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Abstract: Addition of BF3-OEt; to ethereal solutions of the Ni(ll) s-diketiminates [Me,NN]Ni(R)(2,4-lutidine)
(R =Et (1), Pr (2)) allows the isolation of the neutral 5-H agostic monoalkyls [Me,NN]Ni(R) (R = Et (3), Pr
(4)). X-ray studies of primary alkyls 3 and 4a reveal acute Ni—C,—Cg angles with short Ni—Cj; distances,
indicating structures along the -H elimination pathway. Positional disorder of the alkyl group in the X-ray
structure of 4 corresponds to partial (22%) occupancy by the secondary alkyl [MeNN]Ni(CHMe,) (4b).
Variable-temperature NMR spectra of 3 and 4 reveal fluxional behavior that result from S-H elimination,
in-plane rotation of the 3-CHs; group, and a tetrahedral triplet structure for 3 that were investigated by density
functional theory calculations at the Becke3LYP/6-31G* level of theory without simplifications on the
p-diketiminate ancillary ligand. Calculations support low temperature NMR studies that identify the linear
pB-H agostic propyl isomer 4a as the ground state with the branched -H agostic isomer 4b slightly higher
in energy. NMR studies and calculations show that the 3-agostic 3 reluctantly coordinates ethene and that
3 is the ground state for this ethylene oligomerization catalyst. The thermodynamic isotope effect Ku/Kp =
1.3(2) measured for the loss of 2,4-lutidine from 1 to form -agostic 3 was also examined by DFT calculations.

Introduction ing the phosphine in SHOP-like catalysts with more weakly

Later transition-metal catalysts for ethylene oligomerization co0rdinating neutral ligands led to similarly heteroatom-tolerant
and polymerization have attracted a great deal of attention catalysts capable of producing linear, high molecular weight
because of their lower electrophilicity and resulting greater POlyethylene. o
heteroatom tolerance as compared to that of early metal Seminalwork by Brookhart has shown that cationic monoalkyl
systems: 5 An early example is the Shell higher olefin process complexes of nickel and palladium supported by diimine ligands
(SHOP$-8 developed by Keim et al., which employs mono- bearing bulkyN-aryl substituents can lead to very activelefin
anionic OP ligands in [PBPC(R=C(R)OJNi(Ph)L (L = polymerization system&-27 Both_ the polymerization acti\{ity
phosphine) complexes that catalyze the formation of linear @S Well as the degree of branching can be tuned by varying the

a-olefins (G—Cyo) from ethylene in 1,4-butanedi®Later work bulk of the N-aryl substituents as well as the monomer
by Ostoja-StarzewsK 13 and Klabund&!5showed that replac- concentratiot®19.21.2228\/hjle associative chain transfer leading
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to low molecular weight polymers is significantly attenuated Scheme 1. Reversible Loss of Lutidine from 1

by bulky N-aryl substituents, facilg-H elimination/reinsertion A Ku/Kp = 1.3(2 O
leads to branched polymers and competes with ethylene insertion W H2 = @ W v 24t
into the M—C bond by “chain-walking”. é/ i \ﬁ é/ i \ﬁ
Spectroscopi§20:23-26.29gnd computation&l—3* studies have /CHZ/ a "’CHZ{ WH N
shown that the resting state of the cationic Ni- and Pd-based N “CH,
diimine monoalkyl catalysts is either an alkydlefin complex CHs
1 or1-ds 3 or 3-ds

or af-H agostic species, but that these are in equilibrium with
one another. In the polymerization of ethylene, Brookhart has
shown that the resting state is an atkgthylene complex while
in the case of the more sterically demanding propylene
monomer, a pseudo three-coordingieagostic structure is
favored?® The dominance of #-H agostic resting state with
a-olefins requires that chain growth becomes first-order in
olefin, resulting in significantly lower TOFs than those observed ' . - )
with ethylene. AB-H agostic resting state can also lead to a OUr successful efforts at isolating the lutidine-free spe8iasd
significant inverse isotope effect in the ethylene polymerization 4 their structural and spectroscopic characterization, as well as
because of a smaller zero-point energy difference in the groundnigh-level density functional theory calculations that provide
state. This was proposed on the basis of labeling studies in al"Sight into their structure and reactivity.
cationic Co(lll) systemky/ko = 0.48f* and could be confirmed  Resyits and Discussion
by DFT calculations® ) o

While a great deal of structural and solution dynamic 10 further probe thes-agostic nature of lutidine-fre, we
information has been collected for cationic diimine systems, Prepared [MeNN]Ni(CD2CD3)(2,4-Iutidine) (-ds) employing
corresponding neutral Nimonoalkyls have been much less _CD3CD2MgI,wh|ch allowed us to determlne_ the thermodynamic
studied, despite the development of several productive catalystiSCtope effectKy/Kp = 1.3(2) at 25°C in tolueneds by
systems with monoanionic @ and NAN donors3—45 We comparing lutidine dissociation frothand1-ds (Scheme 1). A
recently reported the synthesis of four-coordinate niekel ~Similar value Ku/Kp = 1.7) has previously been reported for

cationic 5-H agostic alkyl complexes have been structurally
characterized, such as Spencer’s [(BCH,CH,PBU,)Ni(CH2-
CHg)]" and [Cp*Co(P¢-tolyl)3)(CH,CHz)] ™,47*8 structural ex-
amples of such neutral complexes are limited to early metal
systems such as TigHt(dmpe}®>0 and [BNy]Ta(CH.CH,)Et
([P2N2] = PhP(CHSIMe:NSiMe;CH,),PPh)>1 Herein we report

monoalkyl complexes [M&IN]Ni(R)(2,4-lutidine) (R= Me, the equilibrium between the cgtionic cobalt.(lll) a]kyl [Cp*Co-
Et (1), Pr (2)) supported by thg-diketiminate ligand [MeNN]~ (P(OI\_/Ig)g(CHZC!-Ig)(2-f|uoropyr|d|ne)T_that d|ssomates_2-fluo-
derived from 2,4-bis(2,6-dimethylphenylimido)pentdf&ari- ropyridine to give the spectroscopically characterized

able temperaturéH NMR spectra of these square-planar 290stic [Cp*Co(P(OMe)(CH,CHy)]*.% Such thermodynamic
monoalkyls in toluenals indicated that the 2,4-lutidine base 1SOtope effects are expected in agostic systems because of the
was labile and, in the case of th&H containing species, Iowe.r C-H(D) V|b.rat|onal frequgnues of the agostic bond
identified an equilibrium with the lutidine-free species [Me  relative to the terminal bond leading to the preference of&iC
NN]Ni(R) (R = Et (3), Pr @)). The upfield'H NMR shifts for ~ Pond over a €D bond in an agostic positioft.

the 8-H atoms in3 atd —5.3 ppm as well as two broad signals Chemical removal of lutidine from red-orandeand 2 by

atd —2.7 and—7.3 ppm for two isomers of strongly suggested ~ addition of ca. 1.5 equiv Bfetherate) in ether results in a cloudy

B-H agostic interactions in these species. While a few late metal Solution that fades to light yellow. Removal of solvent and
extraction with pentane allows the isolation of yellow crystals
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2059. . ; ; o ;
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Trans.1997 4147. ) : .
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(33) Woo, T. K.; Ziegler, T.J. Organomet. Chen1999 591, 204. centers with Ni-alkyl groups for which two sets of positions
(34) gfrT%EsT-:Takahama, T.; Sugimoto, M.; SakakiOBganometallic002 each could be refined. The major site occupan8i@a$83%)
(35) Tanner, M. J.; Brookhart, M.; DeSimone, J. B1.Am. Chem. S0d.997, and 4a (78%) contain primarys-H agostic alkyl groups,

(36) 12%;%;6/%\7 Strassner, Torganometallic2002 21, 4950, illustrated in Figures 1 and 2. The NC23A (Gs) distance of

(37) Johnson, L. K.; Bennett, A. M. A.; lttel, S. D.; Wang, L.; Parthasarathy,
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date March 24, 1997. 1982 802.
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Figure 1. ORTEP diagram of the solid-state structure3dgethyl group in
site of 83% occupancy). Selected bond distances (A) and angles (deg): Ni
N1 1.892(3), Ni-N2 1.859(3), Ni-C22A 1.890(5), Ni-C23A 2.110(6),
Ni—H23A 1.66* C22A-C23A 1.489(6), NENi—N2 97.44(12), Ni-
C22A—C23A 76.3(3). (*B-CHs H-atoms placed in idealized positions based
on riding model.)

Figure 2. ORTEP diagram of the solid-state structuretaf(propyl group

Figure 3. ORTEP diagram of the solid-state structuretbf(propyl group
in site of 22% occupancy; [M&IN]Ni framework unchanged). Selected
bond distances (&) and angles (deg):—di22B 1.865(18), Ni-C23B 2.66,
Ni---C24B 2.77.

disorder within the Ni-propyl group (see below). Contracted
C,—Cj distances indicate progress along a pathway toward
completes-hydride elimination, which was investigated by DFT
calculations discussed later.

While the minor occupancy observed in the X-ray structure
of 3 is also a primarys-agostic ethyl group in which the,Gs
on the opposite side of thgdiketiminato coordination wedge
(i.e., trans to N2 instead of N1), the minor occupancy refined
in the X-ray structure o# is actually the secondary alkyl [Me
NN]Ni(CHMe,) (4b) (Figure 3). Although bond distances within
the Ni-CHMe, moiety of 4b should be viewed with caution
because of its low site occupancy (22%), the-8R22B distance
of 1.865(18) A is comparable to the NC22A distances in both

in site of 78% occupancy). Selected bond distances (A) and angles (deg):3aand4a. The geometry o#ib is “bent trigonal” for which the

Ni—N1 1.882(2), Ni-N2 1.870(2), Ni-C22A 1.900(4), NiC23A
2.111(5), Ni-H23A 1.61*, C22A-C23A 1.387(6), C23AC24A
1.544(6), NENi—N2 97.49(10), Ni-C22A—C23A 78.1(3). (* f-CH.
H-atoms placed in idealized positions.)

Scheme 2. Synthesis of S-Agostic Alkyls [Me2NN]Ni(R) (R = CzHs
(3), CsH7 (4))

W BF5-OFt, W

1 > 1 1
ﬁ/N\N‘/N - BF(lut) N /N\é

i Ni

oo\ N v oy N
CHy 2)4-ut cHy WM

\ '

CHoR CHR

R'=H (1) or Me (2) R'=H (3) or Me (4a)
2.110(6) A in3a[2.111(5) A in44] is only ca. 0.2 A longer
than the Ni-C22A (G,) distance of 1.890(5) A i8a[1.900(4)

A 44], which results in distinctly acute NiC22A—C23A angles
(3a: 76.3(3),4a 78.1(3)). Thes-diketiminato Ni-N1 and Ni-

N2 distances3a 1.892(3) and 1.859(3)Ada 1.882(2) and
1.870(2) A) are also contracted relative to those in the
corresponding alkytlutidine complexes 1 1.915(3),
1.987(3) A;2: 1.919(2), 1.972(2) A), consistent with a lower
coordination number at nickel. Fitting th&H atoms of3a
(riding model) andtato idealized positions results in short-Ni
H23A distances of 1.66 and 1.61 A, respectively, consistent
with -H agostic interactions. While not crystallographically
observed foBa, a shortened &-Cj distance of 1.387(6) A in
4arelative to the G—C; distance in nonagost (1.518(6) A)
suggests a buildup of 3gharacter in the Cand G atoms of

the -agostic alkyl group. Similar NiC, (1.940 and 2.078 A)
and G,—C; distances (1.435 A) are found in Spencgragostic
cation [(BU:PCH.CH,PBU,)Ni(CH2CH3)]*,4 though the un-
usually short G—C;g distance inda may be an artifact of the

11986 J. AM. CHEM. SOC. = VOL. 126, NO. 38, 2004

N1—Ni—C22B angle of 154.1(8)is conspicuously more obtuse
than the N2-Ni—C22B angle of 104.0(8) a distortion also
observed in the related three-coordinateashd d° lutidine
adducts [MeNN]M(2,4-lutidine) (M = Ni,>* Cu9). In the solid
state the isopropyl group dlb is not agostic, however, as the
long Ni--+C23B and Ni--C24B separations (2.66 and 2.77 A)
as well as the closest NiH, (2.36 A) and Ni--Hg (2.50 A)
contacts for H-atoms placed in idealized positions are well
outside of the sum of the corresponding van der Waals radii
(Ni—C 2.35 A; Ni-H 1.85 A).

Low temperaturéH NMR spectra (500 MHz;-80 °C) of 3
in tolueneds are consistent with its solid-state structure. Two
signals are observed for eagkdiketiminatoN-aryl o-Me and
backbone Me groups, indicating one mirror plane. While the
Ni—ethyl a-CH, appears as a sharp quartetd.02 ppm, two
broad resonances@t-1.0 and—14.1 ppm of respective relative
areas 2 and 1 are observed for the nonagostic and agostic
hydrogen atoms of th8-CHjz group, which indicates that-€C
rotation is almost frozen out. The coalescence temperature of
these two upfield resonances-650(5)°C allows us to estimate
the activation barrier to methyl group rotationa&* = 8.5(5)
kcal/mol at this temperature, similar to the value of 8.7 kcal/
mol reported at-85 °C for a cationic diimine-base@tH agostic
Ni—ethyl complexé® In addition, a separate fluxional process
is observed that interconverts each setNséryl o-Me and
backbone Me signals with an activation barie®* = 14.9(2)
kcal/mol at 15°C. The coalescence temperature for this fluxional
process in3-ds is unaffected by isotopic substitution and thus
possesses a neglible kinetic isotope effégflp). Furthermore,
both thea-CH, and 8-CH3 H resonances begin to broaden

(54) Wiencko, H. L.; Warren, T. H. 2001, Unpublished observations.
(55) Amisial, L. D. Masters Thesis, Georgetown University, 2003.
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Scheme 3. [(-H Elimination/Reinsertion Reaction (via 5rs) and Symmetrization (via 7ts) of 3 (B3LYP/6-31G(d) Free-Energy Values at 298.15

K/1 atm in Kilocalories per Mole)

é/CH

3
0.0

2

5ts
+17.8

dﬁ

H,C= CH2

Tts
+21.1

W
- N N
N\ /
N 4 Ni, 3
\ 1) '/ N N
CH,.. H
“CH,

dc

6a
+14.4

Tﬁ

éf;ﬁ

6b
+14.4

above 15°C, suggesting an exchange of H atoms between thesea-CH, unit of 3, and the singlg-CHs coupling constant likely

two sites.

Use of thea-labeled CHCH,Mgl in the synthesis of
[Me2NN]Ni(CH2CHzg)(2,4-Iutidine) @) leads to equal incorpora-
tion of the*C-label into both positions of the Niethyl group,
demonstrating thgf-H elimination/reinsertion occurs on the
chemical time scale. At+40°C, these3C NMR signals appear
ato 8.84 (G,) and 13.84 (@) ppm with coupling constantdcn
of 128.1 and 124.7 Hz, respectively. Preparididrom this
labeled material allows the clear assignment of i@ NMR
signals 40 °C) of the ethyl G and G atoms at 16.10 and
1.40 ppm that have coupling constahlsy = 152.7 and 121.4
Hz, respectively. Compared to those In these coupling
constants suggest considerable 2 sgharacter in the

*

ol
1L

8 -0

Figure 4. Variable temperaturé3C{ 1H} NMR spectra (75 MHz) of the
Ni—CH,CH3; region of 3 prepared using the'3C-labeled reagent
CH3!3CH,Mgl. The coalescence temperature for the two resonances is
75(3) °C. (* denotes a minor impurity appearing at higher temperatures.)

70 °C

40 °C

-30°C

results from an average of two “alkene-like” and one agostic
1w values® Broadening of the Cand G 13C{*H} resonances

of 3 begins to occur at 20C, and these two signals finally
coalesce at 75(3)C (Figure 4). We ascribe this behavior to
reversibles-H elimination/reinsertion for which an activation
barrier AG* = 15.1(3) kcal/mol was determined, just slightly
higher than that determined in a related cationic diimine system
(14.0 kcal/mol at 6C).26

The very similar barriers to symmetrization in thd and
13C NMR experiments suggested the possibility of a common
intermediate responsible for the observed spectroscopic behav-
ior. A negligible kinetic isotope effediu/kp was identified by
IH NMR coalescence temperatures of fhdiketiminatoN-aryl
groups, which are identical for bothand 3-ds. On the other
hand, H, and$-exchange via Klelimination/reinsertion should
show a significant KIE. This contradiction initiated the inves-
tigation by DFT calculations. These were performed on the
Becke3LYP/6-31G(d) level of theory without simplifications
to the ancillaryp-diketiminate ligand.

First thep-H elimination/reinsertion reaction of thfagostic
complex 3 was studied as shown in Scheme 3. Important
geometrical parameters for the structures are given in Table 1;
three-dimensional representations appear in Figure 5.

The calculated structure 8f(Figure 5) is in good agreement
with the structure obtained from X-ray structural analysis
confirming that the chosen level of theory is appropriate. In
addition, the position of the3-agostic H-atom could be
determined by calculation for which large uncertainties are
present when determined by X-ray diffraction. Further illustrat-
ing its p-H agostic nature, the LUM®1 calculated for3
contains an antibonding interaction betwegi@—H bond and
the Ni d-orbital destabilized by-donation by the5-diketiminate
N-donors®” Accordingly, the C23-H23A bond is stretched to
1.16 A, and the Ni-H23A distance is 1.68 A. During the course
of the 5-H elimination reaction, the C22C23 fragment bends
out of the Ni-ligand plane. In the transition st&tg;, there is a

(56) Brookhart, M.; Green, M. L. H.; Wong, L.-LlProg. Inorg. Chem1988
36,1

(57) Contour plots of the frontier molecular orbitals may be found in the
Supporting Information.
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Table 1. Geometric Parameters (A and deg) for Calculated Structures 3—92

3 5rs 6 Trs 8rs 9
Ni—N1 1.91 [1.892(3)] 1.90 1.88 1.92 1.88 1.92
Ni—N2 1.84[1.859(3)] 1.92 1.96 1.92 1.82 1.91
Ni—C22 1.87 [1.890(5)] 1.96 2.00 1.93 1.87 1.96
Ni—C23 2.12 [2.110(6)] 1.98 2.00 1.93 2.39 3.03
Ni—H23A 1.68 [1.66] 1.42 1.44 1.41 2.52 -
C23-H23A 1.16 [0.98] 1.01 2.30 2.29 1.10 -
C22-C23 1.50 [1.489(6)] 1.41 1.39 1.43 1.54 1.53
N1-Ni—N2 98.3[97.44(12)] 96.7 95.7 96.6 99.4 97.6
Ni—C22-C23 77.3[76.3(3)] 69.6 69.5 68.3 88.8 119.8
N2—Ni—C22-C23 —180.0 [-177.2] 155.9 94.6 166.2 180.0 89.2

aB3LYP/6-31G(d). Results from X-ray analysis 8f(ethyl group in site of major occupancy) are given in brackets.

Figure 5. Three-dimensional representations of calculated strucBir&s

slight twist of about 8 between the NNi—N and C-Ni—C bond distance of 1.44 A. No structure & with an in-plane
planes and the H23A atom is moved in the opposite direction, coordination of ether#€34could be optimized. The transition
indicating only a wealg-C—H interaction (C23-H23A = 1.91 state for the exchange of the ethene and the hydride ligayl (
A). In the resulting ethenehydride complex6a, ethene is bound  could also be located. In the tetrahedta), a significantly longer
perpendicular to the plane containing the hydride and ancillary C23—-H23A separation (2.29 A) similar to that in the ethene
B-diketiminate ligands, the favored coordination mode for ethene hydride ground staté (2.30 A) was identified. We could also
in square-planar&complexe$® The C22-C23 bond (1.39 A) determine the barrier for the-€C bond rotation adG* = 7.5
is somewhat longer than a regula=C double bond, a result

_ - i i i ] (58) Mingos, D. M. P. IfComprehensie Organometallic Chemistriilkinson,
of z-back bo”d'”g with the metal center. Now a nICk_byd”de’_ G., Stone, F. G. A., Abel, E. W., Eds.; Pergamon Press: Oxford, 1982;
the H23A atom is located in the square plane with a-Ni vol. 3, p 1.
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Scheme 4. In-Plane Rotation of the -CH3 Group of 3 (B3LYP/
6-31G (d) Free-Energy Values at 298.15 K/1 atm in Kilocalories
per Mole)

d\;{h d ﬁ

3 8Ts

0.0 +7.5
kcal/mol at 298.15 K (N+-C 2.39 A; Ni-H 2.52 A in the TS)
(Scheme 4), which is in general agreement with the value of
8.5(5) kcal/mol estimated by VT NMR fa3.

The free-energy barrier of the elimination calculated by DFT
is 17.8 kcal/mol, a little higher than the experimentally
determined value of 15.1(3) kcal/mol (from VFIC{1H} NMR).

The ethenehydride ground-state speciésis 14.4 kcal/mol
higher in free energy compared to fheagostic structur8. The
reverse reaction (ethene insertion into the-Nibond) requires

a free activation energy of only 3.4 kcal/mol. These computa-
tional results support the assumption offeH elimination/
reinsertion mechanism for the symmetrization of the abd

Cs atoms in variable temperatutéC{*H} NMR spectra of3.
The observed exchange of both sets gfathd H; as well as

Cq and G atoms in3 is thus due to the perpendicular orientation
of ethene relative to the NiH23A bond in the square plane of
6 so that reinsertion to reforf®@ may occur in either direction
with equal likelihood (C22H23A and C23-H23A = 2.30 A

in 6). According to our DFT calculations, the symmetrization
process observed Bid NMR that interconverts thg-diketimi-
nato methyl groups on opposite sides of the ancillary ligand in
3 could proceed via the tetrahedi&k for which an activation
energy of 21.1 kcal/mol was determined. Thus, the activation
energy for this symmetrization should be 3.3 kcal/mol higher
in energy than that for {Hand H; exchange. Despite many
attempts, no symmetrization transition state for struc3wwhich
contains an orientation of theH agostic alkyl group perpen-
dicular to that of the ground state could be optimized.
Extrapolated from a related nickel complex with an anionic
salicylaldimine ligand, where the activation energy of such a

Figure 6. Calculated structure of tetrahedrally biased triplet JME]Ni-
(CH2CHj3) (9). (B3LYP/6-31G (d) free-energy values at 298.15 K/1 atm in
kilocalories per mole)

and backbone substituents on tigediketiminate ancillary
ligand8 The paramagnetically shiftetH NMR resonances
attributed to the 8ILNiMe suggest that it is a triplet. The DFT-
optimized open-shell structuB(Figures 5 and 6) is somewhat
pyramidal at Ni, possessing a tetrahedrally biased open coor-
dination site (geometrical parameters in Table 1).

Coupled with the facile €C bond rotation expected in a
nong-agostic ethyl group, movement of the Ni-bound ethyl
group in either direction out of the square planeab form 9
is equally likely and thus could explain the symmetrization of
each side of thes-diketiminato ligand observed ifH NMR
spectra of3. We calculate almost no energy difference between
the singlet state3 and triplet state9. This small energetic
difference suggests that interconversion of these electronic
configurations should be facile. The barrier of the intersystem
crossing for a simplified system was calculated toAfe =
12.3 kcal/mol, identified by the crossing point between the
singlet and triplet surfaces. An Evans method measurement of
3 in benzeneds shows thajue < 0.1 ug, suggesting that this
excited state would be at least 2 kcal/mol higher in energy
assuming the spin-only expected magnetic moment for the d
triplet state of ca. 2.8 BM.

The presence of two closely spaced but distfiidtketiminato
backbone ©&H resonances in low temperature NMR spectra
of the 3-agostic propyl complex indicates the presence of two
isomers. At—79°C in tolueneds (500 MHz), the major isomer
observed is the primany-propyl 4athat exhibits diastereotopic
IH NMR signals at 0.22 and 0.00 ppm for the NiCH, group
as a consequence of theCHs group being held out of the
square plane because of {hé¢1 agostic interaction. Thg-CH,
resonances are broad but well-separated, appearihg-8t40

transition state was determined by 32.7 kcal/mol, the energy in and —14.43 ppm corresponding to the nonagostic and agostic

our case should also be higher than 30 kcal/Adhis pathway
would therefore not be able to compete with those involving
the lower-energy transition statéss and 7ts.

Furthermore, the observation of no KIE in the symmetrization
observed by*H NMR suggests a mechanism for this process
other than reversiblg-hydride elimination/reinsertion since the
latter should show a significanky/kp. The theoretically
determined KIE at 298.15 K fobrs is ku/kp = 2.40 AGH =
17.81 vsAGp = 18.33), while the corresponding value s
is kn/kp = 3.04 AG = 21.07 vsSAGp = 21.73).

We considered an additional pathway for the symmetrization
observed byH NMR that involves a change from the singlet

sites, respectively, while thg-CH; group appears as a triplet
at o6 0.59 ppm. Each set ofi-CH, and -CH, resonances
coalesces with increasing temperature and gives rise to a triplet
atd 0.11 ppm and a broad signal @ét—7.4 (each of area 2),
consistent with rapid interchange of tifeH atoms into and
out of the agostic site. An activation barrier of 9.9(3) kcal/mol
was calculated for this process-a60 °C.

Two resonances attributable to the Ni-bound isopropyl group
in [Me2NN]Ni(CHMe,) (4b) are also observed at79 °C in
the 'TH NMR spectrum (500 MHz) oft. A multiplet atd 0.62
ppm and a broad resonance centerell-aé.8 ppm are assigned
to the o-CH and ones-Me group, respectively. We attribute

ground state to a triplet excited state. Spin crossing processeseo) schialer, D.; Fiedler, A.; Ryan, M. F.; Schwarz, B. Phys. Cherl994

are not appreciably affected by isotopic substituifoff and
therefore could lead to an indistinguishable KIE in this case. In

98, 68.
(61) Fledler A.; Schider, D.; Shaik, S.; Schwarz, H. Am. Chem. S0d.994
116 10734.

a recent article, Holland et al. described some evidence for the(62) Schidler, D.; Schwarz, H.; Clemmer, D. E.; Chen, Y.; Armentrout, P. B.;

low temperature formation of the related, three-coordinate
nickel(ll)—methyl complex LNiMe that employs bulki®-aryl

(59) Deubel, D. V.; Ziegler, TOrganometallics2002 21, 1603.

Baranov, V. I Btme, D. K.Int. J. Mass Spectrom lon Process97,
161, 175.

(63) Filatov, M.; Shaik, SJ. Phys. Chem. A998 102, 3835.

(64) Schidler, D.; Shaik, S.; Schwarz, H\cc. Chem. Re00Q 33, 139.

(65) Holland, P. L.; Cundari, T. R.; Perez, L. L.; Eckert, N. A.; Lachicotte, R.
T.J. Am. Chem. So2002 124, 14416.
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Scheme 5. [3-H Elimination/Reinsertion Reaction of 4a (via 107s) to Give an Equilibrium with Branched Isomer 4b (B3LYP/6-31G(d)

Free-Energy Values at 298.15 K/1 atm in Kilocalories per Mole)

N N
\ / \ /
gy LHN
H2~ ,' i
/CH
\ \
CH; CH; HsC
4a 101’5 11
0.0 +16.3 +15.3
2
N N
AN
0y N N
/CH W\
HaC ~ch,
4b
+0.9
Table 2. Geometric Parameters (A and deg) for Calculated Structures 4a, 4b, 10—122
4a 4b 1075 11 12
Ni—N1 1.91 [1.882(2)] 1.91[1.882(2)] 1.91 1.89 2.01
Ni—N2 1.85 [1.870(2)] 1.85[1.870(2)] 1.95 1.97 1.96
Ni—C22 1.88 [1.900(4)] 1.89 [1.865(18)] 1.97 2.00 1.94
Ni—C23 2.14[2.111(5)] 2.11[2.66] 2.01 2.02 3.07
Ni—H23A 1.66 [1.61] 1.68 1.42 1.43 -
C23—H23A 1.16 [0.98] 1.15 2.09 2.25 -
C22-C23 1.49[1.387(6)] 1.50 141 1.40 152
C23-C24 1.53[1.544 (6)] 1.52 (C22C24) 1.51 1.51 1.39 (C24C25)
N1—-Ni—N2 98.4[97.49(10)] 98.0 95.9 95.5 93.4
Ni—C22-C23 77.8[78.1(3)] 76.3 71.0 70.3 124.0
N2—-Ni—C22-C23 —179.8 [-176.0] —167.8 146.8 117.5 —100.9

a B3LYP/6-31G(d). Results from X-ray analysis 44 and4b are given in brackets. The X-ray structure4f is not 5-H agostic.

the upfield shift of the broad resonance to the rapid exchange
of all H atoms of thig3-Me group through an agostic site, though
no specificf-H interaction was identified in the minor oc-
cupancy attributed tdb in the X-ray structure ofl. Above O
C, the broad resonance at —4.8 shifts too —2.7 ppm,
indicating rapid rotation of alp-H atoms through the agostic
site. Above 0°C, interconversion between the primary and
secondary alkylgla and 4b via reversibles-H elimination to
form the propenehydride intermediaté&1 becomes significant
on the NMR time scale (Scheme 5).

In contrast to that observed in related cationie-Niimine?®
and neutral anilinotroponate systePishe secondary propylb
lies somewhat higher in energy than the linegoropyl ground
stateda (Scheme 5). An equilibrium constaltq = [4b]/[44d]
may be determined over the temperature rangé@’C to give
AH = +1.7(4) andAS = 5(1). Above 30°C, the averaged
[-agostic resonances #a and4b at o —2.7 and—7.4 ppm
begin to broaden more appreciably and th€H, andy-CHjs
resonances afacoalesce, signaling rapid isomerization between
4a and4b on the NMR time scale (Scheme 5). Curiously, the
predicted equilibrium constant [secondary]/[primary] of 0.25 at
the temperature at which was crystallized {35 °C) is very
similar to the secondary/primary occupancy ratio of 0.22/0.78
= 0.28 observed in the X-ray structure 4f

11990 J. AM. CHEM. SOC. = VOL. 126, NO. 38, 2004

Accordingly, calculations on thg-H elimination/reinsertion
reaction were repeated for the lingiagostic propyl complex
4a (Scheme 5, geometric parameters in Table 2, three-
dimensional respresentations in Figure 7). During fhél
elimination process involvingta, the bond lengths in the
transition staté Ors are only slightly affected by the substitution
by a methyl group as compared to that observeSinfor the
corresponding ethyl analogu®. Steric interactions of the
additional methyl group lengthen the C2823A bond distance
in 10rs to 2.09 A as compared to 1.91 A s, signifying that
the transition state is located later on the reaction coordinate
than that for3. The propene ligand in thg-H elimination
product1l is twisted from being perpendicular to the square
plane by ca. 39 a result of steric interactions with the
[-diketiminatoN-aryl groups. It should be noted that in an earlier
DFT study of a cationic nickel diimine propena@ydride
complex with less bulk\N-substituents, the propene ligand was
oriented perpendicular to the square pléhe.

Consistent with the solution NMR characterizatiordafand
4b, we calculate th@g-agostic branched propyl complex [Me
NN]Ni(CHMey) (4b) to be somewhat higher in energy than the
fB-agostic linear complex [M&N]Ni(CH,CH,CHz) (4a). The
barrier for theS-H elimination transition stat&Ors (16.3 kcal/
mol) is comparable to that found f8r(17.8 kcal/mol), although
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Figure 7. Three-dimensional representations of the calculated structuresfdb, and10—12.

Scheme 6. Reversible Ethene Coordination to 3 (B3LYP/6-31G*
Free Energy at 298.15 K/1 atm in Kilocalories per Mole)

HaC=CH,
CH \ CHz
2 CH
3 12
0.0 +132

the corresponding properéydride 11 (+15.3 kcal/mol) is
destabilized relative to the ethenleydride6 (+14.4 kcal/mol).
This is likely a result of the distorted propene orientation, which
leads to a poorer overlap of the liganebrbitals with the metal
d-orbitals, weakening-back-bonding.

Addition of 6 equiv of ethylene t@-agostic3 at —50 °C
results in the immediate formation of a new species in low
concentration assigned as the ethylene adductNIM§Ni(CH -
CHg)(172-CH,CHy) (12) (Scheme 6). The Niethyl group in12
is not -agostic, shown byH NMR resonances at 0.25 (-
CHy) ando 0.95 ppm -CHjg). Further warming results in an
increase in the concentration b? at the expense &. Although
slow below 0°C, ethylene insertion into the Nialkyl bond
does occur irl2to provide new species with broad, upfiéld

resonances at-2.7 and—7.3 ppm. These new signals are
assigned to primary and secondary-dikyls that interconvert
via 3-H elimination/reinsertion and result in the formation of
branched ethylene oligomet.

DFT calculations on the ethene coordination reaction lead to
an interesting result (Scheme 6, geometric parameters in Table
2; three-dimensional representation in Figure 7). Ethene coor-
dination to 3 is slightly exothermic, but endergonic. As in
ethene-hydride6, the ethene ligand ih2 adopts a perpendicular
orientation relative to the square plane in a tetrahedrally distorted
complex with the C24C25 bond lengthened to 1.39 A by
s-back-bonding. The coordination of ethenestis exothermic
in electronic energy. From DFT calculationAH remains
approximately constant at2.4 kcal/mol over the temperature
range—50 to 25°C. As expected, the coordination of ethene
leads to a negativAS and results in a positivAGx, of +13.2
kcal/mol at 298.15 K (+10.4 kcal/mol at 243.15 K). Th@ds
the resting state of the oligomerization catalyst, and only low
concentrations of the ethenethyl complex12 should be
present at room temperature with moderate ethene concentra-
tions.

The dissociation reaction of lutidine in the ethylitidine
complexl and the corresponding thermodynamic isotope effect

J. AM. CHEM. SOC. = VOL. 126, NO. 38, 2004 11991
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Table 3. Geometric Parameters of the Calculated Structure 1 sparged with nitrogen and then dried by passage through activated
(B3LYP/6-31G(d)) and from the X-ray Analysis of 1 alumina columns. Pentane was first washed to remove olefins, stored
1 (calculated) 1 (from X-ray)* over CaC}, and then distilled before use from sodium/benzophenone.

Ni—N1 2.00 1.987(3) All deuterated solvents were sparged with nitrogen, dried over activated
Ni—N2 1.94 1.915(3) 4A molecular sieves, and stored under nitroght.and 3C NMR
Ni—C1 1.96 1.965(4) spectra were recorded on either a Mercury Varian 300 MHz spectrom-
C1-C2 1.53 1.497(7) eter (300 and 75.4 MHz, respectively) or a Unity Varian 500 MHz
Ni—N3 1.91 1.916(3) vel I
N1—Ni—N2 93.4 93.16(12) _speptrometer (500 and 125 MH_z, respt_ectlve y). Al NMR spectr.a were
C1-Ni—N3 87.3 86.74(14) indirectly referenced to TMS using residual solvent signals as internal
Ni—C1-C2 124.0 119.9(3) standards. Elemental analyses were performed on a Perkin-Elmer

PE2400 microanalyzer in our laboratories (Georgetown).

. . Unlabeled Grignard reagents and#herate) were obtained from
Ku/Kp of 1.3(2) was investigated by DFT methods (SCheme i and used as received. @CD,l and CHCH,l used in the

%)' Again the complex was optimized without any, simplifica- preparation of labeled Grignard reagents were used as received from
tions (BeckeSLYP/G-SlG(d)). Important geome.trlc parameters Cambridge Isotope Laboratories. [MNINi(CH,CHs)(2,4-lutidine) ()
are given in Table 3. The DFT structure again shows good 4n4 [MeNNINi(CH,CH,CHs)(2,4-lutidine) @) were prepared according
agreement with the solid-state structure. The calculated free jiterature procedure€[Me,NNJNi(CD,CDs)(2,4-lutidine) (-ds) was
energies at 298.15 K are7.05 kcal/mol forl and—6.91 kcal/ prepared in a similar procedure as used fpremploying an ether
mol for 1-ds. This results in a theoretically determin&g/Kp solution of the labeled Grignard reagent ID,Mg|.
of 1'2,5’ consistent W'th ,th? expenmentall finding. The rgason Computational Details. The DFT calculations were performed with
for this secondary kinetic isotope effect is the conversion of Gssian98¢ The density functional hybrid model Becke3L¥FP°
the terminal G-H bond to a5-agostic C-H bond. Because of a5 ysed together with the valence doubleasis set 6-31G(d). No
interactions with the metal, thg-agostic C-H vibrational symmetry or internal coordinate constraints were applied during
frequency is lower than that of th& C—H bond in the open  optimizations. All reported intermediates were verified as true minima
structure. This leads to a smaller zero-point energy difference py the absence of negative eigenvalues in the vibrational frequency
of the isotopomers in structuBeand, accordingly, to a smaller  analysis. Transition-state structures (indicated Bywere located using
free-energy difference between nonagodtiand -agostic3. the Berny algorithrft until the Hessian matrix had only one imaginary
eigenvalue. The identity of all transition states was confirmed by
animating the negative eigenvector coordinate with MOLDENhe
Chemical removal of 2,4-lutidine from solutions of [Me crossing point between the singlet and triplet stat@ whs determined
NN]Ni(R)(2,4-lutidine) (R = Et (1), Pr @)) allows for the by a published proceduré.
isolation of the base-free, neutjdlagostic species [M&IN]- Approximate free energies were obtained through thermochemical
Ni(R) (R = Et (3), Pr @) that have been characterized by single- analysis of the frequency calculation, using the thermal correction to
crystal X-ray as well as detailed solution and computational Gibbs free energy as reported by Gaussian98. This takes into account
studies. Intermediate in structure between nonagostic monoalkylszero-point effects, thermal enthalpy corrections, and entropy. For the
and alkene-hydride complexes, the3-agostic complexes purpose of comparability all energies reported in this article, unless
undergo facilg3-H elimination/reinsertion for which an activa- ~ otherwise noted, are free energies at 298 K and have not been
tion barrierAG* = 15.1 (3) kcal/mol was measured by VAC- recalculated at the actual temperature of the experiment. Frequencies
{H} NMR for 3. Both primary and secondary Npropyl were sc_aled by Q.QS(YG.AII transition states are maxima on the
groups are observed in the solid state and in solutiordfor eIecFronlc potential energy surface. The;e may not correspond to
with the primary-agostic Ni-CH,CH,CHs representing the maxima on the frge—energy surface. We did not attempt to correct the
ground state by a narrow margin. This observation stands in ffé€ energy for hindered internal rotations.
contrast to the secondafliyagostic Ni-CH(CHs), ground state Kinetic isotope effects were calculated from free-energy differences
identified for related cationie-diimine and neutral anilino- ~ ©obtained from frequency calculations.
troponate MO systems. This difference may be a consequence
of the more compressed coordination wedge in/ttaketimi- (66) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
nate system due to its larger bite angle (as compared to é‘_; E_*}e;j;“,}f} ”j_%ff‘bﬁ%‘ﬁﬁﬁﬁs@;"mfﬁgn“]’,"’ft%ﬁ’fnééyaéé"A\J.'isftﬁf&'}ﬁf'”’
o-diimines) that brings the two bulkiy-aryl substituents closer K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,

. : . R.; M i, B.; P Ili, C.; Ad , C.; Clifford, S.; Ochterski, J.;
together. Furthermore, the tighter coordination wedge apparently  patersson. G. A Ayala. P. ¥.: Cui. O Morokuma. K. Malick. . K.

Conclusions

coupled with strong donation by the monoanioniaMancillary Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
. . . J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.;
ligand favors pseudo three-coordinAtagostic alkyls over four- Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng,
coordinate alkyl-ethylene complexes. This leads topaH C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.;

K . Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
agostic monoalkyl resting state under modest ethylene pressures  m.; Replogle, E. S.; Pople, J. AGaussian 98revision A.7; Gaussian,
P H i i7ati Inc.: Pittsburgh, PA, 1998.
with a c_orrgspondlng low TOF for_ethylene oI_lgome_rlza_ltlon/ 67) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B: Condens. Mattel988 37,
polymerization than that observed in more active cationic and 785.
i (68) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200.
neutral SyStemS that rest as al‘kﬂthylene species. (69) Stephens, P. J.; Devlin, F. J.; Chabalowski, C. F.; Frisch, M. Bhys.
Chem.1994 98, 11623.

Experimental Section (70) Becke, A. D.J. Chem. Phys1993 98, 5648.
. . . . 71) Peng, C.; Ayala, P.; Schlegel, H. B.; Frisch, MJ.JComput. Cheni99
General Consderations All experiments were carried out in a dry (1) 17 499 Y 9 P 8

nitrogen atmosphere using an MBraun glovebox and/or standard (;g) achaftenJaa'\z,.C’Ba;: NhQO'(/tlii_kéJ-hBl-Comegltk-Aiﬁesm’:/IOL Dgﬁﬁoi 14,1553-
Schlenk techniques. 4A molecular sieves were activated in vacuo at( )ggarggy, -N.; Aschi, M.; Schwarz, H.; Koch, Wheor. Chim. Acc1998
180 °C for 24 h. Diethyl ether and tetrahydrofuran (THF) were first (74) Scott, A. P.; Radom, LJ. Phys. Chem1996 100, 16502.
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Ky AGp — AGH]
KIE = k_D = ex;{? (1)
AG, = Gh— GE® X =HorD )

Determination of Thermodynamic Isotope Effect for 2,4-Lutidine
Dissociation from [Me:NN]Ni(CH >,CH3)(2,4-lutidine) (1). A sample

of [MeNN]Ni(CH2CHs)(2,4-lutidine) (0.050 g, 0.10 mmol) or [Me
NN]Ni(CD»CD3)(2,4-lutidine) (0.050 g, 0.10 mmol) was dissolved in
1.0 mL of tolueneds in a volumetric flask and transferred into an NMR
tube. Pentane was added as an internal stanttaIMR spectra were
acquired every 10C over the temperature rangs40 to 50°C. The
integration of resonances corresponding to fte®.88 ppm) and bound
lutidine (0 7.47 ppm) against the internal standard allowed the
calculation of the equilibrium constant at a given temperature using
the following dependence:

Keq= {[free lutidinef/[bound lutidine} x
[initial concentration ofl (or 1-d5)]

Van't Hoff plots of In Keq vs 1T allowed the calculation oAH =
9.4(1.0) kcal/mol and\S = 23(4) cal/moiK for lutidine dissociation
from 1 (Figure S7) as well aAH = 8.3(7) andAS= 19(3) cal/moiK
for lutidine dissociation froml-ds (Figure S8), which leads to the
thermodynamic isotope effe&/Kp = 1.3(2) at 25°C.

Synthesis of [MeNN]Ni(CH >CH3) (3). A solution of BRs(etherate)
(0.085 g, 0.600 mmol) in 2 mL of ED was added with stirring to a
solution of [MeNN]Ni(CHCHz)(2,4-lutidine) (0.300 g, 0.600 mmol)
in 10 mL of EtO. The solution turned yellow immediately and became
cloudy. The volatiles were removed in vacuo, and the yellow residue
was triturated twice with 5 mL of pentane. The solid residue was then
extracted with 10 mL of pentane, filtered through Celite, and

concentrated to dryness. This pentane extraction/concentration cycle

was carried out a total of three times. A final cycle was then performed
in which the solution was concentrated to small volume (ca. 1 mL)
and kept at-35 °C for 5 days. Tan crystals that formed were collected
on a frit and dried in vacuo to afford 0.111 g (47%) of the prodtidt.
NMR (tolueneds, —79°C): ¢ 7.14, 7.06, 7.03, 7.01, 6.99, 6.96, 6.94,
6.91, 6.90, 6.87, 6.85, 6.63 (aromatic), 5.02 (s, 1, backbohb;Q2-46

(s, 6,0-CHg), 2.41 (s, 60-CHg), 1.54 (s, 3, backbone-GH 1.51 (s, 3,
backbone-Ch), 0.08 (q, 2, Ni®,CHs), —1.03 (br, 2, NICHCH,Hagos),
—14.11 (br, 1, NiCHCH;Hagos). **C NMR (tolueneds, —40 °C): o

3, NiCH(CHa3)agos(CHs). *C NMR (tolueneds, —79 °C): & 158.85,
158.49, 157.58, 155.76, 155.01, 154.16, 152.77, 131.31, 130.99, 130.12,
129.81, 129.74, 129.05, 128.34, 128.22, 128.15, 124.06, 123.74, 123.63,
97.55 (backbon&-H 4b), 97.23 (backbon&-H 4a), 24.62, 23.99,
23.17, 22.37, 21.55, 21.17, 19.54, 19.35, 19.18, 19.15, 18.54, 15.67,
14.93. Anal. Calcd for @HzN,: C, 70.79; H, 7.92; N, 6.88. Found:

C, 70.37; H, 8.31; N, 7.25.

Determination of Barrier to f-H Elimination/Reinsertion for
[Me2NN]Ni(CH ,CH3). *3C-labeled Grignard reagent (prepared from
CH3!CH;l) was used to prepare moréC-labeled [MeNN]Ni(CH.-
CH;3)(2,4-lutidine) (-**C). 3C{'H} NMR spectra of1-**C indicated
equal incorporation of th&C-label into the G and G positions. Mono
13C-labeled [M@NN]Ni(CH,CHjz) (3-3C) was prepared following an
analogous procedure f@& Coalescence of th€C{H} (75.4 MHz)
resonances @ 16.12 (G) and 1.32 () ppm (from the low temperature
limit) at 75(3)°C leads taAG¥ = 15.1(3) kcal/mol at this temperature.

Determination of AH and AS for Equilibrium between 4a and
4b. 'H NMR spectra of a toluends solution of4 were taken at 10
intervals between 0 and AC. The unitless equilibrium constaKt,
= 4b/4awas determined by integration of the-NCH,CH,CHjs signal
of 4a at 6 0.11 ppm (relative area 2) against the backbonreHC
resonance ad 5.04 ppm that corresponds to bota and 4b (each
relative area 1). The mole fractigm, could thus be directly determined,
from which Keq = 1 — yadysa A van’t Hoff plot (see Supporting
Information) allowed the determination &H = +1.7(4) kcal/mol and
AS = 5(1) cal/motK.

Addition of Ethylene to [Me:NN]Ni(CH >CH3) (3). A sample of
[Me2NN]Ni(CH2CHs) (0.046 g, 0.117 mmol) was dissolved in 1.0 mL
of toluenesds in a volumetric flask and transferred into an NMR tube.
Mesitylene (0.007 g, 0.06 mmol) was added as an internal standard.
Approximately 6 equiv of ethylene at 1 atm was added by syringe at
—78°C, and aH NMR spectrum was acquired at50 °C. In addition
to resonances fd3 and free ethylene at 5.28 ppm, a new species in
low concentration with a nonagostic ethyl group was observedl at
0.95 (t, 3, Ni-CH,CHj3) and 0.25 (g, 2, Ni-CH,CHs) ppm assigned to
[Me2NN]Ni(CH,CHs)(17>-CH,CH,) (12). The bound ethylene ligand of
12is likely obscured byN-aryl Me resonances. An equilibrium constant
could be estimated at this temperature by integration of normalized
resonances corresponding to free ethylens.28 ppm), [MeNN]Ni-
(CH,CH3)(17%-CH,CHy) (6 0.25 ppm) as well as thg-agostic [Me-

159.01, 158.15, 155.44, 154.62, 130.67, 130.18, 128.50, 124.35, 123.90 NNINI(CH2CHs) (6 0.08 ppm) against an internal standard (mesity-

123.45, 97.01 (backboreH), 22.18, 21.26, 19.13, 19.10, 16.1R{ +
=152.71), 1.32Jce—+ = 121.38). Anal. Calcd for &HsoN2: C, 70.25;
H, 7.71; N, 7.13. Found: C, 70.20; H, 7.90; N, 7.35.

Synthesis of [MeNN]Ni(C3sH7) (4). A solution of BR(etherate)
(0.145 g, 1.02 mmol) in 2 mL of E® was added with stirring to a
solution of [MeNN]Ni(CH,CH,CH3)(2,4-lutidine) (0.526 g, 1.02 mmol)
in 10 mL of E£O. The solution turned yellow immediately and became
cloudy. The volatiles were removed in vacuo, and the yellow residue
was triturated twice with 5 mL of pentane. The solid residue was then
extracted with 10 mL of pentane, filtered through Celite, and

lene): Keq= {[12)/[3][free ethylene][initial concentration & = 0.45
M~ (at—50°C). Followed by'H NMR, insertion of ethylene at higher
temperatures led to linead (—=7.3 ppm) and branched (—2.7 ppm)
p-agostic Ni-alkyl groups.

X-ray Structure Refinement Details. Single crystals of3 and 4
were mounted under mineral oil on glass fibers and immediately placed
in a cold nitrogen stream at90(2) °C on a Bruker SMART CCD
system. Full spheres of data were collected ({@3scans; Bmnax =
56°; monochromatic Mo k& radiation,A = 0.7107 A) and integrated
with the Bruker SAINT program. Structure solutions were performed

concentrated to dryness. This pentane extraction/concentration cycleusing the SHELXTL/PC suité’® and XSEED Intensities were

was carried out a total of three times. A final cycle was then performed
in which the solution was concentrated to small volume (ca. 1 mL)
and kept at—35 °C for several days. Tan crystals that formed were
collected on a frit and dried in vacuo to afford 0.256 g (62%) of the
product.'H NMR (tolueneés, —79 °C, primary isome#a): 6 7.04—
6.90 (aromatic), 5.03 (s, 1, backboneH}-2.48 (s, 60-CHj), 2.45 (s,

6, 0-CHg), 1.55 (s, 3, backbone-GH 1.50 (s, 3, backbone-GH 0.59

(br, 3, NiCH,.CH,CHj3), 0.22 (br, 1, NiGHHCH,CHjz), —0.003 (br, 1,
NiCHHCH,CHjz), —0.40 (br, 1, NiCHCHHagosCH3), —14.43 (br, 1,
NiCH2CHHagosCHz). *H NMR (tolueneds, —79 °C, secondary isomer
4b): 6 7.04-6.90 (aromatic), 5.04 (s, 1, backboneH}-2.60, 2.45,
2.37, 2.35, (s, 3p-CHg), 1.55, 1.51 (s, 3, backbone-G}10.62 (br, 1,
NiCH(CHs)agos{CHs3), -0.40 (br, 3, NiCH(CH)agos(CH3)), —4.8 (Vv br,

corrected for Lorentz and polarization effects, and an empirical
absorption correction was applied using Blessing’s method as incor-
porated into the program SADABB.With the exception of the Ni

ethyl and Ni-propyl groups in3 and 4, respectively, non-hydrogen
atoms were refined with anisotropic thermal parameters and hydrogen
atoms were included in idealized positions. Tables of all atomic

(75) SHELXTL-PCversion 5.10; Bruker Analytical X-ray Services: Madison,
WI, 1998.

(76) Sheldrick, G. MSHELX-97 Universita Gottingen: Gitingen, Germany,
1997

(77) (a) Barbour, L. JJ. Supramol. Chen200], 1, 189. (b) XSEEDHome
Page, http://xseed.net.

(78) (a) Sheldrick, G. M.SADABS version 2.01; Bruker-Analytical X-ray
Services: Madison, WI, 1999. (b) Based on the method described in:
Blessing, R. HActa Crystallogr, Sect A.1995 51, 33.
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coordinates, anisotropic thermal parameters, and complete bond lengthsot realistic. Nonetheless, this conformation would be nonagostic even
and bond angles are included as Supporting Information. if they assumed a more normal value (e.g., C2824A = 1.544(6)
In the initial refinement 08, elongated anisotropic thermal ellipsoids ~ A).
of C22 and C23 perpendicular to the-C bond suggested disorder in
the Ni—ethyl group, which was modeled with two sets of positions in Acknowledgment. T.H.W. is grateful to Georgetown Uni-
a 83:17 ratio. C22A/C22A and C22B/C23B were refined anisotropically, versity for startup funding as well as the NSF CAREER program

though thermal parameters within each pair of C atoms were constrained . .
to be similar. The initial refinement of similarly suggested disorder (No. 0135057) for partial support of this work. E.K. thanks Dr.

in the Ni—propyl group. After lowering the occupancy of the-Ni  Angel deDios for assistance in obtaining high field NMR
propyl C atoms of thg8-agostic linear isomefa (C22A—C24A) and spectra. T.S. thanks the Leibniz Computer Center, Munich for
isotropically refining them, we identified three new peaks corresponding computer time.

to the C atoms of the isopropyl isoméb in the Fourier difference

map. These peaks assigned as C22R4B were allowed to isotro- Supporting Information Available: VT H NMR spectra for
pically refine against C22AC24A after constraining their isotropic 4 and4, van't Hoff plots for loss of lutidine front and1-ds as

thermal parameters to be similar to those of C2Z324A. Fixing the L
occupancy ratio 4a/4b = 78:22), releasing the thermal parameter well as the equilibrium betweeda and 4b, contour plots of

constraint, and anisotropically refining C22&£24A and C228-C248  the frontier molecular orbitals &, tables of X-ray refinement
(anisotropic parameters of sets of atoms C2Z¥24A and C22B- data, bond distances, and bond angles along with fully labeled
C22B lightly constrained to be similar) led to a reduction Rf ORTEP plots for3 (major and minor occupancieg)a, and4b

[I'> 20(1)] from 5.29% to 4.29% with a concomitant reduction in the  (also provided in CIF format). This material is available free
maximum absolute peak height from 0.89&3to 0.57 €/A3. Because of charge via the Internet at http:/pubs.acs.org.

of the low occupancy of minor isometb (22%), the unconstrained
C—C distances within the isopropyl group (1.39(2) and 1.66(3) A) are JA0477221
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