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ABSTRACT

A. FERROCENYLSULFIDES: PREPARATION AND REACTIVITY

AS BIDENTATE LIGANDS

B. TRIS(CYCLOPENTADIENYL)ZIRCONIUM DERIVATIVES

By

Beth McCulloch

Ferrocenylsulfides, Fe(CSHuSR)2 (R = Me, iPr, iBu,
iPent, Ph, Bz) have been prepared by lithiation of ferro-
cene followed by reaction with the appropriate disulfide.
These complexes have been characterized by use of spectro-
scopic techniques such as proton and carbon NMR, ultra-
viclet and visible and infrared spectroscopy. The ferro-
cenylsulfide derivatives readily chelate palladium and
platinum halides to form the heterobimetallic complexes,
Fe(CSHuSR)zMX2 (R = Me, iPr, iBu, Ph, Bz; M = Pd, Pt; X =
Cl, Br). Proton, carbon and platinum NMR spectra were ob-
tained where possible and infrared, ultraviolet and visible
and cyclic voltammetry data of the bimetallic complexes
is presented. An X-ray crystal structure of Fe(CSHuS—iBu)2-
PdCl2 was determined. Dynamic NMR studies suggest that

pyramidal sulfur inversion and bridge reversal occur in
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solution. Activation parameters for sulfur inversion in
Fe(CSHuS-iBu)2PdX2 (X = Cl, Br) were determined as 13.88

+ 0.009 and 13.42 *+ 0.12 kcal/mol for the chloride and
bromide complexes respectively. Variable temperature
Platinum-195 NMR data indicates the presence of two di-
astereoisomers that increase in relative population as the
temperature 1is lowered.

A chiral ferrocenylsulfide, (C5H5)FeC5H3[CH(CH3)N—
(CH3)2][SCH2Ph], was prepared and its relevance to asym-
metric hydrogenation is discussed. A series of dialkyldi-
thiocarbamateferrocene derivatives, Fe(CBHuSCSNRZ.)2 and
Fe(C5H5)(C5HuSCSNR2) (R = Me, Et, iPr) were prepared by re-
action of lithioferrocene w~ith tetraalkylthiuram disulfides.
Proton and carbon NMR, optical and infrared data were ob-
tained. Dynamic NMR studies indicate that restricted rota-
tion occurs around the carbamate carbon-nitrogen bond in the
methyl and ethyl derivatives. Approximate rotational free
energy barriers were determined and were correlated with the
"thioureide" band in the infrared. Variable temperature NMR
spectra of the isopropyldithiocarbamateferrocene derivatives
are dominated by restricted rotation of the isopropyl-nitro-
gen bond and at least two conformers are present at low tem-
perature. The dialkyldithiocarbamate ferrocenes are compared
to dithiocarbamate ligands and palladium complexes of the
ethyl derivatives were investigated.

The tris(cyclopentadienyl)zirconium complexes,
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(C5H5)3ZPX (X = Cl, nBu, Me), were prepared. The thermal
stability of (C5H5)3ZrBu was attributed to the three
m-bonded cyclopentadienyl rings that block the beta elimin-
ation pathway. Reaction of (CSH5)3ZrMe with carbon mon-

oxide was investigated.
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I. INTRODUCTION

Ferrocene, which was discovered in 1951, has proved
to be a remarkably stable and unusually reactive organo-
iron complex. It readily undergoes a variety of aromatic
substitution reactions such as acylation, alkylation,
formylation, mercuration and sulfonationl. Electrophilic
substitution reactions are however limited to electrophiles
which do not oxidize the iron atom or destroy the cyclo-
pentadienyl ring-metal bond. The metalation reaction com-
plements electrophilic substitution in that it provides an
alternate route to introducing reactive functional groups
on to ferrocene.

Metalation may be achieved by reaction of ferrocene
with butyllithium, amylsodium or phenylsodiumz. Ferrocene
is dilithiated in over 90% yield by a mixture of butyl-

lithium and tetramethylethylenediamine (TMEDA)3.
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The dimetalated species may be isolated as a pyrophoric
red-orange crystalline solid where TMEDA chelates the di-
lithium reagent. Use of the lithium reagent 1solated as a
solid, rather than the in situ slurry, leads to higher
yields in the subsequent reaction with electrophiles. The
advantage of the butyllithium/TMEDA metalation reagent is
that only dilithioferrocene 1s produced whereas sodium and
potassium derivatives of ferrocene result in mixtures of the
mono and dimetalated species.

In contrast to dilithioferrocene, preparation of mono-
lithioferrocene by addition of stoichiometric amounts of
butyllithium/TMEDA to ferrocene leads to a mixture of the
monolithiated and dilithiated speciesu. Another route to
lithioferrocene where alkyllithium is added to chloromer-
curiferrocene produces a reactive dialkylmercury compound
that forms undesirable side productsS. High yields of
lithioferrocene, with no concurrent dilithiation, can however
be obtained by reaction of butyllithium and bromoferro-
cene6.

The organic chemistry of ferrocene is extensive and
literally thousands of derivatives have been prepared.
One of the more recent applications of ferrocene is its
use as a ligand in transition metal complexes7. Metala-
tion has proved to be a useful synthetic method for the

introduction of potential donors such as phosphines and

arsines on to the cyclopentadienyl ring.



Scheme 1 illustrates the variety of different donor
substituents that may be incorporated into ferrocene. In
1970 Davison prepared ferrocenylphosphines and ferrocenyl-
arsines in high yleld from 1l,1'-dilithioferrocene. 1In
addition reaction of dilithioferrocene with elemental sul-
fur gave 1,2,3-trithia-[3]ferrocenophane (k) which can be
reduced quantitatively to 1l,1'-dithiolferrocene (3)8.
Recently Osborne has prepared the selenium analog (%)9.

An interesting class of compounds, the [1l]-ferroceno-
phanes which have phosphorous, arsenic or Gp 6A elements

as the bridging atoms, have been obtained from dilithio-

10,11
29 2

Ph; M = Si, R = Ph, Cl)12, respectively. These compounds

ferrocene and RPC1 RAsC1 or R2MC12 (M = Ge, R =
exhibit unusual spectroscopic properties as the cyclo-
pentadienyl rings are severely tilted towards the bridge
atom. Wrighton and coworker's13 have used (1,1'-ferro-
cenediyl)dichlorosilane to derivatize a number of elec-
trode and silica surfaces by opening the highly reactive,
strained C-Si-C bond in the ferrocenophane.

The [1]-ferrocenophanes are cleaved by alkyllithium
reagents to give a ring opened ferrocenyllithium reagent.
Subsequent reaction with electrophiles gives rise to ferro-
cene derivatives with mixed functionality as in (Q). Re-

11 reported the preparation of ring-substituted

cently Cullen
ferrocenophanes with phosphorous and arsenic bridges. These

are precursors to chiral ferrocenes with mixed functionality
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that have important applications 1n asymmetric synthesis.

Table 1 contains metal complexes specifically derived
from either ferrocenylphosphine or ferrocenylarsine ligands.
Davisonlu has prepared a variety of complexes with first row
transition metal halides and 1,1'-bis(diphenylphosphino)-
ferrocene, (fdpp), and concluded that fdpp is a rigid,
sterically demanding ligand that reacts very much like
1,2-bis(diphenylphosphino)ethane, (diphos).

In a study of the reaction of ferrocenylarsines with
Gp 6 metal carbonyls and Gp 8 metal halides Davison15’16
concluded that only 1l,1'-bis(dimethylarsino)ferrocene,
(fdma), formed bis chelate complexes such as (f‘dma)2Mo(CO)3
and Pd(fdma)2Cl+ and Pd(fdma)22+. The authors postulate
that the 1,1'-bis(diphenylarsino)ferrocene ligand, (fdpa),
forms only mono chelate complexes owing to the steric bulk
of the phenyl groups.

Ferrocenylphosphine ligands have recently been employed

in catalysis. Workers at Celanese18

reported that rhodium
complexes containing 1,1'-bis(diarylphosphino)ferrocenes
induce high rates and high selectivity to linear aldehydes
in alpha-olefin hydroformylation. In particular the rhodium
complex of 1,1'-bis[bis(a,a,a-trifluoro-p-tolyl)phosphino]-
ferrocene was found to catalyze the hydroformylation of 1-
hexene to give 100% conversion with 93.2% selectivity to

hexanallg.

A mechanistic study of the highly selective
catalyst suggests that three phosphorous atoms are bound

to each rhodium atom in a dirhodium complex.



Table 1. Metal Complexes Derived from Ferrocenylphosphine
and Ferrocenylarsine Ligands.
Metal Complex Ref.
Fdpp
(PhCN)zMCI2 M = pPd, Pt (dep)MCl2 17
RhH(CO)(PPh3)3 (dep)RhH(CO)(PPh3)3 18
Cul (Fdpp)Cul 14
M(CO)6 M = Cr,Mo,W (dep)M(CO)u
V(CO)g [ (Fapp)V(CO),1(NEt )
Ta(CO), NEt, [ (Fapp)Ta(CO) ;] (NEt,)
MX, M = Co,Ni (Fdpp )MX,
X = Cl,Br,I
HgX2 X = Cl,Br,I,SCN (dep)-anX2 n=1,2 20
Hg (CN) 5 [ (Fapp),Hgl(BF)),
SnX), (Fdpp)*n SnXy n = 1.5
(Et,8),PtCl, (Fdpp ) PtCl, 21
Fdma,Fdpa
M(CO)g M = Cr,Mo,W (Fdpa)M(CO); 15
(dea)M(CO)u;
(dea)ZMo(CO)3;
u-(dea)-[(dea)Mo(CO)3]2
MX2 M = P4d,Pt (dea)MX2; (dea)MX2 16
X = C1,Br,I (Fama)Mx*; (Fama)m°*
22

Rh(C8Hl2)012

[Rh(Fdma),](PFg)




Seyferth has very recently reported the use of 1,1'-
ferrocenylenephosphine oligomers in the cobalt catalyzed
hydroformylation of l—hexene23. The polymeric ligands
chelate to cobalt in a tridentate fashion and glve hydro-
formylation results comparable to triphenylphosphine
ligands.

Palladium phosphine complexes are known to catalyze
cross-coupling reactions between organometallic compounds
and alkyl and aryl halides. Kumada17 has shown that the
ferrocenylphosphine ligand in the complex, (fdpp)PdClz,
is superior to diphos for coupling sec-butylmagnesium-
chloride with bromopropene, bromobenzene and bromostyrene.

Another recent development in ferrocene chemistry is
the use of chiral ferrocene derivatives as ligands in
transition metal catalyzed asymmetric synthesis. Chiral
ferrocenylphosphines are prepared by the stereoselective
lithiation of a-ferrocenylethyldimethylamine followed by
treatment with chlorophosphines (See Scheme 2). Rhodium
complexes with chiral ferrocenylphosphine ligands such as
(Q) and (Q) have been used as catalysts in asymmetric
hydrogenation, Grignard cross-coupling and hydrosilyla-
tion2u. In particular, acylaminoacids have been produced
in over 90% optical purity by the asymmetric hydrogenation

of a-acetaminocinnamic acids catalyzed by a rhodium com-

plex of (5) as shown below.
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Cullen recently reported that the alkylferrocenylphosphine,
(é) shown in Scheme 2, was more effective in asymmetric

hydrogenation of acetamidoacrylic acids than the aryl ana-
He also concluded that rhodium complexes containing

log25.
ferrocenylarsine ligands were not catalytically active in

asymmetric hydrogenation.
Ph NHCOMe H2 NHCOMe
N 4 7
/C = C —_— PhCHQCH
N \
COOH =/Rh COOH



Kumada was able to hydrogenate carbonyl compounds with
optical yields ranging from 43 - 83% by introducing a
hydroxyl group on to a chiral ferrocenylphosphine ligand.
Previous attempts with other classes of phosphine ligands

led to less than 10% stereoselectivity26.

The high asym-
metric induction obtained by Kumada can be ascribed to
hydrogen bonding between the carbonyl group on the substrate
and the hydroxy group on the chiral ligand. These attrac-
tive interactions increase the conformational rigidity of
the diastereomeric transition state and consequently enhance
the stereoselectivity of the reaction. Since chiral ferro-
cenylphosphines can be readily modified by introducing dif-
ferent functionality into the side chains27 they have distinct
advantages over other classes of phosphine ligands in that
they may be tailored to "fit" specific substrates.

In contrast to tertiary phosphines, there has been very
little interest in the chemistry of metal complexes contain-
ing organic sulfides. Two recent reviews deal with the co-
ordination chemistry of thioether ligands with transition
metals28. Two structures are possible, one where a single
thioether ligand chelates to the metal, (]) or alternatively
where two ligands chelate to the metal, as in (Q), to give
a complex similar to Magnus' green salt.

Traditionally metal sulfides have been used as catalysts
in hydrodesulfurization29 but recently there has been much

interest in the catalytic activity of transition metal

sulfide complexes.
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Many metal clusters with thiolato bridges have recently
been reportedgo. A binuclear rhodium complex [Rh2(uS—tBu)2—
(POMe3)u] was reported to be catalytically active in the
hydroformvlation of 1-hexene3l. In addition n3—allyl metal
sulfur clusters, [n3—C3H5MS(n3-C3H5M')]x where M, M' = Pd,
Pt, were found to selectively hydrogenate acetylenes to

32

olefins and to isomerize olefins Rakowski-DuBois has

recently reported molybdenum dimers of the type (CpMoS)282CR2,
R = H, alkyl, which reduce acetylenes to olefins and catalyze
the hydrogenation of molecules containing C = N, N = N
and C = S bondssS.

Very few thicether transition metal complexes have

34

however proved to be effective catalysts. James has re-
ported that RhCl3(SEt2)3 hydrogenates maleic acid but as
sulfur ligands are weaker m-acceptors than phosphine 1i-
gands, Rh(l) sulfide complexes can be reduced by hydrogen
to rhodium metal. James has also prepared chelating
chiral sulfoxide ligands and has found that ruthenium

complexes are active in asymmetric hydrogenation35.
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The object of this research was to develop a new class
of chelating ferrocenyl ligands. The recent interest in
transition metal sulfides led to the investigation of the
preparation of ferrocenylsulfides.

A few ferrocenylsulfide complexes are known in the
literature. Pauson36 has prepared methylthioferrocene from

37

ferrocenesulfonic acid whereas Russian workers prepared

this complex from thiocyanatoferrocene.

FCSO3H ——-FCSO2Cl — FcSH

FcSMe
FcHgCl —= FcSCN

Ferrocenylmethylsulfides have recently been prepared from

38

ferrocene and mercaptans in a one step synthesis

HCHO
FcH + HSR — FcCstR

HClOu
These procedures are limited to the preparation of specific
ferrocenylsulfide complexes. Elschenbroich39 reported the
preparation of 1,1'-bis(methylthiobenzene)chromium by di-
lithiating bis(benzene)chromium followed by subsequent re-
action with dimethyldisulfide. An approach similar to that
used by Elschenbroich was used in this research to produce
a one-pot, high yield, general synthesis of disubstituted
ferrocenylsulfides. 1In addition the reaction of tetra-

alkylthiuram disulfides with mono and dilithioferrocene
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was examined. The preparation of a chiral ferrocenylsul-
fide derivative is also outlined.

A few ferrocenylsulfide metal complexes have been pre-
pared from 1,2,3-trithial3]ferrocenophanes as shown in

4o has prepared a series of 1,3-dithia-

Scheme 3. Davison
[3]1ferrocenophanes with C, Si, Ge and Sn bridges from 1,1'-
dithiolferrocene. Similarly Se and Te can be incorporated

as bridges9. Seyferth has recently shown that transition

ul. Reac-

metals readily insert into sulfur-sulfur bonds
tion of (%) with Pd(Ph3)uu2 and F<—33(CO)12u3 has resulted
in unusual metal complexes with a chelating ferrocenyldi-
thiolate ligand.

In the last section the reactivity of the ferrocenyl-
sulfide derivatives as bidentate ligands was examined.
Palladium and platinum halides were complexed with the

ferrocenylsulfide ligands and the physical properties of

the heterobimetallic compounds were examined.
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II. EXPERIMENTAL

General Technigues

Air-sensitive reagents were manipulated in a prepuri-
fied argon or nitrogen atmosphere. Hexane was freshly
distilled from calcium hydride. 1,1'-Bis(diphenylphos-
phino)ferrocene, (fdpp), was prepared according to Davison's
procedur‘e8 and (fdpp)PdCl2 was prepared following Kumada's
procedurel7. (dep)PtCl2 was similarly prepared. Bis-
benzonitrile) complexes, [(PhCN)2MX2], where M = Pd,Pt;

X = Cl,Br, were prepared according to published pro-
ceduresuB.

Infrared spectra (IR) were obtained on a Perkin-Elmer
457 grating spectrophotometer or a Perkin-Elmer 239B
spectrophotometer by using Nujol or Fluorolube mulls be-
tween CsBr plates. Ultraviolet and visible spectra (UV-
vis) were recorded by use of a Cary 17 spectrophotometer
and acetonitrile solutions. Mass spectra (MS) were obtained
by means of a Finnigan 4000 instrument with an Incos data
system at 70 eV. Electrochemical measurements were made
with a PAR 174 polargraph, coupled to a Hewlett-Packard
Model 7045A fast X-Y recorder, by cyclic voltammetry tech-

nigques. All melting points were determined by using a

14
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Thomas-Hoover capillary melting polnt apparatus and are
uncorrected. Elemental analyses were performed by Gal-
braith Laboratories, Inc., Knoxville, Tennessee.

Proton NMR spectra were obtained by use of a Bruker
WM-250 spectrometer at 250 MHz. Unless otherwise noted,

all NMR spectra were recorded in chloroform-d, solutions

1
with chemical shifts reported in parts per million down-
field from a tetramethylsilane internal standard. Carbon-
13 NMR (broadband proton decoupled and gated decoupled) were
obtained by use of a Bruker WM-250 spectrometer at 62.9

MHz. Carbon-13 NMR spectra were recorded in methylene
chloride with deuterium oxide as an external lock and
chemical shifts, referenced to methylene chloride, are un-
corrected for volume susceptibilities. A pulse width (PW)
of 6 us and a relaxation delay (RD) of 2 s were parameters
that were generally used.

Platinum-195 NMR spectra were recorded with a Bruker
WH-180 spectrometer with a mid-range frequency probe
operating at 38.7 MHz. The spectra were obtained with a
pulse width (PW) of 30 pus and a sweep width (SW) of 40,000.
The frequency offset (0l1) was set at zero and the synthe-
sizer frequency (SY) was varied from 70,725,000 to
70,740,000. NathC16 was used as the reference and as all
signals are upfield of the reference they are reported as
negative values. The chemical shifts were calculated by

using the following equations:
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Absolute frequency = Instrument frequency - 2(SY)

+ 01 + cursor frequency - (SW/2)
Shift(ppm) = (Abs freq(sample) - Abs freq(ref))/38.7

A single crystal of 1,1'-bis(isobutylthio)ferrocene-
palladiumdichloride was prepared for crystallographic
studies by slow evaporation of the mixed solvent system
methylene chloride/hexane at 25°C. It crystallizes in the
orthorhombic space group Pbca with eight molecules per
unit cell. Crystal data are as follows: a = 22.168(11),

b = 11.855(7), ¢ = 16.131(6) R; M = 539.69; o, = 1.691 g
cm_3. Lattice dimensions were determined by using a Picker
FACS-I diffractometer and MoKa1 (A = 0.70926 &) radiation.

Intensity data were measured using MoKa radiation
(26max = 60°) yielding 6182 total unique data and, based
on I > 20(I), 3689 observed data. The data were reducedu6;

47

and refinement was by full-matrix least-squares techniques ';
and the structures were solved by direct methodsuS. The
final R value was 0.046. The final difference Fourier map

showed densities ranging from +1.13 to =1.01 with no indica-

tion of missing atoms.

1,1'-Bis(methylthio)ferrocene (9)

Ferrocene (3g, 16 mmol) was added to a solution of

N,N,N',N'-tetramethylethylenediamine (TMEDA) (5.1 mL,
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33 mmol) and 1,6 M n-butyllithium in hexane (20.67 mL,
33 mmol) in oxygen-free hexane (100 mL) in a 250 mL round
bottom flask equipped with a side arm and serum cap, under
nitrogen. The solution was stirred for 3 h then dimethyl-
disulfide (2.96 mL, 33 mmol) in about 20 mL benzene was
added slowly via cannula to the bright orange solution at
-10°C and the solution was stirred overnight. The resulting
brown solution was then filtered under nitrogen and the
filtrate was evaporated to dryness. (Addition of water
to destroy the excess lithio species resulted in a green
then black/blue o0il which could be ferricenium). Unreacted
ferrocene was removed by sublimation (8O°C/10-1 mm) and (2)
1

was obtained as a brown oil in a 70% yield. H NMR:

s4.29 (t, UH, H h.21 (t, 4H, H; ,) 2.30 (s, 6H, CH3);

2,5)’

13c WMR: (CH,C1,/D,0): 685.21 (s, Cy), 71.72 (d, J =

177.6 Hz, C3 u), 69.59 (4, J = 176.6 Hz, C, 5), 19.35 (q,

J = 139.5 Hz, CH3). Mass spec: m/e (rel intensity),

+
)

278 (39, M), 232 (85), 217 (71), 186 (20), 152 (16), 121

(2), 56 (100, Fe).

1,1'-Bis(isobutylthio)ferrocene (10)

1,1'-Dilithioferrocene (36 mmol) was prepared as des-
cribed above. Isobutyldisulfide (13.9 mL, 72 mmol) in 40
mL benzene was added slowly via cannula to the orange solu-
tion at -10°C. After being stirred overnight at room tem-

perature the solution became clear brown and 10 mL water
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was added. The organic layer was separated, dried and
evaporated to dryness. Unreacted ferrocene was removed
by sublimation (80° c/1071 mm) to give 10 g of (10),

(75% yield). VYellow flakes can be obtalned by recrystal-

1

lizing from hexane at -78°C, mp = 33-34°C. H NMR: &4.28

(5, UH, H 4.20 (t, 4H, Hy ), 2.50 (d, J = 6.9 Hz,

2,50
4H, CH,), 1.72 (m, J = 6.9 Hz, 2H, CH), 0.97 (d, J = 6.9
.13 .
Hz, 12H, CHj); C NMR: (CH,C1,/D,0), 882.76 (s, C;),
74.11 (d, J = 172.9 Hz, c3 y)s 70.31 (d, J = 177.5 Hz,
C, g), 46.40 (t, J = 137.8 Hz, CHy), 28.51 (d, J = 128.5
Hz, CH), 21.68 ppm (q, J = 125.8 Hz, CH3); Mass spec:
m/e (rel intensity) 362 (45, M'), 274 (72), 218 (88), 152
(50), 121 (89), 56 (99), 41 (100).
Anal. Calcd. for C,gH,,S;Fe: C, 59.66; H, 7.23.
Found: C, 59.60; H, 7.21.

1,1'-Bis(isopropylthio)ferrocene (11)

Isopropyldisulfide (17.96 mL, 113 mmol) in about 150 mL
hexane was slowly added via cannula to 1l,1'-dilithioferro-
cene (54 mmol) at -78°C. After being stirred at room tem-
perature for two days 100 mL water was added to the cloudy
yellow solution to give a clear brown solution. The organic
layer was separated, dried and evaporated to give a brown
0il. Unreacted ferrocene was removed by sublimation (80°C/
1071 mm). About 13 g of (ll) was obtained as a brown oil

(73% yield). Traces of the disulfide can be removed by
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1

crystallization from hexane at low temperature. H NMR:

84.31 (t, UH, H, g), 4.24 (t, UH, Hy )), 2.86 (m, J = 6.7

2,
Hz, 2H, CH), 1.165(d, J = 6.7 Hz, 12H, CHj); 13c NMR:
8(CH,C1,/D,0), 79.14 (s, C;), 76.20 (d, J = 178 Hz, C3 }),
70.96 (4, J = 176 Hz, C, 5), 39.64 (d, J = 142 Hz, CH),

23.41 (q, J = 126.9 Hz, CH3); Mass spec: m/e (rel intensity),
334 (100, M*), 292 (19), 260 (22), 250 (26), 218 (43), 195

(42), 152 (38), 121 (27), 97 (35).

1,1'-Bis(phenylthio)ferrocene (12)

Phenyldisulfide (18 g, 82 mmol) in about 80 mL benzene
was added slowly via cannula to 1l,1'-dilithioferrocene
(40 mmol) at -10°C. The solution was stirred overnight at
room temperature to give a cloudy yellow sclution. About
30 mL water was added and (lR) which precipitated out from
the benzene/hexane layer was filtered and washed with
petroleum ether to remove the unreacted ferrocene. About
13 g (80% yield) of (lR2) was obtained and an analytically
pure sample was obtained by recrystallizing from CH2C12

1

to give yellow needles, mp = 172-173°C. H NMR: &84.49

(t, UH, H 4B (t, WH, Hy y), 7.08 (m, 10H, Ph);

2’5)’

13c NMR: (CH,C1,/D,0), 6140.27 (s, C, of Ph), 128.68

1
(d, J = 161 Hz, Ph), 126.38 (d, J = 161 Hz, Ph), 125.17
(d, J = 161 Hz, Ph), T77.77 (s, Cl), 76.34 (d, J = 181 Hz,

C3,u), 71.91 (4, J = 177.5 Hz, 02’5); Mass spec.: m/e
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(rel intensity), 402 (100, M), 56 (74, Fe).

Anal. Calcd. for C,,H,gS,Fe: C, 65.67; H, 4.48; S, 15.92

Found: C, 65.69; H, 4.36; S, 16.01

1,1'-Bis(benzylthio)ferrocene (%%l

Benzyldisulfide (27.7 g, 112 mmol) in 200 mL benzene
was added slowly via cannula to 1,1'-dilithioferrocene (54
mmol) at -40°C. After being stirred at room temperature
overnight the bright yellow suspension was filtered and
washed with water. Unreacted ferrocene and benzyldisulfide

were sublimed (80°C/10”1

mm) from the sticky yellow powder.
The yellow solid is recrystallized from CH2C12/hexane to
give 10.2 g of (%@) (50% yield). The filtrate was evap-
orated and after sublimation an additional 9 g was iso-
lated to give a total yield of 83%. IH NMR: 67.19 (m),

7.11 (m, Ph), 4.12 (t, 4H, H 4.10 (¢, 45, Hy ),

2,5)’
3.72 (s, 4H, CHy); 3¢ NMR: (CH,C1,/D,0, 28°C), 6138.8
(s, C; of Ph), 128.87 (d, J = 164 Hz, Ph), 128.25 (4, J =

161 Hz, Ph), 126.80 (d, J = 168 Hz, Ph), 81.16 (s, Cl),

7T4L.68 (d, J = 178 Hz, C3 M)’ 70.57 (d, J = 177 Hz, C2 5),
b 3
b2.12 (t, J = 142 Hz, CH,); Mass spec: m/e (rel intensity),

430 (100, M%), 339 (28, M'-CH,Ph), 243 (39), 152 (6), 91
(18).
Anal. Calcd. for C,,H,,S,Fe: C, 66.97; H, 5.15

Found: C, 67.18; H, 5.12
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1,1'-Bis(isopentylthio)ferrocene (%Ql

Isopentyldisulfide (7.4 mL, 33 mmol) in about 50 mL
hexane was added slowly via cannula to 1l,1'-dilithioferro-
cene (16 mmol) at -L0°C. After being stirred at room tem-
perature overnight 100 mL water was added to the bright
yellow solution. The organic layer was separated, dried
and evaporated to give a light brown oil. Unreacted ferro-

1

cene was removed by sublimation (80°C/10°~ mm) and traces

of the disulfide were removed by recrystallization from

hexane at low temperature to give 4.5 g of (%Q), 71% yield.

1

H NMR: 64.26 (t, 4H, H 4.18 (t, 4H, Hy 1), 2.59 (t,

2,573
YH, aCH,), 1.42 (m, UH, BCH,), 1.65 (m, 2H, CH), 0.86 (d,
6H, CHj); 3¢ mvR: 681.41 (s, Cy), 77.50 (d, C 4) 70.03

(d, C 38.33 (t, aCH2), 34.89 (¢, BCH,), 26.67 (d,

2,5
CH), 21.96 (q, CH3); Mass spec: m/e (rel intensity), 390
(100, M%), 286 (16), 249 (18), 218 (16), 152 (19), 121

(14), 97 (19).

1,1'-Bis(diphenylphosphino)ferrocene (&Qlﬁ

13 . 1 -
C NMR: (CH,C1,/D,0), 6139.02 (d, 'J,, = 10.7 Hz,
2. _ _
s, Cy), 133.29 (d, 3., = 18.5 Hz, 4, J,y = 161 Hz, Ph)
128.49 (4, 3JCP = 18.5 Hz, d, J. = 161 Hz, Ph), 128.22
d, “JCP = 25 Hz, d, J,, = 161 Hz, Ph), 76.63 (d, Li.p =
2. _
8 Hz, C;), 73.68 (d, “Jop = 14 Hz, d, Iy = 177 Hz, C5 ),
72.71 (d, Iy = 175 He, C, o).
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Preparation of Metal Complexes

The complexes Fe(CSHuSR)zMX2 where R = Me, CHMe,,

CH2CHMe Ph, CH2Ph; M= Pd, Pt; X = Cl, Br, were pre-

o
pared from benzene solutions of the appropriate (PhCN)zMX2
species and a slight excess of the ferrocenylsulfide, Fe-
(CSHMSR)2’ in an approximate 1:1.1 molar ratio. The result-
ing precipitate was filtered, washed with benzene, then

petroleum ether and then recrystallized from methylene

chloride/hexane by slow evaporation.

1,1'-Bis(isobutylthio)ferrocenepalladiumdichloride (16)
N4+

1

Shiny black crystals decomposed at 182-183°C. ~H

NMR: (72°C), 65.28 (br, 4H, H h.42 (t, 4H, H

2,5 3,47
2.98 (a4, J = 6.8 Hz, 4H, CH,), 1.80 (m, J = 6.8 Hz, 2H,
CH), 1.01 (4, J = 6.8 Hz, 12H, CHy); L3¢ NMR:  (CH,C1,/
D,0), 679.32 (s, Cy), 76.23 (4, J = 184 Hz, 03’4), 71.72
(br d, J = 178 Hz, C, ), 49.50 (t, J = 145.5 Hz, CH,),
26.42 (d, J = 134 Hz, CH), 21.38 (q, J = 126.7 Hz, CH3);
IR (Nujol): 370 (sh), 365 (w), 307 (s), 290 (sh) ecm™L.

Anal. Calcd. for C,gH,,Cl,S,FePd: C, bo.06; H, 4.86; C1,

13.14; S, 11.88. Found: C, 40.14; H, 5.00; Cl, 13.35;

S, 12.01.



23

1,1'-Bis(isobutylthio)ferrocenepalladiumdibromide (%Zl

1

Shiny black needles decomposed at 185-187°C. H NMR:

(23°C), 65.30 (br, UH, H 4.40 (s, WH, Hy ), 3.06

2,5
(br, s, 4H, CHy), 1.81 (m, J = 6.7 Hz, 2H, CH), 1.0l (d,

J = 6.7 Hz, 12H, CHy); 13¢ NMR:  (CH,C1,/D,0), 679.48

(s, C)), 76.36 (4, J = 176 Hz, C5 ), 71.85 (4, J = 177

Hz, C, 5), 52.85 (t, CHy), 26.89 (d, J = 129 Hz, CH), 21.39
(a, J = 126 Hz, CH3); IR (Nujol): 365 (w), 222 (s) em™L.

Anal. Calecd. for C,gH,¢Br,S,FePd: C, 34.39; H, 4.17; Br,

25.42, Found: C, 34.50; H, 4.18; Br, 23.18.

1,1'-Bis(isobutylthio)ferroceneplatinumdichloride (18)

1y NMR: (1010

Yellow needles decomposed at 218-220°C.
C), 85.14 (t, LH, H, 5), b.43 (t, 4H, H3 ) 3.08 (br, s,
4H, CH,), 1.92 (m, 2H, CH), 1.01 (d, J = 6.5 Hz, 12H, CH3);
13 .
C NMR: (CH,C1l,/D,0), 680.22 (Cy)5 75.93 (03,u)’ 73.36

, 70.81 (C 48.21 (CH,), 26.55 (CH), 21.85 (CH3);

1

(02’5) 2,5),
IR (Nujol): 372 (w), 323 (s), 310 (m) cm”

Anal. Calecd. for CigHyC1,S,FePt:  C, 34.41; H, 4.17; C1,

11.28. Found: C, 34.43; H, 4.20; C1l, 11.39.

1,1'-Bis(isobutylthio)ferroceneplatinumdibromide (%gl

Yellow flakes decomposed at 225-227°C. 1H NMR: &85.45

(br, 2H, H 4.86 (br, 2H, H 4.58 (br, 2H, Hy ),
L)

2,50 2,575
4.34 (br, 2H, Hy ), 2.94 (br, 4H, CHy), 1.89 (br, 2H, CH),
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1.04 (br, d, 12H, CHy); 13¢c NMR: (45°C), §80.09 (Cy),
75.32 (C5 ), 71.35 (br, C, o), 49.21 (CHy), 26.42 (CH),

21.54 (CHy). IR (Nujol): 372 (w), 364 (w) cm™t.

1,1'-Bis(isopropylthio)ferrocenepalladiumdichloride (%Ql

Brown needles decomposed at 192-193°C. lH NMR: (50°C),

§5.3 (br, 4H, H 4.45 (br, s, 4H, H3 M)’ b, o4 (m, J =

2,5)’
6.8 Hz, 2H, CH), 1.23 (4, J = 6.8 Hz, 12H, CH3); IR (Nujol):
380 (w), 360 (w), 320 (s), 305 (s) cm™T.

Anal. Calecd. for CigH,,Cl5S,FePd:  C, 37.56; H, 4.33; C1,
13.86. Found: C, 37.56, H. 4.40, C1l, 14.00.

1,1'-Bis(isopropylthio)ferrocenepalladiumdibromide (%%l

1

Brown needles decomposed at 188-190°C. H NMR: 65.23

(br, 4H, H 4,45 (br, 4H, Hy y), 4.17 (m, J = 6.7 Hz,

2,5)3
2H, CH), 1.24 (br, 12H, CHz); IR (Nujol): 380 (w), 360

(w), 225 (s) cm™t.

Anal. Calcd. for C,gH,,Br,S,FePd: C, 32.00; H, 3.69; Br,

26.61. Found: C, 32.19; H, 3.65; Br, 26.43.

1,1'-Bis(isopropylthio)ferroceneplatinumdichloride (%%l

Yellow flakes decomposed at 223-225°C. T1H NMR: &5.51

(s, 2H, H y,72 (s, 2H, H 4.56 (s, 2H, H3 M)’ 4,28

2,573 2,575
(s, 2H, Hy ), 4.27 (m, J = 6.4 Hz, 2H, CH), 1.37 (d, 6H,

CH3), 1.12 (d, 6H: CH3); _I_R (NU.,jOl): 383 (W), 365 (W)’



25

328 (s), 315 (s) em™ L,

1,1'-Bis(isopropylthio)ferroceneplatinumdibromide (%%l

1

Yellow flakes decomposed at 214-216°C. H NMR: &5.54

(br, 2H, H, .), 4.75 (br, 2H, H 4.60 (br, 2H, Hy )),

2,5 2,57
4.31 (br, 2H, H3 ) y,27 (my J = 6.7 Hz, 2H, CH), 1.39

(br, 6H, CH3), 1.16 (br, 6H, CH3); IR (Nujol): 389 (w),

370 (w), 220 (s) em™ L.

Anal. Calcd. for C, H,,Br,S,FePt: C, 27.88; H, 3.22; Br,

23.19. Found: C, 28.08; H, 3.41; Br, 23.35.

1,1'-Bis(methylthio)ferrocenepalladiumdichloride (24)

Brown powder decomposed at 192-198°C. IR (Nujol):

355 (w), 340 (w), 310 (s), 290 (sh) cm™%.

1,1'-Bis(methylthio)ferrocenepalladiumdibromide (%él

Dark brown powder decomposed at 209-213°C. IR (Nujol):

343 (w), 205 (m) cm™ <.

1,1'-Bis(methylthio)ferroceneplatinumdichloride (gél

Yellow powder decomposed at 239-244°C, IR (Nujol):

345 (w), 323 (s), 305 (s) em™ L.
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1,1'-Bis(methylthio)ferroceneplatinumdibromide (%Zl

Yellow crystals decomposed at 225-230°C. IR (Nujol):

340 (w), 208 (s) em™ L.

Anal. Calcd. for CleluBr282FePt: c, 22.77; H, 2.23; Br,

25.24. Found: C, 22.90; H, 2.15; Br, 24.99.

1,1'-Bis(benzylthio)ferrocenepalladiumdichloride (%8

N,—

1y NMR:

Shiny black needles decomposed at 223-225°C.
(50°C), 6&7.22 (m), 7.19 (m), 7.06 (m, Ph), 5.00 (br, U4H,
Hy 5)) 4.34 (br, s, LH, Hy ), 4.32 (s, CH,y); IR (Nujol):
358 (m), 335 (w), 315 (s), 300 (s) cm™*.

Anal. Calcd. for C, H,,Cl,S,FePd: C, U7.43; H, 3.65; C1,

11.67. Found: C, 47.66; H, 3.65; Cl, 11.90.

1,1'-Bis(benzylthio)ferrocenepalladiumdibromide (%gl

Shiny black needles decomposed at 206-207°C. 1H NMR :
§7.24 (m), 7.05 (m, Ph), 4.96 (v, br, 4uH, H, 5), b. 40 (s,
LH, CH5), 4.33 (br, 4H, H3 y)s IR (Nujol): 353 (m), 345

(sh), 230 (s) em™1,

Anal. Calcd. for C Br.S,FePd: C, 41.38; H, 3.18; Br,

o4t oBroS;
22.94, Found: C, U41.45; H, 3.19; Br, 22.69.

1,1'-Bis(benzylthio)ferroceneplatinumdichloride Q%Ql

Yellow flakes decomposed at 22L-225°C. <TH NMR: (50°C),

87.34 (s), 7.20 (m), 7.04 (m, Ph), 5.45 (v, br, UH, H, 5),
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4,60 (br, U4H, H3 y)s 4.43 (s, 4H, CHy); IR (Nujol): 360
(m), 350 (m), 332 (s), 312 (s) cm™ 1.

Anal. Calcd. for CzuH22Cl2S2FePt: C, 41.39; H, 3.18; C1,
10.18. Found: C, 41.21; H, 3.17; C1l, 9.90.

1,1'-Bis(benzylthio)ferroceneplatinumdibromide g%kl

Yellow flakes decomposed at 198-200°C. <H NMR: &7.23

(m), 7.20 (m), 7.02 (m, Ph), 5.53 (v, br, 2H, H2 5), 4,56

(br, s, UH, CH2), 4.44 (br, 2H, H 4,12 (br, UuH, H3 M);

1

2,5)’
IR (Nujol): 358 (m), 348 (m), 215 (s) cm~

syH,5Br S FePt: C, 36.71; H, 2.82; Br,

20.35. Found: C, 36.67; H, 2.81; Br, 20.12.

Anal. Calcd. for C

1,1'-Bis(phenylthio)ferrocenepalladiumdichloride Q%gl

1

Brown powder decomposed at 198-201°cC. H NMR: §&7.38

(m, 10H, Ph), 5.27 (v, br, 4H, H 4.65 (br, s, UH,

2,573
H3 M); IR (Nujol): 323 (vs), 308 (vs), 278 (s), 262 (s)

cm-l.

1,1'-Bis(phenylthio)ferrocenepalladiumdibromide (%Ql

1

Shiny black needles decomposed at 188-189°C. H NMR:

87.35 (m, 10H, Ph), 5.41 (br, t, UH, Hy 5), .64 (¢, UH,
H3 u): IR (Nujol): 316 (s) em™ 1,

Anal. Calcd. for C22H18Br282FePd: C, 39.52; H, 2.71; Br,

23.90. Found: C, 39.45; H, 2.82; Br, 22.30.
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1,1'-Bis(phenylthio)ferroceneplatinumdichloride (%Ql

1y NMR: 67.42

Yellow needles decomposed at 210-213°C.
(m), 7.38 (s, Ph), 5.31 (br, s, UH, H, 5) 4,64 (br, s,
W, Hy )3 IR (Nujol): 350 (s), 329 (s), 317 (s), 312 (s)

-1
cm .

Anal. Calcd. for C22H18C12S2F6Pt: C, 39.54; H, 2.72; C1,

10.61. Found: C, 39.74; H, 2.79; Cl, 10.66.

1,1'-Bis(phenylthio)ferroceneplatinumdibromide (@Ql

Yellow plates decomposed at 245-247°C. 1y NMR: &87.38

(m, 1CH, Ph), 5.30 (v br, 4H, H 4.61 (br, UH, Hq yls

2,5)’
IR (Nujol): 349 (sh), 324 (w), 266 (m) cm™T.

Anal. Caled. for C gBr,S,FePt: C, 34.89; H, 2.40; Br,

ooty
21.20. TFound: C, 34.94; H, 2.51; Br, 21.23.

N,N-dimethyl-a-ferrocenylethylamine (%él

(%Q) was prepared and resolved using (R)-(+)tartaric

acid as described by Ugiug. The amine (%Q), can be re-

crystallized from petroleum ether to give a yellow powder,

1y NMR: 6L.11 (m, UH, CoHy), 4.08 (s, 5H, Cp),

mp = 35°C.
3.55 (q, J = 6.8 Hz, 1H, CH), 2.05 (s, 6H, NMe,), 1.42 (d,
J = 6.8 Hz, 3H, CHy); 13c wiR: 685.8 (s, C;), 68.3 (d),

67.5 (d, J

176 Hz, Cp), 66.4 (4d), 66.18 (d), 65.7 (d),

57.6 (4, J = 141 Hz, CH), 39.4 (g, J = 133 Hz, NMe,), 14.8

(@, J = 128 Hz, CHMe).
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(R)-a-[(S)-2-benzylthioferrocenyllethyldimethylamine (37)

The amine (36), (1.5 g, 5.8 mmol) was placed in a 200
mL flask equipped with a side arm and containing 40 mL
diethylether. n-Butyllithium (4.0 mL, 6.4 mmol) was added
slowly via syringe to the solution which was at -40°C. The
orange solution was allowed to warm to room temperature slowly
and then stirred for an additional 1 h. Benzyldisulfide
(1.45 g, 5.9 mmol) dissolved in about 70 mL warm hexane was
added dropwise via cannula to the orange solution at =-78°C.
The yellow solution was allowed to reach room temperature
and then refluxed overnight. The reaction mixture was
cooled and then 20 mL water was added. The organic layer
was separated, dried and evaporated to give a dark oily
residue. The 0il was chromatographed on A1203/5% H50,
by eluting first with hexane and then with CH2012 to give

14 NMR: 67.18

0.88 g of (31 (4L0% yield) as a brown oil.
(m, 5H, Ph), 4.10 (m, 3H, C5H3), L.06 (s, 5H, Cp), 3.90

(m, 2H, CH,), 2.21 (s, 6H, NMe,), 1.38 (d, J = 6.8 Hz,

3H, CHMe); +3C NMR: 6138.9 (s), 129.. (d), 128.3 (d),

126.7 (d, Ph), 79.3, 74.5, 71.6, 69.99 (4, Cp), 67.99, 67.03,
56.4 (d, CHMe), 41.45 (t, SgﬁzPh), 39.95 fq, NMez), 10.88

(g, CHMe); Mass spec: m/e (rel intensity), 379 (68, My,

334 (98, M'-HNMe,), 243 (100), 121 (73).
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1,1'-Bis(dimethyldithiocarbamate)ferrocene (%Ql

Ferrocene (10 g, 53.7 mmol) was added to a solution of
N,N,N',N'-tetramethylethylenediamine (16.85 mL, 112 mmol)
and 1,6 M n-butyllithium in hexane (68 mL, 112 mmol) in
oxygen free hexane (200 mL) in a 1 l-round bottom flask,
equipped with a side arm and serum cap, under nitrogen.

The solution was stirred at least 3 h, or until bright
orange, then tetramethylthiuram disulfide (26.5 g, 110

mmol) in 500 mL benzene was added slowly via cannula to

the solution which was at -40°C. The solution was allowed

to reach room temperature and was stirred overnight to give

a black/grey solution. Water (90 mL) was added and the solu-
tion was filtered. The grey precipitate was washed with
water and then chromatographed on alumina. The yellow

band, eluted with CH2012, was evaporated to dryness to yield
16 g of (%Q), (70% yield). The filtrate was separated from
the aqueous layer, dried and chromatographed. The first
band, eluted with hexane, contained 0.95 g ferrocene whereas
the second band eluted with CH,Cl, contained (%Q) and traces
of the disulfide. The thiuram disulfide is removed by
washing with benzene. Total yield was 18.2 g (80% yield).
Compound (%Q) was recrystallized from CH2CI2/hexane to give
yellow crystals, mp = 170-173°C. L1H NMR: &4.50 (t, UH, Hy 5),
4.38 (t, 4H, H3’u), 3.48 (s, 6H, CH3), 3.43 (s, 6H, CH3);

13c NMR:  (CH,C1,/D,0), 6199.7 (CS), TT.4 (C, &), 76.71

e —— s

(C1), 71.98 (03,M)’ 45.3 (CH3), 41.7 (CH3); Mass spec: m/e
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(rel intensity), 424 (100, M), 328 (53), 240 (42), 88 (65);

IR (Fluorolube): 1480 em™ 1,

Anal. Calcd. for C,¢H, S, N Fe: C, 4s5.28; H, 4.75; N,

6.60; S, 30.22. Found: C, 45.29; H, 4.81; N, 6.57; S, 30.30.

1,1'-Bis(diethyldithiocarbamate)ferrocene (%21

Tetraethylthiram disulfide (32.68 g, 110 mmol) in 500
mL toluene was added slowly via cannula to 1,1'-dilithio-
ferrocene (54 mmol) at -78°C. The solution was allowed to
reach room temperature and was stirred overnight to give a
blackish solution. Water (100 mL) was added and the solu-
tion was filtered. The grey precipitate was washed with
water then chromatographed on alumina. The yellow band
eluted with CH,C1l, gave 13 g of (%g), 50% yield. The
brown filtrate, which contains ferrocene, thiuram disulfide
and (39), was chromatographed to yield b.5 g of (%2), total
yield 68%. Recrystallization from CH2C12/hexane gave yellow
crystals that decomposed at 160-163°C, melted at 181°C.
1H NMR: sb4.52 (t, UH, Hy 5), h.h2 (t, 4H, Hy )), 3.99 (q,
J = 7.0 Hz, 2H, CH,), 3.85 (q, J = 7.0 Hz, 2H, CH,), 1.39
(ty, J = 7.0 Hz, 3H, CH3), 1.26 (¢, J = 7.0 Hz, 3H, CH3);
13c NMR:  (CH,C1,/D,0), 8197.5 (s, CS), 77.2 (d, J = 175
Hz, 02,5), 76.1 (s, Cl), 71.6 (d, J = 177 Hz, C3,M)’ bog.4
(g, J = 134 Hz, CH3), 46.9 (q, J = 134 Hz, CH,), 12.5 (t,

J = 126 Hz, CH3), 11.2 (t, J = 126 Hz, CH3); Mass spec: m/e



32

(rel intensity), 480 (54, M+), 384 (51), 268 (69), 116
(100), 85 (96), 60 (72); IR (Fluorolube): 1480 em™ 1.

Anal. Caled. for C,oH,gN,SyFe: C, 49.99; H, 5.87; N, 5.83;

S, 26.69. Found: C, 49.90; H, 5.80; N, 5.75; S, 26.90.

1,1'-Bis(diisopropyldithiocarbamate)ferrocene (le

Tetraisopropylthiuram disulfide (25 g, 71 mmol) in
250 mL toluene was added slowly via cannula to 1,1'-di-
lithioferrocene (35 mmol) at -78°C. The solution was allow-
ed to reach room temperature and was stirred overnight to
give a black solution. Water (100 mL) was added and the
solution was filtered. The green precipitate was washed
with water (to remove ferricenium salts) and then chromato-
graphed to give 15 g of (40), 79% yield. The green aqueous
solution was reduced with sodium bisulfite and forms a
brown solid after standing in air for 30 h. Complex (QQ)

was recrystallized from CH C12/hexane to give yellow crys-

2
tals which decompose at 180°C and melt at 225-226°C. iﬁ
NMR: (71°C), &4.78 (br, CH), 4.U6 (t, UH, H2 5), 4,38 (t,

YH, Hy ), 1.47 (d, J = 6.5 Hz, 12H, CHy); 13c NMR: 6198.0

(s, CS), 77.1 (d, J = 183 Hz, C, g), 76.1 (s, C;), 71.3
(d, J = 178 Hz, C3 U)’ 53.3 (d, J = 137 Hz, CH), 19.7 (q,
J = 127 Hz, CH3); Mass spec: m/e (rel intensity), 536 (8, M*)

44yo (8), 296 (14), 144 (31), 102 (100), 60 (56), 43 (92);
1

>

IR (Fluorolube): 1465 em”

Anal. Calecd. for C2uH36N28uFe: C, 53.77; H, 6.76
Found: C, 53.77; H, 6.90.
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Dimethyldithiocarbamateferrocene (41)

Ferrocene (6.14 g, 33 mmol) was added to a solution
of TMEDA (5.1 mL, 33 mmol) and n-butyllithium (20.1 mL,
33 mmol) in 150 mL hexane and the solution was stirred for
3 h. Tetramethylthiuram disulfide (7.92 g, 33 mmol) in
120 mL benzene was added via cannula to the bright orange
solution which had been cooled to -78°C. The solution was
allowed to reach room temperature, was stirred overnight
and then 50 mL water was added to the brownish black solu-
tion. The solution was filtered and the sticky black precip-
itate was chromatographed on alumina. The first band,
eluted with hexane, yielded 2.9 g of ferrocene. The second
yellow band which was eluted with benzene gave 300 mg of

1K NMR: 64.28 (t), 4.19 (s),

an unidentified product.
4.15 (t); Mass spec: 402 (base peak). The third band,
eluted with benzene, yielded 470 mg of (Q%) (9% yield based
on the ferrocene reacted). Numerous additional bands were
eluted with benzene and methylchloroform but the products
were not isolated. Compound (41) was recrystallized

from CH2C12/hexane to give yellow crystals which decompose

1

at 180-184°C. “H NMR: &4.44 (t, 4H, H 4.34 (t, 4H,

2,505
Hy ), 4.24 (s, 5H, Cp), 3.51 (s, 3H, CHg), 3.45 (s, 3H,
CHy ) 13¢c mMR: (CH,C1,/D,0, 28°C), 8199.9 (CS), 75.66
(C, 5)» TH96 (Cp), T0.34 (C5 ), 69.39 (Cp), 45.24 (CHy),

41.50 (CH3); Mass spec: m/e (rel intensity), 305 (87, M+),
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240 (22, MT - Cp), 217 (20), 209 (61), 121 (21) 88 (100,

CSNMeZ); IR (Fluorolube): 1475 em™ L,

Anal. Calcd. for CycH, S N,Fe: C, 51.15; H, 4.95

Found: C, 51.36; H, 4.92.

Dithyldithiocarbamateferrocene (42)

Bromoferrocene, prepared according to Rosenblum's6
procedure, was dried 1n vacuo before use. Butyllithium
(7.47 mL, 11.8 mmol) was added slowly via syringe to a solu-
tion of bromoferrocene (2.64 g, 10.0 mmol) in 70 mL dry
diethylether which was cooled to -U0°C. After being stirred
at room temperature for 20 min. tetraethylthiuram disulfide
(3.27 g, 11.0 mmol) in 40 mL toluene was added slowly via
cannula to the bright yellow solution which had been cooled
to -78°C. The solution was stirred for 12-18 h at room
temperature to give a brown solution. Water, 20 mL, was
added and the organic layer was separated, dried and
chromatographed on alumina. The first yellow band, eluted
with hexane, contained bromoferrocene and a small amount of
ferrocene whereas the second yellow band, eluted with methyl-
ene chloride, yielded 2 g of (Q%), 60% yield. Complex (Q%)
was recrystallized from CH2C12/hexane to give yellow
crystals which melt at 127.5-128.5°C. 1H NMR: s4.42 (t,

YH, H, g), 4.33 (t, 4H, Hy ), 4.22 (s, 5H, Cp), 3.96 (a,
J =17 Hz, CH,), 3.82 (g, J = 7 Hz, CHZ)’ 1.37 (¢, J = T Hz,

CH3), 1.23 (t, J = 7 Hz, CHy); 13c MMR:  (CH,C1,/D,0, 31°C)
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8198.7 (C8), 75.97 (C, 5), 75.22 (Cy), T70.37 (Cg y), 69.48

(Cp), 49.61 (CHy), 47.19 (CH,), 12.56 (CHy), 11.53 (CHy);

Mass spec: m/e (rel intensity), 333 (18, M+), 237 (8),

217 (6), 116 (100, CSNEt,), 88 (87), 60 (61); IR (Fluoro-

lube): 1480 em™1.

Anal. Calcd. for C15H19N52Fe: C, 54.06; H, 5.75; N, 4.20
Found: C, 53.95; H, 5.76; N, 4.29.

Diisopropyldithiocarbamateferrocene (43)

Butyllithium (4.9 mL, 7.8 mmol) was slowly added via
syringe to a solution of bromoferrocene (1.73 g, 6.5 mmol)
in 100 mL dry diethylether. After being stirred at room
temperature for 20 min, tetraisopropylthiuram disulfide
(2.41 g, 6.8 mmol) in 80 mL hexane was added slowly via
cannula to the bright orange solution which had been cooled
to =78°C. The solution was stirred at room temperature for
18 h to give a light brown reaction mixture. Water (30
mL) was added and then the organic layer was separated,
dried and evaporated to dryness to give a brown oil which
was chromatographed on alumina. The first yellow band,
eluted with hexane, contained a small amount of bromoferro-
cene and 340 mg ferrocene. The second yellow band, eluted
with methylene chloride, was concentrated and then the
crystalline mass was washed briefly with benzene (to remove
the disulfide). Yellow needles, recrystallized from methyl-

ene chloride/hexane, were obtained in 84% yield based on the
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lH NMR:

bromoferrocene reacted, mp = 189-190°C (dec).
(59°C), S4.40 (t, 4H, H2’5), 4.33 (t, 4H, H3,u), 420 (s,
5H, Cp) 4.76 (septet, 1H, CH), 1.48 (4, J = 6.6 Hz, 6H,
CH3); 13c wMR: 6198.0 (s, CS), 76.0 (4, C, 5)s 75.2 (s,
C1)s 70.2 (d, C3 ), 69.4 (4, Cp), 54.1 (4, CH), 19.9 (a,
CH3); Mass spec: m/e (rel intensity), 361 (100, M+), 218
(99), 217 (41), 144 (30), 121 (6), 102 (32).
Anal. Calcd. for Cp,H, NS,Fe: C, 56.51; H, 6.42

Found: C, 56.69; H, 6.61.

Reaction of Fe(c5§uscsmat212, (39), With (PhCN),PdCl,

A benzene solution (40 mL) of (PbCN)ZPdCI2 (300 mg,
783 mmol) was added slowly to a 100 mL benzene solution of
Fe(CSHuSCSNEt2)2, (%Q), (361 mg, 752 mmol) and stirred over-
night. The light brown precipitate was filtered, washed
with benzene and dried. The black brown product was

slightly soluble in methylene chloride.

Reaction of Fe(CSES)(CSEUSCSNEtz) (Q%), With (PhCN)2PdC12

An identical procedure as given above was followed.
(PhCN)deCI2 (115 mg, 0.3 mmol) was added to (Q%) (100 mg,
0.3 mmol) to give a red-brown precipitate which is soluble

1 .
H NMR: (CD3NO,),

in methylene chloride and nitromethane.
63.46 (br), 2.40, 2.04 (br,s), 1.52 (br), 1.30 (br), 0.87

(br); IR (Fluorolube): 1550 em™ 1,



ITII. RESULTS AND DISCUSSION

A. Fe(CSEMSR)2 (R = Me, iPr, iBu, iPent, Ph, Bz)

l. Preparation

Ferrocenylsulfide complexes of the type, Fe(CSHuSR)2
where R = Me, iPr, iBu, iPent, Ph, Bz have been prepared in
a general, high yield, one step synthesis shown in Scheme

4y, The appropriate disulfide 1s added slowly, via cannula,

Fe n-Buli Fe - TMEDA
TMEDA

/ S2R,
@sa

Fe

e

R = Me, (-Pr,i-Bu, .-Pentyl
R = Ph, Bz
Scheme U

37
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to a hexane solution of 1l,1'-dilithioferrocene which was
cooled to -40°C. 1,1'-Dilithioferrocene is prepared in over
90% yield by reaction of stoichiometric quantities of n-
butyllithium and tetramethylethylenediamine (TMEDA) with
ferrocene. The metalation reagent was used as the 1in
situ slurry even though use of the species isolated as a
solild has been reported to lead to higher yields.8
1,1'-Bis(methylthio)ferrocene (Q), 1,1'-bis(isopropyl-
thio)ferrocene (k%) and 1,1'-bis(isopentylthio)ferrocene
(%Q) were 1solated as yellow-brown oils whereas 1,1'-bis-
(phenylthio)ferrocene (%%), l1,1'-bis(isobutylthio)ferro-
cene (10) and 1,1'-bis(benzylthio)ferrocene (&%) were ob-
tained as yellow crystals. All six derivatives are soluble
in common organic solvents and are air stable in solution
and the solid state.

The disulfide, t-butyldisulfide, failed to react with
l1,1'-dilithioferrocene under the reaction conditions em-
ployed. This could be due to the steric crowding of the
sulfur-sulfur bond by the bulky t-butyl groups which prevent
nucleophilic cleavage of the sulfur-sulfur bonds.

The brown methyl sulfide derivative (2) turned green
when water was added to destroy the excess lithio reagent.
The aqueous layer was green which suggests that ferrocene
or a ferrocene derivative was oxidized to the ferricenium
analog. When the methyl sulfide (9) was filtered anaero-

bically the filtrate did not disc<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>