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Abstract: Ethyl-, n-propyl- and [(trimethylsilyl)methyl]niobium (4e)-alkyne complexes Tp*Nb(CI)({&HPhG=CR)

(Tp* = hydrotris(3,5-dimethylpyrazolyl)borate; R Me, R = Me (24d), Et (2b), n-Pr (20); R = Et, R = Me (3a),

Et (3b); R = SiMe;, R = Me (4a)) exhibit a-agostic structures in solutioAH and'3C NMR) and in the solid state
(X-ray structure at 173 K foda). The phenylpropyne complexé&a, 3a, and4a undergo a thermally induced
rearrangement which yields niobium methyl complexes Tp*Nb(Cl)(Me)&GEt), Tp*Nb(Cl)(Me)(PhGC—n-

Pr), and Tp*Nb(Cl)(Me)(Ph&CCH,SiMe;), respectively. This reaction follows a first-order rate law. The rate
decreases with increased steric bulk of the alkyl group in the starting complexXafFaifull kinetic analysis yields

a high enthalpic barrier and an entropy of activation close to zero. Heating a toluene solution of Tp*NB{G)(
(PhG=CEt) (3b) establishes a 1:1 equilibrium betwegh itself and Tp*Nb(CI)(Et)(Ph&C—n-Pr) (2c¢). Heating

a solution of Tp*Nb(CI)(Et)(Ph&CEt) 2b) and PhG=CMe yields the;!-alkenyl (4e)-phenylpropyne complex Tp*Nb-
(CH(n*-CPh=CEt)(PhG=CMe) (6), demonstrating that alkyl migration is a key step of the rearrangement. Under
pseudo-first-order conditions, this reaction does not depend on the phenylpropyne concentration. Potential 2e-donor
ligands fail to act as efficient traps. Accordingly, a successful trapping experiment involves dinitrogen extrusion
from N3P(N—i-Pry); in the presence &b which yields an unprecedented (phosphinoimido)niobium complex: Tp*Nb-
(C(n*-CPR=CEL)[=N-P(N—i-Pr,);] (7). The crystal structure af confirms thep!-alkenyl formulation and reveals

a formal Nb-N triple bond, a linear N6bN—P link, and a pyramidal P. Deoxygenation of propene oxide and
desulfurization of ethylene sulfide gives, respectively, the oxo and suifidalkenyl complexes Tp*Nb(Chi(-
CPr=CEbL)(=X) (X = O (8), S @). The observed thermal rearrangements are unique examples of reversible
migratory insertior-alkyl elimination in transition metal alkyl alkyne complexes. In the absence of efficient trapping
agent, the unsaturategf-alkenyl intermediate that is first generated reversibly ring opens and ring closes. This
realizes the intramolecular-€C bond activation which leads to the observed alkyl switch. Kinetic and trapping
data indicate that the migratory insertion of the alkyl group on to the alkyne is the rate-determining step of the whole
process.

Introduction catalyze ethylene polymerization, readily insert 1, and only 1
. . ~equiv of alkyne to giveyl-vinyl species. Here the intermediate

Although there are numerous reports of alkyne insertions into gky| alkyne complexes are not detected. When the alkyl alkyne
transition metat-hydrogen bonds, direct detection of migratory - complexes are observed, they are reluctant to undergo the sought
insertion of simple alkyl alkyne complexes and detailed studies migratory insertion. This is typically the case o group 5
of the reaction are rare.Such studies are nonetheless highly metal complexes. A subtlety could arise from the fact that the
desirable since this insertion represents a key step of thegikyne may behave as a flexible electron dohiou two striking
polymerization of alkynes via a vinyl pathway. In contrast to  examples that summarize the data suggest that this is not the
the wealth of work gathered with alkenes in connection with c5se. Neither the 18-electron niobiocene complexes of the type
Ziegler—Natta catalysislittle is known on alkyne insertion into CpNb(R)(alkyne) (Cp= 75-CsHs, R = alkyl) which contain
early transition metatalkyl bonds. Neutral scandocenend (2e)-alkyne ligandsnor the formally unsaturated 16-electron
cationic titanocené,and zirconocerfed® alkyls, known to complexes CiNbMex(alkyne} or CENb(Me)(Cl)(alkyne$ (Cp
= 55-CsHsMe) containing (4e)-alkyne ligands show any pro-
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demanding process. To the best of our knowledge, such ametallacyclopropene formulation, is an important contribution

reaction is unknown for alkenyl ligands, whethgt or #2- to the description of the bondirfg.We have adopted this
coordinated. formulation in the drawings. Secondly, compleXss-4a are

In this paper, we report that 16-electrohniiobium o-agostic chiral and as such exhibit one resonance for each type of Tp*
alkyl (4e)-alkyne complexes of the type Tp*Nb(gR)(Cl)- hydrogen or carbon. Thirdly, complexes containing unsym-
(alkyne) (Tp* = hydrotris(3,5-dimethylpyrazolyl)borate, R metrical phenylalkynes show the presence of two slowly
H), isolectronic with the Cpcomplexes quoted above, undergo interconverting rotamers at room temperature. They depend on
reversible migratory alkyne insertighalkyl elimination reac- the alkyne orientation with respect to Tp*, and as detailed

tions in a single system. Synthetic work, including the elsewheré?the rotamer with the phenyl group proximal to Tp*
successful trapping of alkenyl intermediates, as well as kinetic is the more abundant. Only this isomer is shown in the
data and comparative studies lead to a reasonable descriptiomrawings. Unless stated otherwise, all conclusions are valid
of the mechanism of the reaction. Solution (NMR) and solid for both isomers even if they are discussed for the major rotamer
state (X-ray diffraction) data suggest that@magostic interac- only. For the less bulky 2-butyne compl@e, the barrier to
tion'! might assist these fundamentally important reactions. 2-butyne rotation has been measura@{ = 70 kJ motl) from
Whether or noti-agostic interactions, either in the ground state the coalescence of the Me signals at 36GH MR, 250 MHz,

or in the transition state, drive or assist alkene (or alRyne tolueneds). The same barrier height is observed for the
insertion in metallocene polymerization catalysis is still a topical dichlorocomplex Tp*NbCGi(MeC=CMe)1*

questiont? A preliminary account of this work has appeatéd. Importantly, we can assign statisagostic structures to these
complexes on the basis of the following temperature independent
Results (213-323 K) spectral features. In thHél NMR spectra, the

Syntheses and Characterization of Alkyl Complexes  diastereotopiam-methylene protons NbCH:R exhibit a very
Ethyl-, n-propyl-, and [(trimethylsilyl)methyl]niobium alkyne large chemical shift anisotropy. One proton is shielded around
complexes Tp*Nb(CI)(CkR)(PhG=CR) (R = Me, R = Me ca.d 0.4 and the other one deshielded arogadd 3.8. They
(2a), Et (2b), n-Pr (20); R = Et, R = Me (3a), Et (3b); R = are coupled witt#Jyy around 12-13 Hz. Additional coupling
SiMes, R = Me (4a)) are obtained in yields exceeding 80% 10 the three protons of a methyl group is observed for the ethyl
from the reaction of 1 equiv of the appropriate chloro Grignard complexes2a—e (R = Me). These methyl groups appear as
reagent with the dichloroniobium precursbrTp*NbCl,- doublets of doublets with a smalf&ly, with the shielded proton
(PhG=CR) (eq 1). These complexes are isolated as room (Ca.6 Hz) than with the deshielded protoce( 7.5 Hz). In the

case ofn-propyl derivatives3ab, the coupling patterns are

/\ /\ complicated because of the presence of two other diastereotopic
B B N methylene protons on th@é-carbon which appear a@a. 6 1.5
K N\ Ph A\ P and 0.7. For the (trimethylsilyl)methyl derivativig, there is
N—NquE %%. NND_<£ M no additional coupling so that themethylene protons appear
/ B 2 Voo as doublets¥y = 12.2 Hz) centered at 3.40 and 0.34. The
¢l R A—GH R large chemical shift difference (34 Ad < 3.6) is noteworthy
H for all the a-methylene protons.
R = Me 1a R =Me, R'= Me2a In the13C NMR spectra, the niobium-bound carbons resonate
A A as a broadened (380 Hz) doublet of doublets in the deshielded
R =Ph 1d R'= Ph2d regiond 86—96 for the ethyl and-propyl complexes. There
R= E, R'= Me 3a is one reduced (163108 Hz) and one enlarged (12830 Hz)
- :;::: Lcn. In order to obtain more accurate values and assign the

1Jcn to the proper hydrogedJcy were measured from tHéC
temperature stable orange crystalline solids after recrystallizationSatellltes of the maifH NMR resonance'ti NMR, 400 MHz)

from toluene/alkane mixtures. Ethyl complexes Tp*Nb(Cl)- in the favorable cases where only one isomer is present. We

(Et)(RC=CR) (R’ = Ph Qd), Me (26)) containing symmetrical have found accurate values of 105 and 128 Hz for, respectively,

alkynes have also been obtained following the same procedure.the shielded and deshielded proton resonances of the 2-butyne

In addition to satisfactory elemental analyses, all of these ethyl complex2e For t_he diphen_ylethyne ethyl comple
complexes have been characterized %y and 13C NMR these values are, again respectively, 104 and 130 Hz. The

spectroscopies and in two cases, one of which is detailed below,smaIIer coupling constant Is in both_cases observc_ed _for the
by X-ray diffraction. Overall NMR features are as follows. shielded proton. Similar data are obtained for the major isomer

Firstly, the niobium-bound alkyne carbons give low-fiéfC of the (trimethylsilyl)methyl phenylpropyne complebe with
' P 1Jcn = 100 Hz for the shielded proton.
NMR resonances)(> 215) indicating the alkyne behaves as a

4e-donor. Thus, in addition to the formal Ni§d2) formulation All of these data, including the fact that tge shielded
for these 16-electron species, a resonance form with the alkyneMethylene proton is associated with the reducagl, are
formally oxidizing the metal by two unitsi,e., a NB’ () definitive e\{ldence of the presence pf armgostic interaction
_ ‘ between this hydrogen and the niobidin.They are fully
(10) (a) Hajela, S.; Bercaw, J. Brganometallics1994 13, 1147. (b) reminiscent of those observed faragostic neopentylimidonio-

Sini, G.; Macgregor, S. A.; Eisenstein, O.; Teuben, JOfganometallics . 5 14 . -
1994 13, 1049. (c) Resconi, L.; Piemontesi, F.; Franciscono, G.; Abis, L.; bium complexeé. It is to be emphasized here thatagostic

Fiorani, T.J. Am. Chem. Sod992 114, 1025. (d) Yang, X.; Jia, L.; Marks, interactions are rare whefrhydrogens are availablé. The

T.J.J. Am. Chem. Sod 993 115 3392. (e) Watson, P. L.; Parshall, G.  main reason for the preference of aragostic interaction in
W. Acc. Chem. Re4985 18, 521. (f) Horton, A. D.OrganometallicsL996

15 2675 complexe2—4 rests on the steric properties of Tp*. Tp* has
(11) Brookhart, M.; Green, M. L. H.; Wong, L.-lProg. Inorg. Chem. a large cone angle (235 and this precludes the sterically
1988 36, 1. demanding bending of the alkyl group that would lead to a

(12) Grubbs, R. H.; Coates, G. Wcc. Chem. Re<.996 29, 85.

(13) Etienne, M.; Biasotto, F.; Mathieu, Rl. Chem. Soc., Chem. (15) Poole, A. D.; Williams, D. N.; Kenwright, A. M.; Gibson, V. C;
Commun.1994 1661. Clegg, W.; Hockless, C. R.; O'Neil, P. Drganometallicsl993 12, 2549.

(14) Etienne, M.; Biasotto, F.; Mathieu, R.; Templeton, JQrgano- (16) Rheingold, A. L.; Ostrander, R. L.; Haggerty, B. S.; Trofimenko,

metallics1996 15, 1106. S. Inorg. Chem.1994 33, 3666.
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fB-agostic interaction. Steric congestion around the metal in
[Cp* Hf(CH,CHMe,)(PMe3)]* (Cp* = 17°-CsMes) also results
in a preferredu-agostic interactioA’

Attempts to synthesize pure methyl chloro complexes Tp*Nb-
(Ch(Me)(PhG=CR) (R = Et (5b), n-Pr (5¢)) have been less
successful. Treatment of the appropriate dichloro complex with
1 equiv of methyllithium in toluene, even at80 °C, leads to
a 1:1 mixture of dichloro and dimethyl derivatives. This

behavior has been observed in related Cp derivatives. Dropwise

addition of a THF solution of methylmagnesium chloride to a
toluene solution of Tp*NbG(PhG=CR) at —80 °C gives a
mixture containingca. 80% of the desired Tp*Nb(Cl)(Me)-
(PhG=CR) contaminated bga. 10% of each of the dichloro
and dimethyl complexes. When THF is removed from the
Grignard solution before mixing with the toluene solution of
the dichloro complex, the purity of the chloro methyl complexes
can be improved toa. >90% (eq 2). Dimethylzinc is too mild

L\,

MeMgCl &

toluene

Ph

3< +

mé R

Tp*NbClo(PhC=CR))
+ @)
Tp*NbMe,(PhC=CR')

k, N*\N{;q

R' = Et1b
R'=n-Pric

R'= Et5b
R'= n-Pr5c

a reagent to methylate Tp*NbfPhG=CEt). The addition of

a catalytic amount of AlGIto a mixture of isopropy! chloride
and Tp*NbMe(PhG=CEt), as described previously for the
synthesis of Cp*Ta(Cl)(Me)(Ar&CAr) from the dimethyl
derivative? leads to extensive decomposition, particularly of
Tp* itself.

Inequivalence of each set of protons and carbons of Tp* in
the IH and 13C NMR spectra of5b,c confirms the lack of
symmetry plane. Fobb, the niobium-bound methyl gives a
IH NMR singlet até 1.58 and, in thé3C NMR spectrum, a
niobium-broadened quartet centered &4.6 with1Jcy = 122
Hz. The diastereotopic propargylic methylene protons are
identified in thelH NMR spectrum by an AB quartet)(4.08
and 3.902Jyn = 11 Hz) and in the'3C NMR spectrum by a
triplet (Jcy = 122 Hz) até 31.6. Similar data have been
obtained in the Cp* seriek.

Probing the presence of agostic interactions in methyl
complexes is extremely difficult At least, this requires the
synthesis ofb-isotopomers and the systematic study of their
dynamic behavior byH NMR.1118 Even in favorable cases
where dynamic isotope effects have been proiiééithe topic
is still under debaté! Thus we are reluctant to propose a

Etienne et al.

Figure 1. Plot of the molecular structure of Tp*Nb(CI)(GHiMej3)-
(PhC=CMe) (4a). Located and refined H are shown.

was indeed preseft. Since then we have obtained good quality
crystals of the (trimethylsilyl)methyl completathat have been
analyzed by X-ray diffraction at 173 K. A summary of crystal
data can be found in Table 1, and Table 2 presents important
bond lengths and angles. A perspective view of the complex
is shown in Figure 1. We do not discuss the overall structure
which is fully comparable to those of other compounds of the
type Tp*Nb(X)(Y)(alkyne). Short niobiumalkyne carbon
bond lengths particularly characterize the (4e)-alkyne formula-
tion and hence the participation of a niobacyclopropene form
to an accurate description of the bonding. Focusing on the
(trimethylsilyl)methyl ligand, we find a NbC bond length
appropriate for a shortened single bond (Nb(C(11)= 2.204-

(4) A), and an opened angle around thearbon (Nb(1)»-C(1)—
Si(1) = 135.5(2)). Several hydrogen atoms were observed in
a difference Fourier map although only those bound to C(1)
were considered and refined isotropically. Hydrogen H(300)
is in close proximity to the niobium whereas H(200) is not (Nb-
(1)—H(300)= 2.29(6) A, Nb(1}-C(1)—H(300)= 84(4)f, Nb-
(1)—H(200) = 2.67(4) A, Nb(1)-C(1)—H(200) = 113(3Y).
These data are fully reminiscent of those observed by Gibson
and co-workers for a bis(neopentyl)imidoniobium(V) compfex.

definitive structure on a sound basis here, although some The data also allow us to secure theagostic interaction in
debatable factors might suggest the absence of significant agostiéhe solid state structure @.2® Interestingly, agostic H(300)

interactions in5b,c.2?
X-ray Molecular Structure of the (Trimethylsilyl)methyl
Complex 4a. The a-agostic interaction observed in solution

lies between Nb(1), C(1), and CI(1), a region of space where,
according to EHMO calculatiorfd there is a lobe of the LUMO.
The other lobe of the LUMO which lies in the -ENb—

is also present in the solid state. We have previously obtainedN(pyrazole) wedge is much less accessible on steric grounds.

an X-ray crystal structure of the ethyl compl2k23 However
the data were quite poor, and thehydrogens were not located.
A shortened Nb-Co. bond of 2.17(2) A and an opened Nb
Ca—Cp angle of 126(19 suggested that am-agostic interaction

(17) Guo, Z.; Swenson, D. C.; Jordan, R.Grganometallics1994 13,
1424.

(18) Calvert, R. B.; Shapley, J. B. Am. Chem. S0d.978 100, 7726.

(19) Dawoodi, Z.; Green, M. L. H.; Mtetwa, V. S. B.; Prout, K.; Schultz,
A. J.; Williams, J. M.; Koetzle, TJ. Chem. Soc., Dalton Trank986 1629.

(20) Green, M. L. H.; Hugues, A. K.; Popham, N. A.; Stephens, A. H.
H.; Wong, L.-L.J. Chem. Soc., Dalton Tran992 3077.

(21) Maus, D. C.; CopieV.; Sun, B.; Griffiths, J. M.; Griffin, R. G.;
Luo, S.; Schrock, R. R.; Liu, A. H.; Seidel, S. W.; Davis, W. M.; Grohman,
A. J. Am. Chem. S0d.996 118 5665.

Thermal Rearrangement of a-Agostic Complexes: Re-
versible Migratory Insertion of Alkyl Alkyne Complexes.
All of the alkyl alkyne complexes described above are stable

(22) 5b,c are formally neutral N# d? octahedral complexes and thus
are not highly electrophilic. According to EHMO calculations, the HOMO
LUMO gap is 1.9 eV in the model compound TpNBEIC=CH). To a
first approximation, this indicates electronic saturation despite the formal
16e-count. Thus we suggest that the higher alkyl compl@=es, 3b,c,
and4aarea-agostic mainly because of important steric repulsions between
the alkyl groups and Tp*. The methyl group would be small enough so
that no steric pressure would force amagostic interaction. See: Etienne,
M.; Donnadieu, B.; Mathieu, R.; Fernandez-Baeza, J.; Jalon, F.; Otero, O.;
Rodrigo-Blanco, M. EOrganometallics1996 15, 4597.

(23) Etienne, M.Organometallics1994 13, 410.



Reversible Migratory Insertion3-Alkyl Elimination J. Am. Chem. Soc., Vol. 119, No. 14, 199221

Table 1. Crystal Data, Data Collection, and Refinement Parameters for Tp*Nb(CigBkt;)(PhG=CMe)E,O (4a-Et,0) and
Tp*Nb(CI)(CPh=CEL)[=N—P(N-i-Pr),] (7)

compd
4aE,O 7
Crystal Data
chemical formula GHs1BCINgNbOSI GeoHesBCINgNbP
formula weight 703.06 830.15
crystal system triclinic triclinic
space group P1 P1
a(d) 10.679(6) 12.774(3)
b (A) 13.050(9) 13.263(2)
c(A) 13.725(9) 15.259(3)
o (deg) 85.54(6) 78.55(1)
B (deg) 69.97(5) 81.85(2)
y (deg) 81.30(5) 61.55(2)
V (A3) 1780(4) 2225(1)
A 2 2
o (anal. calcd) (Mgm~3) 1.31 1.24
crystal size (mm) 0.4 0.47 x 0.50 0.3x 0.4x 0.4
u (cmt) 4.64 3.89
Data Collection
radiation (graphite monochr) Mod&(4 = 0.71073 A) Mo Ko (A = 0.71073 A)
data collection method wl20 wl20
temperature (K) 173 293
no. of measured reflns 6624 5019
no. of independent reflns 625R{ = 2.1) 5019
no. of observed reflns 4961 § 40(1)] 2962 [ > 3o(1)]
26 max (deg) 50 52
scan rangé (deg) 1.1+ 0.35t@ 0.8+ 0.35ty
Refinement
refinement on F F
R2 0.0426 0.039
R.° 0.0481 0.041
| s parameters 396 384
max rms shift 0.41 0.49
abs corr (corr) psi scans (0.71) none
weighting schenfe w=w][1 — (AF/60(Fs))?? w = W1 — (AF/60(F))3?
coeff Ar 3.81,—1.86, 1.96,-0.319,—0.696 4.31-6.52,3.53-1.91
goodness of fitS! 1.125 1.69

aR = 3(||Fo| — |Fcl|)/ZIFol. ° Ry = [EW(||Fo| — |IFc)ZZ(IFo)JY2 cw = 1/=(r = 1,3)ArTr(x), where Ar are the coefficients for the Chebyshev
polynomial Tr§) with x = F/F(max). Goodness of fitS = [Z(|Fo — Fc|)2(Nobs — Noarameted >

Table 2. Selected Bond Lengths (A) and Angles (deg) for
Tp*Nb(Cl)(CH,SiMes)(PhC=CMe)Et,O (4a-Et,0)

Bond Lengths

and 4a containingphenylpropyneas the alkyne rearrange to
niobiummethylcomplexes containing respectively phenylbutyne
5b, phenylpentynésc, and 1-phenyl-3-(trimethylsilyl)prop-1-

Nb(1)—-Cl(1) 2.4247(8) Nb(Z}N(1) 2.340(3) yne5d as the alkyne (eq 3), as ascertainedidyand3C NMR
Nb(1)-C(1) 2.204(4) Nb(1)}N(3) 2.275(3)
Nb(1)-C(3) 2.065(3) Nb(1)N(5) 2.259(3)
Nb(1)—-C(4) 2.078(3) C(3}C(4) 1.305(5) N N
Nb(1)—H(200) 2.67(4) Si(1)yC(1) 1.869(4) NN TN Y L
Nb(1)-H(300)  2.29(6) k \ <( e \ <
N——Nb | — . N—Nb. | 3)

Bond Angles toluene

Nb(1)-C(1)-H(200) 113(3)  Nb(1}C(1)-H(300) 84(4) / \H"m e Me/ o Newa

Nb(1)-C(1)-Si(1) ~ 135.5(2) CI(1}Nb(1)-C(1)  104.3(1) G
CI(1)-Nb(1)-N(1)  83.34(7) CI(1}Nb(1)-N(3)  89.74(7) H
CI(1)=Nb(1)=-N(5)  164.23(7) CI(1)}Nb(1)=-N(5)  164.23(7) R = Me 2a, Et 3a, SiMe, 4a
N(1)-Nb(1)-N(3)  78.33(9) N(1)}Nb(1)-N(5)  84.0(1)
N(3)-Nb(1)-N(5)  78.54(9) N(1}Nb(1)-C(1)  85.9(1)
N(3)-Nb(1)-C(1)  157.6(1) N(5¥Nb(1)-C(1)  84.0(1)

R = Me 5b, Et 5¢, SiMe; 5d

(decoupled and gated decoupledib,c obtained in this way
give spectroscopic data identical with those5tc obtained
) ) i from 1b,c and MeMgCl as described above. Furthermore,
at room temperature for days either in the solid state or as treatment of the material obtained after thermolysi@@fvith
solutions in toluene. However, under thermal activation, some 1 equiv of methyllithium yields quantitatively the known
of them undergo a rearrangement which exchanges the niObium'dimethyl derivative Tp*NbMgPhG=CEt)1 In the 'H NMR
bound alkyl group and the alkyne alkyl group. This rearrange- spectrum of Tp*Nb(CI)(Me)(Ph&CCH,SiMes) (5d), the pro-
ment is based on the reversible migratory insertion of the alkyl pargylic methylene protons give an AB quar@®(09 and 3.91,
group on to the alkyne. A transient unsaturated alkenyl specieseach d,J = 10.8 Hz), and the niobium-bound methyl group
is generated which may either undergo intramoleculaCC appears ab 1.56. In the!3C NMR spectrum, the propargylic
bond activation leading to the alkyl switch or be trapped with carbon appears as a triplek-; = 122 Hz) até 31.6, and the
appropriate reagents, as shown later. niobium-bound carbon gives a characteristic quadgt & 122
When heated above 338 K in toluene (either in a Schlenk Hz) atd 64.6. The methyl signals of the trimethylsilyl group
tube on a half-millimole scale or in NMR tubes) theagostic in 5d are deshielded NMR, ¢ 0.50), whereas they are
ethyl, n-propyl, and (trimethylsilyl)methyl complexeza, 3a, shielded in agostida (6 —0.20).
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As judged fromin situ NMR spectroscopy and isolated
material, the methylniobium complex is formed @a. 80%

yield. Dichloro complexes containing the rearranged alkyne,

but significantly no dichloro complexes of the unrearranged
alkyne, are formed ica.10%. Some ill-defined products giving
several NMR resonances account for less tbarl0% of the
yield. All of these reactions go to completion.

A likely mechanism, based on the formation of two types of

Etienne et al.

N\ Ph k N\ Ph
! T=343K !
N—Nb | LAY N—~Nb | (4)
/ toluene /
V% Vg
CH,CH,Me CH,Me
c—H 22 c—H 2
Me— cHz
H Mé H
2c 3b

Trapping Experiments. All of our complexes exist as
mixtures of rotamers, and in order to simplify the NMR
interpretations for the trapping reactions, we have chosen the
phenylbutyne ethyl comple®b since its rearrangement is
degenerate.

First it must be emphasized that thermolysis2af in the
presence of potential 2e-donor ligands such as trimethylphos-
phine, pyridine, or ethylene does not lead to trapped products.
Only 2b can be observed byH NMR. However, a clean
reaction converts in 75% yield a mixture 2 and phenylpro-
pyne to the analytically and spectroscopically characteriZed
alkenyl phenylpropyne complex Tp*Nb(ChH{-CPh=CEL)-
(PhG=CMe) ) (eq 5). The reaction is regioselective, no

B B
N
\ PhC=CMe \
N—N N—Nb (5)
/ toluene
— CHyMe
CH2Me
MeCH,
2b 6

isomer with an ethyl group bound to the-carbon being
observed. The coordinated alkyne is indeed phenylpropghe
phenylbutyne.The X-ray structure of a related compound
confirms then!-alkenyl formulation (see below).

Prominent!3C NMR data indicate that phenylpropyne acts
as a 4e-donord 249.7 and 224.1, Nb(R=CMe))® and that
the alkenyl isy-bound to the metak(204.9 (br, Nb-Ca) and

unsaturated alkenyl species, is depicted in Scheme 1. We showl49.3 Cf)).2* The two CH’s bound to @ resonate ab 26.5

later that this is indeed the best description of the reaction.

and 24.0 ¥Jcy = 125 Hz with a quartet fine structure), and the

Additional relevant experimental data are as follows. Inthese methyl group of the alkyne gives a quartéidy = 129 Hz)

systems containing phenylalkylalkynes, we have only observed centered ad 21.1.

cases oE=C—Csp activation with no competition of theeC—

In the!H NMR spectrum, the phenyl group
bound to @ gives five separate resonances. Two inequivalent

ipsaPh activation reaction. Similarly there is no rearrangement ethyl groups, bound to £ give similar patterns with close

in the diphenylethyne niobium ethyl complexd. More
surprisingly, the 2-butyne niobium ethyl compl@e is also

chemical shifts, as opposed to the situation found2m
Although formal electron count, oxidation state, and orbital

reluctant to undergo this exchange reaction. The phenylpropynematching would be unchangédahe alternative coordination

benzyl complex Tp*Nb(CI)(CH,Ph)(PhG=CMe) decomposes

possibility of a (2e)-alkyne with amj?>-(4e)-alkenyl is not

extensively to several ill-defined products upon heating above adopted. This observation correlates with the lack of effective

343 K. Recall here that there is no evidence éoagostic
interactions in this comple3é

trapping with potential 2e-donor ligands.
Thus the rearrangement, whetheregsible or not (for the

When the alkyl group on the alkyne is not methyl, the reaction phenylpropyne complexes) occuia migratory insertion of an

is reversible. When th@henylpentyne ethydomplex 2c is
heated overnight at 343 K in toluene, clean equilibratig, (
~ 1.0) with thephenylbutyne n-propydomplex3b occurs as
ascertained byH NMR spectroscopy (eq 4). In a control
experiment,3b is similarly converted to a 1:1 mixture &b

alkyl group on to the alkyne and its microscopiceese 3-alkyl

elimination. These observations are summarized in Scheme 2.
It is the first time that such fundamentally important events are
directly observed in the case of alkynes. The reaction is known
for olefins in  systems, where both reactions are relevant to

and2c. The thermal rearrangement of the ethyl phenylbutyne Ziegler—Natta processest® Direct observation of reversible
complex2b is degenerate; consequently no change is observedmigratory insertion3-methyl elimination at a ruthenium center

by 1H NMR.

These experiments give conclusive evidence for an overall

has been observed recemby.
The need for potentially 4e-donor ligands is further demon-

exchange between the niobium-bound alkyl groups and the alkyl strated by the thermal reaction @& with a phosphino azide,
group of the alkyne as suggested above by the experiments withpropylene oxide, or ethylene sufide. Such reactions should lead

the phenylpropyne complexes. However, with the higher alkyls,
It may be understood as a real

this exchange is reversible.
metathesis between Nb-Csind coordinated CspCsp bonds.

(24) Herberich, G. E.; Mayer, HOrganometallics199Q 9, 2655.
(25) Mc Neill, K.; Andersen, R. A.; Bergman, R. G. Am. Chem. Soc.
1995 117, 3625.
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Scheme 2
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to imido-, oxo-, or sulfidoniobium(V) complexes, respectively,
via either N extrusion or O or S abstraction. As already
mentionned, (4e)-alkyne ligands impart W(®) character to
the formally NB" (d? complexe$.

The thermal reaction d2a with an organic azide follows a
well-established route to imido metal compleXésThe phos-
phino azide NP(N—i-Pr), cleanly reacts witl2b to give in
high yield then!-alkenyl imidoniobium(V) complex Tp*Nb-
(Cl)(7*-CPh=CER)[=N—P(N—i-Pry);] (7) (eq 6). Then!-

SN

&_\4
/ \

CH,Me

N
NgP(N-/-Pr,)
3 2)2 N N

toluene
Ph
Me/c\'H
H

2b
alkenyl moiety is spectroscopically characterized as above.

Diastereotopic isopropyl groups are observed intthandH-
{3'P}NMR spectra. In thé!P{1H} NMR spectrum, a singlet

ato 118.7 characterizes a trivalent pyramidal phosphorus bound N(8)~P(1)-N(9)

to three nitrogend’ Heteroatom-functionalized imido ligands
are not common. Haloimiddand hydrazidé& compounds are
known, but few examples of thioalkoxy=N-SR)° and, very
recently, alkoxylimido £N—OR)! complexes have been
reported. Phosphorane iminato complexesN&EPRs) and
phosphorus(V)-substituted imido complexesN—P(X)R;, X
= O, S) are also known, particularly for niobium itséif.
However the phosphinoimido complex—PR;) we describe
here is unique, and an X-ray crytal structure of this complex
has been obtained.

X-ray Crystal Structure of Tp*Nb(Cl)( #'-CPh=CEt,)-
[=N—P(N—i-Pry);] (7). A summary of crystallographic data

(26) Wigley, D. E.Prog. Inorg. Chem1994 42, 239.

(27) Leroux, Y.; Burgada, R.; Kleeman, S. G.; Fluck, E. GRC
Handbook of Phosphorus-31 Nuclear Magnetic Resonance; Oatiaby,
J. C., Ed.; CRC Press: Boca Raton, FL, 1987; p 93.

(28) Dehnicke, K.; Strahle, £hem. Re. 1993 93, 981.

(29) Sutton, D.Chem. Re. 1993 93, 995.

(30) Bishop, M. W.; Chatt, J.; Dilworth, J. R.; Hursthouse, M. B.;
Motevalle, M.J. Less-Common Me1977, 54, 487.

(31) Green, M. L. H.; James, J. T.; Sanders, Tkem. Commuri996
1343.

(32) (a) Dehnicke, K.; Strahle, Polyhedron1989 8, 707. (b) Weller,
F.; Nusshar, D.; Dehnicke, K. Anorg. Allg. Chem1992 615, 7. (c) Olms,
P.; Roesky, H. W.; Keller, K.; Noltemeyer, M. Naturforsch., Teil BL992
47, 1609. (d) Nusszhar, D.; Weller, F.; Dehnicke, K.; Hiller, W.Alloys
Compds.1992 183 30.
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Figure 2. Plot of the molecular structure of Tp*Nb(CI)(CRICEL)-
(=N—P(N—i-Pr);] (7). Ellipsoids are drawn at the 30% probability
level for clarity.

Table 3. Selected Bond Lengths (A) and Angles (deg) for
Tp*Nb(CI)(CPh=CER)[=N—P(N—i-Pr),] (7)

Bond Lengths

Nb(1)—CI(1) 2.363(1) Nb(1)N(1) 2.307(6)
Nb(1)-C(11) 2.252(7) Nb(LyN(3) 2.271(4)
P(1)-N(7) 1.731(5) Nb(1)-N(5) 2.450(4)
P(1-N(8) 1.689(5) Nb(1}N(7) 1.779(4)
P(1)-N(9) 1.695(5) C(11rC(12) 1.354(8)
Bond Angles

CI(1)=Nb(1)—N(1) 94.4(1) CI(1)»Nb(1)—N(3) 166.2(1)
CI(1)—Nb(1)—N(5) 84.9(1) CI(1)Nb(1)—N(7) 97.7(1)
Cl(1)-Nb(1)-C(11) 96.6(1) N(1)Nb(1)—N(3) 79.3(2)
N(1)—Nb(1)—N(5) 75.2(2) N(1)}Nb(1)—N(7) 98.2(2)
N(1)—Nb(1)-C(11) 158.7(2) N(3yNb(1)—-N(5) 81.6(1)
N(3)—Nb(1)—N(7) 95.4(2) N(3)3Nb(1)—-C(11) 85.8(2)
N(5)—Nb(1)—N(7) 173.1(2) N(5-Nb(1)-C(11) 87.7(2)
N(7)—P(1)-N(8) 106.7(3) N(7¥-P(1)-N(9) 99.4(2)

108.1(3) Nb(1yN(7)—P(1) 170.8(4)
Nb(1)-C(11)-C(12) 131.7(5) Nb(HrC(11)-C(111) 112.5(4)
C(12-C(11)-C(111) 115.3(6) C(1HC(12}-C(13) 125.6(7)
C(11)}-C(12-C(15) 121.4(6) C(13)C(121-C(15) 113.0(6)

is presented in Table 1, and relevant bond distances and angles
can be found in Table 3. A perspective view of the molecule
is given in Figure 2. The overall geometry around Nb(1) is
that of a distorted octahedron. The stereochemistry of the
alkenyl ligand is confirmed: a phenyl group is attached ¢q C
and @3 bears two ethyl groups. Examination of the angles
around C(11) (bound to Nb(1)) and C(12) confirms thé sp
hybridization of these carbons and thealkenyl formulation.
C(11)>-C(12) is a typical G-C double bond (1.354(8) A). The
Nb(1)-C(11) bond length (2.252(7) A) is appropriate for a
single bond between Nband Csp. In the NB' d?, 18e-
complex CpNb(MeSiC=CSiMe;)[5-C(CO,Me)=CH(CO;-
Me)],24 Nb—Ca is 2.297(5) A. The alkenyl ligand sits in a
wedge formed by tweis-pyrazole rings with one ethyl group
pointing toward these rings.

The bis(diisopropylamino)phosphinoimido ligand exerts a
strongtranseffect. Thetrans-niobium-N—pyrazole bond length
is at least 0.15 A longer than the other ones. The imido ligand
is virtually linear around the imido nitrogen (NbaN(7)—P(1)
= 170.8(4)). This deviation from strict linearity is not
uncommon in this type of compleé®. The Nb(1)-N(7) bond
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length of 1.779(4) A lies slightly above the average value of
ca.1.76 A for monoimidoniobium(V) complexe$ but values

up to 1.812(3) A for CpNBENAN(=CHPh)(PMae) have been
recordedf® It is consistent with a formal NbN triple bond.
This suggests the lone pair on the sp-hybridized nitrogen is
involved in a pr—dz bonding with the meta®® The Nb-N
bond length and NbN—P angle do not seem to be influenced
by the presence of the phosphorus. Examination of the figure
and of the angles around P(1) clearly indicates that the
phosphorus remains pyramidale., the lone pair of the sp
phosphorus does not contribute with the imido lone pair to the
bonding with the electron deficient niobium. Instead the-Wb
bond length remains normal (see above), and P{Y) is
longer €a.0.04 A at 1.731(5) A) than the bonds between P(1)
and the amino nitrogens N(8) and N(9). In the isoelectronic
alkoxy-substituted imidoniobium complex CpNBEN—O—
t-Bu),31 the N—O bond similarly remains a single bond {0

= 1.342(5) A) and the oxygen is 3pybridized. One angle

around P(1) is conspicuously less obtuse than the others (N(7)-

P(1)-N(9)= 99.4(2) A). The bis(diisopropylamino) group is

thus directed toward Tp*, again in a wedge formed by two
pyrazole rings. This distortion, although disfavored on steric
grounds, directs the lone pair of P(1) away from N(7). This

suggests that there may be some repulsion between the formal

lone pairs of electrons on P(1) and N(7).

This X-ray structure definitely establishes thyé-alkenyl
formulation of the trapped products and indicates that, despite
the steric bulk of Tp* a crowded imido ligand can be
coordinated to Nb. Since the phosphorus is still pyramidal,
some chemistry at the available lone pair can be envisioned.

Reaction betweeBb and either propylene oxide or ethylene
sulfide leads to oxygen or sulfur atom abstraction and again to
formation ofnt-alkenylniobium(V) complexes (eq 7). The oxo
and sulfido complexes Tp*Nb(X)(Cht-CPr=CEL) (X =0,

8; S,9) are isolated in good yields as highly colored bright red
(X = 0) or dark red-purple (X= S) crystals. TheitH and

13C NMR spectra are entirely comparable to those of the other
n1-CPh=CEt, complexes. They exhibit virtually superimpos-
able infrared spectra except for the=NK vibrations which are
observed at 930 cmt (X = O) and 514 cm! (X = S).

N\ Z N\

[o}

. N AL 5=,
N N or N3
\ P S \
: aN :
N——Nb | _— N—Nb=Xx @)
/ toluene
\ Ph
L0 Norme ol
Me—
\ CH,Me
H MeCHj
2b X=08,89

These reactions further support the mechanism of alkyl
exchange but also demonstrate that the unsaturatdtl ddb
intermediate is reactive. Such oxygen or sulfur atom abstraction
utilizing group 5 metd! complexes is known. Previously the

Etienne et al.

Ln(conv)

338K

-3 v T v T T

20000 40000 60000 80000

time (s)
Figure 3. First-order kinetic plots for the rearrangementaf(curve

fit as straight lines withr? = 0.999). Corresponding values can be
found in Table 4.
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Figure 4. Eyring plot of the data of Table 4 (curve fit as a straight
line with r2 = 0.995).

Table 4. First-Order Kinetic Data for the Thermolysis of
Tp*Nb(Cl)(CHMe)(PhG=CMe) (2a)?

temperature (K) kobsl® (s7%)
338 1.55+ 0.10
343 3.0+ 0.1
348 4.8+0.1
353 9.2+ 0.1

3Tolueneds, [2a] ~ 4 x 102 M, *H NMR 250 MHz.

Kinetic Data. We have obtained simple kinetic data on the
rearrangement of phenylpropyne complex@ss 3a, and 4a
Their thermolyses were followed situ by 'H NMR in toluene-
ds at a reference temperature of 343 K. A more detailed analysis
at four different temperatures has been carried out in the case

unsaturated intermediates were generated by hydride to meth the ethyl complea. The experimental rate data are shown

ylidene migration in CpsTa(H)(CH,)3* or displacement of
ethylene in Cplra(GH4)(CHs).%% Isolable triamido amine
vanadium(Ill) complexes behave similaffy.To our knowledge

it is the first time that alkyl migration is used to effect this
reaction.

(33) Cockeroft, J. K.; Gibson, V. C.; Howard, J. A. K.; Poole, A. D.;
Siemeling, U.; Wilson, CJ. Chem. Soc., Chem. Commu892 1668.

(34) Whinnery, L. L.; Henling, L. M.; Bercaw, J. B. Am. Chem. Soc.
1991, 113 7575.

(35) Proulx, G.; Bergman, R. G®rganometallics1996 15, 133.

(36) Cummins, C. C.; Schrock, R. R.; Davis, W. Morg. Chem 1994
73, 1448.

in Figure 3 and Table 4, and the associated Eyring plot is
presented in Figure 4. The disappearance of all of the three
complexes follows a first-order rate law. No intermediates are
observed. The rate constants for the disappearan2a ahd
3aat 343 K are virtually equal within estimated experimental
errorkssx2a) = (3.0 0.1) x 105 s andkssy3d) = (2.9+

0.1) x 1075s™1. However, with the more bulky (trimethylsilyl)-
methyl group, the rate constant is smallesy4a) = (2.3 +
0.1) x 1075 s71. These observations are consistent with the
fact that relief of steric congestion (which is operative when
going from the higher alkyl complexes to the methyl complexes)
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Table 5. Pseudo-First-Order Kinetic Data for the Reaction of
Tp*Nb(Cl)(CHMe)(PhG=CCH;Me) (2b) with PhG=CMe?

run PhG=CMe/2b ratio KobsL P (s79)
1 5.7 3.7
2 7.9 3.1
3 7.8 34
4 12.2 3.3

aTolueneds, [28] ~ 4 x 1072 M, *H NMR 250 MHz.

is not a driving force of the reaction. The 1:1 equilibrium
observed for the rearrangement of the higher alRgsnd 3b

may be correlated with the similar rate constants for the

rearrangement of the phenylpropyne ethyl arpropyl com-
plexes2aand3a. The rearrangement @a occurs with a quite
high activation enthalpyAH* = 1134 5 kJ mol 1) and a near
zero activation entropyAS' = 4 £ 12 J K’ mol™%). This is

consistent with little reorganization in the transition state as

compared to the starting complex.

At the reference temperature of 343 K, the reaction between

the phenylbutyne ethyl compleb and phenylpropyne leading
to the alkenyl comple% follows a pseudo-first-order behavior
when the alkyneb ratio varies betweepa. 6 and 12 (Table
5). The magnitude okyps ((3.4 &+ 0.3) x 107° s7%) is to be
compared to the first-order rate constdsits ((3.0 + 0.1) x
107 s1) for the rearrangement ofa. Their comparable

magnitude shows that the trapping is efficient and that the

migration of the alkyl group on to the alkyne is the rate-

determining step of the rearrangement. This is also consistent
with the high enthalpic barrier observed for the rearrangement

of 1la

Discussion

J. Am. Chem. Soc., Vol. 119, No. 14, 199225

should then be even more electrophilic. If no trapping occurs
C—C bond activation.e., 5-alkyl elimination, occurs, accounting
for the observed reversibility.

As observed for migratory insertions of alkene hyd#dnd
alkene alkyt® complexes, the activation entropy is close to 0.
This suggests little reorganization on proceeding to the transition
state. The high enthalpic barrier for the rearrangemergaof
and the similar magnitude of the rate constants for the trapping
of 2b by phenylpropynekops = (3.4 + 0.3) x 1075 s71) and
for the rearrangement @a (k3= (3.0+£ 0.1) x 10°s71) are
noteworthy. These observations are consistent with a rate-
determining migration of the alkyl group. Significantly, all of
the complexes that rearrange exhibit @agostic interaction
in the ground state. However, we have no evidence that the
o-agostic interaction is required. In the absence of kinetic
isotope effect studies, we are not able to probe more accurately
the transition state. This mechanistic scheme is akin to the so-
called modified GreerRooney mechanism for alkene polym-
erization!! Such a mechanism would not be followed if d
systems where-agostic interactions would be involved in the
transition state only?2 We again point to the fact that the ground
state o-agostic interaction mainly results from the steric
properties of Tp*. From the X-ray structure4d, this o-agostic
interaction does not lead to important geometrical distortions
that would suggest an interaction betweendhearbon and the
coordinated carbon of the alkynieg., an incipient C-C bond.
However, the bulky trimethylsilyl group sits in a wedge formed
by two pyrazole rings away from the alkyne so that the
methylene group is set up for the migration. The rearrangement
of the phenylpropyne complexes, which generates niobium
methyl complexes, goes to completion. This is depicted for
complex2ain Scheme 1. The lack of (observed) reversibility
might be correlated to the fact that transition metalethyl

The results reported above establish an unprecedentedoonds are stronger bga. 15 4+ 5 kJ mol* than other simple

thermally induced reversible migratory insertiéralkyl elimi-
nation in (4e)-alkyne-agostic alkylniobium complexes. These

transition metatalkyl bonds® This again addresses the
guestion of the presence of significamdagostic interaction in

reactions are of utmost interest since they represent key stepghe methyl complexe®.

of fundamental organometallic chemistry that should have

The examination of migratory aptitudes of the alkyl groups

important consequences in our understanding of alkyne polym- gives further evidence for the importance of steric gffects. The
erization. We summarize here some of the key features thatrearrangement of the phenylpropyne ethyl comi@asjs faster
lead to a reasonable description of the mechanism of the (ksas = 3.0 x 107° s™1) than that of the more bulky phenyl-

reaction.

propyne (trimethylsilyl)methyl complea (kss3 = 2.3 x 107°

As suggested above, the migratory insertion of an alkyl group s 1), even if relief of steric congestion is undoubtedly more

on a (4e)-alkyne should eventually lead to iga(4e)-alkenyl
compounc. Nucleophilic attack on a coordinated alkyne has

important for4a than for2a.
Finally the-alkyl elimination, as depicted in Schemes 1 and

been studied thoroughly in the case of (2e)-alkyne iron 2. is unlikely to occur at the;'-alkenyl stage for obvious

complexe& and in the case of (4e)-alkyne group 6 compleXes.
This reaction yields, respectively!-(2e)-alkenyls om?-(4e)-

geometrical reasons. In the absence of a trapping molecule no
other reaction competes with this intramolecular © bond

a|keny|s_ For the (4e)_a|kyne Comp|exesy there has been noaCtiVation.in thenz-alkenyl interme.diate. ObViOUSly there |S
evidence ever that the nucleophile attacks the metal first and@n entropic reason for this, but this also results from the high

then migrates on to the alkyrd&. In this way, our results

thermodynamic preference for the octahedral chloro alkyl alkyne

describe the first observation of a migratory insertion of an alkyl complexes. No €H activation product resulting from-hy-
group on to a (4e)-alkyne. However the trapping experiments drogen abstraction which would have been facilitated by the

revealn!-(2e)-alkenyl complexes with an additional 4e-ligand.
The reason why an?-(4e)-alkenyl is not isolated most likely
resides on steric grounds. The niobium-boyadarbon of an
n?-(4e)-alkenyl is formally sphybridized, and, with two alkyl
groups, it is far too bulky in the crowded Tp* environment.

o-agostic interaction is observed. This is accounted for by the
(4e)-alkyne description that imparts a high degree GibY
character to the metal, as already mentioned.

Conclusion

Thus, the first step of the rearrangement (Scheme 2) generates The major advances reported in this article are the direct

an unsaturateg?-(4e)-alkenyl intermediate which can either
reversibly ring open (to give ap!-alkenyl) and ring close or

react with an entering molecule. Itis more likely that reaction
with the trap occurs at thg!-alkenyl stage since the intermediate

(37) (a) Reger, D. L.; Belmore, K. A.; Mintz, E.; McElligott, P. J.
Organometallicsl984 3, 134. (b) Reger, D. LAcc. Chem. Re4.988 21,
229.

(38) Allen, S. R.; Beevor, R. G.; Green, M.; Norman, N. C.; Orpen, A.
G.; Williams, I. D.J. Chem. Soc., Dalton Tran$985 435.

observation of a reversible migratory insertjgralkyl elimina-

(39) (a) Burger, B. J.; Santarsiero, B. D.; Trimmer M. S.; Bercaw, J. E.
J. Am. Chem. Sod988 110, 3134. (b) Brookhart, M.; Hauptman, E.;
Lincoln, D. M. J. Am. Chem. S0d.992 114 10394.

(40) (a) Rix, F.; Brookhart, MJ. Am. Chem. So0d.995 117, 1137. (b)
Rix, F. C.; Brookhart, M.; White, P. S. Am. Chem. S04996 118 4746.

(41) Dias, A. R.; Diogo, H. P.; Griller, D.; Minas de Piedade, M. E.;
Martinho Simoes, J. A. IBonding Energetics in Organometallic Com-
pounds ACS Symposium Series 428; Marks, T. J., Ed.; American Chemical
Society: Washington, DC, 1990; pp 20317.
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tion in a-agostic alkylniobium alkyne complexes and a first
attempt to describe the mechanism of these fundamentally
important reactions by means of kinetic and trapping experi-
ments. The rarely observed migratory insertion of an alkyne
into a niobiunt-alkyl bond is the rate-determining step of the
whole process. It is the first time that such a reaction and its
microscopic reversg-alkyl elimination, are described for (4e)-
alkyne complexes. Among the trapped products, a new func-
tionalized phosphinoimido complex has been fully characterized.

Experimental Section

All reactions and workup procedures were performed under an
atmosphere of dried dinitrogen using conventional vacuum line and
Schlenck tube techniques. Toluene was dried and distilled by refluxing
over sodium-benzophenone under argon-Hexane and pentane were
dried and distilled over calcium hydride under dinitrogen. Methyl-
magnesium chloride (3.0 M in THF), ethylmagnesium chloride (2.0 M
in diethyl ether) n-propylmagnesium chloride (2.0 M in diethyl ether),
[(trimethylsilyl)methyllmagnesium chloride (1.0 M in diethyl ether),

alkynes, propylene oxide, and ethylene sulfide were used as received

from commercial sources. The following chemicals were prepared
according to published procedures: Tp*NBE@hG=CR)'* and N;P-
(N—i-Pr),. (Caution: hazardous material, potentially explosivé!)
Benzeneds and toluenads were stored over molecular sieves under
dinitrogen. NMR data were acquired on Bruker AC 200, AM 250, or,
in some cases, AMX 400 spectrometers at room temperature in benzene
ds unless otherwise cited. IR data have been obtained in KBr pellets
on a FT-IR Perkin-Elmer 1725 spectrophotometer. Elemental analyses
were performed in the Analytical Service of our laboratory.

Synthesis ofa-Agostic Alkyl Complexes 2a-e, 3a,b, and 4a.All
of these complexes were synthesized following the same procedure
described in detail for Tp*Nb(CI)(Et)(P*eCMe) (2a). To a vigor-
ously stirred toluene (30 mL) solution of Tp*NbIPhG=CMe) (1a)
(0.840 g, 1.45 mmol) cooled te-25 °C was added dropwise under
dinitrogen an ethereal solution of ethylmagnesium chloride (0.8 mL of
a 2.0 M solution). The temperature was maintained-20 °C for 1
h during which time the solution turned from red purple to orange with
appearance of a whitish precipitate. The resulting slurry was further
stirred fa 1 h at room temperature. The solvent was partially
evaporated under vacuumda. 20 mL, and an equal volume of hexane
was added to more efficiently precipitate the salts. The slurry was
filtered through a pad of Celite that was further washed several times

with hexane. The clear orange solution was evaporated to dryness to

give either an orange oil or a powder. Recrystallization from toluene
(a minimum amount)/hexane mixtures gave analytically pure orange
microcrystals of2ain 86% vyield (0.720 g, 1.25 mmol)Tp*Nb(Cl)-
(Et)(PhC=CMe) (2a). *H NMR: major isomew 7.04-6.89 (m, 5H,
CsHs), 5.72, 5.53, 5.42 (1H each, TpHg, 3.84 (dgq,J = 12.8, 7.7 Hz,

1H, NbHCHCH), 3.66 (3H,=CCHj), 2.77, 2.20, 2.09, 2.08, 1.87, 1.53
(3H each, Tp*C®is), 1.15 (dd,J = 7.6, 6.1 Hz, 3H, NbCHKCHj3), 0.37
(dg, J 12.4, 6.2 Hz, 1H, NBICHCH); minor isomer (some
resonances obscured)8.20 (d,J = 8 Hz, 2H, 0-GHs), 7.44 (t,J =

7.5 Hz, 2H, m-GHs), 7.22 (t,J = 7.4 Hz, 1H, p-GHs), 5.71, 5.58,
5.53 (1H each, Tp*@), 4.02 (dg,J = 12.6, 7.8 Hz, 1H, NbHEICH),
2.80, 2.50, 2.18, 2.08, 2.06, 2.05 (3H each, THE; 1.09 (dd,J =

7.7, 6.1 Hz, 3H, NbChCH3). 3C NMR: major isomerd 249.0
(=CPh), 216.4 £CCHs), 153.9, 153.4, 150.6, 144.8, 144.4, 144.1
(Tp*CCHs), 139.6 {pso-GiHs), 132.4, 130.6, 129.2CQ¢Hs), 108.8,
108.2, 107.9 (Tp€H), 86.5 (dd,wi, = 12 Hz, Joy = 108, 129 Hz,
NbCH,CHj), 23.3, 18.5, 15.9, 15.6, 14.7, 13.5, 13.3, 13.1 (NBCHH4,
=CCHs, Tp*CHg). Anal. Calcd for GeHssBCINgNb: C, 54.7; H, 6.1;

N, 14.7. Found: C, 55.1; H, 6.3; N, 14.7.

Tp*Nb(CI)(Et)(PhC =CEt) (2b). *H NMR: major isome 7.02—-
6.85 (m, 5H, GHs), 5.72, 5.54, 5.40 (1H each, Tpkg, 4.13 (dq
(pseudosextet)] = 15.2, 7.6 Hz, 1H=CCH,CHs), 4.00 (dqJ = 12.7,
7.5 Hz, 1H, NbH®CHj), 3.99 (dg (pseudosextet),= 15.2, 7.6 Hz,
1H,=CCH,CHjy), 2.75, 2.20, 2.09, 2.07, 1.84, 1.56 (3H each, T3
1.83 (t,J = 7.6 Hz, 3H,=CCH,CHj3), 1.13 (dd,J = 7.6, 6.2 Hz, 3H,
NbCH,CH3), 0.37 (dg,J = 12.7, 6.3 Hz, 1H, NBICHCH;); minor
isomer (some resonances obscue8)20 (d,J = 8.2 Hz, 2H, 0-GHs),

(42) Scherer, O. J.; Glabel, VChem. Ztg1975 99, 246.
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7.43 (t,J = 7.7 Hz, 2H, m-GHs), 7.20 (t,J = 7.4 Hz, 1H, p-GHs),
5.69, 5.58, 5.52 (1H each, Tpt@, 2.74, 2.17, 2.10, 2.06, 1.78, 1.55
(3H each, Tp*®i3), 1.08 (dd,J = 7.6, 6.0 Hz, 3H, NbChkCH3). 13C
NMR: major isomerd 251.5 ECPh), 216.9 £CCH,), 153.9, 153.2,
150.6, 144.7, 144.3, 144.1 (TBEH), 139.5 (pso-GHs), 130.8, 129.2
(CsHs), 108.7, 108.2, 108.0 (Ti2H), 86.3 (dd,Jcy = 108, 130 Hz,
NbCH,CHs), 31.9 (t,Jch = 128 Hz,=CCH,CH), 18.6, 15.9, 15.6,
14.8,13.6, 13.3, 13.2, 13.1 (Nb@EH3, =CCH,CH3, Tp*CHs). Anal.
Calcd for G/H3BCINgNb: C, 55.5; H, 6.3; N, 14.4. Found: C, 55.8;
H, 6.5; N, 14.5.

Tp*Nb(CI)(Et)(PhC =C—n-Pr) (2c). *H NMR: major isomerd
7.05-6.86 (m, 5H, GHs), 5.73, 5.55, 5.41 (1H each, Tpkg, 4.07
(m, 2H,=CCH,CH,CHj3), 3.84 (m, 1H, NbHEICH;), 2.41 (sextet)
= 7.3 Hz, 2H,=CCH,CH,CH), 2.77, 2.21, 2.10, 2.08, 1.88, 1.59 (3H
each, Tp*Q3), 1.24 (t,J = 7.3 Hz, 3H,=CCH,CH,CH3), 1.16 (dd,J
= 7.6, 6.2 Hz, 3H, NbCkKCHj3), 0.38 (dg,J = 12.6, 6.1 Hz, 1H,
NbHCHCH;); minor isomer (some resonances obscue8)23 (d,J
= 7 Hz, 2H, 0-GHs), 7.45 (t,J = 7.5 Hz, 2H, m-GHs), 5.69, 5.60
(1H each, Tp*®), 2.75, 2.16, 2.06, 1.84 (3H each, Tp¥e), 0.68 (t,

J = 7.4 Hz, 3H,=CCH,CH,CHg); isomer ratioca. 1/7. 3C NMR:
major isomerd 250.0 &CPh), 217.2 £CCH,), 153.9, 153.2, 150.6,
144.7,144.4, 144.2 (T|2CHj), 139.6 (pso-GHs), 130.8, 129.2CsHs),
108.7, 108.3, 107.8 (Ti2H), 86.9 (dd,Jcy = 103, 128 Hz, NIEH,-
CHg), 40.8 (t, Jon = 127 Hz, =CCH,), 22.4 (t, Jcn = 128 Hz,
=CCH,CH,), 18.6, 15.9, 15.6, 14.8, 13.6, 13.3, 13.1 (NBCHs,
=CCH,CH,CHjs, Tp*CHgz). Anal. Calcd for GgHzBCINgNb: C, 56.2;
H, 6.63; N, 14.0. Found: C, 56.4; H, 6.7; N, 13.9.

Tp*Nb(CI)(Et)(PhC =CPh) (2d). *H NMR: 4 8.37 (d,J =7 Hz,
2H, 0-GHs), 7.45 (t,J = 7.7 Hz, 2H, m-GHs), 7.22 (t,J = 7.5 Hz,
1H, p-GHs), 7.11-6.84 (m, 5H, GHs), 5.72, 5.55, 5.42 (1H each,
Tp*CH), 4.25 (dg,d = 12.6, 7.7 Hz, 1H, NbHECH), 2.77, 2.20,
2.09, 2.09, 1.89, 1.72 (3H each, Tp#g), 1.10 (dd,J = 7.7, 6.0 Hz,
3H, NbCHCHj3), 0.47 (pseudosextef, = 12.5, 6.1 Hz, 1H, NH-
CHCHs). C NMR: 6 239.3 &CPh), 218.9 £CPh), 154.3, 153.3,
150.5, 144.8, 144.5, 144.3 (TBCH,), 141.7 {pso-GHs), 139.6 {pso-
CsHs), 130.0, 129.7, 129.6, 129.5, 129.3, 1292Hs), 108.8, 108.4,
108.0 (Tp*CH), 93.7 (dd Jcr = 103, 128 Hz, NEH,CHj3), 19.0, 16.0,
15.8, 14.7, 13.6, 13.3, 13.1 (Nb@EH3, Tp*CH3). Anal. Calcd for
Cs:1H3sBCINgNb: C, 58.8; H, 5.9; N, 14.7. Found: C, 59.1; H, 6.0;
N, 14.4.

Tp*Nb(CI)(Et)(MeC =CMe) (2¢). H NMR: § 5.68, 5.62, 5.51
(1H each, Tp*®), 3.72 (dgJ = 12.7, 7.7 Hz, 1H, NbHEICHj), 3.30,
2.27 (s, 3H eachks=CCHj3), 2.71, 2.17, 2.09, 2.05, 2.04, 1.72 (3H each,
Tp*CHa), 1.13 (dd,J = 7.7, 6.3 Hz, 3H, NbCh{CH3), 0.20 (pseu-
dosextetJ = 12.4, 6.2 Hz, 1H, NBICHCH). '3C NMR: 6 245.4,
224.6 ECCHy), 153.1, 152.5, 149.3, 144.5, 144.3, 143.9 (TEH,),
108.5, 107.9, 107.8 (T{2H), 84.9 (br ddJcny = 104, 129 Hz, NEH,-
CHg), 22.3, 21.3 £CCH3), 18.1, 15.7, 15.6, 14.3, 13.3, 13.1, 12.9
(NbCH,CHgs, Tp*CHg3). Anal. Calcd for GiH33BCINgNb: C, 49.6;
H, 6.5; N, 16.5. Found: C, 49.7; H, 6.0; N, 16.4.

Tp*Nb(Cl)( n-Pr)(PhC=CMe) (3a). *H NMR: major isomerd
7.04-6.89 (m, 5H, GHs), 5.72, 5.53, 5.41 (1H each, Tpkg, 3.69
(app td, 1H, NbHEICH,CHj), 3.68 (s, 3H=CCHg), 2.76, 2.21, 2.10,
2.08, 1.85, 1.53 (3H each, Tp#G), 1.53 (m, 1H, NbCHCH,CH),
0.86 (t,J = 6.9 Hz, 3H, NbCHCH,CH3), 0.71 (m, 1H, NbCHCH,-
CHj3), 0.58 (m, 1H, NIH{CHCH,CHzs); minor isomer (some resonances
obscured) 8.22 (d,J = 7 Hz, 2H, 0-GHs), 7.43 (t,J = 7.6 Hz, 2H,
m-CeHs), 7.21 (t,J = 7.6 Hz, 1H, p-GHs), 5.71, 5.59 (1H each,
Tp*CH), 2.80, 2.51, 2.19, 2.07, 2.05, 1.77 (3H each, TH3Cor
=CCHg); isomer ratioca. 1/4. 3C NMR: major isomerd 249.7
(=CPh), 216.9 £CCHj), 153.9, 153.4, 150.7, 144.7, 144.4, 144.2
(Tp*CCHg), 139.7 (pso-GHs), 130.6, 129.2C4Hs), 108.7, 108.2, 107.9
(Tp*CH), 95.9 (dd,Jcy = 106, 125 Hz, NEH,CH;z), 27.6 (t,Jcn =
127 Hz, NbCHCH,CHy), 23.4, 20.9, 15.9, 15.6, 14.7, 13.5, 13.3, 13.1
(NbCHQCHchg, ECCH:;, Tp*CH3). Anal. Calcd for G7H37BC|N6-
Nb: C, 55.5; H, 6.3; N, 14.4. Found: C, 55.7; H, 6.7; N, 14.2.

Tp*Nb(Cl)( n-Pr)(PhC=CEt) (3b). *H NMR: major isomerd
7.01-6.85 (m, 5H, GHs), 5.72, 5.54, 5.40 (1H each, TptQ, 4.14
(pseudosextef] = 15.1, 7.5 Hz, 1H=CCH,CHj3), 4.06 (pseudosextet,
J = 15.1, 7.5 Hz, 1H=CCH,CHs), 3.88 (app td, 1H, NbHBCH,-
CHg), 2.77, 2.20, 2.09, 2.06, 1.86, 1.58 (3H each, TH% 1.86 (t,J
= 7.5 Hz, 3H,=CCH,CH3), 1.52 (m, 1H, NbCHCH,CHs), 0.88 (t,J
= 7.0 Hz, NbCHCH,CHj), 0.71 (m, 1H, NbCHCH,CHj), 0.60 (app
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td, 1H, NBHCHCH,CHj3); minor isomer (some resonances obscured)
0 8.25 (d,J = 8 Hz, 2H, 0-GHs), 7.44 (t,J = 7.7 Hz, 2H, m-GHs),
5.69, 5.58, 5.51 (1H each, Tptg, 2.17, 2.11 (3H each, Tp*ds),
0.79 (t,J = 7.4 Hz, 3H,=CCH,CHz); isomer ratioca. 1/4. 3C NMR:
major isomero 251.8 &CPh), 217.4 £CCHz), 153.9, 153.3, 150.8,
144.7,144.3, 144.2 (TI€CHs), 139.6 {pso-GHs), 130.8, 129.2CcHs),
108.7, 108.3, 108.0 (Ti2H), 95.7 (dd,Jch = 108, 125 Hz, NEH-
CH,CH), 31.9 (t,Jch = 126 Hz,=CCH,CHj), 27.6 (t,Jcn = 126 Hz,
NbCH,CH,CHjs), 20.9, 16.0, 15.6, 14.8, 13.6, 13.3, 13.2, 13.1 (NBCH
CH,CH3, =CCH,CH3, Tp*CH3). Anal. Calcd for GgH3zBCINgND:
C, 56.2; H, 6.6; N, 14.0. Found: C, 56.0; H, 6.6; N, 13.5.

Tp*Nb(CI)(CH ;SiMe3)(PhC=CMe) (4a). *H NMR: major isomer
0 7.00-6.85 (m, 5H, GHs), 5.72, 5.52, 5.34 (1H each, Tpkg, 3.75
(3H, =CCHg), 3.30 (d,J = 12.2 Hz, 1H, NbHCISIMe;), 2.82, 2.24,
2.16, 2.04, 1.74, 1.60 (3H each, Tp#g), 0.22 (d,J = 12.3 Hz, 1H,
NbHCHSIMe;), —0.21 (9H, Si(CG13)3); minor isomer (some resonances
obscured) 8.24 (d,J = 7 Hz, 2H, 0-GHs), 7.41 (t,J = 7.5 Hz, 2H,
m-CeHs), 7.17 (t,J = 7 Hz, 1H, p-GHs), 5.70, 5.62, 5.45 (1H each,
Tp*CH), 3.66 (d,J = 11.8 Hz, 1H, NbHCEISIMe;), 2.86, 2.49, 2.14,
2.02, 1.97, 1.88 (3H each, Tp¥ , =CCHs), 0.32 (d,J = 11.6 Hz,
1H, NbHCHSIiMe;), —0.40 (9H, Si(G13)s); isomer ratioca. 7/1. C
NMR: major isomerd 251.0 &CPh), 219.3£€CCH;), 152.9, 152.6,
150.7, 144.2, 144.0, 143.8 (TPCH3), 138.9 {pso-GHs), 130.0, 129.1,
128.8 CeHs), 108.6, 107.8, 107.6 (Ti2H), 78.6 (dd,wi, = 12 Hz,
Jen ~ 100, 110 Hz, NBH,SiMe;), 23.7, 16.9, 15.7, 15.1, 13.0, 12.7,
12.6 &ECCHs, Tp*CHjs), 2.2 (SiCHs3)s). Anal. Calcd for GgHar-
BCINgNbSi: C, 53.5; H, 6.6; N, 13.4. Found: C, 53.9; H, 6.9; N,
13.1.

Synthesis of Methyl Complexes 5b,c.MeMgCl (0.230 mL of a
3.0 M solution in THF, 0.69 mmol) was tranferred in a Schlenk tube

J. Am. Chem. Soc., Vol. 119, No. 14, 199227

toluene (20 mL) was placed in a glass vessel equiped with a Teflon
stopcock. Heating overnight (8C, ca.16 h) in an oil bath with stirring
resulted in a darkening of the orange color. The resulting solution
was filtered through Celite and analyzed % NMR. Concentration
of the solution to an oilda. 1 mL) and addition of pentane (10 mL)
gave orange crystals (0.200 g, 77%H and*3C NMR data revealed
the same composition as that of the crude reaction mixitere] p*Nb-
(Cl)(Me)(PhG=CEt) (5b) (ca. 80%), Tp*NbCL(PhG=CEt) (1b) (ca.
10%). Data forsb,c are given above, and those ®d resulting from
the rearrangement afa follow.
Tp*Nb(Cl)(Me)(PhC=CCH,SiMe3) (5d). 'H NMR: ¢ 7.00-6.85
(m, 5H, GHs), 5.74, 5.49, 5.43 (1H each, TpHQ, 4.09 (d,J = 10.8
Hz, 1H, =CCH,SiMe;), 3.91 (d, 1H,J = 10.8 Hz,=CCH,SiMey),
2.74,2.22,2.12,2.05, 1.96, 1.92 (3H each, THA 1.56 (3H, NICH;),
0.50 (9H, Si(G3)s). °C NMR: 6 252.4 ECPh), 224.6 £CCH,),
153.3, 152.3, 150.4, 144.2, 143.7, 143.5 (TEH,), 139.3 (ps0-GHs),
129.4, 128.7, 128.63:Hs), 108.2, 107.8, 107.5 (T|€H), 64.6 (g,Jcn
~ 122 Hz, NIiCH3), 31.6 (d,Jch = 122 Hz,=CCH,), 15.6, 15.5, 14.6,
13.0, 12.6, 12.4 (Tp®H3), 1.0 (SiCHa)3).
Tp*Nb(CIl)(CPh=CEt,)(PhC=CMe) (6). A mixture of Tp*Nb-
(CI)(Et)(PhG=CEt) (2b) (0.480 g, 0.82 mmol) and PEECMe (0.200
mL, 1.6 mmol) in toluene (20 mL) was placed in a glass vessel equiped
with a Teflon stopcock. Heating overnight (8G, ca. 16 h) in an oil
bath with stirring resulted in a color change from orange to dark bright
red. The resulting solution was evaporated to dryness and the residue
extracted with a toluene/pentane mixture (20/80 mL). After filtration
through Celite, concentration of the solution to an o& (1—2 mL),
and addition of pentane (10 mL), dark red crystal$ efere obtained,
washed with a minimum amount of pentane, and then dried under
vacuum (0.410 g, 0.58 mmol, 71%). No efforts were made to collect

and the solution pumped to dryness. To this material cooled down to more product from the supernataritd NMR: 6 6.95-6.65 (m, 5H,

—50 °C was added a precooled toluene solution (40 mBp °C) of
Tp*NbCl;(PhG=C—n-Pr) (1c) (0.420 g, 0.69 mmol). The resulting
slurry was stirred at-20 °C for 1 h during which time the color turned
from red purple to orange. Concentrationda. 20 mL, addition of
pentane (20 mL), and filtration through Celite gave a clear orange
solution. *H NMR revealed the presence of Tp*Nb(Cl)(Me)(PEC—
n-Pr) (5¢) (ca. 90%), Tp*NbCL(PhG=C—n-Pr) (1c), and Tp*NbMe-
(PhG=C—n-Pr) (ca.5% each). Concentration ta.3 mL and addition
of pentane (15 mL) led to crystallization of orange crystals with the
same composition (0.335 g, 83%). Despite careful experimental
procedures, the ratios may be as lowcas80%, 10%, 10%.

Tp*Nb(Cl)(Me)(PhC=CEt) (5b). *H NMR: major isomew 7.0—
6.80 (m, 5H, GHs), 5.73, 5.45, 5.43 (1H each, Tptg, 4.20, 4.08
(pseudosextet eacld,= 7.5, 15.0 Hz, 2H=CCH,CHj3), 2.76, 2.21,
2.08, 2.06, 1.86, 1.82 (3H each, Tp*g), 1.83 (t,J = 7.5 Hz, 3H,
=CCH,CHj3), 1.62 (s, 3H, Nb€El3); minor isomer (some resonances
obscured) 8.21 (d,J = 7 Hz, 2H, 0-GHs), 7.43 (t, 2H, m-GHs),
5.69, 5.53, 5.48 (1H each, TptQ, 2.16, 2.04 (3H each, Tp*ds),
0.74 (t,J = 7.4 Hz, 3H,=CCH,CHj3); isomer ratioca. 1/7. 3C NMR:
major isomero 256.6 &CPh), 222.5 £CCH,), 153.8, 153.0, 151.2,
144.8, 144.3, 144.1 (T{ECH;), 139.4 (pso-GHs), 130.8, 129.2C4Hs),
108.8, 108.3, 108.1 (Ti2H), 61.4 (q,Jcn = 122 Hz, NICH3), 32.3 (t,
Jen = 128 Hz,=CCH,), 16.1, 15.6, 15.3, 13.5, 13.2, 13.1, 129
(=CCH:CHs, Tp*CHy).

Tp*Nb(Cl)(Me)(PhC=C—n-Pr) (5c). *H NMR: major isomerd
7.05-6.86 (m, 5H, GHs), 5.75, 5.48, 5.46 (1H each, Tpkg, 4.15
(m, 2H,=CCH,CH,CHj3), 2.42 (m, 2H=CCH,CH,CHj3), 2.74, 2.23,
2.11, 2.10, 1.86, 1.80 (3H each, Tp#g), 1.63 (s, 3H, NbEis), 1.24
(t, J= 7.2 Hz, 3H,=CCH,CH,CHj3); minor isomer (some resonances
obscured)) 8.20 (d,J = 7 Hz, 2H, 0-GHs), 7.43 (t, 2H, m-GHs),
5.71, 5.59 (1H each, Tp%@), 2.72, 2.07, 2.04 (3H each, TpkG),
0.67 (t,J = 7.4 Hz, 3H,=CCH,CH,CHj3); isomer ratioca. 1/7. 13C
NMR: major isomerd 255.4 &CPh), 222.8 £CCH,), 153.7, 152.9,
151.1, 144.8, 144.3, 144.2 (TBEHs), 139.4 {pso-GHs), 130.8, 129.2
(C¢Hs), 108.8, 108.3, 108.1 (Ti&2H), 62.1 (9,Jcv = 123 Hz, NICH3),
41.2 (t,Jcn = 124 Hz,=CCH,), 22.3 (t,Jcn = 128 Hz,=CCH,CH,)
16.1, 15.9, 15.6, 15.3, 13.6, 13.2, 13z=%CGCH,CH,CH3, Tp*CHs).
Anal. Calcd for G;H3;BCINgNb: C, 55.5; H, 6.3; N, 14.4. Found:
C, 55.6; H, 6.6; N, 14.2.

Thermolysis of a-Agostic Alkyl Phenylpropyne Complexes. A
similar procedure was used for the rearrangemertepf3a, and4a.
Tp*Nb(CI)(Et)(PhG=CMe) (2a) (0.260 g, 0.46 mmol) dissolved in

=CGC¢Hs), 5.75, 5.66, 5.20 (1H each, Tpkg, 3.00 (3H,=CCHj3), 2.80,
2.26, 2.02, 1.93, 1.49 (3:6:3:3:3H, TpKg), 1.64 (m, 2H, E,CHy),
1.18 (m, 2H, &',CH'3), 0.73 (t,J = 7.6 Hz, 3H, CHCHs), 0.41 (t,J
= 7.5 Hz, 3H, CH,CH'3). C NMR: 6 249.7 E&CPh), 224.1
(=CCHj), 204.9 (br, NIEPh), 155.7 (NbCipso-GHs), 153.2, 152.8,
152.0 (Tp'CCHs), 149.2 E&C(CH,CHs),), 144.1, 143.7, 143.5
(Tp*CCHg), 139.3 (pso-GHs), 129.4, 129.0, 128.6%CCsHs), 129.1,
128.4, 128.2, 126.1, 123.2 (NgHs), 108.5, 108.4, 107.5 (T|€H),
26.6, 23.9 CH.CHy), 21.1, 17.1, 16.8, 145, 13.1, 12.8, 12.7, 125
(CH,CH3, =CCHgs, Tp*CH3). Anal. Calcd for GeHssBCINgNb: C,
61.7; H, 6.5; N, 12.0. Found: C, 62.2; H, 6.6; N, 11.9.

Tp*Nb(CI)(CPh=CEt,)[=N—P(N—i-Pry);] (7). A similar proce-
dure as that described f6ér using2b (0.600 g, 1.03 mmol) and {R-
(N—i-Pr), (0.340 g, 1.25 mmol), yielded dark bright red after
crystallization at-=20 °C (0.620 g, 0.74 mmol, 75%)3'P{*H} NMR:

6 118.7. 'H NMR: 6 8.01 (d,J = 7.5 Hz, 1H, 0-GHs), 7.66 (d,J =
7.6 Hz, 1H, 0-GHs), 7.51 (t,J = 7.6 Hz, 1H, m-GHs), 7.35 (t,J =
7.6 Hz, 1H, m-GHs), 7.10 (t,J = 7.3 Hz, 1H, p-GHs), 5.65, 5.58,
5.47 (1H each, Tp*@), 3.80 (d sextet)yp = 10.2 HzJyy = 6.8 Hz,
2H, PN[CH(CHg)],), 3.52 (d sextetJup = 10.2 Hz,Juy = 6.8 Hz,
2H, PN[CH(CHs)2]2), 3.09 (d,Jpr = 2.6 Hz, 3H, Tp*(Ha), 2.89, 2.63,
2.19, 2.13, 2.12 (s, 3H each, Tpkg), 1.60 (pseudo q) = 7.5 Hz,
2H, CH,CH3), 1.27 (d,J = 6.8 Hz, 6H, CH(®3),), 1.24 (d,J = 6.8
Hz, 6H, CH(QHs)y), 1.10 (d,J = 6.8 Hz, 6H, CH(El3),), 0.92 (dg,J
~ 7,14 Hz, 2H, ¢I',CH'3), 0.88 (d,J = 6.8 Hz, 6H, CH(C13),), 0.78
(t, J= 7.5 Hz, 3H, CHCHs), 0.38 (t,J = 7.5 Hz, 3H, CH,CH'3). 1°C
NMR: (NbCPh not observed) 154.0, 153.4, 153.3, 153.0 (NbC
ipso-GHs, Tp*CCHs), 151.0 C(CH,CHs),), 145.2, 145.0, 143.3
(Tp*CCHg), 130.9, 129.1 (d,Jpc = 6 Hz), 128.9, 128.1, 124.9
(NbCCgHs), 108.2, 108.0, 107.3 (Ti&H), 48.1 (d,Jpc = 15 Hz, PN-
[CH(CHs)2]2), 47.9 (d,Jpc = 14 Hz, PNCH(CHj3),]2), 26.8 CH.CHj),
26.7 (d,Jpc = 6 Hz, PN[CHCH?3),]2), 25.3 (d,Jpc = 7 Hz, PN[CH-
(CH3)2]2), 25.1 (d,Jpc = 6 Hz, PN[CHCH3),]2), 25.0 CH.CHs), 19.8
(d, Jrc = 16 Hz), 17.9, 16.7, 13.4, 13.3, 13.1, 13.0, 12.9 {CH;,
Tp*CHs3). Anal. Calcd for GgHesBCINgNDP: C, 56.4; H, 7.9; N, 15.2.
Found: C, 56.7; H, 8.2; N, 15.1.

Tp*Nb(Cl)(CPh=CEt;)(O) (8). A similar procedure as that
described fo6, using2b (0.225 g, 0.38 mmol) and propylene oxide
(0.10 mL, 1.4 mmol), yielded bright reBlafter crystallization at-20
°C (0.170 g, 0.28 mmol, 74%)*H NMR: ¢ 8.48 (d,J = 8 Hz, 1H,
0-CeHs), 7.73 (d,J = 8 Hz, 1H, 0-GHs), 7.51 (t,J = 8 Hz, 1H, m- or
p-CeHs), 7.39 (t,J = 8 Hz, 1H, m- or p-GHs), 7.16 (t, obscd by solvent,
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m- or p-GHs), 5.66, 5.48, 5.19 (1H each, Tp¥g, 2.94, 2.82, 2.59,
2.20, 2.08, 1.92 (s, 3H each, Tpkg), 1.82 (m, 2H, ¢.CH;s), 1.18
(m, 2H, CH',CH'3), 0.80 (t,J = 7.5 Hz, 3H, CHCHj3), 0.39 (t,J=7.5
Hz, 3H, CH,CH'3). 13C NMR: 6 202 (weak bwi, =~ 25 Hz, NiCPh),
153.6 (NbC-ipso-GHs), 153.2, 153.0, 152.7 (T|€©CHs), 147.1
(=C(CH.CHa),), 145.2, 144.8, 143.6 (T|©CHs), 134.3, 132.9, 128.3,
128.2, 126.6 (NbCgHs), 108.5, 108.4, 107.5 (Ti©H), 27.6, 25.5CH--
CHy), 16.5, 15.9, 15.6, 12.8, 12.7, 12.5, 12.1 (CH3, Tp*CHy). IR
(KBr, cm™) »(NbO) 930 s. Anal. Calcd for GHsr
BCINgNbO: C, 54.0; H, 6.2; N, 14.0. Found: C, 54.5; H, 6.7; N,
13.5.

Tp*Nb(CI)(CPh=CEt,)(S) (9). A similar procedure as that de-
scribed for6, using2b (0.210 g, 0.36 mmol) and ethylene sulfide (0.25
mL, 4.1 mmol), yielded dark red purpBafter crystallization at-20
°C (0.155 g, 0.25 mmol, 70%)*H NMR: ¢ 8.36 (d,J = 8 Hz, 1H,
0-CgHs), 7.96 (d,J = 8 Hz, 1H, 0-GHs), 7.54 (t,J = 8 Hz, 1H,
m-CeHs), 7.43 (t,J = 8 Hz, 1H, m-GHs), 7.16 (t, obscd by solvent,
p-CeHs), 5.57, 5.53, 5.31 (1H each, TpHJ, 3.14, 2.80, 2.71, 2.12,
2.09, 1.96 (s, 3H each, Tptg), 1.75 (m, 2H, G.CH;s), 0.89 (m, 2H,
CH',CH'3), 0.79 (t,J = 7.5 Hz, 3H, CHCHj3), 0.37 (t,J = 7.5 Hz, 3H,
CH',CH'3). 3C NMR: 6 212 (weak bws, ~ 25 Hz, NKCPh), 154.3,
154.1, 154.0, 153.2, 152.6 (Nb@pso-GHs, Tp*CCHs, =C(CH,-
CHs),), 144.9, 144.8, 143.6 (T|I€CHs), 132.4, 131.5, 129.5, 128.3,
125.4 (NbQZsHs), 108.3, 107.9, 107.7 (TI€H), 27.7, 24.9 CHCHs),
19.1, 18.3, 16.2, 12.9, 12.7, 12.5, 12.3 (©His, Tp*CHs). IR (KBr,
cm™) »(NbS) 514 s. Anal. Calcd for £H3z/BCINgNbS: C, 52.6; H,
6.05; N, 13.6. Found: C, 52.7; H, 6.20; N, 13.5.

Kinetic Analyses. Thermal Rearrangement of 2a. The kinetic
data at a given temperature were obtained by monitoAHgNMR,
250 MHz, tolueneds) the disappearance of the alkyne methyl and the
deshielded methylene signals aroun®.8. The disappearance was
guantified by integration against the whole Tp#@esonances between
ca. 0 6.1-5.1; ca. 15 mg of 2a was dissolved under dinitrogen in
tolueneds (0.4 mL, 2a] ~ 4 x 1072 M) in a 5 mm NMRtube which
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BCINgNDP (7) (293 K). Unit cell dimensions with standard deviations
were obtained from a least-squares refinement of the setting angles of
25 well-centered reflections. Corrections were made for Lorentz and
polarization effects. Computations were performed by using CRYS-
TALS* adapted on a PC. The atomic scattering factors were taken
from the literature? Full matrix least-squares refinement was carried
out by minimizing the functiorEw(|F,| — |F¢|)?, whereF, andF. are

the observed and calculated structure factors, respectively. The
weighting scheme used in the last refinement cycleswasw/[1 —
(AF/60(Fo))?> werew' = 1/2(r = 1,3)ArTr(x), with a variable number

of coefficients Ar for the Chebyshev polynomial Xy(with x = F/
Femax®® Details are summarized in Table 1.

For 4a-Et;,O, the structure was solved by direct methods (SIK92)
and subsequent Fourier syntheses. Absorption corrections were made
by using psi scans. One molecule of diethyl ether was located after
the first cycle. All non-hydrogen atoms were anisotropically refined.
Several hydrogen atoms were located by a Fourier difference, but only
those bound to C(1) were considered for a refinement of their positional
and isotropic thermal parameters. All other hydrogen atoms were set
in idealized positions with thermal parameters 20% higher than those
of the atom to which they were attached.

For 7, the structure was solved by direct methods (SHELXS"86)
and subsequent differences Fourier maps. No absorption corrections
were made. All non-hydrogen atoms were anisotropically refined
except the carbon atoms of the phenyl and isopropyl groups which
were refined isotropically. Hydrogen atoms were located by Fourier
syntheses, but their coordinates were recalculated after each cycle. They
were assign isotropic thermal parameters 20% higher than those of the
atom to which they were attached.
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spectra with an acquisition time of 3.064 s and a repetition delay of the 'H-gated 13C NMR spectra of3a and 2c showing the

2.0 s were recorded every 30 mih € 343, 348, 353 K) or 40 minT{
=338 K). The reaction was monitored fca. 3 half-lives. The results

of the first-order treatment can be found in Table 4 and Figure 3, and

the corresponding Eyring plot is shown in Figure 4. A strictly identical
procedure was used for the thermolysis3afand4a at 343 K.
Thermal Rearrangement of 2b: Trapping with Phenylpropyne.

NbCH.R region,'H NMR spectrum ofta and expanded regions
showing the'3C satellites of the main NB€,SiMe; resonances,
and positional and thermal parameters and interatomic bond
distances and angles fda-Et,0 and7 (17 pages). See any
current masthead page for ordering and Internet access

The kinetic data at 343 K were obtained as for the thermal rearrange- Instructions.
ment of2a by monitoring the disappearance of the methylene signals JA963697Q
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