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DOE support for our research on metallacumulenes and carbide complex 
began in September, 1985 and ended in December, 1992. We investigated many 
aspects of transition metal complexes of carbon-rich ligands. These included 
cumulated transition metal carbene complexes of the types vinylidene (M=C=CR2), 
allenylidene (M=C=C=CR2) and butatrienylidene (M=C=C=CR2), as well as "naked" 
carbon ligands C1, C2 and C3. In the last 3 years, we began to put some of our effort 
into studying the fullerenes, a series of newly discovered, molecular allotropes of 
carbon. Finally, we investigated initial aspects of the coordination chemistry of 
thiophenes, from the perspectives of (1) modeling the transition-metal-catalyzed 
hydrodesulfurization of fossil fuels, and (2) development of metal-doped, 
polythiophene-based polymers. 

1. Vinylidenes 

A. Iron, Ruthenium and Osmium 

1. Alkyne to vinylidene rearrangements 

The ethyne to vinylidene (HCsCH + C=CH2) rearrangement is a fundamentally 
important transformation which is strongly endothermic in the gas phase. On certain 
metal surfaces and metal complexes, ethyne converts spontaneously to vinylidene. 
For example, reactions of [M(PR3)2(Cp)]+ (M = Fe, Ru, Os) sources with I-alkynes 
normally lead to vinylidene complexes [M(C=CR1H)(PR3)2(Cp)]+ without observed 
[M(q2-R1CSH)(PR3)2(Cp)]+ intermediates, especially for large phosphine ancillary 
ligands such as PPh3. However, we discovered that metastable q2-ethyne complexes 
of certain sterically nondemanding [M(PR&(Cp)]+ metal centers could be isolated, 
and the rearrangements of these complexes to their more stable vinylidene forms 
could be followed by NMR. This study was begun by Ph.D. student Kevin Frank and 
completed by Ph.D. student Jeffrey Lomprey. They found (Scheme 1) that the 
complexes [MX(PR3)2(Cp)] (MX = Fel, RuCI; PR3 = P(OMe)3, PMe3, PMe2Ph, 1/2 0- 
(PMe2)2C6H4, 112 MezPCH2CH2PMe2) react with ethyne in polar media to form 
metastable q2-ethyne complexes (I, R = H) which gradually rearrange to the 
thermodynamically favored vinylidene form (2, R = H). For I-alkynes such as propyne 
or phenylethyne, vinylidene complexes 2 were isolated with no trace of q2-ethyne 
species. 
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The kinetics of conversion of the q2-ethyne complexes 1 to their vinylidene 
isomers 2 were studied by using NMR spectroscopy. In Table 1, the size of the ligand 
is expressed as OCOr, a version of Tolman's original cone angles modified by Ernst to 
more accurately reflect the large volume swept out by flexible phosphine or phosphite 
ligands. The rates and activation parameters show that the rate of alkyne to vinylidene 
rearrangement is faster on iron than ruthenium, and is faster for larger ancillary 
ligands. 

Table 1. q2-Ethyne to Vinylidene Kinetics 

M L  @cor Ea AH* AS* t112 
(kcal.mol-1) (kcal-mol-1) (cal.mol-1) (T) 

Fe P(OMe)3 128" 21(2) 20(2) -9(4) 21 min (38OC) 
Ru P(OMe)3 128" 25(3) 21.5(9) -2(5) 40 min (65°C) 
Ru PMepPh 122" 18.8(7) 18.2(8) -1 l(2) 18 min (60°C) 
Ru PMe3 118" 20.5 (6) - 1 8(2)l -5 h (6O"C)l 

We also studied the rates of displacement of the q2-ethyne ligands from [M(q2- 
HC=CH)(PR3)2(Cp)]+ complexes. Ethyne was displaced from [Fe($- 
HC&H)(PMe3)2(Cp)]+ by acetone more rapidly than rearrangement to the vinylidene 
form occurred. The displacement of the ethyne ligand from [Fe(q2-HC=CH)L2(Cp)]+ 
(L = P(OMe)3, PMe3, 1/2 pdmp) by acetonitrile occurs readily. The rates of 
displacement were monitored spectrophotometrically. Activation parameters obtained 
in this study along with similar results from an analogous system are presented in 
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Table 2. Similar to the rearrangement reactions, the rates and activation parameters 
show that ethyne displacement is faster from iron than ruthenium, and is faster for 
larger ancillary ligands. 

Table 2. Activation Parameters for 
[M($-R'WH)(PR3)2(Cp)]+ + L + [ML(PR3)2(Cp)]+ + R W H  

'M R' PR3 L Ea (kCahO#AH$ AS$ 

m ol) 
(kcaVmol) (cal/K. 

Fe H 1/2 pdmp CH3CN 27.1(6) 28.7(4) 20(1) 
Fe H P(OMe)3 CH3CN 29.6(6) 27.1 (4) 13(1) 
Fe H -PMw CH3CN a a a 
Ru H PMe3 CD3CN 31 (1)' 9(4)' 

a. Too rapid to measure by NMR. 

2. Structure 

We have long been interested in whether there is any structural basis for the 
instability of 112-alkyne complexes on d6 metal centers. Structures of isomeric [Ru(q2- 
HC=CH)( PMeaPh)2(Cp)][ BF4] (4) and [ Ru(C=CH2) (PMe2Ph)2(Cp)][BF4] (5) were both 
determined by X-ray diffraction. Aside from the difference in the geometry of the 
carbon atoms of the C2H2 ligands , the structures are nearly identicaL2 (H atom 
positions were not determined.) The $-HC=CH ligand of 4 is not "tilted" or distorted in 
any way which indicates that it is predisposed to arrange. 

C15 
c9 

C16 
4 

3. Reactions 

a. Deprotonation. Both cationic q2-ethyne and vinylidene complexes are 
readily deprotonated to give neutral ethynyl complexes (3, Scheme 1). 
[Fe(C=CH){P(OMe)3}2(Cp)J (7) was structurally characterized by X-ray diffraction. The 
most important structural feature is the linear geometry of the ethynyl ligand; i.e., the 
F e - C S  angle is 176.9(2)' The Fe-C, bond (1.909(2) A) of 7 is very slightly shorter 
than the average Fe-C, distance of 1.922 A for three similar iron alkynyls 
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[ F ~ ( C S Z C R ) ( C O ) ~ ( ~ ~ - C ~ R ’ ~ ) ]  (R = H, Ph; R’ = H, Me), which may indicate a stronger 
metal-carbon bond. The C=C distance (1.199(3) A) falls in the range of free 
acetylenes (1.20 A), and organometallic alkynyls (1.18-1.25 A). (The hydrogen atom 
on the ethynyl ligand was located during the difference Fourier but could not be 
refined.) The iron to phosphorus distances in [Fe(C=CH){ P(OMe)3}2(Cp)], 2.1 20(1) A 
and 2.125(1) A, are slightly shorter than the average of fourteen other iron 
trimethylphosphite complexes, 2.156 A. We very recently completed the structure of 
[Fe(C=CH)(Ph2PCH2CH2CH2PPh2)(Cp)]. There are no significant differences in the 
bonding of the ethynyl ligand to iron; Le., the donor ability of the phosphorus ancillary 
ligands is not reflected in the structures. 

Protonation of the alkynyl complexes gave only vinylidene, never q*-ethyne 
products (Scheme 1). The q2-ethyne to vinylidene conversion can be carried out by 
stepwise deprotonation of 1 to give [M(CsCH)(PR3)2(Cp)] (3), followed by protonation 
to give exclusively vinylidene isomer 2. 

b. Coupling. Oxidatively coupling of the iron vinylidene complex 5 by either 
iodosobenzene or copper (It) acetate gave the diiron divinylidene complex 6 (Scheme 
2). This novel carbon-carbon bond forming reaction reverses the usual regioselectivity 
of copper-promoted 1 -alkyne couplings. Whereas normally an alkyne RC&H is 
oxidatively coupled in a tail-to-tail fashion to RCEC-CaCR, rearrangement of the 
alkyne to its vinylidene form on iron prior to coupling leads to a head-to-head 
coupling . 

@! Me 
2 Fe=C=C: 

Ph2,’!ph2 H 

5 

PhlO or 
_____) 

CU(OAC)~ 

Me 
Fe=C=C’ 

c =c m2p .*q \ bPph2 Me / 

6 
Scheme 2 

c. Nucleophilic additions. The reaction between [Ru(q2- HC=C H) - 
(PMe2Ph)2(Cp)]+ (4, Scheme 3) and PR3 results in the P-phosphonium vinyl 
complexes [ R u ( H C = C H P R ~ ) ( P M ~ ~ P ~ ) ~ ( C ~ ) ] +  (R = Me (sa), Ph (8b)). An a- 
regioisomer of 8a, [ R u ( C ( P M ~ ~ ) = C H ~ ) ( P M ~ ~ P ~ ) ~ ( C ~ ) ] +  (9), is prepared by the 
reaction of [Ru(C=CH2)(PMe;lPh)2(Cp)]+ (5) and PMe3. The structures of 8a and 9 
were confirmed by X-ray crystallography. 13C NMR spectra of the phosphonium 
complexes 8 and 9 reveal unusually small coupling constants between Ca and the 
nuclei directly bonded to Cm For Ca of 8a, 6c = 207.5 ppm and ~ J H C  = 121.5 Hz. This 
low value of 1 JHC for Ca is in the normal range for a spa hybridized carbon atom (1 14 
to 130 Hz) without heteroatom attachment, rather than in the expected sp2 range (148 
to 160 Hz). For Ca of 9,6c = 147.7 ppm and 1Jpc = 11.4 Hz; c.f, 1Jpc = 70.4 Hz for Cp 
of 8a. The unusual spectroscopic and structural properties of 8 and 9 lead us to 
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conclude that the small ~JHC and 1Jpc values of the C, resonances are due to some 
alkylidene character at the ruthenium-C, center. 

e 
I PR- 

G a  I 

Me2PhPv*;Ku<.G 
Me2PhP .- 

4 1 - 1  PR3 

I 

Me2PhPlD’ Rut- ____) PMe3 Me,PhPl>R: , H 
Me2PhP 4 “CcC/H Me2PhP +,C:C, 

Me3P H \ 
5 H 

9 
Scheme 3 

B. Molybdenum and tungsten. 

1. q*-Alkyne, alkynyl and vinylidene complexes 

Beginning in about 1986, we turned our attention to the vinylidene chemistry of 
the group 6 metals. We developed methods for the synthesis of a variety of electron- 
r i ch  molybdenum and tungsten alkynyls Scheme 4). 
[Mo(HC=CCMe3){P(OPh)3}2(Cp)][BF4] (1 Oa), which can be prepared in nearly 
quantitative yield from [Mo(HC=CCMe3)2(CO)(Cp)][BF4] and P(OPh)3, proved to be a 
key intermediate in the preparation of several molybdenum alkyne complexes. Simple 
substitution reactions give [ M o ( H C = C C M ~ ~ ) ( P R ~ ) ~ ( C ~ ) ] [ B F ~ ]  (1 1 , PR3 = PMe3, 
PMe2Ph 112 Me2PCH2CH2PMe2) in excellent yield. Larger phosphines give mixtures 
with [MO(HC=CCM~~)(PR~){P(OP~)~} (C~)~ [BF~]  (1 2, PR3 = PMePh2, PPh3) as the 
principal component. 

Molybdenum alkynyls trans-[Mo(C=CCMe3)L(PR&(Cp)] (13a-c, Scheme 5) 
were prepared by deprotonation of [Mo(HC=CCMeg)(PR3)2(Cp)]+ (10 and 11) using 
NaN(SiMe3)e in the presence of CO or P(OMe)3. The chelate complex cis- 
[Mo(C=CCMe3)(CO)(Ph2PCH=CHPPh2)(Cp)] (14) was prepared similarly. Attempts 
to prepare mixed q2-alkynelalkynyl complexes [M(C=C C M e3) (q2-  
R C=C R ) { P (0 M e)3}2 (C p) ] by de p r ot on at ion of [ M o ( H C=CC M e3) { P (0 M e)3}2 (C p) ] [ B F4] 
in the presence of alkynes MeCECMe or Me3COCSOCMe3 failed. Two electron-rich 
tungsten alkynyls i . rans-[W(C=CPh)(CO){P(OMe)~}~(Cp)]  (15) and cis- 
[W(C=CP~)(CO)(P~~PCH~PP~~)(CP)]  (1 6) were prepared by photolytic substitution of 
[ W(C=CP h) (CO)3(Cp)]. 

Electron-rich metal alkynyls [M(C=CR)(CO)L;!(Cp)] (13 - 16, Scheme 6) react 
with HBFq’Et20 or methyl triflate to give stable vinylidene complexes 
[M(C=CRE)(CO)L2(Cp)]+ (17 - 20) in the same manner as iron group alkynyls. The 
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molybdenum complexes are much more labile than their tungsten congeners; e.g., the 
molybdenum analogs of 18a and 18b were unstable above about 0°C. The structure 
of frans-[ W(C=CMePh) (CO)(P( OMe)3}2(Cp)][ PFg] (1 8b) was determ ined by X-ray 

[Mo~(CO),(CP)~ + 4 MeCCrCH + 2 AgBF, 

Me C Ga CMH 
.c I +  I 11- M 0-1 I I 
c A C, 

H’ C CMe, 
0 

l l a ,  L =  PMe, 
11 b, L = PMe,Ph, 
1 IC, L = 1/2 Me,PCH,CH,PMe, 

12a, R = Ph, L = PMePh, 
12b, R = Ph, L = PPh3 

Scheme 4 

NaN(SiMe,), 

L = CO, P(OMe), 
- 

loa, R =  Ph 
lob, R=Me 

cz9 
I 

13a, PR, = P(OMe),, L = CO 
13b, PR, = PMe,Ph, L = CO 
13c, PR, = L = P(OMe), 

Scheme 5 
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diffraction . The W-C(viny1idene) bond is short (1.947(6) /) and the planar vinylidene 
ligand lies in the symmetry plane of the [W(CO){P(OMe)3}2(Cp)]+ moiety. 

Molybdenum alkynyls without carbonyl ancillary ligands, Le. 
[Mo(C=CCMe3)(PR3)3(Cp)], are so basic that it is more convenient to isolate them in 

cia 
I EX HBF4.Et20 .- 

or MeOS02C F, 

13b, M = Mo, L = PMe2Ph, R = CMe3 
15, M = W, L = P(OMe),, R = Ph 

EX = HBF,*Et,O - 
or MeOS02CF3 

14, M = Mo, L2 = Ph2PCH=CHPPh2, R = CMe3 
16, M = W, L2 = Ph2PCH2PPh2, R = Ph 

Scheme 6 

E 

R 

/ =C, 

I ~ C ,  M = Mo, L = PMe2Ph, E = H 
17d, M = Mo, L = PMe2Ph, E = Me 
18a, M = W, L = P(OMe),, E = H 
18b, M = W, L = P(OMe),, E = Me 

19, M = Mo, E = Me 
20,M=W,E=Me 

their protonated (vinylidene) form. For example, the crude reaction mixture from the 
deprotonation of [Mo(HC=CCM~~){P(OM~)~}~ (C~) ] [BF~]  in the presence of PMe3 
gives trans-[Mo(C=CHCMe3)(PMe3){P(OMe)3}2(Cp)][PF6] in 63% yield when worked 
up by chromatography on alumina/NH4PFg. Incoming P(OMe)3 behaves similarly to 
give [Mo(C=CHCMe3){P(OMe)3}3(Cp)][PF6] . 

Cat ionic m of ybden um vinylidenes [ Mo (C=C HCMe3) LL'2 (C p)]+ are stable on I y 
when the ancillary ligand set LL'2 is strongly electron donating; e.g., the PMe2Ph 
complexes 17c and 17d in Scheme 6 are stable at room temperature. When the 
ancillary ligand set LL'2 includes only CO and phosphites, the vinylidene complexes 
are labile but can be observed by NMR at low temperature. Protonation of 
[Mo(C&CMe3)(CO){P(OMe)3}2(Cp)] (13a, Scheme 7) with HBF4Et20 at -78°C gives 
trans-[Mo(C=CHCMe3)(CO){P(OMe)3}2(Cp)][BF4] (17a), which decarbonylates to 
[Mo(HC=CCMe3){P(OMe)3}2(Cp)][BF4] (lob) above 0°C. The departing CO ligand 
can be replaced by an anionic ligand before rearrangement of the vinylidene ligand 
back to its q * - a l k y n e  form. Specifically, protonation of 
[Mo(C=CCMe3)(CO){P(OMe)g}2(Cp)] (13a) with excess triflic acid (HOTf) at -78OC 
gives the al kylidyne complex trans-[ Mo(& C H2C Me3) (OTf){ P (OMe)3}2 (Cp)][OTf] 
(21a). Protonation of [Mo(CjCCMe)(CO)(PMe2Ph)2(Cp)] (21 b) with excess 
HBFq.Et20 similarly gives ~ ~ ~ ~ S - [ M O ( = C C H ~ C M ~ ~ ) ( B F ~ ) ( P M ~ ~ P ~ ) ~ ( C ~ ) ] [ B F ~ ]  (21 b). 
This result is surprising, since the probable intermediate frans-[Mo(C=CHCMe3)- 
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(CO)(PMe2Ph)2(Cp)]+ (17c) is stable at room temperature. Evidently, a second 
protonation occurs at Cp (or possibly at Mo) which renders the CO ligand labile, 
leading to its replacement by the very weak, anionic ligand BF4. 

13a, L = P{OMe}, 
13b, L = PMe2Ph 

17a, L = P{OMe}, 
17c, L = PMe2Ph 

I +  
MGC-CHZR - 1 L.**" 1 X-MOZCC-CHZR 

f \  
L ' L  L 

21a, L = P{OMe},, X- = OS02CF,- 
21 b, L = PMe,Ph, X = BFd 

Scheme 7 

lob, L = P{OMe},, X = BFd 

The stable alkyne complexes [M(HC=CR)L2(Cp)]+ (M = Cr, Mo, W) are 
"isomeric" with, but have two fewer metal-based electrons than, the stable vinylidene 
complexes [M'(HCrCR)L2(Cp)]+ (M' = Fe, Ru, Os). We decided to try to "pump" two 
extra electrons into the Mo and W complexes, to see whether this would induce 
rearrangement to the vinylidene Exposure of [Mo($-HC=CCM~~)L~(C~)][BF~] 
(1 1 a ,  I 1  b ,  Scheme 8) to one atm of CO effects conversion to trans- 
[Mo(C=CHCMe3)(CO)Lz(Cp)][BF4] (22a, 22b) in 70-84% yield. The reaction is not 
very general, failing for ancillary phosphites (P(OMe)s, P(OPh)3), bulkier phosphines 
(PMePh2) and a chelating diphosphine (Me2PCHzCH2PMe2). Similarly, only CO as 
incoming ligand cleanly induces the alkyne to vinylidene rearrangement. PF3 reacts 
with [Mo(HC=CCMe3){P(OMe)3}2(Cp)][BF4] to give a mixture of trans-[Mo- 
(C=CHC M e3) (PF3){ P( OMe)3}2( C p)][ BFq] and [Mo( HC&C M e3) (P Fa){ P (OMe)3}- 
(Cp)][BF4] (NMR characterization). Isonitriles RN&: (R = CMe3, 2,6-C&Me2) react 
with [Mo(HCdXMe3){P(OMe)3}2(Cp)][BF4] to give a mixtures containing little to no 
vinylidene products (by NMR). The complexes [Mo(HC=CCMes)L2(Cp)][BFq] (L = 
P(OMe)3 or PMe2Ph) do not react with KCN. 

8 



2. Electrochemical and chemical reductions of d4 alkyne complexes 

We attempted to convert d4 alkyne complexes [M(HGCR)L2(Cp)]+ (M = Mo, W) 
to 66 vinylidene complexes [M(C=CHR)Lz(Cp)]- by direct two-electron reduction 
reactions. Green and coworkers had independently produced vinylidene anions of 
this type by the deprotonation of alkylidynes [M(=CCH2R)L2(Cp)], and trapped them 
with electrophile~.~ Cyclic voltammetry of the alkyne complexes CMo(HCSCMe3) 

I l a ,  L = PMe, 
I 1  b, L = PMepPh 

22a, L = PMe, 
22b, L = PMeaPh 

Scheme 8 

L2(Cp)][BF4] (loa, L = P(OPh)3; lob, L = P(OMe)3; I l a ,  L = PMe3; and L2 = dpe) 
shows two one-electron reduction waves. In each case, the first reduction (ca. -1.1 V 
vs. AglAgCI) is completely reversible at scan rates as low as 10 mV/s, but the second 
reduction (ca. -1.9 V vs. Ag/AgCI) is reversible only at high scan rates (above 500 
mV/s). This second reduction never becomes completely reversible because of the 
chemical step that follows. For the relatively electron-deficient complex 
[ Mo(HCrCC Me3)(CO) (PPh3) (Cp)][ BF41, three irreversible reduct ion waves are seen 
at -0.6, -1.4, and -1.8 volts vs. Ag/AgCI. 

Controlled-potential electrolysis of [ Mo( HC&C Me${ P( OMe)3}2( Cp)][ BF4] 
(lob) slightly below its first reduction potential in the presence of the spin trap phenyl- 
a-tert-butylnitrone (PBN) produces an adduct whose ESR spectrum displays a triplet of 
doublets due to splitting by 14N (S = 1) and 1H (S = 1/2). The absence of additional 
coupling suggests that the electrochemically produced radical is carbon-based. This 
data, combined with the reversible nature of the electrochemical reduction even at 
slow scan rates, leads us to suggest that the radical produced by one-electron 
reduction is [Mo(HC=CCMe3)(P(OMe)3}2(Cp)]'. (Preliminary studies by Vernon 
Parker of Utah State University suggest that the radical rapidly and reversibly 
dimerizes, but the study was complicated by adsorption on the electrode.) The site of 
PBN trapping is probably at the alkyne ligand. Attempts to trap the radical with a 
hydrogen atom using SnHBu3 failed. 

Cyclic voltammetry suggested that the anions produced by two-electron 
reduction of [Mo(HC=C C M e 3)L2(Cp)]+ rearranged to vinylidenes 
[Mo(HC=CCMe3)L2(Cp)]-. Reduction of [Mo(HCSCMe3)(CO)(PPh3)(Cp)][BF4] with 
excess sodium naphthalenide, followed by protonation with H20 and chromatography, 
led to a disappointing 4% yield of [Mo(=CCH2CMeg)(CO)(PPh3)(Cp)][BF4] (Scheme 
9). Attempts to improve this yield, and to prepare solutions of 
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[Mo(C=CHCMe3){P(OMe)3}2(Cp)]- by controlled-potential electrolysis or by chemical 
reduction using sodium or lithium naphthalenide failed. 

Several other physical studies of the [Mo(HC=CR)L2(Cp)]* system were carried 
out, including 95M0 NMR spectra and ESCA measurements on several species. 
ASED calculations (a modified extended Huckel method) on the cation, neutral 
radical, and anion in both alkyne and vinylidene forms supported the idea that the 
cation should be more stable in the $-alkyne form, the radical should be marginally 

v 
PPh3 C Me3 PPh3 

Scheme 9 

more stable in the q2-alkyne form, and the anion should be more stable in the 
vinylidene form. 

3. Tungsten vinylidene complexes with alkyne ancillary ligands 

We are interested in generating a complex with more than one vinylidene 
ligand on a single metal center. Lippard and coworkers have shown that two carbonyl 
ligands may be reductively coupled with difficulty the possibility, but that two 
isocyanides are significantly easier to ~ o u p l e ; ~ . ~  periodicity suggests that two 
vinylidenes should be even easier to couple. Optimistically, two I-alkynes could be 
coupled in a unique fashion on a metal by rearrangement to two vinylidenes, followed 
by reductive coupling in a "head-to-head" fashion. 

A logical approach to a bis(viny1idene) complex is to coordinate two 1-alkynes 
to a metal center, followed by their sequential conversion to vinylidenes via 
deprotonation and electrophilic addition (Scheme 10). We first needed to develop a 
method for the preparation of a complex with both an alkyne and a vinylidene ligand. 
To simplify the chemistry, we initially "locked" the alkyne ligand in q2-form by using a 
diarylalkyne ancillary ligand. Scheme 11 shows our method for the preparation of 
asymmetric tungsten 1 -alkyne/diarylafkyne complexes. Stepwise conversion of the 1 - 
alkyne ligand of 23 to a vinylidene proceeds satisfactorily via deprotonation with 
LiN(SiMe& followed by reaction of the resulting alkynyl complex 24 with HBF4.Et20 
or MeOTf. The low symmetry of these compounds introduces stereochemical 
complexity to their chemistry. For example, bis(alkyne) complex 23 is produced as a 
mixture of syn and anti alkyne orientation isomers, which interconvert slowly at room 
temperature (observed by 1 H NMR). X-ray crystal structure analysis of 
alkyne/vinylidene complex 25b established its structure, but was complicated by the 
existence of two independent molecules in the unit cell, with orientationally disordered 
vinylidene ligands. 
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H-C CdH -H+ H’C l l l -~~ l l l  - I~~-M-c=c R 

R Y C  c-h dC \ +E+ 
a 

+ NH4PFG Ph. 

+ Me,C-C=:C-H - 
Ph’ c CMe3 

C I  

E = H, 23 
solid state 

LiN(SiMe3)* 

Ph’ c 
0 

Ph. E EX = HBF,.EteO / 

Ph. Ga 
I +  1 I I-W=C=C, - ~ I - ~ C ~ C - C M e ,  

C I  CMe, or MeOS02CF, C I  
C Ph’ 0 

24 
Ph’ 

25a, E = H 
25b, E = Me 

Scheme 11 

Extending this chemistry to bis(1 -alkyne) complexes was not straightforward 
(Scheme 12). [W(BFq)(CO)3(Cp*)] (Cp* = q5-CsMes) reacts with fert-butyl acetylene 
to give the tungsten b is (a1 k yn e) com p lex [ W (CO) (q 2- H C=C C M e3)2 (C p*) ] [ B F4] (2 6). 
Deprotonation of 26 with KH gives alkynyValkyne complex [W(CSCMe3)(CO)($- 
HC=CCMe3)(Cp*)] (27). Methylation of 27 with [Me30][8F4] gives a\kyne/vinylidene 
cation [W(C=CM~CM~~) (CO) (~~-HCECCM~~) (C~* ) ] [BF~ ]  (28). Deprotonation of 28 



, I  1 '  
/ 

with NaN(SiMe3)2 under one atm of CO at -78OC gives [W(CO)2(q3- 
Me3CCnCC=CMeCMe3)(Cp*)] (29), containing an unusual q3-enynyl ligand. X-ray 
crystallographic characterization of 29 was consistent with spectroscopic data 
suggesting that a q3-enynyl description (resonance form 29a) is more appropriate 
than an alternative q3-trienyl description (29b). The facility of the insertion of a 
coordinated vinylidene into an adjacent metal-carbon bond is surprising. This finding 
suggests that any method for the synthesis of a bis(viny1idene) complex in which a 
vinylidene ligand is cis to a o-bonded carbon ligand will fak8 

/I e3c ' 
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Scheme 12 

Attempts to enter related group 6 alkyne-vinylidene systems were not 
successful. For example, we could not prepare chromium bis(alkyne) complexes 
[Cr(CO)(q2-RC=CR)2(Cp*)]+. Tungsten bis(alkyne) complexes [WX(q2-RC=CR)2(Cp)]+ 
(X = CI, I) were amazingly inert, resisting several efforts to convert them to alkynyls 
[W(CkCR1)(q*-RC~CR)2(Cp)]. 

II. Allenylidenes 

For several years, we have utilized reactions of 1 -alkyn-=J-ols HCsC(0H)RR' 
with [MXL2(q-C5H5)] (M = Fe, Ru, Os; X = halide) to prepare cationic allenylidene 
co m p I exes [ M ( C =C =G R R ' ) L2 (q - C 5 H 5)] + via the dehydration of inter m ed i at e 
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hydroxyvinylidene complexes [M{C=CHC(0H)RRi}L2(q-CsHs)l+. We investigated the 
scope of this reaction at both the metal and the organic end. 

The reported reaction of [RuCl(PMe3)2(Cp)] with HC=CC(OH)Ph2/NH4PFg 
gives the allenylidene cation [Ru(C=C=CPh2)(PMe3)2(Cp)][PF6] (30a, Scheme 13), 
which is very stable by virtue of the strong electron-donor ability of the 
[Ru(PMe3)2(Cp)] group.g The less electron-rich [RuCI(P(OMe)3}2(Cp)] also reacts 
smoothly with HC=CC(OH)Ph2/NH4PFe to give stable [Ru(C=C=CPh2)- 
(P(OMe)3}2(Cp)][PF6] (30b). Comparison of the crystal structures of 30a and 30b 
shows little difference in bond distances and angles, despite the much lower donor 
ability of P(OMe)3 compared to PMe3. This finding suggests that the propargylic 
resonance form, with the cationic charge localized at Cy is so dominant in these 
complexes that the electron-donor ability of the metal group is only of minor 
importance. However, there is a limit to how electron-deficient the metal center may 
be. The reaction of [RuCI(C0)2(Cp*)] with HC=CC(OH)Ph2/AgBF4 produces a deep 
purple com plex, presumably [ Ru(C=C=CPh2) (C0)2( Cp)][ BF4], which decomposes 
during workup to [Ru(C0)3(Cp*)][BF4]. Either the complex is extremely air- or water- 
sensitive and the allenylidene ligand is oxidized to a carbonyl, or intermolecular ligand 
exchange is very rapid, leading to a buildup of the very stable tricarbonyl complex plus 
unidentified byproducts. 

e + HC=CC(OH)Ph2 -,,M=C=C=C, ,Ph 

Ph 
.M-x 

L L 
30a, L = PMe, 
30b, L = P(OMe), 

Scheme 13 

Utilizing strongly electron-releasing organic substituents at C3 has enabled us 
to prepare several stable monosubstituted allenylidene complexes. Reactions of the 
transition metal halide complexes [MXL2(q-C5H5)] (M = Fey X = I ,  L2 = dppe; M = Ru, X 
= CI, L = PPh3, M = Os, X = Br, L = PPh3) with the alkynol HC=C(OH)(H)(Fc) (31, 
Scheme 14, Fc = ferrocenyl) in the presence of TIBF4 gave the first monosubstituted 
allenylidene complexes [M(C=C=CHFC)L~(~-C~H~)~IBF~] (32a: M = Ru, L = PPh3; 33: 
M = Fe, L2 = dppe; 34: M = Os, L = PPh3). Similarly the reaction of 31 with 
[RuCl(PPh3)2(q-CsHs)] and NH4PF6 in methanol gave [Ru(C=C=CHFc)(PPhs)&- 
C5H5)][PF6] (32b). These highly colored compounds were characterized by 
spectroscopic and electrochemical techniques and in the case of 32b by a single 
crystal X-ray structure determination. Cyclic voltammetry in MeCN in the presence of 
[Bun4N][CI04] at 100 mWs-1 shows a reversible ferrocenyl-based one-electron 
oxidation. Also observed are irreversible oxidation and reduction processes. The 
latter may be a result of reductive, intermolecular carbon-carbon coupling. 

Similarly, reactions of [RuCf(PPh3)2(q-CsH5)] with HC&(OH)(H)(p- 
C G H ~ R ) / N H ~ P F ~  gave [ R u ( C = C = C H - ~ - C ~ H ~ R ) ( P P ~ ~ ) ~ ( ~ - C ~ H ~ ) ] [ P F ~ ]  (Scheme 15: 
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35, R = NMe2; 36, R = OMe). These allenylidene complexes are brilliantly colored; 
the dimethylamino complex is brilliant blue, and the methoxy compound is deep rose- 
red. Both compounds were characterized spectroscopically and by an X-ray structure 
determination. Clearly, the propargylic resonance forms are major contributors to the 
compounds' stability. The bond length alternation in the allenylidene chains is most 
consistent with the descriptions [RU-C&-C+H-P-C~H~R] (35b and 36b). The 
dimethylamino group in 35 is planar, suggesting that the electron lone pair on 
nitrogen is conjugated into the aromatic ring, Le., the quinoid forms 35c and 36c are 

L 

a-l 
I 

H 

H-eC-C-  
I 

3 1  

V & 
Y- 

c l= (32- 

L 

Complex 
32a 
32b 
33 
34 

Scheme 14 

also significant resonance contributors. In both compounds, the allenylidene plane is 
roughly coincident with the [RuL2(Cp)] symmetry plane, but in 35 the aryl group is anti 
to the cyclopentadienyl ligand (like the ferrocenyl compound), whereas in 36 the aryl 
group is syn to the cyclopentadienyl ligand. 

35b 3 5 a  35c 

+ 

36b 

Scheme 15 

3 6 c  
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In forming complexes 30 and 32-36, there are no hydrogen atoms on Cs, so 
there is only one possible direction of dehydration of putative 3-hydroxyvinylidene 
intermediates, leading to allenylidenes. We were interested in establishing whether 
dehydration of a hydroxyvinylidene intermediate 37 (Scheme 16) would give an 
allenylidene (path a) or a vinylvinylidene (path b) product when there is a choice 
between two dehydration directions. Reactions of [RuCI(PMeg)2(Cp)] with 1- 
ethynylcyclohexanol or 1 -ethynylcyclopentanoI and NHqPFg lead to cationic 
cyc/oa/keny/viny/jdene corn plexes [ Ru{C=CH-cyclo-C=CH (CH2)n}( PMe& (C p)][ PFg] 

M-X 
CHR2 

I + H-C-C-&OH 
I 
R 

- x- 
_3c 

+ 
M- 

+ p f R 2  
M=C=C=C, 

R’ 

Allen ylidene 

H 

C 
OH 

+ / 
M=C=C, / 

/ \  R’ CHR2 

H + / 
R M =C =C, 0 c=c, 

R: R 
Vin ylvinylidene 

Scheme 16 

(Scheme 17: 38, n = 4, and 39, n = 3) in ca. 80% yield. Similarly, 3-isopropyl-4- 
methyl-1-pentyn-3-01 (HC=CC(OH)(CHMe2)2) produces [Ru{C=CHC(CHMe2)- 
(=CMe2))(PMe3)2(Cp)]~PF6] (40) in 77% yield. The structure of 38 was determined 
by X-ray diffraction. The molecule contains a cyclohexenylvinylidene ligand bonded to 
the ruthenium atom by a short Ru-C bond (1.843(7) A). The vinylvinylidene products 
were spectroscopically characterized; the Ca signals at very low field (6c = 346 to 356 
ppm) are especially diagnostic. There is a clear preference for vinyivinylidene, rather 
than allenylidene, formation in this system. 

111. Butatrienylidenes 

Having investigated aspects of vinylidene and allenylidene complexes, we 
trained our sights on the next higher cumulogs, butatrienylidene complexes 
(M=C=C=C=CR2). Reactions of [RuCI(PPh3)2(Cp)] (Cp = q-CgH5) with 
Me3SiC=CCOCR2H and KF in methanol result in the formation of ketoalkynyl 
complexes [Ru(C=CCOCHMe2)(PPh3)2(Cp)] (Scheme 18, 41a, R = Me; 41b, R = Ph) 
in about 80% yield. 41a and 41 b react with trifluoroacetic anhydride at ambient 
temperature to give enynyls [RU(C=CC(OCOCF~)CR~}(PP~~)~(C~)] (42 a and 42b), 
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whose structures were determined by X-ray crystallography. They displayed 
unusually long CyO bond lengths, suggestive of partial ionization in the solid state.. 
42a and 42b may be considered as cationic ruthenium butatrienylidene complexes 
trapped by the attachment of a trifluoroacetate anion to Cy of the [Ru=C=C=C=CR2]+ 
chain. Several related enyn yl complexes [Ru{C=CC( OE)( =C R2)}( PPh3)2(Cp)] (43) 
were prepared by reactions of 41a, 41b or their acylate anions obtained by 
deprotonation with NaN(SiMe&, with MeCOCI, SiCI(CMe3)Me2 or MeOS02CF3. 
The enynyl complexes 42 and 43 exhibit ambiphilic behavior in additions of 
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electrophiles and nucleophiles. The regiochemistry of electrophilic addition reactions 
depends on the nature of the OE group. The electron-donating methoxide group of 
[Ru{C/CC(QMe)(=CMe2))(PPh3)2(Cp)] (43) directs the electrophiles HBF4-EtzO and 
methyl triflate to the &carbon, forming allenylidene complexes 44a and 44b. The 
electron-withdrawing trifluoroacetate group of 42a directs trifluoroacetic anhydride to 
the P-carbon, forming the vinylidene complex 45. Trifluoroacetate is readily displaced 
from 42a and 42b by nucleophiles, giving [Ru{C=CC(OMe)(=CMe2)}(PPh3)2(Cp)] 
(43) with methoxide or adducts [Ru{C=CC(Nu)(=CR2))(PPh3)2(Cp)]+ (46, Nu = 



CsHsN, PMe3). The novel "naked" butatrienylidene cation [Ru(=C=C=C=CPh2}(PPh- 
3 )2(Cp) ]+  (47) was generated in reactions of enynyl complexes 
[Ru{C=CC(OE)(=CPh2)}(PPh3)2(Cp)] (43b or 43, R = Ph) with Lewis acids. The 
sodium salts Na[BPh4] and Na[B(3,5-(CF3)2C6H3)4] are sufficiently Lewis acidic to 
effect ionization of complexes bearing labile leaving groups (OE = OCOCF3, OCOMe), 
whereas complexes bearing less labile leaving groups (OE = OMe, OSiButMe2) 
require the use of the stronger Lewis acid boron trifluoride. These 
[Ru{=C=C=C=CPh2}(PPh3)2(Cp)]+ salts were too reactive to isolate, but were 
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CHR2 [RuI-CEC-C -* [ Ru]= C=C=C = C, [RuJ-CSC-C: 
Ph 

47, X = BPh4, 
B(3*5-(CF3)2C6H3)4 

Nu' 0 [Ru] - C3C -C 
%-F 
R 

Me Me 

\Nu I 
- CF3C02H d 

41a, R =Me 42a, R =Me 
41b, R = Ph 42b, R = Ph 

NaN(SiMe3)*, EX 

'C' 
II  

+ E, 46, NU = CSHgN, 0-Me 
[Ru]=C=C*"* 0-tfF3 PMe3, PPh, 

0 0-E + 
[Ru]-C~C- %\ 0 E'X [Ru]=C=C=C, 

C-R CMe# ' 0  c=o 
d F d  

43, R = Me, Ph 
E = MeCO, Si(CM%Me2, Me 

44a, E = H 
44b, E' = Me 

* 45 

Scheme 18, [Ru] = [Ru(PPh3)n(Cp)l 

Ph. + TIBF4 
M-CEC-H + 

PR3 PhO 8 
R,P .***''A 

C I  

M = Fe, PR, = PMe,, P(OMe),, 

M = Ru, PR, = PMe,, P(OMe), 
Ph,P(CH&PPh2 48 J. + 

49 

Scheme 19 

17 



characterized by I H  NMR and 1% NMR spectroscopy, and by trapping with 
triphenylphosphine and pyridine to give [Ru(C=CC(L)(=CPh-2))(PPh&(Cp)][X] (46, R 
= Ph, L = PPh3, NCsHs). 

IV. Carbides 

1. C1 and y-C2 complexes 

Reactions of the ethynyl complexes [M(C=CH)(PR3)2(Cp)] with the transition 
metal electrophile, [WCI(CO)(PhC=CPh)(Cp)]/TlBF4, gave a series of heterobimetallic 
y-ethynyl complexes (48, Scheme 19). A X-ray crystal structure determination of 
[(Cp)(PMe3)2Ru(y-C=CH)W(CO)(PhC=CPh)(Cp)][BF4] revealed a geometry in which 
the ethynyl bridge is o-bonded to ruthenium, but distinctly distorted from q2 geometry 
at tungsten. The nearly linear Ru-CI-C2 angle of 163(1)" combined with the long W- 
C1 distance of 2.53(1) a suggest that the solid-state structure more closely resembles 
a cationic ruthenium complex with a tungsten-substituted vinylidene ligand, rather than 
a cationic tungsten complex with a ruthenium-substituted alkyne ligand as suggested 
by spectroscopic evidence 

Deprotonation of the p-ethynyl complexes at low temperature gave the 
heterobimetallic eth ynediyl corn plexes [(Cp)(PR&M (p-C=C) W(C0) (P hC=CP h) (Cp)] 
(49). Attempts to make heterobimetallic bicarbide complexes [M=C=C=M']*+ via 
chemical and electrochemical oxidations of the complexes 49 were not successful. 

The tungsten propylidyne complex 5 0 ,  developed by Schrock and 
Chisholm,lO*ll metathesizes alkynes efficiently. The ruthenium propynyl complex 51 
reacts with a stoichiometric amount of 50 in toluene solution to give the ruthenium- 
substituted alkylidyne complex 52 (Scheme 20). The crystal structure of 52 shows a 
single carbon atom bridging ruthenium and tungsten atoms in a linear fashion 
(177(2)O), with a short, triple W-C bond (1.75(2) A) and a long, single Ru-C bond 
(2.09(2) A). 

In contrast, reactions of propynyl 51 with a catalytic amount of either 50 or its 
precursor, [Wz( OCMe3)6], in saturated hydrocarbon solvent leads to a yellow 
precipitate of the ethynediyl complex [(Cp)(C0)2Ru-C=W(OCMe&] 53 in good yield. 
The structure of 53 shows a linear Ru-CS-Ru chain (angles at C are 178.1 (9)" and 
179,6(9)" with Ru-C single bonds (1.87(1) 8, 1.88(1) A) and a typical C=C triple bond 

alkyne metathesis catalysts were not successful. We remain puzzled at the lack of 
generality of this reaction. 

The ethynediyl ligand of 53 is reactive. It reacts with diiron nonacarbonyl to 
form [Fe;rRu2(~(1:y4,17~-C~C)(y-CO)(C0)8(~-CgH5)~] (54, Scheme 21), a bicarbide- 
centered metal cluster. An X-ray crystal structure shows that one of the ruthenium 
atoms migrates from a position where it is o-bonded to a single ethynediyl carbon in 
53 to become $-bonded to the ethynediyl unit in 54. A similar reaction of 53 with 
dicobalt octacarbonyl gives [ C O ~ R U ~ ( ~ ~ - C = C ) ( C O ) ~ O ( ~ - C ~ H ~ ) ~ ]  (55), which 
structurally resem bles many other [Co2(CO)6]-al kyne com plexes. 

(1.19(1) a ). Attempts to make other y-ethynediyl complexes by means of tungsten 
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2. Tricarbide complexes 

We have prepared the first trimetallic complexes of the cyclo-C3 ligand. This 
work complements efforts by Gladysz, who has prepared bimetallic complexes of 
linear C2,12 C3,13 and C4,14s15 and a trimetallic complex of linear C3.16 Other 
complexes of pure carbon ligands include metal complexes of the fullerenes (c60, 
C70, etc.) prepared by Fagan,17 Balchl8 and others. 

The reaction of three equivalents ~ of Na[Fe(C0)2(Cp)] with [C3Cl3][Sbf6], 
generated from CsC14 and AgSbF6, [(F~(CQ)~(C~)}~(C~~-C~)I[S~F~I (56). The X-ray 
crystal structure of 1 shows a nearly equilateral C3 ring with an iron center bonded to 
each vertex (significant distances (A): Fel-CI, 1.913 (6); Fe242,I .917 (6); Fe343, 
1.919 (7); C142,  1.388 (9); C143, 1.394 (9); C243, 1.375 (9)). The compound is 
fully characterized spectroscopically, including 1% NMR with 6ca = 256.6. We have 
prepared analogous C3 compounds with three [Ru(C0)2(Cp)] or [Re(CO)s] groups. 
The tri-iron complex consistently analyzes for three fewer carbon atoms than are 
present in the molecule, which may indicate that an FeC phase survives combustion at 
about 1000°C. 

56 

.OEt 

M = Cr, Mo, W (2) [Et&] [BFd Y 
OEt 
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Similar neutral C3 complexes are being prepared via the reactions in Scheme 
22. We have characterized the cyclopropenylidene complexes 57 with one iron 
attached, but have not been able to drive the addition of a second iron center. 

V. Other topics 

Our DOE project led us in a few new directions which were pursued briefly with 
DOE funding. New sources of funding were sought when the new projects had 
diverged from our DOE interests. 

1. Fullerenes 

Our interest in all-carbon ligands naturally attracted us to the fullerenes, which 
became available during the period of DOE support. With Prof. Mark Meier, we 
discovered that it is possible to separate C60 from C70 on gel permeation 
chromatography (GPC) columns with 100% toluene as the mobile phase. This method 
allowed a substantial scaleup of fullerene purification from the labor- and solvent- 
intensive open alumina column chromatography which was in use up to our report. 
The GPC method allowed us to process kilograms of fullerene-rich soot, and provided 
us with pure fullerenes for many chemical studies. 

We were also able to apply the GPC method to the purification of the higher 
fullerene C84. At 95OC on Waters Ultrastyragel (500 A) columns, the chromatographic 
bandshape is sharp enough to allow "shaving" of a pure Ca fraction. The identity and 
purity of the sample were confirmed by HPLC analysis on a Cl8-silica column, UV- 
visible spectroscopy, and Fourier Transform mass spectrometry (FT-MS). 

The electrochemistry of C84 was successfully examined in both benzonitrile and 
ortho-dichlorobenzene (ODCB). Five couples can be clearly observed at potentials 
more negative than the rest potential. The first three of these are particularly well- 
behaved, representing the chemically and electrochemically reversible formation of 
C84-, c842', and C843-. The fourth and fifth reductions were less well-behaved. Our 
larger fullerene work continues with other sources of funding. 

2. Cyclopentadienyl metal complexes 

The metallacumulene studies described above required us to develop new or 
improved preparations of several transition metal starting materials. The ruthenium 
and osmium complexes [MCI(CO)2(Cp)J had been studied in much less detail than 
their iron analog because of inefficient syntheses and higher cost. We obtained 
[RuCI(C0)2(Cp)] (58) in two simple steps from [RuCI3(H20),]. [RuCl2(C0)3]2, 
produced by refluxing [RUCI~(H~O)~]  in hydrochloric and formic acids, reacts cleanly 
with [SiMes(CgHg)] to give 58 in 74% overall yield from [ R U C I ~ ( H ~ O ) ~ ] .  
[OsCI(CO)2(Cp)J (59) is similarly obtained in four steps from [OSO~]. Known 
conversion of [Os041 to [NH4]2[OsC16], reduction to [OSCI~] and carbonylation to 
[OsC12(CO)3]2 in a tube furnace, and finally reaction with [SiMea(CsH5)] give 59 in 
26% overall yield from [OSO~]. These preparations are a significant improvement over 
previous published methods, avoiding the intermediacy of [M3(CO)12]. 
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Also in the iron group, we prepared several new electron-rich metal halides 
[MX(PR3)2(Cp)] (M = Fe, Ru; X = CI, Br, I). Most of the iron compounds (L = P(OMe)3, 
PMe3, PMezPh, PMePh2, 1/2 Ph2PCH2CH2PPh2, 112 Ph2PCH2CH2CH2PPh2) were 
conveniently prepared in a "one-pot" procedure by the reaction of anhydrous FeX2 
with the phosphine ligand followed by [TI(Cp)]. The interesting new iron halide [Fel{o- 
C6H4(PMe2)2}(Cp)] could not be obtained in this way, but rather required the stepwise 
reaction of [Fel(C0)2(Cp)] with o-CgH4(PMe2)2 (pdmp) to give [Fe(CO)(pdmp)(Cp)]l, 
photolysis in MeCN to give [Fe(MeCN)(pdmp)(Cp)]l, and finally reaction with [NBu4]1. 
[Fel{o-C&i4(PMe2)2)(Cp)] was crystallographically characterized. The ruthenium 
complex [RuCl{ o -C~H~(PM~~)~ } (CP) ]  could not be made by the "normal" displacement 
of PPh3 from fRuCI(PPh3)2(Cp)], but instead was made by reacting [RuCI(q4- 
cyclooctadiene)(Cp)] with pdmp. The pdmp ligand is "non-innocent", supporting 
unusually high-valent complexes of transition metals. Indeed, the [FeX{o- 
C6H4( PMe2)2}(Cp)] complexes we have examined are reversibly oxidized at 
potentials ca. 200-300 mV less positive than complexes with most other phosphine 
ligands, and the ruthenium compounds behave similarly. These halides were 
essential starting materials in the studies of alkynyl and vinylidene complexes 
described above. 

Several electron-rich group 6 complexes [MX(CO)(PR3)2(Cp)] (M = Mo, W X = 
CI, Br, I )  were prepared by straightforward thermal or photolytic substitution reactions 
of [MX(C0)3(Cp)]. A range of phosphorus ligands including (in order of decreasing 
Tolman cone angle) PPh3, PMePh2, P(OMe)Phz, PEt3, PBu3, P(OCHMe&, P(OPh)3, 
PMezPh, PMe3 and P(OMe)3. The PMePh2 and P(0Me)Phz complexes displayed 
temperature dependent 1H and 13P NMR spectra. For example, 
[MoCI(CO){P(OMe)Ph2}2(Cp)] displays a single cyclopentadienyl resonance in its 1 H 
NMR spectrum at room temperature, but two resonances at 173 K. Similarly, 
[MoCI(CO)(PMePh2)2(Cp)] (M = Mo, W) display single 1H cyclopentadienyl 
resonances at room temperature, but five resonances at 173 K. 31P NMR spectra are 
more complicated, showing several inequivalent species at low temperature. 
Evidently, several isomers or conformers are of nearly equal energy. We favor the 
explanation that two square pyramidal and three trigonal bipyramidal isomers 
(Scheme 23) are freely interconverting at room temperature, but "locked" at 173 K. 
31 P-31 P coupling patterns are consistent with this explanation. Alternatively, the 
asymmetric phosphorus ligands may be "meshing" with one another, and at low 
temperature certain conformers may be freezing out. 

3. Metal-thiophene complexes 

Metal-catalyzed hydrodesulfurization of fossil fuels is an area of DOE interest. 
We initiated an investigation of certain aspects of metal-thiophene interactions. We 
began by searching for simple S-bonded thiophene-metal complexes, which are 
scarce. We prepared a series of simple [Fe(q1-S-thi0phene)(CO)~(Cp)][BF~] 
complexes, including [Fe($-S-dibenzot hiophenel-(CO),(Cp)][ BF4] which we 
structurally characterized. The dibenzothiophene ligand is tipped away from iron with 
pyramidal geometry at sulfur. The dynamics of inversion at sulfur were probed by 
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Scheme 23 

examining the temperature dependence of the 1% NMR spectrum of [Fe(ql-S-benzo- 
[b]-thiophene)(CO)2(Cp)][BF4]. The carbonyl ligands of this complex are 
nonequivalent at 170 K, coalescing at 249 K with A@ = 39 kJ.mol-1. This inversion 
barrier is about 10 kJ.mol-1 lower than the barrier in [Fe($- S -  

When several other investigators, notably Angelici19 and Rauchfuss,20 began 
making rapid progress in the modeling of metal-catalyzed thiophene 
hydrodesulfurization, we decided to shift our emphasis to less common thiophenes. 
Benzo[3,4-c]thiophene (isothianaphthene) is interesting from the perspective of its 
materials chemistry. The oxidized form of its polymer (PITN) has a small, c1 eV, 
bandgap. The reaction of benzo[3,4-c]thiophene with photolytically generated 
[Cr(thf)(C0)5] in THF at room temperature leads to the formation of [Cr(q6- 
CsH6S)(C0)3] (60, Scheme 24) in up to 62% yield. No pentacarbonyl complex could 
be isolated. The loss of CO from the chromium pentacarbonyl fragment is unusually 
facile. Rational syntheses of 60 from benzo[3,4-c]thiophene and various [Cr(CO) ] 

coordination of the benzo ring to chromium and unusually short S-C bond lengths in 
the planar thiophene ligand. The structure suggests that all three resonance forms, 
60a, b and c, contribute to the stability of 60, which is thermally more stable than free 
benzo[ clthiophene. 

PhSMe)(C0)2(Cp)l[BF41. 

synthons failed. X-ray crystal structure analysis of 60 shows slightly asymmetric q 8 - 
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Scheme 24 

60c 

We have yet not been able to characterize any other E- or S-bonded metal 
complexes of benzo[c]thiophene. However, we have had some recent success in 
preparing new derivatives of benzo[c]thiophene by deprotonation with two equivalents 
of n-butyllithium, followed by reaction of the thienyllithium reagent with a metal or 
nonmetal halide. This procedure works nicely for preparing trimethylsilyl and 
trimethyltin compounds 61 and 62 (Scheme 25). The tin reagent 62 is a crystalline, 
white solid which is much more stable and polymerization resistant than 
benzo[c]thiophene itself. Thus, it can be used to prepare [Cr{q6- 
(SnMe&C8H4S}(C0)3] from [Cr(NH3)(CO)s] in refluxing dioxane. The reaction of 62 
with [RuCI(C0)2(Cp)] and CuCl catalyst leads to [{Ru(C0)2(Cp)}2(p2-C8ti4S)] (63), 
characterized by X-ray crystallography. Notable features include a syn orientation of 
the cyclopentadienyl groups on ruthenium atoms, and a very definite bond length 
alternation &e., lack of aromaticity) in the benzo[c]thiophene rings. 

VI. Summary 

We investigated many aspects of metallacumulenes and carbide chemistry 
under grant DE-FG05-85ER13432. Our understanding of the fundamentals of the 
alkyne-to-vinylidene rearrangement on a metal center was improved. Many 
unsaturated, carbon-rich metal carbene complexes were prepared and characterized. 
The complexes offer reasonable models for the carbon-rich species which may be 
present on the surfaces of metal catalysts during metal-catalyzed synthesis gas and 
acetylene conversion reactions. In particular, a pattern of facile carbon-carbon bond 
formation steps is beginning to emerge. The intermolecular carbon-carbon coupling in 
the formation of 6 models a possible step in which two growing carbon chains 
encounter one another and couple. The extreme facility of the intramolecular carbon- 
carbon coupling in the formation of 29 demonstrates that vinylidene ligands have a 
great propensity to undergo insertion reactions, greater than isoelectronic carbonyl or 
isonitrile ligands. Vinylidene insertions into metal-carbon bonds may indeed be 
important steps in carbon chain growth. Additional reactivity studies on these 
unsaturated, carbon-rich complexes will be of interest in determining their relevance to 
the chemistry of carbon species on catalyst surfaces. 
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