t, 4 H, Ph);
9.89 (t, 2H, Ph); 10.50 (t, 1 H, Ph); 11.28 (d, 2 H, Ph); 13.48 (d,
4 H, Ph). Elemental analyses were not obtained for 8a or 8b
because of repeated difficulties in removing a small amount
of 1 from the product.
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Table 3. Crystal Data for [(MeCpMo0),(S,CH,)-
(S-3c,S-4c-C4H,N)ReCl(PMe,Ph)z]1BF,4 (8b)

formula C43H555C|2F4M02N2P3RES4
fw 1356.83
cryst syst monoclinic
unit cell dimens
a(A) 14.184(43)
b (A) 11.211(2)
c(A) 31.450(6)
o (deg) 90
p (deg) 93.466(11)
y (deg) 90
vol, A3 4991.9(19)
space group P21/c
z 4
calcd density (Mg/m—3) 1.805
(Mo Ka) (A) 0.710 73
temp (K) 177(2)
scan type  scans

1.88 < 0 < 26.00
9826 (R(int) = 0.0628)

6 range (deg)
no. of indep rflns

no. of rflns obsd 7526
abs coeff (mm~1) 3.333
R& 0.0754
RuP 0.1421
GOFe¢ 1.236

largest, smallest peaks 2.029, —1.869

in final diff map (e/A3)

@R = Rl = 3||Fo| — |F|l/ZIFol. P Rw = [X[W(Fo> — F2?/
Y IW(Fe2)?]]Y2. ¢ GOF = S = [ [W(Fo? — Fc2)?)/(M — N)]*2, where M
is the number of reflections and N is the number of parameters
refined.

Compound 8b. The MeCp analogue was prepared on a
larger scale and isolated after chromatography on an alumina
column. The product was eluted with CH3;CN as an orange-
brown band. Yield: 19%. *H NMR (CDsCN): 6 —2.87 (s 6H,
PMe); —1.27 (s, 2H, o-H, pyrrole); 0.59 (s, 12 H, PMe); 1.88 (s,
6 H, MeCp); 3.88 (s, 2H, S,CH>); 5.88, 5.90, 6.20, 6.32 (br s, 2
H each, Cp) 8.56 (t, 2H, Ph); 8.84 (t, 4 H, Ph); 9.81 (t, 2H, Ph);
10.42 (t, 1 H, Ph); 11.42 (d, 2 H, Ph); 13.84 (d, 4 H, Ph). 1H
NMR (CDCls): 6 —3.99 (s 6H, PMe); —3.22 (s, 2H, a-H, pyrrole);
1.30 (s, 12 H, PMe); 3.98 (s, 6H, MeCp); 6.64 (s, 2H, S,CHy);
7.23, 7.61 (2m, 4H each, Cp); 8.02 (t, 2H, Ph); 8.90 (t, 4 H,
Ph); 9.55 (d, 2H, Ph); 9.84 (m, 3H, Ph); 13.69 (d, 4 H, Ph).

X-ray Diffraction Study of [(MeCpMo0),(S,CH>)(S-3C,S-
4C-pyrrolyl)ReCl;(PMe,Ph)s]BF, (8b). Single crystals were
grown by slow diffusion of diethyl ether into an acetonitrile
solution. The sample was examined under a light hydrocarbon
oil. The specimen crystal was mounted on a thin glass fiber
atop a tapered copper mounting pin with a small amount of
silicone grease. This assembly was then transferred to the
goniometer of a Siemens SMART CCD diffractometer equipped
with a Siemens LT-2A low-temperature apparatus operating
at 177 K. After optical centering, cell parameters were
determined using three sets of 20 0.3° w scans. Each scan was
exposed for 10 s using two correlated 5 s scans. Data collection
covered a bit more than an arbitrary hemisphere of space to
0.68 A, again using 0.3 o scans, exposed here for 30 s each.
All data were corrected for Lorentzian and polarization effects.
An absorption correction was applied on the basis of intensities
of redundant reflections. Final cell parameters were refined
from 8049 reflections with 1 > 3¢(l) harvested from the full
data set.

Structure solution via direct methods in centrosymmetric
space group P2;/c revealed much of the non-hydrogen struc-
ture. Additional atoms were located during subsequent cycles
of least-squares refinement followed by difference Fourier map
calculation. Hydrogens were placed at calculated positions and
allowed to ride on the geometries, as well as the equivalent
isotropic thermal parameters of the parent atoms. In addition
to the cation/anion pair, a molecule of acetonitrile is present.
One CHj3 group of a methylcyclopentadienyl ligand is disor-



Downloaded by NORTH CAROLINA CONSORTIUM on June 29, 2009
Published on July 29, 2000 on http://pubs.acs.org | doi: 10.1021/0m000218u

Substitution of N Heterocycles by Mo Sulfides

dered, likely across three sites, though only two were modeled.
Site occupancies for these methyl carbons, C(41) and C(41a),
were set to 0.60 and 0.40. No hydrogens were modeled on these
carbons. Except for these two sites, all non-hydrogen atoms
were modeled with anisotropic parameters for thermal motion.
Some large, ca. 2 e/A3, residual peaks remained near the heavy
atoms; otherwise, the final difference map was essentially flat.
Details for the data collection and solution are given in Table
3 and in the Supporting Information.

Reactions of 1b with Benzylamine and Benzyl Alco-
hol. In a glovebox 1b (0.015 g, 0.013 mmol) was dissolved in
CDsCN in an NMR tube, and excess PhCH;NH; (ca. 2 uL,
0.020 mmol) was added. The color immediately changed from
red to blue-black. The NMR spectrum showed that 1b had been
guantitatively converted to (MeCpMo(u-S)),S,CH, and ad-
ditional resonances at 4.76 (br s), 6.33, 7.34, 7.75 (m), and 8.46
(s) were tentatively assigned to PhCH=NH. Upon addition of
H,0 (1 uL) to the tube, the above resonances disappeared and
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new resonances were observed; these were assigned to benz-
aldehyde by comparison to a standard spectrum. The reaction
of 1b with benzyl alcohol under nitrogen was monitored in a
similar way. Resonances for benzaldehyde were observed to
grow in over a period of several days at room temperature.
Yield: 40% based on initial moles of 1.
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