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ABSTRACT: Studies of the kinetics of polymerization of ε-caprolactone (CL) by
salen-aluminum catalysts comprising ligands with similar steric profiles but different
electron donating characteristics (R = OMe, Br, or NO2) were performed using high
initial monomer concentrations (2 M < [CL]0 < 2.6 M) in toluene-d8 at temperatures
ranging from 20 to 90 °C. Saturation behavior was observed, enabling determination of
monomer equilibrium constants (Keq) and catalytic rate constants (k2) as a function of
R and temperature. While Keq varied only slightly with the electron donating properties
of R (Hammett ρ = +0.16(8)), k2 showed a more significant dependence reflected by ρ
= +1.4(1). Thermodynamic parameters ΔG° (associated with Keq) and ΔG⧧

(associated with k2) were determined, with the former being ∼0 kcal/mol for all
catalysts and the latter exhibiting the trend R = OMe > Br > NO2. Density functional
theory (DFT) calculations were performed to characterize mechanistic pathways at a
microscopic level of detail. Lowest energy transition-state structures feature incipient
bonding of the nucleophile to the lactone carbonyl that is approaching the metal ion, but a distinct CL adduct is not an energy
minimum on the reaction pathway, arguing against Keq being associated with coordination of monomer according to the typical
coordination−insertion mechanism. An alternative hypothesis is presented associating Keq with “nonproductive” coordination of
substrate in a manner that inhibits the polymerization reaction at high substrate concentrations.

■ INTRODUCTION

Ring-opening transesterification polymerization (ROTEP, a
specific type of ring-opening polymerization) of cyclic esters is
an important method for converting renewable resources to
aliphatic polyesters, sustainable materials useful for myriad
applications and as potential alternatives to petrochemical
polymers.1 Polymerization of monomers like lactide (LA) and
ε-caprolactone (CL) have been particularly well studied using a
variety of polymerization methods.2 Metal-alkoxide catalysts are
often employed as ROTEP catalysts in both academic and
industrial settings, and are especially attractive because of their
ability to generate high molecular weight polymers in
controlled fashion, with low polydispersities, and with
maintenance of end-group fidelity.2a−d

The mechanistic paradigm for ROTEP by single-site metal
alkoxide catalysts is the so-called “coordination−insertion”
pathway (Figure 1). According to this mechanism, monomer
coordinates through the carbonyl oxygen to a vacant site on the
Lewis acidic metal, followed by alkoxide insertion into the
activated carbonyl carbon and ring-opening to generate a new
propagating alkoxide. While widely accepted, significant gaps in
our understanding of this mechanism remain. For example,
variable electronic and steric effects of supporting ligands on
rates of ROTEP catalyzed by metal alkoxide complexes raise
questions about the relative importance of monomer binding,
alkoxide nucleophilicity, or both in controlling polymerization

reactivity. Thus, for various salen aluminum catalysts, the
groups of Gibson and Nomura both observed increased rates
for the polymerization of LA when the ligands were substituted
with electron-withdrawing groups (EWGs).3,4 They postulated
the enhancement is due to increased Lewis acidity of the
aluminum, which boosts monomer binding and activation.
Another study using a dinuclear salen aluminum complex found
contradictory rate trends between monomers; in the case of LA
polymerization, EWGs increased the rate, whereas in the case of
CL polymerization, the opposite effect was observed.5 Rate
attenuation by EWGs has also been observed for titanium salen
complexes,6 magnesium complexes bearing benzenesulfonate
phenol ligands,7 and some aluminum alkoxide complexes
supported by bis(phenolate)diamine ligands (1).8
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Figure 1. Coordination−insertion mechanism for the polymerization
of cyclic esters.
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We recently examined the kinetics of CL polymerization
catalyzed by the latter aluminum alkoxide complexes (1) in
detail.9 We found that by studying the reactions using high
concentrations of monomer, saturation kinetics were observed,
enabling determination of a monomer binding equilibrium
constant, Keq, and a catalytic rate constant, k2, that we attributed
to the coordination and insertion steps, respectively. The data
showed that the origin of the rate differences across the series
of catalysts is entirely due to differences in k2, and on the basis
of both experiment and theory we argued that the
nucleophilicity of the alkoxide is the determining factor
(increasing nucleophilicity with increasing electron-donation).
However, analysis of the catalytic activity of 1 was complicated
by the potential for decoordination of the dimethylalkylamino
arm of the polydentate ligand.
With the aim of further understanding the diverse electronic

and steric effects of ligand substituents on the ROTEP
efficiencies of metal alkoxide complexes, we turned our
attention to aluminum complexes supported by salen-type
ligands (2), where decoordination of the ligand from the metal
ion is unlikely. Such Schiff base complexes have been used
extensively in catalysis,10 and (with variable substituents and
linkers between the imino nitrogen atoms) are notably effective
for ROTEP of a variety of lactones.3,4,11−24 Published kinetic/
mechanistic studies of ROTEP catalyzed by Schiff base Al
compounds have provided important information, such as
ligand structural effects on ROTEP rates for a variety of
lactones23 (cf. the aforementioned rate enhancement of LA
polymerization by electron withdrawing ligand substituents),3,4
1H NMR spectroscopic evidence for reversible LA coordination
to the catalyst,21 and the basis for observed poly(lactide) (PLA)
tacticity in stereospecific polymerizations.12−16,20,21

Herein we report the results of detailed kinetic studies of CL
polymerization by well-characterized, monomeric aluminum
salen complexes with identical steric profiles but variable
remote substituents with differing electron donating character-
istics (2). Using our previously described methodology
involving 1H NMR spectroscopic analysis of ROTEP kinetics
performed with high initial monomer concentrations,9 we again
observed saturation behavior that enabled determination of Keq
and k2 values for the catalyst series 2, but with trends opposite
to that seen for 1. Density functional theory (DFT) calculations
were performed to rationalize the kinetic data, and provided
key mechanistic insights, including a new rationale for the
experimental rate law that has significant, broader implications
for evaluating metal-alkoxide catalyzed ROTEP kinetics.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of Ligands and

Catalysts. The ligands required to synthesize complexes 2
(R = OMe, Br, NO2) were prepared using a traditional imine
condensation between the three differently substituted
salicylaldehydes and 2-methylpropane-1,2-diamine in yields
ranging from 35% (R = Br) to 98% (R = OMe). Complexes 2

were synthesized in high yields (84−97%) via thermolysis of
equimolar amounts of ligand and aluminum tris(iso-propoxide)
in toluene. Complexes 2 (R = Br, NO2) were isolated as
analytically pure yellow and light brown solids, respectively,
directly from the reaction mixture, whereas 2 (R = OMe)
required recrystallization from toluene and pentane to isolate
pure, bright yellow, material. The compounds are air- and
moisture-sensitive and soluble in chlorinated (dichlorome-
thane) and aromatic hydrocarbon (toluene) solvents. As in the
case of their ligands, the catalysts have similar features in their
1H NMR spectra, with the most significant differences being in
the aryl region; the aryl residues shift downfield as the electron-
withdrawing nature of the catalyst increases. In solution the
complexes appear monomeric, as expected because of the
presence of the t-butyl substituents25 and as indicated by a
single set of resonances in their 1H NMR spectra and a single
resonance in their 27Al NMR spectra at 35, 34, and 33 ppm (R
= OMe, Br, or NO2, respectively). This

27Al NMR chemical
shift region is indicative of a five-coordinate aluminum center,
and matches that reported previously for a pentacoordinate
salen-type aluminum alkoxide (35 ppm).16,18,26

In addition, a crystal of 2 (R = OMe) suitable for X-ray
diffraction was obtained from a toluene/hexane mixture at −40
°C. The structure (Figure 2) features a monomeric complex

with a 5-coordinate aluminum ion in a geometry between
square pyramidal and trigonal bipyramidal (τ = 0.52).27 Other
structures of complexes with the 2-methylpropane-1,2-diamine
backbone display similarly intermediate τ parameters (0.48 < τ
< 0.56).3,25 Bond distances and angles are consistent with other
aluminum salen-type structures.

Polymerization Kinetics. Polymerizations of CL using
catalysts 2 were performed in triplicate with fixed initial
concentrations of CL (2 M < [CL]0 < 2.6 M) and catalyst (5.5
mM < [2]0 < 7 mM) in toluene-d8 at temperatures ranging
from 20 to 90 °C. As in a previous study,9 features due to the
growth of polymer and decay of monomer were monitored by
1H NMR spectroscopy to polymerization completion (con-
versions >99%) and their concentrations as a function of time
were fit to the Michaelis−Menten expression (eq 1) using the
global kinetics fitting program COPASI (version 4.8).28 Good
agreement between the fit and the data was obtained
(representative plot in Figure 3; all data shown in Supporting

Figure 2. Representation of the X-ray crystal structure of 2 (R =
OMe), showing nonhydrogen atoms as 50% thermal ellipsoids.
Selected interatomic distances (Å) and angles (deg): Al1−O1,
1.8107(13); Al1−O2, 1.7899(12); Al1−O3, 1.7292(13); Al1−N1,
2.0042(14); Al1−N2, 2.0445(15); O3−Al1−O2, 115.98(6); O3−
Al1−O1, 100.22(6); O2−Al1−O1, 97.57(6); O3−Al1−N1,
113.60(6); O2−Al1−N1, 129.72(6); O1−Al1−N1, 87,59(6); O3−
Al1−N2, 96.96(6); O2−Al1−N2, 88.00(6); O1−Al1−N2, 161.05(6);
N1−Al1−N2, 78.22(6).
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Information, Figure S1. These fits, and curved rate vs. [CL]
plots derived from both the COPASI analysis (Supporting
Information, Figure S2) and a reaction progress kinetic
analysis29 (using derivatives of polynomial fits; Supporting
Information, Figure S7) support saturation behavior; signifi-
cantly poorer fits were obtained using simpler first- or second-
order rate equations (Supporting Information, Figures S3−S7).
Average values from replicate runs for Keq and k2 are listed in
Table 1, with all values provided in Supporting Information,

Table S1. In addition, independent measurements of Keq were
obtained by analyzing observed changes in the chemical shift of
the aryl and imine catalyst residues (Figure 4) as a function of
time and [CL], using eq 29 (fits shown in Supporting
Information, Figure S8−S10). Comparison of these Keq values
with those obtained from the averaged COPASI fits shows
reasonable agreement between the independently calculated
parameters (Table 1), providing further evidence for the
validity of eq 1. The data are thus consistent with the typical
kinetic model associated with eq 1 involving pre-equilibrium
monomer binding followed by insertion, but other kinetic
models described by eq 1 are also possible (vide infra).
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An induction period was seen in the kinetic runs, as had been
noted previously for ROTEP by related aluminum systems, and
close inspection of 1H NMR spectra revealed transformations
of the catalyst during these early reaction times (cf. t = 0 to 1.3
h in Figure 4). The initial 1H NMR spectrum obtained soon
after mixing of the catalyst with CL contained imine peaks
different from those of the catalyst in the absence of CL,
suggesting some rapid change of the catalyst structure in the
presence of substrate. In addition, these peaks smoothly
converted to a second set of peaks as polymerization began.
This conversion follows first order kinetics, with a rate that is
similar to the rate of polymerization (Supporting Information,
Figure S11). The NMR data suggest structural changes to the
catalyst and/or precatalyst, possibly including binding of
monomer, initiation via isopropoxide insertion, or some other
geometric change, but definitive conclusions cannot be drawn
with the information currently available.

Interpretation of Kinetic Parameters. We evaluated the
dependencies of Keq and k2 on the catalyst R group and
temperature through Hammett, Eyring, and van’t Hoff plots,
with the aim of discerning electronic effects and obtaining
thermodynamic parameters (Figure 5). Turning first to Keq, we
find only very weak dependencies on substituent and
temperature from plots of log(Keq) vs. σp (Figure 5a,
red)30,31 and ln(Keq) vs. 1/T (Figure 5b), respectively. A linear
relationship between log(Keq) and σp with a small positive slope
ρ (average = +0.16(8)) indicates that the equilibrium constant
for monomer binding is slightly enhanced by EWGs, in line
with previous explanations for the reactivity of aluminum salen
complexes.3 However, this effect is small, which is highlighted
by the small differences in the ΔG° values (Table 2) calculated
from Figure 5b (e.g., the ΔΔG° between 2 with R = OMe and
R = Br at 333K is less than 0.4 kcal/mol). For all catalysts
studied, ΔG° values are zero within experimental error.
Importantly, the small differences in Keq and ΔG° as a function
of substituents cannot fully explain the differences in the
observed overall rates for this set of catalysts.
The dependencies of k2 on substituent R and temperature are

more striking (Figure 5a,c), and show that the overall rate
differences between the ROTEP polymerizations by catalysts 2
arise from this kinetic parameter. Linear relationships between

Figure 3. Illustrative conversion vs. time profile for decay of CL (■)
and growth of PCL (⧫) resonances during ROTEP catalyzed by R =
OMe at 333 K, determined from 1H NMR spectra, along with fits (red
lines) determined by COPASI.

Table 1. Average Values of Kinetic Parameters Determined
from COPASI Fits and NMR Peak Analysis

entry
temp
(K) R

Keq COPASI
(M−1)

Keq NMR
(M−1)

k2 (s
−1)

(×102)

1 333 OMe 0.9(1) 0.70(5) 1.00(3)
2 343 OMe 0.92(9) 0.54(7) 2.1(1)
3 353 OMe 0.86(3) 0.56(5) 3.8(1)
4 363 OMe 0.7(1) 0.50(7) 5.9(1)
5 313 Br 1.38(8) 0.83(6) 1.39(8)
6 323 Br 1.19(5) 0.8(1) 2.7(1)
7 333 Br 1.37(6) 0.76(4) 4.3(2)
8 343 Br 1.16(2) 0.64(5) 7.9(6)
9 293 NO2 1.64(5) 2.2(3) 2.34(6)
10 303 NO2 1.5(1) 1.7(2) 5.2(5)
11 313 NO2 1.66(7) 1.7(3) 8.0(4)
12 323 NO2 1.45(4) 1.5(1) 15.4(8)

Figure 4. Portion of the 1H NMR spectra acquired during
polymerization of CL by 2 (R = Br) at 333 K illustrating how the
aryl resonances for the complex in solution change as a function of
reaction time. The indicated peak separation Δδ was used to
independently evaluate Keq (see eq 2). Note the conversion of the
catalyst during early reaction times (t = 0−1 h) that is modeled in
Supporting Information, Figure S11.
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log(k2) and the σp values at all temperatures have similar
positive slopes (ρ) with an average value of +1.4(1). The linear
correlations support a similar mechanism(s) across the series of
catalysts, and the positive ρ values reflect enhancement of k2
with increasing substituent electron withdrawing power. This
trend is notably opposite from that reported previously for
catalysts 1 (ρ = −1.1(1)).9 Further insight is provided by the
activation parameters calculated using the Eyring equation from
Figure 5c (Table 3). A clear trend in both the activation

enthalpy and Gibb’s free energy of activation that mimics the
overall rate order is observed, albeit with no discernible trend in
the activation entropies (within error). The modest positive
activation enthalpies accompanied by negative activation
entropies imply a degree of bond breaking and ordering in
the transition state consistent with the insertion process, with
further understanding made available from DFT calculations
(see below).
Density Functional Modeling. (a). Pathway Analysis on

Models Lacking para Substituents. To characterize in
microscopic detail the various elementary steps associated
with the ROTEP mechanism, we began by applying a DFT
model that has been extensively validated for organic and main-
group inorganic systems (M06-2X/6-311+G(d,p)//M06-L/6-
31+G(d,p) including toluene solvation effects using a quantum
chemical continuum model; see Computational Methods
section for full details) to a truncated model catalyst from
which bulky alkyl substituents were removed (and isopropoxide

truncated to methoxide) to facilitate initial identification of
important stationary-point structures (denoted r, Figure 6).32

Many complexes of r with CL can be found and identified as
minima on the potential energy surface (PES). These include
van der Waals complexes, with CL “stacking” above or below
an aromatic ring, and various structures coordinating either of
the two ester oxygen atoms of CL to the aluminum atom.
However, while all of these structures are minima on the
potential energy surface, they are all predicted to have positive
free energies relative to separated reactants, such that product
distributions would be expected to follow the Curtin−Hammett
principle. As a result, we will therefore begin with a focus
primarily on transition-state (TS) structures and their energies.
Later, however, we will return to the myriad of catalyst·CL
complexes to rationalize what we believe to be substrate-
inhibition effects in the observed kinetics.
As noted above, the calculations indicate that monomer

coordination to aluminum does not generate a significantly
stable intermediate that precedes a separate insertion step, (as
is often assumed, cf. Figure 1). Nonetheless, the alkoxide and
CL must indeed be brought into proximity to accomplish the
alkoxide insertion step. Consideration of this step leads to eight
stereochemically distinct and mechanistically productive
insertion orientations of the alkoxide and CL relative to the
catalyst structure. These eight orientations (Figure 7) differ in
the orientation of the CL monomer and the orientation of the
noncoordinated oxygen (carbonyl or ester) relative to the
nitrogen ligands (trans/trans, trans/cis, cis/trans, and cis/cis) as
well as whether coordination occurs through the monomer
carbonyl or ester oxygen atom (Ocarbonyl and Oester,
respectively).
The ring-opening polymerization proceeds via two distinct

mechanistic routes depending on how CL coordinates to the Al

Figure 5. (a) Hammett plot for k2 (black) and Keq (red). (b) van’t Hoff plot for Keq (R = OMe, red triangles; R = Br, black circles; R = NO2, blue
diamonds). Closed points denote equilibrium constant values determined by COPASI; open points denote values determined by NMR peak analysis
method. (c) Eyring plot for k2 values.

Table 2. Thermodynamic Parameters Associated with Keq for
Catalysts 2 Determined by COPASI and NMR Peak Analysis

R method
ΔH°

(kcal/mol)
ΔS°

(cal/mol K)
ΔG°

(kcal/mol, 323 K)

OMe COPASI −2.1 ± 0.9 −7 ± 3 −0.03 ± 1
OMe NMR −2.3 ± 0.5 −8 ± 2 0.2 ± 0.7
Br COPASI −0.8 ± 0.5 −2 ± 1 −0.2 ± 0.6
Br NMR −1.8 ± 0.3 −6 ± 1 0.2 ± 0.5
NO2 COPASI −0.5 ± 0.3 −0.8 ± 1 −0.2 ± 0.5
NO2 NMR −2.2 ± 0.4 −6 ± 1 −0.2 ± 0.6

Table 3. Activation Parameters for k2

R ΔH⧧ (kcal/mol) ΔS⧧ (cal/mol K) ΔG⧧ (kcal/mol, 323 K)

OMe 13.5 ± 0.5 −27 ± 2 22.3 ± 0.8
Br 11.5 ± 0.3 −30 ± 2 21.3 ± 0.7
NO2 10.8 ± 0.4 −29 ± 2 20.2 ± 0.8

Figure 6. Truncated model r for catalysts 2.
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center along the insertion pathway. Initial approach involving
the ester oxygen (i, iii, v, vii) provides access to an alkoxide-
insertion TS structure from which ring-opened product is
directly obtained (Supporting Information, Figure S15). By
contrast, initial approach involving the carbonyl oxygen (ii, iv,
vi, viii) leads to an alkoxide-insertion TS structure that
generates a reactive orthoalkoxide intermediate (Figure 8, first
TS). Subsequent exchange of the newly generated alkoxide
oxygen and the original ester oxygen, with concomitant ring-
opening, then proceeds via a second TS structure that leads to
ring-opened product.
The relative free energies for the key stationary points on all

pathways for the truncated model r are listed in Tables 4 and 5
for Oester and Ocarbonyl coordination, respectively (all structures
are provided in Supporting Information; these tables also
include data for a more elaborate model s including all
experimental alkyl substituents described below). The ring-
opening pathway associated with vi (CT-C) was found to have
the lowest activation free energy of all eight possible pathways,
14.0 kcal/mol, with the rate limiting step being the initial
alkoxide insertion. Note that the initial 6-coordinate
intermediate is 12.3 kcal/mol above separated reactants in

free energy, even though it is predicted to be a minimum on the
potential energy surface. Also, the orthoalkoxide intermediate is
predicted to be a very shallow minimum on the potential
energy surface, such that adding thermal contributions to arrive
at a free energy leads to the intermediate being effectively
degenerate with the second TS structure for ring-opening that

Figure 7. Eight distinct CL r complex structures from which alkoxide
insertion may proceed; complete geometries are provided in the
Supporting Information. aOrientation of the CL is given relative to the
nitrogen ligands. bOrientation of the ester or carbonyl oxygen is given
relative to the nitrogen donors.

Figure 8. Reaction path for r-vi; this path is computed to have the
lowest activation free energy of eight distinct stereochemical
possibilities shown in Figure 8.

Table 4. Free Energies (kcal/mol) Relative to Separated
Reactants for Reaction Paths Involving Oester−Al
Coordination in the Truncated r and More Elaborate s
Modelsa

orientation 6-coordinate intermediate TS structure

r-i 12.9 16.8
s-i 16.7 17.7
r-iii 11.8 19.5
s-iii 17.6 22.2
r-v 16.0 16.7
s-v 17.9 17.6
r-vii b 19.6
s-vii b 20.2

aSee computational methods section for theoretical details. bNo
stationary point preceding the TS structure could be located.

Table 5. Free Energies (kcal/mol) Relative to Separated
Reactants for Reaction Paths Involving Ocarbonyl−Al
Coordination in Truncated r and More Elaborate s Models
(See Also Figure 8)a

orientation
6-coordinate
intermediate

1st
transition
state

5-coordinate
intermediate

2nd
transition
state

r-ii 11.4 17.2 9.2 14.8
s-ii b 16.5 7.0 15.3
r-iv 11.3 19.3 6.9 7.4
s-iv b 18.0 6.2 11.3
r-vic 12.3 14.0 10.3 10.1
s-vic b 14.9 10.6 12.2
r-viii 8.1 17.3 10.4 15.6
s-viii b 17.6 8.7 13.9

aSee computational methods section for theoretical details. bStationary
points were not computed for these structures. cThis pathway has the
lowest rate-limiting activation free energy of the eight stereochemically
distinct possibilities.
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generates product alkoxide. As such, the orthoalkoxide is
kinetically irrelevant. Cases r-i, r-ii, r-v, and r-viii have rate-
limiting free energies of activation of 15−17 kcal/mol, that is,
only slightly above that for r-vi. In the remaining cases, r-iii, r-
iv, and r-vii, steric clashes between the phenyl rings of the Al-
salen complex and the CL ring destabilize the rate-determining
TS structures leading to activation free energies above 19 kcal/
mol.
With results in hand for the eight pathways associated with

model r, we next examined the influence of the two t-butyl and
two methyl groups that are present in the experimental salen
ligand by introducing them into the computational model,
hereafter referred to as model s. The mean unsigned difference
between the relative free energies for corresponding stationary
points of model r vs model s (Tables 4 and 5) is only 1.8 kcal/
mol, indicating that most of the relative energies are not
especially perturbed by the additional steric bulk in model s.
However, all of the structures involving coordination to the
ester oxygen are destabilized, because these structures bring the
CL ring into closer proximity to the steric bulk of the full
catalyst model. Indeed, the 6-coordinate intermediate s-iii is
destabilized by 5.8 kcal/mol relative to the truncated r model
owing to unfavorable interactions with the methyl groups on
the salen bridge. The looser complexes associated with carbonyl
oxygen coordination are by contrast in some cases stabilized by
favorable dispersion interactions (i.e., attractive London forces
at van der Waals contact), for example, the 5-coordinate
intermediate s-ii whose relative energy is 2.2 kcal/mol more
stable than that of r-ii. As might be expected given the small
mean unsigned difference between models r and s, we find that
again the lowest energy pathway upon inclusion of the alkyl
substitution is pathway vi (Figure 9), with a rate-limiting free
energy of activation of 14.9 kcal/mol, which is slightly increased
from the 14.0 kcal/mol value obtained with model r.

(b). Influence of para Substituents on the Reaction
Pathways. Having assessed the effect of additional steric bulk
in the salen ligand, we examine next the electronic effects
observed with para substitution. The same eight pathways (i−
viii) were investigated for the s model substituted with p-MeO,
p-Br, and p-NO2, corresponding to the experimental systems 2.
In addition, we chose to use ethoxide in place of methoxide to
mimic more accurately a growing polymer chain.

There are some general trends to be observed for the ester
coordination pathway (Table 6). The lactone-coordinated

intermediate is stabilized by substitution at the para position
for all pathways and substitutions. With increasing electron-
withdrawing power of the substituent (OMe < Br < NO2), the
intermediate is further stabilized (mean unsigned difference
between the model s and each substituent is 1.3, 2.9, and 3.7
kcal/mol respectively), consistent with the increased Lewis
acidity of the Al atom that is expected with aryl rings
substituted by more EWGs. That increased Lewis acidity may
be assessed through the evaluation of the CM5 partial atomic
charge33 of the Al atom, which increases smoothly from 0.535
to 0.538 to 0.544 with the substituent going from MeO to Br to
NO2.
For the subsequent TS structures, the para-methoxy

substituted compounds show mixed results with some pathways
being stabilized and some destabilized, over a range of −0.3 to
+1.9 kcal/mol relative to unsubstituted s results above (cf.
Table 5). In the case of p-Br, the range is −2.0 to +0.1, and in
the case of p-NO2, it is −1.7 to +0.4. The variability in the para
substitution effect in these systems may be associated with
varying degrees of dissociative character in the separation of the
nucleophile alkoxide f rom the aluminum atom (which would be
expected to be disfavored by EWGs) and associative character of
the newly formed alkoxide to the aluminum atom (which would
be favored by the same EWGs). The varying geometries
associated with each path permit such differentiation. However,
as the free energies of activation in Table 6 considerably exceed
those associated with carbonyl coordination (vide infra) we will
not explore these trends further.
Consistent with the results for the r and s models above,

pathway vi in the carbonyl coordination pathway case was
found to have the lowest rate-limiting free energy of activation
(Table 7), and to show a trend in relative activation free
energies relative to p-MeO of −1.2 for p-Br, and −2.8 for p-
NO2. These free energy differences are in agreement with those
measured (−1.0 ± 1.1 and −2.1 ± 1.1, respectively; derived
from Table 4) to within experimental uncertainty. Analysis of
the geometries along pathway vi indicates that substitution with

Figure 9. Lowest-energy pathway corresponding to s-vi pathway.

Table 6. Free Energies (kcal/mol) Relative to Separated
Reactants for Reaction Paths Involving Oester−Al
Coordination in Full para-Substituted Modelsa

orientation 6-coordinate intermediate transition state

i-OMe 14.3 17.4
i-Br 12.4 16.7
i-NO2 11.6 16.0

iii-OMe 17.7 23.8
iii-Br 15.6 22.0
iii-NO2 15.8 21.7

v-OMe 16.6 18.3
v-Br 15.6 15.6
v-NO2 13.6 16.3

vii-OMe b 22.1
vii-Br b 20.3
vii-NO2 b 20.6

aSee computational methods section for theoretical details. bNo
stationary points preceding the TS structure could be located.
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increasingly EWGs in the salen ligand leads to an increasingly
more compact coordination of the reactants in the rate-
determining TS structure. Thus, the Al−O bond distances to
the carbonyl group of the incoming cyclic ester are 1.929,
1.912, and 1.892 Å, respectively, for the complexes with p-MeO,
-Br, and -NO2 substituents, respectively. Concomitantly, the
C−O distances for the forming bond between the carbonyl
carbon and the ethoxide nucleophile are 1.784, 1.769, and 1.744
Å, respectively (the Al−O bond distance to the methoxide
varies by less than 0.005 Å over the different substitutions).
Thus, it appears that the more electrophilic Al center best
stabilizes the incipient tetrahedral intermediate character in the
TS structure, thereby effecting the observed rate acceleration.
While the predicted free energies of activation show a trend

with respect to substitution that agrees well with experiment,
they are considerably smaller in absolute magnitude than those
measured experimentally. Comparison of the enthalpic and
entropic contributions to the theoretical free energies relative to
the experimental values indicates that theory predicts much
smaller enthalpies of activation, but much larger entropies of
activation. Such behavior might be associated with either or
both of two phenomena. First, in the actual polymerization
process, the growing polymer chain may associate with the
catalyst, either through noncovalent interactions or through
coordination of oxygen functionality to aluminum, and the
requirement that the chain be displaced by CL would be
expected to increase the enthalpy of activation and decrease the
entropy of activation. Similarly, solvent toluene could enjoy
particularly favorable π-stacking interactions with the aromatic
rings of the salen ligand, for example, again introducing a larger
enthalpy of activation and a less unfavorable entropy of
activation (owing to solvent release) associated with reaction
CL. In the absence of detailed (and impractical) simulations
including solvent and an actual polymer chain, however, it is
difficult to do more than speculate about these possibilities.
Also, as noted above, a key finding from the DFT

calculations is unfavorable free energies for prereactive
complexes that are implicated by the usual interpretation of

the Michaelis−Menten equation (eq 1), wherein a pre-
equilibrium substrate binding step (Keq) is followed by a
catalytic turnover step (k2; Figure 10). To reconcile the

experimentally observed rate law (eq 1) with the absence of
such a binding step from the calculated reaction trajectories, we
propose a different mechanism involving substrate inhibition
(steps enclosed by dashed line in Figure 10, characterized by
K′eq and k′2) that yields an experimental rate law indistinguish-
able from eq 1 (see Supporting Information for derivation).
According to this mechanism, reversible substrate binding can
be nonproductive, owing to formation of an inactive species.
This species would be expected to be favored at high CL
concentrations, resulting in rate retardation under these
conditions (saturation kinetics). One such complex that can
be imagined involves coordination of CL to Al trans to the
alkoxide ligand, generating a complex that could not lead to
intramolecular nucleophilic attack. Many such 6-coordinate
Al(salen) complexes are known.34 To specifically explore this
possibility in our system, we computed the structure of the
relevant complex for the p-NO2 substituted salen case (Figure
11). It has a free energy that is 8.4 kcal/mol lower than any of

the productively coordinated species presented in Tables 4 and
5. In addition, while not shown, we also located various van der
Waals complexes of CL with the aromatic portions of the salen
ligand that were also predicted to have lower free energies than
productively coordinated complexes (adjacent to the alkoxide
ligand). A quantitative measure of the inhibitory effect would
require a statistical average over all nonproductive complexes,
which is not practical in the absence of detailed molecular
simulations. Nevertheless, the substrate inhibition mechanism
(steps K′eq and k′2) is consistent with the experimental kinetics,
and provides an alternative to the assumption in the pre-
equilibrium mechanism that Keq refers to productive coordina-
tion of substrate as a separate step prior to alkoxide insertion.
Indeed, the substrate inhibition model represents a potentially
important general phenomenon in ROTEP with catalysts for

Table 7. Free Energies (kcal/mol) Relative to Separated
Reactants for Reaction Paths Involving Ocarbonyl−Al
Coordination in Full para-Substituted Modelsa

orientation
1st transition

state
5-coordinate
intermediate

2nd transition
state

ii-OMe 21.7 8.9 17.1
ii-Br 21.9 8.3 13.5
ii-NO2 18.4 9.0 15.1

iv-OMe 19.2 6.3 11.1
iv-Br 20.2 6.2 14.5
iv-NO2 19.0 5.3 9.2

vi-OMeb 14.3 11.5 12.3
vi-Brb 13.1 10.8 10.4
vi-NO2

b 11.5 11.5 10.6

viii-OMe 20.0 9.0 15.2
viii-Br 18.4 7.8 15.2
viii-NO2 17.9 8.2 10.9

aSee computational methods section for theoretical details. bThese
pathways have the lowest rate-limiting activation free energies of the
eight stereochemically distinct possibilities.

Figure 10. Proposed ROTEP mechanisms that yield the rate law
described by eq 1. M = [(salen)Al] moiety.

Figure 11. Unproductive complex of CL with p-NO2-catalyst.
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which both productive and unproductive coordination geo-
metries of substrate and catalyst are available.
As a final, technical point related to the modeling, we note

that use of the M06-L functional, with its well established ability
to account for attractive medium-range electron correlation
effects (sometimes informally referred to as “dispersion”,
although that term really should only be used for longer-
range attractive effects varying as r−6 with distance), is critical
for the determination of accurate catalyst-CL complex geo-
metries. When the 6-coordinate precursor structure corre-
sponding to r-vi is reoptimized with the B3LYP functional, for
example, which does not account for medium-range correlation
effects, the bond distance between the carbonyl oxygen and the
aluminum atom changes from the M06-L value of 2.18 Å to a
value of 4.89 Å, i.e., the CL fully decoordinates.

■ SUMMARY AND CONCLUSIONS

Detailed kinetic studies of the polymerization of CL by salen-
aluminum catalysts 2 (R = OMe, Br, or NO2) supported by
ligands with similar steric profiles but different electron
donating characteristics revealed saturation behavior that fits
to the rate eq 1. While Keq varied only slightly with the electron
donating properties of R (Hammett ρ = +0.16(8)), k2 showed a
more significant dependence reflected by ρ = +1.4(1). These
conclusions were buttressed by the dependencies of Keq and k2
with temperature that led to essentially invariant ΔG° values of
∼0 kcal/mol for all catalysts (Table 2) and a discernible trend
in ΔH⧧ of R = OMe > Br > NO2 (Table 3). The observation of
faster rates with EWGs on the supporting ligand agrees with the
results of previous studies of ROTEP reactions catalyzed by
related salen-aluminum complexes.3,4

The lowest energy reaction trajectories calculated by DFT (r
and s-vi) have similarities to those proposed for ROTEP of LA
stereoisomers by (β-diketiminate)Zn and -Sn catalysts,35,36 in
particular with respect to the first transition state structure that
features incipient attack of the nucleophile to the lactone
carbonyl that is bound to the metal ion. With respect to the
effects of the remote ligand substituents, both the trend and the
free energy of activation differences observed experimentally
are reproduced in pathway vi. The greater Lewis acidity of the
electron-deficient metal ion accelerates the reaction via
transition state stabilization that involves increased bonding
between the Al ion and the lactone carbonyl and between the
nucleophilic alkoxide and the lactone carbonyl carbon.
Interestingly, DFT calculations indicated that a distinct CL

adduct is not a free energy minimum on the reaction pathway,
arguing against Keq being associated with productive coordina-
tion of monomer according to the typical coordination−
insertion mechanism (Figures 1 and 10). Instead, we propose
that Keq corresponds to “nonproductive” coordination of
substrate that inhibits the reaction at high substrate
concentrations, with k2 thus encompassing both “productive”
coordination and insertion steps that occur smoothly along the
reaction trajectory. This attribution of saturation behavior to
monomer inhibition has potentially significant implications for
the interpretation of mechanistic studies of ROTEP catalysis
and for the design of new catalysts. For example, we predict
that catalysts for which nonproductive monomer coordination
is prevented may be particularly efficient, particularly when high
monomer concentrations are used (e.g., neat or in the melt).

■ EXPERIMENTAL SECTION
General Considerations. All reactions were carried out under an

inert atmosphere using standard Schlenk and drybox techniques,
unless otherwise indicated. Reagents were obtained from commercial
suppliers and used as received unless otherwise indicated. CL was
purified by distillation from CaH2 and stored under N2. Deuterated
solvents were dried over CaH2 or sodium, distilled under vacuum and
stored under N2. Protiated solvents were degassed and passed through
a solvent purification system (Glass Contour, Laguna, CA) prior to
use. 1H and 13C NMR spectra were recorded on a Varian VI-300 NMR
spectrometer or a Bruker Avance III 500 MHz spectrometer equipped
with a BBFO SmartProbe, and their chemical shifts (δ) for 1H and 13C
spectra are referenced to residual protium in the deuterated solvent
(for 1H) and deuterated solvent itself (for 13C). Chemical shifts for
27Al NMR were externally referenced to aluminum tris(acetylaceto-
nate) in toluene-d8. 2-Hydroxy-3-(tert-butyl)-5-methoxybenzalde-
hyde,37 2-hydroxy-3-(tert-butyl)-5-bromobenzaldehyde,38 and 2-hy-
droxy-3-(tert-butyl)-5-nitrobenzaldehyde39 were synthesized according
to literature procedures. Elemental analyses were performed by
Complete Analysis Laboratories, Inc., Parsippany, NJ.

Ligand Syntheses. The benzaldehyde (H2L
OMe: 7.7 g, 83% pure,

31 mmol; H2L
Br: 1.40 g, 5.44 mmol; H2L

NO2: 1.61 g, 88% pure, 6.35
mmol) was added to a round-bottom flask with the appropriate
amount of absolute ethanol to give 0.63 M benzaldehyde. 2-
Methylpropane-1,2-diamine (0.5 equiv) was added in one portion to
the flask with stirring. A reflux condenser was added and the mixture
was refluxed at 100 °C for 2 h, then allowed to cool to room
temperature. The crude solution was placed in a −30 °C freezer
overnight to induce precipitation of the protonated form of the ligand.
After recovery by filtration washing with 40 mL of hexanes and in the
case of H2L

Br, recrystallization from dichloromethane and hexanes at
−30 °C overnight, the solid product was placed in a vacuum oven
overnight before bringing into the glovebox for metalation. Yield:
H2L

OMe: 5.62 g, 98%; H2L
Br: 1.08 g, 35%; H2L

NO2: 1.38 g, 87%).
H2L

OMe: 1H NMR (500 MHz, CDCl3) δ 13.95 (s, 1H, OH), 13.42 (s,
1H, OH), 8.35 (s, 1H, CHN), 8.31 (s, 1H, CHN), 6.96 (app t, J
= 3.37 Hz, 2H, ArH,), 6.60 (d, J = 3 Hz, 1H, ArH), 6.58 (d, J = 3 Hz,
1H, ArH), 3.76 (s, 3H, ArOMe), 3.75 (s, 3H, ArOMe), 3.72 (s, 2H,
NCH2C(CH3)2N), 1.44 (s, 6H, NCH2C(CH3)2N), 1.42 (s, 9H, Art-
Bu), 1.41 (s, 9H, Art-Bu); 13C NMR (125 MHz, CDCl3) δ 167.26,
162.37, 155.32, 155.13, 151.31, 151.24, 139.15, 139.14, 118.61, 118.42,
118.09, 117.99, 111.72, 111.62, 70.57, 60.28, 55.91, 35.14, 35.12,
29.41, 29.39, 25.69. Anal. Calcd for C28H40N2O2: C, 71.76; H, 8.60; N,
5.98. Found: C, 71.73; H, 8.57; N, 5.98.

H2L
Br: 1H NMR (500 MHz, CDCl3) δ 14.39 (s, 1H, OH), 13.83 (s,

1H, OH), 8.29 (s, 1H, CHN), 8.25 (s, 1H, CHN), 7.37 (d, J =
2.5 Hz, 1H, ArH), 7.36 (d, J = 2 Hz, 1H, ArH), 7.23 (d, J = 2.5 Hz,
1H, ArH), 7.20 (d, J = 2.5 Hz, 1H, ArH), 3.72 (s, 2H,
NCH2C(CH3)2N), 1.43 (s, 6H, NCH2C(CH3)2N), 1.40 (s, 18H,
Art-Bu); 13C NMR (125 MHz, CDCl3) δ 166.37, 161.45, 159.97,
159.69, 140.32, 140.29, 132.63, 132.39, 131.98, 131.84, 119.98, 119.91,
109.90, 109.70, 70.35, 60.45, 35.25, 35.23, 29.25, 25.55. Anal. Calcd for
C26H34Br2N2O2: C, 55.14; H, 6.05; N, 4.95. Found: C, 55.08; H, 6.09;
N, 4.90.

H2L
NO2: 1H NMR (500 MHz, CDCl3) δ 15.68 (s, 1H, OH), 14.94

(s, 1H, OH), 8.43 (app s, 2H, CHN), 8.23 (d, J = 2.5 Hz, 1H, ArH),
8.20 (d, J = 2.5 Hz, 1H, ArH), 8.13 (d, J = 2.5 Hz, 1H, ArH), 8.12 (d, J
= 3 Hz, 1H, ArH), 3.82 (s, 2H, NCH2C(CH3)2N), 1.54 (s, 2H,
NCH2C(CH3)2N), 1.52 (s, 6H, NCH2C(CH3)2N), 1.43 (s, 9H, Art-
Bu), 1.42 (s, 9H, Art-Bu); 13C NMR (125 MHz, CDCl3) δ 168.59,
167.12, 166.73, 161.83, 140.26, 139.93, 139.02, 126.90, 126.44, 125.39,
117.19, 116.78, 69.47, 60.47, 70.35, 60.45, 35.45, 35.41, 29.07, 25.45.
Anal. Calcd for C26H34N4O6: C, 62.63; H, 6.87; N, 11.24. Found: C,
62.54; H, 6.67; N, 11.15.

Aluminum Complexes (2). In a nitrogen-filled glovebox,
equimolar amounts of the pro-ligand (H2L

OMe: 0.596 g, 1.27 mmol;
H2L

Br: 0.719 g, 1.27 mmol; H2L
NO2: 0.778 g, 1.56 mmol) and

aluminum tris(iso-propoxide) were added to an oven-dried 15 mL
screw cap glass vessel. Toluene (3 mL) was added, and the vessel was
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equipped with a stir bar, sealed, and removed from the glovebox. The
sealed vessel was heated to 90 °C for 3 days, after which time it was
cooled to room temperature and returned to the glovebox. Toluene
was removed in vacuo from the homogeneous solutions to yield the
products as a colored powder (R = OMe: bright yellow; R = Br:
yellow; R = NO2: light brown). The powder was triturated with
pentane and collected by filtration through a glass frit. In the cases of R
= Br and NO2, the solid was dried on a vacuum line overnight and
used without further purification. The resulting solid in the case of R =
OMe was recrystallized from toluene/pentane at −40 °C, and the
crystals were dried overnight on a vacuum line before use. Yields: R =
OMe: 0.591 g (84%); R = Br: 0.712 g (86%); R = NO2: 0.879 g
(97%).
R = OMe: 1H NMR (500 MHz, toluene-d8) δ 7.93 (s, 1H, CH

N), 7.45 (s, 1H, CHN), 7.38 (d, J = 3 Hz, 1H, ArH), 7.36 (d, J = 3
Hz, 1H, ArH), 6.38 (d, J = 3 Hz, 1H, ArH), 6.27 (d, J = 2.6 Hz, 1H,
ArH), 4.15 (q, J = 6 Hz, 1H, OCH(CH3)2), 3.75 (d, J = 12 Hz, 1H,
NCH2C(CH3)2N), 3.52 (s, 3H, ArOMe), 3.49 (s, 3H, ArOMe), 2.47
(d, J = 12 Hz, 1H, NCH2C(CH3)2N), 1.76 (s, 9H, Art-Bu), 1.74 (s,
9H, Art-Bu), 1.17 (d, J = 6.0 Hz, 3H, OCH(CH3)2), 1.11 (s, 3H,
NCH2C(CH3)2N), 1.10 (d, J = 6.3 Hz, 3H, OCH(CH3)2), 0.62 (s,
3H, NCH2C(CH3)2N);

27Al NMR (130 MHz, toluene-d8) δ 35.23.
Anal. Calcd for C31H45AlN2O5: C, 67.37; H, 8.21; N, 5.07. Found: C,
67.43; H, 8.23; N, 4.98.
R = Br: 1H NMR (500 MHz, toluene-d8) δ 7.70 (d, J = 2.7 Hz, 1H,

ArH), 7.69 (d, J = 2.8 Hz, 1H, ArH), 7.64 (s, 1H, CHN), 7.18 (s,
1H CHN), 6.97 (d, J = 2.6 Hz, 1H, ArH), 6.91 (d, J = 2.6 Hz, 1H,
ArH), 4.05 (q, J = 5.9 Hz, 1H, OCH(CH3)2), 3.65 (d, J = 12.3 Hz, 1H,
NCH2C(CH3)2N), 2.39 (d, J = 12.2 Hz, 1H, NCH2C(CH3)2N), 1.65
(s, 9H, Art-Bu), 1.63 (s, 9H, Art-Bu), 1.15 (d, J = 6.0 Hz, 3H,
OCH(CH3)2), 1.06 (d, J = 6.3 Hz, 3H, OCH(CH3)2), 1.06 (s, 3H,
NCH2C(CH3)2N), 0.57 (s, 3H, NCH2C(CH3)2N);

27Al NMR (130
MHz, toluene-d8) δ 34.11. Anal. Calcd for C29H39AlBr2N2O3: C,
53.55; H, 6.04; N, 4.31. Found: C, 53.60; H, 6.08; N, 4.31.
R = NO2:

1H NMR (500 MHz, toluene-d8) δ 8.49 (d, J = 2.1 Hz,
1H, ArH), 8.48 (d, J = 2.3 Hz, 1H, ArH), 7.92 (d, J = 2.4 Hz, 1H,
ArH), 7.76 (d, J = 2.3 Hz, 1H, ArH), 7.66 (s, 1H, CHN), 7.10 (s,
1H, CHN), 3.96 (q, J = 5.7 Hz, 1H, OCH(CH3)2), 3.59 (d, J = 12.4
Hz, 1H, NCH2C(CH3)2N), 2.43 (d, J = 12.3 Hz, 1H, NCH2C-
(CH3)2N), 1.62 (s, 9H, Art-Bu), 1.60 (s, 9H, Art-Bu), 1.10 (d, J = 5.8
Hz, 3H, OCH(CH3)2), 1.04 (s, 3H, NCH2C(CH3)2N), 1.03 (d, J =
6.3 Hz, 3H, OCH(CH3)2), 0.58 (s, 3H, NCH2C(CH3)2N);

27Al NMR
(130 MHz, toluene-d8) δ 33.07. Anal. Calcd for C29H39AlN4O7: C,
59.78; H, 6.75; N, 9.62. Found: C, 59.78; H, 6.78; N, 9.62.

1H NMR Kinetics. A representative procedure for the kinetic
studies is described. To an oven-dried NMR tube in a nitrogen-filled
glovebox, 500 μL of a stock solution of catalyst in toluene-d8 (0.0092
M) and 10 μL of the internal standard bis(para-trimethylsilyl)benzene
in toluene-d8 (0.28 M) were added. The NMR tube was capped with a
septum and wrapped with parafilm. A gastight syringe was loaded with
190 μL of ε-caprolactone (CL) stock solution (7.4 M), also in toluene-
d8. The target final concentrations of catalyst, internal standard, and
CL were 0.0062 M, 0.004 M, and 2 M, respectively. The gastight
syringe containing CL was inserted into a rubber septum to prevent air
contamination during the experiment setup. The NMR tube and
syringe were removed from the glovebox and brought to the
spectrometer. The temperature on the NMR spectrometer (300
MHz Varian Inova) was calibrated using an ethylene glycol standard. A
1H NMR spectrum was taken of the initial catalyst and internal
standard solution before addition of CL with a relaxation time of 10 s
and a 30° pulse width to ensure complete relaxation for quantitative
integrations to determine catalyst concentration. Next, the tube was
ejected from the spectrometer and CL was injected through the
septum into the NMR tube, and the time between CL injection and
start of the 1H NMR data acquisition was recorded in minutes. The
contents of the tube were well mixed before reinserting the NMR tube
into the spectrometer. Again, a relaxation time of 10 s and a 30° pulse
width were used for quantitative purposes, and an arrayed set of
spectra were taken every 96, 192, or 384 s with 8, 16, or 32 scans,
respectively, spin rate of 16 Hz, acquisition time 2 s, and maximum

gain. The arrayed experiment was allowed to proceed until
polymerization had completed, as indicated by the disappearance of
the CL peaks. For each catalyst, four temperatures were carefully
chosen, and three reactions were repeated at each temperature. The
obtained arrayed NMR data were phased and baseline corrected in
Mestrenova (http://mestrelab.com/) before being integrated by the
same program. The integrations were recorded and entered into an
Excel spreadsheet. Absolute concentrations of all species as a function
of time were computed relative to the concentration of internal
standard. Reaction time was calculated in seconds from the known
length of time per spectrum and the time between CL injection and
the start of the 1H NMR data acquisition. The concentration vs time
data obtained from the 1H NMR data were input into the COPASI
program and fit to eq 1 to obtain KM and k2 values. COPASI fitting
plots (concentration vs time) are shown in Supporting Information,
Figure S1. The reaction rates were calculated by eq 1 and plotted as a
function of concentration, as shown in Supporting Information, Figure
S2. Kinetic parameters determined by COPASI are listed in
Supporting Information, Table S1. All linear and nonlinear curve fits
were performed using Graphpad Prism software. In a test of the
significance of possible viscosity effects on the kinetics performed in
the NMR tubes, a stirred polymerization using 2 (R = NO2) at 298 K
(average temperature inside nitrogen-filled glovebox over the course of
the reaction) with [2 (R = NO2)]tot = 5.8 mM and [CL]0 = 2 M (total
volume 5 mL). Aliquots were removed at selected time points for
NMR analysis, which revealed rate parameters similar to those seen in
the NMR tube experiments (see Supporting Information for details).

Density Functional Calculations. All stationary molecular
geometries were fully optimized in the gas phase at the M06-L level
of DFT40 employing the 6-31+G(d,p) basis set41 in the Gaussian09
electronic structure program suite.42 The nature of individual
stationary points, that is, their characterization as either minima or
TS structures, was verified by the computation of analytical vibrational
frequencies. These same calculations, within the conventional ideal-
gas, rigid-rotator, quantum-mechanical harmonic-oscillator (QMHO)
approximation,43 permitted the computation of thermal contributions
to 323.15 K free energies. To compensate for errors in the QMHO
approximation when applied to very low-frequency normal modes,
vibrational frequencies below 50 cm−1 were replaced by values of 50
cm−1 (the quasi-harmonic approximation44). The effects of toluene as
solvent were included through calculations at the same level of theory
using the SMD quantum-mechanical continuum solvation model for
the gas-phase optimized structures. In select instances, we explored the
influence of reoptimization of the geometries including solvation and
determined that the effects were small, and insofar as geometric
convergence was considerably slower with the solvation model
included, we restricted our consideration to gas-phase structures.
Final, best-estimate composite free energies in solution were
computed by replacing the M06-L/6-31+G(d,p) gas-phase electronic
energies with single-point electronic energies computed using the
M06-2X density functional45 and the 6-311+G(d,p) basis set.46

Minima connected through individual TS structures were determined
by displacing the geometries of TS structures by small amounts in both
directions along their corresponding reaction coordinates and
permitting the resulting structures to optimize to their associated
minima.
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