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Abstract: The isopropyl chloro complex T52NbCI(i-Pr)(PhG=CMe) (2) [TpMe2 = hydrotris(3,5-dimeth-
ylpyrazolyl)borate] exhibits #-agostic structure in the crystal. The conformation of the alkyl group is such
that the agostic methyl group lies in theeENb—CI plane and the nonagostic one, in a wedge formed by two
pyrazole rings. As observed by solution NMR spectroscopy, restricted rotation aboutth@ bind allows

the observation of an equilibrium between this spedBsand a minort-agostic rotame2a. A putative third
rotamer which would have the secondary hydrogen in the wedge is not observed. Similar behavior is observed
for related TPNbCI(i-Pr)(R.C=CMe) [Tp = TpMe2, R, = Me (3); Tp' = TpVe24C| R, = Ph @)]. The two
diastereomers of theecbutyl complex TP¢2NbCl(secBu)(MeG=CMe) (5) have been separated. In the crystal,
5CR-AS has ap-agostic methyl group with the ethyl group located in the wedge formed by two pyrazole
rings. The same singJ@-agostic species is observed in solution. The other diastereBARFCS has g5-agostic
methylene group in the solid state, and the methyl group sits in the wedge. In solution, an equilibrium between
this f-agostic methylene compleXAR-CSf and a minora-agostic specie$AR-CSa, where the ethyl
substituent of theecBu group is located in the wedge between two pyrazole rings, is observed. NMR techniques
have provided thermodynamic parameters for these equilikriz @8/20. = 4.0 + 0.1 at 193 K,AG®% g3 =

—2.24+ 0.1,AH° = —7.4 + 0.1 kJ mot?!, andAS = —27 4+ 1 J K mol™1), as well as kinetic parameters

for the rotation about the NbC bond (at 193 KAG*(2) = 47.5+ 2.5, AH* = 58.84 2.5 kJ mot?, andAS

= 59.04 10 J K1 mol™). Upon selective deuteration of tiemethyl protons in TH¢2NbCI[CH(CDs),]-
(PhG=CMe) (2-ds), an expected isotope effect that displaces the equilibrium toward-tgostic rotamer is
observed K = 2-dgf#/2-dso. = 3.1+ 0.1 at 193 K,AG%93= —1.8 + 0.1, AH° = —8.3 4 0.4 kJ mol'* and

AS = =34 £ 2 J K1 mol™Y). The anomalous values faxH° and AS are discussed. Hybrid quantum
mechanics/molecular mechanics calculations (IMOMM (B3LYP:MM3)) on the realistic modé?NipCI-
(i-Pr)(HC=CMe) have reproduced the energy differences between-thadS-agostic species with remarkable
accuracy. Similar calculations show that MFENbCI(CH,Me)(HC=CMe) is a-agostic only and that
Tp>MeNbCI(CH,Me)(HC=CMe), which has no methyl groups at the 3-positions of the pyrazole rings, is
pB-agostic only. Analysis and discussion of the computational and experimental data indicate that the unique
behavior observed for the secondary alkyl complexes stems from competition between electronic effects favoring
a f-agostic structure and steric effects directing a bulky substituent in the wedge between two pyrazole rings
of TpMe2, All of the secondary alkyl complexes thermally rearrange to the corresponding linear alkyl complexes
via a first-order reaction.

Introduction both early and late transition metal alkyl complexes. At early
C—H agostic interactiorign transition metal alkyl complexes transition metal centers, anragostic interaction orientates the

continue to be of high significance not only because they may growing alkyl chain and lowers the barrier to its migration to

model o-alkane adductsbut also in their own right.Impor- the coordinated olefid® For late transition metal catalysts

tantly, they participate either in ground- or transition-state Nowever, the catalyst resting state exhibifsagostic interaction

stabilization during olefin polymerizatiohThe more commonly ~ that is released in the transition state for alkyl migrafion.

observed3-agostic structure is adopted in the ground state of Agostic interactions may also lie along the competing reaction

— coordinate, which leads to intramolecular-8 bond activation
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several of these processes being reversible. Thus, the dichotomyrpMe2, R, = Ph @) or Me (3); Tp' = TpMe24C! R, = Ph (@); Ry
between the two types of agostic interactions is a recurrent = seeBu, Tp = TpVe2 R, = Me (5)] were prepared in 55 to
theme. Given the well-established electronic preference for a 80% yield via addition of the appropriate alkyl Grignard to the
p-agostic interaction, it is not surprising thatagostic alkyls selected dichloro complé&Tp'NbChL(R,C=CMe) (1) between
are generally formed only in the absencefshydrogens. A —30 °C and room temperature in toluene or diethyl ether
few exceptions have, however, been found in crowded environ- (Scheme 1). TBe2NbCI[CH(CD;),](PhC=CMe) (2-dg), selec-
ments where the alkyl group is prevented from occupying the tively deuterated at the methyl groups of the isopropyl ligand,
site necessary for g-agostic interactioA®17 In addition, was also synthesized. All T2 complexes are orange crystalline
pB-agostic interactions MCHCH,-u-H restrict rotation aboutthe  materials which give satisfactory elemental analysis. The
C—C bond, an in-place mechanishexchanging the agostic =~ TpVe24Clderivatives are extremely soluble, even in pentane, and
and terminal hydrogens being inferred from detailed kinetic and are characterized only by NMR spectroscopy.
thermodynamic studies. As mentioned previously, reversible  The practical aspects of the synthesis deserve comments.
fS-hydrogen elimination may eventually lead to alkyl isomer- Following the addition of the Grignard at low temperature, the
ization via an olefin hydride complexs-agostic isopropyl initial red-purple color characterizing the dichloro complexes
palladium cations, models for the resting states of ethylene slowly turned to orange. Around T, a sudden color change
polymerization catalysts, have very recently been found to be to violet occured, regardless of solvent. Examination of the
more stable than th&-agosticn-propyl complexes with which reaction mixture by'H NMR then showed the presence of the
they interconvert? rearranged linear alkyl complex in varying amounts (sometimes
Agostic interactions are, thus, at the heart of elementary the isomerization goes to completion). The mechanism of this
processes occurring in various fundamental events in organo-rearrangement is most probably f&ahydrogen elimination/

metallic chemistry and catalysis. reinsertion sequence. Once isolated, the secondary alkyl com-
The ground-statet-agostic interaction is the rule im-alkyl plexes are stable at room temperature. This indicates that the

group 5 complexes T5°MCl(u-H-CHCH,R)(PhG=CR) (TpMe? rearrangement is catalyzed in si®we have not studied the

= hydrotris(3,5-dimethylpyrazolyl)borate, M Nb, Ta)7:20 details of this catalysis but the associated violet color suggests

Interestingly, these complexes (4 Nb) undergo a reversible  aredox mechanism. Adventitious unidentified zirconium species

migratory alkyl insertion that results in an intramolecularC (9) Brookhart, M.; Lincoln, D. M.; Bennett, M. A; Pelling, S. Am.

bond metathesi&: In all of the structures reported so far, we Chem. Soc199Q 112 2691-2694. .
have observed a selective location of the alkyl substituent in a Zeéﬁe)zgg%?n’ M.L.H.; Sella, A.;wong, L. lOrganometallics 992 11,

wedge formed by two pyrazolyl rings cis to the alkyl group. (11) McNally, J. P.; Cooper, N. Drganometallics1988 7, 1704-1715.
This relies on the unique topological properties of¥jwhich, (12) Tempel, D. J.; Brookhart, MOrganometallics1998 17, 2296~
apart from shielding the metal center thanks to a large cone 22(1é) Fellmann, J. D.; Schrock, R. R.; Traficante, D.@ganometallics
angle (239), creates three different sectors or wedges able to 1982 1, 481-484.

accommodate different substituents (wedge angl®,8Tom- (14) Parkin, G.; Bunel, E.; Burger, B. J.; Trimmer, M. S.; Van Asselt,
petition between these steric and electronic effects resulted in” 1Bser‘3sa"rv]' J'kE‘;é "éol'-sc"?‘éa'l- 1598\3'\/4%3]1*239- N G Shih KLY
the observation afi- andj-agostic stabilized rotamers of similar O,é)on)ogﬁurch’_ B D'é\,igf W M.: Reiff, W. 0 A Chem slo&9§Z ;
energy in an isopropyl group of P?NbCI(i-Pr)(PhG=CMe) % 119 11876-11893.

Herein, we provide an in-depth study of this phenomenon, = (16) Guo, Z.; Swenson, D. C.; Jordan, R.(rganometallics1994 13,
including thermodynamic and kinetic data on the interconversion 14%11;)1;3@”8 M.Organometallics1994 13, 410-412

the rotamers. The previously reported structural data on the (18) Derome, A. E.; Green, M. L. H.; Wong, L. New J. Chem1989
isopropyl complex are augmented by the successful synthesis13, 747-753.

; At ; _ (129) Tempel, D. J.; Johnson, L. K.; Huff, R. L.; White, P. S.; Brookhart,
separation, crystal structure determination, and solution dynam M. J. Am. Chem. So€000Q 122 6686-6700.

ics of the two diaStereomers of 'Y’t?NbCI(s_ecBu)(MeC,E (20) Hierso, J.-C.; Etienne, MEur. J. Inorg. Chem200Q 839-842.
CMe), as well as hybrid quantum mechanics/molecular me-  (21) Etienne, M.; Mathieu, R.; Donnadieu, 8. Am. Chem. S0d.997,
chanics calculations on these and related systems. 119, 3218-3228.

(22) Trofimenko, S.Scorpionates— The Coordination Chemistry of
Polypyrazolylborate Liganddmperial College Press: London, 1999.

Results (23) Jaffart, J.; Mathieu, R.; Etienne, M.; McGrady, J. E.; Eisenstein,
. O.; Maseras, FChem. Commurnl998 2011-2012.
Synthesis of Secondary Alkyl ComplexesSecondary alkyl (24) Etienne, M.; Biasotto, F.; Mathieu, R.; Templeton, JQrgano-

chloro complexes TPIbCI(R)(R,C=CMe) [Ry = i-Pr, Tg = metallics1996 15, 1106-1112.



6002 J. Am. Chem. Soc., Vol. 123, No. 25, 2001

Table 1. Selected Bond Distances (A), Angles and Torsional
Angles (Deg) for2, 5CR-AS and5AR-CS

complex 2 5CR-AS 5AR-CS
Nb—Cl 2.493(1) 2.4857(5) 2.4534(9)
Nb—C(l) 2.228(4) 2.223(2) 2.233(4)
Nb---C(2) 2.608(4) 2.598(2)
Nb:---C(3) 2.785(5)
C()—C(2) 1.476(7) 1.484(3) 1.528(7)
C(1)-C(3) 1.535(6) 1.507(3) 1.470(7)
Nb---H(21) 2.17(5) 2.12(3)
Nb—C(l)—C(2) 87.0(3) 86.6(1) 121.9(3)
Nb—C(1)-C(3) 121.2(3) 123.3(2) 95.3(3)
Cl—=Nb—C(21) 122.1(1) 122.3(6) 118.7(1)
C(2)-C(1)-C(3) 115.3(4) 114.9(2) 112.7(4)
ClI—=Nb—C(l)—C(2) 5.3 4.4
CI=Nb—C(l)—C(3) 4.3
Nb—C(l)—C(2)—H(21) 2.4 0.5

have been proposed to catalyze a similar isomerization of
zirconium alkyl complexe# It is also known that CO insertion
can be catalyzed by redox mechanidhw assisted by Lewis
acids?’ No improvement was observed when 1,4-dioxane was
added to the reaction mixture in an attempt to trap and precipitate
MgCl,. Despite numerous attempts to vary the reaction condi-
tions, the only convenient way we found to prevent the
rearrangement was to leave the reaction mixture in the air for

Jaffart et al.

angle of 87.0(3) for 2, 86.6(1) for 5CR-AS, and 95.3(3) for
5AR-CS and Nb-Cp distances of 2.608(4) A fo2, 2.598(2)

A for 5CR-AS, and 2.789(5) A fol5AR-CS. In addition, the
Ca—Cp bond ¢~1.48 A) for the agosti@ carbon is significantly
shorter than that for the nonagosficcarbon ¢1.52 A). This
double-bond character testifies to the olefin hydride character
imparted by the agostic interaction. These metric data also
characterize other eafA! or late®? transition metaj3-agostic
complexes. For compoun@and5CR-AS, the agostic hydrogen
(among others) has been located from a Fourier difference map
and refined isotropically. NbHp distances of 2.17(5) A and
2.12(3) A are observed f@and5CR-AS respectively. It must
also be noted that thg-agostic interaction causes important
steric constraints in the three cases. The pyrazolyl ring that splits
the angle C-Nb—Ca is notably twisted out of the bisecting
plane, with the 3-Me group displaced toward the chloride.
and 5CR-AS, both of which have g-methyl agostic group,
have very similar parameters for bonding with the metal, which
suggests the nonagostic methyl and ethyl groups have a similar
steric influence in the wedge. A more obtuse-NEn.—Cf angle,

a longer Nb-Cp bond, a shorter NbCl bond, and a smaller
Co—Nb—Cl angle observed f@AR-CS characterize a weaker
interaction with theg-methylene agostic group.

Apart from theS-agostic structures adopted, the conformation

~10 min once the orange color had been established below 0@Pout the niobiurra-carbon bond is to be emphasized. In
°C. Of course, this method has the disadvantage of empiricism,compleXZ' the conformation is such that the nonagostic methyl

and formation of linear isomers always remains a problem.

secButyl complex5 was formed in an~2:1 (H NMR)
kinetic ratio of two diastereomerSCR-AS and 5AR-CS,

respectively (see X-ray crystal structures). Following the !

group is located in a wedge formed by the two cis pyrazolyl
rings. Similarly, in5CR-AS, the-ethyl group is found in this
same wedge, leaving a methyl group in the agostic position. It
is worth noting that this same structural feature is also observed

nomenclature of Sloan and co-workers, the configuration of the In the a-agostic primary aIk;/lzé:omplexefz’l"ﬁZMCI(CH_zMe)-
metal is specified first. An atomic number of 12 was assigned (PNC=CR) (M = Nb, Ta}"2% and TH**NbCI(CH,SiMe,)-

to the coordinated alkyr&:2°The use of a 2-fold excess of the

Grignard allowed the preferred generation5s@R-AS. It was ! . -
then conveniently obtained in 80% yield after crystallization Pecause of the configuration change at either Nb or &
from toluene/pentane mixtures. On the other hand, isolation of 5-methylene group, arising from a bulkier ethyl group, now

the minor diastereomé&AR-CS required careful experimental
monitoring and skill5AR-CSis only slightly more soluble than
5CR-AS. Following repeated crystallizations and extractions

from toluene/pentane mixtures, crystalls®R-CSwas isolated

in 17% vyield.

Crystal Structures. X-ray crystal structures for complexes
2, 5CR-AS, and5AR-CS were obtained at 160 K on an image

plate diffractometer5CR-AS and 5AR-CS crystallize in the
monoclinic (space group2:/n) and triclinic (space groupl)
systems, respectively. Selected distances and angles are gathered NMR Studies. Variable temperature NMR studies on several

in Table 1. Views of the molecules are presented in Figures 1, of these secondary alkyl complexes revealed a dynamic process
2 ,and 3, respectively. A distorted octahedral geometry around equilibrating two rotamers exhibiting eithesaor ana-agostic

Nb is adopted. The (4e)-alkyne sits between two pyrazole rings interaction. Importantly, this process is highly dependent on the

in a plane roughly bisecting €EINb—Co.. These features are

common to the TINbXY (alkyne) family. L star L _
For all three of the complexes, the most prominent feature moving to the dynamics itself. The isopropyl comp2xwill

of the structure is the presence ofagostic interaction. The

agostic carbon (or hydrogen) is always in the-Nb—Cl plane,
with torsion angles in this plane never higher than°’5The
pB-agostic interaction is characterized by an acute-Bb—Cf

(25) Chirik, P. J.; Day, M. W.; Labinger, J. A.; Bercaw, J. E.Am.
Chem. Soc1999 121, 10308-10317.
(26) Magnuson, R. H.; Meirowitz, R.; Zulu, S. J.; Giering, W.JPAm.
Chem. Soc1982 104, 5790.
(27) Richmond, T. G.; Basolo, F.; Schriver, D. IRorg. Chem.1982

21, 1272.

(28) Brown, M. F.; Cook, B. R.; Sloan, T. Enorg. Chem.1975 14,

1273.

(29) Zelewsky, A. V. Stereochemistry of Coordination Compounds
Wiley: Chichester, 1996.

(PhG=CMeY! in which the alkyl group sits between two
pyrazolyl rings. FOBAR-CS, however, the situation is reversed

agostically interacts with the niobium, thus providing more steric
hindrance with both the metal and chlorine atoms, as indicated
by the longer Nk-Cj separation and a larger NiCa—Cp
angle. In this case, the smaller, nonagosfianethyl group
occupies the wedge. In all cases, then, the less bulky substituent,
namely the secondary hydrogen, occupies the same position
where it points toward the alkyne. The QM/MM calculations
reported later show that these different situations arise as a result
of competing steric and electronic effects.

respective configuration at Nb andoCin the case of the
diastereomers d@. We start with a structural discussion before

serve as a lead and is described first.

Because of restricted rotation about the-Nitkyne bond,
the NMR spectra of all of the phenylpropyne complexes appear
as two sets of signals of unequal intensity at all temperatures
(AGyqt > 68 kJ mot1).24 For the sake of clarity, we will discuss
only the major alkyne rotamer, which is depicted in the schemes,

(30) Dawoodi, Z.; Green, M. L. H.; Mtetwa, V. S. B.; Prout, K.; Schultz,
A. J.; Williams, J. M.; Koetzle, T. FJ. Chem. Soc., Dalton Tran986
1629-1637.

(31) Jordan, R. F.; Bradley, P. K.; Baenziger, N. C.; LaPointe, RI.E.
Am. Chem. Sod99Q 112, 1289-1291.

(32) Carr, N.; Mole, L.; Orpen, A. G.; Spencer, J. L. Chem. Soc.,
Dalton Trans.1992 2653-2662.
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Figure 1. Plot of the molecular structure of TgPNbCI(i-Pr)(Ph-
C=CMe) (2). Located and refined hydrogens are shown.

Figure 2. Plot of the molecular structure of T"gPNbCl(secBu)(Ph-
C=CMe) (BCR-AS). Located and refined hydrogens are shown.

but all of the conclusions are valid for the minor one. Cooling
down a dichloromethand, solution of2 led to broadening and
eventually to a coalescence and sharpening of all oftfeMR
signals into two sets of unequal intensity (Figure 4). The alkyne
methyl signal appearing at3.48 at 303 K split into two below
233 K. In the slow exchange limit (193 K), these alkyne signals
were observed at 3.08 and 3.62 (4:1 ratio, respectively). The
most abundant speciegf, exhibited af-agostic interaction,
as observed in the solid state, whereas the minor 2mewas

J. Am. Chem. Soc., Vol. 123, No. 2562081

Figure 3. Plot of the molecular structure of TpPNbCl(secBu)(Ph-

C=CMe) (GAR-CYS). Located and refined hydrogens are shown, except
H(32).

o-agostic (Scheme 2). The methine and methyl signals of the
isopropyl group o2 were observed at 2.10 (multiplet) and

6 1.29 and 0.06 (both doubletd]yy = 7 Hz), respectively.
These @ methyl signals correlated—3C HMQC) to 13C
NMR signals a¥ 6.0 and 20.7 (d"Jcn = 123 Hz), respectively.
The Go methine3C NMR signal appeared as a doubl&icf

= 141 Hz) até 72.0. This rehybridization at&constitutes the
strongest evidence for thg-agostic interaction in solution,
because as observed in several early transition rieggjostic
complexes, the in-place rotation of tfieagostic methyl group

is not frozen out. Note that the agostic methyl has the most
shielded’3C NMR signal but the most deshieldédl NMR
signal. This assignment is also in accord with geebutyl
analysis below. For the’gB-agostic ethyl complex {-CsHa-
Me),Zr(CH,CH,-u-H)(PMes)] *, Ca resonates ab 28.6 (Jcn

= 141 Hz), and @ appears ap —6.9 (Jcy = 123 Hz)3:
Rotamer2a is characterized by a shieldéd NMR multiplet

(6 —1.13). In the!3C NMR spectrum, a somewhat Nb-broadened
Ca. signal appears as a deshielded doubdetl26.4) with a
reducedJcy of 100 + 5 Hz. Relateda-agostic alkyl com-
pounds, such as ™§?MCl(u-H-CHR)(alkyne) (M = Nb,
Tayo?land Tag-H-CHCMe;)(CzHa4)(PMe3), have similar NMR
parameterd? It must be emphasized here that, as depicted in
Scheme 2, a putative third rotamer with thdydrogen in the
wedge and a methyl group in thea€Nb—CI plane (which
could or could not have g-agostic stucture) is not detected by
IH NMR. Similar data and conclusions are valid for complexes
3 and 4 containing 2-butyne in place of phenylpropyne or
TpVe24-Clin place of TYe2 respectively.

Table 2 provides thermodynamic data obtained after con-
ventional treatment of experimental NMR data acquired at
different temperatures (see Supporting Information). Equilibrium
constants were measured from the integration of alkyne methyl
signals. It is seen th&p is favored on enthalpic groundaid®

(33) Alelyunas, Y. W.; Guo, Z.
Organometallicsl993 12, 544-553.

LaPointe, R. E.; Jordan, R. F.
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Figure 4. Expanded region of the variable temperattiieNMR spectrum of T#*2NbCI(i-Pr)(PhG=CMe) (2) (400 MHz, dichloromethand,).

Alkyne methyl, isopropyl methyl and methine signals for the major alkyne rotamer are highlighted: asterlagtstic rotamer; solid dot;)(
o-agostic rotamer.

= —7.4 4 0.1 kJ mol?), whereas entropy favoiza (AS = favored in the 2-butyne compleXor the Tp'e24-Cl complex
—27 4+ 1 J K1 mol™). B-Agostic stabilized rotamers are more 4. A thermodynamic isotope effect is observed, as seen from
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Scheme 2

K793 =4.0

Table 2. Thermodynamic Parameters for the Equilibria between
and p-Agostic Rotamers

AG® AH° A
compd K (kImofY)  (kImol?)  (JKimol™?)
2 40+£01 -22+£01 -74£01 —27+1
2-dg? 31+01 -18+£01 -83+04 —34+2
3P 14+2 —4.0+0.3
42 14+ 2 —42+02 —-9.7+£09 —28+5
5AR-CS$ 25+02 -15+03 -3.7+03 —11+2

aK andAG° at 193 K PK and AG® at 183 K.

the data for2 and 2-ds. On the basis of the lower zero point
energy of the €D bond, we might anticipate a slight preference
for the lighter H atom to occupy the agostic position, a
phenomenon that has been observed in other spetidhe
observed ratio oKn,,/Kp,,; > 1 is, therefore, entirely expected,
because deuteration of the methyl groups should cause a shif
toward theo-agostic isomer. However, a closer examination
of the thermodynamic parameters indicates that it is solely
entropic reasons that for¢&y,,, to be greater thaKp,,,, and in
fact, AH° is more negative ir2-ds than it is in2. Thus, we
reach the counterintuitive conclusion that, on enthalpic grounds
alone, D should prefer to be involved in the agostic position at
the expense of H. Although we have no definitive explanation
for this observation, we will return to this point in the later
discussion.

Even more interestingly, the two diastereoms@R-AS and
5AR-CS do not behave similarly5CR-AS is f-agostic in
solution, as in the solid state (Scheme 3). In the NMR
spectrum, there is only a slight line broadening and sharpening
upon cooling, with no splitting of the signals. In the low-
temperature (193 KJH NMR spectrum, thgs-agostic methyl
group gives a doubletduy = 7 Hz) ato 1.16, which correlates
with a 3C NMR signal atd 4.1. The in-place rotation is not
stopped, so that thlcy of 123 Hz does not prove the agostic

(34) Forsen, S.; Hoffman, R. Al. Chem. Phys1963 39, 2892.

(35) Mann, B. EJ. Magn. Res1976 21, 17—23.

(36) Brookhart, M.; Lamanna, W.; Humphrey, M. 8. Am. Chem. Soc.
1982 104, 2117-2126.

(37) Maseras, F.; Morokuma, K. Comput. Chem1995 16, 1170~
1179.

(38) Ujaque, G.; Cooper, A. C.; Maseras, F.; Eisenstein, O.; Caulton,
K. G.J. Am. Chem. S0d.998 120, 361—365.

(39) Maseras, FTop. Organomet. Cheni999 4, 165-191.

(40) Maseras, FChem. Commur00Q 1821-1827.

(41) Han, Y.; Deng, L.; Ziegler, T. Am. Chem. So&997 119 5939~
5945.

(42) Weiss, H.; Ehrig, M.; Ahlrichs, RJ. Am. Chem. Sod.994 116,
4919-4928.

(43) Lohrenz, J. C. W.; Woo, T. K.; Ziegler, I. Am. Chem. So&995
117, 12793-12800.

(44) Calvert, R. B.; Shapley, J. B. Am. Chem. Sod978 100, 7726~
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interaction. @ resonates as a doubleta?9.4 in the'3C NMR
spectrum. ThéJcy of 144 Hz then testifies to th§-agostic
interaction. The nonagostic diastereotopic methylene protons
appear as a shielded multiplet centered at0.26. HMQCH—

13C allows the assignment of the nonagostic methylene and
methyl groups at 28.5 and 18.3, respectively. Significantly,
this experiment showed that there is no other rotamer present
here. There is, thus, a very high barrier to rotation about the
Nb—C bond, as depicted in Scheme 3.

For 5AR-CS, an equilibrium between two rotamelSAR-

CSa and 5AR-CSf, exhibiting either ano- or a f3-agostic
interaction, respectively, is observed (Scheme 4). Evidence is
provided below that iBAR-CS8, the methylene group, not the
methyl group, ig3-agostic in solution as well as in the crystal
(see above). A temperature-dependehNMR spectrum reveals

a dynamic process akin to that observed 3djor 2, but with

only one type of alkyne rotamer). Again, the alkyne methyl
signals are good qualitative and quantitative probes. At room
temperature, they are observed&.15 and 1.92. They broaden
and then split below 218 K. In the slow exchange limit, they
give signals ad 2.93 and 1.73 for thg-agostic rotamebAR-

CSp and até 3.19 and 1.89 for ther-agostic specieSAR-
CSa. The equilibrium constariigzis 2.5 (AGP193 = —1.5 kJ
mol™1). It is less shifted toward thg-agostic form than it is in

the case of the isopropyl compl&xKigz = 14, Table 2). This
emphasizes the increased steric pressure in theNGt+Ca
plane, where the agostic interaction, which now involves the
methylene group, takes place. It is remarkable that again, only
two rotamers are present. The third potentially viable rotamer,
which would have the secondary hydrogen in the wedge formed
by the two cis pyrazolyl rings, is not observed (Scheme 4).

In the 1H NMR spectrum (193 K) of5AR-CS8, two
broadened signals having partially resolved fine structur@ at
1.47 and 0.86 characterize the diastereotopic methylene protons.
In the 13C NMR spectrum, @ appears as a triplet centered at
0 14.4 with an averagedlcy = 123 Hz. Qx resonates ab
82.1 as a doublet. FordG the magnitude otJcy = 132 Hz,
smaller than those for th@-agostic isopropyl complexes,
suggests a weaker interaction. The nonaggsticethyl group
gives a'H NMR doublet até 0.05 fJyy = 7 Hz) and al®C
NMR quartetd 19.0. These values compare well with those
for the nonagostic methyl group of the isopropyl complexes.
5AR-CSa is unequivoqually characterized by a shieldét
NMR signal for Hx at 6 —1.14 and a deshieldeC NMR
signal for Gx appearing at 126.4 with a low™Jcy (92 Hz).

Spin saturation transfer expriments (S%T3 at different
temperatures were used to obtain kinetic parameters for the
process interconverting the rotamers. Reliable data were obtained
for the isopropyl compleX and thesecbutyl complex5AR-
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Scheme 3

Scheme 4

5AR-CSu

CS. Note that the alkyne rotation is so slow at these temperatures

that it may be neglected. Saturation of the deshielded alkyne
methyl group of thes-agostic rotamer (for example, at3.08

for 28 or 6 2.93 for5AR-CSf at 193 K) and observation of
the intensity decrease of the alkyne methyl signal for the
o-agostic rotamer provides a determinatiorkef.,. Attempts

at measurind,—s by saturation of thex-agostic signal did not
give satisfactory data, presumably because of intramolecular
NOE interactions.

Activation parameters were obtained through conventional
treatment of the experimental data (see Supporting Information).
High barriers to rotation around the NiCa. bond were observed
(for 2, E; = 60.04% 2.5 kJ mott, AH¥ = 58.8+ 2.5 kJ mol?,
and AGH193 K) = 47.5+ 2.5 kJ mot'%; for 5AR-CS, E, =
60.0+ 2.5 kJ mot?, AH* = 56.0+ 2.5 kJ mot?, and AG*-
(193 K) = 41 & 2 kJ mofl1). The barriers for the conversion
B-—a-agostic rotamers are similar for both isopropy! aed
butyl ligands, although they are slightly lower f6AR-CS.
Quite high positive entropies of activation of 3910 and 75
+ 10 J K1 mol~! are observed fa2 and5AR-CS, respectively,
which points to a less ordered transition state in which the
agostic interaction is lost (i.e., a dissociative process).

Reactivity. We previously showed thati-agostic n-alkyl
complexes TINbCI(CH:R)(PhG=CMe) thermally rearrange to
methyl complexes TplbCl(Me)(PhG=CCH;R) via a rate-
determining reversible migratory insertion of the alkyl group
onto the alkyné! In contrast, compounds arising from the
migratory insertion onto the alkyne are not observétiNMR)
for the secondary alkyl compounds that are the subject of this
paper, but instead, isomerization of the secondary alkyl group
to a primary one occurs. For example, when isopropyl com-
plexes2—4 are heated in toluene at 323 K, the knomsagostic
n-alkyl complexes TINbCI(CH,CH,Me)(R.C=CMe) are formed
according to Scheme 5. Similarly, a mixture of tbecbutyl
compoundsSCR-AS and 5AR-CS rearrange to thet-agostic

Jaffart et al.

5AR-CSP

Scheme 5

K(R &R
A ‘N\ R A ‘N\ R
HB < ST HB ey ST
\N\ : R toluene, 323 K NG \i R
N—NbZ } - N—NbT J
R < R <
1 CHg \ o1 CHg
CH; H
H CHR' RICH; H
Ri=H R=H R,=Ph 2 6
R,=Me 3 7
R=Cl Ry=Ph 4 8
R; = CHg R=H R,=Me 5 9

n-butyl Tp"e2NbCI(CH,CH,CH,Me)(MeG=CMe) (9). The new
compounds/—9 are identified by comparison with authentic
samples prepared via addition of eitimgpropyl MgCl orn-butyl
MgClI to the appropriate TPbCly(alkyne) complex. They all
exhibit features characteristic afi-agostic structures (see
Experimental Sectiordt

The rearrangement @was followed by'H NMR in toluene-
dg at 323 K. The disappearance 2fs first-order withky,,, =
(2.7 £ 0.2) x 10°° s (AG* ~ 108 kJ mof?). Several
unidentified decomposition products are observed, together with
the n-propyl complex and some propene. Consequently, the
kinetics are well-behaved for about two half-lives only, and
attempts at monitoring the decomposition at higher temperatures
met with no success. A kinetic isotope effect of 1.6 was obtained
from the decomposition 02-ds [kp,,, = (1.7 & 0.2) x 10°°
s 1. The mechanism of the reaction is, thus, most probably a
rate-determining hydrogen elimination reaction that first gives
a transientr-olefin hydride intermediate, which then undergoes
fast reinsertion of the olefin, yielding a more stallalkyl
derivative. Because the availability of puBR-AS is very
limited, we were not able to compare the rate of its rearrange-
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,/’,\ .

TpMe2NbCI(CH,CH3)(HCCMe) Tp* MeNbCI{(CH,CH3)(HCCMe)

Figure 5. IMOMM-computed structures of T§2CI(CH,CHs)(HC=CMe) and T MeNbCI(CH,CHz)(HC=CMe) with distances in A and angles

in degrees. In each case, views from the side and along the trigonal axis are shown. In the side view, all atoms other than the alkyl group and those
attached directly to the Nb center have been ommitted for clarity. For the view down the trigonal axis, the methyl groups in the 5 position of the
pyrazole ring are also included to illustrate the steric crowding of the agostic site.

Scheme 6

AGH
=48 kJ.mol

AGH
=108 kd.mol’

ment with that of its diastereomeBAR-CS. In summary, between electronic effects, which fay®agostic structures, and
secondary alkyl niobium complexes exhibitingandj-agostic steric effects, which favor a large substituent in the wedge
structures of similar energy do not undergo migratory insertion formed by two pyrazolyl rings, is at the heart of the observed
of the alkyl group. They rearrange vfahydrogen elimination experimental behavior. The crucial role played by the 3-methyl
to their more stabl@-agostic linear isomers, which then can groups in TH'¢2 is also highlighted.
exchange alkyl groups. The whole chemistry we observe is The optimized structure of {§2NbCI(CH,CHz)(HC=CMe)
summarized in Scheme 6, with the rightmost event taken from is shown in Figure 5. The geometry about thearbon is highly
previous work2! distorted, with a Nb-Ca—Cf angle of 126.9 (cf. 129.8
Theoretical Calculations. Integrated quantum mechanics/ experimentally)’” and a small Nb-Ca—Hal angle (92.6).
molecular mechanics (IMOMMYJ calculations, which have  These angular deformations, along with a slight elongation of
proved successful for the theoretical study of transition metal the Gx—Ha.1 bond (1.11 A), result in a short NeHo 1 distance
systems®-40 were carried out in order to try to understand the of 2.53 A, which is consistent with the presence of a significant
presence of onlg-agosticprimary alkyls on one hand and, on  a-agostic interaction. The agostic hydrogen atormo{i is
the other hand, the occurrence of battandj-agostic stabilized directed toward the chloride ligand, but its nonagostic coun-
rotamers insecondaryalkyls. They show how competition  terpart, Hx2 (Nb-+*Ho2 = 2.78 A) points toward the coordinated
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TpMe2NbCI[CH(CH3)o}(HCCMe) Tp"e2NbCI[CH(CH;),]}(HCCMe)
-agostic rotamer o-agostic rotamer

Figure 6. IMOMM-computed structure for thg- anda-agostic rotamers of M§2NbCI[CH(CHs),]J(HC=CMe) with distances in A and angles in
degrees. The views shown are identical to those in Figure 5.

alkyne. The preference for this orientation can be rationalized = hydridotris(5-methylpyrazolyl)borate]. Thus, Tpe differs
in terms of the relative energies of the three atbitals of the from TpMe2 only in the absence of the methyl groups in the 3
approximately octahedral complex. Of these three orbitals, the position. In this case, only A-agostic rotamer is located on
one that lies orthogonal to the NI€I axis avoids the destabiliz-  the potential energy surface (Figure 5), characterized by a
ing s-donor influence of the chloride ligand and is also stabilized Nb---HpB separation of 2.45 A, which is 0.08 A shorter than
by back-bonding to the alkyne. This orbital is, therefore, the that in the corresponding-agostic structure. Th@-agostic
most stable of the three and is occupied by the two d electronsarchitecture also brings the agostic hydrogen in much closer
of Nb'". The two remaining orbitals are vacant and, in principle, contact with the chloro ligand (2.70 A vs 3.36 A), which results
available to accommodate the agostic interaction; however, onein substantial nonbonded interactions. As a result, theN®i—
of these lies in the plane orthogonal to the-NBo bond, and Ca angle is even larger than in tleagostic structure (12223
is, therefore, inefficiently oriented for overlap with the-& vs 111.7), and the Nb-Cl bond length increases by 0.06 A.
bond. The one remainingrdorbital lies in the @—Nb—CI Although the structural changes observed in interconverting the
plane, which causes the agostic interaction to be directed o- andS-agostic isomers are relatively subtle, in a delicately
approximately along the bisector of thee€ENb—Cl angle. The balanced situation such as this, they may have profound
opening of this angle from the perfect octahedral value 0f90.0 influence on the position of equilibrium.
to 111.7 is consistent with a rehydridization of the metal orbitals It is important to note here that, despite the success in
to allow optimal overlap of donor and acceptor orbitals. modeling the structure of the-agostic group, the geometry of
The preference for the-agostic structure over if8-agostic the remainder of the niobium coordination sphere is less well
counterpart can be traced to the steric constraints imposed byreproduced. The NbCl bond length is underestimated by 0.128
the Tp"e2 ligand. The pendant methyl groups located at the 3 A, and all three Nb-N bonds are overestimated by a similar
positions of THe2 divide the opposite face of the octahedron margin. Polarization functions were added to the chlorine center
into three approximately equivalent wedges, along one of which to attempt to rectify this problem, but that resulted in only slight
the Nb—Coa bond lies. Steric repulsions between“Fpand the improvements. Nevertheless, trends within the series 6fNlb
alkyl chain are minimized when the largest substituent on the bonds are well-reproduced, with the longest lying trans to the
o carbon (CH in this case) is aligned along the wedge and, alkyne. Moreover, similar errors in NBCI and Nb-N bond
therefore, away from the pendant methyl groups. This steric lengths emerge for all of the species described in this work,
locking of the ethyl group forces one of thehydrogens to lie  and so it is likely that the systematic shift in these bond lengths

approximately along the bisector of the -@Mb—Cao bond, do not invalidate our conclusions relating to the agostic
giving the experimentally observed-agostic structure. A equilibrium.
rotation of ~120° about the Nb-Ca bond, giving af-agostic Two distinct minimums were located on the potential energy

structure, would place the alkyl chain in closer proximity to surface of TH¢2NbCI[CH(CHs),](HC=CMe), one correspond-
TpVe2, thereby increasing unfavorable steric interactions with ing to the crystallographically characterizgeagostic isomer
the pendant methyl groups. Thus, the obsereedgostic 2 and the other to an-agostic isomer (Figure 6), which has
structure reflects the fact that the steric factors (favorit)g been characterized spectroscopicallpasThe structure of the
dominate the electronic preference fg#-agostic structure. This  a-agostic isomer is very similar to that reported above for the
hypothesis was further tested by optimizing the structure of the ethyl analogue (Figure 5). The additional methyl group on the
closely related system, $p"eNbCI(CH,CHz)(HC=CMe) [Tp>Me alkyl chain lies to one side of the alkyl chain, and in order to
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Scheme 7

B-agostic

minimize steric repulsions with the Tg? ligand, the Nb-Co—
Cp angle opens out to 119.1This, in turn, causes the Nb
Co—Hal angle to become more acute, reducing the-Nb

o-agostic
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% CH;
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B-agostic

5AR-CS, both o-CH and -methylene agostic isomers are
observed. The three putative rotamers of each of the two
diastereomers are summarized in Schemes 3 and bR

distance to 2.44 A (cf. 2.53 A in the ethyl analogue). The AS (Scheme 3), the most stable conformation has the ethyl group

comparison of thg-agostic isopropyl structure (Figure 6) with

along the wedge, and the smaller methyl and hydrogen substit-

its ethyl analogue (Figure 5) is less straightforward, because inuents occupy the more hindered positions on either side of the

the latter, the pendant methyl groups of thé"3jligand are

alkyl chain. Thea-agostic isomer, which is observed in the

absent. Nevertheless, it is clear that the structures are agairisopropyl analogue, is destabilized by the strong steric inter-

remarkably similar, which is consistent with the fact that the
additional nonagostic methyl substituent on thearbon lies

in the least sterically demanding site, along the wedge, and
consequently, has minimal influence on the remainder of the
molecule. The3-agostic isomer is calculated to be more stable
than itsa-agostic counterpart by 9.3 kJ méd) in accord with

the experimentally observed excess of fhagostic isomer.
Comparison with the experimentAH° of —7.4 kJ mof? (for

2) to —9.7 kJ mot? (for 4) is excellent. The relative stability

of the two rotamers depends on both the inherent stability of

actions that would result from placing the bulky ethyl substituent
in the proximity of the pendant T§2 methyl groups. The third
rotamer can be discounted, because it places the hydrogen group
in the least hindered position. In summary5@R-AS, placing

the largest substituent (ethyl) along the wedge results in the
favored-agostic interaction. The observed structure is, there-
fore, favored on both electronic and steric grounds, and so only
one rotamer is observed. The situation is more compl®AiR-

CS (Scheme 4) because steric locking of the ethyl group along
the wedge forces a less electronically favorablegostic

the a- and f-agostic bonds and also the steric constraints jnteraction. The more favorabjgagostic interaction can only
enforced by the pendant methyl groups. The close nonbondedpe achieved at the expense of placing the ethyl group in a less

C---C contacts between the alkyl group and thé'®digand
summarized in Scheme 7 suggest that/k&gostic isomer is
the more sterically hindered of the two. The methyl group lies
only 3.45 A away from one of the pendant methyl groups, and
the opening of the CINb—Coa angle to accommodate the
agostic methyl group moves tlecarbon toward the opposite
methyl group, resulting in a &C separation of only 3.38 A.

In contrast, the shortest nonbonded--C distances in the
a-agostic system are over 3.6 A. In summary, steric factors favor
the o-agostic isomer, thus resulting in its presence in equilibrium
with the electronically more stabj@-agostic structure.

Discussion

The observation of two energetically cloge and-agostic
stabilized rotamers of a given alkyl group is unique. Given the
significance of both types of interactions in fundamental

sterically favorable position. IBAR-CS, therefore, steric and
electronic factors are opposed, and as a result, two rotamers
are observed. Such marked differences have never been noted
in seemingly simple organometallic systems. Clearly, they
govern the interactions between alkyl groups and transition
metals prior to any bond forming or bond cleavage processes
and, thus, insert nicely into dynamic schemes of transition
metal-alkyl complexes.

A closer inspection of the thermodynamic parameters (Table
2) of the equilibria confirms thgt-agostic rotamers are preferred
on enthalpic grounds. For a given alkyne (phenylpropyne), the
more electron-withdrawing ™§24C'in 3, as compared with
TpVe2in 2, shifts the equilibrium further toward thg&agostic
rotamer andAH? increases by 2 kJ mol. Complex4, which
has 2-butyne instead of phenylpropyne, also shows a larger
preference for theS-agostic rotamer. The reason for this

organometallic processes, it is important to delineate the factorsbehavior is not apparent; however, for a given alkyne and Tp

that influence this equilibrium. First of all, both experimental
and computational results substantiate the fact fhagostic
interactions are electronically preferred, whereasgostic
interactions are sterically driven. Going one step further, we

note that there is no evidence, either experimental or theoretical,

set, placing an ethyl group (agostic methylene) instead of a
methyl group in thgg-agostic position has a dramatic influence.
The -agostic interaction becomes much weakebAR-CS
than it is in4, as was discussed on the basis of the structural
parameters, and accordingbyH® is higher for4 (—9.7 kJ

for the third rotamer shown in Scheme 2, which also correspondsmol™) than it is for5AR-CS (—3.7 kJ mot?). The difference

to a f-agostic structure in the case of the isopropyl complex.
This conformation would place the smallest substituent on the
o carbon (i.e., H) in the least sterically hindered position, along
the wedge, while forcing the two methyl groups to occupy the
crowded positions to either side of the alkyl chain.

The case of the two diastereomers5ois highly revealing.
5CR-AS shows a singl@g-methyl agostic rotamer, whereas for

between the two equilibria also has some of its origin in entropy
factors that favora-agostic isomers because they are less
vibrationally constrained arrangementsoiragostic structures.
When going from4 to 5AR-CS, the smaller difference inS
accompanies the decreaseAR°.

Although our work reports the first and unique experimental
observation of botl- andS-agostic rotamers of a single alkyl
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group, there have been attempts to quantify their relative in-depth interpretation of these effects points to the crucial role

stabilities in other systems3-agostic isomers have been

played by vibrational modes other than simply stretching modes,

computed (relativistic DFT level) to be more stable than and rotational motions involving either H or D at both enthalpic

o-agostic ones in group & ethyl complexes CpM(PHi(CH,-
CHy)(CH.CHz)* by 55 (M = Co), 34 (M= Rh) and 18.4 (M
= Ir) kJ mol 14! A similar trend for & early transition metal
has resulted from calculations for gi(CH.CH,CH3)* in a
study of ethylene insertion into theFCH;z bond of CpTiCH3™.
At the MP2 level, thex-agosticn-propyl isomer was found to
be less stable than thg&agostic one by 56 kJ mol.*2 In a
parallel investigation at the DFT level, theagosticn-butyl
isomer of CpZr(CH,CH,CH,CH3)™ was found to be 46.8 kJ
mol~1 higher than thg8-agostic isomer. Interestingly, the energy
difference shrinks to a maximum of 4.9 kJ mbin ethylene
adducts CpZr(ChCH,)(CH,CHz)™,*® and thea-agostic complex
is just 9 kJ mot! below the transition state for-@C bond
formation.

and entropic level8354 As described in the results section, the
interpretation of the EIE for2 has been reduced to the
comparison between one free or terminati{D) bond (in2a)

and one agostic (i8#) C—H(D) bond, and this simplification
might be too crude. For example the rehybridization of the alkyl
group from spto s that accompanies thagostic interaction

is not taken into account. Thus, other isotope-sensitive modes
add to the higher-energy-€H(D)-stretching vibration, and their
contribution might be important in the case of this secondary
EIE. The fact that D is smaller than H might also play a role in
these congested molecules. Thus, we are reluctant to propose a
definitive explanation for the apparent discrepancies between
thermodynamic parameters of the EIE ®oiClearly, more work

is needed to develop a full understanding of isotope effects for

We observe a normal thermodynamic (or equilibrium) isotope a4ostic compounds.

effect (EIE) (at 193 KKu/Kp = 1.29 for the formation of the
pB-agostic species) favoring the formation2i over 2 upon
deuteration of thg-position, as far as as equilibrium constant
K or Gibbs free energyAG®, are concerned. This trend is
expected on the basis of zero-point energy (iAd°) differ-

ences, as a result of which the heavier deuterium prefers the

stronger terminal bond, as compared to the lighter hydrédén.
However consideration oAH° and AS® values yields the
somewhat surprising result that the EIE is “normal” only for
entropic reasons\Sy — ASp = 7 &+ 3 J K mol™1), whereas
counter-intuitively, it is “inverse” AH°%y — AH°, = 0.9+ 0.5

kJ mo
the common analysis concentrates on theH{D) bond, thereby
neglecting the M-H(D) conterpart. The whole MH + C—H

Barriers to rotation about metatarbon bonds are usually
considered as low. A recent study of the fluxional behavior of
n*-allyl derivatives of highly crowded mesamsascandocenes
indicates that the barrier to the rotation about the-Sdond
of an »!-allyl intermediate is much smaller than the smallest
73yt interconversion barrier of-45 kJ mof.55 When such
restricted rotations have been observed, barriers have not been
systematically measured. This is somewhat surprising, because
as stated in the Introduction, this is an essential event that is
needed to properly describe the dynamics of alkyl groups that

F1) on enthalpic grounds. It should be noted here that &€ bound to transition metal centers. High barriers to rotation

about the Nb-C bonds, of the order of 60 kJ md| are
observed for the secondary alkyl complexes reported herein.

bonding has to be taken into account, and it is, indeed, strongerEnthalpies of activation are similar for bothand SAR-CS.
in the coordinated (agostic) mode. The thermodynamic, zero- The quite high entropy of activation for such a process obtained
point energy preference for the inherently stronger bonding N both cases points to a transition state in which the agostic
deuterium atom to occupy the more strongly bound position interaction is released. The difference betwaesi values for

will preferentially place this in the agostic site. An inverse EIE
(Ku/Kp = 0.59) for the relief of the3-agostic interaction, that
is, normal Ku/Kp = 1.69) for the formation of thg-agostic
interaction, has been observed in the related\{€&)Co(CH,-
CHp-u-H)P(OMe)]™ system’ The equilibrium favoring an

2 and for5AR-CS is certainly not significant within experi-
mental errors. These dissociative processes thus allow an upper
limit for the strength of these agostic interactions to be assessed
by the measure oAH* (~60 kJ mot1). A 40 kJ mof? barrier

to rotation about the PdC bond in thefS-agostic isopropyl

agostic ethyl group as opposed to a terminal structure, is shiftedcomplex{ (ArN=C(R)-C(Ry=NAr)Pd[CH(CHu-H)CHz]} * has
toward the terminal structure upon full deuteration of the ethyl been reporteé This barrier is of the same order of magnitude
protons. However, the temperature dependence of this EIE hasas that for the in-place rotation exchanging the agostic hydro-
not been studied. Relief of agostic interaction leads to similar gens. Other transition-state parameters were not reported. In the
inverse EIE in other systems, although the nonagostic speciesproposed unsaturated intermediateifCHMe,), which al-

is not observed®>46 A survey of the recent literature in this field

lows scrambling of hydrogens in @gbH(C,H3CHzg), an upper

reveals that the interpretation of EIEs in organometallic systems estimate of the barrier to rotation of 24 kJ mblhas been

is by no means straigthforward. Inverse EIEs (kgy/Kp < 1)
have been taken as evidence for alkaneomplex formation
prior to alkane loss in reductive elimination of alkane from alkyl
hydride complexe3?’ Inverse EIEs have been observed for
alkane coordination prior to oxidative addition to give the alkyl
hydride complexe&4° with one recent exceptio. Counter-

obtained® A “high” barrier to Re-C or W—C bond rotation

in the presumeg-agostic intermediatesCpRe(CO)[CH3CH-
(CHz-u-H)]} t/CpW[CH3CH(CH,-u-H)]} * has been inferred
from the failure to observe “fast” deuterium/proton incorporation
in the methyl groups of CpRe(C@EH:CH=CH,)*9/CpW(CDs-
CD=CD,),! respectively, upon protonation by gEFO,H/D.

intuitively, inverse EIEs have also been observed for the binding However, none of these experimental data allow a clear

of dihydroge®>2or ethylené&? to transition metal centers. The
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the strength of the agostic interactions in the barrier to rotation the flask for~10 min by removing the septum under static vacuum.
of the alkyl groups. Dioxane (1 mL) then hexane (10 mL) were added, and the solution

Finally, we find that, although stable at room temperature, Was degassed several times. A white precipitate formed immediately.
secondary alkyl niobium complexes rearrange to lieagostic The slurry was filtered through a pad of Celite to give a clear orange

alkyl ones via a rate-determining reversipiaydrogen elimina- solution, which was evaporated to dryness. The residue was dissolved

. . 5 ol F . in a minimum amount of toluene~2 mL). Addition of hexane {6
tion (ksp3 = 2.7 10° s°%, ki/kp = 1.6). This can be compared mL) yielded orange crystals (8C, overnight) which were collected

with the rate of thes-hydrogen elimination in CpiSc(Ch- by filtration, washed with small amounts of pentane, and dried under
CHzMe) (kzes = 7.9 10°° s7%) and a kinetic isotope effect of  vacuum (0.430 g, 0.74 mmol, 74%). Anal. Calcd faidsNeCIBNb:

2.0 for Cp*%Sc(CHCH,Ph)8 Recently observed secondary alkyl C, 55.45; H, 6.38: N, 14.37. Found: C, 55.63; H, 6.53; N, 14.23. IR
zirconocene complexes, such asZEI[CH(CHsz)CH,Me], also (KBr): »(C—H) 2960-2860 cn1! (m, Tp"¢? and NbCHMe). *H NMR
rearrange to linear alkyl complexes £ZpCl(CH.CH,CH.Me) (400 MHz): at 303 K, major rotame¥ 7.2 (m, 3H,PhC=CMe), 6.89
over the course of several hours at 298°KCsHsSiMe,),ZrCl- (d, 2H,PhC=CMe), 5.97, 5.82, 5.63 (s, 1H each,"FCH), 3.48 (s,
[CH(CHy);] isomerizes to (GH3SiMe;)2ZrCI[CH,CH,CHs 3H, PhG=CMe), 2,66, 253, 252, 2.42, 1.52, 1.46 (s, 3H each,
above 283 K67 These rearrangements of secondary alkyls follow 1P"<M8), 1.15 (d, % = 6 Hz, 3H, CHMe;), 1.10 (d,%Jy = 7 Hz,

- - - - . 3H, CHMe,), 0.76 (br, 1H, GiMe,); minor rotamerd 7.93 (d, 2H,
a general trend ascribed to steric relief. Interestingipgostic 0-PHC=CMe), 7.56 (t, 2HM-PFC=CMe), 7.40 (t, 1Hp-PPC=CMe),

isopropyl cationic palladium complexe§(diimine)Pd[CH- 5.98, 5.95, 5.80 (s, 1H each, MBCH), 2.66, 2.57, 2.51, 2.41, 2.01,
(CHa)2]} ™ have recently been found to be more stabi® kJ 1.88 (s, 3, 3, 6, 3, 3H, Tf§2Me and PhG=CMe), 1.05 (br, part. overlap,
mol~?) than their linear3-agostic isomers [(diimine)Pd(GH 3H, CHVley), 1.02 (d,3Ju = 6.5 Hz, 3H, CHVie); rotamer ratio, 2.0;
CH,CHjz)]™.*° This trend was reversed upon addition of an at 193 K, because of overlaps, some signals were obscured or
olefin, the agostic interaction then being lost. An upper limit unassignable; major rotamer f@f, 6 5.92, 5.80, 5.65 (s, 1H each,
for the barrier to the isomerization was determined to be 44 kJ TpM®2CH), 3.08 (s, 3H, Ph&CMe), 2.61, 2.46, 2.42, 2.35, 1.44, 1.28
mol1. (s, 3H each, T*Me), 2.10 (m, 1H, GiMe,), 1.29 (part. overlap, 3H,

Summary. The results we describe herein can be summarized CHE":Z)' O'r?6 (dngHH :376;2’ 33'7_; %ﬁ:‘ggi\ﬂfor 3“555 Ez’g; ggé’ i-ig
by the energy diagram shown in Scheme 6. It is the first time (s, 1H each, TY )’2 62 (s, 3H, e, 2.55,2.37, 2. S
that d tic | f simil h b 1.30 (s, 3H each, Tf§°Me), 1.88 (obscured, 3H, OWe,), 0.68 (d,2Jun
at o- and f-agostic isomers of similar energy have been 7, ¢ Hz, 3H, CHe), —1.13 (m, 1H, GiMe,); 28/2a. = 4.00; minor

observed. The main reason fqr this behavior stems from the (gtamer for2B, ¢ 5.98, 5.90, 5.85 (s, 1H each, T3CH), 2.46, 2.41,
topology of Tp ligands. Hybrid QM/MM calculations and 1 89, 1.84, 1.26 (s, 3H each, M$Me and Ph&=CMe), 1.93 (m br,
experimental data have produced a detailed description of the1H, CHMe,), 1.21 (d,2Jun = 7 Hz, 3H, CHViey), 0.02 (d,33u = 7,
system at both qualitative and quantitative levels. Our results 3H, CHMey); for 2a, 6 5.95, 5.75 (s, 1H each, Tp?CH), 2.58, 2.56,
are particularly significant given the central role played by the 1.93, 1.87, 1.62 (s, 3H each, T$Me and PhG=CMe), 1.68 (d,*Jun
dynamics of alkyl groups in organometallic chemistry and = 4.5 Hz, 3H, CHVe), 0.65 (d,*Jun = 4.5 Hz, 3H, CHVe,), —1.05
catalysis. Finally, we call for further work aimed at probing (M br, 1H, GHMey); 25/2a. = 3.60; rotamer ratio, 2.0°C NMR (100

equilibrium isotope effects in related agostic systems. MHz, 1.93K): major rotamer fogf, 6 221.8, 203.9 (PG=CMe),
q P 9 y 151.7, 151.1, 148.3, 145.1, 143.6, 143.5{¥EMe), 107.6, 107.1,

106.2 (TP'e2CH), 72.0 (d, Ny = 142 Hz, NbGiMey), 20.7 (9, ey =
123 Hz, NbCHVey), 19.6 ECMe), 15.6, 15.0, 13.9, 13.1, 13.05, 13.0
All experiments were carried out under a dry dinitrogen atmosphere (TP**Me), 6.0 (g, "Jen = 123 Hz, NbCHVie;); HMQC correlates
using either Schlenck tube or glovebox techniques. THF and diethyl protons ad 1.29 and 0.06 with carbons a16.0 and 20.7, respectively;
ether were obtained after refluxing purple solutions of Na/benzophenonefor 2a, 8 244.2, 213.7 (PG=CMe), 151.2, 150.9, 144.4, 143.8
under dinitrogen. Toluene-hexane, pentane, 1,4-dioxane and dichlo- (Tp"**CMe), 126.4 (br d,Jon = 100+ 5 Hz, NbGHMe), 107.4, 107.2

romethane were dried by refluxing over Gatdnder dinitrogen. (TpMe2CH), 33.1, 28.1 (q eachJcn = 123 Hz, NbCHVey), 24.0 &
Deuterated NMR solvents were dried over molecular sieves, degassed°Me); HMQC correlates proton ai —1.13 with carbon at 126.4;
by freeze-pump-thaw cycles and stored under dinitrogen. Data are minor rotamer fo2f, 6 213.7, 210.1 (P@=CMe), 151.0, 150.7, 148.0,

Experimental Section

reported in dichloromethang- unless otherwise stateéH and 13C 145.1, 144.8, 143.9 (T{5°CMe), 107.5, 106.3 (TH2CH), 71.5 (d,"Jen
NMR spectra were obtained on Bruker AM 250, DPX 300, and AMX = 138 Hz, NiCHMey); for 2a, signals hardly assignable; the following
400 spectrometers. Only pertinéidty are quoted in thé3C spectra. are for2f (major rotamer) an@o. (minor rotamer): 15.5, 14.7, 14.6,

Because of the sometimes extreme complexity of the spectra, severall4.5, 14.3, 14.1, 13.5, 13.3, 12.7.
signals might not be observed. Elemental analyses were performed in  TpMe2NbCI[CH(CD 3);](PhC=CMe) (2-ds). IR (KBr): »(C—H)
the analytical service of our Laboratory. ™NbCL(PhG=CMe), 2960-2900 (m, Tp'*2 and NbCH(CR),), v(C—D) 2250-2120 (w,
Tp“e2NbClL(MeC=CMe) and Tp'2*NbClL,(PhG=CMe) were pre- NbCH(CDs),), 2059 (m, NbCH(CBR);) cm™. 'H NMR (400 MHz):
pared according to published procedw&8Grignard reagents (RMgClI TpVe2 and alkyne signals not significantly different from those 2or
in diethyl ether) were either purchased or synthesized via classical at 293 K, major rotaimernd 0.65 (br, 1H,CH(CDs).); rotamer ratio,
procedures. CH(CE.Cl was synthesized from acetodg-and then 2.0; at 193 K, major rotamer f&f-ds, 6 2.07 (br d, 1H,CH(CDs));
converted to [CH(CB)2]JMgCl in diethyl ether according to published  for 2a-ds, —1.17 (br d, 1H, G(CDs),); 26-ds/20-ds = 3.08; minor
procedured’>? rotamer for2f-ds, 6 1.93 (br m, 1H, Gi(CDs),); for 20.-ds, —1.08 (br,
TpMe2NbCI(CHMe ) (PhC=CMe) (2). The same procedure was 1H, CH(CDs),); rotamer ratio, 2°C NMR (100 MHz, 193K): major
used to prepare all of the secondary alkyl complexes. A solution of rotamer for2f-ds, 6 71.8 (d,"Jcn = 142 Hz, NICH(CD3)), 19.5 (br,
(CHMe&;)MgCl in diethyl ether (2.5 mL, 0.6 M, 1.5 mmol) was added ~ wi2 = 80 Hz, NoCH(CD3)), 5 (br, w12 = 80 Hz, NbCHCD3),); for
dropwise via syringe to a cooled-80 °C, ethanol/liquid nitrogen bath) 20-ds, 0 126.0 (d,"Jcy = 97 + 5 Hz, NICH(CD3)), 32.3 (br,wi, =
diethyl ether solution (50 mL) of T{$2NbCl,(PhG=CMe) (0.580 g, 80 Hz, NbCH(CD3),), 5 (br,w12 = 80 Hz, NbCHCD3),); minor rotamer
1.0 mmol). The color of the solution gradually changed from purple- for 26-ds, 6 71.3 (d,*Jcn = 142 Hz, NKCH(CDs)); unobserved for
red to orange as the temperature slowly rose taCO Stirring was 20.-0g.
maintained at this temperature forl h. Air was then admitted into TpMe2NbCI(CHMe ;)(MeC=CMe) (3). Anal. Calcd for GoHssNg-
CIBNb: C, 50.55; H, 6.70; N, 16.08. Found: C, 50.28; H, 6.45; N,

(57) Fernandez, F. J.; Gomez-Sal, P.; Manzanero, A.; Royo, P.; Jacobsen . _ 1 02
H.; Berke, H.Organonmetallicsl997, 16, 1553, 16.07. IR (KBr): »(C—H) 2960-2736 cn1* (m, Tp"e2and NbCHMe).

(58) Jaffart, J.; Nayral, C.; Choukroun, R.; Mathieu, R.; EtienneENt. 'H NMR (400 MHz): at 293 K,6 5.91, 5.90, 5.77 (s, 1H each,
J. Inorg. Chem1998 425428, TpVe2CH), 3.00, 1.85 (s, 3H eaclMeC=CMe), 2.58, 2.47, 2.36, 2.30,

(59) Condon, F. EJ. Am. Chem. Sod.95], 73, 4675. 1.88 (s, 3, 6, 3, 3, 3H each, Y¢Me), 1.91 (br, part. obscured, 1H,
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CHMe;), 1.04 (br d, 3H, Ci¥le;), 0.87 (br d, 3H, Cifle,); at 183 K,
for 38, 6 5.87, 5.84, 5.82 (s, 1H each, M$3CH), 2.68 (s, 3H=CMe),
2.50, 2.37, 2.35, 2.29, 2.23, 1.90 (s, 3H each\*fide), 1.93 (part.
obscured, 1H, BMey), 1.59 (s, 3H=CMe), 1.10 (d part. obscured,
3H, CHMe,), —0.05 (d,3J4y = 7 Hz, 3H, CHMe,); for 3a, & 5.91,
5.89, 5.70 (s, 1H each, P*CH), 3.16 (s, 3H,=CMe), 2.43, 2.39,
2.24,2.17,1.87,1.81, 1.78 (s, 3H easgfCMe and Tp'*2Me), 1.75 (d,
3\]HH = 4.3 Hz, 3H, Cl‘Mez), 0.57 (d,ZJHH = 4.3 Hz, 3H, Cl‘Meg),
—1.37 (m, 1H, GiMey); 3B/3a. = 16.*3C NMR (100 MHz, 193 K):
for 36, 6 218.5, 211.9 (ME=CMe), 151.0, 150.9, 147.8, 145.0, 143.8,
143.6 (TY*2CMe), 107.4, 107.0, 106.2 (T5°CH), 70.55 (d,*Jcn =
141 Hz, NIiCHMe,), 20.2 (g,"Jcn = 120 Hz, NbCHVe,), 20.4, 18.05,
15.6, 15.5, 13.7, 13.05, 13.0, 12.90 [FfMe and MeC=CMe), 5.61
(9, Xcn = 120 Hz, NbCHMe,); HMQC correlates protons at 1.10
and —0.05 with carbons ab 20.21 and 5.61, respectively; fQGo,
signals hardly assignable as a result of overlaps and low intensity;
HMQC correlates proton at —1.37 with carbon ad 123.5 (d,}Jcy =

96 + 10 Hz, NECHMe,).

TpMe2CINbCI(CHMe 2)(PhC=CMe) (4). '"H NMR (400 MHz, 203
K): major rotamer fodg, 6 7.15-7.29 (m. 5 HPhC=CMe), 3.16 (s,
3H, PhG=CMe), 2.68, 2.48, 2.40, 2.35, 1.51, 1.39 (s, 3H each,
TpVe2Me), 2.13 (m, 1H, GiMey), 1.33, 0.11 (br d, 3H, CMe); for
40, 0.75 (m, 3H, CH/e;), —1.05 (m, 1H, GiMey); 4f/40. = 16.00;
minor rotamer for4g, 6 7.80 (d, 2H,m-PhC=CMe), 7.55 (t, 2H,
0-PhC=CMe), 7.39 (t, 1Hp-PhC=CMe), 2.54, 2.47, 2.38, 2.35, 1.95
(s, 3H each, TP2Me), 1.91 (PhGCMe), 1.29 (br d, 3H, EiMey);
rotamer ratio, 2.1*3C NMR (100 MHz, 193K): major rotamer faig,

0 222.8, 203.7 (PG=CMe), 148.9, 148.1, 145.6, 141.9, 140.3, 143.5
(TpMe2CMe), 137.6 CipsoPh), 128.6, 127.8, 124.9 (T$3CCl), 110.2,
109.7, 109.0 (TP2CCl), 72.7 (d,YJen = 140 Hz, NbGEHMey), 21.1 (q,
Jcn = 123 Hz, NbCHMe,), 19.9 ECMe), 20.8, 13.9, 13.7, 12.3, 11.1,
11.0 (Tp"*2Me), 5.6 (q,"Jcn = 123 Hz, NbCHMe,); HMQC correlates
protons av 1.33 and 0.11 with carbons at5.6 and 21.1, respectively;
for 4a, the only assignable signal at129.9 correlates (HMQC) with
the proton signal ab —1.05; minor rotamep 213.8, 209.9 (PG=
CMe), 148.0, 147.7, 145.0, 140.6, 140.2, 137.3%@GMe), 110.1,
109.8, 109.1 (TWeCCl), 72.1 (d,*Jcn = 140 Hz, NbGiMey), 20.7,
20.6, 14.1, 13.8, 12.9, 11.0, 10.8 (q eathy = 123 Hz, NbCHe)
6.31 (g,%cn = 123 Hz, NbCHVe,).

Tp“e2NbCI[CH(Me)(CH ,Me)](MeC=CMe) (5CR-AS and 5AR-
CS). Following the general procedure, a 2:1 mixture5@R-AS and
5AR-CS was obtained in the form of orange crystals. Anal. Calcd for
CosHs/N6BCINDb: C, 51.47; H, 6.95; N, 15.67. Found: C, 51.41; H,
6.69; N, 15.54. FOBCR-AS: following the general procedure described
above, reaction between TENbCl,(MeC=CMe) (0.250 g, 0.485
mmol) andsecBuMgCI (1.0 mL d a 2 M solution, 2.0 mmol) yielded
a 10:1 mixture o6CR-AS and5AR-CS, respectively, as ascertained
by '"H NMR of the crude reaction mixture. Recrystallization from
toluene/pentane afforded orange crystal6R-AS (0.190 g, 0.35
mmol, 72%).*H NMR (300 MHz): at 293 K,6 5.93, 5.90, 5.81 (s,
1H each, TH¥*2CH), 2.92, 1.96 (s, 3H eaclleC=CMe), 2.60, 2.49,
2.48, 2.38, 2.33, 1.82 (s, 3H each,"FfMe), 1.21 (d,3Juy = 7 Hz,
3H, CHMe), 0.60 (br d, 3H, CkMe), 0.30 (br d, 1H, GIMe), CH,Me
not observed; at 193 K} 5.92, 5.86, 5.84 (s, 1H each, "§CH), 2.73,
1.94 (s, 3H each, Ke), 2.53, 2.42, 2.40, 2.33, 2.27, 1.65 (s, 3H each,
TpVe2Me), 1.86 (m, 1H, GMe), 1.16 (d,3Jun = 7 Hz, 3H, CHVie),
0.46 (t,3Jun = 7 Hz, 3H, CHMe), —0.26 (m, 2H,CH,Me). 13C NMR
(75 MHz, 193 K):6 217.8, 211.5 (ME€=CMe), 151.0, 150.9, 147.8,
144.9, 143.8, 143.5 (T{52CMe), 107.4, 107.2, 106.2 (T19?CH), 79.4
(d, }Jen = 144+ 5 Hz, NoiCHMe), 28.5 (t,)Jcy = 122+ 5 Hz, CHo-
Me), 18.3 (q,"Jcy = 123 £ 5 Hz, CHMe), 20.3, 18.0, 15.6, 15.5,
13.8, 13.0, 12.8 (T{¥°Me), 4.1 (4, Jcn = 123 + 5 Hz, NbCHMVe);
HMQC correlates protons at1.16 and 0.46 with carbons a#.1 and
18.3, respectively5AR-CS. Following the general procedure, reaction
between TH¥2NbClL(MeC=CMe) (0.840 g, 1.6 mmol) andec
BuMgCl (1.4 mL of a 1.5 M solution, 2.1 mmol) yielded a first crop
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5AR-CS were then collected (0.145 g, 0.27 mmol, 17%). NMR
(400 MHz): at 293 Ko 5.94, 5.93, 5.74 (s, 1H each, M$CH), 3.15,
1.82 (s, 3H eachHyleC=CMe), 2.60, 2.49, 2.35, 2.29, 1.92 (s, 3H each,
1:2:1:1:1, TH*2Me), 1.65 (m, IHHCHMe), 0.83 (t, 3H, CkMe), 0.75
(m, 1H, HGHMe), 0.65 (m, 1H,HCNDb); at 193 K, for5AR-CSf3, o
5.95, 5.88, 5.76 (s, 1H each, {3CH), 2.93, 1.73 (s, 3H eachMeC=
CMe), 2.52, 2.44, 2.39, 2.29, 2.20, 1.79 (s, 3H each/<ide), 1.47
(brd, 1H, HGHMe), 1.30 (br d, 1H, EMe), 1.19 (br d, 3H, CkMe),
0.86 (m, 1H, H&Me), 0.05 (d, 3H, NbCMe); for 5AR-CSa, 6 5.91,
5.81, 5.71 (s, 1H each, Tf*CH), 3.19, 1.89 (s, 3H eacMeC=CMe),
2.53, 2.44, 2.39, 2.35, 2.29 (s, 3H eachM¥#Me), 1.84 (br d, 3H,
CHMe), 1.15 (br d, 1H, HEIMe), 0.36 (br d, 3H, CkMe), 0.20 (m,
1H, HCHMe), —1.14 (br d, 1H, NbE&IMe). °C NMR (100 MHz, 193
K): for 5AR-CSf, 6 217.6, 215.5 (ME=CMe), 150.9, 150.4, 147.7,
144.8, 143.7 (TP2CMe), 107.4, 106.9, 106.1 (T82CH), 82.1 (d,2JcH
= 132 Hz, NICHMe), 19.0 (9,"Jch = 123+ 5 Hz, NbCHVIe), 16.1
(9, YUen = 123+ 5 Hz, CHMe), 14.4 (CHMe), 21.4, 20.6, 15.6, 15.1,
14.2, 13.0, 13.0 (Tf¥*Me); HMQC correlates protons at 1.19 and
0.05 with carbons ad 16.1 and 19.0, respectively; f&AR-CSo:
241.3, 223.9 (Me&CMe), 151.1, 151.0, 150.3, 144.6, 144.3, 144.1
(TpMe2CMe), 126.0 (d,"Jcn = 92 Hz, NBKCHMe), 32.9 (t br,XJcy =
130 + 5 Hz, CHzMe), 27.1 (NbCH/e), 21.4, 15.2, 14.6, 13.8, 13.2,
12.9, 12.6 (TH*aMe and CHMe); HMQC correlates proton @t —1.14
with carbon atd 126.0.

TpMe2CINbCI(CH ,CH,Me)(PhC=CMe) (7). Anal. Calcd for G/Hzs+
NeClsBNb: C, 47.13; H, 4.98: N, 12.21. Found: C, 47.90; H, 4.71;
N, 11.87.1H NMR (250 MHz, 297 K, benzends): major rotamerd
6.9-6.85 (m, 5 HPhC=CMe), 3.60 (m, 1H, HEICH,Me), 3.56 (s,
3H, PhG=CMe), 2.75, 2.06, 1.97, 1.93, 1.87, 1.57 (s, 3H each,
Tp“e2CMe), 1.40 (br m, 1H, CHCH,Me), 0.72 (t,J = 7 Hz, 3H,
CH:Me), 0.60 (br m, 1H, CHCH.Me), 0.40 (m, 1HHCHCH,Me);
minor rotamerd 8.10 (d, 2H,0-PhC=CMe), 7.40 (t, 2H,m-Ph-
C=CMe), 7.25 (t, IHp-PhG=CMe), 3.60 (m, 1H, HEICH,Me), 2.82,
2.32, 2.07, 2.03, 1.89, 1.79 (s, 3H each, Bi@/e and Tp'*Me),
0.58 (s, 3H, CHCH;Me); rotamer ratio, 3.03C NMR (62.9 MHz,
297 K): major rotameo 250.4, 217.0 (PG=CMe), 150.3, 149.75,
147.5, 141.6, 141.2, 141.05 (T$CMe), 138.5 (psoCPh), 131.9,
129.75, 129.5Rh), 111.0, 110.6, 110.4 (T5°CCl), 97.8 (dd,"Jcy =
125, 102 Hz, KHCH,Me), 27.5 (CHCH,Me), 23.2 (Ph&CMe), 20.0,
13.3, 13.1, 12.3, 11.1, 10.8, 10.6 (fgMe and CHCH,Me); minor
rotamerd 236.4, 228.7 (PG=CMe), 149.6, 149.2, 146.3, 141.3, 140.9
(Tp“e2CMe), 137.8 {psoCPh), 129.9, 129.75, 129.8(), 110.8, 110.5,
110.3 (Tp*2CCl), 100.45 (dd}Jcy = 130, 108 Hz, EHCH,Me), 23.0,
19.7,13.4,13.3,12.1, 10.9, 10.5 (FiVle, CH,CH,Me and HCHCH.-
Me).

TpMe2NbCI(CH ,CH,CH;Me)(MeC=CMe) (8). Anal. Calcd for
C23H37NeBCINDb: C, 51.47; H, 6.95: N, 15.67. Found: C, 50.61; H,
6.74; N, 15.12!H NMR (300 MHz, benzenek, 300 K): 6 5.78, 5.71,
5.57 (s, 1H each, T{§2CH), 3.40, 2.34 (s, 3H eaciMeC=CMe), 3.68
(dt, 1H,J =12, 3.4 Hz, HBHHCH,CH:Me), 2.80, 2.24, 2.15, 2.11, 2.10,
1.83 (s, 3H each, T™§Me), 1.60 (m, 1H, CHCH,CH,Me), 1.30 (app
sextet, 2HJ = 7 Hz, CHCH,CH;Me), 0.83 (t, 3H,J = 7 Hz, CH-
CH,;CH:Me), 0.75 (m, 1H, CHCH,CH,Me), 0.43 (dt, 1HJ = 12, 3.4
Hz, 1H, HGHCH,CH;Me). *3C NMR (75 MHz, benzenek, 300 K) &
245.7, 224.75 (ME=CMe), 153.0, 152.3, 149.1, 144.1, 144.0, 143.8
(TpMe2CMe), 108.2, 107.7, 107.5 (Tf§°CH), 91.7 (br dd Ny = 125,
110 Hz, HCHCH;,EY), 35.7, 28.9 (CHCH,CH;Me), 22.8, 21.1eC=
CMe), 15.6, 15.3, 14.25, 14.2, 13.1, 13.0, 12.6 (¥e and CH-
CH,CH:Me).

Interconvertion of 2o and 26 by Spin Saturation Transfer (SST).

H NMR (400 MHz) SST experiments at different temperatures were
obtained according to established proced&te¥.In a typical experi-
ment, ~20 mg of 2 in 0.5 mL of dichloromethane. (dinitrogen
atmosphere, septum-sealed NMR tube) was equilibrated (at least 20
min at each temperature) in the cooled NMR probe below the
coalescence temperature of the phenylpropyne methyl singlega of

of crystals from toluene/pentane. The supernatant was collected byand2f. At a given temperature (203 K), the of these protons was

filtration and pumped to dryness. The residue was dissolved in a
minimum amount of toluene~{<1 mL), and pentane~10 mL) was

first determined by the classical inversierecovery method. Saturation
of the 26 signal ¢ 3.08) was followed by the observation (9fulse;

added to induce crystallization. The supernatant was collected, and the8 scans; acquisition time, 2.720 s; 32 K data points) of the corresponding
whole procedure was repeated twice. Crystals of diastereomerically purealkyne signal for2a (6 3.60). The intensity decrease of the latter was
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monitored against a reference spectrum recorded under identicalmost arguable aspect of this QM/MM partition, the modeling of the

conditions but with an off resonance (centeredda#.12 in this
experiment). The rate constaki-,. for the 28 — 2o process was
obtained from the expressidy—q. = (1/T12)[M2o(0)/Mag(e0) — 1]
whereMz,(0) and Mz, () are the equilibrium magnetizations (signal
intensities) of the alkyne methyl signal @é. In a single experiment
at 203 K, values of 0.814 s, 5.00 s, 4.25 and 1.08Tgg, saturation
time, My (0) and My, (), respectively, gavek,—s 3.61 st

electronic effects of the T{§2 ligand by (NH=CH,)s*, has been shown

to produce satisfactory results in previous studi€$The QM part of

the calculations used the Becke3LYP density functional. A pseudo-
potential was used for the internal electrons of niobfiamd a valence
double¢ basis set was used for all atofis!® with the addition of a
polarization d shell on CI? The MM part of the calculations on the
full system used the mm3(92) force fieltvan der Waals parameters

Experimental data obtained from several experiments are gathered infor the niobium atom were taken from the UFF force fi€ldand

the Supporting Information.

Thermal Rearrangement of 2 and 2és. The kinetic data at 323 K
were obtained by monitoring'f NMR, 250 MHz, tolueneds) the
disappearance of the alkyne methyl signad & 8. The disappearance
of 2 (or 2-ds) was quantified by integration against the wholé"¥jgH
resonances betweeh ~6.1 and 5.1;~15 mg of 2 (or 2-ds) was
dissolved under dinitrogen in toluemig{0.5 mL, [2] ~ 4 x 102 M)
in a 5-mm NMR tube that was sealed with a septum and ParaFilm.
The tube was introduced into the preheated probe of the NMR
spectrometer. After 15 min of thermal equilibration, an automatic
acquisition program was used to collect the spectra every 30 min (32
scans; acquisition time, 3.064 s; 16 K data points; repetition delay, 2.0
s). The reaction was monitored for approximately three half-lives, but
the kinetics were well-behaved for approximately two half-lives. The
results of a typical first-order treatment are provided in the Supporting
Information.

Crystallographic Studies.Single crystals o2, 5AR-CS and5CR-

torsional contributions involving dihedral angles with the metal atom
in a terminal position were set to zero.

Parameters missing in the standard mm3(92) force field, such as
several of those involving boron, were taken from the force field
implementation in the Chem3D pack&ger were estimated from the
values for similar atoms. The mm3(92) default value for the van der
Waals radius of chlorine was replaced by a more appropiate value for
inorganic specie& All geometrical parameters were optimized except
the bond distances involved in the QM/MM interface. The frozen QM
values were 1.10 A for €H and 1.00 A for N-H; the frozen MM
values were 1.5247 A for C(ring)C(alkyl), 1.387 A for C(ring)
C(ring), and 1.378 A for N-N.
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AS were obtained from toluene/pentane or hexane solutions. A summary Fellowship.

of experimental and refinement data is presented in the Supporting
Information. The data collectionT(= 160 K) was performed on an
STOE IPDS diffractometer using graphite monochromatized MoK
radiation. The structures were solved by direct methods using 81R92

Note Added in Proof: During the time this article was being
printed, a related equilibrium between andj-agostic rotamers
in a TaCHCH;z group has been describéd.

and subsequent difference Fourier maps. Absorption corrections were

applied for 5CR-AS. The refinement was carried out using the
CRYSTALS packagé! All atoms except hydrogens were anisotropi-
cally refined. Several hydrogen atoms were observed in difference
Fourier maps. For the three structures, ontyHB a-, ands-hydrogens,
where appropriate, were considered and subsequently refined using a
isotropic equivalent thermal parameter. B#R-CS, only the nona-
gostic methylene hydrogen of tlsecbutyl group was located. Other
hydrogen atoms were included in the calculations in idealized positions
(C—H = 0.96 A) using an isotropic thermal parametersi.that of

Supporting Information Available: Tables providing full
structural details and fractional atomic coordinates, anisotropic
thermal parameters, and bond lengths and angles for compounds
2, 5CR-AS and5AR-CS. Tables ofT; and rate constantg,—s

Yfor 2 and5AR-CS as a function of temperature as determined

by SST experiments, and accompanying plots & &nd
In(k/T) vs 1IT. Plots of InK vs 1/T for 2 and2-de. A first-order
kinetic plot for the rearrangement 2f This material is available

the carbon atom to which they were attached. Full matrix least-squaresfree of charge via the Internet at http://pubs.acs.org.

refinements were carried out by minimizing the functipw(lIF,| —
lIF[)?, whereF, andF. are the observed and calculated structure factors.
Weighting schemes were subsequently introduced, with w' [| —
(AF/60(F))?)2.52 Models reached convergence with= ¥ (IIFo| — IIF¢|)/
YIFol, Ry = [SW(IFo| — lIFc))/yw(|Fo|)3*2 being 0.0289 and 0.0281
(2412 reflections with > 20(l), 342 parameters) fo2; 0.0280 and
0.0288 (3750 reflections with> o(l), 309 parameters) fCR-AS;

and 0.0513 and 0.0429 (3486 reflections with 30(1), 307 parameters)
for 5AR-CS. Plots of molecular structures were performed by using
the software CAMERON?

Computational Details. Calculations were performed using the
hybrid quantum mechanics/molecular mechanics (QM/MM) method
IMOMM. 3" The program used was built from modified versions of
two standard programs, Gaussian92fdénd mm3(92§° The QM
region was defined by [Nb(NHCH,)3(CI)(CH(CHs),)(HC=CH)]*. The
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