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Abstract

A selective abstraction of the acetylenic proton of cationic allenyl complexes [(MoCp(CO),},(k-n2,m>-HC=CCR!R?)]BF,]
(Cp=7>-C5Hj) by using the acetylide LiIC=CC(CH ;)=CH , gives rise to allenylidene complexes [Cp, Mo ,(CO),(p,m?-C=C=CR!R?}]

((CR'R2=C (1b); R!' = R*=CH,, (2b); R! = H, R?=C,H; 3b); R' = H, R?=CH, (4b); R' =R?=H (5b); R' = CH,,

R?=C¢H; (6¢). Compounds 3b and 4b exist as two isomers while for 6¢ the formation reaction is stereoselective. The crystal
structure of [Cp,Mo,(CO),(,m?*-C=C=C(H,,)] (1b) has been determined.
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1. Introduction

In previous papers [1-3] it has been shown that
p-n?,m°> allenyl cationic compounds, in which the car-
bon atom bearing the positive charge is variously sub-
stituted, could be obtained from (p-enyne) [bis(di-
carbonyl(n’-cyclopentadieny)molybdenum(I)]] com-
plexes:
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These cationic species are intermediates in the syn-
thesis of tetrametallic complexes containing a relatively
unreactive saturated bridging carbon chain [1,2,4].

However, the C* carbon atom behaves as a site in
the allenyl entity of enhanced reactivity, in particular
for nucleophilic attack [4,5], as exemplified below:
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Moreover, it confers a labile or acidic character on the
hydrogen atom in the a position to C* [6]:

- CH,
M " |

HCeZEC — € BFy - » HCeZrc —C—R (2pb)
AN Cp,Mo,CO

Cp Mo CO, R 279244

In order to extend the study of the reactivity of
carbenium ions towards other nucleophiles, the
acetylide LiC=CC(CH,)»=CH, has been used. An un-
precedented selective abstraction of the acetylenic pro-
ton occurred, whereas carbon—carbon coupling reac-
tions by fixation of anionic unsaturated entities at the
C* atom had been expected (Eq. (3)).

The synthesis and the spectroscopic data of such
dimolybdenum u,m? allenylidene complexes are de-
scribed in this paper.

2. Results and discussion
The cationic complexes used [Cp,Mo,(CO),(p-
1

2.3 — /Rl /R - .
2, m-HC,=C,CL IBE) (-CL = (1a);
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R'=R’=CH, (2a); R' = H, R?=C,H, (3a); R' = H,

=CH, (4a); R'=R?=H (5a); R'=CH,, R?>=
C¢H; (6b)) (Table 1) result from an electrophilic attack
of HBF, on the corresponding molecular p-enyne
derivatives (la, 2a, 3a, 4a) or on the corresponding
p-acetylenic alcohol (5a, 6b) (see experimental details).

The reaction of the previous p-n?m?® allenyl com-
plexes with an equivalent of LiC=CC(CH;)=CH, in
dichloromethane leads to the w,n? allenylidene com-

_R
[CpZMOZ(CO)4(;L,T]Z-CG=CB=CY )]

pounds
“R?
Rl
(=C:R2: =C (Ib); R'=R?=CH, (2b); R' = H,
R?=C,H; (3b); R'=H, R?=CH, (4b); R' =R?>=H
(5b); R' = CH,, R? = C H; (6¢)) (Table 1) with good

yields by a selective abstraction of the acetylenic pro-
ton. All these complexes were obtained as green pow-
ders, except 6¢, which is yellow—brown.

Compound 2b has been reported previously, but its
synthesis consisted of the protonation of the anion of
Li[Cp,Mo,(CO) {p-n*-C,C(CH;)=CH,}] on an alu-
mina column. The p-enyne [Cp,Mo,(CO),(p-HC=
CC(CH;)=CH,)] was also obtained in the same reac-
tion [7,8].

The use of LiC=CC(CH;)=CH, is determinant.
Moreover the low boiling point (32°C) of the alkyne

HC=CC(CH;)=CH, formed makes its elimination very
easy. Therefore we have examined the reactivity of the
cationic species towards a series of other nucleophilic
molecules to understand the factors which control the
abstraction of the acetylenic proton. Such an abstrac-
tion occurs also with other acetylides such as LiC=CPh,
but in this case the reactions are not selective. At-
tempts with 2a for instance produce also 20% of
[Cp,Mo,(CO) {pn.-HC=CC(CH,)=CH,}] by elimination
of a proton on a carbon atom adjacent to the C* atom.
With Li"Bu, the major species is the p-enyne complex.
For instance, its reaction with 1a afforded a mixture of

1b (30%) with [Cp,Mo,(CO),(u-HC=C \ ) (70%)

[2].

With LiCH ,, only nucleophilic additions of CHj to
the C* atom were observed. Such a reaction gave
[Cp,Mo,(CO),{n-HC=CCH(CH,),}] and [Cp,Mo,
(CO)4{n-HC=CC(CH),}] that have been previously de-
scribed [1,2]. Finally uncharacterized products were
formed by other bases such as 1,8-diazabicyclo[5.4.0]
undec-7-ene (DBU) or pyridine.

The temperature and the nature of the solvent also
played an important role in the formation of p,n? (4e)
allenylidene complexes. Dichloromethane solutions of

Table 1
p-nZm>-allenyl and the corresponding p.,m%-allenylidene molybde-
num complexes

R M Mo
HC=C—*cl ,BE] [Mols o 7iMel
\R 4 g
¢
Cp,Mo,CO, AN
RTOR
HCTC@ 1a
CH /C\
HC%C—*C:CHB 2a CH,” CH, 2b
C H Ce
HC%C e 3a C,H " H 'y
H/(‘/:\CZHS 3b”
CH Ce
Hcfc—*ciH ’ 4a CH, " H 4
H/(v:\CH3 4b”
H
HC%C—*C:H 5a H’(v:\H 5b
C H PLON
HC%C > 6b CeHy 7 CH3  6¢

[Mo] = CpMo(CO),.



JF. Capon et al. / Journal of Organometallic Chemistry 487 (1995) 201-208 203

3b, 4b and Sb for which the C, atom bears a hydrogen
atom must be kept at low temperatures during the
synthesis; Sb, the most unstable, could not be fully
characterized. When tetrahydrofuran (THF) was used
as solvent, the solutions did not turn green but became
red, and a mixture of uncharacterized products was
formed under the same conditions, while in pentane no
reaction occurred.

2.1. Spectroscopic and crystallographic data for p-allen-
ylidene complexes

The C NMR spectra show around 290 ppm a
signal characteristic of the C_ carbenoid atom. Be-
cause of the asymmetry of the molecules, four peaks
assignable to the carbonyl ligands are observed in the
225-240 ppm range and the resonances of the two
cyclopentadienyl groups are also separate.

Two signals are observed in the 'H and *C NMR
spectra of 1b, 2b and 6c for the Cp groups while, for 3b
and 4b, four peaks are observed, indicating that these
last two compounds exist as two diasteroisomers de-
pending on the relative position of the substituents on
the C, atom (see below).

The crystal structure of [Cp,Mo,(CO),(w,n*
C=C=C4H,)] (1b) (Fig. 1) reveals a geometry close to
that of [Cp,Mo,(CO),{n,n*-C=C=C(CH,),}] [8]. Car-
bonyl ligands and m>-cyclopentadienyl rings are ar-
ranged in an approximately mutually ¢rans orientation.

Fig. 1. orTEP drawing of [{Mo(n’-CsHXCO),},(k,m%-C=C=CH L.
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Fig. 2. 2D '"H NMR spectrum of 1b.

The Mo(1)-Mo(2) distance of 3.163(2) A corresponds
to a single bond. The short Mo(2)-C(15) separation of
1.90(1) A is appropriate to a Mo=C double bond. The
asymmetrically bridged allenylidene ligand acts as a
four-electron donor by means of the Mo=C(15) double
bond and the C(15)=C(16) double bond (1.35(1) A). A
consequence of that donation is the C(15)-C(16)-C(17)
angle value of 146(1)° whereas, in p-o,0(2e) allenyli-
denes, the C=C=C_ fragment is linear [9-12]. Inside
the C(17)-C(22) cycle, the CH,~CH, bond length and
CH,-CH,-CH, angle values are as expected for satu-
rated carbon atoms.

A 2D H-H COSY spectrum was required for com-
plete interpretation of the '"H NMR spectrum of 1b
(Fig. 2). Each of the protons Ha' and Ha” appear as a
multiplet (ddd) at 2.55 ppm (Jy, » = 13.5 Hz; Jy5,p =
45 Hz and Jy,,,=7 Hz for Ha'; J,,, =135 Hz
Juawy =43 Hz and Jy,.» =8 Hz for Ha”). Selective
irradiation of the multiplet at 1.43 ppm (protons ¢ + d)
transforms the multiplet at 2.82 ppm (protons €) to an
AB spectrum (8, = 2.86 ppm; 85 = 2.78 ppm; J,, = 13
Hz).

As mentioned above, 3b (R' = H, R?=C,H,) and
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4b (R'=H, R*=CH,) exist in solution as two di-
astereoisomers:

0 0
o c c
T / % % / %
\M \M \Mo\*—\no
X / \C
2
Y, °
C
Y

20\ / 1°\C
a ) \ re)

g /Y g
R )
R=CH;  4b' R=CH; 4b"
R=C2H5 3b" R=(‘2H5 Ip"

Integration of the proton spectra suggests a relative
ratio of 3: 1 when R = CH; (4b), while the two isomers
of 3b (R = C,Hj) are present in the final product in
almost equivalent amounts. On this basis it is difficult
to conclude which isomer is favoured. However, with
more bulky substituents (R' = CH;, R* = C¢Hy) (60),
only one form is present. It may be assumed that in
this case the methyl group is close to Mo(1). With
vinylidene complexes that stereoselectivity was ob-
served systematically even with a terminal proton [8].
The deshielding of the terminal protons in 3b and 4b
compared with the hydrogen atoms of free allenes
(H,C=C=CH,, CH(H)C=C=CH, and CH,(H)C=C=
C(H)CH,) (6, (terminal in allenes) 5.08-4.55 ppm)
[13] is also noteworthy.

In contrast, a large difference of the chemical shifts
of the terminal proton of the two isomers (R = CHj,,
7.74 and 5.99 ppm; R = C,H;, 7.62 and 6.06 ppm) is
observed, while the signals of the alkyl groups are
much less separated. To our knowledge, very few al-
lenylidene complexes with terminal protons have been
reported, but such an important difference of chemical
shifts (1-1.9 ppm) has also been noticed in heteronu-
clear metal-p-alkenyl compounds [(CO),Fe(w-n%n’-
RC=C=CH,)MCp(CO),] (M = Mo or W) [14]. In this
case the chemical shifts of the protons are greatly
influenced by the nature of the metal.

Obviously the chemical environment of the terminal
proton (C H) is different in the two series of isomers
(3b’, 4b’ and 3b”, 4b”). By using a similar skeleton as
that determined by X-ray diffraction for 1b (this work)
and 2b [8], the distance between this proton and the
oxygen atom of the nearest &OO ligand in 3b’ and 4b’
was c%lculated to be about 3.3. A (Cy—H was tal°<en as
0.95 A). An analogous separation (about 3.2 A) be-
tween the terminal proton and the oxygen atom of the
C=0 group was calculated for (E)-2-methylbutenoate
CH 4,(H)C=C(CH ;)C(=0)OCH ;. Deshielding of the ter-
minal proton in the (E) isomer (64 = 6.73 ppm) rela-
tive to that in the (Z) form (8} = 5.98 ppm) is consid-
ered to be a consequence of a field effect of the C=0
group [15]. However, the natures of the two CO groups
(the carbonyl ligand in 3b and 4b and the CO ester
group in the organic molecule) are different. Similar
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Fig. 3. 2D 'H NMR spectrum of 3b.

behaviours were noted for the terminal protons of
methyl methacrylate (CH,=C(CH ;)C(O)OCH,) (&, =
5.49 and 6.04 ppm) [16]. Therefore with some reserva-
tions we consider that the most deshielded proton
belongs to the 3b’ or 4b’ diastereoisomers. However,
the electronic effects of the Mo(1) atom cis (3b’, 4b’)
or trans position (3b”, 4b”) to the terminal proton must
also be evaluated.

u 1.97 ppm
C
k)
6.73 ppm H \0 AN / \\
e 0—CH
\c :c/ —CH, /C ==C s
/ H
HC CH, 5.98 ppm CH
1.73 ppm
B Z

Multipulse NMR (H-!'H COSY (Fig. 3) and J
modulation) and selective irradiation were required to
assign fully the peaks of both isomers of 3b. For one
isomer, the two protons of the CH, group are di-
astereotopic. Indeed, the two-dimensional homonu-
clear J-resolved '"H NMR spectrum shows a multiplet
at 2.45 ppm for one proton and another multiplet at
2.25 ppm for the second hydrogen. For 3b”, only one
multiplet appears at 2.31 ppm, indicating the equiva-
lence of the two protons of the CH, group. This was
confirmed by selective irradiation of the CH, protons
which produced a doublet assignable to CH, (°J = 6.1
Hz).
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3. Conclusion

While metal complexes containing allenylidene lig-
ands are an important and rapidly growing class of
compounds [12,17-19], the synthetic methods used to
prepare them have not been well developed. We have
therefore investigated carbenium ions as reagents for
synthesis of various types of allenylidene complex. The
crux of our synthetic strategy is the use of LiC=
CC(CH,)=CH, as a soft base. The present study sug-
gests that such reactions may provide a useful general
synthetic approach to a much wider variety of allenyli-
dene complexes and allow studies of their reactivity.
Subsequent work in our laboratory should furnish addi-
tional support for these claims.

4. Experimental details

All the reactions and purifications were performed
under dinitrogen using Schlenk techniques. The sol-
vents were freshly distilled from drying agents as fol-
lows: sodium-benzophenone for THF and toluene;
CaH, for dichloromethane, hexane and diethyl ether.
The deuterated solvents were dried over activated
molecular sieves prior to use.

IR spectra were obtained with a Perkin—-Elmer 1430
spectrometer, using solutions in CH,Cl, or KBr pel-
lets. IR frequencies are reported in wavenumber units
(cm™1). Intensities were given as follows: vs, very strong;
s, strong; m, middle; w, weak; vw, very weak.

'H and ®C NMR spectra were recorded on a Bruker
AC 300 (*H, 300.13 MHz; °C, 75.47 MHz) instrument.
Chemical shifts are reported as 8 (ppm) relative to
internal tetramethylsilane (TMS). Coupling constants
are reported in hertz (Hz). The following abbreviations
were used: s; singlet; d, doublet; t, triplet; q, quartet;
qn, quintet.

Mass spectra were obtained from a HP 5695 gas
chromatography—-mass spectroscopy apparatus. The
m /e values were based on the Mo isotope.

Analyses were performed at the Service Central
d’Analyses of the CNRS. However, some complexes
were stable only at low temperature and elemental
analyses could not be performed.

[Cp,Mo0,(CO),] was obtained by a published method
[20]. 2-methylbut-1-en-3-yne (HC=CC(CH,;)=CH,), b-
L-2-phenyl-3-butyn-2-ol (HC=CC(CH;XC¢H)OH) and
propargylic alcohol (HC=CCH ,0OH) were commercial
products. LiC=CC(CH,;)=CH, was prepared from
Li"Bu (2.5 M in hexane) and HC=CC(CH ;)=CH .

4.1. Synthesis of [Cp,Mo,(CO),(u,m*-C=C=C4H,,)]
(1b)

A cold solution (—70°C) of [Cp,Mo,(CO),(u-
HC=CC H,)IBF,] (1a) [2] (0.52 g, 0.83 mmol) in

CH,CI, (70 ml) was added to a stirred suspension of
LiC=CC(CH ;)=CH, (0.83 mmol) (HC=CC(CH;)=CH,,
0.1 ml; Li"Bu, 0.33 ml) in cold diethyl ether (—70°C, 5
ml), causing a rapid colour change from brown to
green. The mixture was allowed to warm to room
temperature and was stirred for about 1 h. The solu-
tion was filtered through a Celite pad (3 X 10 cm) to
remove LiBH,. Removal of the solvent in vacuo gave
the analytically pure green complex 1b (yield, 0.36 g
(86%)).

For interpretation of the spectroscopic data, hydro-
gen atoms are labelled as follows:

0
¢
o / o
C c
“Mog—— M
\ ¢
e
a e d
a’ d
b’ c

C

'"H NMR (C,D; solution); & 4.98 (s, SH, C,H.);
4.97 (s, SH, CsHy); 2.82 (m, 2H, He); 2.58-2.29 (m,
2H, Ha-2a'); 1.84-1.59 (m, 2H, Hb-b'); 1.43 (m, 4H,
Hc, Hd). °C NMR (C,D; solution): § 289.5 (Mo=C);
237.7, 2335, 231.2, 230.7 (CO); 155.9 (C=CI); 147.5
(C=C2); 94.9, 93.5 (CsHy); 44.9, 36.4, 29.2, 29.0, 26.5
(CH)). IR (KBr pellet): v (C=0) 1965 m, 1910 s, 1875
s, 1850 m; v(C=C=C) 1675 s cm™! MS: m /e 540 [M]*;
484 [M —2COJ*; 456 [M — 3COJ*; 428 [M — 4CO]J*.
Anal. Found: C, 49.60; H, 3.78. C,,H,,Mo0,0, Calc.:
C, 48.91; H, 3.73%.

4.2. Synthesis of [Cp,Mo,(CO) {n,n*-C=C=C(CH,),}]
(2b)

This complex has been obtained previously in a
different way [7,8]. In this work, the procedure de-
scribed for 1b was used. The amounts were as follows:
[Cp,Mo,(CO),{n-HC=CC(CH,;),}IIBF,] (2a) [2] (1 g,
1.7 mmol); LiC=CC(CH,)=CH, (1.7 mmol) (HC=CC
(CH;)=CH,, 0.2 ml; Li"Bu, 0.68 ml), (yield, 0.74 g
(87%)).

Spectroscopic and analytical data were the same as
those given in [7,8].

4.3. Synthesis of [Cp,Mo,(CO),{u,n*-C=C=C(H)-
C,Hs}] (3b)

[Cp,M0,(CO){n-HC=CC(H)C,H JIBF,] 3a [2]
(0.56 g, 0.96 mmol) in suspension in cold pentane (50
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ml; —50°C) was added to a suspension of LiC=
CC(CH,)=CH, in diethyl ether (50 ml; —50°C) (HC=
CC(CH;)=CH,, 0.1 ml; Li"Bu, 0.385 ml). Addition of
cold dichloromethane (—50°C) allowed the reaction to
start. The colour of the solution turned immediately
from brown to green and was stirred at —50°C for 30
min. The mixture was transferred rapidly into a separa-
tory funnel at about —45°C. Removal of the solvent in
vacuo very slowly for 3-4 h at that temperature gave a
green residue. The crude solid was extracted twice with
30 ml portions of cold pentane (—30°C). The resulting
green solution was concentrated in vacuo to 5 ml and
kept at —55°C for 3 h, leading to a green precipitate
(yield, 0.3 g (65%)). Complex 3b was obtained as two
isomers in a 1:1 ratio (see discussion).

"H NMR (toluene-d solution, 250 K) (assignments
to the different isomers from selective irradiations):
isomer 3b’ 7.62 (t, pseudo dd, 1H, C(H)C,Hq, SJ(H-
H) = 7.7 Hz; 2.45 (m, 1H, CH,); 2.25 (m, 1H, CH,);
1.09 (t, 3H, CHj, *J(H-H) = 7.5 Hz); isomer 3b” 6.06
(t, 1H, C(H)C,Hs, *J(H-H) = 6.3 Hz); 2.31 (m, pseudo
qn, 2H, CH,); 1.17 (t, 3H, CH,, *J(H-H) = 7.3 Hz),
4.88, 4.87, 4.83, 4.78 (4 CsH., isomers 3b’ and 3b"). C
NMR (toluene-dg solution, 250 K); 292.3, 291.8 (2
Mo=C); 238.1, 237.3, 237.1, 234.8, 233.5, 231.4, 228.2,
227.7 (8 CO); 156.7, 153.7 (C=C_ and C=C0); 141.3,
140,0 (C=CZ and C=CQ); 95.9, 95.5, 94.1, 93.0 (4
C H,); 349, 34.8 (2 CH,); 28.7, 233 (2 CH,). IR
(toluene solution): »(C=0) 1970 m, 1910 s, 1850 m;
(C=C=C) 1680 m cm™' MS: m/e 500 [M]"; 444
[M —2CO]™"; 416 [M — 3CO]*; 388 [M — 4CO]*.

4.4. Synthesis of [Cp,Mo,(CO) {u,n*-C=C=C(H)-
CH;}] (4b)

[Cp,Mo0,(CO) {pn-HC=CC(H)CH ;}IBF,] (4a) [1]
(0.51 g, 0.88 mmol) in suspension in cold pentane (50
ml; —50°C) was added to a suspension of an equimolar
amount of LiC=CC(CH,)=CH, (HC=CC(CH,)»=CH,,
0.1 ml; Li"Bu, 0.355 ml) in cold diethyl ether (50 mi,
—50°C). The reaction started on addition of cold
dichloromethane (20 ml; —50°C). The resulting solu-
tion was stirred for 30 min at —50°C, filtered in vacuo
through Celite and concentrated to 10 ml while the
temperature was kept at —50°C. The addition of cold
pentane (3 ml) precipitated 4b. The solid was washed
with pentane (3 X 15 mi) (yield, 0.25 g (56%)). Complex
4b was obtained as two isomers in a 3:1 ratio.

'H NMR (toluene-dgy solution, 230 K): & major
isomer (4b') 7.74 (q, 1H, C(H)CH,, *J(H-H) =72
Hz); 4.85 (s, 5H, C;Hy); 4.81 (s, SH, CsHj); 1.90 (d,
3H, C(H)CH,, “J(H-H) = 7.2 Hz); minor isomer (4b")
5.99 (q, 1H, C(H)CH,, 3I(H-H) = 7.3 Hz); 4.88 (s, SH,
C H,); 4.77 (s, 5H, CsH,); 2.15 (d, 3H, C(H)CH;,
*J(H-H) = 7.3 Hz). >C NMR (toluene-d, solution, 220
K): 6 292,0 (Mo=C, minor); 291.7 (Mo=C, major); 237.2,

236.3; 235.0, 233.7, 231.4, 228.2, 227.8, 227.0 (8 CO);
158.2, 156.7 (C=C: and C=CZ, major); 137.1, 135.2
(C=CZ and C=CZ, minor); 95.5, 94.1 (CsH, major);
95.0, 93.8 (C;H,, minor); 29.8, 23.2 (2 CH,). IR (cold
CH,Cl, solution): »(C=0) 1975 m, 1910 s, 1855 m;
v(C=C=C) 1685 m cm™' MS: m/e 430 [M —2CO]";
402 [M — 3CO]*; 374 [M — 4COJ*.

4.5. Synthesis of [Cp,Mo,(CO) (u,n*-C=C=CH,)] (5b)

Compound 5b is the most unstable of the series; so
it could not be fully characterized. Dichloromethane
solutions must be always kept below —60°C.

Following a classical procedure, [Cp,Mo,(CO)(p-
n%,m*-HC=CCH ,)]BF,] (5a) was obtained by addition
of HBF, on [Cp,Mo,(CO)(n-HC=CCH,OH)]. Then
5a (0.772 g, 1.38 mmol) was added to a suspension of
an equimolar amount of LiC=CC(CH,)>CH, (HC=
CC(CH,)=CH,, 0.15 ml; Li"Bu, 0.55 ml in diethyl
ether frozen in liquid nitrogen. Cold dichloromethane
(30 ml) was added to the mixture which was placed in a
cold alcohol bath (—80°C). The solution which was
stirred for 30 min, quickly turned to green. It was
filtered in vacuo and concentrated to 2 ml. Addition of
cold pentane afforded a green precipitate which was
washed with cold pentane.

'H NMR (THF-d, solution, 235 K): & 5.72 (s, 5H,
C H,); 5.68 (s, SH, C;H,). IR (KBr pellet): v(C=0)
1950 m, 1900 s, 1830 m cm ™ L.

4.6. Synthesis of [Cp,Mo,(CO){u-HC=CC(CH,)-
(C4H;)OH}] (6a)

p-L-2-phenyl-3-butyn-2-ol (HC=CC(CH,)XC4Hjs)
OH) (0.67 g, 4.6 mmol) was added to a solution of
[Cp,M0,(CO),] (2 g, 4.6 mmol) in toluene. The mix-
ture was stirred at room temperature for 18 h. The
solvent was removed in vacuo and the residue was
chromatographed on a neutral alumina column. A small
amount of [Cp,Mo,(CO)] was eluted with a hexane-
dichloromethane mixture (9:1 in volume). A second
band (elution CH,Cl,) afforded complex 6a (yield,
1.13 g (42%)).

'H NMR (acetone-d, solution, room temperature):
8 7.20 (m, 5H, C4Hy); 6.40 (s, 1H, H-C=); 5.26 (s, 10H,
2 CsHy); 2.80 (s, 3H, CH;); 2.70 (s, 1H, OH). IR (KBr
pellet): »(C=0) 1995 m, 1915 s, 1830 s cm ™! MS: m /e
562 [M - H,0l*; 534 [M —H,0 - COJ*; 506 [M —
H,0 - 2CO]*; 478 [M —H,0-3CO]*; 450 [M—
H,O — 4CO]*. Anal. Found: C, 50.11; H, 3.4S.
C,,H,,Mo,0; Calc.: C, 49.67; H, 3.47%.

4.7. Synthesis of [Cp,Mo,(CO),{u-n?%n’HC=CC-
(CH;)C4H;}1[BF,] (6b)

Complex 6a was dissolved in diethyl ether (50 ml).
To the stirred solution was added dropwise 1 ml of a
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solution of HBF, in diethyl ether. The brown precipi-
tate was filtered off and washed with diethyl ether
(2 x 5 ml) (yield, 97%).

'H NMR (acetone-d, solution, room temperature: 8
7.6 (m, 2H, CHy); 7.4 (m, 3H, C,H,); 72 (s, 1H,
H-C=); 5.7 (s, 10H, 2 CsHJ); 2,5 (s, 3H, CH,). °C
NMR (acetone-d¢ solution, room temperature): &
224.4, 223.0 (CO); 145.3, 130.3, 129.4, 126.8 (C,Ho);
107.0 (“C*); 95.4 (CsH,); 77.7 (HC=C); 69.0 (HC=C);
=~ 29.6 (CH,, superimposed upon solvent signals). IR
(KBr pellet): »(C=0) 2040 m, 2020 s, 1990 m, 1950 s;
v(B=F) 1050 broad cm~!. Anal. Found: C, 43.65; H,
2.97. C,,H,,BF,Mo,0, Calc.: C, 44.34; H, 2.94%.

4.8. Synthesis of [Cp,Mo,(CO) {u,n*-C=C=C(CH,)-
C6H5}] (60)

The procedure described for 1b was used. The
amounts were as follows: 6b, 0.75 g, 1.2 mmol,;
HC=CC(CH,)=CH,, 0.2 ml; Li"Bu, 0.46 ml, compound
6¢ precipitated as a yellow—-brown powder (yield, 0.42 g
(62%)).

For assignment of the spectroscopic data, the car-
bon atoms were labelled as follows:

(el !

a\\ﬁ
2 \CY\
3 1 CH,
2 r
4 37
'"H NMR (acetone-d, solution, room temperature):
8 {8.10 (dd, 2H), 7.40 (dt, 3H), 7.30 (t, 1H)} (C4{HJ); 5.7
(s, SH, CsHJ); 5.5 (s, SH, C;H.); 2.61 (s, 3H, CH,).
BC NMR (C¢Dg solution, room temperature: & 287.2
(C,); 2374, 233.9, 229.8, 229.1 (CO); 155.2 (C,); 1434
(Cp); 95.3, 94.2 (C5Hy); 1423 (C); 1286 (C,, C,);
126.0 (C;, Cy); 1282 (C,); 23.0 (CH,). IR (CH,CI,
solution); »(C=0) 1966 m, 1902 s, 1848 m; »(C=C=C)
1653 m cm ™! MS: m /e 562 [M]*; 534 [M — COJ*; 506
[M —2COJ"; 478 [M — 3COJ*; 450 [M — 400]*.

4.9. X-ray structure analysis of 1b

A single crystal of [Cp,Mo,(CO),(p-C=C=C¢H,)]
grown from a dichloromethane-pentane mixture was
mounted on a Enraf-Nonius CAD-4 four-circle auto-
matic diffractometer. The unit cell was determined and
refined from 25 randomly selected reflections observed
by the use of the CAD-4 automatic routines.

Crystal data: formula, C,,H,,Mo0,0,; molecular
weight, 540.282; triclinic P1 (No 2); a = 9.295(4), b =

Table 2

Selected bond lengths (A) and bond angles (°) for 1b

Bond lengths

Mo(1)-Mo(2) 3.163(2) C(15)-C(16) 1.35(1)
Mo(1)-C(1) 1.94(1) C16)-Ccamn 1.33(D
Mo(1)-C(2) 1.93(1) CQA7-C18) 1.52(2)
Mo(2)-C(3) 1.991) C(17)-C(22) 1.50(2)
Mo(2)-C4) 1.96(1) C(18)-C19) 1.54(2)
Mo(1)-C(15) 220(1)  C(19-C(20) 1.56(2)
Mo(2)-C(15) 1.90(1) CQO)-C21) 1.51(2)
Mo(1)-C(16) 2.26(1) C2D-C(22) 1.52(2)

Bond angles

Mo(1)-C(1)-0(1) 174.(1)
Mo(1)-C(2)-0(2) 177.(1)
Mo(2)-C(3)-0(3) 176.(1)
Mo(2)-C(4)-0(4) 179.(1)
Mo(1)-C(15)-Mo(2) 100.6(4)
C(15)-Mo(1)-C(16)  35.2(4)
Mo(1)-C(15)-C(16)  74.9(8)
Mo(2)-C(15)-C(16)  168.5(8)

Mo(1)-C(16)-C(15)  69.9%(7)
C(15)-C(16)-C(17)  146.(1)
C(16)-C(17)-C(18) 125.(1)
C16)-C17-C(22)  121.(D
C(17)-C(18)-C(19)  111.(1)
C(18)-C(19)-C(20)  110.(1)
C(19)-CQ2m-C(21)  109.(1)
C20)-C2D-C(22) 111D

Numbers in parentheses are estimated standard deviations.

10.765(4), ¢ = 11.801(6) /Dk;oa =75.054), B = 69.49(50),
vy = 70.46(4)°; V =1028.93 A3, A(Mo Ka) = 0.71069 A;
pMoKa)=12.135em™ !, Z=2;d ., = 1.744 gem >,

The intensities of 1778 independent reflections mea-

Table 3

Positional parameters and their estimated standard deviations
Atom  x y z B (AY)
Mo(1) 0.4017(1) 0.41319(9) 0.31454(8) 2.83(2)
Mo(2) 0.3405(1) 0.16609(9) 0.25903(3) 3.18(2)
o) 0.364(1) 0.225(1) 0.5660(8) 6.5(3)
(010 0.131(1) 0.582(1) 0.4965(8) 6.8(3)
oM 0.675(1) 0.062(1) 0.311(D) 7.3(3)
04) 0.538(1) 0.156(1) —0.0144(9) 7.7(4)
c(1) 0.373(1) 0.292(1) 0.470(1) 4.303)
Cc) 0.228(1) 0.518(8) 0.428(1) 4.4(3)
C@3) 0.552(1) 0.105(1) 0.291(1) 4.2(3)
C4) 0.463(2) 0.161(1) 0.086(1) 4.9(4)
C(5) 0.650(2) 0.386(1) 0.162(2) 7.3(5)
) 0.572(2) 0.512(2) 0.135(1) 6.3(4)
(6¢)] 0.535(1) 0.578(1) 0.235(1) 5.3(4)
8) 0.604(1) 0.486(1) 0.323(1) 5.6(4)
c9) 0.680(2) 0.363(2) 0.277Q2) 7.005)
c(10) 0.162(2) 0.089(2) 0.436(1) 8.4(4)
C(11) 0.074(2) 0.156(2) 0.363(2) 7.2(5)
C(12) 0.12%2) 0.098(2) 0.263(1) 8.1(5)
C(13) 0.251(2) —0.016(1) 0.278(1) 8.2(5)
C(14) 0.267(2) -0.022(2) 0.391(2) 10.2(6)
C(15) 0.268(1) 0.356(1) 0.2251(9) 3.203)
C(16) 0.202(1) 0.488(1) 0.2256(9) 3.003)
(17 0.088(1) 0.594(1) 0.2001(9) 3.403)
(18) 0.055(2) 0.731(1) 0.232(1) 5.1(3)
c(9) 0.014(2) 0.843(1) 0.128(1) 5.0(4)
C(20) —0.128Q2) 0.828(1) 0.096(1) 5.14)
C(21) —0.082(1) 0.694(1) 0.056(1) 4.9(3)
Cc(22) —0.038(1) 0.580(1) 0.157(1) 4.8(3)

Anisotropically refined atoms are given in the form of the isotropic
equivalent displacement parameter defined as $[a’B,, +b’B,, +
2B, 3+ ab(cos ¥)B, , + ac(cos B)B, 5+ be(cos a)B,;].
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sured in a w-20 scan (6, =1° 6, = 25°), with >
30(I) among 3609 data collected were used in the
solution and refinement of the structure (253 variables).

The structure was solved by the direct methods
program MULTAN [21]. All non-hydrogen atoms were
refined anisotropically. The positions of hydrogen
atoms were calculated by the “hydro” program of spp
and were not refined. All these atoms were included in
the final calculations with B, (H) =13 B,,, (O) (C is
the carbon atom bearing the hydrogen atom).

Because of the small size of the crystal, no correc-
tion for absorption was carried out. The weighting
scheme employed was w=4F?2/[c*(F,)* + 0.08 F2]°.
The final residuals were R=0.046 and R, = 0.063,
goodness of fit =1.18, Ap(max)=0.9 ¢ A~3. Selected
bond distances and selected bond angles and the final
atomic coordinates are listed in Tables 2 and 3. A list
of observed and calculated structure factors is available
from the authors. Full lists of bond lengths and angles,
atomic coordinates and thermal parameters have been
deposited with the Cambridge Crystallographic Data
Centre.
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