JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by American Chemical Society

Communication

Formation of a Paramagnetic Al Complex and Extrusion of Fe
during the Reaction of (Diiminepyridine)Fe with AIR (R = Me, Et)
Jennifer Scott, Sandro Gambarotta, Ilia Korobkov, Quinten
Knijnenburg, Bas de Bruin, and Peter H. M. Budzelaar
J. Am. Chem. Soc., 2005, 127 (49), 17204-17206- DOI: 10.1021/ja056135s « Publication Date (Web): 12 November 2005
Downloaded from http://pubs.acs.org on March 25, 2009

AlMe; Y[j\/ Al @Y

Ar toluene /N Fe N\A toluene /N\ —N. ~ar

e \\

1 2

More About This Article

Additional resources and features associated with this article are available within the HTML version:

. Supporting Information

. Links to the 18 articles that cite this article, as of the time of this article download
. Access to high resolution figures

. Links to articles and content related to this article

. Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja056135s

JIAIC[S

COMMUNICATIONS

Published on Web 11/12/2005

Formation of a Paramagnetic Al Complex and Extrusion of Fe during the
Reaction of (Diiminepyridine)Fe with AIR 3 (R = Me, Et)

Jennifer Scott,” Sandro Gambarotta,*' llia Korobkov,™ Quinten Knijnenburg,* Bas de Bruin,* and
Peter H. M. Budzelaar®

Department of Chemistry, Usérsity of Ottawa, Ottawa, Ontario KIN 6N5, Canada, Department of Molecular
Materials, Radboud Unkrsity, Nijmegen, The Netherlands, and Department of Chemistryetsily of Manitoba,
Winnipeg, Manitoba R3T 2N2, Canada

Received September 15, 2005; E-mail: sgambaro@science.uottawa.ca
In the past decade, interest for the chemistry of imine-based Scheme 1

ligand systems has been revitalized by the discovery that their
complexes may act as supporting ligands for a variety of excellent

catalysts with a range of applicatioh$he bis-imine pyridine ligand
in particular has attracted considerable attention for its ability to ﬁ)ij\(
provide unprecedented ZiegieNatta catalysts based on late _ AlMe; Al

metalstcd Subsequent studies on these and other transition metal Ar/N A"N\ foluene Ay ‘Fe—;N\A e \ \Ar
systems, aimed at elucidating the reaction mechanism and identify- Me Me X / \ 7 \\
ing the features which enable such a desirable catalytic behavior, ! 2

have outlined a nonanticipated ability of this ligand to engage [X=Cl CHSiMes, Ar=2,6-i-Pr,Ph] [X=Cl, Ar=2,6-i-Pr)Ph]

directly in the reactivity of the M-C bond, in turn resulting in an .
impressive variety of transformatiofst? Some of these transfor-  {2,6-[2,6-(PrPhN=C(CHs)](CsH3sN)}) with the Al alkylating
mations result imreductionof the metal center. On the other hand, agents (10 equiv) were carried out in toluene-&5 °C (Scheme
the ability of the ligandz-system to accept a considerable amount 1):° Unfortunately, in the case of MAO (the preferred activator),
of spin densit§ may actually causexidationof the metal center,  €fforts have only led to ill-defined species. In the case opMe
thus providing species whose low-valent appearance is decéividg.  the color changed instantly to purple upon mixing and then to green
This ambiguous behavior has obvious implications as far as the while reaching room temperature. Under identical conditions, LFe-
oxidation state of the metal in the catalytically active species is (CH2SiMe;), was also reacted with Mal, leading to a dark-orange
concerned. solution?® After workup, both reaction mixtures afforded the same

The question at the basis of the unusually high catalytic activity orange and paramagnetic LAIMEL) derivative ferr = 1.73 ugm]
of these derivatives is what is the type of polymerization mechanism Which was isolated in significant yield (38 and 39% respectively).
followed by these complexes while activated by the Al cocatalysts ~ The crystal structure df (Figure 1) shows a Mél unit bound
(MAO, AlMes, or AIEt). It is debated whether the role of the Al to the apparently unperturbed ligand with the Al in a distorted
cocatalyst in this system is that of an alkylating agent, a reductant, trigonal bipyramidal coordination environment without any special
a cationizing agent or a combination of these. Studies on the Co structural features.
system show that the first step of the activation is reduction from  The appearance of this complex as a divalent Al species is
Co' to Cd,!5 thus entertaining the possibility that the primary role Obviously deceiving, given the established ability of this ligand
of the Cocata|yst may be that of an a|ky|ating/reducing agent, as system to embark on electron-transfer interactign¥’ Thus,1is
observed in the cases of ACr3 and Mn? This, however, does ~ More appropriately described as fJAl" (Me),], with the unpaired
not exclude the possibility that a low-valent species might be €lectron mainly centered on the one-electron-reduced diiminepy-
cationized in a subsequent step by the same cocatalyst also actingidine radical anion. Accordingly, the EPR spectrumldfFigure
as a Lewis acid. In the case of the Fe derivati&the most active ~ 2) shows the complexity expected for an organic radical. A
and performing in this series of catalyst precursors, the situation is satisfactory simulation of the experimental spectrum was obtained
even more complex. Recent NMR and MS studies specifically using parameters consistent with a substantial delocalization of the
targeting the interaction of the Fe catalyst with MAO and AIR
have shown that the nature of the activator determines whether
cationic or neutral divalent species are formi&@ther recent studies
have established that alkylating agents may initially reduce the Fe
metal toward either a zet6 or monovalen€ state, which can still
be activated by MAO for polymerization. On the other hand,
formation of a cationic organeFe(ll) species has also been
demonstrated to be a viable possibility for producing catalytically
active specie®’

Therefore, we have herein studied the reaction of the Fe complex
with MAO and RAI [R = Me, Et]. The reactions of LFeg(L= Figure 1. Thermal ellipsoid plot ofl. Ellipsoids drawn at 30% probaibility.

Selected bond distance (A) and angles (deg)=M{1) = 2.212(8), A+

+ N(2) = 1.892(8), AFN(3) = 2.163(8), A-C(34) = 1.982(4), A-C(35

+ Radbon Onverme: N 2).007(4), §\1()1yA|—(Ngs) - 153(.1)(3), N((Z)—)AI—C(35)(l 126.§(3)),

§ University of Manitoba. N(2)—Al—C(34) = 119.0(3), C(34)Al—C(35) = 114.72(18).
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Figure 2. Solution X-band EPR spectrum df in toluene at 293 K.
Conditions: frequency= 9.4228 GHz, modulation amplitude 0.01 mT,
microwave power= 0.998 mW. The simulation was obtained with the

parameters included and explained in the text.

Table 1. Experimental and DFT-EPR Properties of 12

nuclear spin > exp. (sim.) ORCA (b3-lyp) ADF (BP86)
Oiso 2.0047 2.0031 2.0034
AA 51, 13.39 20.90 17.40
AN 1 15.45 9.90 7.20
AN 1 5.50 4.60 3.20°
A s 17.81 15.80 13.10
AZH Y5 (2) 4.94 4.50 1.7¢
ASH 1, (6) 7.50 6.50 0.48
AMe 5 (6) <0.5 0.1% 0.0F

a Absolute values of the HFCs in MH2.Number of equivalent nuclei
in brackets® Average of nonequivalent atoms in the static DFT structure.

spin density over the diiminepyridine part, with hyperfine couplings
(HFCs) to aluminum (A'), the pyridine nitrogen (AY), two
equivalent imine nitrogens @), the pyridine ring proton ipara
position (A'), two equivalentmetaprotons (&), and a set of six
equivalent protons (&) corresponding to the two equivalent imine
methyl groups (see Figure 2 and Table 1).

The possibility that A% could also stem from coupling with the
six equivalent protons of the two aluminum-bound methyls was
clearly ruled out by DFT calculatior¥d-2 From the optimized
geometry? of 1, the EPR parameters were calculated with both
ORCA?! and ADF?* ORCA gave the most satisfactory results, in
good agreement with the experimental parameters (Tadle 1).

The SOMO consists mainly of the diiminepyridiog orbital
of L%, with small antibonding contributions froot Al —C orbitals,
and nearly zero contribution from aluminum itself (Figure S1,
Supporting Information). The LUMO of consists of a different
diiminepyridines* orbital, without any other significant contribu-
tions (Figure S2). Substantial delocalization of the spin density over
the diiminepyridine part of is clear from a spin density plot (Figure
S3).

Complex1 provides the second case of a crystallographically

R ]

Figure 3. Thermal ellipsoid plot of one of two independent molecules of
2. Ellipsoids drawn at 30% probability. Selected bond distance (A) and
angles (deg): AFN(1) = 1.996(4), Al(1)-N(2) = 1.993(4), Al(1)-N(3)

= 2.035(5), Al(2)-N(2) = 1.970(5); Al(1)-Cl = 2.430(2), Fe(1C(3) =
2.254(6); Fe(1}C(4) = 1.748(10); Fe(LyC(5) = 1.905(9); Fe(1)}C(6)

= 2.146(7; Al(1)-CI—Al(2) = 82.73(8).

for diamagnetic species. The resonances of the nonequivalent ethyl
groups attached to the aluminum atoms can tentatively be assigned
to two broad singlets at0.3, 0.9, 0.17, and 0.32 ppm. Also clearly
recognizable were the resonances of the nonequivddesubstit-
uents at 3.5ipsoH) and 1.4 ppm (Me groups).

The crystal structure a2 (Figure 3) shows a EAI(u-Cl)AIEt
unit bound to the N atoms of the folded ligand. The major distortion
is observable around the pyridine ring which adoptg&bonding
mode with an Fe atom (disordered over two positions and
alternativelyn*-coordinating one or the other side of the pyridine
ring). In turn, Fe isp®-coordinated to a molecule of toluene. The
pyridine N atom deviates from the plane defined by the C atoms
and is tetrahedrally bound to two Al

Given the established ability of the-system of this ligand to
accept up to three electrohshere is no doubt that even in this
case the two Al atoms are in their trivalent state and that the ligand
is dianionic, thus being the recipient of two of tfmur electrons
necessary for the formation @f In this event, the Fe atom may be
regarded as being present infitcgmal zerovalent state. However,
there is the realistic possibility that the ligand may actually be
carrying three electrons and that Fe may be in the formal
monovalent state.

DFT calculation®® were carried out on different spin states of a
model compound having Me groups instead of the EtBndroups
of 2, and benzene instead of toluene. In both singlet and triplet
states the ligand has accepted two electrons from thEtAll
fragment bound to it. In the singlet state, these electrons are located
in an orbital that is a 1:1 mixture of the original two ligand
orbitals. This orbital mixing results in a localization of the imine
single and double bonds, and in a concentration of theE#ACI
HOMO on one side of the pyridine ring. Interaction with the iron-
containing fragment then results in a regular 18-electron (arene)-

characterized paramagnetic Al species, the first having been veryFe9(butadiene)-like coordination environment, in good agreement
recently obtained with the series of (bis-imine)acenaphthene deriva-with the crystal structure (Figure S1). The LELCI moiety is

tives (dpp-BIAN)AIR, (dpp-BIAN = 1,2-bis[(2,6Pr,CeHs)imino]-
acenaphthene; R= Me, Et, 'Bu).?> According to the procedure
reported by Schumann for the preparation of those sp&ciespuld
also be conveniently synthesized (79%) via reduction of the ligand
L in THF with Na followed by addition of MgAICI in toluene20

The reaction of LFeGlwith Et;Al (10 equiv) was also carried
out in toluene at-35 °C (Scheme 13° After workup, the reaction
mixture afforded the paramagnetic dark-orange comp}ét Al -
Ets(u-Cl)]Fe—(®-C7Hg) (2) which was isolated in significant yield
(41%). Complex? is paramagnetic with a rather low value of the

calculated to be poorerdonor for Fe than real butadiene by about
17 kcal/mol?®

The structure calculated for the triplet state i@assymmetry,
with a mirror plane through the pyridine nitrogen, the Al, and Fe
atoms. The Fe atom ig3-bound to the pyridine ring and ap-
proximatelyn*-bound to the arene ring. The bonding situation is
complex and is best described starting frotnglet ligand dianion
(bothz* orbitals singly occupied) and high-spin (areneyF@lso
a triplet). Of the pairwise interactions between the unpaired fragment
electrons, one is antiferromagnetic and one is ferromagnetic, leading

magnetic moment at room temperature in both solid state and to the triplet state for the molecdlgthe quintet state is much higher

solution e = 1.41 and 1.48gy (Evan’s method)]. ThéH NMR
spectrur’ consists of broad features in the range normally expected

in energy). Due to the high-spin nature of@eits coordination
number is lower than in the singlet state.
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The calculations predict the energy of the triplet to be ca. 6 kcal/ grootﬂar:, m SBJ' Amt.t C:em. igdz% lClh8 11%6%5%)881%"21 %.45.;
H rooknart, M.; Bennett, A. M. . Am. em. SO .

mol lower than that of the smgl_et. How_ever, the obs_erved X_-ray (d) Britovsek, G. J. P.; Gibson, V. C.; Kimberley, B. S.. Maddox, P. J.;
structure agrees much better with the singlet than with the triplet. McTavish, S. J.; Solan, G. A.; White, A. J. P.; Williams, D.Chem.

i . . e . - Commun 199§ 849.
Spin-state energies are notoriously difficult to calculate with high (2) Reardon, D.. Conan, F.; Gambarotta, S. Yap, G. P. A.: Wand, @m.

accuracy. It is not clear at present whether the apparent disagreement Chem. Soc1999 121, 9318.
is due to the choice of functional and basis set, to the simplifications  (3) SuaiyaMmgh E-; Agﬁroniag, géb Galrgga{%g%é S.; Yap, G. P. A.; Budzelaar,
used to model the system, or to packing forces in the crystal. The M. J. Am. Chem. S02002 124 ;

) . (4) (a) Clentsmith, G. K. B.; Gibson, V. C.; Hitchcock, P. B.; Kimberley, B
most reasonable interpretation seems to be that for the real complex S.; Rees, C. W.Chem. Commun2002 1498. (b) Khorobkov, 1.;

; ; ; Gambarotta, S.; Yap, G. P. AOrganometallics2002 21, 3088. (c)
2 the singlet and wriplet states are "erY close in energy, that the Blackmore, I. J.; Gibson, V. C.; Hitchcock, P. B.; Rees, C. W.; Williams,
X-ray structure corresponds to the singlet state, and that the D. J.; White, A. J. PJ. Am. Chem. SoQ005 127, 6012.

observed magnetism (too low for a pure triplet, but clearly notin ~ (5) gngggnburg, Q.; Smits, J. M. M.; Budzelaar, P. H. BL.R. Chimie2004
ag’eeme”t with a pure singlet) is due to thermal population of the (6) écott, J Gambarotta, S.; Korobkov, I.; Budzelaar, P. HHM\m. Chem.
triplet state. Soc.2005 127, 13019.

i i i (7) (a) Bruce, M.; Gibson, V. C.; Redshaw, C.; Solan, G. A.; White, A. J. P.;
Both 1 and2 are catalytically inactive even upon further treatment Wiliams. D. 3. Chem. Commuri998 2523, (b) Milione. S.: Cavallo,

with MAO or with other aluminum alkyls. Therefore, their C.; Tedesco, C.; Grassi, A. Chem. Soc., Dalton Trang002 1839.
formation is a catalyst deactivation pathway. The formatior of (8) gﬂright,lDt.; Sc?zrg%%rzt{aé 2-7:3Yap, G. P. A;; Budzelaar, P. HANgew.

. R . . em., Int. s .
from the reactlc_m of the Fe cataly;t with the Mdaagtlvator is the (9) Sugiyama, H.. Gambarotta, S.: Yap, G. P. A: Wilson, D. R.: Thiele, S.
result of both ligand transmetalation and reduction. Although we K.-H. Organometallic2004 23, 5054.

observed that traces d4f (<0.5%) may be formed upon addition ElOg Scott, J; Gambarottbét S, Korobkgv,Oan. J. Cher7|1|2005 83, 2d79.I

: . : P 11) Sugiyama, H.; Korobkov, I.; Gambarotta, S.; Moeller, A.; Budzelaar, P.
of AlMe; to a solution of_the fre_e ligand in toluene, the reactivity H. M. Inorg. Ghem2004 43, 5771.
of AlMe3 with the free ligand is well understood and does not (12) (a) de Bruin, B.; Bill, E.; Bothe, E.; Weyhermueller, T.; Wieghardt, K.
involve redox transformations in a significant amo®iiT herefore, 'norg Chem200Q 39, 2936. (b) Budzelaar, P. H. M.; de Bruin, B.; Gal

. . . A. W.; Wieghardt, K.; van Lenthe, J. Hnorg. Chem. 2001 40, 4649,
an obvious question arises about the source of the electron necessary  (c) Knijnenburg, Q.; Hetterscheid, D.; Kooistra, T. M.; Budzelaar, P. H.

for the formation ofl. It is unlikely to be provided by the homolytic M. Eur. J. Inorg. Chem2004 6, 1204.
cleavage of the AtMe bond of the hypothetical LAIMginter- (13) (\:/'k?eyrﬁr%%%’ Lith‘lngg‘f’"Otta’ S.; Korobkov, I.; Budzelaar, P. Hirdrg.
mediate (as possibly arising from a simple transmetalation). (14) Bart, S. C.; Lobkovsky, E.; Chirik, P. J. Am. Chem. So@004 126,
Conversely, the possibility that the Fe center may be rapidly reduced 13794. ) _
duri Ikvlati has b tl bstanfiatéél (15) (a) Kooistra, T. M.; Knijnenburg, Q.; Smits, J. M. M.; Horton, A. D;
uring alkylation processes nas been recently substan : Budzelaar, P. H. M.; Gal, A. WAngew. Chem., Int. E@001, 40, 4719.
The fact thatl is also formed by the reaction of LFe(GSiMe;), (b) GIbS_on,,\I{, C; Humphr%es, M. J.; Tellmann, K. P.; Wass, [?f. F.; White,
with MesAl entertains the possibility that an unstable FeBecies Qioi'mpkérw'r'-aﬂiig?e'vﬂf om. Sommurl007, 2252, () Steffen, W.;
might be extruded first, followed by decomposition toward a gonllmu?\%084R11\?\§bgj)l'}<lei%revéekN.; C‘;Ste\f/'fven,ll\li\/.; ‘]Bl%emvl\;er, g.;gehr,
. ~ . . . .; Froehlich, R.; Wibbeling, B.; Erker, G.; Wasilke, J.-C.; Wu, G.; Bazan,
tran_3|_ent low. va_lent organeFe complex. This species might have G.'C.J. Am. Chem. So2005 127, 13955,
sufficient reducing power to forr. (16) (a) Talsi, E. P.; Babushkin, D. E.; Semikolenova, N. V.; Zudin, V. N.;
i i it i Panchenko, V. N.; Zakharov, V. Adacromol. Chem. Phy001, 202,
The formation of2, al_though conceptually dlﬁerent.(lt involves 2046. (b) Bryliakov, K. P.; Semikolenova, N. V.; Zudin, V. N.; Zakharov,
a four-electron reduction), is related to the formationloénd V. A Talsi, E. P.Catal. Commun2004 5, 45. (c) Bryliakov, K. P.;
rovi mechanistic insight into how the strong terdentate ligan Semikolenova, N. V.; Zakharov, V. A.; Talsi, E. Brganometallic2004
pro dgsa echanistic Insig 0 ho e.S 0 gte dentate ga d 23, 5375. (d) Castro, P. M.; Lahtinen, P.; Axenov, K.; Viidanoja, J.;
loses its metal. Regardless of how the oxidation states of Al and Kotiaho, T.; Leskela, M.; Repo, TOrganometallics2005 24, 3664.

Fe are assigned i, the formation of this species is the result of  (17) Scott, J.; Gambarotta. S.; Korobkov, I.; Budzelaar, P. H. M. Manuscript

: : submitted.
afour-electron reductionThe fact that the reduction appears to be (18) Bouwkamp, M. W.: Bart, S. C.. Hawrelak, E. J.. Trovitch, R. J.

more extensive than in the caselofwhich required only one or Lobkovsky, E.; Chirik, P. JChem. Commur2005 3406.

perhaps three electrons, depending on the unknown fate of the Fe (19) () \I?Vrkllttzvsik JGF,J VIT/ ”Glbsorl1D \3]CChSpIIZrSnesseDr I? KT Tegglé’iznn K.
Ite Hilams em. S0cC alton lran

atqm) can pe only re_lated to the I(_)wer stability of the-f& bond 1159. (b) Bouwkamp, M. W.: Lobkovsky, E.; Chirik, P.d1.Am. Chem.

of intermediate species in comparison to the-Fe bond. In other Soc.2005 127, 9660.

words, it is not unreasonable to expect that the lower stability of (20) See Supporting Information. ,
(21) Neese, FORCA version 2.4, Revision 35, May 2005; Max-Planck Institute

an Fe-Et-containing moiety may no longer provide a lifetime fiir Bioanorganische Chemie: ‘Nheim an der Ruhr, Germany, 2005. More
sufficiently long to enable its migration from the ligand system. - Clietails in the ilsl?:pfgtggpl\nfﬁrmaﬂﬁn the hvbrid b3 § |
; : n contrast to allows the use of the hybri unctional
As a reSUIt’_ the ligand transmetal_at_lon appegrs to have be_en arreSteO( ) in EPR property calculations, which describes s)[;m polarégtlon effects
halfway, with the Fe atom remaining-coordinated to the ligand. more adequately than a pure DFT functional.
(23) Ahlrichs, R. et alTurbomole version 5; Theoretical Chemistry Group,
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