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Introduction

Carbon–carbon bond-forming and bond-breaking processes
involving methylenecycloalkanes are important synthetic
transformations in organic chemistry.[1] The two smallest of
these, methylenecyclopropane and methylenecyclobutane,
although highly strained,[2] are remarkably stable and readily
accessible compounds that display diverse reactivity pat-
terns.[3,4] The release of ring strain by cleavage of the cyclo-

alkane ring is the driving force in numerous organic trans-
formations.[1,3,4]

Increasing attention has been paid to transition-metal-
supported reactions of methylenecyclopropanes (MCPs),[5]

and efforts have been made to explore viable synthetic
routes leading to products with unique properties. In this
regard, ring-opening Ziegler polymerization (ROZP) of
MCPs is a notable and attractive example, since it affords a
novel type of functionalized polyolefins with backbone exo-
methylene groups [Eq. (1)]. Marks et al. used organolantha-
nide catalysts in the ring-opening polymerization of MCPs,[6]

which has been recently expanded to mono- and disubstitut-
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ed derivatives.[7] Furthermore, complexes of late transition
metals were shown by Osakada et al. to effect polymeri-
zation of MCP (and copolymerization with ethylene or CO)
in a ring-opened fashion.[8]

Organolanthanide complexes of the type [{Cp*
2 LnH}2]

(Cp*=h5-Me5C5; Ln=La, Sm, Lu) have been surveyed with
regard to their catalytic capabilities in ring-opening poly-
merization of methylenecycloalkanes.[6,7] Although only the
lutetiocene derivative has been shown to actively promote
the homopolymerization of MCP[6b,d] (but, for instance, not
of the monosubstituted derivative 2-phenyl-1-methylene-cy-
clopropane (PhMCP)[7b]), these complexes have been dem-
onstrated to be versatile single-active-site catalysts for co-
polymerization of both unsubstituted and substituted meth-
ylenecycloalkanes with ethylene to afford ring-opened poly-
mers with exo-methylene groups.[6,7] Experiments showed
that ring-opening polymerization of methylenecycloalkanes
is first-order in both substrate and catalyst concentrations,[6d]

and proceeds equally well in benzene, toluene, pentane, and
related solvents, that is, noncoordinating solvents do not sig-
nificantly affect the reaction.[6,7] Characterization of homo-
polymers and ethylene copolymers by NMR spectroscopy
and gel-permeation chromatography (GPC) revealed a
clean enchainment of MCP and PhMCP in a ring-opened
fashion to afford products bearing exo-methylene units.
These observations, combined with further mechanistic data,
strongly argue that polymer growth proceeds through a re-
peated sequence of 1,2-insertion and ring-opening
events.[6b,d,7b]

Scheme 1 displays a general catalytic reaction course for
chain initiation of organolanthanide-supported ring-opening
MCP polymerization by [Cp*

2 LnH] catalyst 1 comprising the
first monomer insertion into the Ln�H bond, subsequent
ring opening, and also b-H elimination, which would afford
butadiene, that is, the ring-opened MCP isomer, as a possi-
ble product. With regard to the regiochemistry, insertion of
the olefinic subunit of MCP into the Ln�H bond of 1 can in
principle afford two different regioisomers 2 and 3 as a
result of respective 1,2- and 2,1-addition. The following ring
opening occurs most reasonably via a shift-based b-alkyl
eliminative mechanism, which has precedence in b-alkyl
elimination as the major chain termination path in organo-
lanthanide, Group 3, and Group 4 metallocence-assisted a-
olefin polymerization.[9] This mechanism is further support-
ed by 13C-labeling copolymerization experiments.[6d] Follow-
ing the 1,2-insertion path, ensuing b-alkyl eliminative cyclo-
propane ring opening of 2, which most likely involves cleav-
age of a proximal (i.e., C2�C3 or C2�C4) bond of the cyclo-
propyl ring, affords the ring-opened species 4, which can
easily rearrange into 4’. Ring opening through distal (i.e. ,
C3�C4) bond scission [Eq. (2)] can formally be envisioned as
an alternative path. However, this would require an addi-
tional transfer of an H atom (i.e., C2!C4), which indicates
this path to be less likely. Compounds 4, 4’ represent the
final points of chain initiation by mechanistic cycle I that
starts with 1,2-insertion, at which point the process can
branch in different directions. First, growth of the polymer
chain can occur in a ring-opened fashion by the repeated

Scheme 1. General catalytic reaction course for chain initiation of organolanthanide-mediated ring-opening Ziegler polymerization of methylenecyclo-
propane, based on experimental studies of Marks et al.[6,7] The alternative mechanistic cycle II for chain initiation starting with 2,1-insertion, although
not consistent with experimental mechanistic data,[6b,d, 7b] is also included to illustrate the mechanistic diversity.
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1,2-insertion of MCP into the Ln�C bond, or 4, 4’ can un-
dergo b-H elimination, as one of the imaginable paths for
chain transfer, giving rise to the 1,3-butadiene–hydride–Ln
species 6. Incoming MCP might displace butadiene from 6
to afford this ring-opened MCP isomer as a side product,
thereby initiating a new polymer chain following the 1+

MCP!4 sequence of steps. As mentioned above, mechanis-
tic cycle I, involving sequential 1,2-insertion (into the Ln�H
and Ln�C bonds, respectively, for chain initiation and
growth) and b-eliminative shift-based ring-opening events, is
operative for the organolanthanide-mediated reaction.

The alternative mechanistic cycle II for chain initiation
starting with 2,1-insertion, which has been argued to be ef-
fective for the reaction assisted by late transition metals,[8] is
also included in Scheme 1 to illustrate the mechanistic diver-
sity. In contrast to 2!4 ring opening, the b-alkyl elimination
at the cyclopropyl ring in 3 is most likely to take place
through distal bond (i.e. , C3�C4) cleavage, as revealed from
labeling experiments and NMR spectroscopic analysis of the
polymer product for the Pd-catalyzed process.[8a] This gives
rise to a newly formed allylic group in the ring-opened prod-
uct, which adopts an h1-s (5) or h3-p (5’) mode of allyl–Ln
coordination.[10] Other conceivable paths by proximal bond
(i.e., C2�C3 or C2�C4) scission [Eqs. (3) and (4)] would make
additional H-transfer steps necessary and would lead to ter-
minal groups that are not detected experimentally;[8] hence,
these paths are less likely.

For the asymmetrically substituted PhMCP, the course of
the polymerization reaction displays greater diversity than
for MCP, since in this case alternative pathways are imagina-
ble for each of the elementary steps of the two mechanistic
cycles shown in Scheme 1, which are distinguished by the
relative orientation of the phenyl group towards the active
metal center (vide infra). The arene functionality, through
its ability to interact electronically with the electrophilic lan-
thanide center, might be considered to be a crucial factor in
controlling the structure of the polymer product. However,
to use this handle efficiently in the process of rational cata-

lyst design, a detailed understanding of its role in the se-
quence of participating elementary steps is a prerequisite.

Here we present a computational investigation of the sali-
ent mechanistic features of the chain-initiation process asso-
ciated with the ring-opening polymerization of PhMCP
mediated by [{Cp*

2 LnH}2] compounds, for which the mono-
meric species Cp2SmH was adopted as a realistic catalyst
model. This consists of the comprehensive exploration of al-
ternative pathways for the crucial steps of the different
mechanisms shown in Scheme 1 and is aimed at extending
the mechanistic understanding of the organolanthanide-
mediated ring-opening polymerization of MCPs by elucidat-
ing the following aspects: 1) Which mechanism is operative
for chain initiation in the organolanthanide-mediated ring-
opening polymerization of PhMCP? 2) Which factors deter-
mine the regioselectivity of the insertion, ring-opening, and
b-H elimination steps? 3) Does the weakly Lewis basic aryl
substituent stabilize electronically the electrophilic Lewis
acidic lanthanide center, how does this interaction affect the
energy profile of alternative pathways of the various steps,
and can it force these processes to selectively traverse only
one of them? 4) Which of the various steps is effective in
discriminating between the possible regioisomers of the
ring-opened product?

The present computational study is, to the best of our
knowledge, the first detailed theoretical mechanistic investi-
gation of the sequence of steps involved in chain initiation
associated with ring-opening PhMCP polymerization medi-
ated by the samarocene hydride complex, which is consid-
ered to be a prototypical organolanthanide catalyst. The in-
sertion and ring-opening steps for MCP catalyzed by the re-
lated Cp2LaH and Cp2LuH catalysts has been the subject of
recent computational studies.[11a,b] The results and mechanis-
tic conclusions presented here are in sharp contrast to these
studies, but this cannot be attributed to the slightly different
catalysts and substrates examined.[11c]

Computational Details

All calculations were performed with the program package Turbomole[12]

using density functional theory (DFT). The local exchange-correlation
potential by Slater[13a,b] and Vosko et al.[13c] was augmented with gradient-
corrected functionals for electron exchange according to Becke[13d] and
correlation according to Perdew[13e] in a self-consistent fashion. This gra-
dient-corrected density functional is usually termed BP86 in the literature
and was shown to be able to describe both energetic and structural as-
pects of organolanthanide compounds reliably.[14] The suitability of the
BP86 functional for the reliable determination of the energy profiles for
the various elementary processes in the organolanthanide-supported
ROZP of methylenecycloalkanes has been substantiated (see Supporting
Information), and this allows mechanistic conclusions having substantial
predictive value to be drawn. Since all species investigated in this study
show a large HOMO–LUMO gap, a spin-restricted formalism was used
for all calculations.

For Sm we used the Stuttgart–Dresden quasirelativistic effective core po-
tential (SDD) with the associated (7s6p5d)/[5s4p3d] valence basis set
contracted according to a (31111/3111/311) scheme.[15] This ECP treats
[Kr]4d104f5 as a fixed core, whereas 5s25p66s25d16p0 shells are taken into
account explicitly. All other elements were represented by Ahlrichs�
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split-valence SV(P) basis set[16a] with polarization functions on heavy
main group atoms, but not on hydrogen; that is, for carbon a 7s/4p/1d set
contracted to (511/31/1) and for hydrogen a 4s set contracted to (31). The
geometry optimization and the saddle-point search were carried out by
utilizing analytical/numerical gradients/Hessians according to standard al-
gorithms. No symmetry constraints were imposed in any case. This level
of basis-set quality has been identified as a reliable tool for the assess-
ment of structural parameters and vibrational frequencies.[17] The station-
ary points were identified exactly by the curvature of the potential-
energy surface at these points corresponding to the eigenvalues of the
Hessian. All reported transition states have exactly one negative Hessian
eigenvalue, while all other stationary points exhibit exclusively positive
eigenvalues. Each transition state was further confirmed by following its
imaginary vibrational mode downhill on both sides to yield the reactant
and product minima presented on the reaction profile for the individual
steps. The many isomers that are possible for each of the investigated
species were carefully explored. The reaction and activation enthalpies
and free energies (DH, DH� and DG, DG� at 298 K and 1 atm) were
evaluated according to standard textbook procedures[18] using computed
harmonic frequencies. To obtain more accurate energy profiles, all key
species were fully located by employing a more accurate basis set consist-
ing of the aforementioned basis set for Sm and Ahlrichs� valence triple-z
TZVP basis set[16b] with polarization functions on all other atoms, that is,
for carbon a 11s/6p/1d set contracted to (62111/411/1) and for hydrogen a
5s/1p set contracted to (311/1).

To study the influence of nonspecific solute–solvent interactions[19] on the
energy profile of individual elementary steps, the solvent was described
as a homogeneous, isotropic, linear dielectric medium within the conduc-
torlike screening model (COSMO) due to Klamt and Sch��rmann[20] as
implemented in Turbomole.[21] Environment effects were estimated for
toluene (dielectric constant e =2.378 at 298 K),[22] one of the experimen-
tally used solvents.[7c] Nonelectrostatic contributions to solvation were
not considered. The solvation effects were included self-consistently in
the calculations, and all key species were fully optimized with inclusion
of solvation at the BP86/SDD-TZVP level. The optimized atomic
COSMO radii (rH =1.3 �, rC =2.0 �)[23] were used in combination with
the unoptimized radius of 2.22 � for Sm. For each of the investigated ele-
mentary processes, both the structural and the energetic aspects were re-
produced in great similarity by the gas-phase and COSMO approaches at
the BP86/SDD-TZVP level, so that both computational methods (as well
as the B3-LYP/SDD-TZVP method) can be considered as being equally
competent for the investigation of the fine mechanistic details of the title
reaction (see Supporting Information for more details).

Energetics (BP86/SDD-TZVP) on the DH(298 K) surface were reported
as DE plus zero-point energy correction at 0 K plus thermal-motion cor-
rections at 298 K plus solvation correction. The Gibbs free energies were
obtained as DG298 =DH298�TDS at 298 K and 1 atm. The TDS contribu-
tion of about 11–13 kcal mol�1 (under standard conditions) calculated for
PhMCP coordination in the gas phase certainly does not reflect the real
entropic cost for substrate association and dissociation under actual cata-
lytic conditions.[7c] The difference in the reaction entropy for the
Cp2LnR +PhMCP!PhMCP-Cp2LnR substrate uptake process taking
place in the gas phase and condensed phase is mainly due to substrate
solvation, since the solvation entropies of the Cp2LnR starting material
and the PhMCP-Cp2LnR adduct can be regarded as being similar. The
solvation entropy of ethylene, as a prototypic olefin, is about 16 eu in
typical aromatic hydrocarbon solvents,[24] which can reasonably be adopt-
ed for methylenecycloalkanes as well. This reduces the entropic cost for
substrate complexation by about 4.8 kcal mol�1 (298.15 K), that is, about
two-thirds of the gas-phase value. This estimation agrees reasonably well
with the findings of a recent theoretical study, which showed that for
polar solvents the entropies in solution decrease to nearly half of the gas-
phase value.[25] Therefore, the solvation entropy for substrate association
and dissociation was approximated as being two-thirds of its gas-phase
value, which the author considers to be a reliable estimate of the entropy
contribution in the condensed phase. All the drawings were prepared by
employing the program Struked.[26]

Results and Discussion

The theoretical mechanistic investigation of the chain-initia-
tion process starts with a careful step-by-step exploration of
the elementary processes outlined in Scheme 1. This exami-
nation is aimed at elucidating the crucial features of each of
the individual steps and at proposing the most feasible of
the various conceivable pathways. From the detailed insight
obtained for the critical elementary steps, a free-energy pro-
file comprised of thermodynamic and kinetic aspects for the
respective favorable pathways is presented and the implica-
tions regarding the operative mechanism and the regioselec-
tivity of the process are elucidated.

Exploration of crucial elementary steps

Insertion of the exo-methylene group into the Sm�H bond
of 1: As mentioned in the introduction, for the insertion of
the exo-methylene group of PhMCP into the Sm�H bond of
1 in 1,2 or 2,1 fashion, two different pathways are conceiva-
ble in each case. They are distinguished by the relative ar-
rangement of the phenyl group towards the metal center,
with the Sm�H and secondary C3�Ph bonds in syn and anti
orientation, respectively (Scheme 2). For systems that are
moderately encumbered sterically, the species involved
along the syn pathway can be envisioned to benefit from an
effective phenyl–Sm interaction, as indicated in Scheme 2,[27]

as opposed to the anti pathway, where this cannot be accom-
plished.

The key species participating along the two alternative
pathways are labeled by an additional a and s for the anti
and syn pathways, respectively, and are shown in Figure 1
for the 1,2-insertion process, while the 2,1-insertion ana-
logues are included in the Supporting Information (see Fig-
ure S1). The complete energetics are collected in Table 1.
As revealed by Figure 1 (S1), uptake of the substrate in 1
leads first to the encounter complex 1-PhMCP, in which
PhMCP is coordinated in such a way that the C=C bond
and the cyclopropane ring are coplanar and perpendicular,
respectively, to the Sm�H bond. Accordingly no further re-
organizations are required for exo-methylene C=C insertion
into the Sm�H bond to occur. A four-membered transition-
state structure with a square-planar cis arrangement of the
Sm�H bond and the exocyclic C=C bond is encountered
along the minimum-energy pathway for both the 1,2- and
2,1-insertion steps and occurs at a distance of about 2.2–
2.5 � of the newly formed C�H bond. Decay of the TS
gives rise first to product species (2 a, 2 s and 3 a, 3 s for 1,2-
and 2,1-insertion, respectively) with a perpendicularly ori-
ented cyclopropyl ring, which afterwards relax readily into
thermodynamically more favorable isomers with an in-
plane-rotated ring (e.g., the 2 a’, 2 a’’, 2 s’, 2 s’’ 1,2-insertion
species; see below).

However, the minimum-energy pathway reported here,
which bears great similarity to olefin insertion into M�C
and M�H bonds,[28] is in sharp contrast to that found in a
previous computational investigation of MCP insertion into
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the Ln�H bond of Cp2LnH complexes (Ln= La, Lu).[11a,b] A
tetrahedral transition-state structure that is associated with a
huge barrier of 31.9 and 39.9 kcal mol�1 (DE�), respectively,
was reported.[11b] The rather uncommon TS geometry and
the predicted unfavorable kinetics, which contradict our
findings (vide infra), may argue against the adequate repre-
sentation of both structural and energetic aspects in these
studies.[11c]

Inspection of the syn 1,2-insertion pathway does not pro-
vide any indication of effective phenyl–Sm coordination
until the process reaches 2 s (see Figure 1), owing to unfav-
orable steric interactions of the phenyl group with the
Cp2Sm backbone and/or the cis Sm�H bond. Therefore, the
aryl substituent is not likely to accelerate the process kineti-
cally through a stabilizing interaction with the electrophilic
metal center, but it affects the thermodynamics. The subse-
quent relaxation to thermodynamically more stable isomers
through facile rotation of the cyclopropyl ring from a per-
pendicular (e.g., as in 2 s) to an in-plane orientation can
occur in two directions to give rise to species in which the
phenyl group points away (denoted by a single prime, for
example, 2 s’) or towards (denoted by a double prime, for
example, 2 s’’) the metal center. Species 2 s’’, 2 a’’ are stabi-
lized relative to 2 s’, 2 a’, respectively, by effective h2 coordi-
nation of the phenyl group that is of comparable strength in
both 2 s’’ and 2 a’’. The alternative 2,1-insertion step exhibits
a similar characteristic. Due to the absence of interactions
with the Sm�H moiety in this case, the phenyl group dis-
plays a larger tendency for interaction with the lanthanide
along the syn pathway in both the encounter complex and

the TS compared to the ana-
logues of the syn 1,2-pathway.
The intensified phenyl–Sm coor-
dination, however, comes at the
expense of the methylene–Sm
bond strength (see Figure S1 in
the Supporting Information),
which acts as a counterbalanc-
ing factor. Of the two kinetic
product species 3 a and 3 s,
which do not undergo further
rotations of the cyclopropyl
moiety, 3 s is clearly seen to be
stabilized substantially by a
close phenyl–Sm interaction.
Overall, the kinetics of the in-
sertion step, proceeding either
in 1,2 or in 2,1 fashion, is indi-
cated to not benefit from stabi-
lizing coordinative interactions
between the arene ring and the
electrophilic lanthanide center.

The energy profile summar-
ized in Table 1 reveals that both
the 1,2- and 2,1-insertion steps
are facile and irreversible proc-
esses which are driven by a

strong thermodynamic force exceeding �16 kcal mol�1 (DG).
The readily formed encounter complex (i.e., in a barrierless
process) and also the transition states for the various path-
ways all lie below the energy of the entrance channel of the
1+PhMCP process at the enthalpic surface. The entropic
contributions associated with this bimolecular step shift the
free-energy profile above the entrance channel and result in
small activation free energies of only 6.2–7.2 kcal mol�1 for
the favorable anti pathways for 1,2- and 2,1-insertion (see
Table 1).

The structural aspects of the individual pathways analyzed
before are paralleled in the computed energetics. Consider-
ing the 1,2-insertion step first, the anti pathway is predicted
to be preferred kinetically relative to the syn pathway by a
barrier that is 3.5 kcal mol�1 (DDG�) lower, because unfav-
orable steric interaction between the arene ring and the cat-
alyst backbone are not present along the anti pathway. The
syn pathway is driven by a slightly larger thermodynamic
force, which, however, is of little relevance for the strongly
exergonic and thus irreversible insertion step. The insertion
proceeding in 2,1 fashion exhibits similar energetics, with ki-
netics almost identical to the 1,2-insertion step. In analogy
to the aforementioned argumentation, the anti pathway is
most feasible kinetically (DDG� = 2.1 kcal mol�1), while the
extra stabilization of 3 s by h2-phenyl coordination results in
a larger heat of reaction for the syn pathway.

Overall, the phenyl substituent discriminates between the
two alternative pathways for insertion to proceed in either
1,2 or 2,1 fashion. In both cases the anti pathway is predict-
ed as being favorable kinetically, owing to the absence of

Scheme 2. The two alternative pathways for insertion of the exocyclic C=C bond of PhMCP into the Sm�H
bond of 1 in 1,2- or 2,1-fashion.
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unfavorable steric interactions between the phenyl group
and the catalyst backbone.

b-Alkyl shift-based ring opening : Decomposition of the cy-
clopropyl ring in the insertion products is the step that is en-
countered next in the course of the reaction (see Scheme 1);
its complete energetics are compiled in Table 2. The mini-
mum-energy path for ring opening in mechanistic cycle I
(Scheme 1), proceeding by cleavage of either of the two
proximal bonds, is characterized by precursor species in

which the cyclopropyl ring is in coplanar orientation (rela-
tive to the Sm-C1-C2 moiety), and the respective bond to be
broken is cis-arranged, pointing towards the metal atom.
Thus, the thermodynamically prevalent isomers of the inser-
tion product represent the direct precursor for cycle degra-
dation. Species 2 a’, 2 s’ are the precursors for the pathway
involving proximal-bond cleavage (i.e., C2�C4 bond scission)
where the phenyl group is remote from the metal center,
while the alternative pathway (i.e., C2�C3 bond scission)
with an adjacent phenyl group starts from 2 a’’ and 2 s’’

Figure 1. Selected geometric parameters [�] of the optimized structures of key species for the alternative anti and syn pathways for 1,2-insertion of the
exocyclic C=C bond of PhMCP into the Sm�H bond of 1. The cutoff for drawing Ln�C bonds was arbitrarily set to 3.1 �.
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(Scheme 3). This affords ring-opened product species 4 r, 4 r’
and 4 j, 4 j’, respectively, (labeled by an additional r or j to
indicate the remote or adjacent phenyl substituent) of differ-
ent regiochemistry. The two routes (e.g., 2 a’!4 r and 2 s’!
4 r) for each of the pathways are characterized by structural
and energetic features that are almost identical. Thus, the
key species are presented for only one of the routes for
each pathway (Figure 2), while the analogues are included
in the Supporting Information (Figure S2).

Following the minimum-energy path commencing from
2 a’/2 s’ and 2 a’’/2 s’’ does not reveal further reorganizations
to be necessary until the transition state is reached. Thus,

ring opening takes place in a smooth fashion through elon-
gation of the proximal C2�C4 and C2�C3 bonds, respectively
(see Figure 2). By contrast to the insertion step, the adjacent
phenyl group clearly acts to support ring opening along 2 a’’/
2 s’’!4 j (C2�C3 bond cleavage) through a stabilizing interac-
tion with the electrophilic Sm center, which is maintained
during the whole process. The assistance provided by the
phenyl group is also reflected in the located transition-state
structures for the two pathways. The precursor-like transi-
tion state bears an h2-phenyl moiety and has a length of the
vanishing C2�C3 bond of 1.68 � (only 0.02 � longer than in
the precursor species, Figure 2) is encountered along the
2 a’’/2 s’’!4 j pathway, that is, a highly facile transformation.
On the other hand, the transition state for the 2 a’/2 s’!4 r
pathway occurs at a distance of 1.92 � for the C2�C4 bond
to be cleaved, which can be regarded as being product-like.
The transition states decay first into the h2,h1-alkenyl Sm
species 4 r and 4 j for the processes that starts from 2 a’/2 s’
and 2 a’’/2 s’’, respectively. Species 4 j clearly benefits from
h3-benzylic coordination of the phenyl group,[29] that is, the

2 a’’/2 s’’!4 j pathway is also fa-
vored kinetically by a larger
thermodynamic force when
compared to the alternative
2 a’/2 s’!4 r pathway, which is
not assisted by the coordinating
phenyl group. The initially
formed ring-opened species 4 r
and 4 j readily undergo transfor-
mation into isomers 4 r’ and 4 j’
by displacing the double bond
from the metal center though a
kinetically facile rotation
around the C3�C4 bond, which
comes to the advantage of a
weak phenyl–Sm interaction
and an amplified h3-benzylic in-
teraction, respectively
(Figure 2).

The reaction path for ring
opening of the MCP 1,2-inser-
tion product reported previous-
ly[11a,b] is distinctly different
from the smooth process de-
scribed thus far. This process

was found to be kinetically expensive (DE� =28.4 and
32.6 kcal mol�1 for the La- and Lu-mediated reactions, re-
spectively),[11b] which is in sharp contrast to our results (vide
infra) and is connected with a transition state that consti-
tutes ring opening with simultaneous switching of an H
atom between the C2 and C4 carbon atoms. The located
transition-state structure is certainly not likely to be encoun-
tered along the minimum-energy path of the process, which
does not require the shift of an H atom. This amplifies the
doubts about the reliability of the previous studies,[11a, b] as
already argued above. Accordingly, this leads us to conclude
that the mechanistic conclusions drawn there,[11a,b] which are

Table 1. Enthalpies and free energies of activation and reaction for inser-
tion of the exocyclic C=C bond of PhMCP into the Sm�H bond of cata-
lyst 1 proceeding in 1,2- (1+PhMCP!2 a/2s) or 2,1-fashion (1 +

PhMCP!3a/3 s).[a–c]

PhMCP insertion pathway
PhMCP
insertion path

PhMCP p complex TS product[d]

1,2-insertion
anti pathway �4.5/4.0 1-PhMCP-2 a �2.8/6.2 �23.2/�14.1 2a

�27.1/�17.8 2a’
�29.2/�19.6 2a’’

syn pathway �2.3/6.2 1-PhMCP-2 s 0.7/9.7 �23.9/�14.9 2s
�29.3/�20.1 2s’
�30.7/�21.2 2s’’

2,1-insertion
anti pathway �3.0/5.5 1-PhMCP-3 a �0.9/7.2 �24.8/�15.9 3a
syn pathway �0.8/7.9 1-PhMCP-3 s �0.7/9.3 �30.0/�21.0 3 s

[a] This process is classified according to the kind of PhMCP insertion in-
volved (see Scheme 2). [b] Total barriers and reaction energies are rela-
tive to 1 +PhMCP. [c] Activation enthalpies and free energies (DH�/
DG�) and reaction enthalpies and free energies (DH/DG) are given in
kilocalories per mole; numbers in italic type are the Gibbs free energies.
[d] See text for description of the various isomers.

Table 2. Enthalpies and free energies of activation and reaction for b-alkyl shift-based ring opening occurring
in the mechanistic cycles I (2 a’/2s’!4r’ and 2a’’/2s’’!4j’) and II (3a!5a’ and 3 s!5 s’).[a–c]

Ring-opening pathway
PhMCP insertion path precursor[d] TS product

1,2-insertion proximal C2�C4 bond
anti pathway 3.6/3.4 2a’ 6.2/6.3 2.8/1.5 4r//1.3/0.0 4r’
syn pathway 1.4/1.1 2s’ 4.4/4.5 �1.1/-2.4 4r//1.1/�0.2 4 r’

1,2-insertion proximal C2�C3 bond
anti pathway 1.5/1.6 2a’’ 1.6/1.7 �9.1/�9.5 4 j//�8.7/�10.3 4j’
syn pathway 0.0/0.0 2s’’ 0.3/0.5 �8.7/�9.0 4 j//�8.8/�10.3 4j’

2,1-insertion distal C3�C4 bond[e]

anti pathway 0.0/0.0 3a 35.7/35.3 h1(C3)-allylic �20.2/�20.5 5 a
30.7/30.9 h3-allylic �28.2/�28.1 5 a’

syn pathway 0.0/0.0 3 s 27.2/27.3 h1(C3)-allylic �15.0/�15.5 5 s
27.9/28.5 h3-allylic �23.0/�23.1 5 s’

[a] This process is classified according to the type of bond cleaved in the cyclopropyl ring. The relationship to
the prior insertion step is explicitly given. [b] Total barriers and reaction energies are relative to the prevalent
insertion product isomers of the 1,2-initiated (i.e., 2s’’) and relative to 3 a and 3 s for 2,1-initiated cycles.
[c] Activation enthalpies and free energies (DH�/DG�) and reaction enthalpies and free energies (DH/DG) are
given in kilocalories per mole; numbers in italic type are Gibbs free energies. [d] See text for description of
the various isomers. [e] Two different types of located transition state having an h1(C3)- or h3-allylic structure
are reported.

Chem. Eur. J. 2005, 11, 3113 – 3126 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3119

FULL PAPERRing-Opening Ziegler Polymerization

www.chemeurj.org


based on located transition-state structures that seem entire-
ly implausible, do not have any relevance.[11c]

Ring opening by cleavage of one of the proximal bonds is
predicted to be highly facile kinetically (see Table 2). In par-
allel to the above discussed structural features, the 2 a’’/
2 s’’!4 j pathway is the preferred one among the two regio-
isomeric pathways, on both kinetic and thermodynamic
grounds, owing to stabilizing coordinative phenyl–Sm inter-
actions. An activation free energy of only about 0.5–
1.7 kcal mol�1 must be overcome along this pathway, which
yields 4 j and 4 j’, respectively, in an exergonic process that is
driven by a thermodynamic force of �(9–10) kcal mol�1.
This indicates that ring opening along the favorable 2 a’’/
2 s’’!4 j pathway is an irreversible process that occurs in-
stantaneously. The ring-opened regioisomers 4 r, 4 r’ are, on
the other hand, formed in an essentially thermoneutral, re-
versible process that has a barrier of 4.5–6.3 kcal mol�1

(DG�). Thus, similar to the findings for the insertion step

(see above), the phenyl group discriminates between the
two possible pathways for b-alkyl shift-based ring opening
(see Scheme 3). In contrast to the insertion step, however,
decomposition of the cyclopropyl ring is distinctly facilitated
kinetically and also thermodynamically by the coordinative
interaction of the electrophilic lanthanide center with the p

system of the adjacent phenyl ring.[27]

In cycle II (Scheme 1) regioisomeric products 3 a and 3 s
are precursors for the subsequent ring-opening process. The
most feasible route for degradation of the cyclopropyl ring
proceeds through cleavage of the distal C3�C4 bond. The
two possible pathways, in which the phenyl group has an
anti (3 a!5 a/5 a’) or a syn (3 s!5 s/5 s’) disposition with
regard to the Sm�C2 bond, lead to 1-phenyl,2-methallyl–Sm
product isomers[10] having identical regiochemistry
(Scheme 4), which is in contrast to the situation for mecha-
nistic cycle I (vide supra).

Scheme 3. The two alternative pathways for b-alkyl shift-based ring opening by cleavage of a proximal bond of the cyclopropyl ring along cycle I.

Figure 2. Selected geometric parameters [�] of the optimized structures of key species for ring opening of the 1,2-insertion product (cycle I) by cleavage
of a proximal bond of the cyclopropyl ring occurring through alternative pathways with the phenyl substituent located remote from (top) or adjacent to
(bottom) the metal center. The cutoff for drawing Ln�C bonds was arbitrarily set to 3.1 �.
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A detailed survey of several
conceivable ways to generate
the allyl–Sm product species re-
vealed that this can occur
through transition states with
an elongated C3�C4 bond that
are characterized by an already
preformed allylic moiety adopt-
ing h1(C3)-s (TS[3 a-5 a] and TS-
[3 s-5 s]) or h3-p modes (TS[3 a-
5 a’] and TS[3 s-5 s’]) of allyl co-
ordination to Sm. The corre-
sponding key species for the
two pathways with anti- and
syn-disposed phenyl group (see

Figure 3. Selected geometric parameters [�] of the optimized structures of key species for ring opening of the 2,1-insertion product (cycle II) by cleavage
of the distal cyclopropyl bond occurring through alternative pathways with the phenyl substituent in an anti or a syn disposition with respect to the Sm�
C2 bond. The cutoff for drawing Ln�C bonds was arbitrarily set to 3.1 �.

Scheme 4. The two alternative pathways for b-alkyl shift-based ring opening by cleavage of the distal bond of
the cyclopropyl ring along cycle II.
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Scheme 4) are displayed in Figure 3, which shows that the
3 s!5 s/5 s’ pathway takes advantage of the attainable
phenyl–Sm interaction. This is most pronounced for TS[3 s-
5 s] (and 5 s), in which the phenyl substituent compensates
the partial coordinative unsaturation caused by the h1(C3)-s-
allylic moiety through effective h3-benzylic coordination, but
is also seen in TS[3 s-5 s’] with a preformed h3-allylic moiety.
The absence of this stabilizing interaction along 3 a!5 a/5 a’
renders this pathway distinctly more difficult kinetically
(vide infra). Focusing on the more feasible of the two path-
ways, TS[3 s-5 s] emerges at a distance of 2.1 � for the van-
ishing C3�C4 distal bond and decay into the h1(C3)-s-allylic
product species 5 s, while TS[3 s-5 s’] appears somewhat earli-
er (1.97 �) and leads to the syn-h3-allyl form 5 s’. Intercon-
version between the 5 s and 5 s’ forms, with the latter ther-
modynamically prevalent (see Table 2), is likely to be a
facile process.[30]

Similar to the findings for cyclopropyl ring opening of 1,2-
insertion products, the 3 s!5 s/5 s’ pathway, which benefits
from the phenyl–Sm interaction, is predicted to be kinetical-
ly more feasible than the 3 a!5 a/5 a’ pathway. Both of these
afford products of identical regiochemistry in an irreversible
process that is driven by a strong thermodynamic force with
an exergonicity of �23.1 kcal mol�1 (Table 2). Interestingly,
the phenyl substituent compensates the coordinative defi-
ciencies in TS[3 s-5 s] efficiently, so that very similar activa-
tion barriers of 27.3–28.5 kcal mol�1 (DG�) are associated
with the ring-opening process passing through TS[3 s-5 s] and
TS[3 s-5 s’]. Higher barriers are predicted for the 3 a!5 a/5 a’
pathway with a remote phenyl group, and TS[3 a-5 a] was
found to be exceptionally high in energy (DG� = 35.3 kcal
mol�1) due to the lack of coordinative stabilization.

Overall, cleavage of the distal bond of the cyclopropyl
ring is predicted to be significantly more difficult kinetically
than proximal bond scission occurring along cycle I, which
starts with 1,2 insertion (see below)

b-H elimination to afford the ring-opened phenyl-1,3-buta-
diene isomers : After completion of chain initiation in cycle
I with formation of 4 r/4 r’ and 4 j/4 j’, respectively, the reac-
tion can proceed further by PhMCP enchainment in a ring-
opened fashion or, as a conceivable alternative, by b-H elim-

ination to afford phenyl-1,3-butadienes as ring-opened
PhMCP isomers. Among the various routes that have been
surveyed computationally, the most feasible starts from 4 r’
and 4 j’. The process with 4 r and 4 j as precursor is accompa-
nied by displacement of the olefinic subunit from the imme-
diate proximity of the metal center and thus approaches the
corresponding 4 r’ and 4 j’ isomers in the vicinity of the tran-
sition state. b-H elimination along the alternative pathways
commencing from the 4 r’ and 4 j’ regioisomers, in which the
phenyl substituent is located remote from or adjacent to the
metal center, gives rise to the 2-phenyl- and 1-phenyl-1,3-bu-
tadiene hydride Sm species 6 r and 6 j, respectively
(Scheme 5).

The transition state TS[4 r’-6 r] shows, not unexpectedly,
great similarity to the transition state for 2,1-insertion (see
above). It exhibits a hydrido–Sm bond that seems to be al-
ready almost fully established, a substantially elongated C3�
H bond, and a preformed h2-coordinated butadiene moiety
(Figure 4). The phenyl group that is weakly coordinated in
4 r’ becomes displaced from the metal center during the
elimination process. The decay of the productlike TS[4 r’-6 r]
leads to the h2-(2-phenylbutadiene)–Sm hydride product 6 r,
which resembles the PhMCP encounter complex for the 2,1-
insertion step. The formal resemblance between the 4 r’!6 r
and 1+ PhMCP!3 a processes is also paralleled in the ener-
getics (Table 3). The b-H elimination is an endergonic proc-
ess (DG= 8.7 kcal mol�1) that is associated with an activation
barrier of 14.3 kcal mol�1 (DG�) and is thus nearly the in-
verse of the insertion step.

The process occurring along the alternative 4 j’!6 j path-
way is also accompanied by the displacement of the phenyl
group from the immediate proximity of the metal atom
(Figure 4). Commencing from the precursor with an h3-ben-
zylic substituent, TS[4 j’-6 j] is characterized by a significant-
ly diminished phenyl–Sm interaction and has structural fea-
tures that are comparable with those of TS[4 r’-6 r]. A simi-
lar, but slightly higher, barrier (DG� =16.4 kcal mol�1, see
Table 3) must be overcome along 4 j’!6 j to give rise to the
h2-(1-phenylbutadiene)–Sm hydride product in a process
that has a larger endergonicity (DG =14.0 kcal mol�1) than
the 4 r’!6 r pathway. This increased thermodynamic disfavor
is understandable from the aforementioned fact that the re-

Scheme 5. The two alternative pathways for b-H elimination to afford phenylbutadienes as ring-opened PhMCP isomers along cycle I.
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organization of phenyl–Sm coordination is more pro-
nounced here.

The very similar kinetics (DDG� =2.1 kcal mol�1, Table 3)
predicted for the two alternative pathways indicates that the
two 1-phenyl- and 2-phenylbutadiene regioisomers should
be generated in comparable amounts as possible products of
Sm-mediated PhMCP ring-opening polymerization, provid-
ed that the corresponding precursor species 4 r’ and 4 j’
occur in appreciable concentrations (see below). The phe-
nylbutadienes are liberated from 6 r and 6 j through a subse-
quent substitution with PhMCP in slightly endergonic and

exergonic processes (DG= 0.4 and �2.4 kcal mol�1, respec-
tively) which regenerate the encounter complex 1-PhMCP.

Catalytic reaction course of the chain-initiating process

Gibbs free-energy profile : On the basis of the careful com-
putational exploration of the crucial elementary steps of the
tentative course of the catalytic reaction (Scheme 1) report-
ed above, the Gibbs free-energy profile (Scheme 6) is pre-
sented. It comprises thermodynamic and kinetic aspects of
the two mechanistic cycles for [{Cp*

2 SmH}2]-catalyzed chain
initiation of ROZP of PhMCP. With this profile in hand, we
can now elucidate the factors that are effective in discrimi-
nating between the alternative mechanisms and between the
product regioisomers of chain initiation and substrate iso-
merization reactions, both occurring in a ring-opened fash-
ion.

Factors governing the operative mechanism and the regio-
selectivity : The first insertion step is a facile and irreversible
process that is driven by a strong thermodynamic force. For
both the regioisomeric 1,2- and 2,1-insertion routes the anti
pathway, in which the phenyl substituent is in remote loca-
tion, is predicted to be kinetically favorable relative to the
syn pathway (DDG� =3.5 and 2.1 kcal mol�1 for 1,2- and 2,1-
insertion, respectively), owing to steric factors. Almost iden-
tical activation free energies are associated with the most
feasible anti pathway for insertion proceeding in 1,2-
(DG� = 6.2 kcal mol�1) and 2,1-fashion (DG� =

7.2 kcal mol�1),[31] and this indicates comparable probability

Figure 4. Selected geometric parameters [�] of optimized structures of key species for b-H elimination in the ring-opened species along cycle I occurring
through alternative pathways with the phenyl substituent located remote from (top) or adjacent to (bottom) the metal center. The cutoff for drawing
Ln�C bonds was arbitrarily set to 3.1 �.

Table 3. Enthalpies and free energies of activation and reaction for b-H
elimination along 4r’!6r and 4 j’!6 j to afford phenylbutadienes as ring-
opened PhMCP isomers.[a–c]

b-H elimination pathway
PhMCP insertion path precursor TS product

1,2-insertion 2-phenyl-butadiene 6r
anti pathway 0.2/0.2 4r’ 14.2/14.5 9.9/8.9
syn pathway 0.0/0.0 4r’ 14.3/14.6 9.9/8.9

1,2-insertion 1-phenyl-butadiene 6j
anti pathway 0.1/0.0 4j’ 15.6/16.4 14.5/14.0
syn pathway 0.0/0.0 4j’ 15.6/16.5 14.5/14.0

[a] This process is classified according to the stereoisomer of the precur-
sor involved (see Scheme 5). The relationship to the prior insertion step
is explicitly given. [b] Total barriers and reaction energies are relative to
the precursors 4 r’ and 4 j’, respectively. [c] Activation enthalpies and free
energies (DH�/DG�) and reaction enthalpies and free energies (DH/DG)
are given in kilocalories per mole; numbers in italic type are Gibbs free
energies.
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for both processes. This leads to the conclusion that inser-
tion of the exocyclic C=C bond into the Sm�H bond does
not proceed regioselectively. Accordingly, the first insertion
step does not discriminate between the two conceivable
mechanisms (see cycles I, II in Scheme 1) for chain initia-
tion. Species 2 a’, 2 a’’, and 3 a are the predominantly formed
products of the two regioisomeric insertion routes. The pre-
dicted low barriers, which indicate the kinetically disfavored
syn pathways (DG� = 9.3–9.7 kcal mol�1) to be viable as well,
suggest that these pathways may also be accessible under
catalytic reaction conditions,[7c] giving rise to 2 s, 2 s’’, and 3 s,
respectively, as possible products, albeit with distinctly
smaller populations. Note that this scenario does not affect
the further mechanistic conclusions.

The prevalent 1,2-insertion product species 2 a’, 2 a’’, both
of which are in equilibrium (see above), readily undergo
subsequent ring opening (DG�

tot =0.1–4.7 kcal mol�1 relative
to the most stable species 2 a’’). By contrast, opening of the
cyclopropyl ring commencing from 3 a is associated with a
prohibitively large barrier of 30.9 kcal mol�1 (DG�), which is
of similar magnitude but slightly smaller (DG� = 27.3 kcal
mol�1) for the 3 s!5 s’ pathway. As a consequence 1) the
mechanistic cycle that starts with 1,2-insertion (see cycle I in

Scheme 1) is almost exclusively entered and is thus opera-
tive in the chain-initiation process of [{Cp*

2 SmH}2]-mediated
PhMCP ring-opening polymerization, while the alternative
mechanism (see cycle II in Scheme 1) is entirely precluded,
which is consistent with mechanistic data derived from ex-
perimental studies (see Introduction), and 2) not the inser-
tion but the ring-opening step discriminates between the
two conceivable mechanisms.

Among the two regioisomeric pathways for ring opening
by cleavage of a proximal cyclopropyl bond, the 2 a’’!4 j’
pathway that is facilitated by a coordinating interaction of
the electrophilic Sm atom with the p system of the adjacent
phenyl ring is kinetically most easy (DG�

tot =0.1 kcal mol�1),
while generation of 4 r’ must overcome a barrier that is
4.6 kcal mol�1 higher (DDG�

tot). The weakly Lewis basic
phenyl substituent acts, by its ability to stabilize electronical-
ly the electrophilic Lewis acidic lanthanide center (which
can be counterbalanced by steric factors for catalysts that
are sterically congested), to control the regioselectivity of
the ring-opening step, and thereby to determine the out-
come of the chain-initiation process. The computed kinetic
gap (DDG�

tot =4.6 kcal mol�1) argues that 4 j’ is the ring-
opened regioisomer that is almost exclusively formed in the

Scheme 6. Condensed Gibbs free-energy profile [kcal mol�1] of ring-opened chain initiation and substrate isomerization in the organolanthanide-mediat-
ed polymerization of 2-PhMCP by model catalyst [Cp2SmH]. The most feasible pathways for both mechanisms are represented by solid lines, and alter-
native pathways by dashed lines.
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chain-initiation process; its generation is furthermore ther-
modynamically favored as well. Marks et al. reported for
Sm-mediated PhMCP/ethylene copolymerization a ratio of
about 60:30 for entering the alternative pathways (in favor
of the pathway that is related to 2 a’’!4 j) and further dem-
onstrated that this ratio is highly sensitive to steric factors.[7b]

Thus, these experimental observations in combination with
the present theoretical mechanistic study strongly argue that
for the [{Cp*

2 SmH}2]-catalyzed PhMCP (co)polymerization,
ring opening exhibits a preference for the pathway that is
assisted by the phenyl substituent for both chain initiation
and polymer growth. The kinetic balance between the two
alternative pathways is of course also affected by steric fac-
tors. The unfavorable steric interactions of the growing poly-
mer chain with the Cp*

2 Sm backbone, which are accounted
for to only a certain extent by the employed model catalyst
and, furthermore, are likely to be amplified during polymer
growth, might lead to a diminished or even inverted DDG�

tot

gap and thereby modulate the regioselective outcome of the
polymerization process.

The b-H elimination commencing from the ring-opened
products is predicted to be distinctly more expensive kineti-
cally than the facile insertion and ring-opening processes.
Formation of the two possible 1-phenyl- and 2-phenylbuta-
diene regioisomers is an endergonic process that exhibits
very similar kinetics (DG� =14.3–16.4 kcal mol�1). This indi-
cates that ring-opening isomerization is a less likely process
for both kinetic and thermodynamic reasons. In agreement
with this conclusion, NMR spectroscopic characterization of
the PhMCP/ethylene copolymer did not reveal any indica-
tions for formation of 1,3-diene units.[7b] The higher thermo-
dynamic population of the precursor 4 j’ suggests that iso-
merization, if occurring at all, would give rise to 1-phenylbu-
tadiene as the predominantly formed ring-opened PhMCP
isomer.

Conclusion

Herein is presented, to the best of my knowledge, the first
detailed theoretical mechanistic investigation of alternative
mechanisms for chain initiation of organolanthanide-mediat-
ed ring-opening polymerization of 2-phenyl-1-methylenecy-
clopropane with an archetypical [Cp2SmH] model catalyst.
Several conceivable pathways for the crucial elementary
processes, including ring-opening isomerization of PhMCP
to phenylbutadienes, were critically scrutinized for a tenta-
tive course of the catalytic reaction (Scheme 1) by means of
a gradient-corrected DFT method. The present computa-
tional study provides, for the first time, detailed insight into
the intimate aspects of the process, in terms of located key
structures and the free-energy profile for individual elemen-
tary steps.

The mechanism found to be operative starts with the first
1,2-insertion of the exocyclic C=C bond into the Sm�H
bond and is followed by ring opening through cleavage of a
proximal cyclopropyl bond (see cycle I in Scheme 1), while

the alternative mechanism that commences with 2,1-inser-
tion (see cycle II in Scheme 1) is almost entirely precluded
kinetically. This is consistent with mechanistic data derived
from experimental studies on the chain-growth process. Not
the facile and irreversible insertion step, which does not pro-
ceed in a regioselective fashion, but the subsequent ring-
opening process discriminates between the alternative mech-
anisms for chain initiation. Opening of the cyclopropyl ring
in the 1,2-insertion product species is kinetically easy and
occurs readily in an exergonic process, while a prohibitively
large barrier is associated with ring opening of the 2,1-prod-
ucts. The ring-opened species generated along the operative
mechanistic cycle can undergo further b-H elimination to
afford phenylbutadienes as ring-opened isomers of PhMCP.
The ring-opening isomerization, however, is predicted to be
a less likely process for both kinetic and thermodynamic
reasons. Among the two regioisomers, this process, if it
occurs at all, would give rise to 1-phenylbutadiene.

The phenyl group was shown to discriminate between al-
ternative pathways conceivable for each of the elementary
steps. Steric factors are effective for the insertion step occur-
ring in either 1,2- or 2,1-fashion, and thus the anti pathway,
with the phenyl substituent in remote location, is kinetically
preferred. The ring-opening process, however, is assisted by
a stabilizing electronic interaction of the arene p system
with the electrophilic lanthanide center. Consequently, the
pathway with the phenyl group adjacent to the metal center
becomes facilitated among the two regioisomeric pathways,
both kinetically and thermodynamically, and hence cyclo-
propyl ring opening proceeds regioselectively.

The present study represents the first part of a systematic
computational exploration of crucial structure–reactivity re-
lationships in organolanthanide-assisted ROZP of methyle-
necycloalkanes. Overall, chain initiation of the samarocene-
mediated ring-opening polymerization of PhMCP is predict-
ed to be a smooth, kinetically facile process. On the other
hand, experiments have not succeeded thus far in accom-
plishing PhMCP homopolymerization with this catalyst,[7b]

and this suggests that the sequential insertion and ring-open-
ing processes along the course for chain growth are energeti-
cally more expensive. The fine mechanistic details of
PhMCP enchainment will be addressed in forthcoming in-
vestigations.
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