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st-Allylchloro(NHC)nickel(ll) complexes were synthesized and their reactions with O, were studied. Ligand steric
effects were found to determine the difference between rapid oxidation of the allyl group to produce bis-u-hydroxonickel
complexes and no observable reaction. The ability of the metal-NHC bond to rotate correlates with the ability of
the complex to react with O,. In the limiting cases, conformationally restricted complexes are stable to O, and
complexes with rapid Ni-NHC bond rotation react rapidly with O,. Complexes with intermediate conformational
flexibility were found to exhibit lesser reactivity with O,. On the basis of the observed inertness of complexes with
saddle-shaped ligands to O,, we propose the adoption of a nonplanar geometry upon reaction with O, to be
required. The issue of conformational flexibility versus rigidity is expected to directly impact the catalytic behavior
of metal-NHC complexes.

Introduction Table 1. Tolman Electronic Parameters (TEPs) for NHCs and Selected
Phosphines

The emergence df-heterocyclic carbenes (NHCs, see

Figure 1) since Arduengo’s seminal publication in 1984s ligand v (e ligand v (o)
invigorated the catalysis field by providing a powerful {%’;b 20896 L%Ouﬁgﬂw 2054
complement to phosphine/arsine ligands for a wide array of  pjyb 2051 PBy 2060.3
reactions from olefin metathe3i® cross-coupling* Among IMes? 2050.7 PMe! 2064.1
the useful properties of NHCs is a pronounced stability to ~ >1¢% gggig Eg’;oﬁd ggggg
O,, which makes them potent ligands for transition-metal- Slipe 2052.2 )

mediated aerobic oxidatiofs?

It is widely believed that NHCs are strongeidonors than
phosphines. Measurements of Tolman electronic paranfeters
(TEP) by Crabtre# and NolaA? strongly support this

aNolan2 P Crabtree! ¢Glorius3 9 Tolmani®

viewpoint (Table 1). What is striking about these measure-
ments is how small the differences in TEP values are among
reported NHCs, essentially falling withia 3 cn1? range

*To whom correspondence should be addressed. E-mail: sigman@

chem.utah.edu. (4.5 cntif IBioxMe 4 is included)t® On the other hand, TEP

@ fé‘é‘i"fﬁg@ﬁgé&“ Harlow, R. L.; Kline, MJ. Am. Chem. Soc. v a|yes for phosphines vary by more than 12 &nft should

(2) Trnka, T. M.; Grubbs, R. HAcc. Chem. Re€2001, 34, 18-29. be noted that the TEP values reported by Crabtraed

(3) Herrmann, W. AAngew. Chemlnt. Ed. 2002, 41, 1290-1309. Glorius'® were determined using iridium complexes. The

@ 2‘;&’%‘1’9&1&%’_ R. A., lll; Nolan, S. RI. Am. Chem. S02003 relatively narrow range of TEP values for NHCs as compared

(5) Jensen, D. R.; Schuliz, M. J.; Mueller, J. A.; Sigman, MABgew. to phosphines suggests that differences in the properties of

© ggﬁsng'n',”B_Eﬁ_';zs(’igfngi ﬁf_lgg_ggﬁ_ 2003 5, 63-65. metat-NHC complexes with varying NHCs are more likely

(7) Cornell, C. N.; Sigman, M. Sl. Am. Chem. So@005 127, 2796~ to stem from steric effects.

@® ZSZ:%-ML M. 3. Harmilton, S. S.; Jensen, D. R.: Sigman, MLSrg, To describe the steric effects of NHCs on nickel com-
Chem.2005 70, 3343-3352. plexes, Nolan recently proposed to consider the fraction of

(9) Sigman, M. S.; Jensen, D. Rcc. Chem. Re2006 39, 221-229. the metal sphere occupied by the ligandvd'? Essentially,

10) Tolman, C. AChem. Re. 1977 77, 313—-348. :

2113 Chianese, A. R.. Li, X.: Janzen, M. C.- Faller, J. W.: Crabtree, R. H. the larger the %, value, the more steric pressure exerted
Organometallic2003 22, 1663-1667.

(12) Dorta, R.; Stevens, E. D.; Scott, N. M.; Costabile, C.; Cavallo, L.; (13) Altenhoff, G.; Goddard, R.; Lehmann, C. W.; GloriusJFAm. Chem.
Hoff, C. D.; Nolan, S. PJ. Am. Chem. So2005 127, 2485-2495. So0c.2004 126, 15195-15201.
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Figure 1. N-Heterocyclic Carbenes (NHCs) discussed in this manuscript.
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Figure 2. (a) Depiction of %W, where the darkened area depicts the
space filled about the nickel center by the ligand. (b) Values ®%,%6
reported by Nolad?

by the ligand. An illustration of %, and the reported values
for nickel are shown in Figure 2. Nolan has also proposed
the use of W, for palladiunt* and rutheniurt? complexes
with NHCs.

In the context of nicketNHC systems, there are several

proposed to be a reversible reactidin contrast, the reaction

of ItBu with Ni(cod) produces several fascinating products,
but not Ni(tBu), (eq 2)!8 In this case, %y, correlates with

the results: the larger ligand fails to form a stable NiL
complex. The reaction ofifPr with Ni(CO), produces
saturated, tetrahedral Ni(C&Pr) (eq 3) whereas the
reaction of tBu with Ni(CO), produces unsaturated, trigonal
Ni(CO),(ItBu) (eq 4)*? This result is consistent with ¥,

in that the larger ligand leads to the formation of a less
coordinated product. Since this report oV and NHC-
nickel complexes appeared, our lab has reported a discrep-
ancy betweeniPr and tBu in the attempted synthesis of
bis-u-chloronickel(l) complexes. When a 1:1 mixture of Ni-
(cod) and Ni(dme)d is treated with 2 equiv ofiPr in
toluene, the desired bjschloronickel(l) complex is pro-
duced (eq 5). Treating the same mixture of nickel sources
with 2 equiv of tBu results in the formation of a bjg-
ethoxonickel(ll) complex, apparently due to an ethanol
impurity in the Ni(dme)C] used (eq 6). It should be noted
that the same bottle of Ni(dme)dource was used for the
reactions in eqs 5 and 6 and that the use of ethanol-free Ni-
(dme)C} prevented formation of the bis-ethoxonickel(ll)
complex shown in eq & In this case, the ligand with the
larger 9%/, value leads to the formation of a more-
coordinated product. This result is not consistent with,%

liPr _Ni(cod), Ni(liPr), + 2 cod 1)
thf
(\N}Bu
. N=
Ni(cod), Lo
1tBu i 1tBu—Ni ll\ll 1tBu (2)
=N
’Bu’N\/
Ni(CO Iﬂrr
liPr ﬁ» oG Niu @)
od ~co
Ni(CO), I2"I3u
1tB — A, i
Y hexane oc’N'\co “)
Ni(cod),
Ni(dme)Cl, £l
|iPr _— 1iPr—| N| N| I1Pr (5)
toluene
ci
Ni(cod), Et
; cl, 0, ,ltBu
By —Ame)Cl, N ON{ + Ni(cod), (6)
toluene )

documented examples of discrepancies in reactivity between

IiPr and tBu. For example, the respective reactionsiéfr |
and kBu with various nickel sources have drastically different
outcomes. The reaction offr with Ni(cod) is reported to
form Ni(liPr), cleanly (eq 1) although it has also been

To study this discrepancy in more detail, we harnessed
the Q reactivity ofsr-allylchloro(NHC)nickel(ll) complexes
previously reported from our 1ad.A number of additional
complexes were prepared in order to evaluate steric effects

(14) Viciu, M. S.; Navarro, O.; Germaneau, R. F.; Kelly, R. A., lll; Sommer,
W.; Marion, N.; Stevens, E. D.; Cavallo, L.; Nolan, S. ®rgano-
metallics2004 23, 1629-1635.

(15) Hillier, A. C.; Sommer, W. J.; Yong, B. S.; Petersen, J. L.; Cavallo,
L.; Nolan, S. P.Organometallic2003 22, 4322-4326.

(16) Bthm, V. P. W.; Gstttmayr, C. W. K.; Weskamp, T.; Herrmann, W.
A. Angew. Chemlnt. Ed. 2001, 40, 3387-3389.

(17) Louie, J.; Gibby, J. E.; Farnworth, M. V.; Tekavec, TINAm. Chem.
Soc.2002 124, 15188-15189.

(18) Caddick, S.; Cloke, F. G. N.; Hitchcock, P. B.; Lewis, A. K. d. K.
Angew. Chemlnt. Ed. 2004 43, 5824-5827.

(19) Dible, B. R.; Sigman, M. S.; Arif, A. Minorg. Chem2005 44, 3774~
3776.

(20) Dible, B. R.; Sigman, M. S1. Am. Chem. So@003 125 872-873.
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on this reaction. Herein, we present the results of this study, Table 2. Preparation ofz-Allylchloro(NHC)Nickel(ll) Complexes from

which strongly implicate sterics as the dominant factor
affecting the Q reactivity of w-allylnickel complexes with
NHCs and possibly the dominant factor affecting other
nickel-NHC systems as well.

Results and Discussion

Synthesis ofr-Allylchloro(NHC)nickel(ll) Complexes.
mr-Allylchloro(NHC)nickel(ll) complexes were synthesized
via the one-pot procedure we reported previously fBri°
In this reaction, Ni(cod)is oxidized by allyl chloride using
1,5-cyclooctadiene (cod) as the solvent. A solution of NHC
in toluene is added to the resultingallylnickel(ll) inter-
mediate in a dropwise fashion to generate the desired
sr-allylchloro(NHC)nickel(Il) product. This reaction proceeds
in good to excellent yields, as shown in Table 2. The NHCs
were isolated prior to use following the procedure developed
by Arduengd’! except in cases where the NHCs were not

amenable to isolation. In those cases, the NHC was generated

in situ and then added to theallylnickel(ll) intermediate
and the yields were substantially lower. As noted by
Arduengo, the key to isolating NHCs is the avoidance of
water, where sensitive NHC’s seem to originate from more
hygroscopic imidazolium salts. It is noteworthy that drying
the precursor imidazolium salts via azeotropic distillation
with toluene using a DearStark trap is especially beneficial
for IMes, ITol, and IMe?!

Reactions ofz-Allylchloro(NHC)nickel(Il) Complexes
with O,. In an earlier communication, we reported on the
unusual reaction at-allylchloro(liPr)nickel(ll) with O, (eqs
7 and 8)}?In this reaction, a big~hydroxochloro(iPr)nickel-

H
Pr o, ol O, P 7
Ni-Cl —— NN H %)
K iPr” 0 CI |
H
1a 2a
H
liPr 0, \ ,O\ ,IlF‘r "
Ni-Cl —— Ni_ Ni_ H ®)
g 1iPr” a cl |
Ph

Ph

(1) dimer is produced and the allyl groups are oxidized and
liberated asa,f-unsaturated carbonyl compoundsPrl
complex 1a was found to react rapidly with oxygen in
hexanes, benzene, toluene, and thf, with rates increasing i
that series from hexanes to thf. However, complexis
kinetically stable to @ in methylene chloride and 1,2-
dichloroethane, with reaction times greater than 36 h. It

should be noted that even the addition of small amounts of

CH.CI, to benzene or THF (1:10 mixtures) prohibits oxida-
tion, which may be due to competitive inhibition of,O
binding by chlorinated solvents. The analogoudP&(1b)
and IMes (¢) complexes behaved in a similar manner
(Figure 3), with formation of purple products wifl.(1b)
=492 nm andima{(1c) = 497 nm. These are consistent with

(21) Arduengo, A. J., llI; Dias, H. V. R.; Harlow, R. L.; Kline, M.. Am.
Chem. Soc1992 114, 5530-5534.
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Figure 3. Reactions ofz-allylchloro(NHC)nickel(ll) complexeda—1e
with O,.

the Amax value of 500 nm previously reported for his-
hydroxonickel(ll) complex2a.?® Attempts to isolate the
putative bisi-hydroxonickel(ll) products of the oxidation
of 1b or 1c were unsuccessful because of decomposition of
the products in solution. Even the previously reported,
crystallographically characterized hishydroxonickel(ll)
complex2a decomposes in solution. For this reason, discus-
sion of the Q stability of sz-allylchloro(NHC)nickel(ll)
complexes is based on consumption of thallylnickel
complexes.

We next examined theBu (1d) and IAd (Le) analogues
and were greatly surprised to find that they were stable to
O,, even when refluxed under an,@tmosphere inds-
benzene. No new species were observedHbNMR, nor
was the formation of insoluble products observed. This
contrasts markedly with the aforementioned complebaes

1c, which oxidize in a matter of seconds at room temperature.

Mhis discrepancy was initially of unknown origin. The-O

stable complexes ofBu (1d) and IAd (Le) each haveN,N'-
dialkyl substituents, whereas the reactive complexe&Ruf |
(1a), SliPr (1b), and IMes {¢) all haveN,N'-diaryl substit-
uents. It would be tempting to call this discrepancy an
electronic effect, but the TEP value for IMes is 2050.7 and
the TEP values foN,N'-dialkyl substituted NHC ligands ICy,
tmiy, and biy range from 2049.6 to 2051. These values
strongly suggest that electronic effects are not the determin-
ing factor. Furthermore, one would expect that stronger
o-donors, ligands with smaller TEP values, would be more
susceptible to oxidation if electronic effects were the sole
determining factor. However, to disprove electronic effects
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as the determining factor, we would require either a reactive N”
non-aryl-substituted NHC or an inert aryl-substituted NHC.
The recent publications by Glorius on IBiox ligafgs E "Cl \\ph E/”\ hBuU
inspired an attempt to prepare a complex with a constrained
ItBu analogue. An examination of the crystal structure of Ar
IBioxMe,—HOTf suggested that IBioxMewould be ideal /\>
for this study. IBioxMa complex 1f was prepared and E\Rh)\rn E P
characterized crystallographically. As expected, IBioxMe P e c \\Ar
is less hindering thartBu. Furthermore, IBioxMgcomplex Figure 4. Selected NHC complexes reported to have hindered metal
1f was found to oxidize rapidly when treated with @ thf NHC bond rotation.
and slowly in benzene. The TEP value for IBioxiMg 2054 . )
cm~1, which is slightly larger than those measured oK' - If these conditions are not met, then the model should fail.

dialkyl NHC ligands. The observed instability af to O, To consider this possibility, we examined compledes-

suggested that the tipping point betweep sability and 1h by dynamic*H NMR. _
instability was close, which inspired the study of NHC  Crabtree reported and discussed several NHC complexes

ligands with smaller alkyl substituents or with fewer aryl of rhodium and iridium that exhibited hindered rotation about
substituents. the metal-carbene bonét To summarize, square-planar
|Cy Comp|ex q_g) and ITol Comp|ex :(_h) were prepared iridium and rhodium Complexes of NHCs exhibited fluxional
for Study with Q. |Cy Comp|ex]_g was Comp|ete|y consumed Or even fixed metatNHC bond rotation on the NMR time
within 5 s in oxygenated thf at @C with concomitant ~ Scale at room temperature (Figure 4). In these cases, inhibited
formation of a purple species Withna = 483 nm. This rotations were largely observable because of AB or ABXY
successfully disproves that dialkyl-substituted NHCs always SPlitting on thea-methylene protons on the-substituents.
form O,-stable complexes, which in turn refutes electronic Unfortunately, many of the NHCs and complexes used in
effects as the sole determining factor. ITol compléxwas catalysis lack spectroscopic handles to probe for inhibited
consumed in ca. 30 min under these conditions. It should bemetai-NHC rotation. As a consequence, the ability/inability
noted that iIPr complexla, SliPr complex1b, and IMes  0f an NHC to rotate in a given complex seems to be given

complex 1c were completely consumed withi5 s under little consideration in terms of implications for catalysis. In

these conditions. our case, the planar chirality gf-allyl complexes facilitates
When oxygenated benzene was used as the reaction solverfiuch observations.

at room temperature instead of thf at©, ICy complexlg The protons located on C4 and C5 of imidazol-2-ylidenes

was consumed within 5 min. Under these conditiomBr |  (backbone protons) are useful for purposes of examining

complexla, SliPr complexlb, and IMes compleX.c were metal-NHC rotation. In complexes that have slow metal
still consumed within 5 s. In stark contrast, ITol complex NHC rotation on the NMR time scale, these protons are

1h was not observed to form a hishydroxonickel(ll) nonequivalent and resolve as a pair of doublets. In complexes
complex under these conditions, instead undergoing a sidewith freely rotating metal-NHC bonds, they are equivalent
reaction to produc&ans[ITol,NiCl;] (3h). Control experi- and appear as a singlet. Furthermore, these protons essentially

ments revealed that this reaction does not requige O account for the only signals observed between 5.5 and 7 ppm

Furthermore, this reaction has not been observed for anyin 7*-allylnickel(ll) complexes. We have examined-NHC

other complex presented herein. rotations in#S-allylnickel(ll) complexes by variable-tem-
Dynamic NMR Study of NHC Complexes.The com- perature NMR, and the results are quite striking (Figure 5).

plexes evaluated above can be divided into three groups: O |iPr complexla, SliPr complexlb, and IMes complex

reactive (a, 1b, and 1c), moderately @ reactive (g and 1c all exhibit rapid rotation on the NMR time scalgBL

1h), and Q stable {d and1e). Ligands for the @reactive complex1d and IAd complexie each exhibit no exchange

complexes have ¥, values ranging from 26 to 30. Ligands on the NMR time scale, even at 8C. ICy complexlgand

for the Q-stable complexes each have/g@ values of 37. ITol complex1h each exhibit intermediate exchange on the

ICy, the ligand for moderately reactive complég, has a NMR time scale. Backbone proton coalescence was observed

%V Value of 23. There is no simple correlation between at 45°C for ICy complexlgand at 35°C for ITol complex

O, reactivity and Wy, values among complexelsa—1h. 1h. From the coalescence data, it was possible to calculate

However, a lack of correlation with ¥, does not disprove  AG¢* values of 15.7 kcal/mol for ICy complekg and 15.3

steric effects as the determining factorVgg calculations kcal/mol for ITol complexlh. To summarize: @reactive

use DFT-optimized geometries of the free ligands and then complexes exhibit rapid NiNHC bond rotation, moderately

place the NHC ligangl2 A from the metal center. The metal O,-reactive complexes exhibit slower NNHC bond rota-

is then considered to be a spherehwit 3 A radius, and tion, and Q-stable complexes do not exhibit observable-Ni

%Vyyr is defined as the percentage of that sphere occupiedNHC bond rotation. It should be noted that the observed

by the ligand. The inherent assumption in this model is that relative rates of rotation do not correlate witivBg. [tBu

the ligand has a static conformation, but the meligland (%Vpur = 37) complexld and IAd (%, = 37) complex

bond freely rotates. Otherwise, treating the non-NHC portion 1edo not exhibit N=NHC bond rotation.iPr (%Vpu = 29)

of the complex as a sphere would be an invalid assumption.complex 1a, SliPr (%Vy,r = 30) complex1b, and IMes

Inorganic Chemistry, Vol. 45, No. 20, 2006 8433
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NHC coalescence? (kcal/mol) CeDg? thf° CH,CL,°  Product A,y (solvent)
liPr (1a) <20°C n.d. <5sec <5sec  ~36h? 500nm (thf, PhMe)
SliPr (1b) <20°C nd. <5sec <5sec ~12h? 492nm (PhMe)
IMes (1¢) <20°C n.d. <b5sec <b5sec ~24h 497nm (PhMe)
1tBu (1d) >80°C nd.® > 48h > 48h > 48hd No Reaction
IAd (1e) >80°C n.d.® >48h > 48h > 48hd No Reaction
IBioxMey (1f) N/A 20.0f >3h  <5sec ~12hd 488nm (thf)
ICy (19) ~45°C 15.7 <5min <5sec  ~10h? 483nm (thf)
ITol (1h) ~35°C 15.3 >3hd  ~30min > 24h? 498nm (thf)
MeltBu (1i) >3h <5min > 18hd 497nm (thf)
MeliPr (1j) <20°C n.d. <b5sec <5sec ~ 8h 496nm (PhMe)
IMe (1k) <20°C n.d. <5sec? <5sec? <1hd NO Amax in Visible region
MelBu (11) >80°C n.d. >48h  ~5h%h > 4ghd No Reaction
Notes: a) 3-6mg/mL, rt. b) 0.5-1.3mg/mL, 0°C. c) 2.0-4.0 mg/mL, rt. d) no bis-p-OH product obsd.

e) no peak-broadening observed. f) Determined by methyl peak-broadening above 55 °C.
g) no peak-broadening obseved at T <62 °C. h) 1 mg/mL, rt.

Figure 5. Comparison of nicketNHC bond rotations as observed by dynafitNMR (300 MHz) with G, stability.

(%Vpur = 26) complexic each exhibit rapid NiFNHC bond
rotation. On the other hand, ICy ¥, = 23) complexlg
exhibits intermediate NtNHC bond rotation, yet has a
smaller %/, value. While in review, a manuscript detailing
a study on dynamic NMR ot-allylnickel(Il) complexes with
IME was published, see: Silva, L. C.; Gomes, P. T.; Veiros,
L. F.; Pascu, S. I.; Duarte, M. T.; Namorado, S.; Ascenso,
J. R.; Dias, A. R.Organometallics2006 25, 4391-4403.

It is worth noting that there is some evidence of inhibited
rotation in relatedz-allylchloro(NHC)palladium(ll) com-
plexes. The NHC backbone protons in ttiu complex are
reported as a pair of doublets in CRGby Faller and
Sarantopoulo® However, the tBu complex is reported to
have a single backbone peakdfbenzene by Viciu, Nolan,
et al. The IAd complex is reported to have a doublet of
doublets for the backbone peakdig-benzene in the same
report!* It appears that metalNHC bond rotation is less
sensitive to the nature of the NHC for palladium, possibly
because of the slightly longer palladiumNHC bonds of
2.03-2.06 A4 compared to 1.961.93 A for nickel(ll).

Crystallographic Study. The crystal structures afa?°
and1d'223were compared in order to develop a hypothesis
as to whylaoxidizes andLd does not and to rationalize the
observed correlation between-NWHC bond rotation and

(22) Faller, J. W.; Sarantopoulos, Krganometallics2004 23, 2179~
2185.
(23) We independently crystallized complés and present our data here.
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O, reactivity (Tables 3 and 4). Notably, the steric bulk of
thet-butyl groups in 1Bu is concentrated in the empty axial
sites above and below the square plane of compiefigure
6). On the other hand, the steric bulk of the isopropyl groups
in 1iPr is more distributed in compleka. These structural
observations are consistent with the lack of observabte Ni
ItBu bond rotation in that the localized out of plane steric
bulk of the t-butyl groups would be expected to cause a
prohibitive activation barrier to rotation about that bond.
Incidentally, the blockage of the empty axial sitestiu
complex 1d may be the source of Ostability. Prior
mechanistic studies on the reactionla with O, indicate
saturation kinetics with respect f@and Q.?° The saturation
behavior is consistent with the reversible formation of a
reactive intermediate frorha and/or Q, followed by rate-
limiting decomposition of that intermediate. If the reactive
intermediate in this oxidation is a nonplanay &iduct, such
as a superoxonickel(lll) complex, then an available axial site
would be required for oxidation to occur. Such intermediates
have been proposed for observed aerobic ligand oxidations
in nickel(Il) complexes with dioxopentaazamacrocy¢ie®¥
and with cyclotetrapeptides.If this is the case, then Ni

(24) Chen, D.; Motekaitis, R. J.; Martell, A. Enorg. Chem.1991, 30,
1396-1402.

(25) Chen, D.; Martell, A. EJ. Am. Chem. S0d.99Q 112 9411-9412.

(26) Cheng, C.-C.; Gulia, J.; Rokita, S. E.; Burrows, CJ.JMol. Catal.
A: Chem.1996 113 379-391.

(27) Haas, K.; Dialer, H.; Piotrowski, H.; Schapp, J.; Beck, Agew.
Chem, Int. Ed. 2002 41, 1879-1881.
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Table 3. X-ray Diffraction Data Collection Parameters for Crystal Structures Discussed

la Id If 1
empirical formula 60H41N2Ni C14H25C|N2Ni C17,d'|25C|N2Ni02 C||H19|N2Ni
fw 523.81 315.52 389.55 364.89
T (K) 150(1) 150(1) 150(1) 150(1)
wavelength (A) 0.71073 0.71073 0.71073 0.71073
cryst syst monoclinic orthorhombic monoclinic monaclinic
space group P2i/c Pne2 P2,/c P2i/c
a(h) 12.4456(2) 10.9968(3) 12.5757(4) 8.9469(3)
b (A) 14.6922(2) 9.6424(3) 10.2031(2) 11.6836(3)
c(A) 16.5225(3) 14.3616(2) 15.6864(4) 13.5112(4)
p (deg) 103.7751(6) 90 113.6613(10) 107.2586(13)
V (A3) 2934.30(8) 1522.84(7) 1843.54(8) 1348.76(7)
z 4 4 4 4
p (g/cn¥) 1.186 1.376 1.404 1.797
w (mm) 0.771 1.435 1.208 3.700
R1, wR2 ( > 20(1)) 0.0338, 0.0792 0.0240, 0.0521 0.0398, 0.0971 0.0375, 0.0957
GOF 1.018 1.054 1.047 1.058

Table 4. Selected Distances (A) and Angles (deg) #eAllylnickel —NHC Complexes

la Id If 11

Ni—C(carbene) 1.9025(16) 1.9290(18) 1.902(2) 1.909(4)
Ni—CI (Ni—I for 1I) 2.1862(5) 2.2319(7) 2.2108(7) 2.5241(6)
Ni—C(allyl, cis to carbene) 1.981(2) 1.998(2) 2.004(3) 1.994(5)
Ni—C(allyl, internal) 1.972(2) 1.982(2) 2.000(4) 2.005(6)
Ni—C(allyl, trans to carbene) 2.056(2) 2.056(2) 2.056(3) 2.067(5)
C(carbene)}Ni—ClI (—I for 11) 94.85(5) 97.91(6) 98.79(7) 95.31(11)
C(carbene)yNi—C(allyl, cis) 98.21(8) 95.81(10) 93.85(10) 95.95(19)
C(carbene)}Ni—C(allyl, trans) 169.50(9) 167.37(11) 165.34(13) 168.86(19)
C(allyl, cisy-Ni—C(allyl, trans) 72.68(10) 72.76(12) 72.26(13) 73.2(2)

NHC bond rotation is simply a mechanism to open an axial necessary to verify thai-methyl substituents would not
site for G binding. Perhaps other conformational changes interfere with Q reactivity. For this reason, M&r complex

could also permit @binding. Both ICy compledgand ITol
complex 1h exhibit slower Ni-NHC bond rotations than
complexesla—1c as well as reduced rates of oxidation. In
both ICy complexlg and ITol complexlh, the barrier to
rotation is between 15 and 16 kcal/mol. If-NNHC bond
rotation is rate-limiting, then these two complexes should
oxidize with similar rates. This is not the case. ICy complex
1greacts with Qfaster than ITol complegth does in either
thf or benzene. If axial binding of s operative, then this
discrepancy could stem from a requirement for both cyclo-
hexyl groups to adopt a conformation oriented away from
the square plane for rotation to occur, but with only one
cyclohexyl group having to rotate away for oxidation. ITol
complexlg, on the other hand, exhibits ragidlaryl rotation,

as observed b¥H NMR, which would rotate the aryl groups
through a conformation where thgetolyl group is parallel

to the imidazol-2-ylidene. In this conformation, the axial site

on that face of the square plane would be blocked. It should

be noted thalN-aryl rotation was not observed for any other

aryl-substituted ligand discussed herein (Figure 7). This

explanation is internally consistent, but would benefit greatly
from study of a complex that is incapable of nick®lHC

1j and IMe complexLk were prepared and evaluated. In each
case, rapid reaction with Qvas observed, although there
was no spectroscopic evidence for a bibfdroxo)nickel-
() product in the case of IMe complekk.

MeltBu complex1i was synthesized and characterized.
The related iodo complex with MiBu, complexll, was also
prepared and studied via single-crystal X-ray diffraction. In
each complex, Nt NHC bond rotation was not observed by
NMR, even at 80C. Chloro complexli was found to react
with O, albeit at slower rates than complexis—1c. On
the other hand, iodo compleld exhibited stability to @
comparable to that oftBu complex 1d. This was an
unexpected development, but the substitution of iodine for
another halogen was found to interrupi @activity in a
palladium(l) system (eqs 9 and 13)so this phenomenon
is not unique to nicketO, chemistry.

bond rotation yet has an open axial site. For this reason, an

alternate ligand was devised.
It was envisioned that a nonsymmetrical NHC ligand with

a large group on one side and a small group on the other

could permit Q binding on one face of the square plane
and block Ni-NHC rotation from steric interactions with
the large group on the other face. A methyl group was
considered to be the ideal small group antbatyl group

to be the simplest large group. However, it was first

BuR
P 0, Br—Pd—0
PBu;—Pd-Pd-PBu; ———> U] ©)
\/ benzene O—Pd—Br
Br \
PBu,
|
/\ O, X
P‘Bu3—Pd\—Pd-P’Bu3 ———  no reaction (10)

I/ benzene

Control Experiments. A notable alternative hypothesis
for the pathway by which allylic oxidation occurs is via

(28) DuraVila, V.; Mingos, D. M. P.; Vilar, R.; White, A. J. P.; Williams,
D. J.Chem. Commur200Q 1525-1526.
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Figure 6. ORTEPSs of (a)ilPr complexla, (b) ItBu complexld, (c) liPr complexlaviewed down the Ni-NHC bond, (d) tBu complex1d viewed down
the Ni=NHC bond, (e) IBioxMe complex1f, and (f) MetBu complexli.

autocatalysis. In this case, the difference betwegsta@ble result does not disprove the possibility of such an autocata-
and Q-reactive complexes could simply arise from the ability lytic mechanism, but it emphasizes theBu complexld is

of a given complex to form a competent oxidation catalyst. essentially inert to aerobic oxidation, regardless of whether
This hypothesis was tested by treating a mixed solution of the pathway is intermolecular or intramolecular, autocatalytic
liPr complexla and tBu complex1d in de-benzene with or not.

O. This resylted N the rapid, cpmplete conversionif| To probe the possibility of trace impurities promoting the
complex 1a into bisu-hydroxonickel(ll) complex2a and . . . .
o . reaction, we undertook a series of experiments withtBiel
acrolein with no change tdBu complexld (eq 11). This . . .
complexli. Complexli was selected for study because it is
the most G-resistant complex for which the formation of a

IEZC, C'\Ni/g\Ni/"Pr . i bis-u-hydroxonickel(ll) species has been confirmed via
K 1a o 1Pt \cH>’ cl ﬁ"' visible spectroscopy. Samples Dfin thf were exposed to
+ C—S» . 2 (1) O, in the presence of the following additives: potassium
B e By tert-butoxide, Ni(cod), and bisy3-allylnickel chloride. Each
KNi—CI KNi—CI of these three compounds is used at some stage within the
1d 1d synthesis of the complexes. The sampled.iofvere found
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NHC perpendicular to Ni-Cl NHC parallel to Ni-Cl
LN o, CI'N 0, 00 % N
N 2 N 2 N~ ]
=\ = N K N

1h
Figure 7. Putative nicke-NHC conformation effects on £reactivity.

to decompose at the same rate as the additive-free control The ability or inability to adopt a nonplanar geometry is
sample. A final control experiment was performed to almost certainly a relevant factor in nickdlHC catalyzed
determine the role of thf quality in Oeactivity. A sample processes. The imidazol-2-ylidene ligands that block axial
of dry, distilled thf was sparged with £for 15 min and space above and below the square plane exert the least steric
subsequently heated to an incipient boil under an O pressure within the square plane. A recent report ont Ni
atmosphere. After cooling, a sample Iifin thf was added NHC catalyzed cyclizations of cyclopropen-ynes by Zuo and
to the preoxygenated thf. Once again, no deviation from the Louie* is consistent with this quandary. Wheri®lis used
control experiment was observed, casting doubt on the as the ligand, the distribution of products is dependent on
possiblity that thf-peroxide formation is operative in the the size of the alkyne substituent (eq 12). Whiulis used,

enhanced reactivity in thf. the only product observed is the product preferred for small
alkyne substituents in the i®r system (eq 13). This could
Structural Implications be attributed to the less-crowded environment within the

square-plane induced byBU, if one considers thatBu is
a saddle-shaped ligand. This would allow for more facile
p-hydride elimination.

The fact that the more geometrically constrained com-
plexes are not capable of reaction with @ the same
manifold suggests that reaction with @quires a substantial

geometric change about the metal. It is possible that reaction o O. O

with O, requires the adoption of tetrahedral or a five- 5% Ni(cod), | .

coordinate geometry to proceed, which would be consistent I 5% SliPr g ) R 0 (12)
with the observed correlation between geometric constraint R

and inertness to O(Figure 8). Formation of a tetrahedral %

0, adduct of IPr complexla, SliPr complexlb, or IMes favored when oo
complexlcis consistent with observed tetrahedral Ni(GO) o o

(NHC) complexes ofiPr, SiPr, and IMes? However, ICy 5% Ni(cod),

also forms a tetrahedral Ni(C&INHC) complex, yet ICy Il T 5% 1By R / (13)
complexlgis less reactive with @ Facile meta- NHC bond 4

R
rotation also does not appear to be required in cases where /
other mechanisms for opening space about the metal exist,

such as a conformational change in a cyclohexyl group in Conclusions

ICy complex1g or the presence of a more open face in A series ofz-allylchloro(NHC)nickel(Il) complexes with

MeltBu complex1i. With these observations in mind, the varying NHCs have been prepared. These complexes are
most likely G, adduct is square pyramidal, although a

bipyrimidal geometry is also feasible. (29) Zuo, G.; Louie, 3J. Am. Chem. So@005 127, 5798-5799.
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Figure 8. Newman projections of nonplanar,@dducts.

found to have a strong ligand dependence in terms of their from sodium/benzophenone and subsequently degassed under a
ability to react with Q. The ligand dependence does not vacuum. Deuterated benzene and methylene chloride were dried
correlate with Tolman electronic paramet&&3 therefore, ~ using activated alumina and degassed via fregrenp-thaw prior
electronic effects are not the determining factor. The ligand [0 use. Deuterated thf was purchased from Cambridge Isotope
dependence also does not correlate with,%'2 However, ~ -aporatories and used as received. Ni(gasas purchased from
it is notable that complexes resulting from ligands capable j_trgm _and used as received. A”YI chloride was purified by

. . ) istillation from CaCj} and degassed via freezpump—thaw. Allyl-
of blocking one or both of th_e empty _aX|aI_ sites apove and (liPr)NiCl (1a),2° SIiPr, IMes?! [tBu, IAd, ICy, ITol 2! IMe 2! and
below the square plane are inert ta. Qikewise, the ligand  |gjoxMe,~HOTF 2 were prepared as described in the literature.
dependence strongly correlates with conformational freedomNMR spectra were collected on a Varian VXL-300 or on a Varian
about the nicketNHC bond: complexes with free rotation  Unity-300. IR spectra were collected with a Mattson Satellite FTIR.
react with Q, complexes with restricted rotation do not react Visible spectra were collected with an S| Photonics 440 series
with O,, and complexes with intermediate conformational spectrophotometer equipped with a fiber-optic dip probe. Crystal
freedom exhibit intermediate reactivity. This correlation is Structures were solved by Dr. Atta M. Arif. Mass Spectra were
consistent with a mechanism requiring the adoption of a collected _Wlth a Finnigan MAT95 mass spectrometer by Dr. Elliot
nonplanar geometry about the metal as a requirement forM'_ Rachlin. Elemental analyses were performed by Desert Ana-
reaction with Q. Furthermore, it has been demonstrated that Iytics, Tucson, AZ.

: : : Allyl(SIiPr)NiCl (1b). Ni(cod), (102 mg, 0.37 mmol) was
an Q-reactive complex will not promote the reaction of an ) : TR :
. O : b P suspended in cod (ca. 400 mg) in a scintillation vial. Allyl chloride
inert complex with Q.

i . . (28 mg, 0.37 mmol) was then added dropwise to this suspension
Conformational restriction about metelHC bonds is  ile the vial was swirled. A solution of 8r (145 mg, 0.37 mmol)

relevant to catalysis and should be considered in terms ofin toluene (2-mL) was then added. ResiduaiPBlwas then
catalyst design and in the rationalization of observed patternstransferred with toluene rinses (2 1 mL). The vial was swirled

of reactivity. As in the case of cyclopropen-yne cyclizaidn, by hand until the mixture became homogeneous (ca. 3 min). The
a conformationally restricted ligand may be advantageous. reaction mixture was then concentrated to dryness under a vacuum
A monodentate ligand with a lesser volume within the square to yield the product as an orange solid (194 mg, 99% yield).
plane seems more likely to promgfehydride elimination. 'H NMR (300 MHz, GDg): 6 0.82 (d,J = 13 Hz, 1H, allylH),
Whether such a property is advantageous or problematicl.14 (t J = 7.2 Hz, 12H, CH\e;), 1.48 (d,J = 6.4 Hz, 6H,
depends on the intended outcome, which is ample reason td>HMe), 1.54 (d,J = 6.1 Hz, 6H, CtMe,), 2.32 (d,J = 6.1 Hz,

- - - i 1H, allyl-H), 2.45 (d,J = 14 Hz, 1H, allylH), 3.35 (d,J = 6.3
consider the desired properties of an NHC-based catalystHZ, 1H, allylH). 3.54-3.44 (br 5, 6H, overlapping RNGCH,-

carefully. NR and GiMey), 3.76 (m, 2H, GIMe,), 4.45 (sept]) = 6.8 Hz,
Exerimental Section 1H, allyl-H), 7.1-7.2 (m, 6H, ArH). 13C NMR {IH} (75 MHz,
P CeDe): 6 24.04, 24.30, 27.13, 27.215, 29.10, 44.25, 54.21, 71.72,

General. Unless otherwise noted, all manipulations were carried 108.40, 124.94,129.81, 137.24, 218.41. IR (KBr): 3070(w), 3056-
out under an inert atmosphere using Schlenk techniques or in a(W), 2958(s), 2868(s), 1475(m), 1446(s), 1419(s), 1266(s), 1239-
VAC M0—40 glovebox. Glassware was oven- or flame-dried prior (M), 1054(m), 903(m), 801(m), 756(m), 424(w), 414(w). HRMS
to use. Toluene, hexanes, and benzene were purified via passagéE!) WZ: (M) calcd, 524.2490; obsd, 524.2484.
through activated alumina columns and subsequently degassed Allyl(IMes)NIiCl (1c). Ni(cod), (177 mg, 0.64 mmol) was
under a vacuum. Tetrahydrofuran (thf) was purified by distillation suspended in cod (ca. 900 mg) in a scintillation vial. Allyl chloride
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(49 mg, 0.64 mmol) was then added dropwise to this suspension2922(m), 1748(s), 1458(s), 1411(s), 1335(s), 1255(m), 1208(s), 996-
while the vial was swirled. A solution of IMes (196 mg, 0.46 mmol)  (s), 935(s), 849(m), 668(w), 494(w) crh HRMS (El)mVZ: (M)*

in toluene (2 mL) was then added. The residual IMes was calcd, 342.0655; obsd, 342.0650.

transferred with toluene rinses 2 1 mL). The vial was swirled Allyl(ICy)NICI (1g). ICy-HBF,4 (106 mg, 0.33 mmol), K@Bu

by hand until the mixture became homogeneous (ca. 3 min). The (39 mg, 0.35 mmol), and thf (5-mL) were added to a scintillation
reaction mixture was then concentrated to dryness under a vacuunvial, and the resulting mixture was stirred for 1h. The mixture was

to yield the product as an orange solid (277 mg, 98% yield). diluted with toluene (2 mL) and concentrated under a vacuum to
IH NMR (300 MHz, GD¢): 6 1.18 (d, 1HJ = 13 Hz, allylH), ca. 2 mL. The reaction mixture was then diluted with toluene (1

2.09 (s, 7H, ArMe), 2.15 (s, 6H, ArMe), 2.32 (s, 6H, ArMe), mL) and hexanes (7 mL), mixed by pipet for ca. 2 min, and filtered

2.46 (d,J = 14 Hz, 1H, allylH), 3.31 (d,J = 6.8 Hz, 1H, allyl- over Celite. The solids were washed with hexanes<(2 mL).

H), 4.63 (sept) = 6.8 Hz, 1H, allylH), 6.16 (s, 2H, RNEICHNR), The filtrate was combined and concentrated to ca. 1 mL under a

6.76 (s, 1H, ArH), 6.83 (s, 1H, ArH). 13C NMR {H} (75 MHz, vacuum. Ni(cod) (91 mg, 0.33 mmol) and cod<400 mg) were

CsDe): 0 18.55, 18.66, 21.06, 43.52, 69.64, 107.42, 122.88, 129.33, added to a 20 mL scintillation vial. Allyl chloride (25 mg, 0.33
129.38, 135.93, 135.96, 136.53, 138.78, 186.19. IR (KBr): 3166- mmol) was then added dropwise to the resulting suspension of Ni-
(m), 3140(m), 3075(w), 2916(s), 2855(m), 1487(s), 1398(s), 1330- (cod), resulting in the appearance of a red color. After the vial
(s), 1268(m), 1230(m), 1076(w), 1038(m), 927(m), 900(m), 851(s), was swirled until all of the solid Ni(cod)disappeared~5 min),
741(m), 705(m). HRMS (EIYWZ: (M)T calcd, 438.1362; obsd,  the solution of ICy in toluene was added dropwise to the nickel/
438.1367. cod/allyl chloride mixture; residual ICy was rinsed with toluene (2
Allyl(I tBU)NICI (1d). Ni(cod) (125 mg, 0.46 mmol) was x 1 mL). This resulted in the formation of a brown heterogeneous

suspended in cod (ca. 750 mg) in a scintillation vial. Allyl chloride MiXture, which was filtered over Celite to remove a green solid.

(35 mg, 0.46 mmol) was then added dropwise to this suspension;rhe filtrate was diluted with hexanes (9 mL) and cooled-25
while the vial was swirled. A solution otBu (82 mg, 0.46 mmol) C overnight. An orange-brown precipitate formed and was isolated

in toluene (2 mL) was added. ThiBL was then rinsed with toluene ~ PY Pipeting off the solvent and drying the solid under a vacuum to
(2 x 1 mL). The vial was swirled by hand until the mixture became Yi€ld the product (62 mg, 51%yield).

homogeneous (ca. 3 min). The reaction mixture was then concen- -H NMR (300 MHz, GDe): 6 0.8-1.0 (m, 2H, cyH), 1.0-2.0
trated to dryness under a vacuum to yield the product as an orange(m' 17H, cyH), 1.87 (m, 1H, cyH), 2.30 (m, 2H, cyH), 2.61 (d,
solid (144 mg,>99% yield). The product hasH NMR data 9= 10 Hz, 1H, allylH), 3.01 (d,J = 14 Hz, 1H, allylH), 3.82 (d,
identical to the literature valués.Crystals suitable for X-ray ¥ = 7-6 Hz, 1H, allylH), 4.76 (brs, 1H, NEIR,), 5.18 (sept) =

analysis were obtained by cooling a solutionlofin 1:1 toluene: 6.7 Hz, 1H, allylH), 5.56 (br s, 1H, NEIR;), 6.34 (s, 1H,
hexanes to-25 °C. RNCHCHNR), 6.41 (s, 1H, RNECHNR). 3C NMR {H} (75

. . MHz, C¢Dg): ¢ 25.50, 25.55, 25.59, 25.67, 25.91, 34.08, 34.24,
Su?giggﬁ?!\:"g} d(%ce;' 4(3\'0'(;09(;%“gizn;ﬂgﬁo%i?almArHSI')Ch‘f:)‘"’:isde 34.43, 42.69, 59.80, 60.39, 68.50, 107.24, 117.51, 180.84. IR
(38 mg, 0.50 mmol) was then added dropwise to this suspension (1K2I3r1)(s)2983;315((sv2/) 28865(?((;)) 172?1%?)6915(?112)(?2 41(3118)0(35’)(3\/2)?351”1)’
while the vial was swirled. A solution of IAd (168 mg, 0.50 mmol) , ’ ' . . '

. + .

in toluene (2 mL) was then added. The IAd was rinsed with toluene H?AI\I/:SI I('II?I)I rlllv(zil ('\{?] Call\fd‘ 3;66'13013’ obsdbzé‘;G.lSSSI.

(2 x 1 mL). The vial was swirled by hand until the mixture became YN 0). iCl (1h). '(.CO ) ( L mg, O mmo)_was
homogeneous (ca. 5 min). The reaction mixture was then concen-SUSpended In cod (ca. 1 g)ina scmtlllapon V'al'. Allyl chlorllde (48.
trated to dryness under a vacuum to yield the product as an orangemg’ 0_'62 mmol)_was then _added dropwise to this suspension V.Vh”e
solid (233 mg, 98% yield). The product hé$ NMR data identical Ehle vial was swirled. A mixture of ITol (154 mg, 0.62 mmol) n
to the literature values oluene (3 mL) was then added. The ITol was then rinsed over

. . . with toluene (4x 1 mL). The mixture was swirled for ca. 5 min
Allyl(IBioxMe 4)NICI (1f). IBioxMe,—HOTf (112 mg, 0.33

\ ' and then concentrated under a vacuum. The product was then
mmol) and KQABu (39 mg, 0.34 mmol) were dissolved in thf (3 ¢ iajlized from toluene/hexanes @5 °C to yield an orange

mL) in a scintillation vial _and stirr_ed for 2 h. _Bfenzene (2 mL_) was g (149 mg, 63% yield).

then added to the resulting solution to precipitate KOTf. Ni(god) 1H NMR (300 MHz, GDg): 6 1.10 (d,J = 12 Hz, 1H, allylH)
(90 mg, 0.33 mmol) was suspended in 1,5-cod (ca. 400 mg) iN & 4 gq (4t J = 6.8 Hz, 2.4 Hz, 1H, allyH), 2.05 (s, 6H, AiMe),
second scintillation V|a_1l. Allyl c_hlorlde (2§ mg, 0.34 mmol) was 2.80 (d,d = 14 Hz, 1H, allylH), 3.70 (dd,J = 2.4 Hz, 7.6 Hz,
added to the suspension of Ni(cadjesulting in a color change 1H, allyl-H), 4.76 (sept] = 6.8 Hz, 1H, allylH), 6.54 (br s, 1H
from yellow to red. The thf/lbenzene mixture containing IBioxMe RN,CHCHNi?) 6.61 (br s, 1H Rl\lIEICi-|NR) 6.96 (d,J _78
was then pipet-filtered over Celite directly into the Ni/allyl chloride/ |, 5, Ar4—|), 7.02 (d.J _ 78 Hz 2H ArH)’ 8.01 (d‘J —78
1,5-cod mixture, followed by 2« 1 mL rinses with benzene. The Hz’ 2H’ Ar-H), 8.44 (d,J _ 7.6 Hz’ 2H, ArH)’ 1'30 NI\/]R {1H}

resulting orange solution was concentrated to dryness under a(75 MHz, G:D¢): & 20.89, 43.03, 68.23, 107.49, 121.85, 122.14
vacuum to yield a brown solid. The complex was then dissolved ;,, £¢ i24 85. 127 él ’127' 87’ 12'9 9‘8 13'0 0’3 13'7 7'9 13;8 0'6
in thf (3 mL), filtered over Celite into a scintillation vial, layered 185.22, R (.KB’r)' 3i73’(w) 2.’,14’0(m). 31,10(w.) ?;054(61) ’3033'_ '

Vg;h hexane (1°CmL)' ‘I"‘”d ‘?ocgledf*ezs "Cto yiel'd brown p”fjms. 4 (), 2918(m), 1514(5), 1409(), 1338(m), 1273(s), 942(m), 888-
(83 mg, 74%). Crystals suitable for X-ray analysis were obtaine (m), 821(s), 717(m), 682(m) cn; Anal. Calcd for GoHaiCIN>-

by cooling a solution ofLf in 1:2 toluene:hexanes t625 °C. Ni: C. 62.63' H.5.52: N. 7.30. Found: C. 62.43: H. 5.69: N. 7.37
'H NMR (300 MHz, dg-thf): 6 1.58-1.72 (m, 7H, overlapping MeltBu-HI. 1-+t-Butyl-1H-imidazolé® (544 mg, 4.4 mmol) was
allyl-H and CRMe), 1.87 (s, 3H, CEMe), 2.00 (s, 3H, CBMe), added to a 25 mL round-bottomed flask equipped with a stirbar

2.39 (d,J = 6.3 Hz, 1H, allylH), 2.66 (d,J = 14 Hz, 1H, allyl- and dissolved in thf (5 mL). lodomethane (31 4.8 mmol) was

H), 3.30 (d.J = 6.6 Hz, 1H, allylH), 4.51 (dt,J = 24 Hz, 8.2 Hz, added to this solution, and the reaction mixture was stirred
4H, ROH,CR:N), 5.24 (sept] = 6.6 Hz, 1H, allylH). 13C NMR

{*H} (75 MHz, dg-thf): 6 25.85, 26.61, 26.67, 44.80, 61.57, 62.06, (30) Liu, J.; Chen, J.; Zhao, J.; Zhao, Y.; Li, L.; Zhang,$ynthesi€003
68.38, 88.43, 88.57, 108.01, 126.94, 159.37. IR (KBr): 2964(m), 2661-2666.
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magnetically for 2 h. The reaction mixture was then diluted with
ether (10 mL). The mixture was filtered over a medium frit. The
filtrate was then purified by recrystallization from acetonitrile/ether
by vapor diffusion to yield the product as white needles (566 mg,
49%).

IH NMR (300 MHz,ds-DMSO): 0 1.58 (s, 9H, Mes), 3.84 (s,
3H, N—CHj), 7.76 (d,J = 1.6 Hz, 1H, RNGICHNR), 7.99 (dJ
= 1.8 Hz, 1H, RNGICHNR), 9.24 (s, 1H, RNENR). 13C NMR
{*H} (75 MHz,ds-DMSO): 6 29.01, 35.74, 59.29, 120.05, 123.74,
135.00; MS (El)m/Z: (M)* calcd, 139; obsd, 139.

Allyl(Mel tBu)NiCI (1i). MeltBu-HI (88 mg, 0.33 mmol),
potassiumt-butoxide (39 mg, 0.33 mmol), and thf (4 mL) were
added to a scintillation vial. The resulting suspension was stirred
for 3 h and then diluted with toluene (4 mL). The volume of the

mixture was reduced to ca. 3 mL under a vacuum. Hexanes (8 mL) Ni(cod), (90 mg

were added to the reaction mixture, which was then filtered over
Celite. The solids were washed with hexanes(3 mL), and the
combined filtrate was concentrated to ca. 1 mL under a vacuum.
Ni(cod), (91 mg, 0.33 mmol) was suspended in 1,5-cod (ca. 400
mg) in a second 20 mL scintillation vial. Allyl chloride (25 mg,
0.33 mmol) was added to the suspension of Ni(go@sulting in

a color change from yellow to red. The solution of Mg in
toluene was then added dropwise to the Ni/allyl chloride/cod
mixture with rapid mixing. The residual M#8u was transferred
with toluene rinses (% 1 mL). After ca. 5 min, the reaction mixture
was filtered over Celite and concentrated to 2 mL under a vacuum.
The solution was then diluted with hexanes (8 mL) and cooled to
—25 °C overnight to yield the product as an orange solid (51 mg,
56% vyield). Note: this compound exists as a 3:2 mixture of
atropisomers, as determined by NMR.

IH NMR (300 MHz, CDCly): ¢ 1.45 (br d,J = 12 Hz, 0.4H,
allyl-H), 1.77 (s, 4.2H, superimposedve; and allylH), 2.05 (s,
3.6H, QVley), 2.36 (dt,J = 6.7 Hz, 2.5 Hz, 0.6H, allyH), 2.49
(dt,J = 6.8 Hz, 2.6 Hz, 0.4H, allyH), 2.69 (d,J = 14 Hz, 0.6H,
allyl-H), 2.71 (d,J = 14 Hz, 0.4H, allylH), 3.33 (d,J = 2.6 Hz,
0.4H, allylH), 3.36 (d,J = 2.3 Hz, 0.6H, allylH), 3.95 (s, 1.2H,
NMe), 4.40 (s, 1.8H, Wie), 5.16 (sept] = 6.8 Hz, 0.6H, allylH),
5.48 (sept]J = 6.8 Hz, 0.4H, allylH), 6.88 (d,J = 2.2 Hz, 0.4H,
RNCHCHNR), 6.98 (dJ = 1.9 Hz, 0.6H, RNEGICHNR), 7.04 (d,

J = 1.9 Hz, 0.6H, RNEGICHNR), 7.10 (d,J = 2.1 Hz, 0.4H,
RNCHCHNR). 3C NMR {*H} (75 MHz, GiDg): ¢ 31.28, 31.54,

37.58, 38.27, 42.82, 42.94, 57.28, 57.67, 66.57, 66.67, 105.90,

107.05, 118.42, 118.66, 121.52, 121.63. IR (KBr): 3161(m), 3107-
(s), 3053(w), 2978(s), 2937(s), 2872(w), 1610(m), 1574(m), 1468-

(s), 1442(s), 1399(s), 1383(s), 1372(s), 1310(m), 1240(s), 1213(s),

1082(m), 921(w), 870(m), 758(s), 713(w), 688(m), 415(w)ém
MS (El) wZ: (M)* calcd, 272.1; obsd, 272.1.

MeliPr-HI. 1-(2,6-Diisopropylphenyl)-#i-imidazoleé®3! (1.14
g, 5 mmol) was added to a 20 mL scintillation vial equipped with
a stirbar and dissolved in thf (5 mL). lodomethane (3425.5
mmol) was added to this solution, and the reaction mixture was
allowed to stir for 15 h. The reaction mixture was then diluted with
ether (10 mL). The crude product partitioned from the ether phase

as a viscous oil. The ether layer was removed via decantation. The

viscous oil was then dissolved in methylene chloride (4 mL). The
addition of ether (12 mL) to this solution resulted in the precipitation
of a yellow solid. The solid was isolated via filtration with a medium
frit and purified via recrystallization from acetonitrile/ether by vapor
diffusion to obtain the product as clear blocks (1.11 g, 60%).

IH NMR (300 MHz, CDQCl): o6 1.16 (d,J = 6.8 Hz, 6H,
CHMey), 1.25 (d,J = 6.8 Hz, 6H, CHMe,), 2.34 (sept] = 6.8

(31) Perry, M. C.; Cui, X.; Powell, M. T.; Hou, D.-R.; Reibenspies, J. H.;
Burgess, KJ. Am. Chem. So2003 125, 113-123.
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Hz, 2H, RGHMey), 4.36 (s, 3H, N-CH3), 7.22 (t,J = 1.8 Hz, 1H,
RNCHCHNR), 7.36 (d,J = 7.8 Hz, 2H, ArH), 7.59 (t,J = 7.8

Hz, 1H, ArH), 7.66 (br s, 1H, RNECHNR), 9.99 (s, 1H,
RNCHNR). 13C NMR {H} (75 MHz, CD,Cl,): 6 24.55, 24.66,
29.09, 38.22, 124.80, 125.01, 125.17, 130.41, 132.40, 138.15,
145.94; MS (El)m/Z: (M)* calcd, 243; obsd, 243.

Allyl(Mel iPr)NIiCl (1j). MeliPr-HI (122 mg, 0.33 mmol),
potassiumt-butoxide (39 mg, 0.33 mmol), and thf (4 mL) were
added to a scintillation vial. The resulting suspension was stirred
for 3 h and then diluted with toluene (4 mL). The volume of the
mixture was reduced to ca. 3 mL under a vacuum. Hexanes (8 mL)
were added to the reaction mixture, which was then filtered over
Celite. The solids were washed with hexanes«(2 mL), and the
combined filtrate was concentrated to ca. 1 mL under a vacuum.
0.33 mmol) was suspended in 1,5-cod (ca. 400
mg) in a second scintillation vial. Allyl chloride (26 mg, 0.34 mmol)
was added to the suspension of Ni(gpd@sulting in a color change
from yellow to red. The solution of M&Pr in toluene was then
added to the Ni/allyl chloride/cod mixture by pipet with rapid
mixing. Residual M&Pr was transferred by pipet using additional
toluene (2x 1 mL). The reaction mixture became brown with the
formation of a green precipitate. The mixture was filtered over
Celite, and the precipitate was washed with hexanes @mL).

The filtrate was concentrated to ca. 1 mL under a vacuum, diluted
with hexanes (8 mL), and cooled t&25 °C overnight to precipitate
the product as an orange solid (58 mg, 47% vyield).

1H NMR (300 MHz, GDg): 6 0.92 (d,J = 6.8 Hz, 3H, CHVey),

0.98 (d,J = 6.8 Hz, 3H, CHMey), 1.11 (d,J = 13 Hz, 1H, allyl-

H), 1.25 (d,J = 6.8 Hz, 3H, CHVe,), 1.48 (d,J = 6.3 Hz, 3H,
CHMey), 2.16 (d,J = 6.1 Hz, 1H, allylH), 2.65-2.70 (m, 2H,
superimposed allyl-H and At@Me;,), 3.25 (br s, 1H, ArCiMe,),

3.65 (d,J = 6.1 Hz, 1H, allylH), 3.75 (s, 3H, We), 4.77 (sept,)

= 6.7 Hz, 1H, allylH), 6.10 (d,J = 4.6 Hz, 1H, RNGICHNR),

6.33 (s, 1H, RNEICHNR), 7.05 (dJ = 6.8 Hz, 1H, ArH), 7.15~

7.22 (m, 2H, ArH). 13C NMR {!H} (75 MHz, GD¢): ¢ 23.23,
23.69, 26.71, 26.80, 28.65, 28.84, 38.37, 43.50, 69.75, 108.29,
122.32, 124.25, 124.58, 130.48, 136.66, 146.87, 147.48, 185.39.
IR (KBr): 3160(m), 3126(m), 3097(m), 2964(s), 2864(w), 1461-
(s), 1399(s), 1387(m), 1360(m), 1285(m), 1218(m), 806(m), 766-
(m), 734(m), 694(w), 470(w), 437(w), 423(w) cth HRMS (EI)

m/'Z: (M)* calcd, 376.1214; obsd, 376.1215.

Allyl(IMe)NICI (1k). IMe-HI (123 mg, 0.55 mmol) and KtBu
(62 mg, 0.55 mmol) were added to a 20 mL scintillation vial and
suspended in thf (5 mL). The resulting mixture was stirred
magnetically for 4 h. The mixture was then filtered over Celite
into a second vial, rinsed with thf (2 1 mL), and cooled te-25
°C in the glovebox refrigerator. Bis-allylnickel chloride (68 mg,
0.25 mmol) was added to a 20 mL scintillation vial and dissolved
in thf (2 mL). The resulting red solution was cooled+t@5 °C in
the glovebox refrigerator. When both solutions were cold, the
solution of IMe was added to the solution of bis-allylnickel chloride
at a rate of about 1 drop p@ s with rapid swirling of the bis-
allylnickel chloride solution. A green solid rapidly precipitated from
solution. The reaction mixture was mixed by hand for ca. 5 min
after the addition of IMe/thf was completed. The green solid was
filtered off over Celite and the filtrate was concentrated under a
vacuum, resulting in the precipitation of additional green solid. The
green solid was extracted with toluenex33 mL) and the toluene
extracts were filtered over Celite. The toluene filtrate was then
concentrated to ca. 2 mL, diluted with hexanes (8 mL), and cooled
to —25°C to precipitate a mixture of green solid and orange solid.
The solid was isolated by filtration over Celite and then washed
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with toluene (3x 2 mL). The toluene filtrate was concentrated

under a vacuum to yield the product as an orange solid (61 mg,

53% yield).

IH NMR (300 MHz, GDg): 6 1.43 (d,J = 12.7 Hz, 1H, allyl-

H), 2.06 (dt,J = 6.6 Hz, 2.4 Hz, 1H, allyH), 2.94 (d,J = 14.2

Hz, 1H, allylH), 3.33 (s, 6H, We), 3.83 (dd,J = 7.6 Hz, 2.1 Hz,
1H, allyl-H), 5.04 (septJ = 6.9 Hz, 1H, allylH), 5.84 (s, 2H,
RNCHCHNR). 13C NMR {H} (75 MHz, GDg): 6 14.70, 37.24,
42.65, 69.08, 108.06, 121.94; IR(KBr): 3120(m), 3066(w), 2928-
(w), 1571(w), 1461(m), 1400(s), 1229(s), 1196(w), 1135(w), 1088-
(w), 1013(m), 919(m), (871(m), 747(s), 679(m), 568(w), 525(w),
463(m), 434(w) cmi. HRMS (El) wZ: (M)* calcd, 230.0118;
obsd, 230.0119.

Allyl(Mel tBu)Nil (11). MeltBu-HI (133 mg, 0.5 mmol) and
KOtBu (59 mg, 0.52 mmol) were added to a 20 mL scintillation
vial and suspended in thf (ca. 4 mL). The resulting mixture was
stirred magnetically for 90 min. In a separate 20 mL vial, Ni(god)
(137 mg, 0.5 mmol) was suspended in 1,5-cod (ca 500 mg). To
this suspension was added allyl chloride (37 mg, 0.5 mmol). The
suspension of Ni(cod)was then swirled by hand until no crystals
of Ni(cod), were visible in the vial. The reaction mixture containing
MeltBu, Kl, andtBuOH in thf was then added to the vial containing
sr-allylnickel chloride by pipet. Residual material was transferred
using 2x 1 mL portions of thf. After ca. 5 min, the reaction mixture

IR (KBr): 3141(w), 3133(w), 3048(w), 2919(w), 1515(s), 1475-
(s), 1339(m), 1279(s), 1110(w), 1089(w), 1023(w), 945(m), 841-
(m), 828(m), 819(s), 730(s), 702(s), 563(m), 529(s) tnAnal.
Calcd for G4H3.ClLN4Ni: C, 65.21; H, 5.15; N, 8.95. Found: C,
64.85; H, 4.86; N, 8.58.

Dynamic NMR. All VT-NMR experiments were performed on
a Varian VXR-300 instrument. Values &G+ were determined
at coalescence for complexég and1h in both benzene and thf.
The AG¢* value for complextf in benzene was determined below
the coalescence point at temperatures between 55 antiC80
Insufficient line-broadening was observed below&2for complex
1f in thf.

Oxidation Studies. CsDg: An NMR sample of each complex
in ds-benzenen a 5 mmthin-walled NMR tube was placed under
a gentle stream of £that was dried via passage through a drying
tube. The @G-reactive complexedlp, 1c, 1f, 1j, 1k) rapidly changed
in color with complete consumption of the starting material. The
Os-inert (1d, 1e 1) complexes exhibited no change, as verified
by IH NMR, even when heated to 8C under Q. The intermediate
complexes 1f, 1g, 1h, 1i) gradually disappeared.

THF: A sample of each completa—1I (1—2.5 mg) was placed
in a separate 1 dram vial. Each sample was dissolved in thf (ca. 2
mL). The resulting solutions were sparged with, ©apped, and
allowed to stand on the bench for observation. Compléxedb,

was filtered over Celite and concentrated to dryness under a vacuumJlc, 1f, 1g, and1j immediately changed color from orange to purple

The product was then purified by dissolving the residue in a minimal
volume of toluene (ca. 3 mL), layering the resulting solution with
10 mL hexanes, and cooling the solution-t@5 °C. Dark orange
crystals were then isolated by pipeting off the mother liquor and
drying the product under a vacuum to yidld(60 mg, 33% yield).
One of these crystals ofl was used for single-crystal X-ray
diffraction studies. Note: this compound exists as a 2:1 mixture of
atropisomers as determined Hy NMR.

H NMR (300 MHz, CB,Cly): 6 1.73 (s, 6H, ®Gle3), 1.98 (s,
3H, CMey), 2.38 (d,J = 13.9 Hz 0.66H, allyH), 2.41 (d,J =
14.2 Hz, 0.33H, allyH), 2.94 (dt,J = 6.8 Hz, 2.4 Hz, 0.66H,
allyl-H), 3.03 (dt,J = 6.9 Hz, 2.4 Hz, 0.33H, allyH), 3.44 (d,J
= 12 Hz, 0.66H, allylH), 3.56 (d,J = 7.6 Hz, 0.33H, allylH),
3.87 (s, 1H, We), 4.23 (s, 2H, We), 4.99 (septJ = 6.8 Hz,
0.66H, allylH), 5.21-5.37 (superimposed with solvent), 6.90 (d,
J = 1.9 Hz, 0.33H, RNEICHNR), 6.99 (d,J = 1.9 Hz, 0.66H,
RNCHCHNR), 7.07 (d,J = 1.9 Hz, 0.66H, RNEICHNR), 7.12
(d, J = 2.0 Hz, 0.33H, RNEICHNR). 13C NMR {1H} (75 MHz,
CsDg): 0 31.46, 31.69, 38.42, 39.19, 51.06, 51.37, 63.21, 63.33,
104.74, 106.53, 119.70, 119.79, 122.58, 122.67. IR (KBr): 2979-

(S), 2944(m), 2924(m), 1471(s), 1455(m), 1445(m), 1397(s), 1385-

(s), 1371(s), 1306(m), 1235(s), 1210(s), 1084(m), 1017(w), 915(m),
880(w), 733(s), 687(m) cm. Anal. Calcd for GiH1oINoNi: C,
36.21; H, 5.25; N, 7.68. Found: C, 36.93; H, 5.10; N, 7.65.
trans-(ITol) oNiCl, (3h). ITol complex1h (69 mg, 0.18 mmol)
was dissolved in benzene (9 mL) in a 20 mL scintillation vial. This
vial was left standing on the lab bench for 10 days. During this
time, a significant quantity of fine beige powder precipitated from
solution, beginning within the first day. Over the last 2 days,
compact ruby red crystals of compl8k formed. The beige powder
and mother liquor were removed via pipet. The remainder of the

upon the addition of @ IMe complex1k immediately became
yellow upon the addition of @ ITol complex1h gradually turned
purple over ~30 min. MelBu complex 1i was completely
consumed within 90 stBu complex1d and IAd complexie did

not turn purple within 24 h, but were observed to decompose over
48 h, still without any observable bishydroxonickel complex
formation.

CH.Cl,: A procedure similar to that for thf was used, substituting
freshly distilled CHCI, for thf. In this case, the only sample to
exhibit any change in less thé h was IMe complexk, which
became yellow owel h with precipitation of a white solid. The
only case where formation of a purple solution was observed was
for IMes complexlc, which took 24 h. Complexeka, 1b, 1f, 1g,
and1j were all observed to decompose within 36 h, albeit without
any bisg-hydroxonickel complex formation observed.

Visible Spectroscopy.Formation of bisu-hydroxonickel com-
plexes was verified by visible spectroscopy for samglesic, 1f,
1g, 1h, 1i, and1j. These complexes were not sufficiently stable to
fully characterize. However, oxidation @b, 1c, and1j in toluene
at 0°C revealed the extremely rapid formation of broad peaks with
Amax Values of 492 1b), 497 (Lc), and 496 nm 1j). Oxidation of
1f, 1g, 1h, andli at 0°C in thf led to products with.ax values of
488 (1f), 483 (Lg), 498 (Lh), and 497 nm 1i). The formation of a
bis-u-hydroxonickel complex folLk could not be verified at OC.
Oxidation oflk at —36 °C also did not reveal a peak @600 nm.

In the oxidation oflk, the product lacks any peaks in the visible
region, with only a strong UV absorbance with a wide shoulder
into the visible region.
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