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Abstract: The notion of weak attractive ligand–polymer
interactions is introduced, and its potential application,
importance, and conceptual links with “cooperative”
ligand–substrate interactions are discussed. Synthetic
models of weak attractive ligand–polymer interactions are
described, in which intramolecular weak C�H···F�C inter-
actions (the existence of which remains contentious) have
been detected by NMR spectroscopy and neutron and X-
ray diffraction experiments. These C�H···F�C interactions
carry important implications for the design of catalysts for

olefin polymerization, because they provide support for
the practical feasibility of ortho-F···Hb ligand–polymer
contacts proposed for living Group 4 fluorinated
phenoxy ACHTUNGTRENNUNGimine catalysts. The notion of weak attractive
noncovalent interactions between an “active” ligand and
the growing polymer chain is a novel concept in polyole-
fin catalysis.

Keywords: catalysis · hydrogen bonds · ligand–polymer
interactions · neighboring-group effects · polymerization

1. Introduction

What are weak attractive ligand–polymer interactions? In
the realm of metal-catalyzed olefin-polymerization reac-
tions, the concept of noncovalent interactions between a
“non-innocent” ancillary ligand and the growing polymer
chain is new. The b-H-elimination step for a conventional
cationic metal–(alkyl chain) catalytic species is facile, diffi-
cult to control, and often leads to undesirable chain transfer
or termination reactions (Scheme 1a). On the other hand, if
one integrates a substituent that can interact with the poly-
mer chain (such as a hydrogen-bond acceptor A;
Scheme 1b) into the ligand, then such interactions could po-
tentially stabilize against or suppress b-elimination and
chain-termination pathways. It is proposed that these inter-
actions must be weak and dynamic in nature, otherwise the
intrinsic chain-insertion/propagation process would be dis-
rupted. Fragile attractive forces such as hydrogen bonding
are ideally suited to this role because, in contrast to “hard”
steric repulsions, they offer diversity and inherent tunability
in a rational manner.

The concept of weak attractive ligand–polymer interac-
tions in olefin polymerization is appealing and potentially
influential because 1) it may pave the way towards an un-
precedented ability to control and manipulate the reactivity
at the polymer chain and 2) the stabilization of reactive in-

termediates and the generation of novel or unknown poly-
meric microstructures and materials may become possible.

2. Background and Context

As stated above, the viability of weak attractive ligand–poly-
mer interactions depends on reversible intramolecular non-
covalent contacts that constitute the fundamental (intermo-
lecular) building blocks in supramolecular chemistry, where-
as their proposed adaptability evokes the elementary ideas
behind molecular recognition. Indeed, the development of
weak ligand–polymer interactions necessitates the union of
catalyst design and facets of supramolecular chemistry, and
to fully exploit this novel approach, it is a prerequisite that
the principles of supramolecular chemistry[1] and supra-
molecular synthons[2] are diligently applied. At this juncture,
it is appropriate to present a brief overview of a conceptual-
ly related body of research concerned with the impact of
secondary or “cooperative” ligand–substrate contacts
through hydrogen bonds and associated noncovalent “supra-
molecular” interactions upon organic/organometallic cataly-
sis and reactivity.[3,4] However, the contrast between these
contacts and weak attractive ligand–polymer interactions
should be noted; the former are predominantly employed
for activation and/or directing purposes, whereas stabilizing
effects are intended for the latter.

2.1. Cooperative Ligand–Substrate Interactions in
Biomimetic and Multifunctional Catalysts

Nature is, in the form of enzymes, the supreme designer of
catalytic reactions that involve multiple substrate interac-
tions to enhance efficiency and selectivity. Considerable
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effort has been devoted to emulating this exceptional reac-
tivity by the development of synthetic “cooperative”
organo- and metallocatalysts featuring hydrogen-bonding
moieties in proximity to the active site that can affect the
catalytic cycle and alter product profiles.[5] Several classes of
structurally diverse multifunctional metal-based catalysts
have been described, wherein weak “secondary” noncova-
lent interactions with substrates were indicated or demon-
strated.[6–8]

For example, a prolific and versatile family of bifunctional
organocatalysts that employ urea/thiourea H-bond donors
with an additional H-bond acceptor for substrate activation
(Scheme 2) was recently developed for a wide variety of or-
ganic transformations,[9] and detailed mechanistic studies re-
vealed the unequivocal impact of the hydrogen-bonding in-
teractions and especially the Brønsted basic H-bond accept-
or group (e.g., amine or imine).[10] Moreover, reports that bi-
functional organoruthenium catalysts that bear pendant imi-
dazolyl- and pyridylphosphine ligands can mediate the anti-
Markovnikov hydration of terminal alkynes[11] further exem-
plify the ability of peripheral hydrogen-bonding substituents
to activate substrates towards unusual and unprecedented
reactivity.

2.2. Impact of Noncovalent
Interactions upon Organic and
Organometallic Reactivity

It is interesting to highlight se-
lected instances of neighboring-
group effects that are noncata-
lytic but nevertheless of rele-
vance to this discussion. The
atypical insertion chemistry of
hydroxy-substituted aryl–palla-
dium complexes with unsaturat-
ed nitrile substrates has been
attributed to the involvement
of the ortho-OH moiety, which
“assists” the reaction by hydro-

gen bonding/transfer to the nitrile N atom.[12] The preferen-
tial ortho iodination of b- and g-aryl alkylamine compounds
that bear a trifluoroacetamide group was recently reported,
and the unexpected selectivity was ascribed to a mechanism
featuring “intramolecular electrophile delivery” by the CF3

substituent through C�F···I�X interactions.[13] Significantly,

Abstract in Chinese:

Scheme 1. Metal-catalyzed olefin-polymerization reactions. a) Conventional catalyst. b) Potential advantages
of weak ligand–polymer interactions.

Scheme 2. Examples of bifunctional organocatalysts (left: proposed hy-
drogen-bonded transition state in ring-opening polymerization of lac-
ACHTUNGTRENNUNGtide[10d]) and transition-metal catalysts (right: Brønsted base activated
anti-Markovnikov hydration of terminal alkynes[11]).
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the protruding aromatic C�F moieties at the “lip” of the
Lewis acidic substrate-binding site in AlACHTUNGTRENNUNG(OAr)3 were pro-
posed to coordinate and activate RLi (R=alkyl, allyl) re-
agents through C�F···Lid+�Rd� contacts, so that the nucleo-
philic attack is directed at preferred positions of the unsatu-
rated aldehyde substrates (Scheme 3).[14] The unique reactiv-
ity and selectivity observed in these transformations are ac-
complished through the weakly attractive metal–fluorine
contacts and the increased depth of the receptor site due to
the peripheral F atoms.

2.3. Fluorinated Group 4 Phenoxyimine Catalysts: Living
Olefin Polymerization and Weak Attractive

Ligand–Polymer Interactions

The notion of weak ligand–polymer interactions was evoked
by Fujita and co-workers for a novel class of Group 4 olefin-
polymerization catalysts that bear fluorine-rich bis(phen-
ACHTUNGTRENNUNGoxyimine) auxiliaries.[15] These catalysts have generated tre-
mendous interest because, besides their outstanding activi-
ties and versatility, the observation of the exceedingly rare
2,1-insertion of olefins, as well as diverse applications in the
synthesis of multiblock copolymers and chain-end function-
alized polyolefins, TiIV derivatives with (perfluorinated
ACHTUNGTRENNUNGaryl)imine substituents have been shown to mediate the
living polymerization of ethylene and propylene (with high
syndiotacticity) at remarkably elevated temperatures of up
to 70 8C.[16] Notably, the living propagating species[17] gener-
ated from the corresponding methyl cation and a slight
excess of ethylene was explicitly observed in solution at
room temperature by 1H NMR spectroscopy (Scheme 4).[18]

Furthermore, the Coates[19] and Pellecchia[20] groups have
employed these phenoxyimine catalysts for the production
of stereoregular polymers, and theoretical studies of the cat-
alytic species and reaction mechanism have been undertak-
en.[21]

To elucidate the vital function of the fluorine groups in
living-polymerization processes, Fujita and co-workers per-
formed DFT calculations on the probable active species,
which indicated that a b-hydrogen atom of the polymer
chain and a C ACHTUNGTRENNUNG(sp2)�F moiety ortho to the imine N atom are

engaged in a weak noncovalent C�H···F�C interaction
(Scheme 4).[15] The ortho-F···Hb interaction was proposed to
mitigate the formation of a b-H agostic interaction (see Sec-
tion 2.5.1) and, hence, hinder the reactivity of the b-hydro-
gen atom towards the metal and/or a coordinated olefin,
thus resulting in the prevention of termination (b-H-elimina-
tion/transfer) processes. However, this interaction was not
observed or verified. The use of the C�F unit as a hydro-
gen-bond acceptor in weak attractive ligand–polymer inter-
actions is reasonable because it displays good robustness
and can be tolerated by a catalytic center. Nevertheless, the
postulated interaction with the low-polarity C�H bonds of
the polymeryl chain (rather than O�H or N�H) may
prompt reservations, and a hypothesized explanation based
on C�H···F�C interactions is undoubtedly controversial.

2.4. C�H···F�C Hydrogen Bonds

At first glance, the manifestation of C�H···F�C contacts as
weak ligand–polymer interactions is surprising because they
are one of the weakest[22] hydrogen bonds to be proposed,
and their existence, importance, and applicability remain
controversial.[23] Notwithstanding this, the plethora of evi-
dence espousing C�H···F�C contacts, based on structural
determinations,[24] rotational spectroscopy,[25] and theoretical
studies,[26] continues to accumulate conspicuously. The solid-
state characteristics and (self-)assembly of richly fluorinated
organic conjugated materials, with potential relevance in op-
toelectronics and nanotechnology, have been accredited to
the influence of C�H···F�C interactions,[27] and sensing ap-
plications derived from these weak reversible contacts have
been developed.[28] In biomolecular recognition, the incorpo-
ration of fluorinated motifs and the generation of fluorine-
rich environments at nucleotide bases[29] and the active sites
of peptides and enzymes[30] have been advocated, and bene-
ficial effects from the resultant C�H···F�C contacts, such as
enhanced affinity and selectivity, have been realized. Inci-
dentally, the spectroscopic and structural observation of the
more polar N�H···F�C interaction in weakly coordinating
amine-based borane and diborate cocatalysts was recently
described,[31] whereas “cooperative” noncovalent Si···F�C
contacts were invoked to rationalize the optical activity of
fluorinated poly(alkylsilane) materials.[32]

Scheme 3. Directing and activating effects of C�F groups in Lewis acidic
Al ACHTUNGTRENNUNG(OAr)3 receptors.[14]

Scheme 4. Fluorinated bis(phenoxyimine)–Ti catalyst for living olefin
polymerization a) DFT-calculated[15] active species. b) Living propagating
species observed by 1H NMR spectroscopy.[18a]
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2.5. Weak Interactions in Olefin Polymerization and
Related Processes

2.5.1. Agostic Interactions

It is universally acknowledged that weak attractive noncova-
lent interactions play multiple critical roles during the cata-
lytic cycle of olefin polymerization. The existence and mech-
anistic impact of agostic interactions between the a- and b-
hydrogen atoms of the polymer chain and the metal center
have been established.[33,34] The involvement of analogous a-
Si�H···M interactions in Ti-catalyzed silane-dehydrocoupling
reactions was recently suggested.[35]

2.5.2. Noncovalent M···F�C Contacts and Hemilabile
Ligands

The propensity for organofluorine moieties, in the form of
supposed “noninteracting” perfluorinated cocatalysts[36] and
fluorinated ligand fragments,[37] to coordinate metal centers
through weak C�F···M contacts (compare Section 2.2[14]) has
attracted particular attention because it can block or satu-
rate the catalytic site and cause deactivation. Conversely,
several studies have exploited such interactions for the stabi-
lization of extremely electrophilic, unsaturated catalytic cen-
ters by elegantly assembling ancillary ligands appended with
perfluorinated substituents (Scheme 5).[38] Schrock et al. in-

dicated the possible participation of C�X···M (X=F, Cl) in-
teractions to rationalize the 1-hexene-polymerization behav-
ior and organometallic reactivity of multidentate amido/
donor-ligated complexes that bear ortho-halide substitu-
ents.[39] Intriguingly, Grubbs and co-workers attributed the
enhanced efficiency of olefin metathesis of a ruthenium cat-
alyst supported by a fluorinated N-heterocyclic carbene
ligand to the effects of a C�F···Ru interaction.[40]

The conceptually related strategy of developing polyden-
tate hemilabile ligands[41] that bear a flexible pendant donor
group, whereby the substitutionally labile donor can be dis-
placed from and yet remain available for recoordination to
the catalytic site in a reversible fashion, has also been under-
taken in the search for new catalysts for olefin polymeri-
zation.[42] In this context, it is appropriate to highlight the
difference between weak attractive ligand–polymer interac-
tions and the approaches described in this section, because
in the latter, the fluorine or pendant donor group interacts
directly with the metal center. Indeed, it is interesting to
note the design relationship between biomimetic/multifunc-
tional catalysts, in which the secondary or cooperative inter-
action involves coordination to the metal-based active site
(see Section 2.1), and those supported by hemilabile ligands.

2.5.3. Repulsive Ligand–Polymer Interactions

Tremendous advances have been achieved in the develop-
ment of Group 4 metallocene-catalyzed stereoselective a-
olefin polymerizations.[34,43] The mechanism of stereocontrol
has largely been elucidated and originate from steric effects
or repulsive nonbonding interactions between the approach-
ing prochiral olefin and Cp ligands that bear a variety of
bulky substituents. Significantly, unlike attractive interac-
tions, such “hard” contacts cannot be rationally modulated.

3. Modeling Weak Attractive Ligand–Polymer
Interactions

3.1. Spectroscopic Observation of Intramolecular
C�H···F�C Contacts in Post-Metallocene Complexes

We communicated the first spectroscopic and X-ray crystal-
lographic evidence for the existence of weak C�H···F�C in-
teractions, which are reminiscent of the ortho-F···Hb contacts
proposed for the living Ti–bis(phenoxyimine) catalysts by
Fujita and co-workers,[15] in Group 4 complexes that bear
fluorinated pyridine-2-aryloxide-6-(s-aryl) [O,N,C] auxilia-
ries.[44] The complexes impose a fluorinated substituent in
the direct vicinity of the catalytic site (R1 in Scheme 6), but
the R1 group is crucially “tethered back” due to the rigidity
of the ligand to avert unwanted C�F···M contacts. In this
regard, literature reports of fluorine-rich ancillary ligands
are scarce and portray nonliving olefin-polymerization pro-
ACHTUNGTRENNUNGcesses.[39a,45]

Our interest in developing [O,N,C] ligands to support
olefin-polymerization catalysts stems from the following:
1) aryloxide-type chelates have been successfully applied to
post-metallocene catalyst design for many years;[46] 2) al-
though the s-aryl moiety is seldom used,[47] it is principally a
s donor with minimal p donation and is thus anticipated to
enhance the electrophilicity of the metal center; 3) the resul-
tant metal–C ACHTUNGTRENNUNG(s-aryl) linkage should be more inert relative
to the metal–C ACHTUNGTRENNUNG(alkyl) counterparts. We recently designed
and synthesized a series of Group 4 complexes supported by
[O,N,C] ligands (important examples are shown in
Scheme 6).[48,49]

Scheme 5. Examples of ancillary ligands that bear perfluorinated sub-
stituents by the a) Siedle, b) Erker, c) Piers, and d) Bochmann and
ACHTUNGTRENNUNGgroups.[38a–d] Cp=cyclopentadienyl, Cp*=1,2,3,4,5-pentamethylcyclopen-
tadienyl.
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Multinuclear NMR spectroscopic characterization of com-
plex 1 produced unexpected but revealing results: 1) the up-
field resonance of the diastereotopic benzyl CH2 hydrogen
atoms, which typically appear as a doublet of doublets in the
1H NMR spectrum, was observed as a complicated multiplet
(overlapping doublet of quartets) that collapsed to the ex-
pected doublet upon 19F decoupling and was also affected
by solvent polarity (Figure 1; formal 1hJH,F =3.3 and 3.1 Hz
in C6D6 and CD2Cl2 respectively); 2) correspondingly, the
more downfield of the two resonances in the 19F NMR spec-
trum was relatively broad but underwent discernible sharp-
ening upon 1H decoupling; 3) the 13C{1H} NMR signal for
the methylene carbon atom appeared as an unusual but dis-
tinctive quartet (formal 2hJC,F =5.9 Hz in C6D6); 4) the
19F–1H 2D correlation experiment for the CH2 region re-

vealed a cross-peak between the upfield 1H multiplet and
the broadened downfield 19F resonance only. Virtually iden-
tical spectroscopic features were observed for 2, 7, and 8,
and can be persuasively ascribed to intramolecular C�
H···F�C coupling between one methylene hydrogen atom
on each benzyl ligand and the three equivalent 19F nuclei of
the rapidly rotating CF3 group.[44]

1H/19F NOE difference experiments,[50] in which the
1H NMR spectrum is observed as 19F nuclei are selectively
irradiated, were performed to elucidate the proton environ-
ments around the CF3 groups in 1. Importantly, irradiation
of the proximal (adjacent) CF3 moiety yielded enhancement
of the upfield multiplet but not the downfield doublet of the
CH2 hydrogen atoms. This demonstrates the immediacy of
only one methylene hydrogen atom on each benzyl group to
this CF3 unit, consistent with the proposed model (Figure 1),
and implies that the M–C ACHTUNGTRENNUNG(benzyl) bonds cannot rotate
freely (see Section 3.2). For 2 and 8, additional intraligand
H···F coupling was detected between a pyridyl H atom and
the peripheral F atom at R3, whereas C�H···F�C coupling
with the sole F atom at R1 in 4 and 10 is absent because of
the excessive F···H(methylene) separation. Last but not
least, NMR spectroscopic characterization of the alkyl
cation generated from the interaction of 1 with B ACHTUNGTRENNUNG(C6F5)3

also implied weak interactions between the CF3 and benzyl
substituents. Therefore, the intramolecular C�H···F�C con-
tacts detected spectroscopically in solution serve as unique
models of weak attractive ligand–polymer interactions at a
catalytic center for olefin polymerization.

3.2. Structural Characterization: The First Neutron
Diffraction Study of C�H···F�C Interactions

Neutron diffraction is ideal for the investigation of hydrogen
bonds in crystal lattices, because unlike X-ray crystallogra-
phy, the position of H atoms can be accurately located and
refined. We reported[48] the neutron diffraction structure of
the fluorinated Zr complex 1 (Figure 2), which represents
the first characterization of the controversial and elusive C�
H···F�C interaction by a neutron diffraction study. Saliently,
one of the methylene hydrogen atoms on each benzyl ligand

Scheme 6. Synthesis of Group 4 catalysts that bear pyridine-2-phenolate-
6-(s-aryl) [O,N,C] ligands.

Figure 1. 1H NMR spectra (400 MHz, 300 K) of the diastereotopic meth-
ylene hydrogen atoms in 1, demonstrating the effects of 19F decoupling
and solvent polarity.

Figure 2. Perspective view of 1 from the neutron diffraction study, show-
ing selected hydrogen atoms. Ellipsoids are drawn at the 50% probability
level.
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points toward the CF3 moiety, and the observed H···F distan-
ces (2.572(6) and 2.607(5) S) and C�H···F angles (103.3(4)
and 108.2(3)8) are entirely consistent with the C�H···F�C in-
teractions previously determined from X-ray diffraction
studies.[24,27, 28]

The X-ray crystal structures of several bis ACHTUNGTRENNUNG(benzyl) com-
plexes, including 7, 8, and 10, were determined. As expect-
ed, the corresponding H···F (or C···F) distances and C�H···F
angles in 7 and 8 similarly reflect the presence of intramo-
lecular C�H···F�C interactions, albeit based on calculated
hydrogen positions. Notably, all M···F separations (>2.95 S
for Zr, >3.15 S for Ti) far exceed the expected or previous-
ly reported values for M···F�C interactions.[36, 38] All struc-
tures exhibit close M···CipsoACHTUNGTRENNUNG(benzyl) distances and acute M�
C�CipsoACHTUNGTRENNUNG(benzyl) angles, which signifies h2 coordination to the
metal.

The unusual but recurring anti,anti orientation of the
benzyl groups, which protrude towards the pyridyl moiety in
1, 7, 8, and 10, contrasts starkly with the conventional syn,
anti arrangement observed for analogues in which R1 =H[44]

and for related post-metallocene complexes.[46] The anti,anti
conformation is ascribed to the severe steric congestion at
the metal cleft, which cannot support h2-benzyl coordination
in the equatorial plane between the tert-butyl and fluorinat-
ed substituents; as a consequence, rotation of the M–C-
ACHTUNGTRENNUNG(benzyl) bonds is greatly hindered. Therein lies the unique-
ness of the molecular structure of 1: the overall [O,N,C] and
benzyl ligands are rigid and are expected to remain relative-
ly static in solution, so that the benzyl CH2 and CF3 units
become “locked” in position and primed for intramolecular
C�H···F�C interactions. In other words, it may not have
been possible to observe the spectroscopic H···F coupling if
complex 1 had exhibited a more flexible and dynamic mo-
lecular structure.

3.3. Discussion and Evaluation

It is instructive to compare the NMR spectroscopic data
showing intramolecular C�H···F�C coupling, as well as asso-
ciated structural parameters, with those of related organo-
metallic complexes in the literature. Van Eldik, Goldberg,
and co-workers[51] studied the spectroscopic and structural
properties of Tp ACHTUNGTRENNUNG(CF3)2PtMe3 (Tp ACHTUNGTRENNUNG(CF3)2 =HB ACHTUNGTRENNUNG[3,5-bis(trifluoro-
methyl)pyrazolyl]3) and tentatively indicated the presence of
weak C�H···F�C coupling (formal 1hJH,F and 2hJC,F values of
1.8 and 3.9 Hz, respectively, in [D6]acetone) between the
methyl ligands and CF3 substituents, as supported by the ob-
servation of close H···F (or C···F) contacts in the X-ray crys-
tal structure. Clark and Manzer[52] attributed the detected
H–F coupling (JH,F =2–3 Hz in CDCl3) between the methyl
protons (and H3 of Tp) and F atoms in a series of
TpPtMe(Fn-olefin) complexes to a “through-space” mecha-
nism. In contrast, Gade and co-workers[53] proposed that the
noticeably larger JH,F and JC,F coupling constants for the tri-
podal amido-ligated methylzirconium derivative (FN3)ZrMe
(FN3 =HC ACHTUNGTRENNUNG{SiMe2N ACHTUNGTRENNUNG(2-FC6H4)}3) arise from weak Zr···F coor-
dination, as signified by a close Zr···F contact (2.535(5) S)

in the crystal structure of a chloro-bridged congener, and
were accordingly assigned as 3J(H�C�Zr···F) and 2JACHTUNGTRENNUNG(C�
Zr···F) (8.4 and 17.6 Hz, respectively, in C6D6). Crabtree and
co-workers reported that the intramolecular (six-membered)
N�H···F�Ir hydrogen bonding in [(2-NH2py)IrF(H)2 ACHTUNGTRENNUNG(PPh3)2]
(py=pyridyl) and the cyclometalated 2-amino-7,8-benzo-
ACHTUNGTRENNUNGquinoline congener afford noticeably larger JH,F values of 63
and 52 Hz at 253 and 183 K, respectively.[54] Besides, there is
a comprehensive history of long-range or through-space C�
H···F�C coupling in fluorinated organic molecules.[55]

Overall, the spectroscopic and structural data in the pres-
ent work[44,48] evidently bear closer (relative to the amido
system) resemblance to the Pt–tris(pyrazolyl)borate systems
described above. Undisputably, the M···F separations ob-
served for the [O,N,C] derivatives are too long to be consid-
ered even as weak interactions. This supports the conclusion
that the spectroscopically detected 1H–19F coupling occurs
through C�H···F�C interactions and not by an M···F coordi-
nation mechanism. This hypothesis carries great importance
because 1) in complexes whereby fluorinated substituents
can undergo M···F�C contacts that are stronger than C�
H···F�C interactions, the latter will apparently be preempt-
ed, and 2) it is known that such M···F contacts can cause
crowding of the active site, impede approach of olefin sub-
strates, and lead to suppressed catalytic activity (see Sec-
tion 2.5.2). Moreover, DFT calculations[48] on the alkyl cat-
ionic complex derived from 1 (alkyl=n-propyl as model for
polymer chain) revealed the presence of a weak interaction
(2.606 S) between one of the F atoms and a b-hydrogen
atom of the propyl chain, which resembles the correspond-
ing calculated structures of the fluorinated bis(phenoxy-
ACHTUNGTRENNUNGimine) Group 4 alkyl cations.[15]

4. Outlook

Future studies to elucidate the strength of the C�H···F�C
interaction in this class of compounds and in general is re-
quired. It is anticipated that further applications of weak
ligand–polymer interactions based on “supramolecular”
principles can be developed. Indeed, this research direction
promises a bright and unprecedented future for tailor-made
catalysts and precise control of polymer synthesis derived
from noncovalent interactions. Interestingly, Mecking and
co-workers recently noted the effects of remote substituents
on the activity and olefin-polymerization behavior of Ni–
Schiff base derivatives, although the mechanism is currently
unclear.[56]

The prospects for ancillary ligands that bear a s-aryl
moiety appear highly promising[57] on the basis of the excel-
lent propylene-polymerization characteristics displayed by
Hf–[N,N,C] (cyclometalated pyridylamido) catalysts[58] and
their successful application, in tandem with Zr–bis(phenoxy-
ACHTUNGTRENNUNGimine) catalysts, in the commercial-scale production of at-
tractive multiblock polyolefin materials by a remarkable
“chain-shuttling” polymerization process.[59]
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5. Summary

The foremost intention of this article is to stimulate interest
and discussion in weak attractive ligand–polymer interac-
tions. A relationship between the well-established strategy
of cooperative or secondary ligand–substrate interactions
and the new concept of weak attractive ligand–polymer in-
teractions has emerged, and this link is underpinned by the
reliance of both approaches on hydrogen bonding and anal-
ogous noncovalent or supramolecular interactions that must
be weak, dynamic, and allow selectivity and molecular rec-
ognition.

A family of Group 4 post-metallocene catalysts, supported
by F-functionalized tridentate ligands bearing the fluorine
group adjacent to the metal/active site, has been designed
and synthesized as models of weak attractive ligand–poly-
mer interactions. Studies to elucidate the nature of the intra-
molecular C�H···F�C interactions in these complexes in so-
lution (by multinuclear NMR spectroscopy) and the solid
state (with neutron diffraction and X-ray crystallography)
have been undertaken, and the evidence gathered signifies
that the hydrogen-fluorine coupling occurs through C�
H···F�C contacts rather than by an M···F coordination
mechanism. Significantly, this work contains an authenticat-
ed example of a neutron diffraction structure that exhibits
weak intramolecular C�H···F�C interactions, the geometric
parameters of which are manifested as NMR-discernible H–
F coupling in solution. Furthermore, these results substanti-
ate the ortho-F···Hb ligand–polymer contacts proposed by
Fujita and co-workers and demonstrate that such interac-
tions are experimentally feasible.

In 1996, Crabtree et al.[3] were prescient in their view that
“It may be possible to use intra- and intermolecular H-
bonds to influence structure, equilibria, and reactivity in
transition-metal complexation and catalysis, in molecular
recognition, and in designing catalysts for such reactions as
asymmetric hydrogenation. After all, nature uses hydrogen
bonds very successfully in enzymes, so we might benefit by
introducing them into our synthetic catalysts.” We believe
that this statement is now applicable to metal-catalyzed
olefin-polymerization reactions. As opposed to conventional
agostic and M···X contacts, attractive noncovalent interac-
tions between the growing polymer chain and a judiciously
designed “active” ligand is an innovative concept in olefin
polymerization, and new guidelines for the design of poly-
merization catalysts can be envisaged.
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Pham, M. Gdaniec, T. Połoński, J. Org. Chem. 1998, 63, 3731–3734;
h) T. J. Barbarich, C. D. Rithner, S. M. Miller, O. P. Anderson, S. H.
Strauss, J. Am. Chem. Soc. 1999, 121, 4280–4281.

[56] M. A. Zuideveld, P. Wehrmann, C. Rçhr, S. Mecking, Angew. Chem.
2004, 116, 887–891; Angew. Chem. Int. Ed. 2004, 43, 869–873.

[57] T. Agapie, J. E. Bercaw, Organometallics 2007, 26, 2957–2959.
[58] a) T. R. Boussie, G. M. Diamond, C. Goh, K. A. Hall, A. M. La-

Pointe, M. K. Leclerc, V. Murphy, J. A. W. Shoemaker, H. Turner,
R. K. Rosen, J. C. Stevens, F. Alfano, V. Busico, R. Cipullo, G. Talar-
ico, Angew. Chem. 2006, 118, 3356–3361; Angew. Chem. Int. Ed.
2006, 45, 3278–3283; b) R. D. J. Froese, P. D. Hustad, R. L. Kuhl-
man, T. T. Wenzel, J. Am. Chem. Soc. 2007, 129, 7831–7840.

[59] D. J. Arriola, E. M. Carnahan, P. D. Hustad, R. L. Kuhlman, T. T.
Wenzel, Science 2006, 312, 714–719.

Received: July 17, 2007

Chem. Asian J. 2008, 3, 18 – 27 � 2008 Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim www.chemasianj.org 27

Ligand–Polymer Interactions in Catalysis


