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Abstract: The electron-rich isomeric complexes CpM&CsHs)(17*-C4He) (13, prone CsHs; supineCyHg; 1b,
supine-GHs; supine-GHg; 1c, supine-GHs; s-trans-GHg) do not react with neutral ligands under mild
conditions. They are, however, easily protonated by a variety of different acids. Protonafiarandl 1b
involves attack at the terminal position of the allyl ligand and elimination of propene. Protonations with
acetic acid show rates in the ordex > 1b and afford the same product, CoMa{CCHz)(17*-C4He), 2, which

can be oxidized to the 17-electron catid®?]l. HBF, protonation ofla in the absence of trapping donor
molecules affords [CpMo(ksupine-GHe)(u-F2BF,)]n, 3. The latter readily reacts with donor molecules to
afford [CpMo(if-supine-GHg)L][BF 4] products (L= MeCN, 4; BUNC, 5; or L, = 1,3-butadieneg), which

are also directly and selectively obtained by protonatiori@fin the presence of the appropriate ligand.
Compound6 has a $upine-GHe)(s-trans-GHg) configuration and converts into compou#édvhen dissolved

in MeCN. Protonation olcis much slower relative to the isomekraandlb. The observed products depend

on the nature of the solvent. Protonation by HEF,O in MeCN affords unstable [CpMs(pine-;-GHs)-
(syn-Ch-prone-n-GHa4)(NCCHg)][BF4] (7), which rapidly exchanges the MeCN ligand. Decomposition of
the latter involves a regioselective reductive coupling of the two allyl ligands to generate 3-methyl-1,5-hexadiene
guantitatively. In GDg, the HBR, protonation oflc produces small amounts of propene and a violet precipitate
which gives a mixture oft and7 upon treatment in MeCN. In the presence of 1,3-butadiene, protonation of
1cin THF followed by extraction into acetone affords a mixturéaind [CpMo(1CsHs-CHCHa,-1-CsHa) (Mes-
CO)][BF4] (8). Compound converts into [CpMo(n-GH4-CH>CHy-17-C3Ha)(L)][BF 4] (L = MeCN, 9; PMs;,

10) when treated with the appropriate L. Protonatiodofn MeCN in the presence of butadiene affortls
which slowly decomposes, under these conditions, to a mixtudeaofd [CpMo(#f-s-trans-GHg)(MeCN),] T,

11. The collective results for the protonationlafindicate that the proton attacks thdransdiene ligand in
MeCN. The preferred position of attack in nonpolar solvents, on the other hand, is the allyl. The difference
of electronic distribution for isomerka—chas been investigated by DFT methods. The calculations indicate
that the allyl ligand is a stronger donor in teepineconfiguration, while the diene ligand is both a weaker
donor and a weaker acceptor when it is coordinated irsttransmode.

Introduction Scheme 1

_ Transition metal complexes_ containir)g allyl and butadiene LTS ,-65h L3> Lo
ligands have attracted extensive attention due to the fact that i .0 \ Mo "o

) ) ) : . \_Mo_ - % Q// # \/Mo%//
they play important roles in catalytic process and in organic N3 /«\\ RN M=
synthese$® In a previous contributioBwe have reported the " b (@) 1e
synthesis and characterization of the title compound in three
different isomeric forms (see Scheme 1) and defined the relative thermodynamic stability of the isomers and the barriers to their
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[1b]*. The equilibration ofla and1b is relatively accessible
(AG* = 23.6 kcal/mol), while equilibration witic has a barrier

of >30 kcal/mol. Thus, the interconversion between isomers

and CpMo(supine-CsHs)(s-trans#-CsHg) (1c) were prepared accord-
ing to the literaturé.
Reations of CpMo@-C3Hs)(-C4He) with Nucleophiles. At room

lab andlcis essentially frozen at room temperature. The three t€mperature, no change in the NMR spectroscopic properties was

isomers show different potentials for the electrochemically
reversible oxidation processes to the corresponding Mo(lll)

cations, suggesting that the relative configuration of the ligands

regulates the metal electron density in an important way.
Most of the previously reported examples of allyl- and diene-

containing molecules are either stable in a single isomeric form,

the other form being observed under kinetically controlled
conditions, or are observed in two rapidly interconverting

observed over several days upon mixing compounds Cphag-»-
CsHs)(supine-n-GHg) (1a) or CpMo6upine-n-GHs)(s-trans-1-GHe)
(1c) and excestert-butyl isocyanide (in benzene), methyl lithium (in
THF), allylmagnesium bromide (in THF), trimethyl phosphine (in
benzene), or carbon monoxide (in benzene).

Reation of CpMo(pronen-CsHs)(supinen-CsHeg) (1a) with
CH3COOH. Preparation of CpMo(n-CH3CO,)(5-C4He) (2). Com-
poundla (300 mg, 1.17 mmol) was dissolved in 20 mL of heptane.
To the resulting solution was added 220 of acetic acid (3.88 mmol)

forms’~14 There are compounds that have been isolated in more with a microsyringe at room temperature. The color changed from
than one isomeric form and whose interconversion is slow or red-yellow to green upon stirring for 3.5 h. All solvent was removed

frozen under ambient conditions, but their comparative reactivity

has not been studied in det&l*>17 Furthermore, no previous

example appears to be available where slow isomerization occur

for both the allyl and the diene ligand the same molecule
Therefore, compound is an excellent system to probe the
reactivity of both the allyl and the diene ligand as a function of

g/ield). Anal.

by evaporation under reduced pressure, and the residue was recrystal-
lized from heptane (5 mL) to yield green crystalliBg€182 mg, 85%
Calcd for GiH1sM0O,: C, 48.18; H, 5.11. Found: C,
48.36; H, 5.15. IR (THF, cmt): 1529 (m) and 1461 (s). Cyclic
voltammogram (versus Ff=c): irreversible oxidation &, = —0.45
V (in CH.Cl,) and—0.48 V (in THF).

Oxidation of CpMo(n?O,CCH3)(7-C4He) (2) by FcPF, Followed

coordination mode. We have in fact observed that the position by in situ Reduction with Cp,Co. Compound2 (4 mg, 0.015 mmol)
and rate of proton attack depend on the relative orientation of was dissolved in 0.5 mL of acetomg-and transferred into an NMR

both allyl and diene ligands, leading to quite different and

tube in which a capillary was placed. The setup was devised to allow

occasionally complex products. The results of these investiga- the measurements of EPR with the solution inside the capillary and of

tions are reported in the present contribution.

Experimental Section

General Procedures. All reactions were conducted by standard

NMR with the solution inside the NMR tube. THEl NMR spectrum
showed only the presence of compoutdwhile no EPR signal was
detected. FcPRFH(5 mg, 0.015 mmol) was added to the NMR tube,
causing a color change from green to yellow-brown. The EPR spectrum
showed a pentet g@t= 1.996 (an = 9 G) with molybdenum satellites

Schlenk-line techniques under a dinitrogen atmosphere. Solvents were(ay, = 37 G), assigned t&[*, while no prominent proton NMR signals

dried by conventional methods (THF and.@&ton Na/benzophenone,
toluene and heptane on Na, @b, on PO, and distilled directly
from the drying agent under dinitrogen. All routine NMR experiments
were carried out on a Bruker AM400 or WF 200 spectrometers, while
2D-NMR were obtained from a Bruker AMX500 spectrometer. The
IH and *C NMR data for all new compounds are given in Table 1.

were found except for those due to the solvent. At this pointCOp

(20 mg, 0.053 mmol, excess) was added to the solution; the color turned
to red-brown. The!H NMR spectrum showed the regeneration of
compound2, while no EPR active species was found. The intensity
of the NMR signals of compound (relative to the reference solvent
signal) became smaller compared to that of the initial spectrum.

EPR spectra were _recorded on a Bruker ER200 spectrometer and_IR Stability of [CpMo( 57%-0,CCH3)(57-CsHe)l[PFs] ([2][PF6]) in Ac-
spectra on a Perkin-Elmer FTIR 1600 spectrophotometer. Cyclic etone. CpMo(12-0,CCHa)(17-C4Hs) (2) (2.0 mg, 7.3«mol) and FcPE

voltammograms were recorded with an EG&G 362 potentiostat

(2.5 mg, 1 equiv) were placed in EPR tube. Two hundred microliters

connected to a Macintosh computer through MacLab hardware/software; of acetone was subsequently added, and EPR spectra were recorded

the electrochemical cell was a locally modified Schlenk tube with a Pt

periodically. The intensity of]* halved in 5.5 h, while the signal

counterelectrode sealed through uranium glass/Pyrex glass seals. Th@ecame broad.

cell was fitted with a Ag/AgClI reference electrode and a Pt working
electrode. The supporting electrolyte used was 0.1 M B All
potentials are reported vs the £p/CpFe" couple which was

Reaction of CpMo(supinen-CsHs)(supinen-CsHg) (1b) with
CH3;COOH. Compoundlb was preparedn situin a 5 mm NMR
tube from 16.0 mg of compound.f]*PR~ (40 umol) and 7.5 mg of

introduced into the cell at the end of each measurement. Elementalcobaltocene (1 equiv) in0.5mL OfGDG- The rapid reduction Oﬂ'l.b]+

analyses were performed by Atlantic Microlab, Inc. or the analytical
service at the LSEO, Dijon. Compounds Cplda(ne#-CsHs)(supine-
1-C4He) (18), [CpMo(supiner-CsHs)(supinen-CsHg)][PFe] ([1b]TPR7),

(7) Faller, J. W.; Chen, C.-C.; Mattina, M. J.; Jakubowski, &.
Organomet. Cheml973,52, 361—386.

(8) Faller, 3. W.; Johnson, B. V.; Dryja, T. P.Organomet. Chenl974
65, 395—400.

(9) Fish, R. W.; Giering, W. P.; Marten, D.; Rosenblum, M.
Organomet. Cheml 976,105, 101—-118.

(10) Greenhough, T. J.; Legzdins, P.; Martin, D. T.; Trotterindrg.
Chem.1979,18, 3268-3270.

(11) Faller, J. W.; Chodosh, D. F.; Katahira, .Organomet. Chem.
1980,187, 227—231.

(12) Brammer, L.; Dunne, B. J.; Green, M.; Moran, G.; Orpen, A. G.;
Reeve, C.; Schaverien, C. J. Chem. Soc., Dalton Tran4993, 1747—
1759.

(13) Gongalves, I. S.; Rorfa, C. C.J. Organomet. Chenil995, 486,
155—-161.

(14) Butters, C.; Carr, N.; Deeth, R. J.; Green, M.; Green, S. M.; Mahon,
M. F. J. Chem. Soc., Dalton Tran996, 2299-2308.

(15) Segal, J. A.; Green, M. L. H.; Daran, J.-C.; ProutJKChem. Soc.,
Chem. Commuril976, 766—768.

(16) Green, M. L. H.; Knight, J.; Segal, J. A. Chem. Soc., Dalton
Trans.1977, 2189-2195.

(17) Gibson, D. H.; Hsu, W.-L.; Steinmetz, A. L.; Johnson, B. .
Organomet. Cheml981,208, 89-102.

to 1b by CpCo has been described previou$lyThe mixture was
vigorously shaken for 5 min, followed by centrifugation and filtration
into a new NMR tube. Then 2L of acetic acid (33tmol) was added

to the filtrate. '"H NMR integration against the acetic acid resonances
showed only 17:mol of 1b in the reaction solution. The conversion
of compoundLb to compound was monitored byH NMR, yielding

a half-life ty, = 26 min. Under similar conditions, the reaction of
isomerla (4.4 mg, 17umol) with 2 equiv of acetic acid gaveta, of

10 min.

Reaction of CpMo(supinen-CsHs)(s-transn-CsHe) (1c) with
CH3COOH. (i) To a solution oflc (8 mg, 31umol) in 0.5 mL or
CsDs was added 1.8L of acetic acid (1 equiv). No significant change
was observed byH NMR for 28 h. (ii) Five milligrams oflc (20
umol) was dissolved in 0.5 mL oféDs, and 10QuL of acetic acid (50
equiv) was added. No reaction was detectedHhyNMR in 10 min.
Prolonged standing for 24 h only resulted in decomposition, giving
both propene and 3-methyl-1,5-hexadiene in a 2.5:1 ratio.

Reaction of CpMo(prone-n-CsHs)(supinen-C4Hg) (1a) with HBF,4
in benzene. Preparation of [CpMog*-CsHe)(1-F2BF2)]n (3). To a
benzene solution of compourich (50 mg, 0.195 mmol in 0.5 mL)
was added 34L of HBF.-EtO (85%, 0.195 mmol), yielding a pale
yellow solid. The mixture was centrifuged and the supernatant was
filtered off. The pale yellow crystalline solid was dried under vacuum



for 0.5 h. IR (Nujol, cn®): 1097 (m), 1055 (m), and 1012 (m).

standard). After transfer into a Schlenk tube via cannula, the liquid

Further characterization of this species was hampered by its insolubility was filtered off, and the solid was dried under vacuum for 10 min.

in either benzene or chloroform and its extreme sensitivity toward air
and reactivity toward donor solvents.

When the same experiment was carried out D4 the formation
of propene was observed By NMR: 6 5.70 (m, 1H, vinyl), 4.95 (m,
2H, vinyl), 1.54 (dt,Js = 7 Hz, J; = 1.6 Hz).

Reaction of CpMo(prone#-CsHs)(supine-CsHe) (1a) with HBF4
in Acetonitrile. Preparation of [CpMo(CH 3CN)z(supine-p-CHg)]-
BF4 (4). One hundred milligrams of compouri@ (0.391 mmol) was
dissolved in 5 mL of MeCN, and 70L of HBF4EtO (85%, 1 equiv)
was added by syringe. A red-violet solution formed accompanying
gas evolution. After stirring for 0.5 h the solvent was completely

The solid was dissolved in 0.5 mL of GON, and the resulting solution
was tranferred back into an NMR tube. A NMR spectrum showed
the formation of three complexes in ca. 1:1:1 ratio: complekaad
7 and an unidentified species with the Cp resonana &22.

Reaction of CpMo(supine-5-GHs)(s-trans-n-GHe¢) (1c) with
HBF4-Et,O in the Presence of Excess Butadiene. (i) In THF.
Compoundlc (340 mg, 1.33 mmol) was dissolved in 5 mL of THF.
Ca. 5 mL (liquid volume) of butadiene was condensed into the mixture
at —196°C. HBFRELO (227uL, 85 %, 1.31 mmol) was then added
by microsyringe, vyielding a violet-brown precipitate. After the
supernatant was decanted off, the solid was washed with 5 mL of THF

removed under reduced pressure. The residue was recrystallized fromand dried under vacuum for 0.5 h. The violet-brown solid was not

CH:CN/THF, giving brick-red crystallinet (141 mg, 93%). Anal.
Calcd for GsHi1/BFsMoN,: C, 40.66; H, 4.46. Found: C, 40.02; H,
4.63. Compound has also been obtained in 73% yield by dissolving
compound3 in acetonitrile.

Reaction of CpMo(pronen-CsHs)(supinen-C4sHe) (1a) with HBF 4
in the presence of BUINC. Preparation of [CpMo(CNBu'),(CsHe)]-
BF4 (5). Compoundla (57 mg, 0.19 mmol) was dissolved in 0.5 mL
of CgHs. To the resulting solution was added by syringe, in the order,
CNBU (150 mL, 1.33 mmol) and HBFELO (39 mL, 85%, 0.19 mmol).
A maroon oily precipitate formed accompanying gas evolution. The
light red supernatant was filtered off, and the oily solid was washed
with 2 x 1 mL of heptane. The oily material was dried under vacuum
for 2 h (yield 85 mg, 82%). Anal. Calcd forgH,BFsMoNz: C,
48.74; H, 6.24. Found: C, 49.01; H, 6.80. The same product could
also be obtained by the reaction of compouBdwith tert-butyl
isocyanide.

Reaction of CpMo(pronen-CsHs)(supinen-C4Hse) (1a) with HBF4
in the presence of Butadiene. Preparation of [CpMogupine-n-
C4He)(s-trans#-C4He)][BF 4] (6). CompoundLa (0.900 g, 3.52 mmol)
was dissolved in 20 mL of THF. To the resulting solution was added

soluble in chloroform. When the violet-brown solid (5 mg) was treated
with acetoneds (0.5 mL), a mixture o6 and [CpMog-CsH4-CH,CH,-
7-CsH4)(Me;CO)][BF4] (8) (ca. 1:1 ratio) was detected B NMR.
Compound slowly decomposes in acetone. Attempts to separate these
two products by selective crystallization failed. The product was also
soluble in acetonitrile, and subsequéHtNMR inspection in CRCN
showed the formation o4 and [CpMo(n-allyl-CHCH,-n-allyl)-
(NCCH)][BF4] (9) (ca. 1:1 ratio), in addition to free butadiene.
Attempts to separate the two products by selective crystallization failed.
To the CIXCN solution containing complexesand9 was added LL
of PMe; (10 umol). After 24 h, the proton NMR showed that
compound8 has been converted to a new species, [CpMO{H.-
CH,CHz-1-CsHa)(PMey)][BF 4] (10), while complex4 remained un-
changed.

(i) In C ¢De. Fifteen milligrams oflc (58 umol) was dissolved in
a mixture of GDg and butadiene (0.5 mL/0.5 mL), to which xQ of
HBF4Et,O (85%, 58umol) was syringed, causing the formation of a
violet precipitate and a colorless supernatant. Propene in the supernatant
was detected byH NMR. After removal of all solvents, the solid
was dried under vaccum for 10 min, and then 0.5 mL of;CN was

butadiene by condensation of the gaseous reagent until the volume hachdded. A'H NMR spectrum showed the formation of compourds

increased by ca. 10 mL. After cooling t678 °C, HBR+Et,O (0.61
mL, 85%, 3.52 mmol) was added, causing the precipitation of a yellow
solid. The mixture was stirred for 0.5 h-a78 °C and then for another

and 9 (ca. 1:1 ratio), accompanied by an unidentified species. No
3-methyl-1,5-hexadiene could be detected.
(iii) In CD sCN. Formation of Compound [CpMo(CD3CN)x(s-

0.5 h at room temperature. The colorless supernatant was decantedrans-,-C,Hg)|BF4 (11). 1c(7.5 mg, 2«mol) was placed in an NMR

off, and the yellow solid was washed with>2 20 mL of THF. The
yellow solid was dried under vacuum for 4 h (yield 1.240 g, 94%).
Anal. Calcd for GsH:/BFsM0:0.25CHgO: C, 44.96; H, 5.12.
Found: C, 44.59; H, 5.40. The presence of THF was confirmed by

tube in 0.5 mL of CRQCN. Butadiene (0.5 mL) was subsequently
condensed in the tube at low temperature. Further additiorubf &
HBF4-Et,0 (85%, 29«mol) at room temperature caused a color change
from yellow to yellow-brown. The immediate recording ofth NMR

'H NMR spectroscopy. This product can also be synthesized in a low (<10 min) showed the formation of complex@sand propene in a

yield (36%) by addition of butadiene to compou8d

Reaction of CpMo(supine-n-GHs)(s-trans-p-GHg) (1c) with
HBF4-Et,0 in acetonitrile. Formation and Stability of [CpMo( -
C3Hs)(syn-7-CsH4CH3)(NCCD3)][BF 4] (7). Dissolution of compound
1c (7.5 mg, 29mol) in CDsCN (0.5 mL), followed by the addition of
5 ul of HBF4E,O (85%, 29«mol), generated a yellow-brown solution.
The resulting solution was investigated By NMR, indicating the
formation of compound (80% on the basis of integration against the

ratio of ca. 3:1 (spectroscopic yield: 60% and 20%, respectively). Small
resonances attributable to the decomposition proddieted 11 (see
below) were already observable. After standing overnight, the reso-
nances of compleX had been completely replaced by the resonances
attributed to compounds [CpMo(GDN),(supinen-CsHe)1BF4 (4) and
[CpMo(CDsCN);(s-transn-CsHe)|BF4 (11) in an approximate 1:1 ratio,
accompanied by minor unidentified species with Cp resonanceés at
5.67 and 5.81. The concomitant release of 3-methyl-1,5-hexadiene was

solvent standard) (see Table 1 and Discussion for the resonancealso shown by théH NMR spectrum. Complexed and 11 are
assignment) and an unidentified species (20%), as well as free propengnoderately stable in acetone or acetonitrile. No change of the relative

(20%). The resonances af gradually decreased, while those of
3-methyl-1,5-hexadien&((ppm), 5.77 (m, 2H), ca 4.96 (m, 4H), 2.20
(m, 1H), 2.10 (m, 2H), 0.97 (d, 3H)) appeared within 30 min. After
standing at room temperature overnight, compléxcompletely

decomposed to quantitatively yield 3-methyl-1,5-hexadiene and other

uncharacterized metal-containing species. THiI&IMR signal of the

intensity of these species was observed at room temperature over 16 h
in either solvent. The resonances for the MeCN ligands in both
complexet and11 were detected by repeating the experiment in-CH
CN.

Molecular Orbital Calculations. The geometries of compounds
la—c were optimized at the DFT-B3LYP levél. The starting

acetonitrile ligand was detected when regular acetonitrile was used for geometries of compoundsa and 1c were taken from the X-ray
the reaction, followed by removal of the solvent under reduced pressure determined structurésyhile the geometry oflb was generated from

and dissolution of the residue in GON. Following the rapid recording
of the latter'H NMR spectrum, the signal due to the gEN ligand
disappeared within 30 min.

Reaction of CpMo(supine-i-GHs)(s-trans-p-CHg) (1c) with
HBF4Et,O in Benzene. Compoundlc (7.5 mg, 29umol) was
dissolved in @Ds (0.5 mL) in a 5 mm NMRtube, followed by the
addition of 5uL of HBF4-EtLO (85%, 29umol). A violet precipitate
immediately formed. ThéH NMR spectrum showed the formation

of propene (ca. 20% on the basis of integration against the solvent

that of 1a by a 180 rotation of the allyl ligand around the axis that
joins the Mo atom and the center of gravity of the allyl ligand. The
calculations were run using GAUSSIAN Y4on the SGI Power
Challenge at the Université de Bourgogne. The LanL2DZ basis set
used includes both Dunning and Hay’s D95 sets for H affch@d the
relativistic Electron Core Potential (ECP) sets of Hay and Wadt for
the Mo aton?'~22 Electrons outside the core were all those of H and

(18) Becke, A. D.J. Chem. Phys1993,98, 5648.



Scheme2 Scheme 3
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calculations were also carried out at the LanL2DZ-optimized geom- ‘BH(NC/ W/ N/ ‘\//

etries, after extending the basis set as follows: ghanerp, andd 5 6
functions on the Mo atom of the LanL2DZ set was decontracted, thus
yielding a valencdbs 4p 3d[et, and onel function (exponent 1.2)
was added to the basis for C.

reactions (vide infra). The assignment of a bidentate bridging
coordination mode for the tetrafluoroborato ligand is supported
by the IR data, in comparison with the IR bands reported for
complexes [Cu(bpyJBF,][BF 4] and SnMgF,BF,.2425 Com-
Protonation of Isomers 1a and 1b. The protonation reaction ~ Pound3 is reactive toward nucleophiles, such as acetonitrile
of 1a and 1b has been investigated with a variety of proton andtert-butyl isocyanide as well as butadiene. These ligands
sources and under different conditions. In all cases, attack atdisplace the coordinated Bkgand from3 to yield the adducts
the allyl ligand with subsequent elimination of propene (con- [CPMO(7*-CsHe)L2]". The same complexes can best be ob-
firmed byH NMR) occurs. When acetic acid is used, the allyl tained directly by HBEp_rotonatmn oflain the presence of an
ligand is replaced by the acetate group to afford compound €xcess of the desired ligand, see Scheme 3.
CpMo(y-O,CCHg)(supinen-CsHe), 2 (see Scheme 2). A The spectroscopic properties of complex¢sand 5 are
comparison of the measured half lives of reaction indicates that Straightforward. As is the case for compouBdthe supine
the proneallyl ligand in 1ais protonated faster than tisepine ~ conformation of the diene ligand #and5 is indicated by both
allyl ligand in 1b. On the other hand, comparison with the Proton chemical shifts and the small value of the geminal
previously measurédhalf-life of the 1b/la isomerization  coupling in the'H NMR (see Table 1). Compourf} on the
suggests that the protonation i occurs directly and not via ~ other hand, shows a more complex NMR pattern because of
isomerization tdla. Under the assumption of a rate-determining the low symmetry, the larger number of inequivalent protons,
protonation of the allyl ligand, the data suggest that the allyl @nd the complex coupling pattern. The complete assignment
terminal carbon atoms carry a higher negative chargéan  reported in Table 1 (see drawimdor the proton nomenclature)
relative to1b. was assisted by homonuclear decoupling experiments and a 2-D
The bidentate binding mode of the acetato ligand is indicated "H—*°C correlation spectrum. From the NMR analysis, we can
by the IR bands at 1529 and 1461 ¢in Thesupineconforma- also conclude that_compounﬁds_obtalned in a single isomeric
tion of the butadiene ligand is indicated by the downfield shifted form. Compound is not stable in acetone at room temperature,
central protons of the butadiene ligand. For the alterngiivae decomposing to uncharacterized products. Dissolution in ac-
butadiene configuration, the central protons would be shifted €tonitrile, on the other hand, affords the acetonitrile complex
upfield due to the shielding of the cyclopentadiene ring current, 4aquantitatively with loss of theansbutadiene ligand (Scheme
as it is found forsupineandproneallyl ligands. Furthermore,
the indiscernible geminal coupling constant1( Hz) also
suggests theupineconformation. This criterion has also been
used to determine the conformation of allyl complekes.
When the benzene solution béis treated with HBEOE®, Hel

Results

a brown powder of [CpMof*-C4He)(u-F2BF2)]n (3) immediately el H, ”c;C/Hb
precipitates out of solution (Scheme 3). This product is C\\\\k‘:\ H.,\C’\ Vi
extremely sensitive, immediately turning black upon exposure noo, M Sy

to air. It is insoluble in hydrocarbons (including chlorinated
ones) and reactive toward donor solvents. Its characterization I
rests only on IR analysis and the results of further derivatization

(19) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T. A.; Petersson, . . . . .
G. A;; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski, slow in comparison with the corresponding protonationgaf

V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.; andl1b shown above. No reaction is detected'byNMR for
\’)‘Va”aya'\‘zk?/\f/ a, ﬁ-?dCha”JaCLomFt;e’ I'V'-?I PeE”gé C-GY-? Ayila,RP- R(A %hegy \C/ 28 h. With a large excess of acetic acid and prolonged standing,
ong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.; .
Fox, D. J.. Binkley, J. S.. Defrees, D. J.; Baker, J.. Stewart, J. P.: Head- O the othgr_ hand, only decomposition takes place. Among the
decomposition products, 3-methyl-1,5-hexadiene and propene

Protonation of Isomer 1c in the Absence of Butadiene.
The reaction of isometc with 1 equiv of acetic acid is very

Gordon, M.; Gonzales, C.; Pople, J. Baussian 94 (Resion E.1) Gaussian

Inc.: Pittsburgh, PA, 1995.

(20) Dunning, T. H., Jr.; Hay, P. J. IModern Theoretical Chemistry;
Schaefer, Ill, H. F., Ed.; Plenum Press: New York, 1976; pj28.

(21) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985,82, 270—283.

(22) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985,82, 299—310.

(23) Wadt, W. R.; Hay, P. 1. Chem. Phys1985,82, 284—298.

in a 1:2.5 ratio were identified bjH NMR. The reaction of

(24) Foley, J.; Kennefic, D.; Phelan, D.; Tyagi, S.; Hathawayl.Ehem.
Soc., Dalton Trans1983, 2333.

(25) Hathaway, B. J.; Webster, D. Broceedings of the Chemical society
1963, 14.
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1c with HBF4.OEbL in C¢Dg, on the other hand, immediately
yields a violet precipitate). Propene (20% yield) is the only
organic product detected by NMR in the supernatant. After
dissolution ofA in CDsCN, a 1:1 mixture of compoundsand

an unstable intermediate, [CpMo(7tds)(syn-1-GH4CHg)-
(NCCH)][BF 4] (7), is obtained (see Scheme 4). Thus, the violet
precipitate A is presumably constituted by a 1:1 mixture of
[CpMo(i*-CaHe)(u-F2BF2)]n, 3 (resulting from allyl attack,
propene elimination, and diene isomerization), and Cp¥to(
CsHs)(173-syn-GH-1-CHg)(FBFs) (resulting from theapparent

<>

| W
Mo,,u’ £ H¢
AW
CH,CN Ht')‘ Hopy C(Has

H,

;oo
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in the presence of 1,3-butadiene as trapping agent, a mixture
of compound6 and a new compound, [CpMt-C3H4-CH,-
CHy-173-C3H4){ O=C(CDs),} ][BF 4], 8, are observed in a 1:1 ratio
by 'H NMR upon investigating an aliquot of the solution in
acetone-gl (see Scheme 5). An attempt to detect the acetone
ligand in 8 was not successful. Dissolution of the reaction
residue in regular acetone, followed by removal of the solvent
and NMR analysis in CDGlyielded no proton signal for
compound3, presumably because of a solvent-induced radical
decomposition. The formation of compouBdnvolves cou-
pling of two s-transbutadiene ligands. A similar process has
been previously described for the reaction of butadiene with
Ni(COD),,26 [CpV] .27 CpCr(3-C3Hs)2,28 and Cp*Crg®-
CsHs),.2°

When the same experiment is carried out §Dg; an insoluble
violet precipitate B) is generated, and the evolution of propene
in ca. 50% spectrocopic yield is observed ¥y NMR. No
3-methyl-1,5-hexadiene, nor any other organic product, is
observed during this process. Dissolution Bfin CD;CN
affords a mixture of compound$ and [CpMo(77-C3Hs-CH,-
CHz173-C3Hg)(MeCN)][BF,], 9, in an approximate 1:1 ratio, plus

butadiene attack) or related agostic complexes (see Discussion)free butadiene, see Scheme 5. The violet precipiateesum-

Note that a diene isomerizationusthave taken place before
the addition of CRQCN to A, because a hypothetical [CpMo-
(17*-s-transC4He)(7%-F2BF,)]» compound would lead to a [CpMo-
(p*-s-transC4Hg)(CD3CN),]+ product which is not observed

ably contains a 1:1 mixture of compoun@snd a precursor to

8 such as CpMo(#C3Hs-CHCH,-13-C3H,)(FBF3) and is
therefore different than the violet precipitaie The conversion

of 6 to 4 with release of butadiene is established, see Scheme

among the reaction products. Such a compound indeed exists3. The second component Bfcannot be CpMo(#CaHs)(17°-

and does not isomerize t(vide infra).

When 1c is protonated with HBFOEL, directly in aceto-
nitrile, the instantaneous formation of occurs in 80%
spectroscopic yield, and no complis observed. The reaction

synCsHs-1-CHg)(FBF) (i.e., identical to the proposed compo-
nent of A that derives from the proton attack on the diene
ligand), because the formation 8f from such a compound
would also require the formation of 3-methyl-1,5-hexadiene (not

is accompanied by the formation of propene and an uncharac-verified experimentally) and the presence of free butadiene,

terized Mo-containing species (Cp resonancé &t67) in ca.

whereas the process takes place from dBedfter complete

20% spectroscopic yield. Thus, the nature of the solvent hasremoval of excess butadiene. When the solid mixturé ad

an effect on the ratio between the two reaction pathways.

Compound 7 subsequently evolves to selectively produce

8 obtained in acetonds is treated with acetonitrile, compounds
4 and9 are formed again in a 1:1 ratio, accompanied by loss of

3-methyl-1,5-hexadiene and uncharacterized Mo-containing butadiene, as shown B4 NMR.

products. The allyl coupling process is apparently 100%

Finally, when the HBE protonation oflcin the presence of

regioselective, as no trace of the other possible product, namelybutadiene is carried out directly in GON, the immediate

1,5-heptadiene, could be observed spectroscopically.
The complexity of theH NMR spectrum of7 required the

formation of propene and compound(20% and 60% spec-
troscopic yields, respectively) is observed!ByNMR (Scheme

use of homonuclear decoupling experiments for a complete 5). Subsequently, the slow formation of 3-methyl-1,5-hexadiene

assignment (see Table 1 and drawitig for the proton
nomenclature). The coupling constants of the allyl protons fall

(cf. Scheme 4) is accompanied by the formation of an isomeric
mixture of [CpMo(NCCD)y(supine-n-GHg)][BF4] (4) and

into the expected ranges. No precise stereochemical knowledgdCpMo(NCCDy)(s-transn-CsHeg)][BF 4] (11) in an 1:1 ratio. In

is implied in drawingll, other than thesyn-position of the allyl
methyl group, which is indicated by the larg@ans coupling
constant oflyane (12.5 Hz). The conformation adopted by the
two allyl ligands cannot be determined with certainty, and the

addition to a Cp signal at 6.12 ppm, compl&k shows six
proton signals, three of them overlapping in the4318 ppm
range, as shown byH{selectivelH} NMR experiments (see

(26) Benn, R.; Bussemeier, B.; Holle, S.; Jolly, P. W.; Munott, R.;

compound is too unstable for isolation and structural studies Tkatchenko, I.; Wilke, GJ. Organomet. Cheni985,279, 63-86.

either in the solid state or in solution. Fluxional rearrangements

may also occur (see also compourgisl0 below).
Protonation of Isomer 1c in the Presence of Butadiene.
When the protonation dfc by HBF,-OEt, is carried out in THF

(27) Jonas, K.; Wiskamp, VZ. Naturforsch.1983,38b, 1113-1121.

(28) Angermund, K.; Betz, P.; Déhring, A.; Jolly, P. W.; Kruger, C.;
Schonfelder, K. UPolyhedron1993,12, 2663-2669.

(29) Déhring, A.; Emrich, R.; Goddard, R.; Jolly, P. W.; Krtiger, C.
Polyhedron1993,12, 2671-2680.
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Table 1, the proton and carbon nomenclature is the same as forexchange of the coordinated acetone did not allow its direct
the s-transhbutadiene ligand in compour@l seel). Further- observation in the NMR spetrum. Compouélso shows only
more, the'*C NMR resonances for the butadiene carbon atoms six resonances for the organic ligand system, but the acetonitrile
in complex11 compare well with those assigned to the same ligand exchanges relatively slowlyi 4 ca. 1/2 h) and its direct
atoms in complex6. When the protonation is carried out in  observation in the NMR spectrum became possible. Finally,
regular MeCN, followed by NMR analysis in acetodg-two addition of PMeg results in the formation of the ligand
distinct resonances attributable to the MeCN ligand$lirare substitution product, [CpMaet CsHs-CH2CHy-1-CsHa)(PMes)]-
observed by bothH and!3C NMR, in agreement with the lack  [BF4] (10) (Scheme 6), which has the PMEBgand firmly
of symmetry imposed by thetransbutadiene ligand. Attempts coordinated to the metal center and shows a greater number of
to separate compoundsand 11 have been fruitless. Upon resonances (see Table 1). StructdiesandIV are electroni-
prolonged standing at room temperature, the relative ratéb of cally saturated, thus they are not expected to allow coordination
and11 does not significantly change. Analogously, no forma- of an additional ligand.
tion of 11 occurs upon prolonged standing of pdréobtained "
as shown in Scheme 3) at room temperature. This demonstrates “ +
that the isomerization of the butadiene ligand in compouhds @ @
and11is a difficult process (the same is found for compounds |
laandlc$ see Introduction). Mo ||

It was initially difficult to assign the spectrum @&fto a bis- /\7// /\/ //\7// >
allyl complex of Mo(IV) as opposed to a hypothetical [CpMo-
(p*-s-transCyHg)2] ™ complex of Mo(ll), which would be formed
by coordination of two 1,3-butadiene ligands in thdrans v
configuration. This complex could exist in two possible Additional NMR evidence in favor of the formulation given
conformationslI{l with mirror symmetry andV with local G for compounds8—10is the typical sp Jcy constant (129 Hz)
symmetry for the Mo(GHg)> moiety), both of which would lead  for Cg in the 13C NMR (refer to drawingv). This would not
to the observation of six proton resonances for the two diene be consistent with a bis(butadiene) formulation. Furthermore,
ligands. Indeed, only six proton resonances are observed forwhile the proton signals of § He, and H exhibit typical
the organic moiety in compound® and the presumed fast chemical shift and coupling patterns pertinent to-eoordinated



Table 1.

1H-NMR Data for Compounds

compd

1H-NMR (0)

13C-NMR (3)

CpMo(r-CHCO;)(supine-n-
C4He) (2

[CpMo(NCCH)2(supine-y-
CaHe)l[BF 4] (4)

[CpMo(CNBU),(supine-5-
CaHg)I[BF4] (5)°

[CpMo(supine-n-GHe)(s-trans-
17-CaHe)][BF 4] (6)°

[CpMo(supine-n-GHs)(syn-CH:-
prone-n-GHa4)(NCCHg)]-
[BF] (7)

[CPMO(77-CHa-CH,CHy-17-CaHa)-
(Me;CO)][BF4] (8)°

[CpMO(?]-C:«;Hz‘-CHgC H2-77-03H4)'
(NCCHg)J[BF4] (9)°

[CPMO(17-CsHa-CH,CHy-1-CsHa)-
(PMey)][BF 4] (10)

[CpMOo(NCCH) (s-trans-17-GHe)]-
[BF4] (11¥

6.98 (2H, m), 4.52 (5H, Cp, s), 2.73 (2d, 33, = 13 Hz),
1.40 (3H, CHCO;, s), 0.15 (2H, d, 3Jyn, = 14.5 Hz)

6.23 (2H, m), 4.97 (5H, Cp, s), 2.42 (3d, 33y, = 7 H2),
2.29 (NCCH, 6H, s), 0.84 (214 d,3Jun, = 6.5 Hz)

5.48 (2H, m), 5.07 (5H, Cp, s), 2.26 (3d, 33y, = 7 H2),
1.00 (2H, d,3Jnn, = 7.5 Hz), 1.38 (18H, CNBYS)

5.85 (5H, Cp, s); 5.70 (LHdddd 2y, = 7 Hz, 3Juy, = 9.5 Hz,
SJHH‘,; =6 HZ,‘UHHC’ =25 HZ), 5.16 (llﬂ, dddd,g’JHHb' =8 Hz,
3JHHC' =11 HZ,BJHHa: 6 HZ,4JHHC =3 HZ), 451 (1H, ddd,
. = 7 Hz, 3, = 15 Hz,3Juny = 10 Hz), 3.95 (1K d,
33, = 15 Hz), 3.87 (1K, d, 3, = 7 Hz), 3.64 (1k, ddd,

33, = 10 Hz, 3wy = 13 Hz,3Jun, = 8 Hz), 3.18 (1K and 1H;,

m), 2.91 (lH, dd,3JHHd' =13 HZ,Z\]HHE' =3 HZ), 2.62 (1H', dd,

8Jnmy = 8 Hz,2duny = 3 Hz), 2.07 (1H, overlap with the solvent

peak), 1.99 (1'5', ddd,sJHHa' =11 HZ,Z‘]HHD' =2 HZ,
4JHHa: 2.5 HZ)

5.26 (5H, s, Cp), 4.83 (1ddd, 3y, = 8 Hz, 3y, = 11.5 Hz,
i, = 125 Hz), 4.76 (1l dddd Dy, = 6.6 Hz Dy =7 Hz,
3, = 10 Hz, 0y = 10 Hz), 4.14 (14, dg, 3, = 12.5 Hz,

3, = 6.5 Hz), 3. %3 (1 dd., 3, = 6.5 Hz, 3y = 3 H2),
2.93 (1H, d, 3Jn, = 10 Hz), 2.69 (1H, dd, 3, = 7 Hz,

33wy, = 3 Hz), 2.24 (3H, b, CKCN), 2.04 (1H, dd, 3, = 8 Hz,

8Jun, = 3.5 Hz), 1.95 (34, d, 3Jun, = 6.5 Hz) 0.93 (14, d,
3Jum, = 10 Hz), 0.38 (1H, dd,3Jyn, = 11.5 HZ,2J4y, = 3.5 Hz)

5.85 (5H, Cp, s), 4.70 (2ddt,3Jnn, = 6.5 Hz,3Jun, = 10 Hz,
8y = 11 Hz), 4.41 (2H, ddm,3Jup, = 11 Hz,3Juw, = 4 Hz,
complicated coupling-pattern withgd 3.46 (2H, d, *Jun, = 10
Hz), 2.85 (2H, m), 2.43 (2H, m), 1.88 (2H, d, 3Jun, = 6.5 Hz)

5.54 (5H, Cp, s), 4.24 (2Hddt, 33, = 6.5 Hz,3Jun, = 10 Hz,
3y = 11 Hz), 4.11 (2K, ddm,3dnn, = 11 Hz,30us, = 4 Hz,
complicated coupling-pattern withgq 2.79 (2H, d, 33, = 10
Hz), 2.63 (2H, m), 2.42 (2K, m), 2.33 (2K, d, 3Jun, = 6.5 Hz),
2.16 (3H, b, CHCN)

5.42 (5H, Cp, S), 4.13 (]A'Bﬂd 1Hy, ('j(:id,‘g\]p-mHe = 3‘]Hd'He' =6 Hz,
g = 3ngry = 10 Hz,33hn, = Jngry = 10 Hz), 3.94 (1H
and 1Hy, dm,3Jypy = 3JusHy = 10 Hz), 2.50 (1gand 1H; and
1H, and 1H, m), 2.11 (1H, d, 334, = 10 Hz), 2.09 (1H, d
3Jyny = 10 Hz), 1.88 (1K, d, %)y, = 6 Hz), 1.82 (1K, d
3Jyuy = 6 Hz), 1.46 (9H, P(Ch)s, 2Jup = 9 HZ)

6.12 (5H Cp, S) 4.67 (1¢Hddd 3‘]HHd 3J|-n-|e =9 HZ,
“ay, = 13 Hz), 4.35 (1H, d, SJuyg = 20 Hz), 41-3.8
(1He, 1Hg, and 1H), 3.71 (1H, 3y, = 13 Hz), 2.62 (3H,
s, CHCN), 2.51 (3H, s, CHCN)

161.8 (2C, CNBY), 101.7 (2G, dm,
1J=169 Hz), 87.8 (5H, Cp, dm,
1J =181 Hz), 58.9 (2C, CNC-
(CH3)3, m), 44.3 (ZGC, tm,
1J =160 Hz), 30.2 (6C,
CNC(CHy)s, qm, 1) = 129 Hz)

118.8 (1G), 107.2 (1G), 104.7
(1Cy), 95.8 (5C, Cp), 79.6 (19,
77.8 (1Gy), 48.9 (1G.), 48.1
(1G), 45.6 (1Gr)

97.7 (5C, Cp, dmiJcy = 180 Hz),
92.8 (2G, dm,Jcy = 159 Hz),
83.4 (2G, d, YJcn = 169 Hz),
63.5 (2Gy, t, “Jon = 163 Hz),
36.7 (2G;, t, Jcn = 129 Hz)

96.8 (5C, Cp, dmiJcy = 178 Hz),
86.7 and 86.6 (1&€and 1G; 1G,
and 1Gy, Jch = 170 Hz), 49.4
and 49.2 (1G and 1Gy, e =
167 Hz), 35.5 (1G and 1G,

e = 128 Hz), 17.2 (3C, PMg

dq, 1Jcp: 32 HZ,lJCH =129 HZ)
[Note: 3P{*H} NMR signal is at
18.5 ppm]

101.4 (5H, Cp), 99.4 (14, 87.2 (1G),
78.4 (1Gy), 42.7 (1Gr), 4.39 (1C,
CH4CN), 4.25 (1C, CHCN)

a CgDs. P CDCl. ¢ Acetone-d. ¢ Acetonitrile-ch.

Scheme 6
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vinyl group, the coupling patterns ofyHHy, and H are more
complicated. For instance, while bothstdand H are only
coupled to H and not to each other, affording clean doublets,
protons Hand H, show complex coupling patterns. This is, of
course, consistent with our proposed formulation, sincartd

Hg will also couple with their symmetry-equivalent ldnd Hy.

As mentioned above, the PMeéerivative 10 shows more
resonances than compouriand9. In particular, the doublets
assigned to the allyl terminal protong Bind H in compounds
8 and9 are split into two equal doublets in compouh@. A

way to rationalize this behavior is to assume a low symmetry
structure, which would be common to all derivatives, but which
is only frozen for the PMgadduct. On the other hand, the
two ends of the bis(allyl) ligand could readily equalize for the
acetone and MeCN adducts. This equalization probably occurs
intramolecularly, in which case the slower fluxional process for
10 would be in agreement with the greater bulk of the BMe
ligand. The alternative possibility of assistance by ligand
dissociation is ruled out by the demonstrated slow (ca. 1/2 h)
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MeCN exchange for compour@l The activation barrier for
this scrambling process must be quite different for the three

compounds, because no coalescence of pseudoequivalent reso-

nances forl0 is observed upon warming to 10C, while no
decoalescence of the resonance$ @ind9 is observed upon
cooling to—90 °C.

Given the established pseudo-octahedral geometry for 18-

electron half-sandwich derivatives of Mo(IV) (s®&#), 3034 it

is tempting to speculate that the equalization involves a process

(@

(b)

P
50G

such as that depicted in Scheme 7. The ground state geometryigure 1. Experimental (a) and simulated (b) spectrum for complex

would involve occupation of twpseudequatorial positions by
one allyl moiety and onpseudequatorial and onpseudaxial
position by the other. The interconversion between the two
limiting geometries would involve only minimal rearrangements.
There is indeed a structurally characterized complex, CpMo-
(CO)Bry(173-C3H4-2-Me), having a structure of typ¥l with

pseudoequatorial Br and CO ligands, whereas the allyl ligand
formally occupies one pseudoequatorial and the pseudoaxial

positions3® It is also interesting to observe that the related W
complexes (7-CsH4R)W(13-C3Hs)2(73-C3Hs) (R = H, Me)®®

[2]*. Solvent= acetone.

Scheme 8
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show distinct resonances for all protons at low temperature andin situ oxidation, immediate reduction by cobaltocene regener-

scrambling of the twa-allyl ligands at room temperature. This
fluxional process does not involve th@-allyl ligand3® This
behavior is consistent with a fluxional mechanism analogous
to that proposed foB—10in Scheme 7. In spite of several

attempts, we have not been able to find a convenient method

to separate compoun@s-10from compoundb or its derivative
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Redox Behavior of CpMo@-CH3CO,)(supinen-CsHe) (2).
Cyclic voltammetric studies on compleX reveal a quasi-
reversible oxidation wave at0.45 V in CHCI, (—0.48 V in
THF) versus Ft/Fc. Chemical oxidation with ferrocenium
hexafluorophosphate gives the 17-electron species [CpMo(
CH3COy)(supine-n-GHg)] T, [2]*, see Scheme 8. Compound
[2]* exhibits a pentet EPR signa € 2.003) due to the coupling
of the unpaired electron with the butadiene terminal hydrogen
nuclei (a4 = 9 G), in addition to the expected molybdenum
satellites (@, = 36 G), see Figure 1. Following the complete

(30) Stérker, K.; Curtis, M. DInorg. Chem.1985,24, 3006-3010.

(31) Owens, B. E.; Poli, Rinorg. Chim. Actal991,179, 229—237.

(32) Feng, Q.; Ferrer, M.; Green, M. L. H.; Mountford, P.; Mtetwa, V.
S. B.J. Chem. Soc., Dalton Tran$992, 1205-1215.

(33) Abugideiri, F.; Gordon, J. C.; Poli, R.; Owens-Waltermire, B. E.;
Rheingold, A. L.Organometallics1993,12, 1575-1582.

(34) Blackburn, H.; Kraatz, H.-B.; Poli, R.; Torralba, R. Bolyhedron
1995,14, 2225-2230.

(35) Faller, J. W.; Ma, YOrganometallics1986,5, 1949-1952.

(36) Azevedo, M. C.; Brock, T. H.; Jolly, P. W.; Rufinska, A.; Schroth,
G. Polyhedron1991,10, 459—462.

ates complex at a lower concentration relative to the starting
solution. This indicates that partial decomposition of the
cationic complex 2]* has occurred, which is confirmed by a

stability test of [2] in acetone.

Discussion

Reactivity toward Nucleophiles. The title compound, in
either isomeric form, does not readily exchange the butadiene
ligand with other donors. The compound is electronically
saturated and electron-rich in all geometries, as shown by the
facile oxidation to the corresponding 17-electron cationic Mo-
(1) complex (half-wave potentials are0.46,—0.81, and—0.34
V for la—c, respectivelyf. Therefore, a ligand substitution
reaction is not likely to occur associatively. Our previously
reported study shows that the diene isomerization, which
involves partial dissociation of the diene via a 16-electron
intermediate, is essentially inaccessible at room temperature,
while a half-life of ca. 50 min is estimated at 10€. The
diene substitution is likely to occur via the same initial
intermediate, and accordingly it does not take place at room
temperature.

Relative Electrophilic Reactivity and Position of Attack.
Contrary to the lack of reactivity toward nucleophiles at room
temperature, facile electrophilic attack of compouhdby
Bragnsted acids occurs. Protonation studies with the weak acid
CH3;COOH establishes a relative rate in the orélar> 1b >
1c. The marked difference in electrophilic reactivity of isomers
la and 1c allows us to rationalize their initially fortuitos
separation by chromatography on silica gel: while isorteer
is trapped on the very first layer of the silica gel column, isomer
1c migrates though the adsorbant and is recovered unchanged
at the end of the column. It is therefore clear that the acidity
of the surface silanol groups is sufficient to protonate the allyl
ligand in 1a, probably generating a silica-grafted [CpM®(
diene)l” moiety after propene elimination, but not to rapidly
protonate the allyl or diene ligands irt.
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isomers containing-cis butadiene 1a and 1b), the reaction SO @_\ * @\
selectively yields products of propene elimination, evidently | o Ml \

resulting from proton attack at a terminal allyl position. In a \ //\[M”:\/ //V’ 0\\\/
homogeneous solution, the 14-electron intermediéte (see X N v FBE;

Scheme 9), formally generated by protonation and propene Py Ayl stk Y

elimination from isomersla or 1b, is stabilized by weakly | g | G Hshift

coordinating counterions or solvent molecules (i.e., compound M’MOV . . (MeCN)

3). These intermediates are subsequently trapped by coordinat- 4 MeCNy AL

ing ligands to afford the observed produdts6. The coordina- e 4 . A

tion of the diene ligand in these products remairss Rather CIQD_‘ <|®>

curiously, the second diene ligand in compouhdelectively Lo \//M‘%\\/ or \//Mo\\\/ Meen
adopts thes-trans configuration. This behavior is in sharp ”"Mlo \/\,h X V\ \FBF y
contrast with what has been previously observed for the \/\/\) N :
isoelectronic neutral niobium complex CpNB(C4Hg)2,%” which

. . . : : . \ % A

is obtained as a mixture af-cis(supine)-s-tranand s-cis(su- - w /ﬁ/\/
pine)-s-cis(prone) isomers. Furthermore, analogous Nb com-

plexes with bulkier diene and/or cyclopentadienyl ligands only SN 2N
afford the biss-cisisomer3” The selective formation of (and { 1 } — Mg,
no trace ofll) when6 is dissolved in MeCN shows that the Mo F3BF &?

s-transbutadiene ligand is more labile than theis. X
The mixture of products obtained by protonation laf in

CeDe (Scheme 4) couléh principle be interpreted as deriving  difference between the protonation &t and that of the
from competive protonations of the allyl and the diene terminal precursors t&I andXIl concerns the configuration of the diene
positions, both of which are precedented in the literature. Proton jigand: transfor the formercis for the latter. A closer analysis
attack at the terminal allyl carbon atom has been previously of the results for the protonation at in CeDg in the presence
observed for CpMo(CQjr*-CsHs) by HBF to afford a stable  of putadiene, however, shows that a competitive attack is not
and reactivey-propene complex, CoMo(C@)*CH,=CHCHy)- occurring in this solvent. In particular, the formation6from
FBR:.38 Incidentally, a comparison of that result with our the diene attack pathwayust imply formation of 3-methyl-
finding of the immediate propene elimination from protonated 1,5-hexadiendsee Scheme 10), whereas this alfgllyl cou-

1a or 1c shows that the replacement of two CO ligands by & pjing product is not formedneither during the formation of

butadiene ligand labilizes the Meropene bond. Attack atthe e yiolet precipitateB nor after dissolution of the latter in
terminal diene carbon has previously been reported for com- CDsCN.

plexes CpMo(NO)(#s-trans-diene§? which are isoelectronic
with compoundL, to yield CpMo(NO)(7-allyl)X products. To

the best of our knowledge, the protonation of the corresponding
isomeric CpMo(NO)*-s-cisdiene) complexes has not been
studied.

For the protonation olc, allyl attack would yield a diene-
propene Mo(ll) intermediat¥lll followed by propene elimina-
tion to afford 3, whereas butadiene attack would yield a bis-
allyl Mo(lV) intermediatelX (see Scheme 10). In the absence
of butadiene, compourglis stable and remains as a component
of precipitate A, whereas in the presence of butadiene it
transforms to6 (a proposed component of precipitaB.
CompoundX, in turn, would remain unchanged in precipitate
A or proceed to compoun&X (a proposed component of
precipitateB) in the presence of butadiene. Both intermediates
VIII andIX could be stabilized in §D¢ by the counterion or
by agostic interactions, as indicated by the reported X-ray
structures of the related compourXisandXIl. 2 An important

A way to reconcile these contrasting results is to assume a
reversiblehydrogen shift between the butadiene-propene and
the bis-allyl intermediated/lll andIX. A reversible hydrogen
shift has already been demonstrated by Michael Green for a
related system derived from the protonation of a CpMo(ll)-
bound macrocyclic ligand that contains both an allyl and a diene
function: the diene-alkene Mo(ll) form (i.eX]) was found to
be preferred in the solid state, while the bis-allyl Mo(IV) form
was preferred in solutiok. It is important to emphasize that,
because of this equilibrium process, it is impossible to establish
whether the solvent also determines the initial site of attack, or
whether this only influences the relative free energy of the two
possible product® Adapting the Green scheme to the proto-
nation of1c, protonation in the nonpolarsBs medium would
take place at the allyl position to afforé¥lll, whereas
protonation in MeCN could occur directly at the diene ligand
to affordIX, or the latter could form by H-shift fronVIll after
an initial allyl attack. Thus, the violet precipitate is better
(37) Okamoto, T.; Yasuda, H.; Nakamura, A.; Kai, Y.; Kanehisa, N.; interpreted as a mixture &(since the formation of propene is

Kasai, N.J. Am. Chem. S0d.988,110, 5008-5017. already observeduring the formation ofA) and VIII, both
155(3378) Markham, J.; Menard, K.; Cutler, Anorg. Chem1985 24, 1581~ deriving from protonation of the allyl ligand. Upon dissolution

(39) Christensen, N. J.; Legzdins, P.; Einstein, F. W. B.; Jones, R. H. in MeCN, the former would evolve to ComPOUWd whereas
Organometallics1991,10, 307G-3080. the latter would evolve téX by hydrogen shift and then 6



Schemell give ananti-allyl isomer ofIX would be unconsequential on
the regio- and stereochemistry of the altgllyl coupling,

BF,
|@ trapping of precipitatéA by MeCN shows the formation of a
Moy single isomer of7, with asyn-methylallyl ligand.
@_' B //\7 ) The spectroscopic properties of the products of ligand addition
NL N /l/ et 6 to X (i.e.,8—10) are in best accord withgynsupinesynsupine
M’ 74 N configuration for the bis-allyl ligand, although a fluxional
process is probably taking place (see Results, Scheme 7). Thus,
. @_l o @_‘ o C—C coupling probably occurs at the terminal butadiene carbons
/M'O A /Mlo . located farther from the Cp ring in intermedidié C —C
AV NS BT coupling for an intermediate such & would lead to an
o W unobserved asymmetrayn-prone-syn-supineonfiguration. It
cannot be excluded, however, that ygpronesynsupineand
/ A:_ \»\ syn-prone-syn-proneoupling products form but then rapidly
isomerize to the more stabfg/n-supine-syn-supirisomerX.
It is also to be pointed out that a hydrogen shift such as that
| \lo N|lo proposed in Scheme 10 does not occur for the first intermediate
M, e \(/iﬂ rpe” N resulting from the protonation dfa, because no stable Mo(IV)
F5BF ‘&/? ’ / ) - bis-allyl complex of formula [CpMaf3-CsHs)(173-anti-CaHa-1-
X CHz)(MeCN)]*, nor any 3-methyl-1,5-hexadiene or 1,5-hepta-

diene is generated during the reactionlafin MeCN.

(see Scheme 10). The diene protonation product, however, is A final remark concerns the formation of a mixture of the
obtained selectively when the process is carried out in MeCN. isomeric complexed and11 upon decomposition of in the

The results obtained in the presence of butadiene can nowpresence of butadiene. This is consistent with the idea that,
be easily rationalized. The reactionfwith HBF; in MeCN following reductive coupling and elimination of 3-methyl-1,5-
leads to7 as it did in the absence of the diene because the hexadiene fron¥, the open coordination sites can be blocked
protonation occurs directly at the diene ligand. In a nonpolar by coordination of butadiene either in ttsecis or s-trans
solvent, on the other hand, only protonation at the allyl terminal configuration. After coordination of MeCN has taken place,
carbon would occur to affordllll , but this could further evolve  the isomerization of1 to 4 does not occur at observable rates
leading directly to the exchange of propene with butadiene. The (see Results, Scheme 5). Neither does isomerizatioh tof
coordination mode of the latter would then regulate the 11occur when the former is selectively obtained fr8mr 6 in
subsequent transformations to all observed products. If the MeCN. Again, this observation indicates that the component

butadiene ligand coordinates in teeeismode, compouné is of A leading to4 already has &-cisbutadiene ligand.

obtained directly. This product could also result from the In summary, the results obtained do not provide any strong
coordination of as-transbutadiene after isomerization wll evidence either for or against the direct kinetic proton attack at
to 3 (vide infra). If, on the other hand, butadiene coordinates the butadiene position for compléx. However, they do show

in the s-transmode toVIll beforethis can isomerize t8, a that, at least in nonpolar solvents, the thermodynamics favors
hypothetical bis(s-trans-diene) complex (ldir IV) would be allyl protonation, while in polar solvents the product of diene
obtained (see Scheme 11). Such a complex could be unstableprotonation becomes predominant.

evolving directly to the € C coupled bis-allyl Mo(IV) complex Electronic Structure of Isomers la—c. The results dis-

X, without formation of 3-methyl-1,5-hexadiene. cussed above still leave a number of unanswered questions. (i)

It is to be remarked that a diene isomerization freftrans Why is complex6 stable, while the corresponding derivative
to s-cisoccurs upon transforminglll to 3. This is because  with two s-transbutadiene ligands (llbr V) is not? (ii) How
trapping of this product with MeCN affords ondyand none of do the butadiene and allyl coordination modes influence the
its isomeric complex 1. All the literature precedents seem to electronic properties and the relative electrophilic reactivity of
show that isomerization of a coordinated diene ligand is faster the precursor complext? (iii) How does the butadiene
for electron poorer complexes: the rate qualitatively decreasescoordination mode affect the position of electrophilic attack?
in the order [CpMo(diene)(C@)" > CpMo(NO)(diene)> To help provide answers to these questions, we have carried
CpMo(allyl)(diene)> CpNb(diene).6:374041 |t appears coun-  out electronic structure calculations on compoutds-c. In
terintuitive that a ligand dissociation might occur faster on an particular, we were interested in calculating effective charges
electronically poorer or less saturated complex, but we have on the ligand carbon atoms, as protonation reactions are typically
also previously proven that the diene isomerization process charge-controlled. The geometrieslafandlcare known from
occurs more easily in a 17-electron Mo(lll) complex (via a 15- X-ray crystallograph§and that oflb can be easily constructed
electron intermediate) than in the corresponding 18-electron Mo- from the other two. However, the location of the hydrogen
(1) complex® We have rationalized this behavior by assuming atoms from X-ray data is inaccurate, and the electronic
a more important weakening of the metal-enback-bonding distribution is quite sensitive to the position of these atoms.
component relative to the strengthening of thebonding Therefore, the geometries of all compounds were fully optimized
component for electron-poorer systetn3hus, it seems reason-  at the DFT-B3LYP level. This computational method has been
able that the diene in complé&might rapidly isomerize. The  proven to provide guite accurate geometries for organometallic
diene ligand, however, does not appear to isoméy&ferethe complexes?*3 Indeed, the optimized positions of the heavy
transformation oiIll to 3. Although a subsequent H shiftto atoms forla are very close to those determined by X-ray

(40) Benyunes, S. A,; Binelli, A.; Green, M.; Grimshire, MJJChem. (42) Musaev, D. G.; Froese, R. D. J.; Svensson, M.; Morokumal. K.
Soc., Dalton Trans1991, 895—904. Am. Chem. Sod 997,119, 367—374.
(41) Christensen, N. J.; Hunter, A. D.; Legzdins, ®xganometallics (43) Musaev, D. G.; Svensson, M.; Morokuma, K.; Strémberg, S.;

1989,8, 930—940. Zetterberg, K.; Siegbahn, P. E. Mrganometallics1997,16, 1933.
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Figure 2. DFT-B3LYP optimized bonding parameters for the Mo- 1c &271557) L\\/Moé//(_o_m)
(allyl)(butadiene) moieties in compounda—c. - | -0.214
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crystallography (see Supplementary Information). The com- (-0497) f&‘j;‘z) ’

parison is less significant fdrc, since the precision of the allyl
and diene ligands location in the X-ray structure was affected B3LYP calculations. The values without parentheses refer to the

by disorder: _The ’e'e‘.’a.”t optimized parameters for the calculation with the LANL2DZ basis set. Values in parentheses refer
Mo(allyl)(but{;\dlene) mOIetleS are Shown' n Elgure 2. to the calculation with the extended basis set (see Experimental Section).
The effective atomic charges shown in Figure 3 for com-
poundsla—cresult from a natural population analysis of the (n*-C4He) isomers, on the other hand, had established that the
B3LYP natural bond Orbitalé“. The two different sets of values cis-diene is a weaker donor and a Stronger acceptor than the
refer to calculations with two different basis sets, the values in trans-diene for that System. The results of the calculations
parentheses referring to the larger one. The more sophisticatedor 1¢ are consistent with the observed greater lability of the
calculation shows greater separation of charges (greater positives-transligand relative to the-cisligand in compound. Also,
charge for Mo and greater negative charge for all C atoms), the combination of two more weakly bondsdransbutadiene
but the overall trends on going from one isomer to another are ligands in an intermediate such Bk or IV may be expected
the same. Several considerations can be made on the basis af |ead to a thermodynamically less stable system, which could
these effective charges. (i) The position carrying the largest gain stability by evolving to the product of €C coupling
calculated negative charge is the terminal allyl position for all according to Scheme 11. The effective metal chargéciis
compounds. However, this charge decreases in the Geder greater than irLb, suggesting an overall electron withdrawing
1b > 1c. This agrees with the observed relative protonation effect of thes-transdiene relative to thes-cis. This charge
rates with acetic acid. ||I The relative Charges on the Cp carbon difference agrees with the greater oxidation potentia| for
atoms indicate that the MeCp interactions are essentially relative to1b. () The asymmetrics-trans butadiene has a
identical in the three COmpOUndSiii)(A Comparison betWeen greater negative Charge on the termiem)carbon atom. Th|s

la and 1b shows a greater ionic character for the allyl suggests that the proton attack should prefer this position over
interaction in the former compound. This difference is con- the alternativeendoposition.

sistent with both the observed faster protonation and the more  To summarize, the calculated effective charges in Figure 2
difficult oxidatior® for 1a relative tolb. (z) A comparison  agree with the experimental observations of relative electrophilic
between charges and bond lengths in the-Mdene moieties  reactivity and redox properties of compourids—cas well as

for the three compounds shows important differences. A smaller jth the greater lability of the-transbutadiene ligand relative
negative charge on the lateral carbon atoms in the drdet to thes-cisligand. On the other hand, they do not rationalize
1b < lais paralleled by a larger negative charge on the internal the difference in selectivity of proton attack. The charge
diene carbon atoms. This is consistent with a smaller degreejfferences between the most charged allyl and diene positions
of donation from the diena, Huckel orbital to the Mo center  zre 0.014 forla, 0.023 forlb, and 0.006 fod.c. Although this
and a smaller degree of back-donation from the Mo center to trend qualitatively agrees with the experimental observations,
the dieners* Huckel orbital in the same order. In simple words, these differences are not sufficiently large to rationalize the
the diene becomes both a weaker donor and a weaker acceptogelective allyl attack folaand1b and the competition observed

in going fromlato 1b to 1c. This trend is fully consistent  for 1c. In addition, calculations on “gas-phase” molecules are

with the trend of optimized €C distances in Figure 2. A  opyiously insufficient to analyze solvent effects on the proto-
previous MO study by the Fenske-Hall method on CpMo(NO)- nation of1c.

(44) Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem. Re»1988, 88, A”y_A”yl. COUp”_ng- An interesting Teat_ure of the proto-
899—926. nation reaction ol.cis the ally-allyl coupling induced by polar

Figure 3. Effective atomic charges for compountia—cfrom DFT-




solvents. Metal-assisted coupling of allyl ligands to afford 1,5- Scheme 12

hexadiene products is a widely known reactt®m’ The only A

precedent for this reaction on molybdenum appears to be the I@j

interaction of a “violet solution”, presumaby containingf \/Mo\/
CsHe)Mo(773-C3Hs)(u-Cl),AICIEt, with propene to ultimately @—l+

afford a 2,4-hexadiene complex via formation of an intermediate | L

containing coordinated 1,5-hexadiefieThe proposed bis(allyl) L 707&/

Mo(IV) intermediate, i.e., jf8-CsHe)Mo(#73-CsHs)o(CsH7)] ™, A YNk

however, was not directly observed. In our case, the bis(allyl) 7 (L= MeC) I | - /\)\/
Mo(1V) complex, albeit unstable toward allyhllyl coupling, \/M°\/ ~

can be observed in MeCN. The hexadiene formation involves

a formal two-electron reduction of the metal and is therefore

facilitated by systems that gain stability upon reduction. For conclusions

instance, a spontaneous coupling has been reported to occur

upon ligand addition to the Cr(1ll) complex Cp@GCsHs)2,*° It has been established that the relative configuration of allyl

while the corresponding Mo complex does not undergo a similar and diene ligands in compouridinduces drastic changes in

process, in accord with the expected greater stability of the the reactivity toward protons. While the attack occurs selec-

heavier metal in the higher oxidation state. The oxidation state yjely at the allyl terminal position when the diene is coordinated

IV for molybdenum, however is sufficient to induce this j, thes.cismode (compoundsaandib), a solvent dependent

coupling process. . . . competition between terminal allyl attack and terminal diene
A remarkable feature of this allylallyl coupling process is attack is observed when the diene is coordinated irsttrans

its regioselectivity to afford 3-methyl-1,5-hexadiene, no trace dmode (compoundc). The experimental results also suggest a

of the other expected product (1,5-heptadiene) being observed, . .
(see Scheme 12). This regioselectivity is probably due to facile solver}t-depgndent H-shift process between the prptonated
allyl and diene ligands for the product of protonation of

stereocontrol at the level of intermediatebut this compound > e -

is unfortunately too unstable for a structural study. As a final compoupd 1c, generalizing a similar o_bservanon for the
point of interest, we would like to point out the difference of protonatlon of a system where the coordinated allyl and diene
stability between complex and complex9. Both complexes ~ ligands are part of the same macrocytle.

are MeCN-stabilized bis-allyl derivatives of CpMo(lV); they An insight into the electronic differences between the
differ only in the presence of a backbone linking the two allyl precursor complexes is provided by a DFT analysis. The
ligands in complex®. The presence of this backbone is probably  calculations indicate that the allyl ligand transfers more electron
responsible for the increased stability, since it may prevent the density to the metal center in tiipinerelative to theprone

two allyl moieties from reaching a suitable configuration for conformation, whereas the diene ligand is both a weaker donor

the reductive C—C coupling process. Further studies of this 5, 5 weaker acceptor, but overall a stronger electron-withdraw-
reductive coupling are warranted, since this system is an |dealing| ligand, in thes-transconfiguration.

model for the transition-metal catalyzed butadiene dimerization

procesg® . .
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