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A b s t r a c t  

Reaction of several nucleophiles ( R - )  with the dications [CP2MoL2] 2+ ( L =  CO, PMe 3, dppe) produces the cyclopentadiene 
complexes [CpMo(D4-CsHsR)L2] + (L = dppe, R = H, CH 3, CH2CN, CHzPPh 3, SMe; L = CO, R = H, CH 3, SPh, PMe3; L = PMe 3, 
R = H). Excess nucleophiles only produces regio and stereospecific double addition to one Cp ring in the case of I-l- forming 
CpMo(r/3-CsHT)L2 (L = CO, PMe 3, dppe). [CpMo(r/4-CsH6)L2] + reacts with LiCuMe~ to give CpMo(r/3-CsH6Me)L2 (L = dppe, 
CO) and [Cp'Mo(rl4-CsH6)(CO)2] * reacts with NaSPh and PM% to give Cp'Mo(rl3-CsH6SPh)(CO)2 (Cp' =Cp ,  indenyl) and 
[CpMo(-q3-CsH6PMe3)(CO)21BF4 respectively. The structure of the exclusively formed conformers endo-[CpMo('q4-C~;H~,)(dppe)]PF6 
and endo-CpMo(rt3-CsHT)(dppe) was determined by NMR and X-ray crystallography and analyzed by EHMO calculations. The reverse 
H -  abstractions from [CpMo(@-CsHf)L2] + and CpMo(r/3-C5H7)L2 with Ph3 C+ are specific in all cases except for CpMo('q 3- 
CsH7)(dppe) which gives oxidative decomposition to [Cp2Mo(dppe)] z+ and [CpMo(dppe)2] 2+. All the complexes [CpMo(rl 4- 
CsHsR)L2] + and CpMo(rt3-CsHv)Lz (L = CO, PMe 3, dppe) as well as their C6 ring congeners [CpMo(r/4-C6H~)(CO)21 + and 
CpMo('q3-C6Hg)(CO)2 have irreversible cyclovoltammograms. Nucleophilic attacks of M e 3 N O / N C M e  and PMe 3 to [CpMo(r/4- 
C6HgXCO)2] + gave [CpMo(@-C6Hs)(NCMe)z]BF 4 and [CpMo(r/3-C6HsPMe3)(CO)2]BF4 respectively. Both were eryz~tallographi- 
cally characterized. © 1997 Elsevier Science S.A. 

1. Introduction 

The fragment [CpMo(CO)2] + is very useful in pro- 
moting and assisting a number of regio and stereo 
controlled transformations of coordinated unsaturated 
hydrocarbons, namely dienes and allyls. The synthetic 
sequence depicted in Scheme 1 exemplifies a protocol 
for 1,3-disubstitution of cyclohexadiene [1-5]. Similar 
examples exist for C 7 rings [6]. These are simply 
understood on the basis of the Davies-Green-Mingos 
rules governing kinetically controlled nucleophilic addi- 
tion to the hydrocarbon ligands of 18-electron 
organometallic complexes [7-9]. 
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In principle, these applications may be extended to 
C 5 rings potentially useful for the synthesis of cy- 
clopentanoid terpenes and the expanding chemistry of 
substituted and functionalized cyclopentadienyl 
organometallic complexes [ 10-13]. Indeed, earlier work 
has established double sequential nucleophilic H-  addi- 
tion to one of the Cp rings of [CpzMo(dppe)] 2+ to give 
regio and stereo controlled 1,2 addition to the C 5 ring 
as in Scheme 2 (L  2 = dppe, dppm) [14]. 
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Scheme I. 
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Scheme 2. 

However, the preliminary attempts to extend these 
additions to the more useful carbon nucleophiles were 
unsuccessful although the formation of  CpMo(rl 3- 
CsHsCP2)(CO) 2, or its W analogue, from CpNa and 
CpMo(CO)aC13 may be regarded as a related result 
albeit mechanistically unclear [15]. More recently, we 
developed some chemistry of cyclopentadienes coordi- 
nated to the fragment [CpMo(CO) 2 ] ÷ [ 16-18]. This has 
prompted us to reexamine the possibility of studying the 
1,2-difunctionalization of C 5 rings according to the 
reaction steps of  Scheme 2, i.e. double, sequential, 
nucleophilic addition to a molybdenocene dication, 
[CP2MoL2 ]2+. Although the C 6 and C 7 ring functional- 
izations mentioned above use CO as a spectator ligand 
[1-6], the L 2 spectator ligands may be easily changed 
in our system therefore providing further handles for 
stereo and /o r  electronic control of the reactivity of the 
cyclopentadiene or cyclopentadienyl rings towards nu- 
cleophilic addition. (L 2 = dppe, dppm, (PMe3) 2, 
{P(OMe)3} 2, (CO) 2, MeSCHzCH2SMe,  HzNCHzCH 2- 
NH2). 

In contrast to the well established predictive rules 
governing nucleophilic addition, no similar ones exist 
that predict the outcome of electrophilic reactions as the 
ones involved in the second step of Scheme 1, the 

reverse reaction of  Scheme 2, and many of those usu- 
ally employed for the final decomplexation of the func- 
tionalized C 5 ring (e.g. protonation, oxidation with 12, 
Ce 4+ ). 

In this paper we report the results of the compared 
structural, reactivity and electrochemistry studies on 
[CpMo(cyclopentadiene)L2 ] + and CpMo(cyclopent- 
enyl)L 2 complexes (L 2 = dppe, dppm, (PMe3) 2, {P(O- 
Me)3} 2, (CO) 2, MeSCH2CH2SMe, H2NCH2CH2NH 2) 
including the attempted 1,2-difunctionalization of C s 
rings with the [CpMoL2] + and [CP2MoL2] 2+ frag- 
ments. 

The crystal structures of [CpMo(~4-CsH6)(dppe)] - 
PF 6, CpMo(r/3-CsH7)(dppe), [CpMo(~3-C6HsPMe3 )- 
(CO) 2 ]B F 4 and [CpMo(r/4-C 6 H 8 )(NCMe) 2 ]B F 4 are pre- 
sented. 

2. Resu l t s  

2.1. Chemical studies 

The following studies comprise three families of 
complexes, namely, the dicationic molybdenocenes 
[CP2MoL2] 2+, the monocationic diene derivatives 
[CpMo(r/4-CsHsR)L2] + and the neutral allylic com- 
plexes CpMo(~ 3_C 5 H 5 R 2 )L 2. 

The five dications selected were [Cp2 Mo(dppe)][PFt] z 
(1) [14], [CP2Mo(PMe3)2][PFt] 2 (2) [19], [CP2Mo- 
(CO)2][BF4] 2 (3) [16-18], [Cp2Mo{P(OMe)3}2][BF4] 2 
(4), [Cp2Mo(en)][BF 412 (5) [20], [CP2Mo(dth)][BF 412 (6) 
[21] (en = ethylenediamine; dth = dithiohexane = MeS- 
CH2CH2SMe). 
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All but 4 are known species which have been previ- 
ously reported. Conveniently improved preparations of 
1 and 2 were developed by reacting CP2MoI z, T1PF 6 
and excess phosphine in NCMe or Me2CO, respec- 
tively. When the reaction with PMe 3 is carried out in 
NCMe, the dication [CpzMo(NCMe)(PMe3)][PF6] 2 (7) 
is formed in 85% yield. 

1 and 4 are also obtained by reaction of 3 with dppe 
(80% yield) or P(OMe) 3 (70% yield) under irradiation 
and reflux but 2 is not available with this method since 
PMe 3 adds to the Cp ring (see 20 below). 

The reaction of Cp2Mo(H)I with PMe 3 in the pres- 
ence of T1BF 4, in Me2CO, gives 2 in 42% yield but in 
NCMe [Cp2 Mo(H)PMe 3 ]I (8) is also formed along with 
2 in a proportion of 70 : 30. For the sake of comparison 
it should be noted that the corresponding reaction with 
dppe gives mainly [CpMo(~74-CsH6)(dppe)] + (9) and 
only a very small amount of 1 [22]. 

A general summary of the reactions of these cations 
with nucleophiles R- (R = H, alkyl, SR, PMe 3) is 
presented in Scheme 3. 

The sequential hydride addition depicted in Scheme 
2 takes place readily with H- adding to the external 
face of the Cp ring. This stereochemistry was estab- 
lished earlier on the basis of labelling studies: D- 
addition to 1 gave [CpMo(~4-C~HsD)(dppe)] + (9-D) 
where the low frequency v(C-H) vibration typical of 
the exo C-H bond of the methylene group of CsH 6 is 
absent [14]. The VT IHNMR spectrum of [CpMo(~/4- 
CsH6)(dppe)]PF 6 (9) shows that the compound has a 
non-fluxional structure and that only one of the two 
possible conformational isomers a or b (R = H) is 
formed. This has now been assigned as the endo con- 
formation, a (R = H) by means of a detailed analysis of 
the ]H NMR spectrum using the method introduced by 
Davies and co-workers [23]. 

I+ I÷ 
M o  L 7  ....... Mo 

E ~ "R 
R 

H a;endo b;exo 

The method is based on the fact that long range 
coupling of the P atoms of dppe with Hex o, occurring 
over four bonds in a " W "  arrangement, is only possi- 
ble in the endo conformer a. Accordingly, the reso- 
nance of Hox o at 6 3.58 ppm (a, R = H~x o) is left as a 
triplet ( 4 J p _  H = 9.7 Hz) upon selective decoupling of 
the geminal Hendo (~ 2.57 ppm). As described for other 
cyclopentadiene complexes this long range coupling of 
Hex o with P is equal to the coupling between He,do and 
the other diene protons (JH_H = 9.7 Hz) but larger than 
the coupling between Hex o and the diene protons which 
is < 2 Hz [23]. 

C2~: 
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C126 ~ 
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C14 C212 
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Fig. 1. ORTEP drawing of the complex [CpMo(r/4-CsHr)(dppe)] + 
(9 ÷ ) with the atom numbering scheme. 

A crystal structure determination of [CpMo(r/4- 
CsH6Xdppe)]PF6 • CH2C12 (9) confirmed this structural 
assignment (see below, Fig. 1). 

Hydride addition to endo-[CpMo(~4-CsH6)(dppe)]  - 
PF 6 (9) [14], gives the structurally rigid isomer endo- 
CpMo(B3-CsHT)(dppe) (10). This was asce:rtained by 
means of a crystal structure determination (see below, 
Fig. 2) since the ~HNMR spectrum is uninformative 
due to superposition o f  y/3-CsH 7 and dppe resonances. 

Similar hydride additions also take place', re, adily with 
the dications [Cp2Mo(PMe3)2][PF6] z (2) and 
[CP2 Mo(CO)2 ][BF4 ]2 (3). The former reacts with excess 
NaBH 4 to give the cyclopentadiene complex 
[CpMo('oa-CsH6)(PMe3)2]PF 6 (11). The V T  1HNMR 
spectrum of 11 remains sharp and unchanged between 
-70°C and room temperature in agreement with the 
presence of only one isomer in solution. The arguments 
given below in Section 2.4 led to the assumption that 
this was, again, the endo isomer, a (R = Iq; L = PMe 3) 
as in the case of 9. The chemical shifts of the methylene 
protons of the CsH 6 ring are very similar to those 
observed for 9 and, therefore, we assigned the H~x o as 
the higher field resonance at 6 2.60 ppm and He, do as 
the lower field resonance at 6 4.04 ppm. Also as 
expected, the Cp resonance appears as a triplet due to 
coupling to both PMe 3 ligands 3j(31p-]H := 1.6 Hz). 
However, quite unexpectedly, no coupling between Hex o 
and the PMe 3 ligands was observed as predicted for the 
endo isomer where the W arrangement between the P 
atoms and H~x o is verified. This situation might suggest 
the endo conformation b for the actual isomer 11. Since 
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Fig. 2. ORTEP drawing of the complex CpMo(-q3-CsHv)(dppe) (10) 
with the atom numbering scheme. 

a crystal structure has shown that 11 is, indeed, the 
e n d o  isomer a [24], we must conclude that the coupling 
criterium must be used with due care. As a matter of 
fact, some of the coupling values given in the literature 
are rather small and may eventually vanish due to rather 
sensitive electronic and/or  steric factors [23]. 

Addition of H- to the [CpMo(r/4-CsH6)(PMe3)2]PF6 
(11) requires the use of LiA1H 4 and gives CpMo(~/3- 
CsHT)(PMe3) 2 (12). This product is not fluxional and is 
considered to have the e n d o  conformation which origi- 
nates from the external H-  addition to the terminal C 
atom of the diene in 11, as shown in Scheme 4. 
Selective irradiation of the ~H NMR peaks allowed de- 
tailed assignment of all the resonances. The m e s o  al- 
lylic proton (~ 2.59 ppm) is coupled to both P atoms: 
3j(31p I H7 ) = 10.4 Hz). 

Sequential double hydride addition to [CP2Mo- 
(CO):][BF4] 2 (3), using LiAIH 4 in THF, forms the 
known CpMo(r/3-C 5 H 7)(CO)e [25] whereas reaction of 
3 with NaBH 4 in MeaCO, gives [CpzMoH(CO)]BF 4 

[ 2+ + H  ~ i+  + H  ~ I 
. .Mo ~ -  H- . .Mo ~ ~ H 2 . . . . .  Mo ~ - ' - ' N  

Me3P 

Scheme 4. 

(ligand substitution). Reaction of [Cp2Mo(en)]I 2 with 
NaBH 4 in 1,2-dimethoxyethane suspension gives a 
cerise complex identified as [CpMo(@-C5H6)(en)]PF 6 
(13) after counter-ion metathesis. This identification is 
based on the presence of the e x o  C-H stretching vibra- 
tion at 2775 cm-1 and elemental analysis. The I H NMR 
spectrum was not fully interpreted due to the complex- 
ity inherent to the presence of isomers and broad NH 
resonances. No traces of any neutral complex corre- 
sponding to CpMo(r/3-CsHT)(en) was detected in any 
of the several attempts. No tractable product is formed 
upon reaction of the dithiohexane derivative 
[CP2Mo(dth)][BF4] 2 with BH 4 or LiAIH 4. 

The first attempts to add carbon nucleophiles to the 
dication [Cp2 Mo(dppe)][PF 6 ]2 (1) using MeMgBr, LiPh, 
LiMe led to untractable mixtures. However, the softer 
alkylating agent LiCuMe 2 reacts with 1 to give the 
monomethylated adduct [CpMo(r/4-CsI-lsMe)(dppe)]PF6 
(14). Similarly, the stabilized carbanion LiCHeCN and 
the ylid CH2PPh 3 add to 1 giving [CpMo(r/4- 
CsHsCH2CN)dppe]PF  6 (15) and [CpMo(r/4- 
CsHsCH2PPh3)(dppe)]PF 6 (16), respectively. All these 
reactions are done adding the dication to a cooled 
solution of the carbon nucleophile in order to minimize 
side reactions. The absence of the low frequency v(C- 
H~x o) vibration in the IR spectra is in agreement with 
the expected addition of the nucleophile R- to the 
external face of the Cp ring as in a or b. The ~H NMR 
spectra of [CpMo(r/4-CsHsMe)(dppe)]PF6 (14), 
[CpMo(r /4-CsHsCH2CN)(dppe)]PF6 (15) and 
[CpMo(~74-CsHsCH2PPh3)(dppe)]PF6 (16) all show 
only one non-fluxional isomer. Although the resonance 
assignment is straightforward, the data do not allow a 
clear telling about the isomer stereochemistry although 
the e n d o  conformation a (R = Me, CH2CN, CH2PPh 3) 
is assumed on the basis of reactivity arguments (see 
Section 3). 

Use of excess of the carbon nucleophile (LiCuMe 2 or 
LiCH2CN) under several experimental ,conditions at or 
below room temperature failed to give a second addi- 
tion. No reaction or decomposition to untractable prod- 
ucts was observed. This decomposition was first at- 
tributed to the facile deprotonation of the cyclopentadi- 
ene cation [CpMo(@-CsHsR)(dppe)] + formed after the 
first R- addition. However, this may not be the case 
because [CpMo('q4-CsH6)(dppe)] + (9) resists deproto- 
nation by NEt 3 (unlike its carbonyl analogue 
[CpMo(r/4-CsH6)(CO)2] + which gives Cp(7/3- 
Cp)Mo(CO) 2) [18] but reacts with excess LiCuMe 2 to 
give CpMo(r/3-CsH6Me)(dppe) (17). Addition of eno- 
lates was briefly tested on 1 but no evidence of forma- 
tion of the synthetically useful 1,2 double addition 
products was obtained. 

Reaction of [CP2Mo(CO)2][BF4] 2 (311 with two 
equivalents of LiCH2CN does not lead to the desired 
CpMo(r/3-1,2-(CH 2 CN)2C 5 H 5)(CO)2. Instead, 
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[CP2 Mo(CO)H]BF 4 was the only product isolated as the 
known [Cp2Mo(CO)C1]BF 4 (characterized by 1HNMR 
and analysis). No product could be identified from the 
reaction of 3 or [Cp2 Mo{P(OMe)3} 2 ][BF 4 ]2 (4) with two 
equivalents or excess of LiCuMe 2. However, reaction 
of [CpMo(@-CsH6)(CO)2]BF 4 [16-18], with a slight 
excess of LiCuMe 2 led to the expected addition at the 
diene ring with formation of the allylic complex 
CpMo(r/3-CsHtMe)(CO)2 (18) in fair yield (60%). 

Less basic strong nucleophiles, also add to the Cp 
and the cyclopentadiene rings but double sequential 
addition was never detected. NaSMe reacts with 
[Cp2Mo(dppe)][PFt] 2 (1) to give the monosubstituted 
diene complex [CpMo(@-CsHsSMe)(dppe)]PF 6 (19) 
even when excess thiolate was used. Addition to the 
external face of the diene is implied by the absence of 
the C-Hox o vibration as in all other cases so far. The 
reaction with NaSPh is more complex. At -25°C in 
THF a very temperature and hydrolysis sensitive prod- 
uct is formed which is very similar to 19 (IR evidence) 
but which was not further characterized. Excess NaSPh 
under more forcing conditions (refluxing 1,2-dme for 4 
h or longer time at room temperature) led to the well 
known bis-thiolate Cp2Mo(SPh) 2 in 78% yield [26]. 
Only ligand substitution is observed for the reactions of 
[CpzMo(CO)2][BF4] 2 (3) with NaSPh: with 1 equiva- 
lent, in CH 2C12, [CP2 Mo(CO)(SPh)]BF 4 (v(CO) = 2041 
cm -~) is formed whereas 2 equivalents lead to 
Cp2 Mo(SPh)2. 

Instead of substituting CO, the neutral nucleophile 
PMe 3 readily adds to the external face of the cyclopen- 
tadienyl  ligand of  3 to give [CpMo(r/4-  
CsHsPMe3)(CO)z][BF4] 2 (20). Both isomers, a and b 
(L = CO; R --- PMe 3) are observed at room temperature 
in the ~ H NMR spectrum. 

These soft S and P nucleophiles also add to the 
cyclopentadiene complexes. PhS- adds to the CsH 6 
ring of both [CpMo(r/4-C5H6)(CO)z]BF4 and 
[IndMo(r/4-CsH6)(CO)2]BF4 to give Cp'Mo(~73- 
CsH6SPh)(CO) 2 [Cp'= Cp (21), Ind (22)]. PMe 3 adds 
to the cyclopentadiene ring of [CpMo(~4-CsH6)(CO)2] - 
BF 4 and to the cyclohexadiene ring of [CpMo(~74- 
C6H8)(CO)2BF 4 to give [CpMo(@-CsH6PM%)- 
(CO) z]BF 4 (23) and [CpMo(@-C 6HsPMe3)(CO) z]BF 4 
(24), respectively. PHPh 2 does not give any reaction. 
Both 23 and 24 resist deprotonation by NEt 3. The 
former reacts with Ph3CBF 4 to regenerate [CpMo(r/4- 
CsH6)(CO)z]BF 4. The X-ray crystal structure of 24 is 
depicted in Fig. 3. 

Harder or more basic nucleophiles do not give isolable 
adducts. Reaction of [CP2Mo(dppe)] 2+ (1) with sodium 
methoxide gives an ill defined uncharacterized product 
but cyanide (KCN) did not react even under drastic 
reflux conditions. Reaction of KPPh 2 with 1 leads to 
decomposition and with [CpMo(@-CsH6)(CO)2]BF 4 
initial deprotonation is observed (the green colour sug- 

C1 

Fig. 3. ORTEP drawing of the complex [CpMo('r/3- 
C6HsPMe3)(CO)2] + (24 + ) with the atom numbering scheme. 

gestive of Cp(r/3-Cp)Mo(CO)2 is immediate]Ly formed) 
also followed by decomposition. 

While attempting to circumvent the rather complex 
synthesis of the structurally characterized [CpMo(r/4- 
C6Hs)(dppe)]PF6 [27,28], [CpMo(r/4-C6H8)(CO)2]BF4 
was treated with Me3NO in the presence of excess 
dppe, in NCMe solvent. Instead of [CpMo(94- 
C 6 H 8)(dppe)]PF6 [CpMo(~/4 -C 6 H 8)(NCMe):: ]BF 4 (25) 
was obtained in 80% yield. The X-ray crystal structure 
of 25 is depicted in Fig. 4, but its chemistry was not 
studied further. 

(~ Cl14 

" ~ " ~ C 1 2  

C213 C 2 1 2 ~ ~  ~" 

4 + Fig. 4. ORTEP drawing of the complex [CpMo(-q -C 6 H s )(NCMe) 2 ] 
(25 + ) with the atom numbering scheme. 
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In previous publications the H -  abstraction from 
coordinated CsH 6 (Scheme 2, reverse of  the first step) 
was extended to several cationic cyclopentadiene com- 
plexes [Cp'Mo-(r/4-CsHt)L2] + ( C p ' =  Cp, Ind; L 2 = 
(CO) 2, dppe) [16-18]. We have now found that these 
abstractions may also be quantitatively performed by 
other oxidants, as C12 or Br 2. Indeed, treatment of 
[C pM o( r /4 -C s H 6 ) (dppe ) ]  + and  [ C p ' M o ( r / 4 -  
CsH6XCo)2]  + with gaseous C12, Br 2 or Br3, in 
CH2C12,  g ives  the c o r r e s p o n d i n g  d ica t ions  
[Cp2MoL2] z+ and [CpCp'MoLz] 2+ (Cp' = Cp, Ind; L 2 
= (CO) 2, dppe) in quantitative yield. The ferricenium 
cation also reacts with [CpMo(~74-CsH6)(dppe)] +, in 
refluxing NCMe, to give the [Cp2 Mo(dppe)] ~+, albeit in 
only 45% isolated yield. In contrast, the corresponding 
cyclohexadiene and cycloheptatriene complexes [CpMo- 
(~4-C6H8XCO)2]+ and [CpMo("q4-C7H8)(CO)2] + re- 
act neither with C12 nor with Ph3 C+ [18,29]. However, 
as reported in the literature and shown in Scheme 1, H -  
abstraction with Ph3 C+ from the cyclohexenyl com- 
plexes CpMo(r73_C 6 H 8 R)(CO)z is totally reproducible 
and predictable [i]. In a similar vein, Ph3 C+ reacts with 
CpMo(r/3-CsH7)(CO)2 and CpMo(r/3-CsH7)(PMe3)2 
to give [CpMo(r/4-CsH6)L2]+ which reacts with a sec- 
ond equivalent of  Ph3CBF4, to give the dication 
[Cp2MoL2] 2+ (L = CO, PMe 3) as seen in Scheme 4 for 
the case of L = PMe 3. 

The reaction also proceeds to the same final result 
without isolation of the intermediate [CpMo(r/4- 
CsH6)L2] +. Surprisingly, the reaction of the analogue 
CpMo(r/3-CsHT)(dppe) with 1 equivalent of Ph3CBF 4, 

in CH2C12 or THF, does not give [CpMo(r/4- 
CsH6)(dppe)]BF 4. Instead, a mixture of dications, 
namely the expected [Cp2Mo(dppe)][BF4] 2 (30%) and 
the known paramagnetic [CpMo(dppe)z][BF4] 2 (60%) is 
isolated [27,30]. The reaction of CpM~(r/~-CsHT)(dppe) 
with FcPF 6 is totally irreproducible, giving a variety of 
unidentified paramagnetic species as judged from ESR 
spectra. 

2.2. Electrochemical studies 

The cyclic voltammograms of the cyclopentadienyl, 
cyclopentadiene and cyclopentenyl complexes, [CpMo- 
(dppe)2] z+, [Cp2Mo(dppe)] 2+, [CpMo(r/4-CsH6)L2] + 
and CpMo(r/3-CsHT)L2 (L:  = (CO) 2, (PMe3)2, dppe) 
and some related complexes were studied in both 
CH2C12 and NCMe solvents as summarized in Table I. 
Only minor variations of the peak potentials were regis- 
tered indicating that no solvent dependent processes are 
present. 

The cyclic voltammograms of both [CpMo(-q 4- 
C5H6)(CO)2 ]+ and [CpMo(r/4-C6Hs)(CO)2] + do not 
show oxidation waves but only a totally irreversible 
reduction with a small cathodic response in the latter 
case. In contrast, the cyclic voltammograms of  
[ C p M  o ( r / 4 - C  5 H 6 ) d p p e ]  + an d  [ C p M  o( r /4  
CsH6)(PMe3)2] + present only irreversible oxidation 
waves. 

The parent allylic complex CpMo(r/3-C3Hs)(CO)2 
undergoes a reversible oxidation but its cyclopentenyl 
and the c y c l o h e x e n y l  ana logues ,  CpMo( r /3  

Table 1 
Cyclovoltammetric data 

Complex Epa (V) Epc (V) Comment 

[CpMo(~4-CsH6Xdppe)]BF4 Epa I = 0.70 E p a  I = 0.73 - all irreversible 
Epa 2 = 0.88 Epa 2 = 0.91 - 
Epa 3 = 1.25 Ep~a = 1.25 - 
(NCMe) (CH 2 CI 2 ) - 

[CpMo(r/4-C5 H 6 XCO) 2 ]BF 4 - 0.76 - irreversible 
- - 0.95 

[CpMo(~74-C 6 H 8)(CO)z ]BF4 - 0.70 - irreversible 
- - 1 . 0 7  

[CpMo(r/4-C 5 H6 XPMe3)2 ]BF4 0.50 - irreversible 
- - 1 . 0 2  

CpMo('r/3-C 5 H 7)(PMe3)2 - 0.60 - 0.66 irreversible 
0.48 

CpMo(rt 3-C 3 H 5)(CO)z 0.60 0.55 reversible 
CpMo(r/3-C 5 H7)(CO)2 0.69 - irreversible 
CpMo(r/3-C5 HT)(dppe) 0.67 a - irreversible 
CpMo('03-C 6 H9)(CO)2 0.64 - irreversible 
[Cp2 Mo(dppe)] 2 + 0.43 - all irreversible 

0.78 
1 . 2 8  

[ C p M o ( d p p e ) 2  ]2 + 1.28 - irreversible 
Ph3CBF 4 - - 0.84 irreversible 

Eva = anodic sweep (peak potentials in V). 
Ep¢ = cathodic sweep (peak potentials in V). 
All the cyclic voltamrnograms in NCMe except a in CH2CI 2. 
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C5H7)(CO) 2, CpMo(7/3-CsH7)(PMe3)2, CpMo(r/3- 
C5H7)(dppe), CpMo(7/3-C6H9)(CO)2, all present irre- 
versible oxidation waves in NCMe. The value given for 
complex CpMo(~3-C5HT)(dppe) should be regarded 
with some care as the voltammograms are rather diffi- 
cult to reproduce by unknown reasons. 

Both complexes [CpMoOla-CsH6)(dppe)] + and 
[CpzMo(dppe)] 2+ present an oxidation wave at 1.28 V. 
The latter wave may be assigned to the oxidation of the 
Mo(III) dication [CpMo(dppe)2] 2+ since it is the only 
wave registered in the cyclic voltammogram of this 
complex. 

2.3. Crystallographic studies 

2.3.1. Crystal structure of  [CpMo(~14-Cs Ht )(dppe)lPF6 
• CH2CI 2 (9) 

The structure of complex 9 ÷, shown in Fig. 1, can be 
regarded as another example of the family of 
CpMo(7/4-diene) derivatives with the endo conforma- 
tion a. Selected bond lengths and angles for 9 are given 
in Table 2. 

In the ~/4-cyclopentadiene ring (CpH) the four atoms 
of the butadiene residue,° C(21)C(22)C(24)C(25), are 
planar (max. dev. 0.001 A for all carbon atoms), the o 
fifth carbon atom C(23) is 0.517 A away and the Mo 
atom is 2.013(9) .~ away from that plane. The C-C 
bond distances are typical of a butadiene. The angle 
between the planes defined by the butadiene atoms and 
C(22)C(23)C(24), the fold angle, is 31 °. The Cp and 
CpH rings have a staggered conformation, and the angle 
between the normals to the ~75-C5H5 and butadiene 
planes is 127.32(5) °, a smaller value than tha~: reported 
by Prout [31] in the related complex (~5-CsHs)(T/4-1- 
endo-C2H5CsHs)MoP(C2H5)3C1, viz. 131 ,,o .,. ,  where 
steric interactions between the tings are present. The 
Mo-P  distances of 2.471(2) and 2.479(2) A in 9 are 
shorter than those in [CpMo(~/4-CoH8)(dppe)][PF6] • 
SO 4 (Mo-P are 2.500 and 2.492 A) but the angles 
P - M o - P  (78.16(8) ° and 77.8(1) °, respectively) are 
comparable [28]. The plane containing the normals is 
almost perpendicular (92.3 ° ) to the plane containing the 
two Mo-P  bonds. 

While in the parent [CP2MoLU] compounds the 

Table 2 
Selected bond lengths (/k) and angles (deg) for the complexes 9, 10, 24 and 25 

9 10 24 25 

Mo(I)-P(I) 2.471(2) Mo(l)-P(1) 2.421(2) Mo(1)-C(1) 
P(I)-C(I 11) 1.819(9) P(I)-C(13 l) 1.839(6) P(1)-C(111) 
P(l)-C(131) 1.847(8) P(I)-C(I 11) 1.844(6) P(I)-C(113) 
P(2)-C(211) 1.855(9) P(2)-C(231) 1.864(6) C(l)-O(l) 
P(2)-C(231) 1,872(9) Mo(1)-r/SCp 1.995(9) Mo(l)-n3Cp 
Mo(l)-"04Cp 2,013(10) Mo(I)-P(2) 2.455(2) Mo(1)-C(2) 
Mo(1)-P(2) 2,479(2) P(1)-C(121) 1.843(6) P(I)-C(112) 
P(I)-C(121) 1,835(9) P(2)-C(221) 1.841(6) P(I)-C(21) 
P(2)-C(21 l) 1.855(9) P(2)-C(211) 1.869(6) C(2)-O(2) 
P(2)-C(221) 1.841(10) Mo(1)- r/3Cp 1.980(8) Mo(l)-"05Cp 
Mo(1)-"0 ~Cp 1.964(10) 

P(I)-Mo(I)-P(2) 7 8 . 1 6 ( 8 )  P(I)-Mo(1)-P(2) 78.45(6) 

P(1)-Mo(1)-r/4 9 9 . 7  P(I)-Mo(I)-'03 98.7 
Cent Cent 
P(2)-Mo(1)- r/4 102 .4  P(2)-Mo(1)-r/3 96.8 
Cent Cent 
P(I)-Mo(1)-"05 117 .9  P(I)-Mo(I)-"05 116.2 
Cent Cent 
P(2)-Mo(1)-'05 114 .9  P(2)-Mo(1)-"05 122.8 
Cent Cent 

C(I)-Mo(I)-~ 5 
Cent 
C(2)-Mo(I)- "05 
Cent 
C(I)-Mo(I)-C(2) 

C(l 1l)-P(1)-c(113) 

C(I 11)-P(1)-C(21) 

C(113)-P(1)-C(21) 

O(2)-C(2)-Mo(1) 

C(l)-Mo(l)--q 3 
Cent 
C(2)-Mo(1)- r/3 
Cent 
C(112)-P(l)-C(113) 
C(112)-P(1)-C(21) 
C(1 l 1)-P(l)-C(112) 
O(I)-C(L)-Mo(I) 

1.922(10) Mo(1)-N(I) 2.143(5) 
1.767(11) Mo(1)-C(213) 2.326(7) 
1.789(10) C(I 1)-C(12) 1.450(9) 
1A56(11) C(21)-C(22) 1.448(10) 
2,044(10) Mo(l)-'05Cp 1.926(8) 
1.939(12) Mo(I)-N(2) 2.153(6) 
1.785(11) N(I)-C(I 1) 1.141(8) 
1.828(8) N(2)-C(21) 1.127(8) 
1.159(12) Mo(I)-~4C6H8 1.872(7) 
2.010(13) 

116.2  N(I)-Mo(1)-N(2) 81.2(2) 

124 .2  N ( I ) - M o ( I ) -  't~ 4 101.9 
Cent 

82.3(4) N(2)-Mo(1)- •4 103.1 
Cent 

107.5(5) N(1)-C(I 1)-C(12) 178.2(8) 

/ 10.3(4) N(2)-C(21)-C(22) 179.1(8) 

110.0(5) N(I)-Mo(1)-'05 111.3 
Cent 

177.1(10) N(2)-Mo(I)- r/5 121.4 
Cent 

98.1 C(I 1)-N(I)-Mo(1) 173.8(6) 

9 6 . 9  C(21)-N(2)-Mo(1) 172.3(6) 

110.1(7) 
i 11.7(5) 
107.0(6) 
178.6(9) 
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MOLL' plane bisects the plane defined by the normals 
to the rings, in the diene derivatives there is an asymme- 
try, as defined in c, c~ and /3 being different, here 
respectively 57.6 ° and 69.7 ° . These values are very 
similar to those found in the complex [CpMo(r/4- 
C 6 H 8)(dppe)][PF 61 $O 4 [28]. 

C 

2,3.2. Crystal structure of  endo-CpMo(r I 3-C 5 H 7 )(dppe) 
(lO) 

The crystal structure of 10, shown in Fig. 2, is 
similar to many other structures of CpMo(r/3-allyl)L2 
complexes, e.g. CpMo(r/3-C3Hs)(CO)2 [32]. The coor- 
dination geometry around the Mo atom is pseudo tetra- 
hedral like in 9. The ~73-allyl fragment coordinates via 
C(21), C(22) and C(23) and has an endo conformation, 
the same found in CpMo(~3-CsH13)(NO)(CO) [33], 
( n e o m e n t h y l C p ) M  o(7/3-C 3 H 5)(NO)(C O) [34], 
( n e o m e n t h y l C p ) C p M  o(~7 3-C 3 H 5)(N O)(I)  [34], 
CpMo(r/3-C 3 H s)(NO)(I) [321. 

The allyl ligand is almost symmetric both in 10 

(Mo-C(21) 2.285(6) A, Mo-C(22) 2.179(6) ,~, M o -  
C(23) 2.272(7) A) and in CpMo(r/3-C3Hs)(CO)2 [32]. 
The angle between the normals to the allylic plane and 
the Cp ring is 121.1(4) ° and the fold angle of the bent 
r/3-f5H7 ring is 33.2(6) °. 

The M o - P  distances are slightly shorter than those 
found in 9. Again, steric interactions between the sev- 
eral rings are reflected in the short H .... H intramolec- 
ular contacts. The plane containing the normals to the 
Cp and allyl ligands is almost perpendicular (92.3 °) to 
the plane containing the two M o - P  bonds, and has the 
same angle found in 9 (92.3°). 

2 . 3 . 3 .  C r y s t a l  s t r u c t u r e  o f  [ C p M o ( ~ 7 3  
C 6 a 8 PMe 3)(C0) 2 IBF 4 (24) 

T h e  c r y s t a l  s t r u c t u r e  o f  [CpMo(~7 3 
CrHsPMe3)(CO)2] + is presented in Fig. 3 and the 
relevant bond distances and angles in Table 2. 

The structural features of 24 + are similar to those of 
the analogous CpMo(r/3-C6H9)(CO)2 [it] with compara- 
ble C - M o - C  (82.3(4) ° vs. 82.7(1) °) and internal allylic 
(115.7(9) ° vs. 116.7(3) °) angles. In the allylic ligand the 
central atom C(23) (Mo-C(23)=  2.201(8) A) is closer 
to the metal than the terminal carbons (Mo-C(22)=  
2.358(7) A and Mo-C(24) = 2.372(10) ,~). 

The angle between the normals to the Cp ring and 
the allyl plane is 138.8(10) °. The ~3-C6H8PMe 3 ring 
adopt a chair conformation with the PMe 3 substituent 
occupying an axial position and lying on the external 

[CP2Mo(PH3)2] 2+ [Cp2Mo(PF3)2] 2+ [Cp2Mo(PMe3)2] 2+ [Cpz]VIo(CO)2] 2+ 

Staggered -0.040 -0.041 .0.068 0.016  o12  /z oo23   ,,,z0.035 
L L -0.013 ~ 7 -0.021 -0.025 ~ ~ 0.013 f" 

#.,\,,, .,,/)-0.049 ( \ ,  , / ) -0 .047 #"k" " / ) -0 .057 /.,~l~ " ,.,/) ~OiO ~ 8 

-0.012" v " -0.011 v -0.017" v " 0.017 ~ v t l  
* 0.013 * 0.013 * 0.006 * 0.053 

#_5o0 0 U500 3 
* 0.007 * 0.007 * 0.001 * 0.046 

Eclipsed 2 -0.040 -0.041 -0.068 0.016   0017 
t -0.015 -0.014 -0.020 .013 

Fig. 5. Charges in the Cp carbon atoms for several [Cp2 MoL 2 ]2+ complexes for three different arrangements of the rings. 
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face of the ring. Previous X-ray crystallographic studies 
made by Faller et al. [1], Green et al. [35], and Pearson 
et al. [36] showed that in cyclohexenyl-CpMo(CO) 2 
complexes the six membered tings adopt a chair confor- 
mation regardless of substitution pattern. The c~ and /3 
angles, defined in c above, are in this cation 49.8(6) ° 
and 89.0(9) ° respectively, differing much more than in 
9, as steric effects are not so important here. 

2 . 3 . 4 .  C r y s t a l  s t r u c t u r e  o f  [ C p M o ( r l  4_ 

C 6 H 8)(NCMe) 2 ]BF 4 (25) 
The crystal structure of [CpMo(r I 4 -C 6 H 8 )(NCMe) 2 ] + 

is presented in Fig. 4. The most relevant bond angles 
and distances are in Table 2. 

The structural features of the cyclobexadiene com- 
plex cation 25 + are similar to those of the complex 9 ÷ 
and of [CpMo('q4-C6H8)(dppe)]PF6 • SO4 [28]. The an- 
gle between the normals to the planes of the Cp ring 
and that of the 4 olefinic carbons of the C6H 8 ring, is 
125.04(9) °. The fold angle of the C6H 8 ring is 41.5(4) °. 

The four olefinic carbon atoms are bonded to the 
metal in a rather asymmetric way; Mo-C112 = 2.318(7) 
A, M o - C ( l l 3 ) =  2.309(6) A, M o - C ( l l 4 ) =  2.277(7) 
A, M o - C ( ! 1 5 ) = 2 . 2 7 0 ( 7 )  ,~; C(112) -C(113)=  
1.407(11) A, C(113) -C(114)=  1.379(12) A and 
C(114)-C(115) = 1.415(11) A. The distances from the 
Mo to the diene (1.872(7) vs. 1.91 ,~) and Cp planes 
(1.926(8) vs. 1.97 ,~) are comparable to the correspond- 
ing ones found for complex [CpMo(@-C6Hs)(dppe)]- 
[PF o]- SO 4. 

The N atoms and the Mo atom lie in a plane that 
makes an angle of 91.9(3) ° with the plane formed by the 
normals defined above. The Mo-N distances of 2.143(5) 
and 2.153(6) A are comparable with other Mo-N dis- 
tances of CP2MoL 2 complexes with N donor atom 
ligands [37]. 

Cp ring (marked with * ) where positive charge concen- 
trates, irrespective of the ligand L. It can be seen, 
however, that moving from a phosphine to a carbonyl 
has a remarkable effect upon the charges on the carbons 
of the Cp. 

They become much more positive, as electron den- 
sity is pushed in the carbonyls and out of the Cp rings. 
Changes form one phosphine to the other are less 
important. 

In view of this charge distribution, one might expect 
that kinetically controlled nucleophilic attack of H-  
would always be preferred in the marked position, 
suggesting an endo-[CpMo(~4-CsH6)L2]+ conforma- 
tion for the reaction product. This is confirmed by the 
geometry of the final complexes [CpMo(r I 4 -C 5 H 6 )L 2 ] + 

(9, L 2 = dppe; 11, L = PMe3). In the case of the car- 
bonyl derivative both isomers are presenli in solution 
[18]. This led us to study the rearrangernents of the 
"q4-CsH 6 ligand in several [CpMo(@-CsH6)L2] + 
species, ( L = C O ,  PH 3, PMe 3, and PPhzH) starting 
from the kinetically favoured endo conformation a and 
allowing the "rl4-C5H6 ligand to rotate 181], ° in order to 
move to the exo conformation b. The geometries were 
not optimized, though the models were chosen in order 
to reproduce the experimental structures. This means 
that the calculated rotation barriers are probably too 
high. 

These results show the influence of steric factors in 
preventing free rotation once the new diene is formed. 
The energy differences between exo and endo forms 
are very small, except for the bulkier phosphine. In this 
case, the rotation barrier is also too high to be easily 
overcome. 

3. Discussion 

2.4. Theoretical studies 

In order to understand the nucleophilic attack pat- 
terns observed in the previously described reactions, 
extended Hiickel calculations were performed [38,39]. 
The first question concerns the preference for the attack, 
which depends on the charge distribution. Although the 
absolute values of the charges cannot be trusted, the 
trends upon ligands substitution are indicative of their 
real changes. The model used consisted of a 
[Cp2MoL2] 2+ complex, ( L = P H  3, PF 3, PMe 3, CO) 
and we analyzed the charges for these derivatives, 
considering three relative arrangements of the Cp lig- 
ands, namely, staggered, eclipsed with one short H . . .  H 
contact (eclipsed 1) or eclipsed with two short H . . .  H 
contacts (eclipsed 2). The charges are given in the Fig. 
5, for the three arrangements of the four complexes. 

These results indicate that there is a position of the 

Functionalization of cyclopentadiene rings is usually 
done by means of the deprotonation to (251-I 5 (Cp-)  
followed by the reaction with electrophiles, E +, to give 
CsHsE. Repeating this process from the latter molecule 
gives mixtures of 1,2 and 1,3 disubstituted products 
CsH4E 2 [11]. The double sequential nucleophilic addi- 
tion of H-  to the Cp ring of [CpzMo(dppe)] 2+ (1) 
seemed to offer an alternative to the prepaa:ation of 1,2 
disubstituted C 5 tings from coordinated Cp since, ac- 
cording to the Davies-Green-Mingos rules, it yields a 
cyclopentenyl complex with both added substitutents on 
the same (external) face of the ring, as depicted in 
Scheme 2 for H *. In the present case, the relatively rare 
nucleophilic addition to coordinated Cp rings is favoured 
by the high positive charge imparted to the Cp rings of 
the starting dication 1. 

For most of the dications tried, [CpzMoL2] 2+, even 
the simpler double H-  addition was not feasible as they 
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give either incomplete (L 2 = en, 4), irreproducible (L = 
CO, 3) or untractable reactions (L 2 = dth, 5). For the 
sake of comparison mention should be made to the 
react ions  of  the c lose ly  re la ted species  
[Cp2Mo(NH3)2] 2+ which readily gives Cp2MoH 2 [40], 
and [ C p 2 M o ( S C H : C H S M e ) ]  + which gives 
Cp2 Mo(SCH 2 CH 2 SMe)(H) most presumably via initial 
H- attack to the ring followed by H migration to metal 
as elegantly demonstrated by Cooper in the reaction of 
the related W complexes [CpzW(SM%)X] ÷ with carbon 
nucleophiles (R-) to give CpCp'WHX (Cp'= CsHsR) 
[40,41]. 

However, double H- addition is facile, stepwise and 
reproducible for the phosphine dications [Cp2MoP2] 2÷ 
1 (P2 = dppe) and 2 (P = PMe3). In both cases only one 
conformer (rigid in solution at room temperature) was 
obtained for each of the complexes resulting from the 
first H- addition step namely, endo-[CpMo(rl 4- 
C 5 H 6)(dppe)] + (9) and e n d o - [ C p M o ( ~  4- 
CsH6)(PMe3)2] + (11). This conformation is imposed 
by the electronic properties of the substrate dication 
[Cp2 MoP2 ]2+. In fact, considering that H-  adds on to 
the external face of the Cp ring [14], and that such 
additions on 18-electron cations are kinetically and 
charge controlled reactions [7-9], the charges given in 
Fig. 5 suggest the initial formation of endo-[CpMo(rl 4- 
CsHt)P2] + from any dication [Cp2MoP2] 2+ as ob- 
served experimentally. The higher energy of the exo-9 
isomer and high e n d o / e x o  rotation barrier calculated 
for the model compound of 9, [CP2Mo(PPh2H)2] 2+, 
(Table 3) are further arguments to prevent the formation 
exo-9 isomer. Similar arguments based on the values of 
Fig. 5 and Table 3, suggest that H-  addition to the 
dication [Cp2Mo(CO)2] z+ would originate the kineti- 
cally and thermodynamically controlled endo- 
[CpMo(r/4-C5H6)(CO)2] +. Experiment shows that both 
isomers interconvert and are present at room tempera- 
ture. It seems, therefore, that the interconversion barrier 
is smaller for the CO complex when compared with the 
phosphine analogue 11 in contrast with the predictions 
based on the values in Table 3. In fact, the values 
calculated for the rotation barriers are only indicative 
and do not allow us to distinguish between the two 
isomers. A more detailed study of e x o / e n d o  conver- 
sions in [CpMo01a-diene)L,] complexes addresses these 

Table 3 
Relative energy between the endo and exo conformers and activation 
energy (A E) for their interconversion (eV) 
Energy (eV) endo exo ,5 E 

[Cp2 M°(CO)2 ]2 + 0.0 0.12 0.63 
[Cp2 Mo(PH 3)2 ]2 + 0.0 0.26 0.62 
[CP2 Mo(PMe3) 2 ]2 + 0.0 0.10 0.64 
[Cp2 Mo(PPh 2 H)2 ]2 + 0.0 1.15 5.00 

R- ~ / F'" R ) 
+ R R" 

R- 

Mo... C p /  N,' L' L Mo .... Mo.. c p /  -,.~,L Cp/ <'~'L 

e 

Scheme 5. 

questions by means of molecular mechanics calculations 
and will be published elsewhere [24]. 

The second H-  addition occurs on endo-9 and endo- 
11 at the terminal diene C atom, according to the 
Davies-Green-Mingos rules as confirmed for the crys- 
tallographically characterized endo_CpMo(rl3_ 
CsHv)(dppe). Qualitatively, it is also clear that the 
latter addition is easier for the dppe complex 9 than for 
the electron richer PMe 3 analogue 11. 

Unfortunately, this reactivity was not reproduced with 
the carbon nucleophiles which was one of the initial 
goals of this work. In no case was double addition 
obtained upon reaction of [CpzMoLz] ?+ [L z = (CO) 2, 
dppe] with stabilized and unstabilized carbanions, e.g. 
- CH 2CN, -CH 3 under several expe, rimental condi- 
tions. This means that the initially formed cyclopentadi- 
ene derivatives [CpMo074-CsHsR)L2]+ do not undergo 
the expected addition of a carbon nucleophile. This 
strongly contrasts with the reactivity of the similar 
cyclohexadiene complexes [CpMo(~/4-C6H7R)(CO)2] + 
(R = H, alkyl) which undergo stereo and regiospecific 
nucleophilic attack by hard carbon nucleophiles like 
Grignard reagents [1]. 

Two reasons may be held responsible for this result. 
The first one is the facile deprotonation of the CsHsR 
ring in the [CpMo074-C5HsR)Lz] + complexes that 
leads to ~3-Cp complexes, e.g. CpMo073-C5H4R)L2, 
which undergo decomposition due to their high reactiv- 
ity. Such deprotonations are very facile in the case of 
the L = CO derivatives as we have reported before 
[16-18]. The phosphine derivatives are less acidic but 
even considering that [CpMo(~4-C5HsP)(dppe)] + does 
not react with NEt 3 like its CO congeners, it may not 
resist deprotonation by the more basic: carbon nucle- 
ophiles. The second reason, we believe the most impor- 
tant, is the steric hindrance of the second nucleophilic 
addition caused by the presence of the first substituent 
on the exo C 5 position of the coordinated CsHsR ring 
as shown in d, Scheme 5. A similar dnnnatic decrease 
of the reactivity toward nucleophiles is observed in the 
nucleophilic additions to the cyclohexadienyl ring in 
complexes [Mn(CO)(NO)(L)(r/5-C6H6R)] ÷ (26) when 
R is at the C-6 exo position [9]. In the absence of a 
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kinetically accessible addition pathway, decomposition 
is favoured by alternative reactions like deprotonation. 

R 

I+ 
Mn(CO)(NO)(L) 

26 

In agreement with this, all attempts to react 
[CpMo(r/a-CsH6)L2] + (L = (C0)2, dppe) with carbon 
nucleophiles led to decomposition with the exception of 
LiCuMe 2 which produced the cyclopentenyl derivatives 
CpMo(@-CsH6Me)L 2 under carefully controlled reac- 
tion conditions. 

At this point one should also note that, even disre- 
garding the acid-base and/or  the steric arguments 
above, R-  addition to the independently prepared 
monosubs t i tu ted  cyc lopen tad iene  complexes ,  
[CpMo(~4-CsHsR)Lz] + [16-18], is no alternative for 
the synthesis of coordinated, disubstituted 1,2-CsHsR 2 
rings. In fact, as demonstrated in the case of [CpMo(r/4- 
C 5 H 5 Me)(CO)2 ] + [ 16-18], several position isomers of 
the diene ring are present which invalidate the desired 
regioselectivity control. As depicted in Scheme 5, attack 
at the terminal C atoms of the diene would lead to 
mixtures of isomers except in the case of d where only 
the 1,2 product is formed. Isomer e leads to 1,1 and 1,3 
disubstituted rings and isomer f to 1,2 and 1,3 disubsti- 
tuted rings. The situation represented in d is precisely 
the one predicted by applying the Davies-Green- 
Mingos rules to double sequential R-  addition to 
[Cp2MoL2] +. 

The addition of group 5 and 6 nucleophiles to both 
[CpzMo(dppe)] 2+ and [CpzMo(CO)2] 2+ also failed to 
give double addition products. Excess PhS- leads to 
CpzMo(SPh) 2 by metal disubstitution. However, the 
e x o  subs t i tu t ed  m o n o a d d u c t s  [CpM o(r/4- 
C 5 H 5 S M e ) ( d p p e ) ]  + a n d  [ C p M o ( ~ ? 4 -  
CsHsPMe3)(CO)z] + are readily formed from the corre- 
sponding dications. Since nucleophilic additions readily 
take place onto the u n s u b s t i t u t e d  diene of complexes 
[CpMo('r/a-CsH6)(CO)2] + to give Cp'Mo('r/3- 
CsH6SPh)(CO) 2 (Cp ' =  Cp, Ind) as well as [CpMo(@- 

1+ C 5H 6 P M e 3 ) ( C O ) z  and  [ C p M  o(rl  3 
C6HsPMe3)(CO)2] +, the failure to observe a double 
sequential nucleophilic addition to the cyclopentadienyl 
ring of [CpzMoL2] 2+, in all cases except for H- ,  is 
most certainly due to steric hindrance 

In contrast to the well understood regiochemistry of 
the Davies-Green-Mingos rules, electrophilic and ox- 
idative reactions of organometallic complexes are much 
less predictable although they are necessary steps in 

many metal promoted diene functionalization methods. 
Considering the electrophilic H-  abstractions with 
Ph3 C+, all the cyclopentadiene complexes [CpMo(~74- 
C 5 H 6)L 2 ] ÷ react similarly producing the corresponding 
dicationic derivatives [CP2MoL2] 2+ regardless of L. 
The reaction is extensive to other oxidants namely CI 2 
and Br 2. However, similar abstractions do not take 
place from the cyclohexadiene or cycloheptatriene com- 
plexes [CpMo(7?4-C6Hs)(CO)2] + or [C, pMo('q 4- 
C7H8)(CO)2] + probably due to the instability of the 
open pentadienyl complexes that would result, e.g. 
[CpM 0('0 5-C 6 H 7)(C O)2 ] 2+ and [CpM o('q s- 
C7 H 7)(C0)2 ]2 + respectively. The aromatization of the 
cyclopentadienyl ring, absent in the latter hypothetic 
compounds, certainly provides the thermodynamic driv- 
ing force for the process. Mechanistically, this abstrac- 
tion seems to involve acid/base H-  transfi~.r of the e x o  

methylene hydrogen of the CsH 6 ring to the Ph3 C+ 
cation since the cyclic voltammogram (CV) of the 
cation [CpMo(@-CsH6)(CO)z] + does not present any 
oxidation wave within the solvent lin-tits (NCMe, 
CH2C12). However, a redox initiated mechanism in- 
volving sequential 1-electron oxidation of the cyclopen- 
tadiene cation followed by H abstraction cannot be 
ruled out in the case of the electron richer' and oxidize 
able phosphine analogues 9 and 11. Indeed[, [CpMo(rl 4- 
CsH6)(dppe)] + reacts with ferricenium to produce 
[CpeMo(dppe)] 2+ and ferrocene although only in mod- 
erate yield. The importance of single ele,ztron step 
mechanisms seems to be marginal in the reverse nucleo- 
philic additions to -rr hydrocarbon rings of [M(~/X-hy - 
drocarbon)(CO),] + electrophiles [9]. 

In the group of the neutral cyclopentenyl complexes 
CpMo(@-CsHT)L 2, reaction of Ph3C ÷ with CpMo(~73- 
CsH7)(CO) 2 and CpMo(~73-CsHT)(PMe3)2 gives the 
corresponding [CpMo(r/a-CsH6)L2] +. These results 
parallel the reaction of the cyclohexenyl complexes 
CpMo(r/3-C6HsR)(CO)2 (R = H, alkyl) with Ph3 C+ 
that gives the cyclohexadiene complexes CpMo(r/4- 
C6HTR)(CO)2] + [l]. Quite unexpectedly, however, re- 
action of Ph3C + with CpMo(r/3-C5HT)dppe does not 
give [CpMo(@-CsH6)(dppe)] + (9). Instead, a mixture 
of 60% [CpMo(dppe) 2 ]2+ and 30% of [CP2Mo(dppe)] 2+ 
is formed without traces of 9. 

The CV data in Table 1 show that all the CpMo(r/3- 
CsHv)L 2 complexes are irreversibly oxidized in con- 
trast to their parent allyl CpMo(~'/3-C3H,;)(CO)2 . This 
fact favours the consideration of a simple acid/base H-  
abstraction mechanism which does not involve any 
unstable radical-cation species [CpMo(~73-CsHT)L2]'. 
In our opinion, the diverging behaviour of the dppe 
derivative CpMo(@-CsHT)dppe (10) can be explained 
assuming steric hindrance in the formation of the transi- 
tion state for acid/base H-  abstraction, due to the bulk 
of the Ph substituents of the dppe ligand. Short intra- 
molecular contacts between these phenyl hydrogens and 
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the C5H 7 ring are found in the crystal structure of 10 
(Fig. 2). Therefore, in the absence of this simple H-  
transfer pathway, electron transfer takes place to give 
most  probably the radical-cat ion [CpMo(~3-  
C5 HT)dppe]" ÷ which decays (dismutation, C ~ H 7 radi- 
cal loss, etc.) to the final products. The irreproducible 
reaction of CpMo(r/3-CsHT)dppe with ferricenium most 
certainly follows related pathways as ferrocene is formed 
in the process. 

4. Conclusions 

The cyclopentadiene complexes  [CpMo(~ 4- 
CsHsR)L2]  + are isolated from the dications 
[Cp2MoL2] 2+ (L = CO, PMe 3, dppe) and several nu- 
cleophiles (R- )  depending on L (L = dppe, R = H, 
CH3, CH2CN, CH2PPh 3, SMe; L = CO, R = H, CH 3, 
SPh, PMe3; L = PMe 3, R - -H) .  Only one rigid con- 
former is obtained in each of the phosphine containing 
complexes, while the CO derivatives are fluxional in all 
cases. EHMO calculations correctly predict the kineti- 
cally controlled isomers but are not sufficiently accurate 
to interpret the fluxional behaviour. 

Even with large excess of R- ,  the synthetically 
useful sequential double nucleophilic addition of R-  to 
one of the Cp rings of those dications to form the 
cyclopentenyl complexes CpMo(~73-1,2-CsHsRz)L2 in 
a regio and stereospecific way was only achieved for 
the hydride (R = H; L = CO, PMe 3, dppe). Steric hin- 
drance caused by the first R substituent seems to block 
the reactivity of the coordinated cyclopentadiene in 
[CpMo(T/4-CsHsR)L2] +. This contrasts with the well 
established high reactivity of the cyclohexadiene ana- 
logues [CpMo(~74-C6HTR)(CO)2] + towards a range of 
nucleophiles. 

On the other hand, the reverse H-  abstractions 
(Ph3 C+) from [CpMo('r/a-CsHr)L2] + and CpMo(r/3- 
CsHT)L 2 are facile in all cases except for CpMo(~/3- 
CsHv)(dppe) where steric bulk seems to favour (uncon- 
trolled) electron transfer reactions. 

5. Experimental details 

All experiments were carried out under an atmo- 
sphere of argon by Schlenk techniques. Diethyl ether, 
THF and pentane were dried by distillation from 
Na/benzophenone. Acetonitrile was dried over Call2 
and distilled after refluxing several hours over Call  2- 
PzO5. Dichloromethane was distilled from Call  e. Ace- 
tone was distilled and kept over 4 A molecular sieves. 

Microanalyses were performed by Eng. Jofio P. Lopes 
in our laboratories (ITQB). I HNMR spectra were ob- 
tained with a Bruker CXP 300 spectrometer. Infrared 
spectra were recorded on a Perkin-Elmer 457 and on a 

Unican Mattson Mod 7000 FTIR spectrophotometer 
using KBr pellets. 

PMe 3 [42], LiCuMe 2 [43], I_,iCH2CN [44], 
[CpMo(r /4-CsH6)(dppe)]PF6 [14], [Cp 'Mo(r j  4- 
CsH6)(CO)2]BF4(Cp'=C p, Ind) [16-18] CpMo(~ 3- 
CsHT)(dppe) [14], [Cp2Mo(CO)2][BF4] 2 [16-18] and 
[CpMo(r/4-C6Hs)(CO)e]BF4 [1] were prepared as de- 
scribed previously. 

6. Electrochemistry 

The electrochemical instrumentation consisted of a 
PAR 173 potentiometer, a PAR 175 voltage program- 
mer and a Houston Instruments Omnigraphic 2000 X-T 
or a EG and G Princeton Applied Research Potenciostat 
Model 273A, connected to the data acquisition software 
(EG and G PAR Electrochemical Analysis Model 273 
Version 3.0). 

The reference electrode, a calomel electrode contain- 
ing a saturated solution of potassium chloride, was 
calibrated using a solution of ferrocene ( lmM) contain- 
ing 0.1M LiCIO 4 for which the ferriciinium/ferrocene 
potential was in agreement with the literature value [45]. 

The working electrodes were a 2 mm piece of Pt 
wire and the auxiliary electrode a Pt wire coil. The 
voltammetric experiments were performed at room tem- 
perature, in an argon atmosphere, in a standard single- 
compartment three electrode design (PAR polarographic 
cell). Solutions used were lmM in solute and 0.1M in 
the supporting electrolyte, tetrabutylammonium hexaflu- 
orophosphate (Sigma Chemical Co.). 

Solvents were dried as previously described. Solu- 
tions were degassed with dry nitrogen (or argon) before 
each experiment and an inert atmosphere was main- 
tained over the solution. 

7. Experimental 

7.1. Preparation of  [Cp: Mo(dppe)][BFu] 2 (1) 

A suspension of Cp2MoI 2 (0.96 g, 2 retool) in 
NCMe was treated with dppe (0.99 g, 2.5 mmol) and 
T1BF 4 (1.16 g, 4 mmol). The mixture was refluxed for 3 
h. The resulting orange solution that formed was sepa- 
rated from TII by filtration and evaporated to dryness to 
give a powder. Yellow crystals were obtained from 
recrystallization with NCMe/EtzO.  (Yield, 87%.) EA, 
IR (KBr) and ~H NMR data are in agreement with Ref. 
[14]. 

7.2. Preparation of[Cp 2 Mo(PMe~ )2 ]2 + (pFr-- or BF 4- ) 
(2) 

7.2.1. Method a 
Treatment of a suspension of Cpz Mol 2 (0.19 g, 0.40 

mmol) in acetone with PMe 3 (0.80 ml, 8 retool) and 
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T1PF 6 (0.29 g, 0.82 mmol) caused immediate change in 
the colour from green to yellow. After stirring for 2 h 
the solvent was removed and the residue extracted with 
acetonitrile at 50°C. The resulting yellow solution was 
evaporated to dryness to give a powder. Yellow crystals 
were obta ined from recrysta l l izat ion with 
acetone/ethanol. (Yield, 84%.) 

7.2.2. Method b 
A solution of [CpMo(@-CsH6)(PMe3)2]BF 4 (0.12 g, 

0.28 mmol) in dichloromethane was treated with a 
solution of Ph3CBF 4 (0.09 g, 0.28 mmol) in the same 
solvent. After 30 rnin of stirring, the yellow powder that 
formed was filtered off  and washed with 
dichloromethane and ether. (Yield, 85%.) Anal. Found: 
C 34.70; H 5.10. Calc. for C16H28B2FsP2Mo: C 34.82; 
H 5.11%. Selected IR (KBr, cm-l) :  v 3140; 2930; 
1440; 1320; 1050. ~I-INMR (CH3CN-d 3, 100 MHz, r.t., 

ppm): 5.57 (t, 5H, [3JpH = 2.5 Hz], Cp); 1.66 (d, 9H, 
PMe3). 

7.3. Preparation of [Cp2 Mo{P( OMe)3} 2 ][BF 4 ]2 (4) 

A suspension of [Cp2Mo(CO)2][BF4] 2 (0.23 g, 0.50 
mmol) in dichloromethane was treated with excess 
P(OMe) 3 (3 ml), refluxed and irradiated with a 60 W 
tungsten bulb for 2 h. The resulting yellow solution was 
evaporated to yield an oil which was solidified by 
adding ethanol. The yellow powder was washed with 
ether and recrystallized from acetone/ethanol. (Yield, 
70%.) Anal. Found: C 29.70; H 4.21. Calc. for 
Cj6H28BzFaO6P2Mo: C 29.66; H 4.36%. Selected IR 
(KBr, cm-~): u 3103; 2960; 1440; 1417; 1055. JHNMR 
(CH3CN-d 3, 100 MHz, r.t., 6 ppm): 5.70 (s, 10H, Cp); 
3.87 (t, 18H, P(OMe)3). 

7.4. Preparation of [CP2 Mo(NCMe)(PMe 3)12 + (PF 6- 
or BF4-) (7) 

A solution of Cp2MoI 2 (0.19 g, 0.40 mmol) in 
NCMe was treated with PMe 3 (0.5 ml, 5 mmol) and 
T1BF 4 or TIPF 6 (0.80 mmol). The orange solution was 
filtered to remove TII and the solvent evaporated under 
vacuum. The residue was washed with Et:O and recrys- 
tallized from acetone/EtzO. The yellow crystals were 
isolated in 85% yield.  Anal. Found  for 
[CpzMo(NCMe)(PMe3)][BF4]2: C 36.44; H 5.28; N 
2.41. Calc. for C18H3zB2FsNPMo: C 36.46; H 5.27; N 
2.36%. IR (KBr, cm-t) :  u 3100, 2930, 2280, 1425, 
1320, 1050. 1HNMR (CH3CN-d 3, 300 MHz, r.t., 6 
ppm): 5.38 (d, 5H, [3JpH = 3.2 Hz], Cp); 1.91 (s, 3H, 
NCMe); 1.67 (d, 9H, [3JpH = 14.7 Hz], PMe3). 

7.5. Preparation of [Cp2 Mo(H)PMe 311 (8) 

A solution of CP2Mo(H)I (0.15 g, 0.44 mmol) in 
NCMe was treated with PMe 3 (0.04 ml, 0.44 mmol). 

After stirring for 1 h 30 rain the solution became orange 
and the solvent was removed under vacuum. Part of the 
residue was extracted with CH2C12 and the, solution 
evaporated to dryness. Recrystallization from NCMe 
afforded yellow crystals of [Cp2Mo(H)PMe3]]I in 30% 
yield. The undissolved residue was extracted in NCMe. 
Upon concentration and cooling yellow cx2cstals sepa- 
rated (70% yield) and were shown to be the [- salt of 
[Cp2 Mo(PMe3) 2 ]2+ by IR and 1H NMR spectroscopy. 
Anal. Found: C 36.20; H 4.65; Mo 22.29. Calc. for 
C~3H20IPMo: C 36.30; 11 4.69; Mo 22.31% Selected 
IR (KBr, cm-l) :  u 3060, 2960, 2900, 1440, 1300. 
~HNMR (CH3CN-d3, 90 MHz, r,t., 6 ppm): 5.07 (d, 
10H, [3JpH = 12.0 Hz], Cp); 1.50 (d, 9H, [2JpH = 36 
Hz], PMe3); - 8 .90  (d, 1H, [2JpH = 144 Hz], Mo-H). 

7.6. Preparation of [CpMo('o 4-C~ H 6 )(PMe ~ )2 ]BF4 (11) 

7.6.1. Method a 
A solution of [CP2Mo(PMe3)2][BF4] 2 (0.18 g, 0.33 

mmol) in NCMe was allowed to react with 1 eq. g of 
NaBH 4 (0.01 g, 0.33 mmol) for 1 h at room tempera- 
ture. The resulting yellow solution was evaporated to 
dryness and the residue extracted with CI-I2C12. Slow 
addition of diethyl ether produced yellow crystals in 
79% yield. 

7.6.2. Method b 
A solution of CpMo(@-CsHv)(PMe3) 2 (0.13 g, 0.34 

mmol) in dichloromethane was treated with a solution 
of Ph3CBF 4 (0.11 g, 0.34 mmol) in the same solvent. 
After 30 min of stirring, the solvent was evaporated and 
the residue washed with ether. (Yield, 85%.) Anal. 
Found: C 41.26; H 6.22. Calc. for C16H29BF4P2Mo: C 
41.23, It 6.27%. Selected IR (KBr, cm--l): v 3100, 
2980, 2920, 2270, 1425, 1300, 1050. 111NMR 
(CH2C12-d 2, 300 MHz, r.t., 6 ppm): 5.22 (m, 2H, 
H2-3); 4.91 (t, 5H, Cp, [3JpH = 1,6 Hz]); 4.04 (d, 1H, 
[2JHH = 11.8 Hz], Hexo); 2.96 (br, 2H, H~/4); 2.60 (d, 
1H, [2J~H = 11.8 Hz], He°do); 1.31 (t, 18I-I, [3JpH = 3.3 
Hz] PMe3). 

7.7. Preparation of CpMo(~3-CsH7)(PMe3)~ (12) 

[CpMo('o4-CsH6)(PMe3)2]BF4 (0.06 g, 0.14 mmol) 
was suspended in THF and excess LiA1H 4 was added. 
The resulting solution was stirred for 1 h. The unreacted 
LiA1H 4 was destroyed with 1 ml of propanol-2 and a 
few drops of water. The solution was evaporated and 
the residue extracted with pentane. The solvent was 
removed in vacuum. The product was obllained in 75% 
yield after sublimation at 100°C (10 -4 rnm Hg). Anal. 
Found: C 50.52; H 7.94. Calc. for C16H30P2Mo: C 
50.53; H 7.95%. IR (KBr, cm-1): u 3100, 2980, 2920, 
1425, 1280. MS: m / z  382 (M+), 314, 230, 76. 
IHNMR (C6H6-d6, 300 MHz, r.t., 6 ppm): 4.10 (s, 
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5H, Cp); 2.76 (d, 2H, [3JHH = 8.16 Hz], H4/6); 2.59 (m, 
1H, [3jpa = 10.4 Hz], H2); 2.28 (c, 2H [3JHH = 5.8 Hz, 
3jpa = 2.9 Hz], H1/3); 1.57 (d, 2H, [3JHH = 8.2 Hz], 
H5/7); 0.86 (t, 18H, [3Jl~ H = 2.6 Hz], PMe3). 

4/5 6/7 

The compound was suspended in acetone (15 ml) and 
treated with excess TIPF 6. After stirring for 15 min, as 
TII precipitated, the cherry-red acetone solution was 
filtered and EtOH (15 ml) added. Crystals were ob- 
tained by evaporation of the solvent. Anal. Found: C 
33.60; H 4.60; N 6.40. Calc. for CI2][-IIgN2PF6Mo: C 
33.40; H 4.40; N 6.50%. Selected IR (KBr, cm-J): u 
3370; 3325; 2955; 1465; 1455; 1045; 880; 840. 

7.11. Preparation of [CpMo(~?4-CsHsMe)(dppe)lPF6 • 
CHzCI 2 (14) 

7.8. Preparation of CpMo(~7~-CsHT)(CO)2 (12a) 

7.8.1. Method a 
Addition of LiA1H 4 (0.05 g, 1.38 mmol) to a suspen- 

sion of [CP2Mo(CO)2][BF4] 2 (0.21 g, 0.46 mmol) in 
THF caused instantaneous dissolution of the compound 
to afford a yellow-green solution which was taken to 
dryness after the destruction of the unreacted LiA1H 4 
with a few drops of water. The residue was extracted 
with ether to give an oil which was then extracted with 
hexane to afford the yellow microcrystalline compound 
in 50% yield. 

7.8.2. Method b 
Addition of LiA1H 4 (0.12 g, 3.16 mmol) to a suspen- 

sion of [CpMo(~74-C5 H 6)(CO) 2 ]BF 4 (0.40 g, 1.08 mmol) 
in THF caused instantaneous dissolution of the com- 
pound to afford a yellow solution which was taken to 
dryness after the destruction of the unreacted LiA1H 4 
with water (2 ml). The residue was extracted with 
pentane to give the yellow microcrystalline compound 
in 80% yield. EA, IR (KBr) and ~HNMR data are in 
agreement with Ref. [25]. 

7. 9. Preparation of CpMo(~73-C 6 H 9)(C0) 2 (12b) 

MeLi (1.1 ml, 1.4 mmol of a solution 1.29M in 
Et20) was slowly added, at 0°C, to a CuI suspension 
(0.11 g, 0.60 mmol) in Et20. The reaction mixture was 
allowed to react for 10 rain until the precipitate initially 
formed was dissolved. [CpzMo(dppe)][PF6] 2 (0.18 g, 
0.20 mmol) was added to the solution of LiCuMe 2 at 
-30°C, and stirred for 3 h at room temperature. The 
unreacted LiCuMe 2 was destroyed at - 30°C with a few 
drops of ethanol. The solvent was removed in vacuum, 
the residue washed with EtzO and extracted with 
CH2C12. Cooling at -20°C the concentrated extract 
gave the product as yellow crystals in 72% yield. Anal. 
Found: C 52.01; H 4.47; P 10.54. Calc. for 
C38H39C12F6P3Mo: C 52.48; H 4.51; P 10.69%. Se- 
lected IR (KBr, cm-~): u 3100; 305;0; 1475; 1435; 
1425; 830; 750; 700. tHNMR (CH2C12-d 2, 300 MHz, 
r.t., 6 ppm): 6.80-7.60 (m, 20H, Ph); 4..84 (s, 5H, Cp); 
4.54 (dt, 2H, [3JpH = 11.6 Hz], H 2, H3); 3.25 (br, 2H, 
H l, H4); 3.12 (c, 4H, CH 2 of dppe); 2.53 (m, 1H, Hs); 
0.40 (d, 3H, [3JHH = 3.0 Hz], Me). 

4 ~5 

[Mo] 2 ~ ~ R  
1 

Addition of LiA1H 4 (0.12 g, 3.16 mmol) to a suspen- 
sion of [CpMo(r/4-C6Hs)(CO)2 ]BF 4 (0.30 g, 0.78 mmol) 
in THF caused instantaneous dissolution of the com- 
pound to afford a yellow solution which was taken to 
dryness after the destruction of the unreacted LiA1H 4 
with water (2 ml). The residue was extracted with 
pentane to give the yellow microcrystalline compound 
in 58% yield. EA, IR (KBr) and IHNMR data are in 
agreement with Ref. [ 1 ]. 

7.10. Preparation of [CpMo(r14-C5 H 6 )(en)lPF 6 (13) 

A suspension of [Cp2Mo(en)]I 2 (0.54 g, 1 mmol) in 
1,2 dimethoxyethane (20 ml) was treated with excess 
NaBH 4 (0.1 g) at room temperature. After stirring for 
15 rain as the precipitate turned cherry-red, the solvent 
was removed under vacuum and the residue washed 
with water (2 × 5 ml) to remove the NaBH 4 excess. 

7.12. Preparation of [CpMo(~74-C5HsCHeCN)(dppe)] - 
PF 6 • CH2CI 2 (15) 

NCMe (54.70 ml, 1.00 mmol) was added to a solu- 
tion of nBuLi (1.00 mmol, 0.62 ml of a 1.6M solution) 
in THF at -70°C. [Cp2Mo(dppe)][PF6] 2 (0.17 g, 0.18 
mmol) was added to the suspension of LiCH2CN in 
THF, and stirred for 2 h at room temperature. The 
unreacted LiCHzCN was destroyed with 2 ml of ethanol. 
The solvent was evaporated. After waslhing with Et20 
(3 × 10 ml) the residue was extracted with CH2CI 2. 
Slow addition of pentane to the concentrated extract 
gave the product as a yellow microcrystalline powder in 
70% yield. Anal. Found: C 52.01; H 4.37; N 1.31. Calc. 
for C39H38C12F6NP3Mo: C 52.37; H 4.28; N 1.56%. 
Selected IR (KBr, cm -1): u 3080, 3050, 2960, 2940, 
2250, 1475, 1440, 1435, 1425, 830, 750, 700. II-INMR 
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(CH2CI2-d 2, 300 MHz, r.t., 6 ppm): 6.79-7.55 (m, 
20H, Ph ); 4.88 (s, 5H, Cp); 4.64 (dt, 2H, [3Jell = 11.8 
Hz], H 2, H3); 3.27 (br, 2H, H 1, H4); 3.12 (c, 4H, CH 2 
of dppe); 2.79 (m, 1H, Hs); 1.69 (d, 2H, [3JHH = 5.0 
Hz], CH2CN). 

7 . 1 3 .  P r e p a r a t i o n  o f  [ C p M o ( r l  4 
CsHsCH 2 PPh3)(dppe)]PF 6 • CH2CI 2 (16) 

Addition of [Cp2 Mo(dppe)][PF 6 ]2 (0.17 g, 0.19 mmol) 
to a solution of CH2PPh 3 [46] in THF caused, after 4 h 
stirring, the precipitation of a yellow solid. This was 
filtered off and recrystallized from CH2C12. Cooling the 
concentrated extract gave the product as a yellow pow- 
der in 68% yield. Anal. Found: C 52.71; I-I 4.19; Mo 
0.74. Calc. for C56H53C12F12P6Mo: C 52.72; H 4.19; 
Mo 0.75%. Selected IR (KBr, cm-~): u 3070; 2060; 
1475; 1435; 1425; 750; 700. tHNMR (CH2C12-d 2, 300 
MHz, r.t., ~ ppm): 6.77-7.85 (m, 20H, Ph + m, 15H, 
Ph); 4.74 (s, 5H, Cp); 4.66 (dt, 2H, [3JpH = 11.8 Hz], 
H 2, H3); 3.16 (c, 4H, CH 2 of dppe); 2.92 (br, 2H, H 1, 
H4); 2.68 (m, 1H, Hs); 2.46 (dd, 2H, [3JHH = 6.0, 
2Jpr f = 11.9 Hz], CH2PPh3). 

7.14. Preparation of CpMo(~13-CsHtMe)(dppe) (17) 

MeLi (3.2 ml, 4.1 mmol of a solution 1.6M in Et20) 
was slowly added, at 0°C, to a CuI suspension (0.34 g, 
1.77 mmol) in ether. The reaction mixture was allowed 
to react for 10 min until the precipitate initially formed 
was dissolved. [CpMo(~74-C5H6)(dppe)]BF4 (0.27 g, 
0.59 mmol) was added to the LiCuMe 2 solution at 
-30°C, and stirred for 3 h at room temperature. The 
unreacted LiCuMe 2 was destroyed at - 30°C with a few 
drops of methanol. The reaction mixture was evaporated 
to dryness and the residue extracted with hexane. Yel- 
low crystals were obtained in 40% yield by layering 
hexane onto a solution of Et20. Anal. Found: C 69.05; 
It  6.39. Calc. for C37H38P2Mo: C 69.37; H 5.98%. 
Selected IR (KBr, cm-1): v 2965, 1483, 1433, 743, 
694. tHNMR (C6H6-d 6, 300 MHz, r.t., 6 ppm): 7.03- 
6.71 (m, 20H, Ph); 5.57 (s, 5H, Cp); 4.24 (s, 1H); 2.39 
(s, 1H); 1.91 (t, 4H, CH 2 of dppe); 1.68-1.51 (m, 1H, 
H4/5); 1.19-1.13 (m, 1H, H4/5);  0.55 (d, 3H, Me). 

4/5 6 "R 

to react for 10 min until the initially formed precipitate 
was dissolved. [CpMo(r/4-CsH6)(CO)2]BF4 (0.11 g, 
0.29 mmol) was added to the LiCuMe 2 solution at 
-30°C, and stirred for 2 h at room temperature. The 
unreacted LiCuMe 2 was destroyed at - 30°C with a few 
drops of methanol. The reaction mixture was evaporated 
to dryness and the residue extracted with a mixture of 
hexane/ Et20 to give a yellow powder. (Yield, 60%.) 
Anal. Found: C 51.96; I-I 4.71. Calc. for C13Ht402Mo: 
C 52.36; H 4.73%. Selected IR (KBr, cm-1): 1925, 
1859, vs, v(CO). IHNMR (CHC13-d 1, 300 MHz, r.t., 6 
ppm): 5.21 (s, 5H, Cp), 4.16 (t, 1H), 3.62 (q, 1H), 3.51 
(t, 1H), 1.86-1.72 (m, 2H, H 4/5 + 1H), 1.48-1.40 (m, 
1H, H4/5), 0.93 (d, 3H, Me). 

7.16. Preparation of  [CpMo('rt4-C5 HsSMe)(dppe)]PF 6 
(19) 

A suspension of [Cp2Mo(dppe)]2[PF6] 2 (0.35 g, 0.38 
mmol) in THF was treated with excess of NaSMe (0.10 
g, 1.40 mmol) and stirred for 50 h. The solution was 
filtered and yellow crystals precipitated by removal of 
the solvent. Those crystals were washed with water to 
remove some remaining NaMeS and recrystallized from 
CHzC12/Et20. Anal. Found: C 53.8; I-I 4.8. Calc. for 
C37H37SP3F6Mo: C 54.4; H 4.6%. Selected IR (KBr, 
cm-1): v 3120; 3080; 2970; 2920; 1485; 1435; 1095; 
875; 840; 750; 740. 1HNMR (MezCO-d 6, 300 MHz, 
r.t., 6 ppm): 7.00-8.00 (m, 20H, Ph); 5.18 (it, 5H, Cp); 
4.83 (d, 2H, H2/3); 3.83-3.18 (m, 7H, HI /4+  H s +  
CH 2 of dppe); 1.72 (s, 3H, Me). OM (NO2Me) = 83.3 
X 10-3M. 

7 . 1 7 .  P r e p a r a t i o n  o f  [ C p M o ( 7 1  4 
(?5145 PMe 3 )( CO)e ][BF4 ]2 (20) 

Addition of excess PMe 3 (0.30 ml) to a suspension 
of [Cp2Mo(CO)2][BF4]2 (0.10 g, 0.22 mmol) in CHzC12 
(15 ml) caused change of colour from white to yellow. 
After stirring for 2 h the precipitate was :Filtered off, 
washed with Et20 and dried. The product was recrystal- 
lized from acetone/ethanol. (Yield, 77%.) Anal. Found: 
C 33.91; I-I 3.51. Calc. for C15HI9B2F802PMo: C 
33.88; H 3.60%. Selected IR (KBr, cm-1): :20'58; 2010, 
vs, v(CO). IHNMR (CH3CN-d 3, 300 MHz, r.t., 8 
ppm): isomer a: 6.39 (t, 2H, H2/3); 5.92 (s, 5H, Cp); 
4.23 (t, 2H, H1/4);  1.82-1.75 (dd 1H, Hs); 11.65 (d, 9H, 
PMe3). Isomer b: 6.07(t, 2H, H2/3); 5.92 (s, 5H, Cp); 
4.38 (t, 2H, H1/4); 1.82-1.75 (dd, 1H, Hs); 1.65 (d, 
9H, PMe3). 

7.15. Preparation of CpMo(~73-C 5 H 6 Me)(CO)2 (18) 

MeLi (1.6 ml, 2.0 mmol of a solution 1.6M in Et20) 
was slowly added, at 0°C, to a CuI suspension (0.17 g, 
0.88 mmol) in Et20. The reaction mixture was allowed 

7.18. Preparation of CpMo(rl3-CsH6SPh)(CO)2 (21) 

Addition of excess NaPhS (0.08 g, 0.60 mmol) to a 
solution of [CpMo(r/4-CsH6)(CO)2]BF4 (0.24 g, 0.65 
mmol) in CH2CI 2 caused immediate change of colour 
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from yellow to red. After stirring for 1 h the solvent 
was removed under vacuum to yield a brown powder. 
Extraction with a mixture of hexane/Et20 afforded the 
yellow crystalline compound. (Yield, 66%.) Anal. 
Found: C 55.09; t t  4.17. Calc. for C18HI602MoS: C 
55.11; H 4.11%. Selected IR (KBr, cm- t ): 1935, 1845, 
vs, v(CO). IHNMR (CHCla-d ~, 300 MHz, r.t., 6 ppm): 
7.38-7.15 (m, 5H, Ph); 5.29 (s, 5H, Cp); 4.30 (t, IH); 
3.85 (t, 1H); 3.76 (q, 1H); 3.53-3.50 (dd, IH, H6); 
2.23-2.02 (m, 2H, H4/5). 

7.19. Preparation of IndMo(~73-Cs I-I6 SPh)( CO)2 (22) 

Addition of excess NaPhS (0.05 g, 0.38 mmol) to a 
solution of [IndMo(~4-C5H6)(CO)2]BF4 (0.07 g, 0.17 
retool) in CH2C12 caused immediate change of colour 
from yellow to red. After stirring for 1 h the unreacted 
NaPhS was filtered off and the solvent removed under 
vacuum to yield an oil. Very effective extraction of the 
residue with hexane afforded a rose-brown powder. 
Crystals were obtained in 60% yield by layering hexane 
onto a saturated solution of Et20. Anal. Found: C 
59.79; I-I 3.89. Calc. for C22H1802SMo: C 59.73; H 
4.10%. Selected IR (KBr, cm-~): 1960; 1935; 1885; 
1861, vs, u(CO). IHNMR (CHC13-d l, 300 MHz, r.t., 6 
ppm): 7.21-6.99 (m, 5H, Ph); 6.57-6.54 (m, 2H, Hs_8); 
6.40-6.37 (m, 2H, H5_8); 5.54 (t, 1H, He); 5.08 (d, 2H, 
H1/3); 3.52 (t, 1H, He); 3.43 (br, 2H, H~/3); 3.22 (dd, 
IH, H6); 1.93-1.76 (m, 1H, H4/5). 

8 

6 
3 4 "~" 

J 

CHzC12 caused immediate precipitation of a yellow 
solid. After stirring for 6 h the precipitate was filtered 
off, washed with Et20 and dried. Yellow crystals in 
60% yield were obtained by layering hexane onto a 
saturated solution of dichloromethane. Anal. Found: C 
42.04; H 4.89. Calc. for CI4HI6BF40:PMo: C 41.77; 
H 4.82% Selected IR (KBr, cm-1): 1935; 1840, vs, 
u(CO), l t tNMR (CH3CN-d3, 300 MHz, r.t., 6 ppm): 
5.45 (s, 5H, Cp); 4.54 (t, 1H); 3.87 (m, 1H); 3.53 (m, 
1H); 2.46 (m, IH); 1.81 (d, 9H, PMe3); 1.72 (m, 2H); 
1.29 (m, 1H); 0.84-0.68 (m, 1H). 

7.22. Preparation o f  [CpMo(rl4-C6 t-I 8)(NCMe) 2 ]BF 4 
(25) 

A solution of [CpMo(~4-C6Hs)(CO)z]BF4 (0.20 g, 
0.52 mmol) in 20 ml of acetonitrile was treated with 
Me3NO (0.08 g). After stirring for 2 h the solution 
turned red and was filtered. The solvent was evaporated 
and the residue washed with toluene and ether. Upon 
concentration and cooling the NCMe e'~tract red crystals 
separated. (Yield, 80%.) Anal. Found: C 43.90; H 4.70; 
N 6.92. Calc. for C~sH19BF4N2Mo: C 43.94; H 4.67; N 
6.83%. Selected IR (KBr, cm-1): ~, 3115, 3053, 2998, 
2980, 2936, 2275, 1058. 1HNMR (CH3CN-d3, 90MHz, 
r.t., 6 ppm): 6.18 (c, 2H, H2/3); 4.90 (s, 5H, Cp); 3.57 
(c, 2H, H1/4); 2.27 (s, 6H, NCMe); 1.09 (c, 4H, H5-8). 

4 

[Mo] ~ 5/6 

2 V 7/8 
1 

7.20. Preparation of  [CpMo(~l 3_C5 H6 PMe3)(CO): ]BF 4 
(23) 

Addition of excess PMe 3 (0.25 ml) to a solution of 
[CpMo(~4-CsH6)(CO)2]BF4 (0.26 g, 0.70 retool) in 
CH2C12 (20 ml) caused immediate precipitation of a 
yellow solid. After stirring for 30 rain the precipitate 
was filtered off, washed with Et20 and dried. The 
product was recrystallized from acetone/Et20. (Yield, 
80%.) Anal. Found: C 40.37; H 4.38. Calc. for 
C15Hz002MoPBF4: C 40.39; H 4.52%. Selected IR 
(KBr, cm-1): 1937; 1858, vs, v(CO). IHNMR 
(CH3CN-d 3, 300 MHz, r.t., 6 ppm): 5.44 (s, 5H, Cp); 
4.51 (t, 1H); 3.83 (m, IH); 3.62 (m, 1H); 2.39 (m, 1H); 
2.24-2.18 (m, 1H); 1.91-l.80 (m, 1H); 1.72 (d, 9H, 
PMe3). 

7.21. Preparation of  [CpMo(*13-C6 H 8 PMe 3)(C0) 2 ]BF 4 
(24) 

Addit ion of PMe 3 (1 ml, excess) to a solution of 
[CpMo('q4-C6Hs)(CO)2]BF4 (0.49 g, 1.27 mmol) in 

7.23. Preparation of  [CpCp'MoL 2 ]2 + (Cp' = Cp, Ind) 

Gaseous C12 was bubbled (or excess of Br 2 was 
added) through a solution of [Cp'Mo(r/4-CsH6)L2] + 
(Cp '=Cp,  Ind; L 2 =(CO) 2, dppe) ,(0. 70 mmol) in 
dichloromethane. The precipitate was filtered off and 
washed with CH2CI 2 and Et20. Yield > 90%. IR 
(KBr) and 1HNMR data are in agreement with Refs. 
[16-18]. 

7.24. Reaction of  [CpMo(rl4-CsH6)(dppe)lPF6 with 
[NBu 4 ]Br 3 

Addition of a solution of [NBu4]Br 3 (0.08 g, 0.20 
mmol) in CHzC1 z to a solution of [CpMo(r/4- 
CsH6)(dppe)]PF6 (0.15 g, 0.20 mmol) in CH2C12 caused 
immediate precipitation of a yellow solid. After stirring 
for 2 h the precipitate was filtered off, washed with 
Et20 and dried. The powder thus obtained was dis- 
solved in water and an aqueous solution of NH4PF 6 
added dropwise until no further precipitation was ob- 
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served. The fine precipitate was filtered off  and washed 
with water. Recrystallization from ace tone /E t20  gave 
[Cp2Mo(dp~e)][PF6] 2 (in 89% yield) by comparison of  
its IR and H NMR spectra with those of an authentic 
sample [14]. 

7.25. Reaction of  [CpMo(rl4-CsHr)(dppe)]PF6 with 
[Fc]PF 6 

A solution of [CpMo(r/4-C5H6)(dppe)]PF6 (0.10 g, 
0.14 mmol) in NCMe was treated with a solution of 
FcPF 6 (0.04 g, 0.13 mmol) in NCMe and refluxed for 2 
h. The resulting orange solution was evaporated to 
dryness. The residue was washed with toluene and Et20  
until the washings were colourless. Washing with 
CHIC12 afforded a yellow solution from which, upon 
concentration and cooling, separated crystals of  unre- 
acted [CpMo(r/4-CsH6)(dppe)]PF6, identified by its 
~H NMR spectrum. The residue was washed with E t20  
(2 × 5 ml) and recrystallized from ace tone /E t20  giving 
[CP2 Mo(dppe)][PF6 ]2 in 45 % yield. 

[CpMo(dppe)2][BF4] 2 was isolated as a red powder in 
60% yield. The remaining residue, insoluble in CHzC12, 
was recrystallized from ace tone /E t20  giving the dica- 
tion [Cp2Mo(dppe)][BF4] 2 in 30% yield. Anal. Found: 
C, 57.29; H, 4.58. Calc. for C37H36BzClzMoP2: C, 
57.27; H, 4.56%. IR (KBr, c m - l ) :  v 3060; 1600; 1480; 
1435; 1430; 750; 700. E P R  spec t rum:  quintet of  sex- 
tets attributed to 4P equivalent and 5H. aisoP = 21.4 G; 
aisoH = 2.3 G; g = 1.9943. The reaction proceeds in the 
same way in THF. 

8. Data col lect ion 

Diffraction measurements of  compounds 9 and 10 
were made on an Enraf-Nonius CAD4 diffi;actometer 
and for compounds 24 and 25 were made on an Enraf- 
Nonius TURBOCAD4 diffractometer. Dalla were cor- 
rected for absorption, Lorentz and polarisation effects 
with the CAD4 software. Other crystal data and refine- 
ment details are listed in Table 4. 

7.26. Preparation of  [CpMo(dppe) 2 ][BF 4 ]2 

Ph3CBF 4 (0,08 g, 0.28 mmol) was added to a solu- 
tion of CpMo(~/3-CsH7)(dppe) (0.15 g, 0.24 mmol)  in 
CH2C12. After 14 h stirring the mixture was evapo- 
rated, and the residue was washed with Et20,  toluene 
and again with Et20. Addition of CH2C12 afforded a 
red solution which was filtered and evaporated to dry- 
ness. The oily residue was washed with E t20  and 

9. Structure  determinat ion  and re f inement  

In the four compounds the heavy atom positions 
were located in Patterson maps and the remai, ning non- 
hydrogen positions from subsequent difference Fourier 
maps. In 9, 10, 24, and 25 complexes all the non-hydro- 
gen atoms were refined anisotropically exception made 
for the C and C1 atoms of the solvent molecule of 

Table 4 
Crystal data and details of the structure determination of complexes 9, 10, 24, 25 

9 10 24 25 

Formula C37 H35C12F6MoP3 C36H36MoP2 CI6H22BF4MoO2 P C15HIgBF4MoN2 
Mol. wt. 853.40 626.53 460.06 410.07 
Crystal system monoclinic monoclinic monoclinic monoclinic 
Space group P2 j/c P21/n P21/c P21/c 
a (A) 10.009( 1 ) 15.161 (2) 14.853(4) 11.697(2) 
b (A) 16.119(2) 11.219(7) 6.7803(5) 7.700(7) 
c (]~) 22.859(4) 17.454(3) 19.119(5) 18.442(31) 
/3 (deg) 94.69(1) 91.02(1) 101.40(1) 98.520(I) 
V (,~3) 3675.6(9) 2968(2) 1887.4(7) 1643(2) 
Z; Dcalc (g cm -3) 4; 1.542 4; 1.402 4; 1.619 4; 1.658 
F(000) 1728 1296 928 824 
0 range 1.55 to 27.95 1.76 to 24.92 2.17 to 25.00 1.94 to 29.91~ 
Index ranges 0<h_<13, - 1 7 < h < 1 7 ,  -17<h___ 17, -16<h_< 16, 

O<k<21,  0 < k <  13, -8<k_<0,  0_<k<10, 
- 3 0 < / < 3 0  0 < / < 2 0  0 < / < 2 2  0 < / < 2 5  

/z (cm- i ) 6.90 5.74 8.23 8.37 
Number of collected reflections 9306 5367 3421 4137 
Number of unique reflections 8815 5183 3315 4003 
Number of reflections with 1>2o-(1) 6803 4031 2914 3434 
Number of refined parameters 427 352 218 208 
Final R, R,~ 0.0753, 0.1957 0.0415 0.0705, 0.1648 0.0621, 0.1442 
GOF 0.996 0.0788 1.068 1.057 
Min/max diff. map (e ,~-3) 1.633, -0.780 0.402, -0.734 0.898, -0.796 0.702, - 1.931 
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complex 9, and for the B and F atoms of  the anion of  
the complex 24, that were refined isotropically. The 
anion BF 4 o f  the complex 24 was found to be disor- 
dered over two different positions with occupancies o f  
0.53(1) and 0.47(1). 

The hydrogen atoms were included in all the com- 
plexes in calculated positions and allowed to refine with 
group Uis o parameters for each of  the rings and for each 

Table 5 
Atomic coordinates (x  10 4) and equivalent isotropic displacement 
parameters (~2 x 10 3) for 9; U(eq) is defined as one third of the trace 
of the orthogonalized Uij tensor 

x y z U(eq) 

Mo(1) 2190(1) 2296(1) 1498(1) 42(1) 
P(1) 53(2) 2705(2) 957(1) 46(1) 
I:'(2) 1576(2) 1017(1) 936(1) 50(1) 
C(111) - 1064(8) 3475(5) 1233(4) 47(2) 
C(112) -2413(10) 3 5 1 2 ( 7 )  1049(5) 75(3) 
C(113) - 3224(11) 4124(7) 1240(6) 82(4) 
C(114) -2695(12) 4715(8) 1631(5) 80(3) 
C(115) - 1391(12) 4688(7) 1812(4) 74(3) 
C ( 1 1 6 )  - 551( l 0) 4085(6) 1624(4) 60(2) 
C(121) 62(9) 3101(7) 205(4) 52(2) 
C(122) - 644(l 3) 2713(8) - 263(5) 90(4) 
C(123) -591(15) 3 0 5 8 ( 9 )  -826(6) 105(5) 
C(124) 55(16) 3787(9) -906(5) 105(5) 
C(125) 731(12) 4159(7) -456(5) 82(3) 
C(126) 717(10) 3829(6) 105(5) 63(3) 
C ( 1 3 1 )  - 986(8) 1756(5) 898(4) 52(2) 
C(231 ) - 240(9) 1022(6) 663(5) 60(3) 
C(211) 2356(9) 793(7) 244(4) 59(3) 
C(212) 2173(11) 1 3 8 6 ( 8 )  -210(4) 74(3) 
C(213) 2628(13) 1253(10) - 738(5) 95(4) 
C(214) 3 3 0 2 ( 1 4 )  490(13) -836(7) 121(7) 
C(215) 3462(l 1) - 101(9) -409(6) 81(4) 
C(216) 2977(10) 68(8) 125(6) 82(4) 
C(221) 1848(9) 28(5) 1332(4) 55(2) 
C(222) 845(11) -526(6) 1441(5) 73(3) 
C(223) 1182(14) - 1254(6) 1735(6) 91(4) 
C(224) 2455(15) - 1422(7) 1948(5) 85(4) 
C(225) 3465(13) - 883(7) 1850(5) 81(3) 
C(226) 3145(10) - 147(6) 1545(5) 68(3) 
C(2l) 701(10) 2340(6) 2232(4) 56(2) 
C(22) 1757(10) 2799(7) 2442(4) 64(3) 
C(23) 2829(11) 2233(6) 2730(4) 67(3) 
C(24) 2509(10) 1 5 2 4 ( 6 )  2341(4) 56(2) 
C(25) 1135(10) 1 5 2 5 ( 6 )  2163(4) 54(2) 
C(l 1) 3934(9) 3230(5) 1727(4) 57(2) 
C(12) 3208(8) 3466(6) 1200(4) 57(2) 
C(13) 3359(9) 2837(6) 778(5) 62(3) 
C(14) 4178(8) 2201(6) 1070(5) 60(3) 
C(15) 4521(9) 2465(6) 1649(5) 60(3) 
P(3) 2874(3) 5646(2) 2470(1) 69(1) 
F(1) 3317(13) 5948(6) 3093(4) 177(5) 
F(2) 2492(11) 5300(7) 1 8 4 8 ( 4 )  161(4) 
F(3) 4097(12) 6028(12) 2255(5) 273(9) 
F(4) 3426(15) 4782(7) 2627(5) 200(6) 
F(5) 1648(10) 5251(9) 2739(6) 211(6) 
F(6) 2155(17) 6439(7) 2 3 2 6 ( 7 )  248(7) 
El(l) 4308(10) 7524(6) 593(4) 266(4) 
C1(2) 4273(16) 5748(10) 435(7) 419(8) 
C(1) 5416(30) 6411(19) 742(13) 211(12) 

Table 6 
Atomic coordinates (X 104) and equivalent isotropic displacement 
parameters (~2 X 103) for 10; U(eq) is defined as one third of the 
trace of the orthogonalized Uij tensor 

x y z U(eq) 

Mo(1) 767(l) 1150(1) 2200(1) 32(1) 
P(1) 743(1) 898(1) 3577(1) 34(1) 
P(2) -421(1) -317(1) 2339(1) 34(1) 
C(131) 255(4) -543(5) 3841(4) 40(2) 
C(231) - 571(4) - 767(5) 3357(3) 42(2) 
C(111) 1741(4) 918(6) 4197(4) 39(2) 
C(112) 2349(4) 1831(6) 4106(4) 45(2) 
C(113) 3080(4) 1913(6) 4580(4) 55(2) 
C(114) 3225(4) 1086(7) 5140(4) 57(2) 
C(115) 2633(4) 170(7) 5239(4) 57(2) 
C(116) 1889(4) 84(6) 4764(4) 45(2) 
C(121) 35(4) 1946(5) 4098(4) 35(2) 
C(122) 315(4) 2603(6) 4735(4) 49(2) 
C(123) - 258(6) 3 3 9 6 ( 6 )  5088(4) 68(2) 
C(124) - 1103(5) 3532(6) 4817(5) 66(2) 
C(125) - 1392(5) 2900(6) 4199(5) 60(2) 
C(126) -830(4) 2133(6) 3838(`4) 50(2) 
C(211) - 1584(4) 74(5) 2068(,4) 40(2) 
C(212) - 1744(4) 719(6) 1410(,4) 61(2) 
C(213) - 2584(5) 1089(7) 1198(.5) 71 (2) 
C(214) -3277(5) 838(7) 1674(:5) 72(3) 
C(215) -3124(4) 141(8) 2311(:5) 76(3) 
C(216) - 2297(4) - 220(7) 2515(4) 57(2) 
C(221) - 324(4) - 1801(5) 1898(4) 35(2) 
C(222) - 690(4) - 2039(6) 1172(4) 50(2) 
C(223) - 561(5) - 3140(7) 826(4) 57(2) 
C(224) - 78(5) - 4006(7) 1191 (5) 65(2) 
C(225) 288(4) - 3780(6) 1889(:5) 59(2) 
C(226) 165(4) - 2690(5) 2243(4) 46(2) 
C(11 ) 1076(4) 2620(6) 1328(4) 48(2) 
C(12) 1264(5) 3107(6) 2045(5) 53(2) 
C(13) 471(6) 3178(6) 2432(5) 56(2) 
C(14) -201(5) 2730(5) 1973(5) 49(2) 
C(15) 171(4) 2368(6) 1275(4) 47(2) 
C(21) 2203(4) 548(5) 2321(4) 41(2) 
C(22) 1607(4) - 426(6) 2182(4) 41 (2) 
C(23) 1322(4) -252(6) 1402(4) 46(2) 
C(24) 2096(4) 257(6) 966(4) 54(2) 
C(25) 2682(4) 839(6) 1595(4) 48(2) 

o f  the methyl  groups. 
Final atomic coordinates are given :in Tables 5 - 8 .  

Anisotropic displacement parameters for all non-hydro-  
gen atoms, atomic coordinates and isotropic displace- 
ment parameters for all hydrogen atoms and lists of  the 
observed and calculated structure factors, as well as 
complete tables o f  bond lengths and bond angles have 
been deposited as supplementary material. 

All calculations required to solve mad refines the 
structures were made using programs SHELX8 6  [47] 
and SHELX93  [48]. Drawings were made with OR- 
TEPI I  [49]. The intramolecular contacts were calculated 
with the program P L A T O N  [50]. 
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10. Molecular orbital calculations 

All the molecular orbital calculations were done us- 
ing the extended Hiickel method [38,39] with the modi- 
fied Hij [51]. The basis set for the metal atom consisted 
of ns, np, and (n - 1)d orbitals. Only s and p orbitals 
were used for phosphorus. The s and p orbitals were 
described by single Slater-type wave functions, and the 
d orbitals were taken as contracted linear combinations 
of two Slater-type wave functions. Standard parameters 
were used for H, C, O, and P, while those for Mo were 
the following (H i i / eV ,  ~): 5s, - 8 . 7 7 ,  1.96; 5p, - 5 . 6 0 ,  
1.90; 4d, - 1 1 . 0 6 ,  4.452, 1.901 (~2), 0.5899 (Cl),  
0.5899 (C2). 

Calculations were carried out on model compounds 
[CP2MoL2] 2+ ( L = P H  s, PMe 3, PF s, CO) and 
[CpMo(~74-CsH6)L2] + (L = PH 3, PMe 3, PPh2H, CO), 
built according to the experimental structures described 
and mentioned in this work. The distances (,~) were, 
respectively M o - C p  2.00, C - C  1.40, C - H ( s p  2) 1.08, 
C - H ( s p  3) 1.09, M o - P  2.44, P - H  1.42, P - C  1.80, 
M o - C  1.97, C - O  1.13, and the angles (°) C p - M o - C p  
132.0, P - M o - P  80.0, C - M o - C  80.0. 

No attempts at optimizing structures were made. 

Table 8 
Atomic coordinates (× 10 4) and equivalent isotropic displacement 
parameters (~2 × 103) for 25; U(eq) is defined as one third of the 
trace of the orthogonalized Uij tensor 

x y z U(eq) 

Mo(1)  4050(1) 1145(1) 1496(1) 30(1) 
N(1) 4433(5) 1744(7) 2641(3) 40(1) 
C(11) 4618(6) 1908(10)  3262(4) 44(2) 
C(12) 4879(8) 2074(12)  4053(4) 65(2) 
N(2) 5716(5) - 88(7) 1729(3) 43(1) 
C(21 ) 6523(7) - 897(9) 1863(4) 47(2) 
C(22) 7549(7) - 1955(12) 2041(5) 66(2) 
C(ll 1) 2 8 5 5 ( 8 )  3985(10) 394(4) 67(3) 
C(112) 3275(7) 3872(8) 1207(4) 50(2) 
C(113) 4464(7) 4072(8) 1458(4) 51(2) 
C(114) 5 1 8 8 ( 7 )  3182(10)  1063(5) 56(2) 
C(115) 4654(8) 2178(9) 464(4) 54(2) 
C(116) 3 6 5 8 ( 9 )  3010(11) - 32(4) 69(3) 
C(211) 3322(7) - 1323(9) 1856(4) 54(2) 
C(212) 3546(7) - 1598(9) 1133(4) 52(2) 
C(213) 2821(8) - 539(11) 672(4) 59(2) 
C(214) 2145(7) 431(10) 1088(5) 65(3) 
C(215) 2445(7) -46(12) 1831(5) 62(2) 
B(I) 6003 (10 )  -2729(15) 3724(6) 63(3) 
F(I) 6689(7) - 1373(12) 3634(5)  136(3) 
F(2) 5488(7) - 3350(11) 3068(4)  128(3) 
F ( 3 )  6587 (13 )  -3985(13) 4039(5)  241(7) 
F(4) 5248(9) - 222 l (15)  4134(7)  207(6) 

Table 7 
Atomic coordinates (× 10 4) and equivalent isotropic displacement 
parameters (~2 × 103) for 24; U(eq) is defined as one third of the 
trace of the orthogonalized Uij t e n s o r  

x y z U(eq) 

Mo(l) 4504(1) 1486(1) 1372(1) 47(1) 
P(1) 6095(2) 1751(4) 3897(1) 47(1) 
C(1) 5667(6) 164(16) 1474(4) 52(2) 
O(1) 6375(5) - 595(12) 1535(4) 69(2) 
C(2) 5171(8) 3581(18)  1007(5) 65(3) 
0(2) 5586(6) 4774(13) 773(4) 91(3) 
C(11) 2900(8) 1549(29) 957(8) 99(5) 
C(12) 3113(9) - 270(32) 1246(7)  103(5) 
C(13) 3679(9) - 1238(21) 883(7) 91(4) 
C(14) 3810(8) -7(28) 343(6) 95(5) 
C(15) 3309(9) 1675(27) 384(7) 103(5) 
C(21) 5989(6) 1627(13)  2929(4) 43(2) 
C(22) 5023(6) 995(13) 2607(4) 42(2) 
C(23) 4336(7) 2451(17)  2438(4) 58(3) 
C(24) 4607(9) 4204(17)  2165(5) 76(4) 
C(25) 553l(11) 5043(17)  2441(6) 93(4) 
C(26) 6289(9) 3521(17)  2631(5) 75(3) 
C(111) 5 8 1 1 ( 7 )  -547(16) 4232(5) 62(3) 
C(112) 5334(10)  3540(19)  4146(5) 95(5) 
C(113) 7 2 5 5 ( 8 )  2305(21) 43 l 3(6) 88(4) 
B ( 1 )  8 2 4 2 ( 1 0 )  7380(24)  3628(8) 72(3) 
F(I) 8 7 9 5 ( 1 0 )  8253(24)  4152(8) 93(5) 
F ( 2 )  7 4 0 2 ( 1 0 )  7107(22)  3800(8) 71(4) 
F ( 3 )  8 5 3 6 ( 1 1 )  5331(27)  3666(10) 97(6) 
F ( 4 )  8 6 7 5 ( 2 0 )  7954(53)  3101(16) 173(11) 
F(ll) 8 2 6 1 ( 2 1 )  9359(52)  3432(17) 196(13) 
F(12) 8 3 4 5 ( 1 7 )  6441(42)  3047(14) 165(9) 
F(13) 7 3 4 6 ( 1 3 )  7650(31)  3472(11) 115(6) 
F(14) 8 6 5 4 ( 2 2 )  6457(55 )  4193(20) 221(14) 

When studying the rotation of the "r/4-C5H6 1Ligand, the 
rest of  the molecule was kept fixed, suggesting that all 
barriers to rotation are probably lower, though the trend 
should remain the same. 
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