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I. INTRODUCTION

The first thiocarbonyl comp]éx was reported by Baird and Wilkinson
in 1966 (1). In the fntervening yearg; the area of thiocarbonyl
chemistry has blossomed, and indeed now over 100 compounds contaihing
the thiocarbonyl, CS, ligand have beenvprepared. The first carbonyl
complex, [Pt(CO)Clé]z,,was reported in 1868 (2), almost a full century
prior to the discovery of the first thiocafbony] comp1ex. And the
chemistry of carbonyl complexes is extehéive. |

| Why then, waS'there this disparity in the time of discovery, and
also in the nuhber of compounds, between carbonyl, CO, aﬁd thibcarbony],
CS, complexes? The thiocarbonyl ligand is a simple permutation of the
carbonyl ligand, and is isoelectronic and isomorphic with it. However,
the properties of carbon monoxide and carbon monosulfide, the natural
precursors of carbonyl and thiocarbonyl complexes, are striking]y,'
different. Whereas carbon monoxide is a stable gas at ordinary
temperatures and pressures, and thus can be readily used in synthetic
procedures, carbon monosulfide is unstable under these conditions. And
therein lies the crux of the disparity. Thiocarbonyl complexes must be

prepared by indirect methods. .



II. REVIEW OF THE LITERATURE

This review of the Titerature is not intended to be comprehensive.
There have been several fairly recent reviews of the chemistry of |
thiocarbonyl complexes (3,4,5) which extensively cover the early work.
Therefore, the literature coverage herein is intended to be merely
representative, with particular emphasis on the recent literature.

Before the chemi;try of thiocarbonyl complexes is discussed, it may

be fruitful to examine some of the properties of carbon monosulfide.
A. Carbon Monosulfide

Carbon monosu]fide‘was first discovered in 1910 (6), produced from
gaseous CS2 by high-frequency discharge. In the intervening years,
there have been numerous spectroscopic studies of the CS molecule;
however, it is 6n1y relatively recently that quantities sufficient to
study the chemical properties of CS have been generated (7,8).

Carbon monosulfidé has been generally generated from 052 by

1) pyrolysis, 2) thermal decomposition, or 3) electrical discharge (9).
It has also been produced from 052 by other methods such as reaétion,
with 0(10) or S(11) atoms, or with Ar and Xe metastable atoms (12).
It has also been prodﬁced from other sources,.such as COS and CIZCS.
Carbon monosulfide has been found in the upper atmosphere (13) and in
interstellar space (14).

Carbon monosulfide can be condensed at -190°C (along with CS2 and

c352) from the product of the high-frequency discharge of CSZ. It is



relatively stable at this temperature; however, upon warming it
"polymerizes" (sometimes explosively). The product of this "polymeri=
zation" is not a simple (CS)n polymer -- CS can disproportionate fo
C352 and S -- but appearé to be carbon rich, The stability ofvcarbon
monosulfide is quite variable, debending among other things on the |
partial pressure, temperature, dimensions of the vessel, and the surface
condition of the vessel (15). Lifetimes of a féw minutes are attained
in clean vesseis, but once a wall coating forms, the lifetime is reduced
drastically.

Although Earbon monosulfide is unstable, spectroscopic studies have
determined a few of its molecular properties, some of which are given in

Table 1 (along with the corresponding values for carbon mbnpxidé).

Table 1. Selected molecular properties of CS and CO

Property CS Reference co Reference
Dipole Moment, u, . 1,958 (12,17) - 0.112 (16)

(Ds -CS +) .
Inzﬁgnuclear Distance, 1.535 (18) 1.128 - (19)
v(cX), (em™)) 1278 (13¢%%) 27; 2143 (19)
Force Constant (mdyne/R) 8.4 7 19.0 (19)
Dissociation Energy, D 166 m) 256 (20)

(kcal/mole) . _
Io?i6§tion Potential, 11.34 (21) | 14.01 (19)

e C

Bond Order 22 (1) 3




The chemical reactions of carbon monosulfide have been studied
somewhat, since methods to isolate macroscopic quantities.of CS have
been developed; Carbon monosulfide reacts with halogens in stoichio-
metric amounts to form SCX, (X = C1, Br, I) (7). MWith egcesé halogen,
X3CSX (X = C1, Br) is formed (8). Carbon monosulfide will also react
with Se and Te to form SCSe and SCTe (22), respecfively, and with HC1
and HBr to form HXCS, which rapidly trimerizes (8). The reaction
between atomic oxygen and CS produces vibratioha1]y excited CO (23),
which is the basis for the CO chemical laser,

The chemical behavior of carbon monosulfide has been described as
that of a weak Lewis base (8), which seems to fit better than its

previous description as an electrophilic carbene (7).
B. Thiocarbonyl Complexes

1. Metal-thiocarbonyl bonding

_ Molecular orbital calculations on the CS molecule (24) have
indicated'that CS is both a better wm-acceptor, because of the lower
energy of thé CS w* orbitals, and a better o donof than CO. Molecular
orbital calculations have also been performed on the thiocarbonyl ,
complexes Cr(CO)SCS and CpMn(CO)ZCS, and compared to their photoelectron
spectra (25). The studies indicate that in addition to serving as a
o-donor and w-acceptor CS may also serve as a mw-donor,

Spectroscopic studies have been conducted to investigate the nature
and strength of the metal-thiocarbonyl bond. A Mossbauer study of the
[CpFe(CO)z(L)]+ complexes (26) has indicated that CS is a better



m-acceptor than CO. The integrated infrared intensities of CpMn(Cd)Z(CS)
(27) also indicate that CS is a better w-acceptor. A comparison of the
infrared stretching frequencies and force constants‘for numerous metal
thiocarbonyl complexes and their carbonyl analogs'suggests that the |
m-acceptor to (o+m)-donor ratio varies more for CS than for CO (28).

| Carbon-13 NMR resonanceérof the CS ligand in metal thiocarbonyl
complexes (29,30,31) occur at extremely low field, -288 to -337 ppm
downfield from TMS. This low chemical shift has been explained in terms
of a Ste=s” resonance structure stabilized by-meta]-thiocarbohy]‘w
back-bonding (29).‘ Another feature of the carbon-13 NMR spectra is the
upfield shift of fhe CO resonances in metal-thiocarbonyl (carbony1)
complexes. 'This contrasts with the normal downfield’shift which occurs
when CO is substituted by other ligands, i.e., PRy and P(OR), and
offers further evidence that CS is a better w-acceptor than CO.

Mass spectra of metal-thiocarbonyl complexes offer further
evidence that thé M-CS bond is stronger than the M-CO bond4(32,33). The
CS ligand is among the last fragments tq be cleaved from the metal atom,
and it occurs only after cleavage of the Co'ligands.

The X-ray crystal structures of a few meta1-thiocarbqny1 complexes
containing terminal (34) and ketonic;bridging (35,36) thiocarbonyl
ligands here have been determined.” In general, the_M-Cx distances in
terminal thiocarbonyl ligands are shorter than M-CO distances,
indicative of a stronger metaT-ligand bond, In the case of the1

bridgingathiocdrbonyl complexes, the shortening of the metal-metal



distance compared to that in the analogous carbonyl complex argues for
increased metal-CS interaction.
Thus, all the evidence indicates that CS does form stronger M-CX

bonds than CO.

2. Synthesis of thiocarbonyl complexes

a. Thiocarbonyl complexes from free carbon monosulfide, CS

There has been little success in the attempts to prepare thiocarbonyl
complexes from carbon monosulfide., Attempts to displace CO from Fe(CO)5
(8, 37), Ni(CO)4 (8), and'Cr(CO)6 (3?) or P, from RhC](P¢3)3 (8) have
been unsuccessful. One thiocarbonyl complex, Ni(cs)4, prepared by the
cocondensation of Ni atoms and CS in an argon matrix, has been reported'
(38).

b. Thiocarbonyl comp]exes prepared from coordinated CS2 by

cleavage of a C-S bond The majority of thiocarbonyl complexes have

been prepared by cleavage of{a C-S bond from a coordinated CS2 ligand.
Usually, the C-S bond cleavage has to be assisted, typiéa]ly with
| P¢3 -- which may already be present in the molecule or as an added .
reagent. The C-S bond cleavage may also be effected by first methyl-
ating the EompTexed CS2 to form a.coordihated C(S)SMe+ Tigand, which
can then be converted to the CS ligand by removal of ‘methanethiol,
MeSH, upon reaction with H+.

A few reactions illustrating these methods of generating the CS
ligand are:

MeOH ., Rnc1(cs) (Po3), (1) [1]

Rhci(P¢3)3 + S,



IrC1(Pog) 5 + CS, + Pog HeOH,  1re1(cs) (Po3), (39) [2]

CpMn(CO)Z(gigfcyclooctene) + CSy/Pp; —> CpMn(CO)z(CS) (40) [3]
1) CS, 2) Mel

[CpFe(CO)z]' > CpFe(C0),C(S)SMe

(41,42) [4]
[CpFe(C0),(cs)1* |

RUCT(CS,Me) (CO) (Pog), + HC1 —> RuC,(CS)(CO)(Pog),  (43) [5]

A reaction of this latter mode of CS generation is the attack on a:
cationic M(CSzMe) complex with NaBH4, which forms a thiocarbonyl complex

upon heating by 1,2-elimination of MeSH:

[Os(nz-cszMe)(co)Z(P¢3)2]* + NaBH, —> OsH(CS,Me)(C0),(Pss),

A
(44) [6]

05 (€5) (€0),,(Po3),

Application of the reaction in equation 3 to CpMn(co)(CS)(cis-
cyclooctene) gives CpMn(CO)(CS)Z; until the present work one of two

known dithiocarbonyl complexes:‘
CpMn(C0) (CS) (cis-cyclooctene) + CS,/Po3—> CpMn(CO)(CS), (40) [7]

Further application of this reaction to CpMn(CS)Z(cis-cyclooctené) gives

spectroscopic evidence for the formation of CpMn(CS)3 (40);



c. Thiocarbonyl complexes prepared by reaction with thiophosgene,

CIZCS The Group VIB thiocarbonyls, M(CO)SCS (M = Cr, Mo and W) have

been obtained by reaction of the dimeric carbonyl anions, MZ(CO)102"

(produced by sodium amalgam reduction of M(CO)G) with thiophosgene:

2-

1\12(c0)]0 + €108 —> M(C0)5CS (45,46) [8]

This reaction‘gives Tow yields of M(CO)5CS (usually <10%) contaminated
with large amounts of M(CO)G. Only the tungsten thiocarbonyl, w(c0)5cs;
could be obtained in ﬁignificant émounts (10-15%).

Recently, the first thiocarbonyl complex of meta]oporphybin wa§'
obtained by reaction of thiophosgene with a reducing agent and Fe?I(TPP)

(TPP is the dianion of meso-tetraphenylporphyrin) (47):
Fel1(TPP) + C1,CS + Fe/(Mes),cs —> Fell(TPP)(CS) [9]

Thiophosgene has also been used to prepare IrCl3(CS)(P¢3)2. ,
IrCl(CO)(CS)(P¢3)2, and RhC'|3(CS)(Pq‘>3)3 by three-fragment oxidative
addition to Ir(P¢3)2(N2)C1, [Ir(P¢3)2(C0)(CH3CN)]PF6 and Rh(P¢3)3C1,
respectively (48).

+ d, Thiocarbonyl complexes prepared by reaction with alkoxy

derivatives of thiophosgene The cyclopentadienyldicarbonylthio-

carbonyliron(II) cation,.[CpFe(CO)z(CS)]+, was first prepared by the
reaction of Na[CpFe(CO)Z] with C1C(S)OEt followed by acid cleavage
(49):
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Na[CpFe(CO)ZJ + CIC(S)OEt —> CpFe(CO)ZC(S)OEt

-
[CpFe(C0),(c)T" - [10]

However, a later method (vide ante) gives a greater yield of the
product (41,42). Methy1 ch1orothioforméte has also been used tov
produce [trans-PtC1(Po5),CS1" from Pt(Pos), (50).

The first direct insertion of CS into a M-C(S)-M bridging position
has recently been achieved by use of the reagent, diphenyl thiono-

carbondte (51):
Z[CpFe(CO)Z]' + (¢0)ZCS —_ szFez(CO)3(CS) [111]

3. Reactions of thiocarbonyl complexes

a. Reactions at the metal center Since the carbonyl and

thiocarbonyl ligands are isoelectronic and their analogous';ompounds
are isostructufal, it would seem that thiocarbonyl complexes should
react similarly to their carbonyl analogs. To a certain extent, this
is true. _Reactioné at the metal center differ more by degrée than
type. |

Thus, metal thiocarboﬁyl complexes undergo 1ligand substitution
reactions similar to their carbonyl analogs. Inasmuch as most thio-
carbonyl comp]exes alsp contain carbonylv1igands, and in viéw of the
~ stronger M-CX bond of the thiocarbonyl 1i§5nd, it is noﬁ surprising
that the carbonyl ligand is preferentially disb]aced in these rgactions.

Both thermal and photochemica]AIOSS of the CO 1igand have been
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demonstrated; Ligand substitution by halide abstraction has also been

shown,

follow:

A few reactions illustrating these modes of Tigand substitution

CpMn(C0),CS + cis-cyclooctene > Cpin(CO)(CS)(CgHy,)

P¢3

CpMn{CO)(CS)(Pp5)  (52) [12]
[CpFe(C0),,(CS)IPF, + 20Ny — [CpFe(CS) (CNo),IPF (53) [13]
ﬁpMn(CO)zcs + P(OR); > CpMn(CO) (CS)P(OR); (54) [14]
[Ru(CS)C1,(Po3),1, + 3Pop(O0R) —> Ru(CS)C1,{Po,(0R)}; (85) [15]

acetone
trans-RhCl(CS)(P¢3)2 + AgC]O4 —_> [{Rh(acetone)(CS)(P¢3)2}CIO4]

py

[Rh(py) (CS)(Po4),1C10, (56) [16]
IrC1(CS)(Pog), + LiCF, —> Ir(CcF-)(CS)(Pog), (57) [17]
RhC1(CS)(Pg4), + NaCp ——> CpR(CS)(Po,) ' (58) [18]

(CgHgCO,CH,)Cr(C0),CS + P(OEE), Vs o
| (CgH5CO,CH,)Cr(C0) (CS)P(0EE),  (59) [19]

(arene)Cr(CO)ZCS + 3C0 —> Cr(C0)CS | (60) [20]

A
szrez(c0)3cs + PEt; = szFeZ(CO)Z(CS)PEt3 (61) [21]
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W(C0)gCs + 1 — [trans-W(co)4(cs)1]' - (46) [22]

The reaction shown in equation [20] is a better method fpr the
preparation of Cr(CO)scS than the method in equation [8]. Reaction [22]
is unusua1~in its stereospecificity; only the trans isomer is obtained
due to the labilizing effect.of the CS 1igand (or it may be the more
stable isomer due to n-Bonding). The reaction shown in equation [21]
is the first substitution reaction of a bridging thiocarbbnyl complex,
and the first where substitution occurs slower than in the analogous
carbonyl complex.

Substitution reactions of cyclopentadienyl and arene thiocarbonyl
complexes (e.g., [12], [14] and [19])_produce an asymmetric center at'i

the metal atom. Indeed, the enantiomers of (C6H5C02Me)Cr(CO)(CS)ﬁ(b¢)3

have been resolved (62).

"~ Kinetic studies on substftution reactions of thiocarbonyl
complexes (16,63) confirm that they undergo CO replacement easier than
their thiocarbeny] analogs. |

In oxidative-addition reactions, thiocarbonyl complexes also

behave similar to their carbonyl analogs:
CORh(CS)Pos + X, —> [CPRA(CS)(Po4)XIX - (58) [23]
vCpIr(CS)}P¢3 + HC1 —> [CpIrH(CS)(Po4)ICT ~ (58) [24] .
Ir(CgC15)(CS) (Pag), * HC1 <= [Ir(C4C15) (CTIH(CS) (Po3),1(57) [25]

W(C0)gCS + 1)Br, + 2)2Pj, —_— W(CO)Z(CS)(P¢3)ZBr2 (64) [26]
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The N(CO)Z(CS)(P¢3$ZBr2 produced in the last reaction does not
undergo loss of CO upon heating as does the analogous W(CO)3(P¢3)ZBr2.
The authors suggest that.this may be due to structural factors. If CO
is lost in the carbonyl anafog from the face capping position, then if
the CS ligand occupies this site in the thiocarbonyl complex, its
stronger M-CX bond might preclude thermal loss,

The oxidative-addition of Mel to the thiocarbonyl complexes
[Ir(C4F5)(CS)(Po3),] and [CPM(CS)(Po3)] (M = Rh or' Ir) produces the
unusual thiocarbene 1ligand, M-CMe(SMe) (57,58). The authors suggest
that the mechanism involves (1) oxidative-addition of one Mel molecule
to the complex, (2) methyl migration to form a thioacetyl complex, and
(3) electrophilic attack at the sulfur atom by a second molecule of
MeI. In suppdrﬁ of this mechanism, they have isolated the complex,
[CpIr(CHZCN)(CS)(P¢3)]+, from the reaction of C1CHZCN with “
[CpIr(CS)(P¢3)] and the complex, [IrMé(C])I(CS)(P¢3)2], from the
reaction of Mel with [IrC](CS)(P¢3)2]. Also, addition of the Lewis
base HgC]2 to these complexes, [Ir(caFS)(CS)(P¢3)2] and [CpM(CS)(P¢3)]
(M = Rh or Ir), occurs at the metal, not at the sulfur, to produce the
complexes, [Ir(cst)C](CS)(HgC])(P¢3)2] and [CpM(CS)(HgClz)(P¢3)]

(M = Rh or Ir). Thus, only metal thiocarbonyl complexes with v(CS)
values less than 1200 cm'] have been observed to undergo electrophilic
attack at the sulfur atom (vide infra).

Recently, there have appeared in the literature a few examples of
intramo]ecu]ar thiocarbohy] insertion reactions, Efraty et al. (65).

have presented evidence for the reactions:
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CpMn(CS)(NO)(n-C4F7) + Pog —> CpMn(NO)(P¢3)C(S)C4F7 [27]
CpMn(CS)(NO)SCF3 + Py —> CpMn(NO)(P¢3)C(S)SCF3 t28]'

Cp]]ins-and Roper [66] have demonstrated the stepwise reduction of the

thiocarbonyl ligand:
0SH(C1) (CS) (o) 5 + €O —> 0SC1(CHS)(CO),(Po3), [29]
0C1(CHS) (CO)»(Pog), + BH,™ —> 0s(n®-CH,8)(C0),(Pog),  [30]

05 (n?-CH,$) (C0) 5 (Po), + HC1 ——> OSC1(SMe) (C0),(Po3),
HCT

05012(C0)2(P¢3)2 + CHaSH [31]

In that paper, synthetic routes to formyl (0s~CHO), iminoformyl
(Os-CHNMez), and secondafy carbene (0s-CHSMe, Os-CHNMe,, and 0s-CHOMe)
complexes were also demonstrated, Intramolecular insertion of o-aryl-

2

thiocarbonyl complexes to n“-thioacyl complexes has been shown (67):

0sR(C1)(CS) (Pog), + CO —> OsR(C1)(CS)(CO) (Po4),

R = p-tolyl l A
| 0s[n2-C(S)RICT(CO) (Po5), [32]

The dihapto-thioformyl and -thioacyl ligands are similar to the
nz-dithiomethyl ester complexes of osmium and ruthenium,
{M[nz-C(S)SMe](CO)Z(P¢3)2}+ (M = Ru or 0s), which have been prepared

previously by Grundy et al. (43).
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The synthesis‘and reactions of these new thiocarbonyl cdntaining
alkyl, aryl, and hydrido complexes may portend a new expansion in the
area of thiocarbonyl catalysis. The complexes obtained from the
stepwise reduction of the thiocarbonyl ligand may serve as models for
intermediates in the Fischer-Tropsch reaction. Also, the development
and resolution of enantiomeric thiocarbonyl complexes may provide
complexes for the catalysis of asymmetric organic reactions.

b. Nucleophilic attack at the thiocarbonyl carbon atom A few

metal thiocarbonyl complexes have been observed to be susceptible to
attack by nucleophiles at the carbon atom of the CS 1igand. The attack
on the thiocarbonyl carbon atom may be rationalized on the basis of a
6’-f(.3A=S(S"'lr'esonance structure as postulated by Bodner (29), or the
reaction may be frontier controlled as postulated by Lichtenberger and
Fenske (25).

The thiocarbonyl complexes that have been shown to undergo
nucleophilic attack at the thiocarbonyl carbon atom are thFe(CO)z(CS)]+
(68), [CpFe(CO)(CS)(L)]+ (53), [CpRu(CO)z(CS)]+ (69), w(CO)SCS (70),
CbFe(CO)(CS)Sné3 (61), Cpw(CO)(CS)NO and pr(CO)Z(CS)Mq)3 (71), and
PtCl(P¢3)2(CS)+ (50). A few representative examples of these reactions

are listed below:

| 3> cpre(C0),(NCS) + N,
[CpFe(C0),(cs) T OEt- . ¢pFe(C0),C(S)OR (68) [33]
(C0), - 2
NCO__, cpre(co),cn + COS

|  MeNH |
[CPFe(€0)(CS) (Pp3)]" ——2—> [CpFe(CO) (CNMe) (Poy)1*  (53) [30]
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NH,NH,

[CpRu(C0),,(cS)T* > CpRu(CO),NCS + anl (69) [35]
RNH, ' |
—=2> W(CO)g(CRN)
N(CO)5CS R-NH . (70) E36]»
| :;-Z--> W(CO0) 5 (SC(H)NR,)

H

H,N N '
CpFe(CO)(CS)Sn¢3 + :] > CpFe(CO)(Cji :})Sn¢3 (61) [37]
H N 'ﬁ

CpW(C0) (CS)NO + MeNH2 > CpW(CO) (CNMe)NO (71) [38]

[PLC1(Po4),(€S)T" + H0 —> [PLCT(Pp3),(CO)]" + H,S  (50) [39]

Recently, another example of nucleophilic attack on the thio-

carbonyl carbon atom has appeared in the literature (72):

trans-[lr(P¢3)2(CS)(N3)] + CO
trans-[Ir(P¢,),(CO) (NCS)] + N, [40]

>

whi]e:this reaction might also be included with the 1igand substitution
reactions (vide ante), it is included here because of the natufe of the
final products.

Although nucleophilic attack at the thiocarbonyl carbon atom has
'been.demonstrated with these complexes, it remains to be seen if;this

reaction is general and occurs with all thiocarbonyl complexes.
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c. Electrophilic attack at the thiocarbonyl sulfur atom Thio- .

carbonyl ligands in metal thiocarbonyl compiexes which are sufficiently
electron-rich to giVé v(CS) values lower than 1200 cn™) have been shown
to be susceptiblg to electrophilic attack at the thiocarbonyl sulfur
atom. Although there is spectral evidence for the complex '
CpMn(CO)ZCSMn(CO)ZCp (73), wﬁose "parent" compound, CpMn(CO)z(CS), has
a v(CS) of 1267 em™ . Both terminal-thiocarbonyl complexes --
N(CO)Z(diphos)ZCS (64), zrgggy[IN(C0)4CS]' (64), and [CpN(CO)ZCS]'

(71) -- and bridging-thiocarbonyl complexes -- [CpFe(CO)(CS)]2 (35)

and szFez(CO)3CS (51,74) -- have been shown to undergo electrophilic
addition by alkylating agents: |

W(CO) (diphos),,CS + Me0SO,F —> [W(CO) (diphos),CS-MeISO4F (-64)[401
trans-[IN(C0),CS]" + [Et301|§F4 —> trans-IW(C0),CS-Et  (64) [41]
[CPH(C0),CS1™ + MeI —> CpH(CO),CS-Me - (71) [42]
[CpFe(C0)(CS)], + Me0SOF —> [Cp,Fe,(C0),(CS)CS-MelS04F (35)[43]
szrez'(co)3cs + [Et,0]8F, —> [szFez(CO)écs-Et]BFl‘ (51,74) [44]

These reactions of terminal-thiocarbonyl complexes with organic
electfophiles givé products which are examples of complexes containing
the mercaptocarbyne l1igand, CS-R+. In addition to these reactions with
organic electrophiles, electron-rich thiocarbonyl complexes also form
addition cdmpounds with Lewis acids -- as in [W(CO)(diphos)'ZCsfw(Co)5
(64), w(CO)(diphos)ZCS-HgCI2 (64), and szFez(C0)3cs-ch12 (61).
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d. Reactions forming bridging thiocarbonyl complexes ‘The first
reported bridging thiocarbony1 complex was W(CO)(diphos)ZCS-w(CO)ss(64)'
(vide ante), an example of an "end-to-end" bridging thiocarbohyl ligand.
"Ketonic¢" bridging thtocarbonyl complexes -- [CpMn(NO)(CS)]z'(GS,fs);
[CpM(CO)(CS)]2 (M = Fe end‘Ru) (35,69) -~ have been prepared by the

following methods:
2 CpMn(NO)(CS)Ilt Zn —4--'-§>'[CpMn(N0)(CS)]2 (65,75) [45]

2 [CpM(CO)Z(CS)] + NaH —_— [CpM(CO)(CS)]Z (35,69)4[46] _
(M = Fe and Ru) |

These complexes a]ong'with thegaforementioned'szFez(c0)3cs’are the
only knoﬁn exaﬁp1es of ketocic-bridginj thiocarbonyl complexes. In 611
cases, the thiocarbony1r11g6nd seems to prefer the bridging position;
this has been confirmed by the X-ray crystal structure determinations

of [CpFe(CO)(CS)]2 (35) and szFez(C0)3CS (36).
- C. Cyclopentad1eny11ron Carbonyl’COmpIexes

Since this thesis-concerns the preparation and properties of

cyclopentadienyliron thiocarbcnyl complexes, 1t is fitting that a
short review of the literature on the chemistry of cyc1opentad1enyl- '

jron carbonyl complexes should be included

1. The cyc1opentadieny1iron dicarbonyl dimer, [CpFe(CO)2]2

. The starting materiaI for qyc]opentadieny1iron carbonyl complexes

is the cyclopenta@ieny]ironﬁdicarbonyl dimer. [CpFe(c0)2]2. as it is

! .o s
B RS AR
. i3 D .. v
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readily available from eomderciel sources and is fairly inexpensive.
The dimer can also be'eaSin prepared by refluxing iron pentacarbonyl,
Fe(CO)5, and dieyclopentadiene, Croth2 (76).

The cyclopentadienyliron dicarbonyl dimer exists in solution as a
mixture of the cis and trans isomers (see Figure 1). The ratio of the
isomer concenfrations in sdlutidn is dependent on the solvent, with
the trans isomer beﬁng more prévalent in nonpolar solvent, and thevcis
isomer more prevalent in polar solvents. Adams and Cotton (77)éhéve‘
proposed a mechanism involving simultaneous carbonyl bridge breaking,
rotation about the metal-metal bond, and carbonyl bridge reformation
to accdunt for this rapid cis-trans isomerization (this mechenism Will
be discussed in more detail in conjunction with the isomerization of
gig,;rgg§;[CpFe(CO)(CS)]Z under Results and Discussion). The X-ray
crystal structures of,both the cis (78) and the trans (79) isomers of
| ECpFe(CO)2]2 have been determined

There are several reactions such as ligand substitution in which
the dimeric form of the compjex is.retained. The cyclopentadienyliron
dicarbonyl dimer, [CpFe(Cb)ij. reacts with phosphites (80), phosphines

(80), and am1nes (81) to give the monosubstituted complexes
szFez(CO)3L. The dimer also reacts with d1phosph1nes (82), diarsines
(82), and disulfides (83) to give the dimeric complexes [CpFe(C0)(L)],,
where L is'a three electron‘bridging group, 'PRZ’ -AsR2 or -SR. The
'latter reactions can be viewed as homolytic cleavages of both reactants
which then combine to form CpFe(CO)ZPRz. for example. This monomeric
complex thenvloses-co»to give-the dimeric product, [CpFe(CO)PRZJZ. It
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;e Fe
C \C/
/7] i

trans-[CpFe(CO)2]2

Figure 1. The cis and trans isomers of [CpFe(C0)2]2
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is worthwhile to note that the szFez(CQ)3L complexes haveAbridging-
carbonyl 1igands and a formal metal-metal bond, while the [CpFe(CO)MRnJZ'
complexes have no metal-metal bond and are bridged by the P, As or S
ligands. | ‘

Another type of reaction of [CpFe(CO)zl2 is that involving oxygené
bonded adduct formation by the bridging carbonyl ligand with Lewis
acids. One-to-one adducts, [CnFe(CO)é]é-MXB; are formed with BX, (84),
while both 1:1 and 1:2 adducts are formed with A1X3 and AlR3 (85). |

An interesting reaction of [CpFe(C0)2]2 which deserves to Be
mentioned is the formation of the cyclopentadienyliron carbonyl
tetramer, [CpFe(CO)]4. When [CpFe(c0)2]2 is refluxed in xylene (86),
or refluxed and irradiated with ultra-violet 1ight (87), the tetrameric
species [CpFe(CO)]4 is formed, The structure of the tetramer consists
of a tetrahedron of iron atoms which are.capped on the faces of the
“tetrahedron by triply-bridging carbonyl ligands and on the vertices by
the cyclopentadienyl 1ligands.

The cyclopentadienyliron carbonyl tetramer is a very stable
-structure. It can undergo oxidation by bromine to the +3 oxidatfon
state, forming ECpFe(CO)]4Br3 (86), or reduction to [CpFe(CO)]4' (88)
without cleaving the tetrameric structure, Lewis acid adducts with the
triply-bridging carbonyl 1ligands -- analogous to those of the dimer,
[CpFe(_C_O)Z]2 -- can also be formed (87).
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2. Cleavage reactions of [CpFe(CO)z]Z

a. Oxidative cleavage of [CpFe(c0)2]2 ~ One of the principle

routes to cycldpentadienyliron carbonyl complexes fs through oxidatfve
~ cleavage of the dimer, [CpFe(C0)2]2. Numerous oxidants -- such as Cl,
(89), Br, (76), I, (76,90), 0, (76,91,92), ¢CBF, (93), Fe*® (94,95),
Hg+2.(87),and Ag+] (96) -- have been used to produce monomeric
CpFe(CO)zx and [CpFe(CO)z(L)]+ complexes. E1¢ctrolytic oxidation (97)
of [CpFe(CO)2]2 has also been used to produce CpFe(CO)ZX and
[CpFe(C0),(L)1".

The mechanism of the oxidation of [CpFe(C0)2]2 by halogens has
been studied (98) and is believed to occur by initial electrophilic
attack by the halogen on the dimer forming the halide-bridged
intermediaté, {[CpFe(CO)ZJZX}+. This intermediate then can undergo
nucleophilic attack by halide ions to give CpFe(CO)ZX. or undergo
asymmetric cleavage to give [CpFe(CO)3]X (anothef of the observed
products). Support for this mechanism is found in the isolation of
{[Cng(CO)ZJZX}B¢4 from the low temperature halogenation of [CpFe(C652]2
in the presence of NaB¢4I; -

- b. Reductive cleavage of [CpFé(co)zl2 The second principle

route to monomeric cyclopentadienyliron carbonyl complexes is reductive
cleavage of the dimer. The classic method is to use sodium-amalgam to
reduce the dimer to.the sodium salt of the cyclopentadienyliron
dicarbonyl anion, Na[Cng(CO)z] (76). However, there has been a report
that contamination with mercury derivatives. such as [CpFe(CO)z]zHg,
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may occur using this method (99). Other reductants such as NaKz'8
(100), ch (101), Mg/BrCHZCHzBr (102), and Mg/Hg/py (103) haye been used
to produce this anion, [CpFe(CO)ZJ', or other reduced species,
CpFe(CO)zMgBr and [CpFe(CO)Z]ZMg(py)z; in the later two cases.

c. Other cleavage reactions of [CpFe(CO)z]2 In other reactions,

what might be termed homolytic cleavage of the dimer seems to occur.
For instance, photolysis of [CpFe(C0),], in chlorinated solvents gives
CpFe(CO)2C1 (104). The product appears to result from the homolytic
cleavage of [CpFe(c0)2]2 and RC1 to form CpFe(CO)zo and Cl« radicals,
which then combine. Indeed, the CpFe(CO)Z- radical has been
identified in a spin-trapping experiment (105). Also, homolytic

| cleavage may occur in the reaction of [CpFe(CO)z]2 with HSiC13,
producing CpFe(CO)281013 among other products (106).

The "insertion" of Sn(II) compounds in the metal-metal bond of

[CPFe(co)z:'Z’ i.e.
[CpFe(C0)p1, + SnC1, —> [CpFe(C0),1,SnC1, (107) [47]
may be viewed as another type of cleavage reaction.v

3. Reactions of monomeric cyclopentadienyliron carbonyl complexes

a. Reactions of CpFe(CO)ZX The reactions of CpFe(CO)ZX fall

into two basic types: (1) reactions involving loss of a carbonyl
Tigand and (2) reactions involving loss of the X ligand (usually a

halide ion).
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The cyclbpentadienylironydicarbony] halides, CpFe(CO)zx
(X = C1, Br or I), react with neutral phosphines, PR3, or phosphites,
P(OR)3, by either thermal or photochemical routes to yield the neutral
substituted cyclopentadienyliron carbonyl halides, CpFe(CO)(L)X, or
the substituted cyclopentadiehyliron carbonyl cations, [CpFe(CO)z(L)]X
(108,109). The tendency to form the cationic product increases with
increasing basicity of the ligand, and also with changes of the halide
(I<Br<Cl1). The kinetics of the reaction of the CpFe(CO)ZX complexes
with phosphites, P(OR)3, have been studied, and suggest that this
reaction, forming CpFe(CO)(L)X, proceeds by a dissociative Syl type
mechani#m (110). Reaction of other CpFe(CO)ZX complexes (X = SnR, and
SiR3) with phosphines has also been shown to give CpFe(CO)(L)X
complexes -- and in some cases CpFe(L)ZX complexes (111,112).

The second major set of CpFe(CO)ZX reactions involve the loss of
the X'lligand. In addition to the above reactions where the halide ion
is displaced by a neutral ligand, the halide ion can.be removed by a
halogen acceptor such as AIC13 or by a metathesis reaction where the
halogen is lost as a salt, typically NaX. For instance,,CpFe(CO)zBr
reacts with NaSR to yield the monomeric cyclopentadienyliron dicarbonyl
mercaptide complexes, CpFe(CO)ZSR (113). With the halogen acceptor
A1x3, CpFe(CO)ZX reacts in the presence of neutral 1igands such as
ethy]eneA(114), other olefins (115,116), and pyridine (117) to form |
[CpFe(CO)Z(L)]+ complexes., The [CpFe(CO)z(olefin)]+ complexes recently
have been shown to be readily prepared from [CpFe(Cd)é(THF)]BF4, a
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reagent prepared by reacfion of CpFe(CO)ZI with AgBF, in
tetrahydrofuran (118). |

In the metathesis reaction of CpFe(CO)zBr with KCN, a carbonyl
Tigand is displaced in addition to the bromide ligand to yield the
anionic complex, K[Cng(CO)(CN)ZJ (119).

Some of the more intere§ting metathesislreactions of CpFe(CO)ZX,

or CpFe(CO)(L)X, involve displacement of the halide ion through_use
of a Grignard reagent or organolithium compound to form a metal-carbon

o-bond.
CpFe(CO)(P¢3)I + RL§i — CpFe(co)(P¢3)R (120) [48]
_CpFe(CO)ZCI + CH2=CHMgBr —_ CpFe(CO)Z-CH=C_H2 (121) [49]

Also, mixed metal carbonyl complexes can be obtained from reactions

of CpFe(CO)ZX with metal carbonyl anions.
CpFe(CO)ZI + Na[Co(CO)4] —_ CpFe(CO)Z-CO(CO)4 (122) [50]

b. Reactions of [CpFe(c0)3]+' The tricarbonylcyclopentadienyl-

iron cation, [CpFe(C0)3]+, and its substituted analogs, [CpFe(CO)z(L)]+,
undergo three basic types of reactions: (1) ligand diSp]acemént,
(2)lnuc1eoph111c attack at the carbony! 1igand, and (3) nucleophilic
attack at the cyclopentadienyl ring;

In the 1igand dispIaéemént reactions, [CpFe(CO)3]+,can react with
neutral ligands such as pyridine to form substituted cations,
[CpFe(Co)z(L)]+ (108), or with halide ions, X~ (X = C1, Br or I)'fo



25

form the neutral cyclopentadiényliron dicarbpny1 halides, CpFe(CO)ZX
(123). |

~ With ndc]ebphiIes such as N3' or NHZNHZ’ [CpFe(C0)3]+ has been
éhown to undergo nuc]eophilic attack at the carbonyl ligand giving
CpFe(CO),NCO and CpFe(CO),C(O)NHNH,, respectively (124).

Sodium borohydride (125,126) and organolithium reagents (126,127)

give products which suggest attack atvthe metal atom with [CpFe(Co)3]+
and attack at the cyc]opentadienyl ring with the substituted cation,

[CPFe(C0),(Po3)1":
[CpFe(C0),]" + NaBH, —> CpFe(CO),H | (125) [51]
[CpFe(C0),(Po,)1" + NaBH, —> (Cghg)Fe(CO),(Pos) (125 [52]

With the organolithium reagent, LiCGFs, CpFe(CO)2C5F5 and
CpFe(CO)ZC(O)CGF5 are the products of its reaction with [CpFe(c0)3]+,
while (C6H5C6F5)Fe(CO)Z(P¢3) is the product from its reaction with
[CpFe(C0),(Po) 1" (126,127).

c. Reactions of [CpFe(CO)ZJ’ The reactions that”Na[CpFe(CO)Z]

undergo can all be described as metathesis reactions. Reaction with an
organic or inorganic halide, E-X, causes displacement of the halide ion
as NaX and formation of the new complex, CpFe(CO)ZE. A few. illustrative

reactions follow:

[CPFe(€0),1” + EtX —> CpFe(CO),Et | (128) [53]

[CpFe(CO)z]* + Hg(CN)2 —_— [CpFe(CO)z]Hg (129) [54]
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[CplFe(CO)z]' + CH30(0)C'I —_—> CﬁFe(CO)ZC(O)CH3 (130) [55]

[CpFe(C0),1" + C1,SnEt, —> [CpFe(C0),],SnEt, (131) [56]
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ITII. EXPERIMENTAL
- A. General

Unless stated otherwise, all reactions were performed under an
atmosphere of prepurified nitrogen that was passed through indicating
Drié;ite prior to use. Tetrahydrofuran was distilled from LiA]Hd or
NaKz.8 (under nitrogen) prior to use. All solvents were reagent grade.
Acetone and anhydrous ethyl ether were used a§ received, while all
other solvents were stored over 4A molecular sieves.

Elemental ané]yses were performed by either Chemalytics, Inc. or

Galbraith Laboratories, Inc.
B. Spectra

Infrared spectra were récorded on a Perkin-Elmer 337 or 237B ‘
grating spectrophotometer using either 1.0 mm or 0.1 mm pathlength cells.
In general, the spectra of neutral complexes, or those run in nonpolar
solvents (i.e., hexanes, CCl,, CS,, CHC14 or CHyC1,) were recorded with
the 1.0 mm path]gngth cells. The spectra of ionic comp]exes, or those
run in polar solvents (i.e., CH2C12, acetone or acetonitrile) were
recorded.with the 0.1 mm pathlength cells. Positions of the infrared
absorptiqn peaks were determined by expansion with an external recorder,
and were calibrated in the carbonyl region with CO gas and in the
thiocarbonyl region with polystyrene. The peak positions}are believed

accurate to within 2 em Y,
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_ In the infrared spectra of cationic complexes, the ébsorption'due
to the anions, either CF3SO3' (1269 vs; 1224 m; 1160 br, m, and 1033 Vs
cm']) or PFG' (880 w and 845 vs cm"), are omitted for c]érity.

Proton NMR spectra were recorded with Varian A-60, Varian EM-360,
or Perkin-Elmer Hitachi R-20B instruments. .

The C]3 NMR spectra were obtained on a Bruker HX-90 Fourier
transform spectrometer. The shiftless, paramagnetic relaxing agent,
Cr(acad)3 (132), was added to reduce data collection time. Deutero-
chloroform (8 = -77.09) or TMS was used as the internal standard.

The NMR spectral assignments were based in part upon the

integrated intensities of the absorptions.
C. Reagents

: Triphenylphosphine; triphenylarsine, and triphenylantimony were '
recrystallized from hexanes. Trimethylphosphite and triethylphosphine
were fractionally distilled. Triphenylphosphite was recrystallized from
the neatiliquid. The cyclopentadienyliron dicarbonyl dimer,

[CpFe(CO)Z]Z,-was recrystallized from CHZCIZ/hexanes.
D. Photolysis

Small scale (v1 mmole) photolysis reactions were conducted in
quartz Schleﬁk tubes using a photolysis reactor (Bradford Scientific,
Inc.) modified with a Plexiglas bottom to enable magnetic stirring.

. Large scale photolysis reactions were conducted in a cylindrical
400 ml 3-necked flask -- with two female 24/40 joints and a central

55/50 male joint -- which acceptéd a water-cooled quartz photolysis
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well in which a Hanovia photochemiéa] immersion lamp (Ace Glass, Inc.)
was placed., |

E. Preparation and Reactions of Complexes

1. Preparation of CpFe(CO)ZCSZCH3, [CpFe(CO)Z(CS)]CF3SO3, and

[CPFe(C0),(CS)IPF,

Although adequate methods fof the preparation of CpFe(CO)ZCSZCH3
and [CpFe(CO)Z(CS)]+'are in the literature (42), synéheses of these
complexes are included here because the improvements in yield cited by
M. H. Quick (61) were joint developments of M. H. Quick and myself.
A]so,.én improvement in the purity of [CpFe(CO)z(CS)]+ is obtained with
this procedure,

This procedure is basically a modification of Dombek and
Angelici's method (42).

Cyclopentadienyliron dicarbonyl dimer, [CpFe(CO)z], (0.0 g,.

28.3 mmoles) in 200 m1 THF was reduced to Na[CpFe(CO)Z] by stirring for
one-half hour with 1% sodium amalgam (2.0 g, 87 mmoles Na in 35 ml
Hg). After draining the amalgam, carbon disulfide (5 m1, 83 mmoles)
was added to the well-stirred solution. Methyl iodide (5 ml,

80 mmoles) was added 15-20 seconds later, and the solution was stirred
for 10 minutes. Aftgr evaporation to dryness, the residue was
extracted with ethyl ether (300 m1) and filtered through Celite until

all the brown color had been extracted.
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If the dithioester, CpFe(C0),CS,CHy, was desired, the volume was
reduced to 50 m1. Hexane was added and crystailization at -20°C
gave the yellow-brown CpFe(CO)ZCS CHy (60 %),

IR (Hexane): 2035 vs, 1988 vs cm -1,

To prepare the thiocarbonyl cation, [CpFe(co)z(cs)JCF3503. CF3503H
(5 6 ml, 63 mmoles in 60 m1 of Et20) was slowly added dropwise to the
Et20 solution of CpFe(CO)ZCSZCH3, which was then stirred an additional
2 hours. The precipitated [CpFe(CO)z(CS)]CF3SO3 was filtered off and
washed with Et,0. The crude product was then dissolved in 150 ml of
acetone, and 350 ml of hexane was added to reprecipitate the pnoduct.
“Filtration gave a yellow-brown powder (the brown coldr is due to
impurities). Washing with (1) Et,0, (2) THF, (3) Et,0, (4) THF and
(5) Et20 (care‘had to be taken not to use teo much THF, as the product
is slightly soluble in THF, . Approximateiy:30 m]l of THF and 50 miiof ,
Et20 were used for the respective washings) removed_the brown color
and yielded a bright yellow nowder, [CpFe(CO)z(CS)JCF3803 (79%)~
O (CHyCN): 2105 s, 2071 s, 1363 s cn ..

Th R (dP-acetone): t 3.95. .

If [CpFe(CO)z(CS)]PF6 was the desired product, hydrogen chloride
gas was bubbled through the Et,0 solution of the dithioester for 1 hour.
The solution was then concentrated on a rotary evaporator to m50 ml.
Addition of a solution of NH4PF6 (10.0 g, 61.3 mmoles) in 150 ml of
acetone was followed by filtration to remove the insoluble NH4c1. The
preduct nes then precipitated by the additidn‘of 350_m1'of nexanes.
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Filtration and subsequént washing with Etzo and THF, as above, yielded
a, pale yellow powder, [CpFe(CO)Z(CS)]PFG, (71%).
IR (Nujol Mull): 2093 s, 2064 S, 1348 s cn™'.
TH MR (dB-acetone): 3,82, |
| The thiocarbonyl cation is somewhat sensitive to moisture,
therefore it was stored in a desiccator over Drierite with a small open

bottle of Pb(OAc)2 present to absorb any HZS given off.

2. Preparation of [CpFe(CO)(CS)]2

A slurry of [CpFe(CO)z(CS)]CF3SO3 (10.1 g, 27.3 mmoles) and excess
sodium hydride (1.43 g of a 57% mineral o0il dispersion, 34.0 mmoles) in
200 ml of THF was stirred at room temperature for 2 hours. The mixture
was then evaporated to dryness under reduced pressure, The residue was
extkacted‘with hot benzene and filtered through Celite until the
extractant'was a light brown color, i.e., all the green color had been
extracted. The solution was then chromatographed on'a Florisil column
(41‘x 390 mm) eluting with behzene A dark brown band with a blue
leading edge developed that eventually colored the entire column. The
eluent was collected starting with the first colored material and
continuing until all the dark green elutant had been co]lectéd. (The
initial eluent was a grey or green, but the band rapidly changed to aﬁ
intense dark green and then tailed into an olive green color.) The
eluent was evapprated under reduced pressure to a black solid. This
solid contained a mixture of cis- and trans-[CpFe(C0)(CS)],, with

small amounts of [CpFe(CO)Z]2 and szFez(CO)3(CS) occasionally present.
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The [CpFe(CO)(CS)]2 could be isolated at this stage by crystallization
from CH2C12/hexane; however, the next purification step removed remaining
impurities. | |

The black solid was disso]véd in ~75 ml of CHC13, then 50 ml1 of 95%
EtOH and 10 ml of concentrated aqueous HC1 (120 mmoles) were added, and
Oé gas was slowly bubbled through the sojutioﬁ‘for 1 hour. (This oxi-
dized the [CpFe(CO)z]2 and szFez(CO)s(CS) to CpFe(C0)2C1 and
CpFe(CO)(CS)C1, while the [CpFe(CO)(CS)]2 remained unreacted [vide post].)
The solution was then placed on a rotary evaporator where the volume was
reduced to ~50 ml1. Addition of ~200 ml of H20 caused the [CpFe(CO)(CS)]2
to precipitate. The mixture was then filtered and washed with HZO to
remove the water soluble CpFe(CO)ZCI and CpFe(C0)(CS)C1. The black
residue was dissolved in 50 m1 of acetone and again precipitated by
addition ofvm200 ml of HZO' The mixture was again filtered and washed
with H,0. This second precipitation removed aHY‘CpFe(CO)ZCI.or
CpFe(CO)(CS)C] entrapped in the first precipitation. The residue was
dissolved in CH2C12 and dried over anhydrous MgSO4 overnight. After
fi]trationAthrOugh Celite, the green solution was reduced in volume to
40 m1, and ~30 m1 of heptanes was added. Crystallization at -20°C
yielded red to black crystals of [CpFe(CO)(CS)]2 (thick crystals appeared
black, while thin crystals appeared dark red). A second crop of crystals
was obtained by concentrating and cooling the filtrate for a total of
].85_9 (35% yield) of a mixture of cis- and ;ggng:[CpFe(CO)(CS)]z. The -
yields were variable, ranging from 21% to 47%.

IR (CS,): 2011, 1978, 1124 ent.
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The relative 1n£ensities of the bands varied with the ratio of
cis- to trans-[CpFe(CO)(CS)]z. The 2011 em™! band is due to cis-
[CPFe(C0)(CS)1,, the 1978 cm™! is predominantly due to trans-
[CpFe(CO)(CS)]z,-while the 1124 cn™! band is due to both isomers

(vide post).

3. Separation and isolation of gj__s__-[CpFe(CO)(CS)]2 and
trans—[CpFe(CO)(CS).]2

A mixture of purified cis- and trans-[CpFe(CO)(CS)]2 was dissolved

in benzene and placed on top of a 41 mm x 400 mm Florisil/hexane column.
Elution with 1:1 benzene:hexane gave a sing1e band, mostly green, but _
with a blue leading edge. Elution had to be fairly rapid, approximately
50 m1/minute, as isomerization occurred if the rate was too slow.

The initial grey eluent was collected until the first appearance
of a green color, and then evaporated to dryness under reduced pressure.
An infrared spectrum in CS2 of thié.so1id indicated it was enriched in
3[gg§¢[CpFe(Co)(CS)]2. Crystallization from CS2 at -20°C was repeated
3 times until an infrared spectrum of the produét indicated that the
2011 cm”!
of ;gggg;[CpFe(Co)(CS)]a'were obtained.

IR (CS,): 1979 vs, 1131 s en” .
 THR (csy): 5.3
3¢ nmr (CDC13): s -374.5 (CS), -210.0 (CO), -96.7 (Cp).

'absorption.(gjgf[CpFe(CO)(CS)]z) was absent. Black crystals

The remaining material was eluted from the column and evaporated to

dryness under reduced pressure. An infrared spectrum of this fraction



34

in CSé indicated enrichment in gjg;[CpFe(CO)(CS)]Z.' Crystallization
from CHZCIZ/hexane at -20°C was repeated until an infrared spectrum
indicated that only gjg_-[CpFe(CO)(CS)]2 was present.

IR (CS,)): 2011 vs, 1982 m, 1124 s e,

TH MR (CS,): 5.2,

3¢ MR (cDC15): 6 -374.5 (CS), -208.9 (C0), -93.8 (Cp).

Mass spectrum pareht jon at m/e 385,883,

Anal. Calcd. for [CpFe(CO)(CS)]Z: C. 43.55; H, 2.61; S, 16.61.

Found: C, 43.47; H, 2.69; S, 15.87.

4. 1Isomerization of [CpFe(CO)(CS)]2

A solution of trans-[CpFe(CO)(CS)]2 in xylene was maintained at
50°C., Samples were Withdrawn at intervals for analysis by infrared
spectroscopy. The isomerization of trans-[CpFe(co)(cs)J2 to a gigftrans

1

equilibrium mixture was monitored by the growth in the 2011 cm ' cis-

[CpFe(CO)(CS)]z band. A plot of absorbance yg_time gave a half-life of
approximately 28 minutes for the time required for the 2011 cm".l
absorption to reach maximum intensity, At maximum intensity, an

equilibrium mixture of the cis and trans isomers was present. The

isomerization of the pure isomers to an equilibrium cis-trans mixture
was observed for.both:isomers.in various solvent, e.g., trans-

ECpFe(CO)(CS)]2 in CH3CN and gjg_-[CpFe(CO)(CS)]2 in hexarie,

5. CrysfaI structure of _gi_s__-[CpFe(CO')(CS)]2

Blaék crystals of éfs-[CpFe(CO)(CS)]2 were obtained by fractional

crystallization at -20°C from a C52 solution containing a cis-trans
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[CpFé(CO)(CS)]2 mixture. The diffractometer-measured cell constants
were found by carefully centering on 12 strong ref]ections'between 35
-and 45°C in e'wifh monochromated Cu-Ka radiation (1.54178 R). The
cell constants for the monoclinic cell are a = 14.409 (5), b = 12.560
(4), ¢ = 8,177 (3) R, and B = 90;3 (2)°. The calculated density
indicated that four molecules of the complex were in the unit cell.
Systematic extinctions indicated the lattice belonged to the common
space group PZ]/c. The data were collected on a fully-automated
Hilger-Watts four-circle diffractometer using Zr-filtered Mo radiation
(0.7107 R). A total of 3080 reflections with o < 25° were measured.
Qf‘these,_21§7 reflections were judged observed after correction for
background, Lorentz, and polarization effects. The structure was
solved routinely using direct methods [133]. At this time, 187
reflections which were deemed to be subject to systematic errors were
eliminated from the data set, Full-matrix, least-squares refinement on
the 2000 rema%ning reflections varying positional and anisotropic
thermal parameters for all nonhydrogen atoms reduced the discrepancy
index, Ry» to 0.077 for the observed reflections.

A computer-generated drawing of the molecule is shown in Figure 6.

The bond.distances and bond angles are given‘in Tables 3 and 4.

6. Preparation of [szFez(CO)Z(CS)(CS-HgC12)]

A solution of a gjg;trans-[CpFe(CO)(cs)]2 mixture (0.434 g, 1.12
mmoles) and HgC12 (0.295 g, 1.09 mmoles) in 40 ml of Etzo was stirred

for 9 hours. Then, 80 ml1 of heptane were added and the volume was
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reduced to ~25 m1 on a rotary evaporator. The mixture was' then
filtered, and the precipitate washed with pentane. Drying under bigh
vacuum yielded 0.647 g (88% yield) of a black powder, '
[szFez(CO)z(CS)(CS-HgC12)], | ,

IR (Nujol Mull): 2028 vs, 2019 sh,s, 1995 s, 1177 sh,s; 1168 s,

1018 s en'. |
Th MR (dB-acetone): < 5.10, 4.87 (relative intensities 11:70).
. Anal, Calcd. for [szFez(CO)z(CS)(CS-HgClz)]: C. 25.57; H, 1.53.

Found: C, 25,36; H, 1.74.

7. Reaction of [CpFe(CO)(CS)]2 and CH,S0,F

A solution of gjg_—[CpFe(CO)(CS)]2 (0.205 g, 0.532 mmoles) and
CH,S04F (2.0 m1, 25 mmoles) in 100 ml CHyC1, was stirred for 15 min.
The solution was then taken to dryness on a rotary evaporator. The
residue was dissolved in methanol and the solution was passed through
an anion-exchange column (Amberlite IRA-400) in the PFg~ form. The
green eluent was then reduced in volume to 25 ml, and‘EtZO was added
unti].a brecipitate began to form. Crystallization at -20°C gave black
crystals of [szFez(CO)z(CS)(CSMe)]PF6 (0.215 g. 74%vyie1d).

IR (CH,CT,): 2043 s, 2016 m, 1178 5, 1070 w, 1036 m em .
T4 NMR (dg-acetone): T 6.20 (CH3), 4.17 (Cp), 4.27 (Cp).

- Anal. Calcd. for [CpZFeZ(CO)é(CS)(CSMe)]PFG: C, 33,00; H, 2.40.
Found: C, 32.85; H, 2.43.
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8. Reaction of [CpFe(CO)(CS)]2 and CH,l

A so]ution’of gjg;[CpFe(CO)(CS)]Z (0.0513 g, 0,133 mmoles) and CH,I
(5 mi, 80 mmoles) in 50 h] of CH2C12 was stirred magnetically, and the
progress of the reaction was monitored by infrared spectroscopy. The
reaction appeared complete after 10 hours; however, stirring was
" continued for a total of 32 hours (some decomposition was evident by the
decreased'intensity of the 2043 cm”' band of the product). The solution
was then reduced on a rotary evaporator to dryness. After dissolving
the residué in methanol, the green solution was passed through an
anion-exchangé resin (Amberlite IRA-400) in the,PFG' form and then
evaporated to dryness under reduced pressure. Crysta]]iza;ion from
methanol at -20°C yielded 0.0237 g of [szFez(CO)z(CS)(CSMe)]PFG, a
33% yield.

IR (CHZC12): 2043 s, 2011 m, 1178 s, 1070 w, 1036 m em ).

9. Rates of the reactions of cis- and trans-[CpFe(C0)(CS)I, with CH,I

a. g_i_§_-[CpFe(CO)(CS)]2 Crystals of gj_g_-[CpFe(CO)(CS)]2

(10.3 mg, 2.67 x 10'5 moles) were dissolved in and diluted with neat
CHal to 10.0 ml in a volumetric flask. A sample was withdrawn and
placed in an unthermostated room-temperature infrared cell. The

progress of the reaction of the solution in the infrared cell was

périodically‘monitored by the decrease in intensity of the 2012 cm']

1

absorption of cis-[CpFe(CO)(CS)], (monitoring the 2043 cm " absorption

of the product was precluded by precipitation of the product toward the
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end of the reaction). A plot of absorbance vs time gave an estimate of
t]/4_z 8 min. | : |
b. trans-[CpFe(co)(CS)]2 Crystals of trans-[CpFe(CO).(CS)]2

(11.1 g, 2.88 x 10'5 moles) were dissolved in and diluted with neat
CH3I to 10.0 ml as abpve. The reaction was monitored as above,

observing the decrease in intensity of the 1979 cmf]

absorption of
trans-[CpFe(CO)(CS)]Z. A plot of absorbance vs time gave an estimate
of t;,4 = 62 min. (Unlike the reaction of cis-[CpFe(C0)(CS)I;,

extensive decompdsition occurred during the course of the reaction.)

10. Reaction of [CpFe(CO)(CS)]2 with HC]/O2

A so]ution of a c1s,trans [CpFe(CO)(CS)]2 mixture (2.34 g,

6.06 mmoles) in CHC]alEtOH (25 m/30 m1) was prepared. Concentrated
aqueous HC1 (10 m1, 120 mmoles) was then added, and 02(9) was bubbled
through the solution for 90 minutes. The volume of the solut1on was
then reduced to w25 ml ‘on:'a- rotary evaporator. Addition of 200 mi of
H20 produced a black precipitate which was filtered and washed with |
H20. The black prec1p1tate was dissolved in CH2C12. dried overnight
over anhydrous MgSO4, and f11tered through Celite. An infrared spectrum
of the solution indicated that on]y [CpFe(CO)(CS)]2 was present,
Crystallization at -20°C from CH2C12/hexane yie]ded 2.07 g of
[CpFe(CO)(CS)]Z, an 89% recovery,

A similar reaction of ECpFe(CO)(CS)]2 with HBF4/O2 in acetone also

yielded unreacted starting material,
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11. Preparation of CpFe(CO)(CS)Br. Method I, Reaction of
[CpFe(CO)(CS)]2 with Br,

A solution of a gjg,ggggg:[CpFe(co)(CS)]Z mixture (0.101 g,

0.261 mmoles) and excess Br, (2.0 m1 of a solution of 1.0 ml of Br,
diluted to 100 ml with cc14, 0.390 mmoles) in 50 ml1 of CHC13 was
refluxed for 20 minutes. The solution was then cooled to room tempera-
ture and extracted with aqueous Na25203 (2 x10m portionS of 0.42 N
Na25203) to destroy the excess Br2. The organic layer was separated
and dried overnight over anhydrous MgSO4. The orange solution was
then filtered through Celite anq evaporated to dryness under reduced
pressure. Crystallization froh CSZ/hexane at -20°C yfe]ded tangerine
crystals of CpFe(CO)(CS)Br (0.0992 g, 70% yield).

IR (CS,): 2033 s, 1309 vs cn™ .

TH MR (CS,): < 5.00 (Cp).

Anal, Calcd. for CpFe(CO)(CS)Br: C, 30.80; H, 1.85.

Found: C, 30.89; H, 1.95.

12. Reaction of [CpFe(CO)(CS)]2 with Br2 at low temperature

A solution of a cis,trans-[CpFe(C0)(CS)1, mixture (0.112 g,
0.290 mmoles) in 25 ml'of Cs, was cooled to 0°C in an ice bath. A
solution of Br, in CS, (10 ml of a solution of 1.0 ml of Br, diluted
to 100 m1 with CS,, 1.95 mmoles) was then added dropwise to the cooled
solution.'.After‘the addftion wasvcomp1ete. the solution was stirred
an additional 1/2'hour, then the black precipitate was filtered off
and washed with CSZ, which changéd the color of the precipitate to
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red-orange (thelfiltrate showed a trace of CpFe(CO)(CS)Br after
destroying the excess Br2 by extraction with aqueous Na25203 and
Subsequent drying). The red-orange residue dissolved in CH3CN to give
a bright orange solution. An infrared spectrum of this solution
suggested a tentative identity for the product as {[CpFe(CO)(CS)]ZBr}Br.
IR (CHaCN): 2104 sh,w, 2084 s, 2039 m, 1325 s. 1179 w.

Upon standing, this CH3CN solution developed infrared bands due to

CpFe(C0) (CS)Br (2031 s, 1308 vs cm™).

13. Reaction of [CpFe(CO)(CS)]2 with Cl, at Tow temperature

‘ After a solution of a cis,trans-[CpFe(C0)(CS)], mixture (0.382 g,
0.990 mmoles) in 50 ml of CC1, was cooled to 0°C in an ice bath, a
solution of excess c1, ih CCl, (15 m of a C1,-saturated solution,
~ 36 mmoles) was added dropwise to the cooled solution forming an
emerald-green precipitate. After removal of‘the excess C]2 and CC]4 by
evaporation under reduced pressure, the residue was dissolved in CH3CN
and,ff]tered through Celite to give a blue-green to emera]d-gfeen
,solhtion. Evaporation of this blue-green solution resulted in a dark-
green to'black solid, tentatively identified as {[CpFe(CO)(CS)]ZC1}C1
by anaiogy to the reaction of [CpFe(CO)(CS)]2 with Brz_(!jgg_gggg).l
Attempts to obtain an infrared spectrum of a solution of this
proﬁuct failed, as invariably the intense blue-green solution decom-
posed to a light brown solution during the progress of the spectrum.
 Although the inffared spectrum of this brown solution varied, the

" expected deéomposition product CpFe(C0)(CS)C1 was not observed.
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IR (Nujol Mull): 2095 w, 2091 w, 2082 w, 2074 m,

2046-2014 br,s, 1984 w, 1220 w, 1119 w en V.

14. Reaction of [CpFe(C0)(CS)], with I,

A solution of gjg,;ggggf[CpFe(co)(CS)]2 (0.333 g, 0.863 mmoles)
and iodine (0.484 g, 1.91 mmoles), in 25 ml of CHCN was stirred at
room temperature for 30 minutes. An infrared spectrum of the solution
at this time indicated that approximately a third of the starting
thiocarbonyl dimer had reacted to form what is tentaffvely identified
as {[CpFe(CO)(CS)]ZI}I.

IR (CH,CN): 2084 s, 1325 s e

. The flask was then placed in an 0il bath and the solution was
refluxed for 1 hour and then cooled to room temperature. At this
time, an infrared spectrum indicated the presence of {[CpFe(CO)(CS)]ZI}I
and CpFe(CO)(CS)I along with an unidentified band at 2047 cm']. The
excess iodine was then desfrqyed by extracting_With aqueous Na25203
(2 x 10 ml portions, 0.42 meg/ml) after adding 50 ml of CHCT, to
ensure a two phase system. The organic layer was dried overnight
with anhydrous MgSO4. filtered, and evaporated to dryness to yield a
black solid. Part of the black solid dissolved (0.105 g) in 652
giving a green solution. An infrared spectrum determined that the
solution contained predominately CpFe(C0)(CS)I (a 19% yield of the
crude material) with some CpFe(C0),1 present.

IR (CS,): 2023 s, 1305 vs eV,
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By’comparison of the intensities of the infrared bands of the two
specie; (2023 cm'.I for CpFe(C0)(CS)I and 1998 cm”! for.CpFe(CO)ZI), it
was determined the product was ~10% CpFe(CO)ZI (Beer's Law was proven
using pure samples of the two compounds).

Attempts to prepare CpFe(CO)(CS)I under milder conditions
analogous to those used in the preparation of CpFe(CO)ZI from
[CpFe(CO)zl2 were less successful, The cationic intermediate,
{[CpFe(CO)(CS)]21}+, did appear to form slowly in CHC1, at room
temperature with [CpFe(CO)(CS)]2 and excess I,. However, after
refluxing for 40 minutes, only a portion of the thiocarbonyl dimer was
converted to CpFe(CO)(CS)I. There was sfi]l an approximate 2:1 ratio
of unreacted [CpFe(C0)(CS)], to CpFe(CO)(CS)I after refluxing, and

also a fair amount of decomposition was evident.

15. Reaction of [cpFe(C0)(CS)], with reducing agents

A THF solution of gjg,ggggg:[CpFe(CO)(CS)JZ reacted with an excess
of reducing agents such as Na/Hg, CgK (134), and Nak, g (100) to give a
Qrey to dark brown precipitate. This precipitate was insoluble fn
common sd]Vents, but dissolved in HMPA (hexamethy]phosphoramide) to
give a'dark red solution that decomposed upon exposure to'air.
Attempté.tb characterize this precipitate or a stable defivative‘
thereof were unsuccessful. The precipitate showed no apharent reaction
with either Mel or ¢3$nc1. The dark red HMPA solution also showed no

apparent reaction with Mel, and infraredAspectra of the products were
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i11-defined and showed no strong bands in the thiocarbonyl region
(1350 - 1000 cm™}).

However, a THF solution (50 ml1) of gjg;;gggg:[CpFe(CO)(CS)]2
~ (0.503 g, 1.30 mmoles) did react with a slight excess of Na/Hg
(~1.5 mmoles) to give a red solution within 5-10 minutes, At this
time, an infrared spectrum of the solution showed bands at 2007 vs,

1975 m, 1717 m, and 1678 W -- relatively little changed from the
starting thiocarbonyl dimer. After stirring for 30 minutes, the Hg was
drained from the flask, and 3.0 ml of Mel (48 mmoles) was added to the
red solution. After stirring a few minutes, the solution was eVaporated
to dryness, extracted with CSa, and then fi]tefed through Celite to-
yield a bright red air-sensitive solution.

IR (CSZ): 2038 w, 2014 vs, 1983 m, 1776 m, 1124 s cm'].

TH NMR (CS,): 7 5.30 (s, 5.0); 5.92 (s, 6.1); 8.42 (s, 6.1);

8.78 (m, 15.2).

While the IR spectrum would suggest the red solution contains
[CpFe(CO)(CS)]z, its color, Ty NMR, and air-sensitivity suggest
otherwise. -

With an excess of the homqgeneous reducing agent sodium naphthalide
(135) (2.0 m1 of a 0,37 M solution in THF, 0.74 mmoles), the thio-
carbonyl dimer, [CpFe(CO)(CS)]z.Y(0.101 g 0.261 mmoles) reacted in
30 m1 of THF to give an olive-green solution. After stirring for
1 hour, ¢3Snc1 (0.233-9, 0.735 mmoles) was added and the solution was

allowed to stir overnight. Subsequent treatment and column
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chromatography gave a small amount of [CpFe(CO)(CS)]2 as,thé only
thiocarbonyl-containing product.
No~rea¢tion.was apparent after stirring a sblutioh of

[CpFe(CO)(CS)]2 in THF with excess sodium hydride for two days.

16. Reaction of [CpFe(CO)Z(CS)]CF3803 with MX

In an attempt to find a more direct synthesis for CpFe(CO)(CS)X
compounds, hopefully with improved overall yields. [CpFe(CO)z(CS)JCF3SO3
was reacted With various halide reagents (KI, KC1, NaCl, LiCl, LiBr,
LfI, Et4NI, and NaCN). A typical experiment is described below.
| A mixture of [CpFe(co)z(CS)]CF3SO3 (0.502 g, 1.36 mmo)es)4and KI
(0. 104 g 1.39 mmoles) was stirred in 25 ml of THF until al] the
und1sso1ved solids had disappeared (the solution also changed color from
pale yellow to dark green in the case of I”). The solution was then
evaporated to dryness under reduced pressure, the residue was extracted
with either CHCI3 or CS2 and then filtered through Celite. An infrared
spectrum of the green solution showed the presence of both_CpFe(CO)(CS)I
and CpFe(CO)ZIf

From the intensities of the product absorptions in the fR
estimates were made of the ratios, CpFe(CO)(CS)x:CpFe(CO)zx, using the
various reactants (see Table §5).

- With KI; KC1, NaCt, LiCl, LiBr, Lil and EtéNI, the reaction went
cleanly to a mixture of CpFe(CO)(CS)X and CpFe(CO)ZX. With NaCN,
however, neither CpFe(CO)(CS)CN nor CpFe(CO)ZCN could be identified

from the infrared spectrum of the final solution.



45

IR (CSZ): 2057 s, 2041 sh,s, 2033 s, 1992 vs, 1950 w;

1280 w, 1250 w, 1208 s cm” .

17. Photolysis of [CpFe(CO)z(CS)]CF3SO3. Preparation of

CpFe(CO)(CS)CF3SO3

Crystals of [CpFe(CO)Z(CS)]CF3SO3 (0.437 g, 1.18 mmoles) were
placed in a quartz Schlenk tube. and the apparatus was degassed by
several cycles (4-5) of alternate evacuation and filling with nitrogen.
Then, CH2C12 (35 m1) was added, and the apparatus was fitted with a
cooling probe and a mineral oil bubbler, and placed in the small
ultraviolet irradition box. Irradiation at 254 nm was continued until
an infrared spectrum of the solution indicated that the production of
CpFe(cd)(CS)CF3SO3 was at a maximum. With this apparatus and amount of
starting méteria], it was found that the maximum concentration of
CpFe(CO)(CS)CF3SO3 occurred after 5 hours of irradiation. Further
irradiation slowly decreésed the amount of CpFe(CO)(CS)CF3SO3 present.

‘ After irradiation, the red solution was transferred to a larger
N,-filled Schlenk tube (NISO mi). Ether (95 ml1) or hexane (65 ml)
was added to precipitate remaining starting material and any decompo-
sition products. The solution was then filtered through Celite under
nitrogen to give a clear red solution of CpFe(CO)(CS)CF3SO3.
| IR (CH,C1,): 2051 s, 1322 vs cm™ . |

IR (csz): 2054'5 (vC0), 1333 s, 1318 vs (vCS). 1231'5,

195 s cn .

T4 MR (CDC1,): 1 4.76.
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3¢ MR (cDC1,): & -321.7 (CS), -207.8 (C0), -88.0 (Cp).

Solutions of CpFe(CO)(CS)CF3SO3 were used immediately after
preparation for the synthesis of further products, as they decomposed
rabidly.invair and slowly under nitrogen. Attempts to isolate a
crystalline product by evaporation of hexane or other solutions of
CpFe(CO)(CS)CF3SO3 resuited in a red oil which slowly decomposed even
at -20°C under nitrogen.

Irradiation of [CpFe(CO)z(CS)]CF3SO3 in other solvents was not as
successful as in CHZCIZ. In THF or acetone, the expected
[CpFe(CO)(CS)(L)]+ (L = THF or acetone) either did not form or low

yields (by estimation of the infrared spectra) were obtained.

18. " Photolysis of [CpFe(CO)Z(CS)]PF6 in acetone

As in the synthesis of_CpFe(CO)(CS)CF3SO3, crystals of
‘ [Cpfe(CO)Z(CS)]PF6 (0.420 g, 1.15 mmoles) were placed in a quartz Schlenk
tube and degassed by alternate evacuation and filling with nitrogen.
Acetone (35 m1) was added and the apparatus was fitted with a mineral
oil bubb]ér and a cooling prbbe. Irradiation at 254 nm in a small
ultraviolet irradiation box for 5 hours resulted in a dark brown
soiutioh. By following the progress of the reaction using infrared
épectroscopy; it was determined that the maximum yield of
[che(c0)(c5)(acetone)]PF6 had formed in 5 hours. Further irradiation
resulted in decreased yields,

‘ j‘The brown solution was then transferred under nitrogen to a larger

schlenk tube (~180 m1). Ether (120 ml1) was then added to precipitate
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remaining starting material and any decomposition products. Filtration
under ﬁitrogen through Celite resulted in a clear brown solution
containing [CpFe(CO)(CS)(acetone)]PFG. |
IR (acetone): 2031 s, 1303 vs cm'].
Attempts to isolate a solid product by evaporation, or precipi-
ation with ether (or hexane) resulted in a brown oil., Both this oil
and the solutions of [CpFe(CO)(CS)(acetone)]PF6 are air sensitive and

decompose slowly even under nitrogen,

19. Preparation of [CpFe(CS)(CH3CN)2]PF6

A large photochemical reactor charged with [CpFe(CO)z(CS)]PF6
(7.81 g, 21.3 mm01es) was degassed by several cycles of alternate
evacuation and fii]ing with N2 at atmospheric pressure, De-oxygenated
CHZCN (350 m])‘was added, and the solution was irradiated for 8 hours.
After 2, 4, and 6 hours, the probe was removed from the reaction vessel
and cleaned of accumulated brown residue by wiping with a Kimwipe
wetted with acetone. 'After the 8 hours of jrradiation, the yellow-
gfeen,'air-stable solution of [CpFe(CS)(CH3CN)2]PF6 was transferred to
a 500 ml FB flask and evaporated to dryness. The residue was then
dissolved in CH2012 and filtered through Celite. The filtrate was
reduced in volume until precipitation began (150 m1), then 100 m1 of
CHCI3 was added, The volume was again reduced to the point of precipi-
tation while heating in a‘water bath (v60°C). Cooling to -20°C gave
shiny yellow-green crystals of [CpFe(CS)(CHscN)ZJPFG. Repetition of
this crystallization procedure gave a second batch of crystals for a
total of 5.38 g (64% yield).
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IR (CHyCN): 1298 s cn™',

V4 R (dB-acetone): T 4.84 (Cp), 7.48 (CHyCN).
13¢ nMR (dB-acetone): & -329.4 (CS), -222.6 (-CN), -87.4 (Cp),
4,14 (-CH3).
Anal. Calcd. for [CpFe(CS)(CHscN)Z]PFB:‘ C, 30.63; H, 2.83;
S, 8.18. Found: C, 30.66; H, 2,94; S, 8.39,

The yield reported was from an early prepafation of
[CpFe(CS)(CH3CN)2]PF5. Actual yields following this procedure are
probably greater,

The irradiation time was determined by following the growth of the
1298 cm'] band in the fR. For these conditions with this apparatus,

8 hours was found to give the greatest intensity for this band. Further
irradiation results in some decomposition and a lessening of the

1208 cm”! band intensity.

20. Preparation of [CpFe(CS)(MeZS)ZJPFB,

Crystals of [CpFe(CO)z(CS)]PF6 (0.457 g, 1.25 mmoles) were placed -
in a quarti Schlenk tube, and the'apparatus was degassed by several
cyclés of alternate evacuation and fi]]ing with nitrogen. Then de-
oxygenéted acetone (33 ml1) gnd Me,S (1.0 m1, 13.6 mmoles) wefe added;:
The apparatus was fitted with a cooling probe and mineral oil bubbler,
and then irradiated for 5 hours at 254 nm, The progress of the
réactibn was followed in the IR and irradiation was continued until
the intensity of the 1287 en”! band, due to [CpFe(CS)(MeZS)Z]PFB, was

at a maximum. Under these conditions, 5 hours of irradiation gave a
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maximum yield. The dark green solution waé then evaporated to dryness
under reduced pressure, The residue was dissolved in CH2C12 and
filtered through Celite, Crystallization from,CH2c12/CHC13 at -20°C
gave black crystals of [CpFe(CS)(MeZS)Z]PF6 (0.322 g, 59% yield).,

IR (CHCN): 1287 s em™, N

TH MR (dB-acetone) (of [CpFe(CS)(Me,S),]CF,805): T 4.78 (Cp),

7.60 (Me). |
Anal. Calcd. for [CpFe(CS)(MeZS)Z]PFG: C, 27.66; H, 3.95.
Found: C, 28.34; H, 4.19,

21. Preparation of CpFe(CO)(CS)I

A solution of CpFe(CO)(CS)CF3SO3 was produced by photolysis of
[CpFe(C0),(CS)ICF;50, (0.402 g, 1.09 mmoles) in 20 ml of CH.CI,.
After isolation of the solution of CpFe(CO)(CS)CF3SO3 in ether, KI
(0.183 g, 1.10 mmoles) and acetone (30 ml1) were added, and the mixture
wa§ stirred until all the KI had dissolved (typica11y the mixture was
allowed to stir overnight). The solution was then evaporated to
dryness, and the residue was extracted with CS2 until all the green
CpFe(C0)(CS)I had been extracted. This green solution was filtered,
the volume was reduced to 20 ml, then heptane was slowly added while
warming the flask until the boint of precipitation was reached.
Cooling to -20°C gave black crystals of CbFe(CO)(CS)I. Repetition of
the crystallization step gave a second batch of crystals for a total

of 0.223 g (64% yield).
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IR (CS,): 2024 s, 1306 vs cn™.

TH R (CS,): t 4.93 (Cp).

]3C NMR (CDC13): § -322.5 (cs), -212,5 (co), -87.6 (Cp).
Anal. Caled. for CpFe(CO)(CS)I: C, 26.28; H, 1.58,
Found: C, 25.91; H, 1.66.

The CpFe(C0)(CS)I produced by this synthesis typicaliy has v3%
CpFe(CO)ZI present. For most purposes, this is sufficiently pure,
and unless stated otherwise, the CpFe(C0)(CS)I used in later syntheses
was this crude CpFe(CO)(CS)I. Howéver, if a pure product is desired,
~ the CpFe(C0)(CS)I can be separated from the CpFe(co)ZI by fractional
crystallization from CSzlhexane. The analytical sample was so
purified. Pure CpFe(C0)(CS)I was also obtained by 1iquid chroma-
tography on Florisil eluting with_csz.

22, Preparation of CpFe(CO)(CS)Br. Method II. Reaction of
CpFe(CO)(CS)CF3SO3 with KBr

A solution of CpFe(CO)(CS)CF3SO3 was prepared by photolysis of
[CpFe(CO)Z(CS)JCF3SO3 (0.409 g, 1.10 mmoles) in CH,C1 (20 m1). After
isolation of the solution of CpFe(CO)(CS)CF3SO3 in ether, KBr (0.17 g,
0.980 mmb]es) and acetone (75 m1) were added, and the mixture was
stirred until all the KBr had dissolved (typically overnight). The
solution was theh evaporated to dfyness, and the résidué was extracted
with csz-uhti1'a11 the orange CpFe(CO)(CS)Br had been extracted. This
orange solution was filtered through Celite, the volume was redgced to

wzb ml, and then heptane was added to the point bf‘precipitation.
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Cooling to -20°C gave orange crystals of CpFe(CO)(CS)Br., Repetition of
this crystallization step gave a second batch of crystals for a total of
0.154 g (a 51% yield). |
IR (CS,): 2033 s, 1309 vs ™.

The QpFe(CO)(CS)Br produced in this synthesis typically had 114
CpFe(CO)zBr present. As with CpFe(C0)(CS)I, pure CpFe(CO)(CS)Br could

be isolated by fractional crystallization or liquid chromatography.

23, Preparation of CpFe(C0)(CS)C]

A solution of CpFe(CO)(CS)CF3$03 was prepared by photo1ysis of
[CpFe(CO)z(CS)]CF3503 (0.413 g, 1.12 mmo]es) in CH2012 (20 m1). After
isolation of the solution of CpFe(CO)(CS)CF3SO3 in ether, KC1 (0.0829 g,
1.11 mmoles) and acetone (50 ml) were added, and the mixture was
stirred until all the KC1 had dissolved (3 1/2 hours). The solution
then was evaporated to dryness, and the reéidue was extracted with C52
until all the red color had been extracted. This red solution was
filtered through Celite, the volume was reduced to 10 ml, and ~15 ml
of heptane was added. Slow evaporation under a stréam of nitrogen
géve a reddish powder of crude CpFe(C0)(CS)C1 (0.0691 g, 31% yield).

IR (CS,): 2036 s, 1310 vs .

As with CpFe(C0)(CS)I and CpFe(CO)(CS)Br, the crude CpFe(CO)(CS)CI
produced by this method contains some CpFe(CO)2C1 (~13%). Isolation of
pure CpFe(C0)(CS)C1 was not attempted.
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24. Preparation of [CpFe(CO)(CS)(P¢3)]CF3SO3

A solution of CpFe(CO)(CS)CF3S03 was prepared by photolysis of
[CpFe(CO)z(CS)]CF3SO3 (0.402 g, 1.09 mmoles) in CH,C1, (20 m1). The
volume of this solution was reduced to A2 m1 under a nitrogen stream.
Then, 25 ml1 of Et20 was added, and the solution filtered through Celitej :
~ under N, to give a clear red solution of CpFe(CO)(CS)CF3503. With
addition of P¢, (0.288 g, 1.10 mmoles), the color of the éo]ution
changed to yellow within a minute and a precipitate formed. The solution
was stirred for 5 minutes, and then filtered. The precipitate was
dissolved in acetone, filtered, and while warming heptane was added to
the point of precipitation. Cooling to -20°C gave golden crystals of
[CpFe(CO)(CS)(P¢3)]CF3SO3 (0.399 g, a 61% yield).

IR (CHyCN): 2034 s, 1323 vs cn™ .
TH MR (dB-acetone): T 4,45 (d, J = 1.0 hz, Cp), 2,27-2.72
(m, ).
Anal. Calcd. for [CpFe(CO)(CS)(P¢3)]CF3SO3: C, 51.67; H, 3.34.
Found: C,,51.61; H, 3.41. |

25. Preparation of [CpFe(C0)(CS)ICF,S0,

A solution of CpFe(CO)(CS)CF3SO3 was prepared by photolysis of
[CpFe(CO)Z(CS)]CFasO3 (0.432 g, 1.17 mmoles) in CH,C1, (35.m1).‘ After
iso]atioh of the solution of'CpFe(CO)(CS)CF3503 in hexane, pyridine
(0.4 m1, 6.2 mmoles) was added. Within a minute, the color of the
solution changed from red to yellow. The solution was stirred for

5 minutes and then evaporated to dryness under reduced pressure. The
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greenish residue was dissolved in CHZC’I2 (~20 m1), f11tered through
Celite, and hexane (150 m1) was added to precipitate a greenish-brown
0il, [CpFe(CO)(CS)(py)ICF;50, (0.347 g, 71% yield). Attempts to obtain
a crystalline producf by crystallization from acetone/EtZO,
CHZCIZ/hexane, or acetone/hexanes were unsuccessful.

IR (CHyCN): 2045 s, 1321 vs ",

T4 NMR (d-acetone): T 4.32 (Cp), 1.07-2.43 (py). |

26. Preparation of [CpFe(CO)(CS)(CH3CN)]CF3SO3

A Solution of CpFe(CO)(CS)CF3SO3'was prepared by photolysis pf |
[CpFe(CO)z(CS)]CF3$03 (0.446 g, 1.20 mmoles) in CH,CT, (35 m1). After
isolation of the so]utfon of CpFe(CO)(CS)CF3SO3 %n hexane, acetonitrile
(1.0 m1, 19 mmoles) was added and the solution was refluxed for 30
minutes. After cooling to room temperature; the yellow solution was
evaporated to dryness under reduced pressure. The residue was dissolved
in CHZCI2 (n15 m1), filtered through Celite, and hexane was added to
precipitate a yellow-brown oil, [CpFe(C0)(CS)(CH,CN)ICF4S0; (0.330 g,

a 72% yield). Attempts to obtain a crystalline product were
unsuccessful,
IR (CHyCN): 2056 s, 1327 vs cn™'.

TH NMR (ds-acetone): T 4.33 (Cp), 7.49 (CH3CN).

27. Reaction of CpFe(CO)(CS)CF3$03 with P(0¢)3

A solution of CpFe(CO)(CS)CF3SO3 was prepared by photolysis of
[CpFe(CO)z(CS)]CF3SO3 (0.453 g, 1.22 mmoles) in CH,C1, (36 m1). After
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isolation of the solution of CpFe(C0)(CS)CF4S0; in hexane, P(0¢),
(250 u1, 0.95 mmoles) was added, and the solution was stirred until the
red color diéappeared (50 minutes). After evaporating the solution to
dryness under reduced pressdre, the residue was dissolved in CH2C12
(~20 m1) and filtered through Celite, Addition of hexane (v150 m1)
gave a yé]low-brown 0il. Spectroscopic analysis showed thé’oi]’to be a
mixture of [CpFe(C0)(CS)(P{06};)ICF,S0, (the major product) and |
[CpFe(CS)(P{0¢}3)2]CF3SO3. Attempts to separate the two components or
to obtain a crystalline product were unsuccessful,
IR (CH3CN): 2051 s (vC0), 1337 s (vCS, mono-substituted
cation), 1323 sh,m em™ ) (VCS, bis-substituted cation).
TH MR (d®-acetone): T 2.33-2.80 (m, P{06},), 4.70 (d,
3
J

0.9 Hz, mono-substituted cation, Cp), 5.16 (t,

1.0 Hz, bis-substituted cation, Cp), (v3:1 ratio

of mono:bis-substituted cations).

28. Reaction of CpFe(C0)(CS)CF4S0; with P(OMe)q

A solution of CpFe(CO)(CS)CF3SO3 was prepared by photolysis of
[CpFe(C0),(CS)ICF,S05 (0.454 g, 1.23 mmoles) in CH,C1, (35 ml). After
isolation of the solution of CpFe(CO)(CS)CF3503 in hexane, P(OMe)3
(130 u1, 1.10 mmoles) was added and the solution Was‘stirred fof
25Vminuteé during which time the solution changed éo]or from red to
pale yellow, and a brown precipiiate formed. ' The solution was.then
filtered yielding a palé yellow fi]tr&te, which was evaporated to a

yellow-brown 0il, and a brown residue.
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Spectroscopic analysis of the yellow-brown o011l indicated‘that it

was predominantly [CpFe(CS)(P{OMe}3)ZJCF3SO3.
IR (CHiCN): 1308 s cn™.

Simi]arIy; the brown precipitate was found to be a mixture of
[CpFe(CO)(CS)(P{OMe}a)]CF3SO3 (the major product) and |
[CpFe(CS) (P{OMe} 5),1CF550,.

IR (CHBCN): 2043 s (vC0), 1331 vs (vCS, mono-substituted
cation), 1308 s cm”) (vCS, bis-substituted cation).

Ty MR (dB-acetone): t 4.28 (d, J = 1.1 Hz, mono-substituted
cation, Cp), 4.69 (t, J = 1.0 Hz, bis-substituted cation,

‘_Cp), 5.90-6.27 (m, P{OMe}3).

Attempts to isolate either product by crystallization, precipi-
tation, or chromatography were uﬁsuccessful. Reducing the amount of

P(OMe")3 initially added to as low as 0.64 mmoles still gave a mixture

of products.

29. Reaction of CpFe(’CO)(CS)CF3SO3 with (n-Bu),S

A solution of CpFe(C0)(CS)CF4S0; was prepared by photolysis of
[CpFe(CO)z(CS)]CF3SO3 (0.440 g, 1.19 mmoles) fn CHZCIZ (35 m1). After
isolation of the solution of CpFé(CO)(CS)CF3SO3 in hexane, (ggBu)ZS
(1.0 ml, 5.7 mmoles) was added, The solution was refluxed for 40 |
minutes during which time its color changed from red to yellow-brown.
After cooling to room teﬁperature, the solution was evapofated to
dryness under reducéd pressure, The residue was then dissolved in

10 ml of CHZCIZ. The solution Was filtered through Celite, and hexane
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(150 m1) was added to precipitate a brownish oil. This mixture was
then filtered, giving a brown residue and a Qreen filtrate. The
dissolution of the brown residue and precipitation.was repeated two
additional times to separate the soluble green [CpFe(CS)(BuZS)Z]CFssO3
in the filtrates from the brown insoluble [CpFe(CO)(CS)(BuZS)]CF3503.
The separation was not complete as the final greenish-brown powder,
[CpFe(CO)(CS)(BuZS)]CF3SO3,‘had a small amount of [CpFe(CS)(Buzs)ZJCF3SO3
present (n36% yield). |
IR (CHyCN): 2040 s, 1323 vs cm™ .
]H NﬁR (dﬁ-acetone): T 4.28 (mono-substituted cation, Cp),
4.70 (bis-substituted cation, Cp), 6,90-7.32 (m, S-CHZ-),
8.08-9.25 (m, -CHZCHZCH3) (the ratio of mono:bis

substituted cation was 12:1).

30. Reaction of CpFe(CO)(CS)I with PEt,

Triethylphosphine, PEt, (150 u1, 1,02 mmoles) was added fo a
solution of crude,CpFe(CO)(CS)I (0.322 g, 1.01 mmoles) in benzene
(50 m1), and the solution was refluxed for one hour under nitrogen.
An.infrared spectrum of}the solution at this time indicated (by absence
of the 2024 cn™! band of CpFe(C0)(CS)I) that the starting material
had cdmp]ete]y reacted. The solution was cooled to room temperature
and fi]teréd to rehové the yei]ow precipitate which had formed within
the first 5'minutes of refluxing. The yellow precipitate was washed

with benzene and pentane to yield 0.083 g of crude ECpFe(CO)(CS)(PEt3)]I
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(v19% yield). The product contained a small percentage of
[CpFe(CO)Z(PEt3)]I {IR (CH3CN): 2046, 2006 cm™ 1},
IR (CHyCN): 2027 s, 1319 vs ',

The green filtrate from above was evaporated to dryness, and the
residue was then dissolved in 052 (v15 m1). The solution was filteredA
and hexane (15 m1) added. The so1ution was then slowly evaporated
uhder a stream of nitrogen until a precipitate began to form.
Cnystailization at -20°C gave dark green crystals of CpFe(CS)(PEt3)I
(0.134 g, a 33% yield).

IR (CS,): 1272 cn™'.

TH MR (CS,): T 5.36 (d, J = 0.8 Hz, Cp), 7.68-8.27 (m, ~CHy-),
8.57-9.13 (m, -CHg).

13¢ NMR (CDC1,): 6 -324.4 (d. J = 37.8 Hz, CS), -85.7 (s, Cp),
-21.0 (d, J = 28.1 Hz. -CHZf), -8.4v(s, -CH3).

Anal. Caled. for CpFe(CS)(PEt3)I: C, 35.15; H, 4.92.

Found: C, 35.30; H, 5.08.

31. Preparation of CpFe(CS)(Poy)I. Method I. Reaction of

CpFe(C0)(CS)I with P,

A solution 'of crude CpFe(C0)(CS)I (1.51 g, 4.72 mmoles) and
triphenylphosphine, Po,, (1.24 g, 4.74 mmbles) in benzene (80 ml1) was
refluxed for 3 hours under nitrogen. An infrared'spectrum of the
solution at this time indicated that the CpFe(CO)(CS)I had completely
reacted. The solution was then cooled to room temperature and

evaporated to dryness under reduced pressure. The residue was dissolved
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in CS2 and chromatographed on a F10risi1 column (18 x 730 mm), E1utioﬁ
with 052 was continued until the initial gray band had been collected.
This band contained the unreacted CpFe(CO)ZI impurity. Elution was
continued with 1% EtZO/CSZ. The second, dark green band was then.
collected in fractions. Essentially all of the CpFe(CS)(P¢3)I eluted
before the CpFe(CO)(P¢3)I; however, as both compounds are dark green,‘
the composition of each fraction had to be monitored by infrared ‘
spectroscopy. The fractions containing only CpFe(CS)(P¢3)I were then
combined and evaporated to dryness. The residue was dissolved in CH2C12
(v20 m1); the solution was filtered through Celite, and then heptane
(20 m1) was added. The solution was slowly evaporated under a nitrogen
‘stream until crystals began to form. Crystallization at -20°C gave
green crystals of CpFe(CS)(P¢3)I (1.768 g, a 68% yield).

IR (CS,): 1271 em™).

]H NMR (CSZ)E T 2.22-2.83 (m, ¢), 5.58 (d, J = 0.9 Hz, Cp).

13¢ MR (cDC1,): & -325.0 (d, J = 37.2 Hz, CS), -134.9 (s, ¢),

132.9 (d, J = 7.4 Hz, ¢), -129.5 (s, ¢), -127.3 (d,
J = 8.9 Hz), -87.1 (s, Cp).
Anal. Calcd. for CpFe(CS)(Pq>3): C, 52.01; H, 3.64.
Found: C, 51.92; H, 3.68. .
The product, CpFe(CS)(P¢3)I, can also be isolated by fractional

cnystaliization from CSZ/hepfane or CHZCIZ/heptane; however, yields of

the pure compound are lower.
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32, Preparation of CpFe(CS)(As¢3)I

A solution of crude CpFe(C0)(CS)I (0.105 g, 0.329 mmoles) and
triphenylarsine, As¢4, (0.155 g, 0.506 mmoles) in benzene (25 m1) was
refluxed under nitrogen for 22 hours. An infrared spectrum of the
solution at this time indicated that almost all the CpFe(CO)(CS)I had
reacted. The solution was cooled to room temperature, and then placed
on a Florisil chromatography column (12 x 346 mm). Elution with benzene
gave two bands. The first band, brown in color, was collected and
evaporated to dryness; An infrared spectrum showed this band to eontain
unreacted CpFe(C0)(CS) and CpFe(CO)ZI. The second, a green band
containing the product CpFe(CS)(As¢3)I and some CpFe(CO)(As¢3)I, was
collected and evaporated to dryness under reduced pressure. The residue
was dissolved in CSZ, the solution was filtered. and heptene (~10 m1)
was added. The solution was then placed under a slow nitrogen stream
until cryetals began to form, and then cooled to -20°C. This crystal-
lization procedure was repeated again'to‘yield green crystals of
CpFe(CS) (Asg;)T (0.099 g, a 50% yield). |

IR (CS,): 1271 en™'. |
TH MR (CS,): T 2.33-2.80 (m, ¢), 5.50 (s, Cp).

33. Preparation of CpFe(CS)(Sbo)I

A solution of crude CpFe(CO0)(CS)I (0.1711 g, 0.346 mmoles) and
tripheny]sti]bine;,5b¢3, (0.231 g, 0.653 mmoles) in benzene (25 m1) was
refluxed under nitrogen for 37 hours. An'infrared‘speetrum of the

solution at this time indicated that essentially all of the CpFe(C0)(CS)I
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had reacted. The solution was cooled to room temperature, and p]aced'
on a Florisil chromatography column (12 x 340 mm). Elution with |
1) benzene and 2) CH2C12 gave a single green band. The band was
collected'and évaporated.to dryness. The residue was dissolved in
CH2C12 (~10 m1), the solution was filtered, and heptane (~10 ml) was
added. The solution was then placed under a slow stream of nitrogen
until crystals began to form. Crystallization at -20°C gave green
crystals of CpFe(CS)(Sbog)I (0.153 g, a 68% yield).

IR (CS,): 1269 ™.

TH MR (CS,): T 2.37-2.83 (m, ¢), 5.39 (s, Cp).

Anal. Calcd. for CpFe(CS)(Sbég)I: C, 44.695 H, 3.13.

~ Found: C, 44.56; H, 3.02.

34. Preparation of CpFe(CS)(P{OMe}3)I

A solution of crude CpFe(C0)(CS)I (0.335 g, 1.05 mmoles) and
trimethylphoéphite, P(OMe)3,v(1.0 mi, 8,48 mmoles) in benzene (50 ml)
was refluxed under nitrogen for 11 hours. An infrared spectrum of the -
solution at this time indicated that the CpFe(C0)(CS)I had completely

reacted. The solution was then reduced in volume in vacuo to a couple

of milliliters and placed on a Florisil chromatography column

(12-x 300 mm). Elution with benzene gave a single green band, which
Qas collected and evaporated to dryness. An infrared spectrum of the
residue in CS, showed this to be a mixture of CpFe(CS)(P{OMe}a)I, the
major product, and CpFe(CO)(P{OMe}s)I. Pure CpFe(CS)(P{OMe}3)I was

then isolated by fractional crystallization as indicated below.
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The residue was dissolved in a minimum of CH,C1, (»10 m1), filtered,
and heptane (v15 ml) was added. The solution was placed under a slow
nitrogen stream until crystals began to form, and then cooled to -20°C
to complete the crystallization. The crysta]é were recovered by
fi]tration and washed with pentane. After repeating the crystallization
3 additional times, black bnysta]s of pure CpFe(CS)(P{OMe}3)I (0.190 g,
a 44% yield) were obtained.
| IR (CS,): 1278 cm™.

TH NMR (CS,): 7 5.31 (s, Cp), 6.29' (d, J = 11 Hz, Me).

13¢ NWR (CDC15): & -323.1 (d, J = 55.1 Hz, CS), -86.5 (s, Cp),
~ -54.0 (dy J = 4.3 Hz, Me). _

Anal. Calcd. for CpFe(CS)(P{OMe}3)I$ C. 25.99; H, 3.39.

Found: C, 26.20; H, 3.44.

35. Preparation of CpFe(CS)(P{0¢}3)I

A solution of crude CpFe(CO)(CS)I (0.322 g, 1.01 mmoles) and
triphenylpho#phite, P(0¢)3, (1.0 m1, 3.8 mmoles) in benzene (50 ml1) was
refluxed under nitrogen for 12 hours. An infrared spectrum of the
solution indicated that the CpFe(CO)(CS)I had completely reacted. The
so]uﬁion was then evaporated to dryness under reduced pressure. The
residue was dissolved in c52 and placed on top of a Florisil chroma-
tography column (12 x 350 mm). Elution with CS2 was continued until
thé single green band extehded to almost the entire lengfh of the
cdlumn. Elution was then continued with 10% CHC13/CSZ, ahd the green

band was collected in fractions. Each fraction was analyzed by infrared
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spectroscopy. .Most of the band contained pure CpFe(CS)(P{0¢}3)I, only
the‘last few fractions were contaminated with CpFe(CO)(P{0¢}3)I. The
fractions Containing only CpFe(CS)(P{0¢}3)I were combined and evaporated
to dryness under reduced pressure. The residue was dissolved in CH2C12
(~10 m1), filtered, and heptane (10 ml1) was added. The solution was
then placed Qnder a slow nitrogen stream until crystals began to form.
Cooling to -20°C gave green crystals of CpFe(CS)(P{0¢}3)I (0.294 g, a
49% yield).

IR (CS,): 1289 cm™.

TH MR (CS,): T 2.55-2.92 (m, ¢), 5.88 (s, Cp).

Anal. Calcd, for CpFe(CS)(P{0¢}3)I: C, 47.87; H, 3.35,

Found: C, 47.63; H, 3.45

. 36. Preparation of [CpFe(CS)(bipy)]PF6

A solution of 2,2'-bipyridine, bipy, (0.171 g, 1.09 mmoles) in
CHéClz (50 ml) was added dropwise very slowly (over ~30 minutes) to a
solution of [CpFe(CS)(CHacN)ZJPF6 (0.418 g, 1.07 mmoles) in CH2C12
(40 nﬂ). lThe solution was stirred an additional 30 minutes and then
evaporated to dnyngss. The'residue was extracted with CHZCI2 until all
the ye]loﬁ-orange [CpFe(CS)(bipy)]PF6 had been extracted and the red
[Fe(bipy)3](PF6)2 was starting to extract. After fi]trétion. the
solution was reduced in volume and chromatographed on alumina
(12 x 300 mm column) with CH2C12. The initial orange-yellow band was
collected and evaporated to'dryness. Crystaj]ization from CHZCIZ/CHC13
at -20°C gave red crystalslof [CpFe(CS)(bipy)]PF6 (0.161 g, a 32% yield).
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IR (CHyCN): 1293 s em- 1.

TH NMR (d®-acetone): t 1.00-2.62 (m, bipy), 4.65 (s, Cp).
Anal. Calcd. for [CpFe(CS)(bipy)]PFG: C, 41,22; H, 2.81.
Found: C, 41.16; H, 2.94.
The extraction step before chromatography was found necessary, as
otherwise the [Fe(bipy)3](PF6)2'flooded the column and separation of the
[CpFe(CS)(bipy)]PF6 was not obtained.

37. Preparation of [CpFe(CS)(phen)]PF6

A solution of 1,10-phenanthroline, phen, (0,208 g, 1.05 mmoles) in
CH2C12 (50 m1) was added drobwise very siow]y (over ~30 minutes) to a
solution of [CpFe(CS)(CH,CN),IPF, (0.424 g, 1.08 mmoles) in CH,C1,

(25 m1). The solution was stirred an additional 30 minutes énd then
evaporated to dryness under reduced pressure. The residue was extracted

with CH2C1 until the yellow-brown [CpFe(CS)(phen)]PF6 had been

2
extracted and the red [Fe(phen)3](PF6)2 was starting to extract. After
filtration, the solution was reduced in volume and then chromatographed
on alumina (12 x 300 mm column). Elution was initially with CH2C12, but
increasingvpercentages of CH3CN'(up to 50% CH3CN) were added as the
“elution progressed. The initial yellow-brown band was_co]]ected and
evaporated to dryness. Crystallization from CHZCIZ/hexane at -20°C gave
brown crystals of [CpFe(CS)(phen)]PF6 (0.093 g, 18% yield).- | |
IR (CHyCN); 1290 s, 1299 m, sh cm™'.

TH MR (d6-acetone): T 0.65-2.12 (m, phen), 4.58 (s, Cp).
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"Anal. Calcd. for [CpFe(CS)(phen)]PFG: C, 44.11; H, 2.67.
Found: C, 44.32; H, 2.60. |

38. Preparation of [CpFe(CS)(P¢3)2]PF6

A solution of [CpFe(CS)(CH3CN)2]PF6 (0.423 g, 1.08 mmoles) and
tripheny]phosphine, Poss (0.566 g, 2.16 mmoles) in CH2c12 (50 m1) was
stirred for 6 hours. The initial yellow-green solution turned dark
green in ~15 minutes and then red in ~1 hour, and then remained red.
Evaporation under reduced pressure gave a red tar. The red tar was
then extracted with hot benzene, dissolving a red material and leaving
behind orange crystals of [CpFe(CS)(P¢3)2]PF6oC6H6"(0.330 g, 342 yield).
The analytical sample was crystallized from CHZCIZIbenzene at -20°C.

IR (CHCN): 1285 s, 1090 m cn™'.

T R (dB-acetone): t 2.38-2.92 (m, 4), 5.10 (t, J = 1.3 Hz,
Cp). ‘

Anal. Calcd. for [CpFe(CS)(Poy),JPFg-CHls: C, 63.17; H, 4.53.

Found: C, 62.28; H, 4.57. a

39. Preparation of [CpFe(CS)(P{OMe}3)(CH3CN)]PF6

Triméthylphosphite, P(OMe)3, (20 ml, 17 mmoles) was added to a
solution.of [CpFe(CS)(CHacN)Z]Pan(0.461 g, 1.17 mmbies) in CH2c12
(50 ml). After stirring for 9 hdurs,'the orange solution was.
evaporated to dryhess under reduced pressure, .The residue was
~ dissolved ih CH2012; the solution was filtered and hexanes were added

to the point of precipitation. Crystallization at -20°C gave orange
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crystals of [CpFe(CS)(P{OMe}s)(CH3CN)JPF6 (0.233 g, a 42% yie]d).. The
analytical sample was crystallized from acetone/hexane.
IR (CHyCN): 1304 s cn™'.
T4 MR (d®-acetone): < 4.81 (d, J = 0.8 Hz, Cp); 6,15 (d,
J = 11.7 Hz, P{0Me};), 7.55 (d; J = 0.7 Hz, CHyCN).
Anal. Calcd. for [CpFe(CS)(P{OMe};) (CHCN)IPFg: C, 27.81;
H, 3.61.
Found: C, 27.83; H, 3.70.

40. Preparation of [CpFe(CS)(P{0¢}3)(CH3CN)]PF6

Triphenylphosphite, P(0¢)3. (1.0 m1, 3.8 mmo]es) was added to a
~solution of [CpFe(CS)(CH3CN)2]PF6 (0.466 gs 1.19 mmoles) in CH2012 (50 m1).
The solution was stirred overnight, although within 2 hours the ihitia]
yellow-green solution had turned orange, and no further color change
occurred. The solution was then evaporated to dryness under reduced
pressure. The residue was dissolved in a minimum of CHZCI2 (15 m1), the
solution was filtered and then hexanes (~100 m1) were added to precipitate
the product. After filtering off the hexanes and excess P(0¢)3, the
orange product was crystallized from CHZCIZIbenzene at -20°C as the mono-
benzene solvate, [CpFe(CS)(P{O¢}3)(CH3CN)]PF6-C6H6 (0,634 g, 72% yield).
IR (CHyCN): 1312 s cm™. | |
TH NMR (dS-acetone): T 2.40-2.92 (m, ¢), 5.28 (d, J = 0.8 Hz,
cp), 7.67 (d, J = 1.1 Hz, CH3CN).
Anal. Calcd. for [CpFe(CS)(P{0¢}3)(CHyCN)IPFseCoH,: C, 51.98;
H, 3.95.
Found: C, 51.62; H, 3.91,
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41. Reaction of [CpFe(CS)(CH3CN)2]PF6 with PEt,

Triethylphosphine PE£3, (0.4 m1, 2.7 mmo]eé) was added to a solution
of [CpFe(CS)(CH,CN),IPF. (0.424 g, 1.08 mmoles) in CH,C1, (50 m1). The
initial yellow-green solution immediately turned blue. After ~30 minutes,
the solution had turned red-orange, and remained red-orange until
stirring was stopped after 9 hours. After evaporation to dryness, the
orange-brown reéidue was dissolved in a minimum of CH2C12 (15 m1).
Addition of heXane (~100 m1) caused a red precipitate to form. The
mixture was filtered and washed with hexanes to yield a red solid (vide
post) and a green filtrate. The green filtrate was evaporated to dryness;
the residue was dissolved in CH,C1, and hexanes were added until the point
of precipitation. Crystallization at -20°C gave dark green crystals of
CpFe(CS)(PEt3)Cl (0.041 g, 12% yield).

IR (CS,): 1274 am. |

1H MR (CS,): 7 5.40 (d, J = 0.8 Hz); 7.90-8.37 (m, -CH,-),
.8.58-9.17 (m, -CH3). .

Anal. Calcd. for CpFe(CS)(PEE;)CT: C, 45.24; H, 6.33.

Found: C, 45.40; H, 6.46.

The red solid from above was dissolved in acetone and placed on a
shortVélumina_chromatography~column to remove paramagnetic impurities.
Elution with acetone gave a yellow to orange band which was collected
and found to be a ~1:1 mixture of [CﬁFe(CS)(PEt3)(CH3CN)]PF6 aﬁd
[CpFe(CS)(PELt,), IPFg.

The -mixture waS*agéin dissolved in acetone and placed on a.alumina

chromatography column (12 x 415 mm). Elution with acetone gave incomplete
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resolution of the two bands. The initial yellow band was found to contain
[CpFe(CS)(PEt3)2]PF6, and the trailing orange band was found to contain
[CpFe(CS)(PEt3)(CH3CN)]PF6. |

The leading portion of the yellow band was collected; however,
attempts to obtain crystals of [CpFe(CS)(PEt3)2]PF6 for analysis were
unsuccessful. ' ‘

T4 MR (d8-acetone): 1 4.77 (t, J = 1.3 Hz, Cp), 7.67-8.18 (m,
, 'CHZ')’ 8.48-9.07 (m, -CHy).

The trailing portion of the orange band was collected and evaporated
to dryness. Crystallization from acetone/héxaneé at -20°C gave blood-red
crystals of [CpFe(CS)(PEt3)(CH3CN)]PF6 (0.062 g, a 12% isolated yield).

IR (CHyCN): 1292 s cm™.
TH MR (dP-acetone): t 4.84 (d, J = 1.0 Hz, Cp), 7.52 (d,

Jd = 1.0 Hz, CH3CN), 7.67-8.18 (m. -CHZ-), 8.48-9.07 (m, -CH3).

~ Anal. Calcd. for [CpFe(CS)(PEt3)(CH3CN)]PF6: C, 35.84; H, 4.94.

Found: C, 35.11; H, 4.66.

42. Preparation of CpFe(CS),I

- Methanol (25 m) was added to a nitrogen-filled Schlenk tube
contaiﬁing [Cng(CS)(CH3CN)2]PF6 (0.434 g, 1.1 mmo]és) and KI (0;186 g,
1.12 mmoleS). .Thé mixture was stirred for 6 hours (if the reaction was
conducted in‘CH3CN, the progress of the reaction could be followed in the
IR, and indiéafed that the reaction is complete in 90 minutes), to

produce an air-stable solution of CpFe(CS)(CH3CN)I.
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IR (CHyCN): 1277 cen™ .

TH MR (CDEN): T 5.22 (Cp). |
Methylene chloride, CH,C1,, (50 m1) was added to the solution, and

then the solution was extracted with aqueous Na25203 (0.42 M, in two
10 ml1 portions) to destroy the by-product, 12. The organic phase was -
collected, dried overnight over anhydrous MgSOé, and then filtered through
_ Celite to produce a green solution of CpFe(CS)ZI. The volume of the
solution was reduced in vacuo to ~10 ml, heptane was added to the point of
precipitation, and the product was crystallized at -20°C to yield black
crystals of CpFe(CS)ZI (0.105vg, a 57% yield). The analytical sample was
crystallized from cszlhexane.

IR (CS,): 1337 s, 1274 vs cn™',

TH MR (CS,): T 4.95 (Cp).

3¢ R (cDe1,): 6 -323.4 (CS), -90.6 (Cp).

Mass spectrum parent ion at m/e 335.5."

Anal. Calcd. for CpFe(CS)ZI: C, 25.02; H, 1.50,

Found: C, 25.28; H, 1.58.

~ In an alternate method for the isolation of CpFe(CS),I, the
CpFe(CS)(CHSCN)I was evaporated to dryness under reduced pressure. The
residue was theh extracted with CH2c12 and filtered through Ce]ite.
Again, the by-product, 12, was removed by extracting with aqueous Na25203.
After drying and filtering, the so]ution of CpFe(CS)ZI was treated as
above to yield CpFe(CS)ZI. ' |
Attempts to isolate the_intermediate,}CpFe(CS)(CHSCN)I, were

'unsuccessful. Extraction of a CHyCN solution of CpFe(CS)(CﬁscN)I with
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CSziinitially showed the presence of CpFe(CS)(CH3CN)I (by IR), however,
this rapidly converted to CpFe(CS)ZI.

" 43. Preparation of CpFe(CS)zBr

Methanol (25 ml1) was added to a nitrogen-filled Schienk tube con-
taining [CpFe(CS)(CH3CN)2]PF6 (0.411 g, 1.05 mmoles) and KBr (0,250 g,
2.10 mmoles). The mixture was stirred for 6 hours, after which Etzo
(50 m1) was added. The solution was then extracted with aqueous Na25203
(0.42 M, in two 10 m1 portions). The organic phase was collected, dried
over anhydrous dvernight, and filtered to produce a solution of CpFe(CS)ZBr.
Evaporation to dryness yielded impure CpFe(CS)ZBr (0.006 g, 4% yield).
The CpFe(CS)ZBr contained ~10% impurities, CpFe(CO)ZBr and CpFe(C0)(CS)Br,
and was not further isolated,

IR (CS,): 1341 s, 1276 vs em V.

44. Preparation of CpFe(CS)(P¢3)I. Method II. Reaction of

[CpFe(CS)(CHCN),IPF; with 1) KI and 2) Po,

A solution of [CpFe(C0),(CS)IPF, (0.489 g. 1.33 mmoles) in CHyON
(35 m])iwas irradiated in a quartz Schlenk tube for 7 hours to produce
‘-[CpFe(CS)(CH3CH)2]PF6 (vide ante). Potassium iodide (0.251 g, 1.51 mmoles)
Was added»and_the-so]ution was stirred oVernight to‘produce a solution of
CpFe(CS)(CHaCN)T (vide ante). Then, triphenylphosphine, P¢s, (0.324 g,
1.43 mmoles) was added, and the solution was stirred an additional 11 hours.
The green solution was then evaporated to dryness The residue was

dissolved in benzene, filtered through Celite, and placed on a Florisil
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chromatogréphy column (16 x 290 mm). Elution, initially with behzene, and
then with 2) CHC13 and 3) CH2C12, gave a dark green band which was
collected and evaporated to dﬁyness. An infrared spectrum of the residue
in 032 indicated that it was CpFe(CS)(P¢3)I with traces of CpFe(C0)(CS)I
and CpFe(CO)ZI. The residue was then dissolved in CH2012 (~10 m1), the
solution was fiitered and heptane (10 m])lwas added, The solution was
placed under a slow stream of nitrogen until crystals began to form.
‘Cooling to -20°C gave crystals of pure CpFe(CS)(P¢3)I,.which were
.isolated by filtration and washed with pehtane (0.433 g, a 59% yie1d)

(vide ante).
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IV. RESULTS AND DISCUSSION

Few thiocarbonyl complexes of iron were known before the present
work. The one complex that could be easily prepared in good yield was
[CpFe(CO)Z(CS)]PFG. This work was instigated to find other iron
thiocarbonyl complexes that could be obtained ffom [CpFe(CO)z(CS)]PFG.

A. Preparation of [CpFe(CO)Z(CS)]+

The [CpFe(CO)z(CS)]+ cation was prepared according to the

following reaction:

S
- THF %

S
lMeI

CpFe(C0),CS,Me

1H+

[CPFe(C0), (cs)1* [57]

Although an adequate method for the preparation of [CpFe(CO)Z(CS)]+
exists in the literature (42), improvements in this method cited herein
give greater yields and increase the purity of the product.

The use of diethyl ether rather than benzene to extract
CpFe(CO)ZCSZCH3 from the solid remaining after evaporation of the THF
in the first step greatly speeds up this extraction. Then dropwise

addition of a diethyl ether solution of trifluoromethanesu]fonic acid,
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CF3SO3H, to this solution of CpFe(CO)ZCSZCH3 results in the precipi-
tation of [CpFe(CO) (CS)]CF3SO3 This crude product is then dissolved
in acetone, and amber crystals of [CpFe(CO)z(CS)]CF3SO3 are obtained
by precipitation w1th hexanes or diethyl ether.

The color of the product is an indication of its purity. Pure
. [CpFe(CO)Z(CS)]CF3SO3 is bright yellow. It was found that the brown
impurity (unidentified) is fairly soluble in THF, while
[CpFe(CO)Z(CS)]+ is only sparingly soluble. Thus, pure
[CpFe(CO)z(CS)JCF3SO3 could be obtained by washing the amber crystals
with small amounts of THF.

The brown impurity is soluble in CH2C12 and displays IR bands of
2126 (m), 2107 (m), 2074 (sh,s), 2058 (s), 2014 (s), 1160 (br,m),
1060 (m) and 1030 (s) e, When this impurity was chromatographed on
Florisil with CHZCIZ, three bands developed. The first was orange
(IR: 2035 (w), 1970 (sh,w) and 1945 (w) cm']); the second was
- brownish-orange (IR: 2040 (m), 1990'(m), 1975 (sh,m) and 1955 (sh,w));
and the third was brown and remained on the column. Further character-
ization of these materials was not attempted. | |

In some instances, it was more advantageous to utilize fhe PFG'
salt of [CpFe(CO_)z(,CS)]+ as the CF3503' anion has IR bands in the
thiocarbonyl region and PFG; does not. In that case, HC1 gas can be
bubb1ed‘through the diethyl ether solution of Cpfe(CO)ZCSZMe to yield
[CpFe(CO)z(CS)]Cl thch can be converted to the PFG'.salf by meta@hesis

with NH4PF6 in acetone. The precipitation and purification of
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[CpFe(CO)Z(CS)]PF6 is accomplished by the same method used for the
CF3SO3 salt. |
These modifications of the existing method gave consistently good

yields and a pufe product.
B. Preparation of [CpFe(CO)(CS)]2

When [CpFe(CO)Z(CS)]+ is reacted with sodium hydride in THF, a
dark green solution is produced which contains [CpFe(CO)(CS)]Z.

[CpFe(C0),(cS)T" + NaH —THE [cpFe(co)(Cs)I, [58]
Thin Tayer'chromatography of this reaction mixture shows that at least
5 separate products are formed, three of which are trans-
[CpFé(CO)(CS)]Z, gig;[CpFe(CO)(CS)]Z, and [CpFe(CO)Z]z.

A gjg,grggg;[CpFe(CO)(CS)]Z mixture can be isolated frdm this
reaction mixture by chromatography on Florisil with benzene, The '
initial grey-to-dark green band eluting from thé column contains the
[CpFe(CO)(CS)]z. However,.pure [CpFe(CO)(CS)]2 is best isolated by
chemical methods (vide infra).

Unlike its all-carbonyl anélog, [CpFe(CO)2]2, and its monothio-
carbony1 analog, [szFez(C0)3(CS)], the cis and trans isomers of
[CpFe(CO)(CS)]2 can be isolated in solution. CHromatography of the
gigpﬁrgngy[CpFe(CO)(CS)]2 mixture on Florisil with 1/1 benzene/hexanes
causes the development of a broad band in which the leading fractioﬁs
are enriched in the trans isomer, while the trailing fractions are

enriched in the cis isomer. The trans isomer can be isb]ated by
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fractional cnySta]lization from CS,/hexanes of the material from the
leading fractions. Fractional crysta]lization from CHZCIZ/hexanes
of the material in the trailing fractions, or of any cis,trans-
’[CpFe(CO)(CS)]Z mixture in which the cis isomer predominates, yields
the pure Eis isomer.

Structural assignments of the cis and trans isomers of
[CpFe(CO)(CS)]2 were based on the similarities of the positions and
intenéities of the terminal v(CO) infrared absorptions of
[CpFe(C0)(CS)], (see Table 2) to the terminal v(CO) infrared
absorptions assigned to cis- and ;ﬁgﬁé}[CBFé?Ebiéj;'(735:1353;

The [CpFe(CO)(CS)]2 dimer exists in sd]ution as a mixture of the
cis and trans isomers (see Figure 2). Although the pure cis and trans
isomefs can be isolated at room temperature, so1utions of either isomer
slowly isomerize to an equilibrium cis-trans.mixture. The rate of the
-cis-trans isomerization of [CpFe(CO)(CS)]2 is markedly slower than that
of [CpFe(C0)2]2 or [szFe2(00)3(CS)J. which attain equilibrium
immediately at room temperature in solution. The isomerization of
_t_ggp_g}[CpFe(CO)(CS)]2 to a cis-trans equilibrium mixture has been
investigated at 50°C in xyleng. At that teméerature.~the half-time to
reach an equilibrium cis-trans mixture is approximately 28 minutes.
Isomerization of either the pure cis or pure trans‘isomer to an

equilibrium mixture has also been observed in other solvents and at

room temperature. In fagt, during the separation of cis-.and trans-
[CpFe(CO)(,CS)]2 by column chromatography, if the elution rate is too

slow -- taking one-to-two hours for the entire band,to elute --
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Table 2. Infrared, ]H NMR, and ]3C NMR spectral data for cis- and

trans-[CpFe(_CO)(CS)]2

cis-[CpFe(C0)(CS)],

trans-[CpFe(C0)(CS)],

IR (CS,)

v(C0) 2011 vs cm”)
- ~ 1982 m

v(CS) 1124 s

TH R (CS,)
Cp | 5.22

3¢ R (cpe1)*
cs - -374.5° ppm
co -208.9
Cp -93.8

1979 vs em”!

1131 s

5,32 1

-374.5 ppm
-210.0
-96.7

qith 0.1 M Cr(acac), added.

bThe previously reported value of -287.6 ppm for the CS ligand (35)

is in error.
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enrichment of the leading fractions in _t_rg_g_s__—[CpFe(CO)(CS)]2 is not
observed. Thus, isomerization on the column occurred nearly as fast
as the separation.

The mechanism of the isomerization of [CpFe(CO)2]2 has been
studied extensively and is now well understood. The proposed Adams-
Cotton mechanism (Figure 3) involves the symmetrical opening of the
carbonyl bridges, followed by rotation about the metal-metal bond, and
then reformation of the carbonyl bridges to give the other isomer.

‘ Indeed, weak bands assigned to the intermediate nonbridgéd isomer have
been observed in infrared spectra of [CpFe(CO)ZJZ'in some solvents |
(136). This mechanism also accounts for the isomerization of
[szFez(C0)3(CS)] in which one of the bridging CO's is replaced by CS.
However, if both bridging CO's are replaced by CS groups, the Adams-
Cotton mechanism invariably leads to a structure containing a terminal
CS ligand. As no terminai CS_absorptions are observed during the
jsomerization of [CpFe(CO)(CS)JZ, this mechanism can be eliminated as
explaining the isomerization of [CpFe(CO)(CS)Jz.

Wnuk and Angelici (69) have proposed two possible mechanisms for
the isomerization of [CpRu(CO)(CS)]z, which is isostructural with
[CpFe(CO)(CS)]z. One (Scheme A) involves the direct exchange of CO and
CS sites and subsequent rearrangement via the Adams-Cotton mechanism
to produce the other isomef.

The other proposed mechanism (Scheme B) involves cleavage of one
bridging CS bond and the metal-metal bond to give a planar three-
coordinate intermediate. Rotation about the remaining bridging (R

bond gives the trans isomer after closure of the remaining CS bridge.
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Figure 3. Isomerization of [CpFe(_CO)z]2 by the Adams-Cotton mechanism
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A third proposed mechanism (Scheme C) would involve the unsymmetric
cleavage of the [CpM(CO)(CS)]2 dimer, again giving a planar, three-
coordinate intermediate. Then rotation about the M-M bond and
subsequent reformation of the CS bridges would give the trans isomer.
while it might be argued that the intermediate in this scheme would be
of high energy, having formally 20 electrons around one Fe and 16
around the other, this does not preclude consideration of this
mechanism. In fact, the utilization of a high energy intermediate may
help explain the slower isomerizatidn of [CpFe(CO)(CS)]2 compared to
[CpFe(CO)z]Z.

A11 the experimental evidence at present for both the
[CpFe(CO)(CS)]Z and [CpRu(CO)(,CS)]2 dimers is consistent with.any of |
the mechanisms given in Schemes A, B, or C (Figures 4, 5 and 6).

An x-ray crystal structure determination was performed on cis-
[CpFe(CO)(_CS)]2 for the pdrpose of comparing it with the known structure'.
of gjgr[CpFe(CO)ZJZ (138). A cbmputer generated drawing of the molecule
is shown in Figure 7. Selected interatomic distances are given in
Table 3, and selected interatomic angles are given in Table 4', This
structure has been previously reported (35). .A

With the exception of the Fe(1)-Fe(2) and the C-S bond distances,
the distances and angles of‘g_ig_-[CpFe(.CO)(CS)]2 and cis-[CpFe(C0),], are
the same. These similarities also exist in the recently reported
structure of_gjgr[szFez(co)3(cs)] (36). The Fe(1)-Fe(2) bond distance
of 2.482(1) R is significantly shorter than the 2.531(2) R in cis-
[CpFe(CO)ZJZ‘and the 2.505(2) R in gj;-[CpaFeé(CO)3(CS)]. This suggests
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Figure 7. A computer-generated drawing of the cis-[CpFe(CO)(CS)]2
molecule . -
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Table 3. Selected interatomic distances (R) for _qj_g_—[CpFe(CO)(CS)]2

Fe(1)-Fe(2) 2.482(1)
Fe(1)-C(1) 1.912(8) Fe(2)-C(1) 1.901(8)
Fe(1)-C(2) 1.910(7) Fe(2)-C(2) 1.902(7)
Fe(1)-C(3) 1.723(7) Fe(2)-C(4) 1.756(8)
Fe(1)-c612 1.765(1) Fe(2)-c62° 1.752(1)
Fe(1)-C(11) 2.104(8) Fe(2)-C(21) 2.101(9)
-c(12) 2.120(8) -c(22) 2.148(9)
-c(13) 2.100(9) -C(23) 2.100(11)
-C(14) 2.110(10) -C(24) 2.102(9)
-c(15) 2.131(8) -C(25) 2.122(9)
c(1)-s(1) 1.592(8) c(2)-s(2) 1.587(7)
C(3)-0(3) 1.166(8) c(4)-0(4) 1.139(9)
c(11)-c(12) 1.410(16) c(21)-C(22) 1.354(15)
c(12)-c(13) 1.398(15) | c(22)-C(23) 1.369(15)
€(13)-c(14) 1.396(14) c(23)-C(24) 1.361(14)
c(14)-c(15) 1.361(15) C(24)-C(25) 1.369(15)
c(15)-C(11) 1.379(15) C(25)-C(11) 1.422(18)

3cG1 .and CG2 are the centers of gravity for cyclopentadienyl
ring 1 (C(11)-C(15)) and 2 (C(21)-C(25)), respectively.



Table 4. Selected interatomic angles (°) for gj_g_-[CpFe(CO)(CS)]2

Fe(1)-C(1)-Fe(2)
Fe(1)-C(2)-Fe(2)
C(1)-Fe(1)-C(2)
c(1)-Fe(2)-C(2)

c(1)-Fe(1)-C(3)
C(2)-Fe(1)-C(3)
c(1)-Fe(1)-ca1®
C(2)-Fe(1)-CG1
C(3)-Fe(1)-CG1

Fe(1)-C(3)-0(3)

c(11)-c(12)-C(13)
c(12)-c(13)-C(14)
c(13)-C(14)-C(15)
C(14)-C(15)-C(11)
c(15)-c(11)-c(12)

Fe(1)-Ca1-C(11)
Fe(1)-C&1-C(12)
Fe(1)-CG1-C(13)
Fe(1)-CG1-C(14)
'Fe(1)-CG1-C(15)

Fe(1)-Fe(2)-C(4).
Fe(T)-Fe(?)-CGZ

81.2(3)
81.2(3)
96.8(3)
197.5(3)

 89.5(3)

87.9(3)
122.6(2)
125.2(2)
124.9(3)

178.5(7)

105.6(9)
107.7(9)
109.7(10)
107.1(11)
109.8(10)

89.2(4)
88.5(4)

88.4(4) .

90.2(5)
90.5(4)

198.8(3)
137.0(1)

Fe(1)-C(1)-5(1)

Fe(1)-C(2)-s(2)

~ Fe(2)-C(1)-5(1)

Fe(2)-C(2)-S(2)

C(1)-Fe(2)-C(4)
C(2)-Fe(2)-C(4)
c(1)-Fe(2)-ca2®
C(2)-Fe(2)-CG2
C(8)-Fe(2)-CG2

Fe(2)-C(4)-0(4)

C(21)-C(22)-C(23)
C(22)-C(23)-C(24)
c(23)-C(24)-C(25)
c(24)-C(25)-C(21)
€(25)-C(21)-C(22)

Fe(2)-CG2-C(21)
Fe(2)-CG2-C(22)
Fe(2)-CG2-C(23)
Fe(2)-CG2~C(24)
Fe(2)-CG2-C(25)

Fe(2)-Fe(1)-C(3).
Fe(2)-Fe(1)-CG1

138.5(5)
139.2(5)
140.3(5)
139.5(5)

88.2(3)
89.8(3)
124.4(2)
123.1(2)
124.2(3)

177.8(8)

104.7(11)
111.5(11)
108.1(11)
104.8(10)
110.9(12)

90.7(5)
91.2(4)
90.4(5)
89.6(5)
90.4(4)

98.3(3)
136.8(1)

4CG1 and CG2 are the centers of gravity for cyclopentadienyl
ring 1 (C(11)-C(15)) and 2 (C(21)-C(25)), respectively.
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Table 4. (Continued)

Torsional Angles

C(3)-Fe(1)-Fe(2)-C(4) 2.1(3)
C(3)-Fe(1)-Fe(2)-CG2 177.8(3)
CG1-Fe(1)-Fe(2)-CG2 3.2(2)

CGlfFe(1)-Fe(2)-C(4) 176.8(3)

Dihedral Angle
Fe(1)Fe(2)C(2)-Fe(1)Fe(2)C(1) 163.4
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stronger bonding between the two ha]vés of the diﬁer as the number of
bridging CS 1ligands increases in the molecule. The C-S bond distances
of‘].592(8) R and 1.587(7) & are longer than the 1.51-1.54_ﬂ distances
observed for terminal C=S ligands (3).

The bridging CS groups are bent away from the cis-cyclopentadienyl

ligands at a dihedral angle of 163.4°.
C. Reactions of [CpFe(CO)(CS)]2

1. Reaction of [CpFe(CO)(CS)]2 with nucleophiles and electrophiles

Terminal thiocarbonyl ligands have been shown to react with amines

to form coordinated jsocyanide ligands as shown in equation 59.

M-CzS + HéNR > M-C:N-R + H,S [59]

The mechanism is be]iéved to proceed by nucleophilic attack at the
thiocarbonyl C atom forming an aminothiocarbene intermediate,
M-C(SH)NHR,'which then decomposes to the observed products (70).

A bridging thiocarbonyl 1igand can be envisioned tovreact by a
similar mechanism to give a bridging iﬁocyanide complex. However,
[CpFe(,CO)(CS)]2 is not'observed to react with the primary amines,
methyl amine and cyclohexyl amine. at room temperature in so]utfon.
Nucleophilic attack by water is also not observed.

Electron-rich metal terminal thiocarbonyl complexes have been
shdwn to form Lewis acid adduct; at the sulfur atom, a behavior rarely

observed in e]ectrqn-r1ch metal carbonyl complexes.
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N(CO)(CS)(diphos)2 + HgX, —— [(diphos)Z(CO)W(CS—HgXZ)] (64) [60]

Metal carbonyl complexe$ containing bridging carbonyl ligands form Lewis
~acid adducts at the'oxygen of the bridging carbonyl ligand (139). Thus,
if was expected that [CpFe(CO)(CS)]2 would react with Lewis acids to
form sulfur-bonded adducts. This is indéed the case.

With the Lewis acid HgCl,, a cis,trans-[CpFe(C0)(CS)], mixture
reacts in solution to form the adduct [szFez(CO)z(CS)(CS-HgClZ)]:'

Et,0 '
[CpFe(CO)(CS)]2 + HgCl2 —2 [szFez(CO)a(CS)(CS-HgClZ)] [61]

The characterized product is a black air-stable powder; however, if the
reaction is conducted in CH2C12, a red-orange product is formed. There
appears to be no difference in the solid-state infrared spectra of the
two products; however, they may not be identical. Only the one-to-one
adduct appears to form, even with excess ch1é.

The carbonyl stretching frequencies of the HgCl2 adduct (2028 vs;
2019 sh,s; and 1995 s cm']) are 15 cm'] higher than in the starting
[CpFe(,CO)(CS)]2 dimer. The v(CS) absorption of [CpFe(CO)(CS)]2 is
split by the adduct formation, with the uncomplexed CS 1igand of the.
adduct absorbing 55 cm'] higher and the complexed CS 1igand absorbing
6 cm”! Tower than the 1124 cm™! of the parent [CpFe(CO)(CS)JZ.

“The [szFez(CO)z(CS)(CS-HgC]z)] adduct appears to exist in both
the cis and trans isomers, as the intensities of the v(C0) frequencies

are characteristic of a cis-trans mixture. (The cis isomer should have

terminal v(CO) intensities similar to those in _g_ig_-[CpFe(CO)(CS)]2
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(see Table 2); the same reasoning can be applied to the trans isomer
(see Table 2).) As the two major terminal v(CO) intensities of
[szFeZ(CO)Z(CS)(CS-HgC]Z)] are roughly equal, a cis-trans mi xture
appears to be present. Whether the presence of both cis and trans
isomers of [szFeZ(CO)z(CS)(CS-HgC]Z)] is due to isomerization of the
a&duct; or due to formation of adducts with both isomers of
[CpFe(CO)(CS)]2 is not evident, although the latter seems more probable.

The starting material, [CpFe(CO)(CS)]Z, can be regenerated from
[szFeZ(CO)Z(CS)(CS-HgC]z)] in solution by addition of NHy to remove the
HgC]z. |

Organic electrophiles also react with [CpFe(CO)(cs)]2 at the sulfur
atom. As reported in a previous paper (35), CH3SO3F reacts with
gj§;[CpFe(C0)(CS)]2 to give [CpZFez(CO)Z(CS)(CS-CH3)]+, an air-stab1e

black solid which was isolated as its PF;~ salt.

CH,C1
22 [Cp,Fe,(C0),(CS)(CS-CH,)T* [62]

gigf[CpFe(CO)(CS)]z + CH3SO3F

Alkylation of the sulfur atom of [CpFe(CO)(CS)]2 also occurs using
neat methyl iodide, a weaker electrophile. The product is the same,
after<PF6" anion'exchange, as that obtained with methyl fluorosulfonate.

The similarities in the intensities of the v(C0) absorptions of
[szFez(CO)z(CS)(CS-CH3)]+ (Table 5) to those in gj_g_—[CpFe(,CO)(CS)]2
(Table 2) suggest that the cyclopentadienyl rings are cis to each
other as in the startfng material. Alkylation of the sulfur atom in
[CpZFeZ(,CO)Z(CS)(CS-CH3)]+ causes the Q(CO)'frequencies to increase by

1

n30 cm ', the v(CS) frequency of the unalkylated CS to increase by
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Table 5. Infrared and TH NMR spectra of [szFez(CO)z(CS)(CS-CH3)]PF6
IR (CH2C12) 2043 s, 2011 m, 1178 s, 1070 w, and 1036 m cm-]
TH MR (d6-acetone) 7 6.20 (CH3)
| 4,17 (Cp)
4.27 (Cp)

], and the v(CS) of the alkylated CS to decrease by 90 cm'1

n55 cm
from the starting material, gjgf[CpFe(CO)(CS)]Z. The alkylated CS
infrared absorption also decreases in intensity and broadens.

The LY NMR spectrum of [szFez(CO)Z(CS)(CS-CH3)]+ indicates that
the C=S-CH3 bond is bent produciﬁg inequivalent cyclopentadienyl rings.
The cis arrangement of the cyc]obentadienyl rings and the bent

C=S-CH, bond of [szFez(CO)z(CS)(CS-CH3)]+ is supported by the re;ent
crystal structure of [szFez(C0)3(CS-Et)]+ which displays similar
infrared terminal v(CO) absorption intensities (51,61).
The rate of reaction of neat methyl iodide with both cis- :and

trans-[CpFe(CO)(CS)]2 is sufficiently slow at room temperature to

permit monitoring the reaction. The rate of reaction of
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Figure 8. cis=[Cp,Fe,(C0)(CS)(CS-CHy)T"
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trans-[CpFe(CO)(CS)]2 with the neat CHjI is much slower thén that of
cis-[CoFe(C0)(CS)],. (The ty, is 60 minutes for trans-[CpFe(CO)(CS)],
vs. a t]/4 of 8 minutes for gjg;[CpFe(CO)(CS)]Z at room temperature in
neat CH3I.) The same cis product is observed for both isomers,

although there is extensive decomposition in the reaction of the trans

isomer. The growth of an infrared band at 2004 cm”!

s Characteristic
of cis-[CpFe(C0)(CS)],, before observation of IR bands due-to the -
product, [szFez(CO)z(CS)(CS-CH3)]+, in the reaction of CHSI with
gggggr[CpFe(CO)(CS)]z would suggest that Ergggy[CpFe(CO)(CS)]2
isomerizes to gj_s__—[CpFe(CO)(CS)]2 which then reacts to form the
product. This also accounts for the slower reaction of trans-
[CpFe(CO)(CS)]2 with CH,I, and supports the supposition that the cis
isomer is somehow more nucleophilic than the trans isomer. (This has
been proposed by Quick (61) to account for the observation that

only gjg:[szFez(CO)s(CS-R)]+ is formed in the reaction of the mono-
thiocarbonyl dimer, [Cp2Fe2(CO)3(CS)], with alkyl halides.) ' There is
no onious steric preferénce for the cis isomer of

[Cp,Fe, (C0),(CS) (CS-CH3)T".

E]ectrophi]ic attack at the sulfur atom also appears to occur in
the reaction of gj_g_—[Cng(CO)(CS)J2 with Ag+. A red-violet precipitate
forms upon reaction of gj_s_,-[CpFe(CO)(_CS)J2 with AgPFg in benzene at
room témperature. The infrared spectrum of the solid (IR (Nujoj mull):
2040 vs, 2007 s, 1993 s, 1090 br, s and 1020 br, s cm™') would suggest
its formulation as [szFeZ(CO)Z(CS)(CS-Ag)JPFG.‘ However, the product

was not further characterized.
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2. Cleavage reactions of [CpFe(CO)(CS)]2

The all carbonyl complex, [CpFe(CO)2]2, undergoes both-oxidative
“and reductive cleavage to yield monomeric cyclopentadienyliron'carbonyl
complexes. As noted in the Introduction, oxidative cleavage of

[CpFe(CO)2]2 can occur using halogens (76,89,90) and HC1/0, (76).

[CpFe(CO)2]2 + I, > 2 CpFe(CO)ZI [63]

Reductive cleavage is typically conducted with sodium amalgam‘(76).
[CpFe(C0),], + 2 Na/Hg THE , Na[CpFe(C0),] [64]

It was of interest to ascertain whether the reactivity of
[CpFe(,CO)(CS)]2 would parallel that of [CpFe(c0)2]2

In contrast to the cleavage of [CpFe(C0)2]2 by HC1/0, (76) and
HBF4/02 (91), the bisthiocarbonyl analog, [CpFe(co)(CS)]z, remains
intact upon attack by‘HCI/O2 in EtOH/CHC]3 at room temperaturé. Indeed
this contrast in reactivity can be used in the isolation and
purification of [CpFe(CO)(CS)]z.

In the preparation of [CpFe(CO)(CS)]z, after the reaction of
[CpFe(CO)z(CS)JCF3SO3 with NaH, the solution is evaporated to dryness.
The residue is extracted with benzene, and this solution is filtered
through Celite to yield a dark brownish-green solution. This filtrate
contains [CpFe(CO)(CS)]z, small amounts of.[CpFe(ﬁO)ZJZ, possibly
[szFez(CO)a(cs)]. and some unknown by-products. As previously
discussed, the [CpFe(CO)(,CS)]2 can be isolated by column chromatography;

_however, as all three dimers color the column dark brown, the band
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separations are difficult to ascertain. Invariably, the [CpFe(CO)(CS)]2
product contains small amounts of the other two dimers, and must be
purified by fractional crystallization.

Alternately, the benzene extract containing [CpFe(CO)(CS)]2 can be
filtered through Florisil and evapofated to dryness. The residue is
then reacted with HC]/O2 in CHCI3/Et0H, which converts the [CpFe(C0)2]2
and [szFe2(00)3(CS)] to CpFe(C0)2C1 and CpFe(CO)(CS)C1. Separation
of the unreacted [CpFe(CO)(CS)]2 from CpFe(C0)201 and CpFe(C0)(CS)C1
is then easy as the later compounds are somewhat water soluble.

Although this method may seem more complicated than chromatography
for ‘the isolaﬁion of [CpFe(CO)(CS)]Z, it is preferable as it-is
l)‘faster, 2) easier to scale up, and 3) gives pure [CpFe(CO)(CS)]2
without resorting to fractional crystallization.

Bromine can cleave [CpFe(CO)(CS)]2 in refluxing CHC15 in approxi-
mately 20 minutes to yield CpFe(CO)(CS)Br, a tangerine air-stable solid.

[CpFe(CO)(CS)], + Br, -—c-ﬁé-r—a—> 2 CpFe(C0)(CS)Br - | [65]

The infrared spectrum of CpFe(C0)(CS)Br (see Table 7) shows one
terminal carbonyl absorption (2033 cm'l) and one terﬁinal.thiocarbonyl»
| absorption (1309 cm']) as expected. The cyclopentadienyl resonance at
4.90 T in the 'H NMR is a singlet, also as expected.
At.1qw temperature (0°C) addftion of Br, to [CpFe(CO)(CS)]2
results in a black precipitate which dries to a red-orange solid. The

infrared spectrum of this orange solid in CH3CN (2104 sh, w} 2084 s,
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2039 m, 1325 s, and f179 m cm'l) suggests its tentative identification
as {[CpFe(CO)(CS)JZBr}X. The assignment of a structure to this

product is by analogy to the formation of {[CpFe(CO)Z]ZX}X upon addition
of X, to [CpFe(CO)ZJ2 at Tow temperature (98). The presence of one
terminal v(CO) absorption (2084 cm'l) and one terminal v(CS)

absorption (1325 cm") in the infrared spectrum of the product suggests
a structure with no bridging thiocarbonyl 1igands as shown in Figure 9.

Haines and DuPreez (98) have studied the oxidation of [CpFe(CO)2]2
by halogens and have concluded that the oxidation proceeds through a
{[CpFe(CO)ZJZX}X intermediate to the CpFe(CO)ZX product. Indeed, these
intermediates have been isolated and characterized. Similarly, the
proposed {[CpFe(CO)(CS)]ZBr}X product slowly converts upon standing .in
solution to CpFe(C0)(CS)Br.

Addition of Clz to [Cng(,CO)(CS)]2 at low temperature in CC1, also
'resuTts in a prgcipitate. By analogy with the brdmine reaction (vide
§yggg) and with the all carbonyl system, this emerald-green product is
tentatively identified as {[CpFe(CO)(CS)JZCI}X. The product dissolves
in CH3CN‘to give an intense blue-green;SOIUtion; hbwever, decomposition
to a light brown solution occdrs during attempts to obtain an infrared
spectrum. It also reacts with acetone to give a 1ight brown solution.
Neither of these 1light brown solutions displays the infrared spectrum
of the expected decomposition product, CpFe(CO)(CS)C1. Infrared spectra
of both light brown solutions show only weak bands in the carbonyl - .

region. Further characterization of this product was not attempted.
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Figure 9. Proposed structure of {[CpFe(CO)(CS)]zBr}
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Iodine cleaves [CpFe(CO)(CS)J2 in reffuxing CHCH; however, the
yield of CpFe(CO)(CS)I is poor (19%). From the infrared spectrum of
the reaction mixture taken before refluxing was started, it appears
that approximately 1/3 of the [CpFe(CO)(CS)]2 had reacted at room
temperature in 30 minutes to form the proposed intermediate,
{[CpFe(CO)(CS)]21}+. As was the case with the bromine analog,
{[CpFe(CO)(CS)]ZI}+ displays one terminal v(CO) abSorption (2084 cm'])
and one terminal v(CS) absorption (1325 cm']) in this infrared spectrum.

In refluxing CHC1; with I,, where [CpFe(CO)z]2 is completely
converted to CpFe(CO)ZI in 30 minutes (76), after 40 minutgs
approximately-two-thirds of the starting [CpFe(CO)(_CS)]2 is still
unreacted. , | '

, It has, therefore, been shown that halogens can cleave
[CpFe(CO)(CS)]2 to form CpFe(CO)(CS)X (X = Br, I); however, there are
better routes to these complexes (vide post).

"Although [CpFe(CO)ZJ2 can be cleaved by reduction with Na/Hg (76)
and other reducing agents (see II. Review of Literature, p. 21), this
does not appear to be the case with [CpFe(CO)(CS)]Z. With an excess
(>2:1) of the reducing agents Na/Hg, CgKs oOr NaKz.e; ECpFe(CO)(CS)]2
reacts to form a gray to dark brown precipitate which is insoluble in
common solvents. The fdentity of this reduction product is open to
speculation. It shows no apparent reaction with Mel or ¢3Sn01. It
does dissolve in hexamethy]phosphortriamide to give a deep red solution,
however, again no apparent reactions occur with Mel or ¢3$nc1, and its

infrared spectrum is ill-defined.
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With a slight one-to-one excess of Na/Hg in THF, [CpFe(CO)(CS)]2
reacts fo give a red solution whose infrared spectrum is relatively
unchanged from that of the starting [CpFe(C0)(CS)],. Addition of CHsl
tb this solution in hopes of obtaining a stable derivative gave no
color change, which would suggest that no reaction occurred.
Evaporation of this solution to dryness and extraction of the residue
with 052 gave an air-sensitive red solution. The infrared spectrum of
this solution (2038 w, 2014 vs, 1983 m, 1776 m and 1124 s cm']) would
suggest that it contains [CpFe(CO)(CS)]z. However, the color, air-
sensitivity, and TH NMR spectrum (t 5.30 s, 5.92 s, 8.42 s and 8.78 m)
would argue against this. | |

Reduction of [CpFe(CO)(CS)]z,with an excess of the homogeneous
reducing agent sodium naphthalide (135) in THF gave an olive-green
solution. Again, a stable derivative was sought by addition of ¢3$nc1.
No reaction was apparent, and after exposure to air only a small amount
of the starting [CpFe(CO)(CS)]2 was recovered,

As stated above, the reduction of [CpFe(CO)(CS)]2 does not appear
to result in the c]eaQage of the [CpFe(CO)(CS)J2 dimer, unlike the
reduction of [CpFe(CO)2]2 and [szFez(C0)3(CS)] (61). Apparently,
three different reduction products can be obtained depending upon thé
choice of reductants and the stoichiometry of the reaction. A1l
products are air-sensitive and do not oxidize back to the dimer as
“does [CpFe(CO)ZJ'. Speculation as to the identity of these products
is unwarranted until further study offers more clues.. ReactiOn;of

[CpFe(CO)(CS)]z with sodium hydride does not occur.
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To summarize the oiidation and reduction reactions of
[CpFe(C0) (C5)1,:

1) Oxidation of [CpFe(CO)(CS)]2 with halogens does result in
cleavage of the dimer similar to [CpFe(CO)z]z, and indications are that
the cleavage proceeds similar to that of [CpFe(CO)2]2. However, the |
reaction cdnditions for the cleavage are harsher than those for
[CpFe(_CO)2]2 supporting the postulation that the two halves of the
[CpFe(,CO)(CS)]2 dimer are bound more tightly together than in
[CpFe(CO)z]z.

2) Reduction of [CpFe(CO)(CS)]2 does not cleave the dimer as
does reduction of [CpFe(C0),], and [szFez(C0)3(CS)]; and the

reduction products are as yet unidentified.

3. Other reactions of [CpFe(CO)(CS)J2

As the tetrahedral iron cluster éompound, [CpFe(CO)]4, can be
produced by photolysis of [CpFe(CO)ZJZ, it was of interest to see if -
the thiocarbonyl analog, [CpFe(CS)]4, could be produced‘in a similar
manner. This is not the case, however. Photolysis of [CpFe(CO)(CS)]2
in CHC]3 given a black residue which is soluble in CH3CN. The infrared
spectrum of the material (2049 vs, 2024 sh, m; 1181 s and 1004 m cm'1)
would suggest a tentative identification as [szFez(CO)(.CS)Z]2 (see
Figure 10). The frequencies and intensities of the thiocarbonyl
absorptions (1181 s and 1004 m cm"]) are similar to those 6f the Lewis
acid adducts of [CpFe(CO)(CS)]2 at'fhe sulfur atom (vide ante). Also,

photolysis of carbonyl complexes is known to typically result in CO.
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ligand displacement (140), and has been shown to occur with [CpFe(C0)2]2
in the presence of a neutral ligand (80). Thus, co d1sp1acement in two
[CpFe(CO)(CS)]2 units, followed by reciprocal adduct formation to form
[szFez(CO)(CS)ZJ2 is reasonable. However, the product was not further
characterized.

In view of the above, it is not surprising that attempts to
prepare [CpFe(CS)]4 under conditions similar to those used in the

preparation of [CpFe(CO)]4 were unsuccessful,
D. Reactions of [CpFe(C0),(cs)I*

Reaction of [CpFe(CO)z(CS)]CF3503 with an equimolar amount of an
alkali metal halide, MX, in THF at room temperature gives a mixture of

CpFe(C0)(CS)X and CpFe(CO)ZX. The ratio of the two products appears
[CpFe(CO) (CS)]CF3SO3 + MX THE ——=—> CpFe(C0)(CS)X + CpFe(CO)ZX [66]

to be dependent upon both the cation and the anion of MX; however,
the relationship between the alkali metal halide and the
[CpFe(CO)(CS)X]/[CpFe(CO)ZX] ratio is not obvious (see Table 6). The
physical properties of CpFe(C0)(CS)X and CpFe(CO)ZX are quite similar,
and separation of the two complexes by fractional crystallization,
chromatography, or sublimation is difficult. Hence, other methods for
preparing the CpFe(C0)(CS)X complexes were investigated.

~ While the reaction of [CpFe(CO)z(CS)]CF3SO3 with alkali metal
halides gives a mixture of CpFe(C0)(CS)X and CpFe(CO)zx. its reaction
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Table 6. The effect of MX upon the [CpFe(C0)(CS)X]/[CpFe(C0),X] ratio
for the reaction:

[CpFe(C0),(CS) ICF 350, + MX THE CpFe(CO)(CS)X + CpFe(C0) X

MX | [CpFe(C0)(CS)X]/[CpFe(C0),X1°
KI | 2.9
kel | . 0.64
NaC1 | | 1.4
LiC] , 4.4
LiBr | 0.19
Lil | o 3.3
Et,NI o | 0.55

aEst1mated from the 1nfnared spectra, assuming equal molar
absorptivities -for the v(CO) absorption in CpFe(C0)(CS)X and
CpFe(CO)zx.r o

i'e.
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with the psehdohalide, NaCN, does not appear to yield either
CpFe(CO)(CS)CN or CpFe(CO)ZCN. The infrared spectrum of the CSZ-
soluble product (IR (CSZ): 2057 s; 2041 sh, s; 2033 s; 1992 vs;
1950 w; 1280 w; 1250 w; and 1208 s cm']) does display absofptions in
the thiocarbonyl region (1350-1000 cm']); however, the identity of the
product(s) is not clear. Further characterization of the product(s)
was not attempted. |

Photolysis of [CpFe(,CO)Z(CS)]CF3$03 in CH2c12 gives'the red air-
sensitive complex CpFe(CO)(CS)CF3SO3: '

[CpFe(CO)Z(CS)]CF3SO3 CH;X - S CpFe(CO)(CS)CF3SO3 + CO [67]
From its infrared spectrum in CH2C12. the complex appears to exist as

an ion pair.}ICpFe(CO)(CS)(S)JCF3SO3 (S = CHZC12), as the absorptions
due to the anion, CF3803' (1269 vs; 1224 m; 1160 br, m; and 1033 vs
Cmf]) are re]ative]y'unChanged from those in [CpFe(CO)Z(CS)JCFssos.
However,'the red 0il is soluble in nonpolar solvents such_as hexene

and CSZ’ In CSZ’ the infrared spectrum show a shift in anion

absorptions to 1333 s, 1231 vs and 1195 s en”)

which suggests that the
CF3SO3' is coordinated to the metal through an oxygen atom (a similar
shift in the infrared absorptions of SO3F' occurs upon coordination to
a metal atom (141)).

Otherwise, the spectral data are as expected for CpFe(CO)(CS)CF 4S04
displaying a single terminal v(CO) absorption (2051 s cm'l) and a single

terminal v(CS) ébsorption (1322 vs cm']) in the infrared spectrum in
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CH,C1,5 a singlet fn theilﬂ NMR specf}um (4.76 t) in CS,; and absorp-
tions for CS (-321.7 &), CO (f207.8 8), and Cp (-88.0 8) in the 130 NMR
in CDC1,. o |
The utility of Cng(CO)(CS)CF3503 for the synthesis of other
qyc10pentadienyliroh thfocarbony1 complexes will be discussed later.
In other solvents such as THF or acetone, photolysis of
[CpFe(C0),(CS)JCF450, did not yield the expected [CpFe(C0)(cS)(L)T®
(L = THF or acetone) catibn. Small amounts of'CpFe(CO)(CS)CFssO3 may
be formed in these soIveﬁts as evidenced by a slight reddish Color and
weak bands in the infrared spectrum. However, prolonged irradiation
does not increase the yield; instead, decomposition products fog the
walls of fhe irradiation vessel and prevent further photolysis of the
solution. |
If the PF,~ salt of [CpFe(C0),(CS)I" is used, photolysis in
acetone gives an air-sensitive product which appears to be

[CpFe(_CO)(CS)(acetone)]PF6 (see Table 8 for its IR spectrum)

[che(c0)2(cs)]956 ?;ﬁ%%ﬁﬁ?> [CpFe(CO)(CS)(acetone)]PF6
| + (C0) [68]
This brown oil decomposes$§lgwly even under nitrogen, and is of little
synthetic utility. Irradiation of [CpFe(CO)Z(CS)]PF6 in other solvents,
such aé THF or CHZCIé,_is unsuccessful in producing
[CpFe(CO)(CS)(THF)]PFs*or;[che(CO)(CS)(S)]PFs. Again, decomposition
products,quick1y fog the wéIls of the irradiation vésse] precluding

further reaction.
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Photolysis of [CpFe(C0),(CS)IX (X = PF6' or CF3SO3') in aceto-
nitrile does not stop with the ejection of one carbonyl 1ligand, but

goes fully to [CpFe(CS)(CH3CN)2]+ (for spectral data see Table 11).

[CpFe(C0),(cs)T" cn;cu > [CpFe(CS) (CHCN),I" (69]

The yellow-green air-;tab1é solid is isolated in good yield. It
dissolves in polar organic solvents, and decomposes in water.

Irradiation of [CpFe(CO)Z(CS)]PF6 with Me,S in acetone will also
cause both carbonyl ligands to be disp]aced forming

[CpFe(CS)(MeZS)ZJPF6 (see Table 12 for spectral data). Photolysis

| ' hy
[CPFe(C0),(CS)IPFg + 2 Me,S ——r=rr> [CpFe(CS)(Me,yS), IPFe
+2CO [70]

of [CpFe(CO)z(cs)]PF6 with di-n-butyl sulfide also appears to give
the disubstituted product. The [CpFe(CS)(Me28)2]+ complex can be
obtained as black crystals by crystallization from its dark green
solution in CH2C12/0H013. The (n-Bu)ZS complex does not crystallize
but forms a dark green oil. | ‘

Irradiation of [Cpfe(CO)z(CS)]PF6 with P¢5 in acetone does not go
completely to [CpFe(CS)(P¢3)2]PF6, but to a mixture of the mono- and
bis-substituted cations, even upon pro]ongéd irradiation.

In all the photolysis reactions, prolonged jrradiation. results in
some deéomposition products, which deposit on the walls of the
photolysis vessel and decrease the light transmitted to the solution,

~ thus preventing further reaction.
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Photolysis of‘[C'pFe(Cb)z(CS)]+ has thus been shown to be an
effective method of removing one or two of the carbonyl ligands. Two
of the resulting compounds, CpFe(C0)(CS)CF;S0, and | '
thFe(CS)(CH3CN)2]PF6, aré'usefulkintermediates in producing other

thiocarbony] complexes of jron (vide post).
E. Reactions of CpFe(CO)(CS)CF3$03

Using CpFe(CO)(CS)CF3503, facile routes to the complexes
CpFe(CO)(CS)X (X = I, Br and C1) and [CpFe(CO)(CS)(L)JCF3SO3 have been

developed.

1. CpFe(C0)(CS)X complexes
Reactions of CpFe(CO)(,CS)CF3SO3 with halide ions give the
CpFe(CO)(CS)X (X = I, Br and C1) complexes. The yields of

CpFe(CO)(CS)CF3SO3 + KX > CpFe(CO)(CS)X + KCF3$03 [71]

CpFe(C0)(CS)X depend upon the halide ion, being greatest for iodide
and lbwest for chloride. The formation of a CpFe(CO)ZX impurity is
also dependent upon the halide ion, but decreases in the order:
C1>Br>I. The CpFe(co)zx impurity probably forms as a result of the
decomposition of some of the CpFe(CO)(CS)CF3$O3 providing free CO in
solution. The yield of CpFe(C0)(CS)X (a maximum of 64% for
CpFe(CO)(CS)I) is less than the estimated yield of CpFe(CO)(CS)CF3SO3
so some decomposition does occur. |

As stated earlier, the physical properties of the CpFe(CO)(CS)X

and CpFe(CO)Zx complexes are very similar. Separation can be
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accomplished by fractional crystallization or 1iquid chromatography;

however, the separation is not easy. Thus, for utilization in further

syntheses, it is desirable to use the halide that gives the greatest

yield and least impurity, CpFe(CO)(CS)I.
The spectra (Table 7) of the CpFe(CO)(CS)X complexes are as

expected, each displaying a single v(CO0) absorptioh and a single v(CS)

absorption in the infrared, and a singlet for the cyclopentadienyl ring

in the TH NMR.

Table 7. Infrared and TH NMR spectra of CpFe(CO)(CS)X complexes

Ty NMR
X v(c0), cm™! v(CS), cm” Cp, T
I 2024 s° 1306 vs® 4.932
Br 2033 s? 1309 vs? 5.00°
C 2036 s 1310 vs?
0S0,CF, 2051 sP 1322 vsP 4.76°
2054 s 1318 vs?

aCS2 solvent.
b

CH2C12 solvent.
cCDC'I3 solvent.
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2. [CpFe(CO)(CS)(L)]CF3$03 complexes

The monosubstituted [CpFe(CO)(CS)(L)]CF3SO3 complexes are produced
by action of a neutral ligand, L, on CpFe(C0)(CS)CF4S05. For the

CpFe(CO)(CS)CF3SO3 +L

> [CpFe(CO)(CS)(L)]CF3SO3 [72]

ligands triphenylphosphine, pyridine, and acetonitrile, the reaction
'proceeQS‘smoothly to a single product, [CpFe(CO)(CS)(L)]CF3SO3, which
precipitates out 6f the relatively nonpolar solution (Etzo or CH2C12/
hexénes). The products are pure and easily isolated.

However, with the ligahds. triphenylphosphite, trimethylphosphite
and di-n-butyl sulfice, the reaction gives a mixture of the mono-
 substituted, [CpFe(C0)(CS)(L)T*, and bis-substituted, [CpFe(CS)(L),1",
cations. The products are all tars or oils, and were not isolated,
although they were idenfified spectroscopically.

The formation of both [CpFe(C0)(CS)(L)T" and [CpFe(Cs)(L),T" with
P(0¢)3. P(OMe)3. and.(ﬁ-Bu)ZS is probably due to the increased
solubility of their mpnoéubstituted cations. With these ligands,"
the [CpFe(CO)(CS)(L)JCF3SO3 precipitate does not form as rapidly as
with P¢3; hence, further subétitution can occur. |

The Pg;-substituted cation, [CpFe(C0)(CS)(Po4)1*, has been
prepared previously by thermal substitution of [CpFe(CO)z(CS)]+ (53).
However, the photochemical method is faster, gives a higher yield, and
does not have the [CpFe(CO)Z(P¢é)]+ contaminant.

Attempts to prepare olefin-substituted cations,

[CpFe(CO)(CS)(olefin)]CF3SO3. by reaction of CpFe(CO)(CS)CF3SO3 with
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Table 8. Infrared spectra of [CpFe(CO)(CS)(L)]CF3SO3 complexes

1 1

L : v(CO), cm™ v(CS), cm” |
Poq 2034 s? 1323 vs®
py 2045 s2 1321 vs?
CHCN 2056 s2 | 1327 vs®
P(0),° . 2051 s2 1337 vs?
P(0Me) ;° 2043 s 1331 vs?
Bu,s” | 2040 s® 1323 vs?
Acetone® 2031 s© 1303 vs©

aCH3CN solvent.
bComplexes were not isolated.

CAcetone solvent.
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Table 9. VH NMR spectra of [CpFe(C0)(CS)(

L)]CF3503 complexes

L Cps T Other'respnances, T
Poq 4.45 (d, J = 1.0 Hz)®  2.27-2.72 ()2
by 4.32% 1.07-2.43 (m, py)®
CHCN ~ 4.33° 7.49 (CHLCN)?

P(0§),] 4.70 (d, J = 0.9 Hz)®  2.33-2.80 (m, ¢)*°C
P(0Me) ,° 4.28 (d, J = 1.1 Hz2)®  5.90-6.27 (m, Me)®*C
Bu,sP 4,28 6.90-7.32 (m, S-CH,-),

a,C
8.08-9.25 (m, -CHZCHZCHs)

adG-Acetone solvent,
bComp]exes were not isolated.

cResonancgs are mixed with those of t
[CpFe(CS)(L)2] .

he bis-substituted cation,
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the olefins cyclopentene or norbornadiene were unsuccessful. No
reaction was apparent and the CpFe(CO)(CS)CF3SO3 slowly dgcomposed
during the reaction. This would suggest that CF3503' is a stronger .
ligand than an olefin. Also, attempts to prepare
[CpFe(CO)(CS)(o‘Iefin)]+ by direct photolysis of [CpFe(CO)z(CS)]PF6 in

CH2012 with cyclohexene present were unsuccessful.
F. Reactions of CpFe(C0)(CS)I

The CpFe(CO)ZX (X = C1, Br and I) complexes react thermally with
phosphines to form CpFe(CO)(L)X and [CpFe(CO)Z(L)]X (108,109). with
the phosphites, only the neutral substituted halides, CpFe(CO)(L)X,
are formed (109,110).

Thgfmal substitution occurs in the thiocarbonyl analog,

CpFe(C0)(CS)I, according to the following equation:

A
CpFe(CO)(CS)I *L Senzers” CpFe(CS)(L)I + CO [73]

The neutral substituted halide, CpFe(CS)(L)I, is the only product
when L = P¢3,"As¢3, Sbgg, P(OMe)s and P(04)5. With the stronger
nucleophile, PEty, both CpFe(CO)(PEt3)I and [CpFe(CO)(CS)(PEt3)]I

appear to form.

CoFe(CO)(CS)T + PEL, i CpFe(CS) (PEty)1
+ [CpFe(C0)(CS) (PELy)]T  [74]

The CpFe(C0)(CS)I starting material used for the preparation of
these CpFe(CS)(L)I complexes contained a small amount of CpFe(CO)ZI
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1

Table 10. Infrared and 'H NMR spectra of the CpFe(CS)(L)I complexes

| IR g Ti MR |
L v(CS), cm"i Cpy T ~ Other resonances, T
© PEt, 12722 5.36 (d, J=0.8 Hz)? 7.68-8.27 (m, ~CH,-),
8.57-8.13 (m, -cus)a

Poy 12718 5.58 (d, J=0.9 Hz)? 2.22-2.83 (m, ¢)2
Astq 1202 5.50% (s)  2.33-2.80 (m, ¢)®
Sbog 12782 5.39% (s) 2,37-2.83 (m, ¢)?
P(OMe) 5 12782 5.312 (s) 6.29 (d, J=11 Hz, Me)®
P(04)4 12892 5.88% (s) 2.55-2.92 (m, ¢)2
cuscub 1277° 5.229 (s)

aCS2 solvent.
bComplex was not isolated.
cCH3CN solvent.

d003CN solvent.
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impurity. As a result, some CpFe(CO)(L)I and/or [CpFe(CO)z(PEt3)]I
was also formed during these reactions. It is, therefore, impossible
to state that no CS substiiution occurred when CpFe(C0)(CS)I was
reacted with the neutral ligands. However, if CS substitution did
occur, its extent was certainly small. | |

The rate of CO substitution in CpFe(CO)(CS)I is markedly faster
than in CpFe(CO)ZI. Formation of the triphenylphosphite substituted
halide, CpFe(CS)(P{0¢}3)I, is complete in 12 hours versus 24 hours for
CpFe(CO)(P{O¢}3)I (110). Also, the reaction of CpFe(CO)(CS)I with P¢3
to form CpFe(CS)(P¢3)I is complete in 3 hoﬁrs, while CpFe(CO)ZI takes
18 hours to form [CpFe(CO)z(P¢3)]I and CpFe(CO)(P¢3)I (108). These
reactions were all conducted in refluxing benzene.

Both the preference for CO substitution over CS substitution in
CpFe(C0)(CS)I and the increased rate of CO substitution in CpFe(C0)(CS)I
vs. CpFé(CO)ZI suggest that the Fe-CS bond is stronger than the Fe-CO
bond.

Inasmuch as the reduction of [CpFe(CO)(CS)]2 failed to give any
easily chéracterized reduced thiocarbonyl species (vide ante),
several attempts at reducing CpFe(CO)(CS)I were tried;

Attempted reduction of CpFe(C0)(CS)I with Mg or Mg/Hg gave no
apparent reaction. Reduction of CpFe(CO)(CS)I with either Zr/Hg or
methy1lithium gave [CpFe(CO)(,CS)]2 as the major product. - An attempt to
produce CpFe(CO)(CS)Co(CO)4 by reaction of CpFe(CO)(CS)I with
Na[Co(CO)4] gave no identifiable thiocarbonyl-containing products (as
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the product apparently did not contain the CS ligand, it was not

characterized).
G. Reactions of [CpFe(CS)(CH,CN),IPF,

A general characteristic of organonitrile transition metal
complexes is the ease with which the organonitrile 1igand can be
replaced by other ligands (142). Thus, it was expected that the
acetonitrile ligands in [CpFe(CS)(CH3CN)2]PF6 could be replaced by
Group VA ligands to form new iron thiocarbonyl complexes as shown in

equation [75]:

[CpFe(CS)(CHBCN)Z]PF6 +21L > [CpFe(CS)(L)Z]PF6

+ 2 CHyCN - [75]

| The bidentate Tigands o-phenanthroline and 2,2'-bipyridine do
displace both acetonitrile ligands to form [CpFe(CS)(phen)]PF6 and
[CpFe(CS)(bipy)]PFG, respectively. The yields are low, with the

CH2C12
[CpFe(CS)(CHscN)ZJPF6 + L-Ll ——%> [CpFe(CS)(L-L)]PF6

o + 2 CHCN [76]
L-L = phen, bipy

major by-product apparently being [Fe(phen)3](PF6)2 and
[Fe(bipy)3](PF6)2, respectively. These [Fe(L-L)3J2+ complexes appear
to be the major products of these reactions even when stoichiometric
amounts of each 1igand were slowly added to the solution of
[CpFe(CS)(CHscN)ZJPFG. There was no evidence of other thio;arbony1-

containing products in these reactions.
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“The infrared spectrum of [CpFe(CS)(phen)]PF6 (see Table 12) is
somewhat anomalous as it apparently has two v(CS) absorptions (1290 vs

and 1299 m, sh cm'l). However, the shoulder at 1299 om!

occurs at the
same position as the v(CS) absorption of [CpFe(CS)(CH3CN)2]PF6. So it
appears that the o-phenanthroline ligand dissociates somewhat in the
acetonitrile IR solvent.

Triphenylphosphine, P¢3, also will displace two CH3CN ligands from
[CpFe(CS) (CH,CN), JPF, to form [CpFe(CS)(Po3),IPFg. With stoichiometric

CH2C12 .
—=—£-> [CpFe(CS) (P¢3)2]PF6

+

[CpFe(CS) (Pp4) (CH,CN) IPF, [77]

[CpFe(CS)(CH3CN)2]PF6 + 2 Poq

amounts of reactants, only 34% of the theoretical yield of
[CpFe(CS)(P¢3)2]PF6 is obtained. The bright orange air-stable complex
crystallizes from CHZCTZ/benzene as the benzene monosolvate,
[CpFe(CS)(P¢3)2]PF6-C6H6. Without the benzene present, the complex
does not crystallize but forms a thick oil. A red o0il is the other
product of the reaction, and from spectral evidence appears to be
[CpFe(CS)(P¢3)(CH3CN)JPF6 (IR (CH3CN): 1292 vs, 1193 m, 1121 m, and
1095 m cm™'5 TH NMR (acetone): T 7.92 (br, s, CHiCN), 5.02 (s, Cp),
2.08-3.00 (m, P¢3). The ]H NMR spectrum was not clean and the assign-
ments are only tentative). | '

The ligands trimethylphosphite and triphenylphosphite only
displace one acetonitrile 1igahd from [CpFe(CS)(CH3CN)2]PF6 to form
[CpFe(CS)(CH3CN)(P{OMe}3)]PF6 and [CpFe(CS)(CH3CN)(P{0¢}3)JPF6,
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respectively (see Table 12 for spectral data). Both complexes form air-
stable orange crystals, with [CpFe(CS)(CHscN)(P{0¢}3)JPF6 crystallizing
as the mono-benzene solvate.

CH,C1, :
—_— [CpFe(CS)(CH3CN)(L)JPF6

+ CH3CN [78]

[CpFe(CS)(CH3CN)ZJPF6 +L
L = P(OMe)s, P(04),

Triethylphosphine reacts with [CpFe(CS)(CH3CN)ZJPF6'in CH2012 to
form three compounds -- CpFe(CS)(PEt3)Cl, [CpFe(CS)(CH3CN)(PEt3)]PF6
and [CpFe(CS)(PEt3)2]PF6. The presence of the unexpected

CH.C1
[CPFe(CS) (CHyCN) ,JPF + 2 PEE, —=£25 cpre(cs) (PEt,)CT

+ [CpFe(CS) (CH,CN) (PEL,) IPF + [CpFe(CS)(PE;),IPF,  [79]

CpFe(CS)(PEt3)C1 can be explained hy'PEt3 reactinngith the CH.C1,
solvent to form a phosphonium salt, [Et3PCH201]+Cl'. The free
chloride ion then can react with either [CpFe(CS)(CH3CN)(PEt3)]PF6 or
[CpFe(CS)(PEta)ZJPF6 to form the CpFe(CS)(PE£3)Cl. Alternatively, the
chloride ion can attack the starting material giving CpFe(CS)(CH3CN)Cl
which subsequently undergoes 1ligand replacement to give
CpFe(CS)(PEt3)Cl.

The number of acetonitrile ligands displaced in
[CpFe(CS)(CH3CN)2]PF6 increases with the nucleophilicity of the Group
VA ligand. The phosphites react to repTace one CH3CN ligand, while the
more nucleophilic phosphines are able to replace the second aceto-

nitrile ligand to a certain extent.
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1

Infrared and 'H NMR spéctra of [CpFe(CS)(CH3CN)(L)]PF6
complexes
1R? H NmrP
L v(CS), cm'] Cp, T Other resonances, T
CHACN 1298 4.84 7.48 (CH4CN) ’
PEt3 1292 4.84 (d, J=1.0 Hz) 7.52 (d, J=1.0 Hz,
CH3CH), 7.67-8.18 (m,
-CHZ-), 8.48-9.07 (m,
P(OMe)s 1304 4.81 (d, J=0.8 Hz) 6,15 (d, J=11.7 Hz,
P(OMe)3), 7.55 (d,
J=0.7 Hz, CH3CN)
P(0¢)3 1312 5.28 (d, J=0.8 Hz) 2.40-2.92 (m, P(0¢)3),

7.67 (d, J=1.1 Hz,
CH4CN)

aCH3CN solvent.

bdG

-Acetone solvent.
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Table 12. Infrared and 1H NMR spectra of [CpFe(CS)(L)ZJX complexes

IR Ty nwrP

(L)2 -~ v(CS), cm” Cp, T Other resonances, T
(Po3),° 1298 5.10 (t, J=1.3 Hz) 2.38-2.93 (m, ¢)
bipy© 1293 4.65 11.00-2.62 (m, bipy)
phen® 1290 vs; 1299 m, sh  4.58 0.65-2.12 (m, phen)
(PEtg),S*d 1299 4.77 (t, J=1.3 Hz) 7.67-8.18 (m, -CH,-),

| | 8.48-9.09 (m, ~CHg)
(P(0p)5), ¢ 1323 5.16 (t, J=1.0 Hz) 2.33-2.80 (m, ¢)F
(P(oMe),),3*® 1308 4.69 (t, J=1.0 Hz) 5.90-6.27 (m, Me)f
(Me,S),° 1287 4,78 7.60 (Me)
Bu,s?*® 1287 4.70 6.90-7.32 (m, S-CH,-),"

8.08-9.25 (m,
f
~CH,CH,CHo)

aCH3CN solvent.

by6

Cy =
X-PFG-

-Acetone solvent.

dComp]ex was not isolated.

ey -
X = CF4805.

fResonances are mixed with those of the monosubstituted cation,

[CpFe(CS)(CO)(L)T*.
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When [CpFe(CS)(CH3CN)2]PF6 is reacted with KI in CHyCN, spectral
evidence suggests that CpFe(CS)(CH3CN)I (IR (CH3CN): 1277 cm']; TH NMR
(CD3CN): t 5.22 (Cp)) is formed. The complex is air-stable in
solution; however, attempts to isolate it were unsuccessful, and
resu]ted in the unexpected product, CpFe(CS)ZI. Even extraction of

CH4CN

[CpFe(CS)(CH3CN)2]PF6 + KI > [CpFe(CS)(CH3CN)I]

l

CpFe(CS),1 [80]

the CH3CN solution of CpFe(CS)(CH3CN)I with CS, results in rapid
formation of CpFe(CS)ZI rather than transfer of CpFe(CS)(CH3CN)I to the
nonpolar solvent. It appears that a decrease in the CH3CN concen-
tration either by extraction into CS2 or evaporation to dryness

results in the formation of CpFe(CS)ZI. The CpFe(CS)ZI complex can
also be prepared by reaction of [CpFe(CS)(CH3CN)2]PF6 with KI in other
solvents (acetone and methanol); however, the existence of CpFe(CS)(S)I
intermediates in these so1vehts has not been confirmed due to the
opaqueness of the thiocarbonyl region in infrared spectra taken in
these solvents. |

Reaction of [CpFe(_CS)(CH3CN)2]PF6 with KBr in CH4CN gives
CpFe(CS)ZBrvin an analogous manner; however, the yields are poor.

The mechanism of the formation of CpFe(CS)ZI from CpFe(CS)(CH3CN)I
is unclear. One possibility would involve CS dissociation from
CpFe(CS)(CH3CN)I; then the free_CS 1igand would dispTace the CH3CN
ligand from a second CpFe(CS)(CH3CN)I molecule to give CpFe(CS)ZI
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Table 13. Infrared and Ty NMR spectra of the CpFe(CS)ZX complexes in

cs

2
IR T4 MR

X v(CS), cm ! Cp, T
4.95

I 1337 s, 1274 vs

Br | 1341 s, 1276 vs
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(as in the following equations):

CpFe(CS) (CH,CN)I > CpFe(CH,CN)I + CS - [81]

CS + CpFe(CS)(CH3CN)I > CpFe(CS)ZI + CH3CN [82]

However, this sequence is unlikely in view of the apparent stability
of CpFe(CS)(CH3CN)I in solution. The instability of free CS would -
also argue against this mechanism.

Another mechanism would involve formation of a binuclear complex

from'CpFe(CS)(CHscN)I, which subsequently decomposes to CpFe(CS)ZI:

o O Cp
\ //1\\ /
> Fe « Fe

sc/ Q_//\cs

CpFe(CS),I [83]

2 CpFe(CS)(CH3CN)I

However, any discussion of a mechanism for the formation of

CpFe(CS)ZI at this point is speculative and must éwait further evidence.
Confirmation of CpFe(CS)(CH3CN)I as the intermediate in the

formation of CpFe(CS)ZI comes from the reaction of the intermediate

‘with P¢, to form CpFe(CS)(P¢3)I. This is the best method of preparing

CpFe(CS)(P¢3)I, and probably other CpFe(CS)(L)I complexes, although

only the triphenylphosphine complex has been prepared by this procedure.
The preparation of CpFe(CS)(P¢3)I from [CpFe(CO)z(CS)]PF6 can be

conducted in a single flask by 1) irradiating to produce
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| [CpFe(CS)(CH3CN)2]PF6, 2) adding KI to form CpFe(CS)(CH3CN)I, and 3)
finally adding the neutral ligand, P¢3, to form CpFe(CS)(P¢3)I:

[CpFe(C0),(CS)IPFg ’E%ﬁéﬁ'> LCPFe(CS) (CHACN)  JPF
| KI
CpFe(CS) (CHACN)T
Poq
!
CpFe(CS) (Pog)I [84]

The only contaminants in the product are CpFe(C0)(CS)I and CpFe(CO)ZI,
probably formed by the attack of 1™ on what [CpFe(,CO)Z(CS)]_PF6 remains
after irradiation. These are easily separated from CpFe(CS)(P¢3)I by
cnysta]iization or column chromatography.

Reaction of KCN with [CpFe(CS)(CH3CN)2]PF6 in methanol gives a-
brown solution. The residue resulting from evaporating the solution
to dryness dissolves in CH3CN giving a yellow solution whose infrared
spectrum suggests the presence of an unknown thiocarbonyl species
(IR (CH3CN): 2097 s, 2057 w, 1954 w and 1278 vs cm"). The same
substance is obtained from the reaction of KCN with CpFe(CO)(CS)Br.
gy analogy to the carbonyl system, where CpFe(CO)ZBr reacts with KCN
to yield K[CpFe(CO)(CN)ZJ (119), one would expect the unknown
thiocarbonyl species to be K[CpFe(CS)(CN)ZJ. Attempts to crystallize

the compound were unsuccessful, and it was not characterized further.
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Several attempts were made to prepare thiocarbonyl complexes by
reaction of [CpFe(CS)(CH3CN)2]PF6 with reducing agents. With NaH, no
reaction.was apparent. With Na/Hg and sodium naphthalide, a reaction
occurred; however, no thiocarbonyl-containing products were apparent.
With Zn/Hg, partial reaction occurred, and after subsequent treatment
with Mel the only thiocarbonyl-containing products were CpFe(C0)(CS)I,"
CpFe(CS)ZI and unreacted [CpFe(CS)(CH3CN)ZJPF6. Reaction with Mg/Hg
(prepared from H912 and Mg), on the_other hand, gave a yellow proddét
whose infrared'spectrum strongly suggests a new thiocarbonyl species
(IR (CS,): 1320 s and 1259 vs cm'l), The infrared band positions and
intensities indicate the species is of the form CpFe(CS)zx, possibly
CpFe(CS)zMgI or [CpFe(CS)2]M (M = Mg or Hg), although the product was

not further characterized.
H. Miscellaneous Reactions

The substituted thiocérbonyl cations, [CpFe(CS)(P¢3)2]PF6 and
[CpFe(CS)(CH3CN)(P¢3)]PF6, like [CpFe(CS)(CH3CN)2]PF6 undergo
nucleophilic substitution with the iodide 1igand, in these cases
producing CpFe(CS)(P¢3)I.

Reaction of MeLi with CpFe(CS)(P¢3)I in THF at -78°C gives a
burgundy solution. The residue resu]ting from eVaporation of this
solution to dryness dissolves in CS2 giving an air-sensitive burgundy
solutfon whose infrared spectrum suggests the presence of.a

thiocarbonyl species (IR (CSZ): 1271 s, 1184 w, 1121 w, 1091 m and
'1070 m cm']). The v(CS) absorption at 1271 cm™! coincides with the



Table 14. 13¢ NMR spectra

of some cyclopentadienylthiocarbonyl complexes of iron?

Complex CS co Cp Other resonances

CpFe(C0)(CS)I -322.5 -212.5 -87.6

CPFe(C0) (CS)0S0,CF 5 -321.7 ~ -207.8 -88.0

[CpFe(CS)(CH,CN),IPF, -329.4 --- -87.4 -222.6 (CN), 4.1 (Me)

CpFe(CS)(Pg4)1 -325.0 (d, J=37.2 Hz) --- -87.1 -134.9, -132.9 (d, J=7.4 Hz),

| -129.5, -127.3 (d, J=8.9 Hz)

()

CpFe(CS) (P{OMe} ;)1 -323.1 (d, J=55.1 Hz) --- -86.5 -54.0 (d, J=4.3 Hz, Me)

CpFe(CS) (PEt,)I -324.4 (d, J=37.8 Hz2) --- -85.7 21.0 (d, J=2.1 Hz, -CH,-),
8.4 (-CHy)

CpFe(CS)ZI -323.4 -—- -90.6 -—

Chemical shifts

in ppm downfield from TMS, CDC]3 solvent and internal standard.

vel
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v(CS) absorption of the starting material, CpFe(CS)(P¢3)I. The product
of the reaction was expected to be CpFe(CS)(P¢3)Me, by aﬁa}ogy to the
reaction of CpFe(CO)(P¢3)I with MeLi to give CpFe(CO)(P¢3)Me (120). .
However, the physical evidence (color and air-sensitivity) and infrared
spectrum agree with neither CpFe(CS)(P¢3)I or CpFe(CS)(P¢3)Me (the v(CS)
absorption of CpFe(CS)(P¢3)Me should be Tower thah that of
CpFe(CS)(P¢3)I). The product was not further characterized.
Reaction of CpFe(CS)(P¢3)I with AgNO4 in CH2C12 appears to
produce CpFe(CS)(P¢3)NO3 (IR (CSZ): 1290 vs, 1260 s, 1252 vs cm
]H NMR (CSZ): T 5.45 (d, J = 1 Hz, CP); 2,28-2.92 (m, ¢); the assign-

1.

ment of a v(CS) absorption in the IR spectrum was not possible due to
the presumed presence of v(NO) absorptions of the N03' ligand).
Attempts to separate the CpFe(CS) (Po3)NO, from unreacted
CpFe(CS)(P¢3)I by fractional cnystallizatibn were unsuccessful, and

the complex was not further characterized.
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V. CONCLUSIONS

The cyclopentadienylthiocarbonyl complexes of iron described
herein, along with those described by Quick (61), greatly expand the
number and kind of known iron thiocarbonyl cbmp1exes. As with the
chemistry of other thiocarbonyl complexes, some of the results were
expected and paralleled known reactions of analogodé carbony1 complexes
or known reactions of thiocarbonyl complexes. In other cases, the
results were unexpected. .

One interesting product, [CpFe(CO)(CS)]z, came from the reaction
of [CpFe(C0),(CS)I" with NaH. The thiocarbonyl ligand in this dimer
shows a strong preference for the bridging position, as recently found
in other binuclear thiocarbonyl complexes. The bridging thiocarbonyl
1igands appear to bind the two halves of [CpFe(CO)(CS)]2 stronger than
in [CpFe(C0)2]2. This is evident in its shorter Fe-Fe distance and in-
its rate of cis-trans isomerization which is ﬁarkedly slower than
found in the all-carbonyl analog, [CpFe(CO)z]z.

Like electron-rich terminal thiocarbonyl 1igands, bridging
thiocarbonyl groups form Lewis acid adducts at the sulfur atom. The
[CpFe(CO)(CS)]2 dimer forms Lewis acid adducts at one of its sulfur
atoms with both inorganic (HgC]Z) and alkyl (CH3+) Lewis acids. The
formation:of other Lewis acid adducts involving a bridging thiocarbonyl
Iigahd has been studied by Quick (61) using [szFez(Co)3(CS)].

Oxidative cleavage of [CpFe(C0)(CS)], has been shbwn to be more
difficu]t than for [CpFe(CO)z]z, testifying to the stronger binding of
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the two halves of the molecule by the bridging thiocarbonyl 1ligands.
The mechanism of the reaction with halogens to give CpFe(CO)(CS)X
appears to proceed in a similar ménner_to tﬁat of the reaction of
halogens with [CpFe(CO)ZJZ.

Reduction of [CpFe(CO)(CS)]Z, unlike the reduction of [CpFe(CO)z]z,
appears not to cleave the dimer. However, the identity of the
reduction product is not clear, and appears to depend upon the
reducing agent and the stoichiometry of the reagents. |

Photolysis of [CpFe(CO)Z(CS)]+ has been shown to be an effective
method for selectively removing one or two carbonyl ligands. _
Photolysis of [CpFe(CO)z(CS)]CF3SO3 in CH2C12 gives CpFe(CO)(CS)CF3$03
which is useful in preparing CpFe(C0)(CS)X and [CpFe(CO)(CS)(L)]+
complexes. And, photolysis of [CpFe(CO)Z(CS)]+ in CHyCN yields
[CpFe(CS) (CHyCN),T" from which [CpFe(CS)(CH,LN)(L)T" and
[CpFe(CS)(L)2]+ complexes can be prepared. Also, the ECpFe(CS)(MeZS)2]+
complex has been prepared by the photolysis of [CpFe(CO)Z(CS)J+ in the
presence of MeZS in acetone.

The CpFe(C0)(CS)I complex has been shown to undergo thermal CO
substitution to give CpFe(CS)(L)I complexes. The preference for CO
substitution in CpFe(CO)(CS)I indicates that the M-CS bond is stronger
than the M-CO bond in this éystem.

The ﬁove] complex CpFe(CS)ZI is the end product of the reaction of
[CpFe(CS)(CH3CN)2]+ with KI. The reaction apparently proceeds through
a CpFé(CS)(CH3CN)I intermediate, which has been confirmed by spectral
evidence and its reaction with P¢3 to give CpFe(CS)(P¢3)I. However,
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the mechanism by which CpFe(CS)ZI~is formed is open to question. The
synthetic route through CpFe(CS)(CH3CN)I is the best method of
preparing CpFe(CS)(P¢3)I.

The preparation and properties of these thiocarbonyl complexes
offers further insight into the chemistry of metal thiocarbonyi
complexes. In particular, the synthesis and propérties of
[CpFe(CO)(CS)]Z, and the crystal structure of__g_i_g-[CpFe(CO)(CS)]2 have
demonstrated the stability of the bridging CS ligand. Also, photolysis
has been shown to be an effective method for se]ective]y removing

carbonyl ligands from metal carbonyl-thiocarbonyl complexes.
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VI. SUGGESTIONS FOR FURTHER STUDY

There are many areas uncovered by this research which warrant
investigation. Some of these have undergone preliminary investigation
while others became apparent in retrospect.

A study of the cis-trans isomerization of [CpFe(CO)(CS)]2 would
shed Tight on the mechanism of this isomerization. Also, it may help
explain the stability that bridging fhiocarbony] 1igands impart to
binding the two halves of the molecule together.

A detailed study of the kinetics of the reaction of CH3I with
cis- and gggggg[CpFe(CO)(CS)]z may indicate why only
gjg_—[szFez(CO)z(CS)(CS-Me)]+ is formed. There is no apparent steric
preference for the cis isomer.

The reduction of [CpFe(CO)(CS)]2 also poses questions. The
identity of the reaction products is not apbarent. The fact that
sbmething unexpected is occurring in these reactions would make their
study worthwhile.

The substituted cyc]opentadiehyliron thiocarbonyl cations,
[Cpre(cs)(C0)(L)]* and [CpFe(CS)(L),1*, offer new starting materials
for other iron thiocarbonyl complexes. For examp]e, reaction with NaH
may give the substituted dimers, [CpFe(CS)(L)]Z, or attack the cyclo-
pentadienyl ring to give (CSHG)Fe(CS)(L)Z.

Preliminary reactions indicate that it mdy be possible to

abstract I' from CpFe(CS)(P¢3)I. Thus, the CpFe(CS)(L)I complexes

may form starting materials for CpFe(CS)(L)R complexes,
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[CpFe(CS)(L)(oIefin)]+ complexes, and mixed-metal thiocarbonyl dimers

(i.e., CpFe(CS)(L)Co.(,CO)4).
Finally, the formation of CpFe(CS)ZI from [CpFe(CS)(CH3CN)2]+ ahd

KI raises questions a§ to the mechanism of its formation. And it also

offers potential routes to other dithiocarbonyl complexes of iron.
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