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Neutral allylnickel complexes of the general formula [IN{CsHs)(Im)Br] (where Im= 1,3-ditert-
butylimidazol-2-ylidene'Bu,Im), 1,3,4,5-tetramethylimidazol-2-ylidene (Mm), 1,3-dimethylimidazol-
2-ylidine (Melm)) were prepared from the reaction of the dimer jNiCsHs)Br], with 2 equiv of the
corresponding free N-heterocyclic carbene (NHC). The halide exchange obyBi~ can be easily
performed, giving rise to compounds of the type JNiCsHs)(Im)l]. The new complexes [Ni-CsHs)
(Buzlm)Br] (1), [Ni(5*-CsHs)(Mealm)Br] (2), [Ni(17°-CsHs)(Mezlm)Br] (3), [Ni(77*-CsHs)(Mezlm)I] (4),
and [Ni@7®-CsHs)(Mesdm)l] (5) were obtained in good yields and were fully characterized by elemental
analysis and NMR spectroscopy. The X-ray crystal structurel @f 4, and5 reveal a square-planar
geometry at the nickel atom and a tilt angle of the NHC ring (in relation to the Ni square plane) dependent
on the bulkiness of both the N substituents and the halogen bound to Ni. Variable-temperature NMR
experiments in solution show that compourids5 are stereochemically nonrigid. Three simultaneous
dynamic processes are observed with increasing temperature: (a) NHC rotation about thecaidiat
bond, starting at lower temperatures* = 14—18 kcal mof? for compound2—5), (b) allyl rotation
about the Ni-%-allyl axis, which is responsible for the ei¢rans isomerization observed at intermediate
temperaturesAG* = 16.4 kcal mot? for compound4), and (c)z—o— allyl isomerization, occurring
at higher temperatures. DFT calculations were performed in order to elucidate the possible mechanisms
involved and suggest (1) NHC rotation is mainly controlled by steric factors imposed by the N-substituent
groups and to a lesser extent by the halogen and (2) there is a “spin-forbidden” mechanigralfgr
rotation, involving spin singlet and triplet species. Thermodynamic activation parameters obtained by
DFT agree well with the experimental values.

Introduction NHC complexes are more stable toward dissociation and
degradative cleavadé. There have been a large number of
publications revealing interesting catalytic properties of NHC
complexes:®-11 These complexes have been tested as catalysts

The history of metatcarbene chemistry begins in 1964, with
the work of Fischer and MaashbA large number of applica-
tions for the§e compounds em_erged early on, in both synthesis¢,. reactions such as-€C and C-N coupling?2-15 ethylene
and catalysig. In 1968, Wanzlick and @Ie.reported stable _and CO copolymerizatiot, hydrogenation, hydroformylation,
mercury and chromium complexes bearing N-heterocyclic ;.4 glefin metathesis217:18n particular, [Pdf3-CsHs)(Im)-

carbenes (NHC) or imidazol-2-ylidenes, derived from imida- ) gpecies (where Im stands for the imidazol-2-ylidenes with
zolium salts®# This class of ligands became popular among
organometallic chemists after Arduengo announced the synthesis (7) arnold, P. L.; Cloke, F. G. N.; Geldbach, T.; Hitchcock, P. B.
and isolation of the first stable N-heterocyclic carbene, in 2991. Organometallics1999 18, 3228.

Herrmann and Koher initiated their rich coordination and Chg%‘g’gg'aaga% 1Tz-? Bom, V. P. W.; Herrmann, W. AJ. Organomet.
catalysis chemistry, based on similar properties between these ©) McGuinness, D. S.: Mueller, W.: Wasserscheid, P.: Cavell. K. J.:

compounds and electron-rich phosphihék general, imidazol- Skelton, B. W.; White, A. H.; Englert, WOrganometallics2002 21, 175.
2-ylidenes are stronger Lewis bases and have redudsstk- (10) Jackstell, R.; Andreu, M. G.; Frisch, A.; Selvakumar, K.; Zapf, A.;

. . . . Klein, H.; Spannenberg, A.; Riger, D.; Briel, O.; Karch, R.; Beller, M.
bonding with respect to tertiary phosphirfess a consequence, Angew. Chem., Int. E®002 41, 986,

(11) Viciu, M. S.; Germaneau, R. F.; Navarro-Fernandez, O.; Stevens,
*To whom correspondence should be addressed. E-mail: E. D.; Nolan, S. POrganometallic2002 21, 5470.

pedro.t.gomes@ist.utl.pt. TeH-351 218419612. Fax:+351 218419612. (12) Caddick, S.; Cloke, F. G. N.; Clentsmith, G. K. B.; Hitchcock, P.

T Instituto Superior Tenico. B.; McKerrecher, D.; Titcomb, L. R.; Williams, M. R. VJ. Organomet.

* University of Oxford. Chem.2001 617-618 635.

(1) Herrmann, W. A.; Kaher, C Angew. Chem., Int. EA.997, 36, 2162. (13) Viciu, M. S.; Zinn, F. K.; Stevens, E. D.; Nolan, S.®rganome-

(2) Herrmann, W. AAngew. Chem., Int. ER002 41, 1290. tallics 2003 22, 3175.

(3) Ofele, K. J. Organomet. Chenl968 12, P42. (14) Viciu, M. S.; Navarro, O.; Germaneau, R. F.; Kelly, R. A, llI;

(4) Wanzlick, H.-W.; Schpherr, H.-JAngew. Chem., Int. Ed. Endl968 Sommer, W.; Marion, N.; Stevens, E. D.; Cavallo, L.; Nolan, S. P.
7, 141. Organometallics2004 23, 1629.

(5) Arduengo, A. J.; Harlow, R. F.; Kline, Ml. Am. Chem. S0d.991 (15) Titcomb, L. R.; Caddick, S.; Cloke, F. G. N.; Wilson, D. J;
113 361. McKerrecher, D.Chem. Commur2001, 1388.
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1997, 547, 357. Spiegler, M.J. Organomet. Chen1999 572, 239.
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Scheme 1. Syntheses of [Njf-C3Hs)(Im)X] Compounds?
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alLegend: (i) in THF,—50 °C to room temperature; (ii) Nal (excess), in THF, room temperature; (iii) NaH (10% exces®uKeat.), in THF,
—80 °C to room temperature; (iv) fd8, NHC extraction with toluene, then reaction with [){CsHs)Br]2, in THF, =50 °C to room temperature;
for 4, NHC extraction with THF, then reaction with [Mif-C3Hs)Br],, in THF, —50 °C to room temperature.

different substituent groups on the nitrogen atoms) proved to

be very useful reagents in cross-coupling reactidi$Similar
complexes were reported by Ding et'&lln 2002, Dible and

Sigman published the only article that describes nickel com-

pounds of the type [Ni-allyl)(Im)CI] (allyl = CsHs, 1-PhGHy;
Im 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene) and

reported their use as intermediates in the study of stoichiometric

activation and splitting of molecular oxygéh.

It is known that ligand-stabilized allylnickel(ll) halides, [Ni-
(p3-allyl)(L)X] (X = CI, Br, I; L = PRs, P(ORY}), act as very
efficient catalysts for oligo-/polymerization of olefins and dienes
in the presence of suitable Lewis acfdsTherefore, nickel

Chart 1
A e e
\—/ \—/ H
Bu,lm Me,lm Meylm

(‘Buzlm), 1,3,4,5-tetramethylimidazol-2-ylidene (Mmn), and
1,3-dimethylimidazol-2-ylidine (Mgm), were obtained as
described in the literature, by deprotonation of the corresponding
imidazolium salts, using NaH and a catalytic amount of
potassiuntert-butoxide?® They were either isolated by crystal-

complexes containing NHC ligands have potential interest as |ization (for ‘Buslm and Melm) or generated in situ (in the

catalysts for these types of reactions.

The rotational fluxionality of the NHC ligands has scarcely
been studied17-22Also, the allyl ligand fluxionality has always
been a matter of deb&fe2° and has been frequently associated
with the initiation steps of catalytic reactions of allyl complexes.

In this work, we describe the synthesis of complexes of the

type [Ni@73-CsHs)(Im)X], where Im = 1,3-dialkylimidazol-2-
ylidenes and X= Br, |, and their corresponding solid-state and
solution characterizations. We will particularly focus on the

case of Melm).

Neutral complexes of the general formula [iN{CsHs)(Im)X]
were prepared in good yields (#89%) from the reaction of
the dimer [Ni§3-C3Hs)Br], with 2 equiv of free NHC
(Scheme 1).

We found that these reactions can be carried out in cold THF
if the carbene of interest is previously isolated. TiBr bridge
splitting by the carbene affords the correspondent monomeric
bromide complexe4 and2. However, if the deprotonation of

dynamic processes observed in solution: (a) the rotational the imidazolium iodide salt is made in situ, the resulting Nal

fluxionality of the NHC ligand and (b) the allyl ligand
fluxionality.
Results and Discussion

Synthesis of ComplexesThe three imidazol-2-ylidenes used
in this work (Chart 1), 1,3-diert-butylimidazol-2-ylidene

(17) Weskamp, T.; Schattenmann, W. C.; Spiegler, M.; Herrmann, W.
A. Angew. Chem., Int. EA.998 37, 2490.

(18) Trnka, T. M.; Grubbs, R. HAcc. Chem. Re001, 34, 18.

(19) Ding, Y. Q.; Goddard, R.; Pschke, K.-R.Organometallic2005
24, 439.

(20) Dible, B. R.; Sigman, M. SJ. Am. Chem. So2003 125, 872.

(21) (@) Jolly, P. W.; Wilke, G.The Organic Chemistry of Nickel
Academic Press: New York, 1975; Vol. Il. (b) Jolly, P. W. Gompre-
henste Organometallic ChemistryVilkinson, G., Stone, F. G. A., Abel,

E. W., Eds.; Pergamon: Oxford, U.K., 1982; Vol. 8.

(22) (a) Doyle, M. J.; Lappert, M. Rl. Chem. Soc., Chem. Commun.
1974 679. (b) Enders, D.; Gielen, H. Organomet. Chen2001, 617—

618 70. (c) Chianese, A. R.; Li, X.; Janzen, M. C.; Faller, J. W.; Crabtree,
R. H. Organometallics2003 22, 1663. (d) Mata, J. A.; Chianese, A. R.;
Miecznikowski, J. R.; Poyatos, M.; Peris, E.; Faller, J. W.; Crabtree, R. H.
Organometallics2004 23, 1253.

(23) Vrieze, K. Fluxional Allyl Complexes. InDynamic Nuclear
Magnetic Resonance Spectroscoggckman, L. M., Cotton, F. A., Eds.;
Academic Press: New York, 1975; Chapter 11.

(24) Jalm, F. A.; Manzano, B. R.; Moreno-Lara, Bur. J. Inorg. Chem.
2005 100-109.

(25) Gogall, A.; Qnebro, J.; Grennberg, H.; Brvall, J.-E.J. Am. Chem.
Soc.1994 116, 3631.

remains partially soluble in THF. The addition of this mixture

to a solution of the allylnickel bromide dimer in THF will result

in the substitution of bromine by iodine, leading to the isolation
of the corresponding iodide compourd (Scheme 1). To
synthesize the bromide compourdl extraction of the free
carbene had to be done in toluene, hence allowing the separation
of all of the Nal from the following reaction step. This indicates
that, as observed for similar Pd compleXgthe resulting Ni-

bond is stronger than the NBr bond of the parent compound.

In fact, the treatment of these complexes with the adequate
sodium halide salts, in THF, was shown to be a good method
for halogen substitution. For instance, if an equimolar amount
of Nal is added to a THF solution & and stirred for 12 h, a
mixture of [Ni(73-C3Hs)(Meslm)I] (5) and unreacted [Ni¢-
CsHs)(Meslm)Br] (2) is obtained after recrystallization. A yield
of 66% for5 was determined byH NMR of the mixture. The
spectrum had to be performed at low temperature (ca. 216 K),
since broadening of the resonances was observed at room
temperature, due to intermolecular exchange betviesmd 2.

To increase the yield in the synthesis ®f this mixture of
compounds was further reacted with an excess of Nal for 36 h
(final yield: 90%).

(26) Arduengo, A. J.; Dias, H. V. R.; Harlow, R. F.; Kline, M. Am.
Chem. Soc1992 114, 5530.
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Figure 1. ORTEP Il diagrams of compounds (&) (b) 2, (c) 4, and (d)5 using 25% probability level ellipsoids. Hydrogens were omitted
for clarity.

Table 1. Selected Bond Lengths (&), Bond Angles (deg), and

All compounds were obtained as air-sensitive orange-brown Dihedral Angles (deg) for Compounds 1, 2, and 5

crystalline materials and were characterized by elemental

analysis andH and13C{1H} NMR spectroscopy (see Experi- 1 2 5
mental Section). Cc1-C2 1.30(2) 1.329(6) 1.242(6)
X-ray Characterization. Compounds were crystallized in C2-C3 1.32(2) 1.406(5) 1.487(4)
cold diethyl ether 1), toluene 2 and 4), or toluene double- H:i:g i:g?gg% iggg% igggg
layered withn-hexane §), affording crystals that were measured Nil—C3 1.950(14) 1.993(3) 1.982(2)
by X-ray diffraction. The four molecular structures are shown Ni1—X1 2.372(2) 2.3856(7) 2.5269(9)
in Figure 1. Due to significant disorder over a mirror plane, Ni1—C4 1.914(13) 1.907(2) 1.9062(18)
and at the iodine atom and allyl group, the structuré ofill C1-C2-C3 130(3) 123.8(4) 123.0(3)
not be compared with the others. This structure will be used  C4-Ni1l—X1 97.3(4) 99.09(7) 100.42(7)
only as additional analytical evidence for this compound, i cqral @ 66 29 6.7
together with NMR and elemental analysis. In all of the crystal  gihedral & 63.4 64.8 64.9
structures, two enantiomers are found in the corresponding unit  dihedral G 82.6 67.4 78.1
cell, which are related by a mirror plane. aDihedral A: angle between planes (Ni1,X1,C4) and (C1,Ni1,C3).

Selected bond lengths and angles and dihedral angles are pihedral B: lowestangle between planes (C1,C2,C3) and (C4,X1,C1,C3,Ni).
given in Table 1, for compounds 2, and5. Geometries around  ©Dihedral C: angle between planes (C4,N1,C5,C6,N2)and (C4,X1,C1,C3,Nil).
the nickel atom are essentially square planar, with the halogen
atom (Brl or 11), the NHC carbon atom C4, and the two allyl results in the increase of NHC1 bond distances compared to
terminal carbons (C1 and C3) defining the Ni square plane and those of Nit-C3 and simultaneous shortening of-©22 bonds,
the related dihedral twist angle A (defined in Table 1) being which increase their double-bond character in comparison with
small (2.9-6.7°). The strong donor ability of imidazol-2-ylidene  C2—C3. This asymmetry is reproduced by the DFT results (see
rings weakens the bond between the metal and the allyl atombelow). For complex5, particularly short and long distances
placed trans to the carbene ligand (C1). This trans influence are found for C+C2 (1.242(6) A) and C2C3 (1.487(4) A),
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Table 2. 1H and 13C NMR Chemical Shifts (9) of Allyl Scheme 2. Rotation of the NHC Ligand about the Ni-C

Nuclei in Compounds -5, in C¢De, at Room Temperature Bond
H2meso  Hisyn  Hjani  H3syn Hgand 2 c1 c3 Ri Ry Ra Ry

1 501 372 286 232 128 1052 645 46.1 2 /3 N 2 /3 N
2 501 38 286 233 158 1068 67.6 44.7 C—Clemnmmnnns d \ K C~Cremnmmnns ¢ \
3 495 385 280 223 147 1081 67.7 460 SR TIONTR L SRR
4 480 390 253 257 158 1060 655 49.8 ,'/N'\ S — ,'/N'\ S
5  4.90 390 259 268 170 1059 653 49.8 1/0’ ---------- X Re 1/0' ---------- X Ri

respectively, which are probably due to a certain extent of
disorder observed for atom C2 (with 60% and 30% probability).
The bond distances and angles involving the allyl group and
the halogens, including the dihedral angle B, between the allyl
plane and the Ni square plane (635°, with the C2 atom tilting ) ;
away from the Ni atom), are within the range of those found influence exerted by .the NHCl: ligand. i
for complexes of the type [Ni€-allyl)(PRs)X]2” or for the only (a) Carbene Rotation. By 'H NMR, the NHC ligand of
structure of the type [Nig-allyl)(Im)X] (Im = (2,64Pr.Ph)Im: complex1 also shows no symmetry: the tWBu groups and
X = Cl) reported in the literatur® The distances between the POth protons bound to the carbons of the NHC double bond
Ni atom and the carbene, NiC4 (1.907-1.914 A), are very can be assigned to four differet resonances. The variable-
similar to that found for the latter compound (1.903 A) and are emperature (VTYH NMR spectra, in toluenes, showed a
typical of single bonds, such as-NPh bonds (ca. 1.90%), in static” NHC group, since no detectable line-shape modifications
accordance with the reducedacceptor character of this class €€ observed in the range 18363 K. However, around 313
of ligands22° The Nil—C4 bond distances are also close to K, NOE difference experiments showed unambiguous gxchange
values found for other Ni(ll) NHE& or diaminocarbene between théBu groups as a result of an extremely hindered

complexeg! The dihedral angle C, formed between the NHC Fotation about t¢he nickeicarbon bondl(Sphgme 2). The
ring and the Ni square plane, indicates that the carbene is nearlycOrespoNding\G™ barrier is>18 kcal mot . Similar observa-
perpendicular to this plane (82)4n compoundl but is more ~ 10NS were made for thelfgaloglc;us allylpalladium complexes
tilted in compound (67.4) and5 (77.2). This is attributed ~ containingBzlm ligands:==VT *H NMR experiments were
to the steric hindrance of thert-butyl groups, which restrain ~ &!S0 performed on solutions of complexs5 and indicate that
the position of the corresponding NHC ring (see Figure 1a). _the NHC I!gaqu are fluxional. An ex_ample of such experiments
The NHCN-methyl groups ir2 and5 are not as demanding as 'S Shown in Figure 2, and Table 3 gives t#€NMR chemical
the N-'Bu in 1 and allow the carbene to tilt in relation to the Ni  Shifts of the carbene ligands of compourgis, in toluenees,
square plane. measured at temperatures near the slow-exchange I|m|_t. A’_[ room
NMR Studies. The NMR spectra of neutral complexgs5 temperature, théH NMR spectrum of thfe bromine derivative
were assigned on the basis of selective irradiation, DERF; [Ni(77°-CgHs)(MeaIm)Br] (2) shows four fairly broad resonances
1H shift correlations, and nuclear Overhauser effect (NOE) for the carbene.methyl groups, corresp.ondlng to a slow rotation
experiments. At this temperature, all these compounds exhibit °f the carbene ligand. A very slow rotation was already detected

five distinct and well-definedH resonances for the allyl protons, N the NOE difference spectrum at ca. 263 K. At 299 K, the

typical of an ABCDX spin pattern, meaning these molecules C;CH3 resonances coalescehinto a single peak B45 and, as
are asymmetricQ@; symmetry). Table 2 presents the all the temperature increases, theMCesonances become broader

and13C resonances for compountis-5, in CeDs. and merge at a cpalescence temperaflgp df 3_34 K, at cad
The resonances of the allyl terminal protons bound to the 3.47. Both resultlng_re_sonances sharpen while moving toward
carbon atom trans to the NHC ligand, #.and HB" are the fast-e_xc_hange Ilmlt,_ which corresponds to a rapid NHC
always shifted to fields lower than for those corresponding to rotation. Similar 'observat|ons can be made for {RHCaHs)(Me:-
protons bound to the cis carbon, ¥8and H3'" The same Im)Br] (3), which, however, shows a much lower N¢
trend is found in thé3C{!H} NMR spectrum, where the C1 coalescence temperature of 295 K (8&8.4). Conversely, for
both iodine derivatives, [Ni;-CsHs)(Mealm)I] (4) and [Ni(7°-
(27) (a) Brandes, H.; Goddard, R.: Jolly, P. W.; Kruger, C.; Mynott, R.. CaHs)(Mesim)I] (5), the*H NMR spectra show virtually “static”
Wilke, G.Z. Naturforsch., B: Chem. Sd984 39, 1139. (b) Andrews, P.;  NHC ligands at room temperature, whose rotation is only

Corker, J. M.; Evans, J.; Webster, Nl. Chem. Soc., Dalton Tran$994 NOE experimen I n moeratur fth
1337. (c) Cameron, T. S.; Prout, C. Kcta Crystallogr., Sect. B: Struct. detected by NOE experiments. Coalescence temperatures of the

Crystallogr. Cryst. Chem1972 28, 2021. (d) Belderrain, T. R.; Nicasio, NCHs resonances were obtained respectively at 346 B.§7)

chemical shifts are always higher than those of C3 (Table 2).
These shifts are due to a higher degree of localization of the
C1-C2 bond as a consequence of the aforementioned trans

M. C.; Paneque, M.; Poveda, M. L.; Carmona,@azz. Chim. Ital1994 and 366 K (caod 3.5).

124, 341. (e) Angermund, K.; Eckerle, A.; Monkiewicz, J.; Kruger, C.; 1 ; +

Wilke. G. Inorg. Chim, Actal998 270, 273, ;I'he \f/T I; NMR spectra_ allowed Ithe Ir_:alculﬁtlon [1.(€; _
(28) Bellabarba, R. M.; Gomes, P. T.; Pascu, $adlton Trans.2003 values for this process, using complete line-shape andfysis.

4431. Measurements in solvents other than toludgpefl,1,2,2-
(29) (a) Green, J. C.; Scurr, R. G.; Arnold, P. L.; Cloke, F. GORem. tetrachloroethane, and bromobenzengs) were also performed

ggé?)rqlgné?gz’ 1963. (b) Zheng, X.; Herberich, G. Brganometallics ¢ the cases oB and4 and led to values agreeing withie0.3

(30) For example: (@) Herrmann, W. A.; Gerstberger, G.; Spiegler, M. kcal mol L. The results are summarized in Table 4.
Organometallics1 997, 16, 2209. (b) Abernethy, C. D.; Clyburne, J. A. C.; According to the “static’ NMR features exhibited by com-

ggmﬁ%’a@é g';gqﬂ%iﬁéeﬁJb.Ag;egge,\T'Ls%q%%iolcilpzﬁz.gééﬁzes poundl and theAG* data shown in Table 4, it is evident that

P.T.; Martins, A. M.; Danopoulos, A. AOrganometallics1999 18, 4584. the rotation barrier decreases in the ortBplm > Meym >
(d) Abernethy, C. D.; Cowley, A. H.; Jones, R. A. Organomet. Chem.  Me,Im and also |> Br. These trends seem to be associated

200Q 596, 3. (e) Douthwaite, R. E.; Green, M. L. H.; Silcock, P. J.; Gomes, ; ; ;
P. T. Organometallics2001 20, 2611. (f) Sun, H. M.. Shao, O.: Hu. D. with the steric demand of either the NHC or, to a lesser extent,

M.; Li, W. F.; Shen, Q.; Zhang, YOrganometallics2005 24, 331.
(31) Kremzow, D.; Seidel, G.; Lehmann, C. W:irBtner, A.Chem. Eur. (32) Friebolin, H.Basic One- and Two-Dimensional NMR Spectrosgopy
J. 2005 11, 1833. VCH: New York, 1991; Chapter 11.
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Figure 2. VT H NMR experiments for compoung, in tolueneds.

Table 3. TH NMR Chemical Shifts () of “Static” NHC
Nuclei in Compounds 2-5, in Tolueneds

NCH; NCHs; CCHs; CCHs CH CH
T(K) U] ®) ©) (19 B ®

2 215 3.12 3.57 1.32 1.34
3 215 3.03 3.47 576 5.82
4 roomtemp 3.14 3.49 6.01 6.07
5 roomtemp 3.17 3.54 1.44 1.47

aRoom temperature (ca. 295 K).

Table 4. AG* Values for Carbene Rotation in Compounds
2—5, at 298 K, and Corresponding Rate Constants,
Calculated from the NCH3; IH NMR Resonances

complex solvent  Tc(K) 298K Tc  AGHd (kcal mot?)
2 tolueneds 334 18 290 15.8
3 tolueneds 295 363 314 14.0
CDCILCDCl, 306 170 264 14.6
tolueneds 340 17 184 15.8
4 CDCI,CDCl, 343 11 238 16.0
CsDsBr 326 37 172 15.4
5 tolueneds 366 0.6 183 17.8

a40.7 kcal mot?.

ing.817.22Although steric constraints imposed by jta or Mey-

Im are basically the same, rotation barriers are slightly higher
for the Melm derivatives. This aspect is studied below using
DFT calculations.

(b) Allyl Rotation. It is well-known that allylnickel com-
plexes may undergo isomerization procegdge$X-ray struc-
tures of1, 2, and5 had already shown that two enantiomers
are present in the solid state in the ratio 1:1. Although they
certainly coexist in solution, the two isoenergetic isomers, related
by a mirror plane perpendicular to the Ni square plane, are
indistinguishable by NMR. To determine whether these isomers
take part in interconversion equilibria and assess the possible
mechanisms involved, variable-temperature NOE difference
experiments were performed. At very low temperatures, for
compoundsl—5, no exchange between the allyl resonances is
detected by NOE, ruling out interconversion between the
isomers. However, as the temperature increases (above 333 K
for 1 and below room temperature for the others), slow exchange
between the two anti-hydrogen resonances and also between
the two syn-hydrogen resonances are observed:-sym, anti-
anti exchange. This second fluxional process observed in these
molecules is also called cidrans isomerization and may be
interpreted in two ways: (a) rotation of the allyl ligand, in its

the halide ligands, as indicated by the DFT results (see below).own plane, about the Niy3-allyl axis (or an angular twist of

In fact, the'Buxlm is locked in its coordination position by the

ligands NHC and X, Scheme 3) and (b) reorganization of the

volume of the'Bu substituents, whereas the less bulky Me entire complex accomplished by pseudorotation of all ligands.
groups confer to these ligands a higher degree of rotational Process b, usually calleabparent allyl rotation can involve

freedom. It has been often pointed out that the metdiC

dissociative (dissociation of NHC or X ligands) or associative

rotation barrier is only steric in nature and is not influenced by pathways (coordination of solvent or other donor molecules
electronic factors, since the metalarbene bond has essentially present in the solution). The first case (pure allyl rotation,

single-bond character due to the nonexistaAback-bond-

process a) was described for [Mallyl)(L)R] (L = phosphine;
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Scheme 3. Rotation of the Allyl Ligand, in Its Own Plane, about the Ni-p3-allyl Axis (Syn—Syn, Anti —Anti Exchange)
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Table 5. Activation Parameters for the Allyl Anti-Hydrogen
Exchange (Allyl Rotation) in Complex 4, in
Bromobenzenesds

AH¥ (kcal mol?) 18.0+ 0.7
AS (cal mort K1) 54422
AG¥9g (kcal mol?) 16.4+ 1.4
Kar (S71) 6;2230

aAt 298 K. P At Tc = 337 K.

R = H, Me)22and other non group 10 allyl complex&s’3

The second case (apparent allyl rotation, process b) is associate

with isomerization in allyl complexes such as [M{allyl)-
(NHzR)CHg], 212 [Ni(7%-allyl)(PPry)X], #2and [Pdf3-CaH7)(L)-
ClI] (L = AsPhs, PPh, COY3 and also with allyl Pd complexes
containing bidentate nitrogen ligan#is?>-34-38 where isomer-

izations result from bimolecular reactions with other molecules.

In most cases both mechanisms can be considered.
In the range of temperatures studied, theMMINMR spectra
obtained for compound2-5, in either toluenedg or 1,1,2,2-

tetrachloroethand,, show some broadening of allyl proton
resonances, though it is insufficient to reach a coalescence

temperature. However, the use of bromobenz#nseems to
accelerate the exchange process for comglard enabled the

observation of coalescence of the terminal allyl proton reso-
nances at ca. 337 K, decomposition being detected readily above
this temperature. This observation allowed the determination

of an experimental value okH* for compound4, employing

complete line-shape analysis for the anti-hydrogen resonances
The activation parameters for this process were calculated from
the corresponding Eyring plot and their values are given in

Table 5.
An experimentalAH* = 18 kcal mot! is obtained for the
allyl rotation process. A value of 16.4 kcal méis determined

for the corresponding Gibbs activation energy, at 298 K, which

is close to theAG* values determined for the-allyl rotation
observed in the complexes [MpftC3Hs)(CO)(Ly)(dppm)] when
L> = S;,CNC4Hs (15.6 kcal mott), S;CNEt, (14.7 kcal mot?),

in CDCl.23 No coalescence is observed up to 373 K in toluene-

dg solutions of complexd. The exactAG* value cannot be
determined, corresponding though to a rotation barriek@f
> 17 kcal mot™.

higher temperatures in the first case. This agrees with a more
hindered rotation of the allyl ligand ift due to the bulkiness
of the NHC tert-butyl groups.

DFT calculations indicate that pure rotation of the allyl ligand
about the Ni-73-allyl axis is possible through a “spin-forbidden”
path involving spin singlet and spin triplet species (see below),
which may explain the synasyn, anti-anti exchange observed
experimentally.

(c) Allyl »3—nl—n3 Isomerization. When the temperature
is increased further, a third fluxional process is detected. Around

53 K, for compoundl, saturation transfer is selectively
observed between the geminal syn and anti hydrogens bound
to the terminal allyl carbon cis to the NHC ligand (C3):syn
anti exchangeFor complexe®—5, at temperatures in the range
323—353 K, all terminal allyl protons exchange between them,
in most cases with simultaneous resonances broadening. When
tolueneds is used as the solvent, these processes are reversible,
without significant decomposition. However, if 1,1,2,2-tetra-
chloroethanad, is used instead, compoun8 decomposes
immediately after syranti exchange is detected (ca. 343 K).
When the solvent is bromobenzedg-complex4 decomposes
above 337 K, after coalescence of the terminal allyl proton
resonances is observed.

The anti-syn exchange occurring at high temperatures is
commonly detected in allyl complexes, either restricted to one
side of the allyl ligand (as observed for compouhdabove
353 K) or occurring at both sides (as detected for compounds
2-5 at lower temperatures). This exchange is associated with
an allyl 73—n1—»° isomerizatior?337:3%42 as is illustrated in
Scheme 4.

Studies of several allylruthenium complexes with a variety
of ligands with different electron-donating strengths allowed
the conclusion that strongrdonor ligands favor thg3—»1—»3
proces$3 The first step is the destabilization of the initiaallyl
state, promoted by strong trans effects induced by very basic
ligands?3 such as those imidazol-2-ylidenes employed in this
work. The same mechanism was proposed to explain the
coalescence of the resonances corresponding to protons 3 and
3 in the complex [Pdf3-2-CHs-C3Hg4)(L)CI], with L being
PPhMe or PPRh.23 Despite this, there is some evidence that
the m—o—m mechanism may be controlled by steric and not

Itis also clear that cistrans isomerization is unfavorable in
compoundL in comparison to the case for the other complexes
2—5, because synsyn, anti-anti exchange occurs at much

electronic effectd?
We believe that the terminal carbon trans to the NHC ligand

(33) Yih, K.-H.; Lee, G.-H.; Huang, S.-L.; Wang, Yorganometallics
2002 21, 5767.

(34) Crociani, B.; Antonaroli, S.; Paci, MOrganometallics1997, 16,
384.

(35) Guerrero, A.; Jalp, F. A.; Manzano, B. R.; Rothjuez, A,
Claramunt, R. M.; Cornago, P.; Milata, V.; ElgueroElr. J. Inorg. Chem.
2004 549.

(36) Takao, Y.; Takeda, TOrganometallics1999 18, 2936.

(37) Carrim, M. C.; Diaz, A.; Guerrero, A.; Jalg F. A.; Manzano, B.
R.; Rodfguez, A.; Paul, R. L.; Jeffrey, J. Q. Organomet. Chen2002
650, 210.

(38) Torre, F. G.; Hoz, A; Jalg F. A.; Manzano, B. R.; Rotjuez, A.
M. Inorg. Chem.200Q 39, 1152.

(with the largest trans influence/effect) leaves the nickel atom,
resulting in as-allyl species (Scheme 4). In fact, a detailed DFT

mechanism for this step is discussed below (see Molecular
Orbital Calculations), which points to a rearrangement of the

(39) Solin, N.; SzaboK. J. Organometallics2001, 20, 5464.

(40) Schwarz, I.; Rust, J.; Lehmann, C. W.; Braun, MOrganomet.
Chem.200Q 605, 109.

(41) Henc, B.; Jolly, P. W.; Salz, R.; Stobbe, S.; Wilke, G.; Benn, R;
Mynott, R.; Seevogel, K.; Goddard, R.; Kger, C.J. Organomet. Chem.
198Q 191, 449.

(42) Pregosin, P. S.; Salzmann, R.; Togni, @rganometallics1995
14, 842.
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Scheme 4. Allylp3—n'—n2 Isomerization (Syn—Anti Exchange)
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Scheme 5. Exchange Pathways Observed in Compounds (a)
1 (Kar = Kzor) @nd (b) 2—5 (Kar > Kzer) at High Temperatures
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Molecular Orbital Calculations. DFT calculation&* were
performed in order to rationalize the fluxional behavior experi-
mentally observed for the allyl and the carbene (NHC) ligands
of complexes [Ni§3-CgHs)(Im)X]. The influence of both the
halogen and the carbene ligands was studied by means of
calculations on molecules with Iss Mesim (X = Br (2)) and
with Im = MeaIm (X = CI (6), Br (3), | (4)).

The geometries optimized for all species correspond to
square-planar complexes and are, in general, in very good
agreement with the X-ray structures discussed above. For
example, for complexX2, the maximum and mean absolute
deviation between experimental (from synchrotron X-ray dif-

ligands in the Ni square plane, leading to a T-shaped intermedi- fraction data) and optimized NiX bond distances are 0.065
ate slightly (_jif'ferentfrom that depicted in Scheme 4. The protons and 0.030 A, respectively. In particular, the coordination
3 and 3 (cis to the carbene) interchange through a simple asymmetry of the allyl ligand is clearly reproduced by the

rotation around the allyl C3(8p-C2(sp) bond (Schemes 4 and
5a), and subsequent rotation aboutii3 bond regenerates the
n® coordination of the allyl ligand343

calculations. Also for2, the Ni-C3% distance (2.024 A) is
shorter than that corresponding to-N&1 (2.104 A), and C%
C2 (1.394 A) is shorter than GZ3 (1.420 A). Those

The simultaneous occurrence of a faster allyl rotation in its differences become clearer when electronic factors are consid-
own plane could explain the additional exchange observed ered. The corresponding Wiberg indices (WI), well-known bond

between terminal protons 1 and ih compoundf—>5 (Scheme

strength indicator$? are 0.423, 0.339, 1.506, and 1.362,

5b) and corresponds to the situation where the allyl rotation respectively, showing that shorter distances correspond, indeed,

rate constantky, is higher than the;3—»,'—»2 isomerization
rate constant, k. (i.e. kar > Kqoz). In fact, due to a fast allyl
rotation, both terminal allyl carbons “see”, in average, the

to stronger bonds.
NMR data indicate that carbene rotation around the G4
axis is the more facile fluxional process for complexes of the

carbene ligand in the trans position, being both equally type [Ni@;3-CsHs)(Im)X]. Figure 3 shows the corresponding free

destabilized by the trans effect exerted by this basic ligand.
In compoundl, the allyl rotation occurs slower than in
compound®2—5 and a selective synanti exchange restricted

energy profiles calculated for complex2s4 and6. As rotation
occurs, the carbene conformation relative to the plane of the
complex moves from clearly tilted in the minima to practically

to 3 and 3(Scheme 5a) is observed above 353 K. This may be coplanar in the transition stat€$C),*” while the square-planar

explained by a decrease of the allyl rotation rate constapt (
to values near those of tl€—»n'—7,° isomerization rate constant
(Kar = kzo7)- In this case, the net result will be that, in practice,
only one of the allyl terminal carbons (C1) will be trans to the
carbene ligand.

arrangement around the metal is maintained along the process.
The values calculated fokG* are in good agreement (within

(44) Parr, R. G.; Yang, WDensity Functional Theory of Atoms and
Molecules Oxford University Press: New York, 1989.
(45) The labeling scheme used in the X-ray structures (Figure 1) is

In summary, we observed three different exchange processesyaintained in the text.

occurring simultaneously in solutions of compouridss: (a)
rotation of the NHC ligand about the Ncarbon bond, (b) at
moderate temperatures, allyl rotation about the-allyl axis,
resulting in sym-syn, anti-anti exchange, and (c) at high
temperatures, allyp3—»,'—»?3 isomerization, resulting in syn
anti exchange.

(43) Herrmann, J.; Pregosin, P. S.; SalzmanrQRjanometallicsl995
14, 3311.

(46) (a) Wiberg, K. B.Tetrahedronl968 24, 1083. (b) Wiberg indices
are electronic parameters related to the electron density between atoms.
They can be obtained from a natural population analysis and provide an
indication of the bond strength.

(47) The tilting of the carbene ligand is given by the dihedral angle C,
measured between the mean plane of the five-membered-ring carbene and
the mean Ni square plane (see Table 1). For the optimized geometries of
the complexes with Ir= MezIm, that angle varies from 75), 73 (3), and
84°(4), in the minima, to 7 in the three transition state$$C). In the case
of complex2, the tilt angle varies from 85in the minimum to 3 in the
transition state.
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\ - Figure 4. Energy profile calculated for the allyl rotation in [Ni-
R’ \2\ (73-C3Hs)(Me,lm)CI]. The relevant points were optimized (B3LYP)

R and the corresponding structures are presented. The energies (in
Figure 3. General free energy profile (values given in italics, in italics, in kcal mot?) are referenced to the most stable species,
kcal mol?) calculated for the NHC rotation around the-NG bond, complex6. The plain curve corresponds to the spin singiet(0)
in [Ni(#3-C3Hs)(Im)X] complexes. PES and the dashed curve to the spin tripe+(1) PES.

2.3 kcal mof?) with those experimentally determined &4
(see Table 4).

The trend corresponding to higher activation energies for
NHC rotation as X descends within the halogen group is clearly
reproduced by the calculations for the entire series of complexes
with Im = Me,lm, including the species with X Cl. This is
related to the steric bulkiness of the halogen ligand, as previously
suggested in the discussion of the NMR results (see above),
and can be assigned to the geometrical distortion suffered by
the molecules during the rotation. In fact, carbene rotation brings

the methyl substituents on the nitrogen atoms into close | hani involving ligand iai
proximity of the halogen, especially in the transition state. The a more complex mechanism, involving figand assoclation or
dissociation, may be at work. The intramolecular path was

eometrical distortion of the square-planar geometry around the, . . 8
g d b g y nvestigated by means of DFT calculations in order to test

metal, as the rotation proceeds, can be evaluated by the variatior) . ;
of the X—Ni—C4 angle along the process. This angle i§ 95 whether such a mechanism may be responsible for the observed

for complexes3, 4, and6, with a maximum 0.3 difference in quxionaIi'Fy. Given the gxpellent performance of the .theoretical
the three molecules. As rotation occurs and the transition is method in the description of the carbene rotation for aII_
reached, that angle opens up to 103, 106, and, 188pectively, molgcules a(_jdressed, the stuc_iy was performed on the species
for X = CI, Br, I, demonstrating that the degree of distortion having the S|mpl_esst carbene ligand (#e) and the smallest
increases with the size of the halogen ligand. halogen (CI), [Nig*CsHzs)(MeIm)CI] (6), to have the best
Carbene rotation depends also on the nature of the NHC possible compromise between computational time and accuracy

ligand, even when the difference lies only on the outer side of of the results. i ) )
this ligand, that is on the €C substituents: H in the case of ~The energy profile calculated for the rotation of the allyl in
complex3 and methyl for comple®. Rotation is more difficult ~ cOMPplex6 is depicted in Figure 4. 16, a 180 rotation of the
in the complex containing the tetramethyl-substituted,lte  @llyl group completes the process of isomerization. This
carbene, and the experimenteG* difference betwee@ and3 corresponds_ toa sy_mmetrlcal profile, since the allyl _ends up in
(2 keal molY) is well reproduced by the calculations (2.6 kcal @ conformation equw_alent to the starting one (enantu_)merlc, in
mol~1). Although the differences between the transition states fact): a formally Ni(ll) square-planar complex with two
(TSC) optimized for the two speciesand3 are very subtle, a ~ coordination positions occupied by the allyl terminal carbons,
more distorted geometry exists in the caseT&C(2) (Br— another by Cl, and the last one by the NHC ligand. However,
Ni—C4= 107.T), as compared to that iiSC(3) (Br—Ni —C4 given the presence of two different coligands, two distinct
= 105.8). In addition, the Ni-Br bond is longer (2.450 A) directions exist for the allyl rotation movement. In one case
and weaker (W 0.356) inTSC(2) than inTSC(3) (di_gr = the allyl meso carbon (C2) passes over the C! atom, while the
2.434 A, WI= 0.363). The same trend is observed for the-Nj ~ Other brings the allyl C2 over the carbene ligand. The two
C(carbene) distance:nyd.cs = 2.016 A, WI= 0.444 forTSC-
(2) and dii-c4 = 2.000 A, WI= 0.449 for TSC(3). Weaker (48) (a) Carpenter, J. E.; Weinhold, . Mol. Struct. (THEOCHEM)

: : 1988 169 41. (b) Carpenter, J. E. Ph.D. Thesis, University of Wisconsin,
bonds inTSC(2) result in a electron poorer metal, as shown by Madison. Wi, 1(9%7. (C‘; Foster, J. P.: Weinhold JEAM. Che%. 504980

the corresponding charge, obtained from a natural population 102 7211. (d) Reed, A. E.; Weinhold, B. Chem. Phys1983 78, 4066.

analysis (NPAY0.59 inTSC(2) and 0.58 inTSC(3). Although (Ee) \F/ivee_:d, A kE ;R ngnvr\]/m'd'hal'dclge@hPhy%ﬁsgl 9738’5 %7333.3(51‘) (R§eeRd, g.

i i .; Weinstock, R. B.; Weinhold, B. em. Y s . (g) Reeaq,
the differences are very small and, as such, any conclusion g% b ™ ™\ "y a0l Fohem. Re. 1988 88, 899. () Weinhold,
should be taken with caution, the results indicate that a slightly g carpenter, J. EThe Structure of Small Molecules and lpfenum:

more severe distortion of the square-planar geometry is neededNew York, 1988; p 227.

during the carbene rotation in the case Hfjustifying the
difference observed in the activation parameters. Therefore, the
difference observed between experimemt@* values of2 and

3 may be attributed basically to steric effects existing mainly
in the transition states.

A fluxional process corresponding to allyl rotation around
the Ni—(y%-allyl) axis is indicated by NMR (see above).
However, the mechanism followed by such a process cannot
be established, solely on the basis of the experimental results.
The data may fit a simple intramolecular path, or alternatively,




Allylnickel Complexes of N-Heterocyclic Carbenes

transition states optimized for those processes, respectiv@fy,
and TSA’, describe the allyl rotation along the spin singlet

Organometallics, Vol. 25, No. 18, 2399

For certain geometries of the [WR-CsHs)(Me2lm)Cl] spe-
cies, intermediate between square-planar and tetrahedral, the

potential energy surface (PES). This is the most stable spin statéwo PES in Figure 4 approach and, eventually, may cross each

of the initial complex,6, as expected for a square-plandr d

other. Should allyl rotation involve the participation of both PES,

complex. The activation energies obtained indicate that rotation than it would correspond to a “spin-forbidden” or “nonadiabatic”

over Cl, i.e., going througi SA, is more facile AEFf = 27.1
kcal molY) than that going over the carbeng€SA’, AEF =
31.5 kcal mot?), due to the bulkiness of thé&l-methyl

process with a change in the spin state, starting with a singlet
reactant§), going through a triplet intermediatés(or %6'), and
ending up in a singlet produc), The energy profiles of those

substituents. The values calculated for the activation energy of processes go through minimum energy crossing points (MECP)

the allyl rotation are too high, in comparison to the experimental
activation enthalpy determined for compkx18.0 kcal mot?).

At first sight, this could suggest that the allyl fluxionality would
follow a different mechanism. However, a deeper analysis of

corresponding to the lowest energy points at which the energy
and the geometry of the molecule are the same in the two
surfaces: in this case the spin singlet and the spin triplet
surfaces. Once the MECP is reached, the system has a given

the results shows that an important factor was disregarded. Inprobability of changing its spin state and, thus, hops from one

fact, both structures of the transition stafESA and TSA'
(Figure 4) correspond to ca. 9@otations of the allyl ligand
about the Ni-allyl bond, starting from the structure of com-
pound6. While reactan6 is formally a square-planar complex,
the two transition state§;SA and TSA', correspond, in fact,
to tetrahedralcomplexes. This can be quantified by the dihedral
angle C between the Ni(allyl) plane (defined by Ni, C1, and
C3) and the Ni(carbene)Cl plane (defined by Ni, C4, and CI),
which measure “lin structure6 and 88 and 89in TSA and

surface to the other, completing the reacti®n.

Two MECP could be optimized for the allyl rotation
process: one for the rotation over Cl, connectngith 36 (CP)
and the other corresponding to the rotation over the carbene
ligand, involving®6' as the intermediatexP’). The geometrical
arrangement around the metal in the MECP is between
tetrahedral and square planar, as shown by the dihedral angle
C between the Ni(allyl) and the Ni(carbene)Cl planes? fot
CP and 53 for CP'. From the complete profile of Figure 4

TSA', respectively. These angles are very close to the ideal (MECP included) the most favorable path calculated for the

values for square-planar complexes)(dn the case ob, or
tetrahedral species (90 for the transition states. Now, if a spin
singlet is what one should expect for&stjuare-planar complex,

rotation of the allyl ligand over the Cl i6 — CP — 36 — CP
— 6, while the rotation in the other direction, that is, over the
carbene, corresponds @o— CP' — 36' — CP' — 6. These are

a spin triplet is the preferential state of a tetrahedral speciestwo-step mechanisms involving spin triplet tetrahedral species

with the same electron coutff.

The energy profile calculated for the complete rotation of
the allyl ligand along the spin triplet PES is represented with a
dashed line in Figure 4. Naturally, the relative conformation of
the two planes, Ni(allyl) and Ni(carbene)Cl, in the minima of
this profile 6 and36') are equivalent to those existing in the
transition states of th8= 0 PES,TSA andTSA' (Sheing the
total spin of the molecule). Conversely, the same relative

(36 and %6') as reactive intermediates. The rate-limiting step
corresponds to the first one, in both cases, i.e., the conversion
of the square-planar singlet into the tetrahedral triplet, and the
activation energy calculated for those procesges" (= 20.1

kcal mol) is in very good agreement with the experimental
activation enthalpy (18.0 kcal ndl, see above), thus providing

a strong indication that allyl rotation may proceed via this
intramolecular “nonadiabatic” path involving spin singlet and

conformation is observed between the minimum of the singlet spin triplet species. The absence of experimental detection of

surface 6) and the transition state of the tripléTGA). In other

paramagnetism due to spin triplet intermediates should be

words, the former correspond to tetrahedral species, while theattributed to the short-lived nature of this species, as cor-
latter are square-planar molecules. The superscript in the labelgoborated by the small energy barrier associated with the

of the relevant points along t@= 1 PES correspond to the
spin multiplicity (25 + 1).

Two interesting conclusions arise from the comparison of the

singlet and the triplet energy profiles, in Figure 4. The first is
that the spin singlet square-planar compdags the most stable

of all species. This is what is expected forfndetal complex
with a coordination number of 4, as mentioned above. The
second conclusion is that allyl rotation is considerably more
facile in the triplet PESAE" = 8.5 and 10.0 kcal mok) than

regeneration ob from those intermediates: 4.96] and 6.3
kcal mol?® (36').

In principle, this type of spin crossover mechanism can
operate in similar dynamic processes occurring in&llyl)-
LX] square-planar complexes. However, the nature of L and X
ligands will play a crucial role in the spin state splitting energy,
and, consequently, in the energy difference between the spin
singlet and triplet PES. For example, better donor ligands are
expected to stabilize tfe= 0 square-planar species with respect

in the singlet surface. Both results are due to the same reasonto theS= 1 tetrahedral complex, thus making the spin crossover

For a & electron count, high-spin compounds have greater
occupation of M-L antibonding orbitals than a low-spin square-
planar specie® This accounts not only for the relative stability
of the minima but also for the rotation energy barrier. In fact,

mechanism less likely to occur in comparison with other possible
alternatives, such as associative (e.g. solvent-assisted) or dis-
sociative mechanisms involving allyf—#? shifts.

The third fluxional process detected experimentally (ajfyt

an increased occupation of antibonding orbitals results in longer 1,3 jsomerization) was also studied by means of DFT

metalk-ligand distances and, thus, in less crowded transition

calculations. The free energy profile for thé—»* shift of the

states for the allyl rotation. For example, when the square-planargjly| ligand in 6 is represented in Figure 5, as well as the rotation

species6 and STSA are compared, the mean -NC(allyl)
distance is 2.06 A it6 and 2.56 A in3TSA: the same trend is
verified for the Ni~Cl bond (2.232 A in6, and 2.258 A in
3TSA) and for the Ni-C(carbene) distance (1.918 A & and
2.048 Ain3TSA).

(49) Albright, T. A.; Burdett, J. K.; Whangbo, M. HDrbital Interactions
in Chemistry Wiley: New York, 1985; p 295.

around the allyl C3-C2 bond in thep'-allyl species7 and7'.
The first step (Figure 5, left) represents the shift of the allyl
ligand from#? coordination, in the square-planar reacténio

(50) For excellent reviews on MECP and their location for transition-
metal complexes, see: (a) Harvey, J. N.; Poli, R.; Smith, K.Qdord.
Chem. Re. 2003 238-239 347. (b) Poli, R.; Harvey, J. NChem. Soc.
Rev. 2003 32, 1.
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Figure 5. Free energy profile (italics in kcal mol) for the allyl 7°—#r*—»2 isomerization in [Ni¢3-CsHs)(Me,Im)CI] (6) and rotation of
the C3(sp)—C2(sp) bond in then!-allyl T-shaped intermediates. The relevant points were optimized (B3LYP), and the corresponding

structures are presented.

a ' mode in the intermediate [Njf-allyl)(Me2Im)CI] (7), a

planar specie$. Thus, the mechanism for such a process

species with a coordination number of 3 and a T-shaped involving the participation of;* intermediates had to go first

geometry. The process occurs through the breaking of the Ni
C1 bond, which is the carbon trans to the carbene ligar@} in
corresponding to the weaker NC terminal allyl bond (see
above). This distance increses from 2.23 5ito 3.62 A in7.
The coordination position occupied by C16ris taken by the
chloride ligand in intermediatg, and the major geometric
change along the reaction, besides the breaking efQ\i, is
the opening of the GtNi—Im angle from 95 in 6 to 161° in

7. This reaction presents a late transition statglf, with a
wide CI=Ni—Im angle (138) and the cleavage of the NIC1
bond practically accomplishedh{_c; = 3.41 A, Whi—c1 =
0.100). Thisp®—»? shift of the allyl ligand is an endoenergetic
process AG = 13.5 kcal mot?), which means that the T-shaped

through ai®—n»* shift: that is, breaking of a NiC bond such
asin6— TSI — 7orin6— TSI' — 7' (Figure 5). However,

it should be noted that in both of these cases the@bond
formed (and broken) is the one cis to the chloride ligand. Once
this first 3—»? shift is accomplished, the syrsyn, anti-anti
exchange can only occur if the subsequent slippage figdm
back to#® (from the T-shaped intermediat&sand 7') corre-
sponds to the formation of a NIC bond cis to the carbene
ligand. However, a thorough search of the potential energy
surface associated with this process did not provide a transition
state, indicating that participation gt-allyl intermediates, such
as7 and7', in syn—syn, anti-anti exchange is very unlikely to
occur.

intermediate is a rather unstable species, but the activation free

energy involved AG* = 14.0 kcal mot?) is quite accessible.
From 7, a rotation around the C3®p-C2(sp¥) bond of the
allyl ligand gives the other T-shaped-allyl intermediate,7’,
with a different configuration of the allyl ligand, corresponding
to the middle step in Figure 5. While inthe allyl meso carbon
(C2) is facing the carbene, ifi this same atom is on the chloride

Conclusions

Neutral complexes of the type [Mif-CsHs)(Im)X] can be
easily prepared from the cleavage reaction of the dimer [Ni-
(73-C3Hs)Br], with imidazol-2-ylidenes. The rotation of the
carbene ligand is highly hindered ftBu.Im but considerably

ligand side. The geometrical changes associated with thisfaster for Malm and Melm (AG* = 1418 kcal mot?). The

rotation are reflected in the absolute values of the Gi-C—C
dihedral angle, 93 and 112 7 and7', respectively, and 172
in the transition stateTSrot), indicating an upright conforma-
tion of the allyl ligand. This C3-C2 rotation of they!-allyl
ligand corresponds to the rate-determining step of the-syn

increasing volume of the halogen atom enhanceatievalue
of the process.

At higher temperatures, complexes undergo further confor-
mational exchange processes. At moderate temperatures, ex-
change between isomers is well explained through rotation of

anti exchange experimentally detected by NMR and discussedthe allyl ligand in its own plane, about the Nj>-allyl axis. At

above. In fact, onc&' is formed, an! to #° shift of the allyl
group regenerates the square-planar rea6taith the hydrogen

high temperatures, both NHC and allyl rotation processes take
place simultaneously withg—,1—»2 isomerization of the allyl

atoms in C3 exchanged. This last step is completely equivalent9roup.

to the first one,6 — 7, discussed above. Interestingly, the
activation energy for the entire procesAEf = 23.1 kcal
mol~1)5%is higher than that associated with the rotation of the
n3-allyl about the Ni-»3-allyl axis (Figure 4; 20.1 kcal mot),
indicating that symr-syn, anti-anti exchange should be more
facile than sym-anti exchange, in good agreement with the
experimental findings.

The possibility of a syasyn, anti-anti exchange involving
n*-allyl intermediates{ and7') was also investigated. Overall,
this corresponds to a 18@otation of#3-allyl in the square-

(51) This corresponds to the electronic activation energy. The comparison

has to be made in terms of energyg’) and notfree energy AG*), since
the rate-limiting step for3-allyl rotation goes through MECP (Figure 4),

DFT calculations suggest an intramolecular path for rotation
of the allyl ligand about the Niz®-allyl bond, corresponding
to a “spin-forbidden” process with participation of spin singlet
and spin triplet species.

Experimental Section

General Considerations. All manipulations and reactions were
carried out under an atmosphere of dinitroge® pm of oxygen
or water) using standard Schlenk vessel, vacuum-line, or drybox
techniques. Solvents were predried over activate® molecular
sieves and then distilled under an atmosphere of dinitrogen from
sodium/benzophenone (diethyl ether, tetrahydrofuran, and toluene)
or calcium hydride if-hexane, dichloromethane) and stored under

which are not stationary points and, hence, standard frequency analysis isdinitrogen. Deuterated solventsg0s, toluenees, CD;Cly, 1,1,2,2-

not applicable (see Computational Details).

tetrachloroethand,, and GDsBr) for NMR samples were dried
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with molecular sieves, degassed by freegamp—thaw cycles, and (m, 33y = 6.3 Hz, H3" 1H); 1.58 (M,3Jyy = 12.9 Hz, H3",
stored in ampules over activated molecular sieves. The NMR spectralH); 1.29 (br s, CEl, 3H); 1.27 (br s, CEl3, 3H).*H NMR (CD,-
were recorded on a Varian Unity 300 spectrometel; 800 MHz; Cly): 0 5.27 (M,3Jyy = 7.2 Hz, H2"¢s9 1H); 4.03 (s, NCEi3 from
13C, 75.43 MHz) and referenced internally using residual protio C5, 3H); 3.65 (M3Jyn = 7.2 Hz, HPY", 1H); 3.64 (s, NG5 from
solvent {H) or solvent {3C) resonances relative to tetramethylsilane C4, 3H); 3.46 (m3Jyy = 5.7 Hz, H3Y", 1H); 2.58 (M 2Jyy = 13.8

(6 0). Assignments were supported by one-dimensional nuclear Hz, H12" 1H); 2.09 (s, C&ls, 3H); 2.04 (s, CEls, 3H); 1.78 (m,
Overhauser difference experiments, selectidedecoupling, and 8Jun = 12.9 Hz, H3", 1H).H NMR (tolueneés, 215 K): ¢ 5.02
COSY and HETCOR two-dimensional correlations. The NMR data (m, 3Jyy = 6.6 Hz, H2"¢s9 1H); 3.72 (m,3Jyy = 6.9 Hz, HB"

for compoundsl—5 are given at room temperature (ca. 295 K), 1H); 3.57 (s, NGz from C5, 3H); 3.12 (s, N€; from C4, 3H);
except when specified. All chemical shifts are quoted ifppm), 2.74 (M,33yn = 14.1 Hz, HE", 1H); 2.34 (M,3Jyy = 6.6 Hz,
and coupling constants are given in Hz. Multiplicities are abbrevi- H3sy, 1H); 1.58 (m,3J4y = 13.2 Hz, H3™, 1H); 1.34 (s, CEls,
ated as follows: singlet (s), doublet (d), triplet (t), multiplet (m), 3H); 1.32 (s, CEl3, 3H). 13C{1H} NMR (CgDg): 6 179.5 (C4);
broad (br), very (v). For complexes-5, VT-NMR experiments  126.0 (C5 or C6); 124.9 (C6 or C5); 106.8 (C2); 67.6 (C1); 44.7
were performed in toluenes containing a few drops of CIZI, to (C3); 34.6 (C9 or C10); 34.0 (C9 or C10); 8.1 (C7 and C8&.-
increase solubility. NMR complete line-shape analyses were carried{H} NMR (CD,Cl,): ¢ 178.0 (C4); 126.1 (C5 or C6); 125.9 (C6
out using the gNMR software. Elemental analyses were performed or C5); 107.7 (C2); 67.3 (C1); 45.6 (C3); 35.2 (C9 or C10); 34.6
on a Fisons Instrument Mod EA-1108 analyzer by the Laboi@to (C10 or 9); 9.0 (C7 and C8).

de Andises at this Institute. Reagents such as potasderta Synthesis of [Nig3-CsHs)(Meolm)Br] (3). In a degassed
butoxide were purchased from Aldrich and used as received. Nal Schienk tube, 1,3-dimethylimidazolium iodide (0.86 g, 3.8 mmol)

was dried under v;acuqm at 10€ for several hours. NaH was  onq NaH (0.105 g, 4.4 mmol) were weighed, and a catalytic amount
purchased as a 60% mineral oil dispersion, washed with THF, and of KO'Bu was added. The Schlenk tube was immersed 8@

dried under vacuum. Compounds such as §N0tHs)Br], 1,3- °C ethanol bath, and 50 mL of THF was added. The mixture was
dimethylimidazolium iodidé&? 1,3,4,5-tetramethylimidazol-2-ylideAg, stirred for 2 h. and then the cold bath was removed. After 2.5 h
an(|1_| 1,3-d|tert-bur§ylém|dazol-2-yl|denéﬁ were prepared according  , fyrher hydrogen evolution was observed and the solvent was
to literature methods. evaporated under vacuum, yielding a yellow oil. Hot toluene (65

_Synthesis of [Nig*-CsHs)('Buolm)Br] (1). A solution of 1,3- °C) was added and the resulting mixture stirred. The colorless
di-tertbutylimidazol-2-ylidene (0.36 g, 2.0 mmol) in THF (15 mL)  g4j,tion was filtered into a cold toluene solutiond0 °C) of [Ni-

was added dropwise to a dark red solution of {fiCsHs)Br], (0.39 (7-CsHs)Br]» (0.45 g, 1.26 mmol), immediately precipitating an

g, 1.08 mmcil) in THF (1hs m_Lg, a_t—_50 °C.h Thehsolultionl wash orange powder. The mixture was stirred in the cold bath for 2 h.
warmed to 0°C over 6.5 h, with stirring. The ethanol co d bat t this point, the cold bath was removed and the solution was slowly
was removed, and the cloudy orange solution obtained was warme armed, for 30 min. The solution was filtered and the remaining

to room temgeraéure and stlrre% ftc;]r anot_zer 10 mr:naThtehsholvent orange powder extracted with toluene. The solvent was pumped
was removed under vacuum and the residue washed with NeXane,, ,; 4 the residue washed with hexane. One portion of the solid

An orange solution was ext_racte_d .With tolu_ene (20 mL), z_;m_d :.LOO was extracted with toluene and cooled+@0 °C, yielding 0.22 g
mL. of hexane was added with stirring, leading to the pre_C|p|_tat|c_)n of a microcrystalline orange powder. The remaining solid was
of a mlcrocrystalllne ogange powder. Further _recrystalllzatlon i ovtracted with THF and double-layered with hexane-20 °C,
cpld dl_ethyl e_zthe_r(—ZO ) ga})ve crystals ol suitable for X_-ra_y yielding pale orange crystals. Yield: 0.29 g (72%). Anal. Calcd
diffraction. Yield: 0.64 g (89%). Anal. Calcd for ;GH,sNoNiBr: for CgHaN,NiBr: C, 34.84: H. 4.75: N, 10.16. Found: C, 34.80:

C,46.71; H, 7.00; N, 7.78. Found: C, 46.89; H, 7.05; N, 7%62. " "7\ "9 761 NMIR (GaDy): 5.86 (5, H5 and HB, 2H); 4.95
NMR (C¢Dg): & 6.61 (s, H6, 1H); 6.54 (s, H5, 1H); 5.01 (Rl (. S, = 6.9 Hz, H21952 1H). 3.85 (M 2 = 6.9 Ha, HB"

" 6'36 Ha, A2, 3532 (M = 6'2 Hz, HER 1H). 2'8n6 1H); 3.39 (v br, CH); 3.18 (v br, CH); 2.80 (m,3Juy = 14.1 Hz,
(M, “Joy = 13.8 Hz, HEY, 1H); 2,32 (M, e = 6.0 Hz, HIN - yyani 'y )5 23 (m 2000 = 6.9 Hz, 3, 1H); 1.47 (M0 =
10): 1.90 (s, C(Eta)s from CL1, OH); 1.63 (5, C(Ea)a from C7. 45 g py Yygmi 1H). 1H NMR (tolueneds): 5.97 (s, H5 and H6
9H); 1.28 (M,3Juy = 12.0 Hz, H3" 1H). 3C{1H} NMR (C¢De): N L or (A o 650 1Y 2 R (o ’
! . . . | 2H); 4.95 (m,3Jyy = 6.9 Hz, HZ"¢s9 1H); 3.67 (M 2y = 6 Hz,

0 179.0 (C4); 119.3 (C5); 119.2 (C6); 105.2 (C2); 64.5 (C1); 58.5 H19 1H); ca. 3.39 (br, Ck| 6H); 2.66 (M3 = 14.1 Hz, HEM
(C11); 58.2 (C7); 46.1 (C3); 32.0 (CHg)s from C11); 31.6 1H): ‘2_27 ’(m 3 =6.é Hy Ha;” 1H): 1.’47 (M3 = 1é.6 Hz’
(C(CHa)s from C7). . H3®, 1H). 1H NMR (tolueneds, 215 K): 5,82 (s, H5 or H6, 1H);

Synthesng o_f [Nigy -Cgl—_|5)(Me4Im)Br] ). Asolutpn of 1,3,4,5- 5,76 (s, H5 or H6, 1H); 4.93 (M) = 6.6 Hz, H2ese 1H): 3.76
tetramethyl|m|daz_ol-2-yI|dene (0.25 9,20 mmc_;l) in THF (10 mL) (& 3\]HH,= 6.6 Hz 'ny”'or H3n 1H): 3.47 (s ’CI’J 3;_'). 3.’04 (s
was added dropwise to a dark red solution of [fiCsHs)Br], (0.35 CII-I 3H): 2.72 (d' 3 —141 I,-Iz fomi or Héanti ’1H)' ,2 o (m,
g, 0.98 mmol) in THF (10 mL), 250 °C. The solution was stired ;] > 6.6 Hz Hfly"g': H3SY”.1H)' 46 (d3d = 12 9 Ha. HEM
for 3.5 h and slowly warmed to TC. At this point, the cold ethanol b et s S Lo e
bath was removed and the mixture was stirred for another 10 min. °" H3™, 1H). *H NMR (tolueneds, 342 K): 6.05 (s, H5 and H6,
The turbid orange solution was filtered, and the solvent was é:g ggg ((Err rrT]n’sJHzlequl:gHé;j'Gf_é%’ Tj;”zllgé (?t))r4?—|(3l§/)': 1CHE;"
evaporated under vacuum. The residue was washed with hexane1 4é (br m.3J ’_HH10_8 Hz |—T'3mi 1|’_|) 13&3{iH} NMR ((’: D ),'

. sy YHH — . ’ ’ . 6L-6)-

which dissolved also a small amount of the reaction product ' ; : ) .
(recovered by concentration of the solution and cooling it down to 597'5 t()CA'C):’ 12%(7: (1(|:_|5 ?\lnl\(/leC 62:51%8'1 (gi)’ 677 (C11)224 6;.0&(3:3),
—80°C). The solid was further extracted with toluene. The solution 7 r,. H). =°C{ _} ( —2 2): 'mlssmg, 7 (

was concentrated and cooled+80 °C, leading to the precipitation and C6); 1_08'1 (C_Z)’ 67.7 (C1); 46.0 (C3); 37'7_ (br,é):l_—| ]
of an orange powder, corresponding to the desired compaund Synthesis of [Nig®-CsHs)(Me2lm)I] (4). 1,3-Dimethylimida-

Yield: 0.47 g (79%). Anal. Calcd for H17NoNiBr: C, 39.53; H, zolium iodide (0.59 g, 2.7 mmol), NaH (0.07 g, 2.9 mmol), and a
5.64; N, 9.22. Found: C, 39.03; H, 5.95; N, 8.764 NMR catalytic amount of K@u were weighed in a degassed Schlenk

(CeDe): 0 5.01 (M, 3y = 6.9 Hz, H2"s0 1H); 3.86 (M 3Jyy = tube and placed in &80 °C ethanol/liquid N bath. THF (30 mL)

7.2 Hz, HB" 1H); 3.58 (br s, NE; from C5, 3H); 3.13 (br s, was added and the mixture stirred for 1 h. The cold bath was then
NCHjs from C4, 3H); 2.86 (M3Jun = 14.4 Hz, HE", 1H); 2.33 removed and the solution warmed to room temperature, with stirring
for a further 2 h. The yellow solution thus obtained was filtered

(52) Semmelhack, M. F.; Helquist, P. Nbrg. Synth.1972 52, 115. dropwise over [Nig3-CsHs)Br]2 (0.43 g, 1.2 mmol), at-50 °C.
(53) Arduengo, A. J., World Patent W09114678 5, Oct 3, 1991. The mixture was stirred fo2 h in thecold bath and then warmed
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for 1 h. The orange solution was filtered, concentrated, and cooled Table 6. Crystal Data and Structure Refinement Details for
to —20 °C, resulting in the formation of orange crystals of Complexes 1, 2, 4, and 5

compound4. Further recrystallization of the compound in cold 1 2 4 5
toluene yielded suitable crystals for X-ray diffraction. Yield: 0.60

g (78%). Anal. Calcd for gHiNoNil: C, 29.77; H, 4.06; N, 8.08. @ Qb Gl Gl Gt
Found: C, 29.68; H, 3.94; N, 8.49H NMR (CgDg): 6 5.87 (s, M; 359.98 303.87 322.82 350.87
H5 or H6, 1H); 5.81 (s, H5 or H6, 1 H); 4,80 (fJuy = 6.0 Hz, MA 0.71069 0.6923 0.71069 0.71069
H2mese 1H); 3.90 (M,3Juy = 7.2 Hz, HB 1H); 3.37 (s, CEls, T(K) 293(2)  150(2)  180(2)  130(2)
SH), 3.01 (S, CEls, SH), 257 (m’ H3" 1H), 253 (mvSJHH — cryst syst orthorhombic  monoclinic monoclinic _trlClInIC
14.7 Hz, HE™, 1H); 1.58 (M3 = 12.9 Hz, H3™, 1H). 4 NMR ~ Shacegroup - Pbre care P2i/m AL

: ' ! ' L ~HH : ' J : a(h) 9.686(3) 20.265(5)  7.2153(19)  7.9820(9)
(toluenedg): 0 6.07 (s, H5 or H6, 1H); 6.01 (s, H5 or H6, 1 H);  p(A) 11.236(3) 8.471(2) 8.362(2) 8.8620(10)
4.82 (M,3Jyy = 7.2 Hz, H2"¢s¢ 1H); 3.69 (M,3Jyy = 7.5 Hz, c(A) 14.713(3) 14.144(4)  9.324(3) 10.303(2)
H1m 1H); 3.49 (s, CE®ls, 3H); 3.14 (s, CEls, 3H); 2.63 (M 3y o (deg) 112.019(2)
= 7.2 Hz, H3" 1H); 2.38 (M,3J4y = 14.7 Hz, HE", 1H); 1.60 B Eggg; 93.703(4)  103.351(12) 10120(1)6%5(%2)
(M, 3Jup = 13.2 Hz, H3", 1H). 13C{*H} NMR (C¢D¢): C4 missing; Ve X
122.1 (C5 or C6); 121.7 (C5 or C6); 106.0 (C2); 65.5 (C1); 49.8 \Z/(A ) 411601'2(1) 82423'0(11) 2547'4(3) 2 632.2(2)
(C3); 37.2 (br, C7 or C8); 36.5 (br, C7 or C8FC{H} NMR pealca(g cMTd)  1.493 1.666 1.959 1.843
(toluenedsg): C4 missing; 122.3 (C5 or C6); 122.0 (C5 or C6); u(mm?) 3.694 4.865 4.545 3.943
106.2 (C2); 65.4 (C1); 50.0 (C3); 37.3 (br, C7 or C8); 36.6 (br, C7 0max(deg) 25.97 30 27 41.3
or C8). tot:;l r:o. of 1626 3558 1786 11785

Synthesis of [Nig?-CsHs)(Mesm)l] (5). Equimolar amounts uniqi: no. 1626 2769 960 6541
of [Ni(#53-CsHs)(Mesim)Br] (2) (0.13 g, 0.42 mmol) and Nal (0.07 of data
g, 0.46 mmol) were weighed in a Schlenk tube. THF (15 mL) was Rt 0.00 0.033 0.086 0.0235
added and the mixture stirred for 12 h. The solvent was evaporated R (I = 30(1)) ~ 0.063 0.0345 0.1451 0.0319
under vacuum and the residue extracted with toluene. The solution 0078 0.0434 0.1286 0.0744

. o S goodness of fit  0.945 1.0257 1.2114 1.05

was double-layered with hexane and storee20 °C, giving 0.13 Flack param 0.03(3)
g of orange crystals corresponding to a mixture of the title g, —0.449 —0.65 —2.08 -2.35
compound5 (66% vyield determined byH NMR at 216 K) and Pmax 0.464 2.24 4.76 2.54

unreacted [Nig3-C3Hs)(Meyim)Br] (2). The solids were redissolved

in THF (10 mL), and a small excess of Nal (0.015 g, 0.10 mmol), 4 were processed with the DENZO and SCALEPACK prografns.
relative to the contamination of bromide compoudvas added. In the case of complek, the data were collected at 130 K on a
The mixture was stirred for 36 h. The solvent was then evaporated Bruker AXS-KAPPA APEX Il diffractometer using graphite-

under vacuum. Further extraction with toluene, double-layering with  monochromated Mo & radiation. For complexesand5, solutions

hexane, and storage at20 °C gave orange crystals suitable for
X-ray diffraction of pure compoun8. Yield: 0.06 g (90% relative

to the amount of solid obtained in the first recrystallization). Anal.

Calcd for GoHi7NLNil: C, 34.23; H, 4.88; N, 7.98. Found: C,
34.23; H, 4.81; N, 7.85!H NMR (CgDg): 0 4.90 (m,3Jyy = 6.9

were found with direct methods using SIR9and refined using
SHELXL5¢included in the package of programs WINGX, Version
1.70.01%7 For both 2 and 4, structures were solved by direct
methods using the program SIR¥2and refinements (of) and
graphical calculations were performed using the CRYSTALS

program suite. For compouns| a certain extent of disorder is
observed for atom C2 (with 60% and 30% probability), and also
some residual electron density is detected near atom C1 (that could
not be modeled).

For 4, the low quality of the crystal accounts for the relatively
poor quality of the diffraction data. This complex is disordered over
a mirror plane. There may also be substitutional disorder of the
iodine and allyl group, which might account for the rather high
residual electron density. Geometric and vibrational similarity
restraints were applied. Data were also collected using synchrotron
radiation; however, the quality of the solution did not improve and
ultimately the KCCD-collected data were used in the refinement.

Hydrogen atoms in compoundl were inserted in idealized
positions riding on the parent carbon atoms. For t®#nd4 the
non-hydrogen atoms were refined with anisotropic displacement

Hz, H2mese 1H); 3.90 (d 33 = 6.6 Hz, HBY" 1H); 3.47 (s, NEl3
from C5, 3H); 3.09 (s, N8 from C4, 3H); 2.68 (d3Juy = 6.6
Hz, H3", 1H); 2.59 (d 3wy = 14.4 Hz, HE" 1H); 1.70 (d3Jun

= 12.9 Hz, H3" 1H); 1.31 (s, CE®l3, 3H); 1.28 (s, CEl3, 3H).

IH NMR (tolueneds): 6 4.89 (Mm,3Jyy = 6.6 Hz, HZ"es9 1H);
3.69 (d,3J4y = 7.5 Hz, H®" 1H); 3.53 (s, NG from C5, 3H);
3.17 (s, NGz from C4, 3H); 2.69 (d3Juy = 6.9 Hz, H3", 1H);
2.42 (d,3yy = 14.1 Hz, H2 1H); 1.69 (d,3J4y = 12.6 Hz,
H32nt, 1H); 1.47 (s, CEls, 3H); 1.44 (s, C®lz, 3H). 13C{1H} NMR
(CeDe): 0 179.4 (C4); 125.5 (C5 or C6); 125.3 (C6 or C5); 105.9
(C2); 65.2 (C1); 49.8 (C3); 34.8 (C9 or C10); 34.1 (C9 or C10);
8.33 (C7 or C8); 8.26 (C7 or C8%C{*H} NMR (tolueneds, 192

K): 0 177.1 (C4); 125.4 (C5 or C6); 125.0 (C6 or C5); 106.0 (C2);
64.8 (C1); 50.6 (C3); 34.6 (C9 or C10); 33.8 (C9 or C10); 8.2 (C7
and C8).

X-ray Experimental Data. Crystallographic and experimental

details of crystal structure determinations are given in Table 6.
Suitable crystals of complek were mounted on a capillary, and
data were collected at room temperature on an Enraf-Nonius |
MACHS3 diffractometer equipped with Mo radiation. For com-
pounds2, 4, and5, crystals were selected under an inert atmosphere,
covered with polyfluoroether oil, and mounted on a nylon loop.
Since crystals qQ were extremely small an(_j diffr_acted Weakly,_ (57) Farrugia, L. J. Appl. Crystallogr 1999 32, 837.
synchrotron radiation was used to collect diffraction data on this  (5g) SIR92: Altomare, A.; Cascarano, G. L.; Giacovazzo, C.; Guagliardi,
compound. Data were collected at Station 9.8, Daresbury SRS,A. J. Appl. Crystallogr.1993 26, 343.
Daresbury, U.K., using a Bruker SMART CCD diffractometer at (59) (@) Watkin, D. J.; Prout, C. K.; Carruthers, J. R.; Betteridge, P. W.
150 K. Complex4 also yielded weakly diffracting crystals whose E%Ysgé\é;féroéf?rqb%ﬁ"éggsafﬂ)npbvﬁ' Eggfrgg‘;{aﬁnb\gﬁé&é’gg&hers'
data were collected at 180 K on a Nonius KappaCCD diffractometer 1487. (c) watkin, D. J.: Prout, C. K.; Pearce, L. J. CAMERON: Oxford,
with graphite-monochromated ModKradiation. Images o2 and U.K., 1996.

(54) Otwinowski, Z.; Minor, W. InMethods in Enzymologyarter, C.
N., Jr., Sweet, R. M., Eds.; Academic Press: New York, 1996; p 276.
(55) SIR97: Altomare, A.; Burla, M. C.; Camalli, M.; Cascarano, G.
; Giacovazzo, C.; Guagliardi, A.; Moliterni, A. G. G.; Polidori, G.; Spagna,
R. J. Appl. Crystallogr.1999 32, 115.

(56) Sheldrick, G. M. SHELX97-Programs for Crystal Structure Analysis
(Release 97-2); Instituflir Anorganische Chemie der Univergjtdam-
manstrasse 4, D-3400 @ogen, Germany, 1998.
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parameters. Hydrogen atoms were located in Fourier maps and theimode downbhill on both sides and obtaining the minima presented
positions adjusted geometrically (after each cycle of refinement) on the energy profile. The minimum energy crossing points (MECP)
with isotropic thermal parameters. Chebychev weighting schemes between the spin singleB& 0) and the spin triplety= 1) potential

and empirical absorption corrections were applied in each%ase. energy surfaces (PES) were determined using a code developed
In compound5 all hydrogen atoms were found in the difference by Harvey et af? This code consists of a set of shell scripts and
Fourier map and refined freely. In this case, the hydrogen atoms Fortran programs that uses the Gaussian results of energies and
of the allyl terminal carbons (C1 and C3) were inserted in idealized gradients of both spin states to produce an effective gradient

positions and once again refined in the parent carbon atom.

Figures were generated using ORTEP®ata were deposited
at the CCDC under the deposit numbers 603290f@&02970 for
2, 602971 for4, and 603289 fob.

Computational Details. All calculations were performed using
the Gaussian 98 software pack&yend the B3LYP hybrid
functional, without symmetry constraints. That functional includes
a mixture of Hartree Fock®® exchange with DF# exchange
correlation, given by Becke’s three-parameter functiéfnaith the
Lee, Yang, and Parr correlation functional, which includes both
local and nonlocal ternf$:56 The basis set used consisted of
LanL2DZ%” augmented with an f-polarization functi@ror Ni, the
same basis augmented with a d-polarization funéfidar the
halogens, and a standard 6-31G(d,p)’%éor the remaining
elements. Transition state optimizations were performed with the
synchronous transit-guided quasi-Newton method (STQN) devel-
oped by Schlegel et &t Frequency calculations were performed
to confirm the nature of the stationary points, yielding one imaginary

pointing toward the MECP. Spin contamination was carefully
monitored for all the unrestricted calculations, and the values of
[F0indicate minor spin contamination and are presented as
Supporting Information. The energy values for allyl rotation are
not zero point corrected since, on one hand, the maximum deviation
between the zero point corrected and the uncorrected energies is
0.8 kcal mot?, with all stationary points considered, and, on the
other, MECP are not stationary points and a standard frequency
analysis is not applicabl@.The free energies referred to in the
text were obtained at 298.15 K and 1 atm by conversion of the
zero point corrected electronic energies with the thermal energy
corrections based on the calculated structural and vibrational
frequency data. A natural population analysis (NAgnd the
resulting Wiberg indice® were used for a detailed study of the
electronic structure and bonding of the optimized species.

The most accurate functional to describe energy differences
between states of different spin in organo-transition-metal com-
plexes is still a matter of discussion. Although the hybrid func-

frequency for the transition states and none for the minima. Each tionals, such as B3LYP, can be a good choice in many cases, their

transition state was further confirmed by following its vibrational
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20% admixture of exact exchange may overestimate the stability
of higher spin states in some systems. Modified hybrid functionals
with 15% exact exchange (B3LYP*) have been proposed, specially
for first-row transition-metal complex&&’4The dependence of the
system studied, [Ni?-CsHs)(Me2Im)CI], on the amount of exact
exchange included in the functional was investigated. The energy
profile associated with the allyl rotation was recalculated using
B3LYP*. The MECP were reoptimized with the modified func-
tional, and single-point energy calculations with B3LYP* were
performed on the geometries optimized with B3LYP for the
stationary points. The activation energy obtained with B3LYP* is
only 1.6 kcal mot? higher than the B3LYP energy, showing only

a minimal dependence of the system studied on the amount of exact
exchange included in the functional. B3LYP values are presented
in the text, since the corresponding activation energy is a better
match to the experimental value. The complete energy profile with
B3LYP* energies is presented in the Supporting Information (Figure
13 of the Supporting Information).
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Note Added after ASAP Publication.In the version of this
paper published on the Web on July 27, 2006, references 17
19 were incorrect. In the version of the paper that now appears,
these references are correct.
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