
Substituent Effects on Torsional Strain in Cyclopentene Derivatives:
A Computational Study
Brianna M. Coia, Luke A. Hudson, August J. Specht, III, and Justin G. Kennemur*

Cite This: J. Phys. Chem. A 2023, 127, 5005−5017 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Density functional theory calculations were used to
create a library of ring strain energies (RSEs) for 73 cyclopentene
derivatives with potential use as monomers for ring-opening
metathesis polymerization (ROMP). An overarching goal was to
probe how substituent choice may influence torsional strain, which
is the driving force for ROMP and one of the most understudied
types of RSEs. Potential trends investigated include substituent
location, size, electronegativity, hybridization, and steric bulk.
Using traditional and recently developed homodesmotic equations,
our results show that the size and substitution (bulk) of the atom
directly bonded to the ring have the greatest influence on torsional
RSE. A complex interplay between bond length, bond angle, and dihedral angle dictates the relative eclipsed conformations between
the substituent and its neighboring hydrogens and was found to be responsible for the notable differences in RSEs. Furthermore,
substituents placed on the homoallylic position resulted in higher RSEs than the same substituent placed on the allylic position due
to increased eclipsing interactions. Different levels of theory were also assessed, and it was determined that consideration of electron
correlation in calculations increased RSEs by ∼2−5 kcal mol−1. Further increasing the level of theory did not significantly change
RSEs, indicating that the increased computational cost and time may not be necessary for improved accuracy.

■ INTRODUCTION
Density functional theory (DFT) calculations have been useful
in determining and studying ring strain energies (RSEs).
Calculations for RSEs using homodesmotic reactions modeled
after ring closing metathesis (RCM) have shown good
agreement with the enthalpy of polymerization (ΔHp) for
the ring-opening metathesis polymerization (ROMP) of both
cyclopentenes (CPs) and cyclooctenes.1−7 For small-to-
medium-sized rings, ΔHp is usually the driving force for
polymerization where RSE is commonly perceived as the
dominant energetic term in ΔHp.

8−11 Therefore, a better
understanding of the complex relationships between sub-
stituents, structure, and RSE can facilitate and expedite the
experimental design and synthesis of novel polymers.1,3,4,9−12

To date, most RSE investigations have focused on highly
strained rings, rings with heteroatoms, and/or simple
substituents (limited conformers).4,5,13−26 As the number of
atoms comprising the ring (n) increases, the source of RSE
changes from predominantly angular (n = 3,4), to torsional (n
= 5,6), to transannular (n = 7− ∼14) as shown in Figure 1.9,27

The influence of various substituents on the ring can change
the RSE. Angular strain is well studied and appears to follow
Bent’s Rule, which states that even small changes in
hybridization can yield drastic differences in chemical proper-
ties, like RSE. This has been reflected in a variety of 3-
membered rings ranging from hydrocarbon to heavy-element
containing heterocycles.16,28 Otherwise, RSE research has
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Figure 1. Types of ring strain energies (RSEs). (A) Strain categories
as a function of ring size. Example of angular strain in cyclopropane
(B), torsional strain in cyclopentene (C), and transannular strain in
cyclooctane (D).

Articlepubs.acs.org/JPCA

© 2023 American Chemical Society
5005

https://doi.org/10.1021/acs.jpca.3c02267
J. Phys. Chem. A 2023, 127, 5005−5017

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Brianna+M.+Coia"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Luke+A.+Hudson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="August+J.+Specht+III"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Justin+G.+Kennemur"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpca.3c02267&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c02267?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c02267?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c02267?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c02267?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c02267?fig=abs1&ref=pdf
https://pubs.acs.org/toc/jpcafh/127/23?ref=pdf
https://pubs.acs.org/toc/jpcafh/127/23?ref=pdf
https://pubs.acs.org/toc/jpcafh/127/23?ref=pdf
https://pubs.acs.org/toc/jpcafh/127/23?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c02267?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c02267?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c02267?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c02267?fig=fig1&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpca.3c02267?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JPCA?ref=pdf
https://pubs.acs.org/JPCA?ref=pdf


centralized around complex bicyclic compounds (norbornanes,
adamantanes, tetrahedranes, cubanes), which have a combina-
tion of the different strain types.13,15,18,29 Studies regarding
substituent effects have been limited to simple side chains and
are usually either focused on angular and/or highly strained
rings.26,30−34

Many of the exciting novel materials that can be synthesized
via ROMP contain complex substituents, thus exhibiting a
need to expand the library of available and comparable RSEs.
Both CPs and cyclooctenes can bear a breadth of different
substituents leading to an eclectic variety of possible materials.
CPs have shown promise for chemically recyclable tire
additives,4 dynamic covalent networks,35 and dynamic
bottlebrush architectures by demonstrating high conversions
for both polymerization and depolymerization.36 Alternatively,
the range of functionalities tested for cyclooctenes have yielded
polymers with glass transition temperatures (Tg) ranging from
−30 to 100 °C and thermal degradation temperatures (Td) >
370 °C.1 Further studies on trans fused cyclooctenes by Wang
and co-workers showed that a narrow range of monomer RSEs

(4.9−5.3 kcal mol−1) was accompanied by ceiling temperatures
(Tc) from 335 to 675 °C. The >300 °C range in Tc was
attributed to subtle changes in fused ring size, stereochemistry,
or substituent choice potentially highlighting the importance of
considering the role of substituents (Thorpe-Ingold effect)
even when not directly near the olefin.3

We recently found that RSE calculations for CPs using
homodesmotic equations can be highly sensitive to conforma-
tional considerations, but RSEs calculated using a Boltzmann
ensemble of conformers yielded negligible differences to RSEs
calculated using only the low-energy conformers. RSEs also
agreed well with previously reported ΔHp values with a mean
average deviation (MAD) and root-mean-square deviation
(RMSD) of 0.97 and 1.22 kcal mol−1, respectively, instilling
confidence that more complex substituents can begin to be
investigated using this method.7 CPs are unique since they are
the only monomer amenable to ROMP with RSEs dominated
by torsional strain enabling a means to study the effects of
complex substituents on the most understudied type of RSE. In
this study, we expand the library of RSEs to 73 CP derivatives

Scheme 1. Homodesmotic Equations Used to Calculate RSEsa

aSubstituent locations (R) are denoted as alkenyl (R1), allylic (R2), or homoallylic (R3). Heteroatom positions are represented by X (homoallylic),
or Y (allylic).

Figure 2. RSEs calculated with different levels of theory. Monomer ID is provided above its structure. Blue (left) and red (right) numbers were
calculated with H1 and H2, respectively. The top numbers (Group 1) are the average of RSEs calculated with B3LYP/6-31+G* and B3LYP/6-
311++G**. Numbers below (Group 2) are the average of B3LYP-D3/6-31+G*, B3LYP-D3/6-311++G**, M06-2X/Def2-SVPP, M06-2X/Def2-
QZVPP, M06-2X-D3/Def2-SVPP, and M06-2X-D3/Def2-QZVPP. Black bottom numbers were calculated using CBS-QB3 with H1. All averages
had a standard deviation within ±1.2 kcal mol−1.

The Journal of Physical Chemistry A pubs.acs.org/JPCA Article

https://doi.org/10.1021/acs.jpca.3c02267
J. Phys. Chem. A 2023, 127, 5005−5017

5006

https://pubs.acs.org/doi/10.1021/acs.jpca.3c02267?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c02267?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c02267?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c02267?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c02267?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c02267?fig=fig2&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.3c02267?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


while simultaneously studying various potential substituent
trends. The relationship between the substituents and RSE is
probed via the effects of substituent location, hybridization,
electronegativity, steric bulk, and atom size. Sensitivity of RSE
values to the level of theory is also briefly explored. Levels of
theory investigated include B3LYP37,38 with 6-31+G* or 6-
311++G**39−45 as well as M06-2X46 with Def2-SVPP or Def2-
QZVPP47 with and without the D3 dispersion correction.48

Streamlined modulation of RSE via substituent choice can help
facilitate and fine-tune reaction designs toward unique
materials synthesized via not only ROMP, but potentially
other ring-based transformations.

■ METHODS
RSE calculations were performed with G09 E.01,49 GaussView
5.0,50 and the homodesmotic equations shown in Scheme 1.
Reaction Class 4 (RC4) homodesmotic equations were chosen
because bond types, hybridizations, and substitutions are
retained enabling more accurate representations of molecular
connectivity and potential stereoelectronic effects.51 The
substituent location relative to the olefin was maintained
between monomer and the linear analog. To keep potential
stereoelectronics consistent, substituents were placed with
stereoinversion next to the cis olefin in H2 (Scheme 1). The
levels of theory used include combinations of the hybrid

Figure 3. RSEs calculated with different levels of theory. Monomer ID is given above its structure. Blue (left) and red (right) numbers were
calculated with H1 and H2, respectively. The top numbers are the average of RSEs calculated with B3LYP/6-31+G* and B3LYP/6-311++G**.
Numbers below are the average of B3LYP-D3/6-31+G*, B3LYP-D3/6-311++G**, M06-2X/Def2-SVPP, M06-2X/Def2-QZVPP, M06-2X-D3/
Def2-SVPP, and M06-2X-D3/Def2-QZVPP. Black bottom numbers were calculated using CBS-QB3 with H1. All averages had a standard deviation
within ±1.2 kcal mol−1.
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generalized gradient approximation (GGA) functional,
B3LYP,37,38 the meta-GGA functional M06-2X,46 and the D3
dispersion correction48 with different basis sets. The basis sets
chosen sample over small and large functions including the
Pople basis sets (6-31+G* and 6-311++G**),39−45 and
Karlsruhe basis sets (Def2-SVPP and Def2-QZVPP)47 for
B3LYP and M06-2X, respectively. Optimizations were
performed using B3LYP/6-31+G* and B3LYP/6-311++G**
followed by frequency calculations to ensure that full
convergence was achieved with zero imaginary frequencies
within a local minimum on the potential energy surface (see
the Supporting Information). Single point energy calculations
were computed using B3LYP-D3 with the Pople basis sets, as
well as M06-2X and M06-2X-D3 with the Karlsruhe basis sets.
RSEs were calculated by adding the zero-point energy
corrections (ZPE) from the B3LYP/6-311++G** frequency
calculations to the total electronic energies (E) at the targeted
level of theory (eq 1). Substituent hybridization was calculated
using natural bonding orbital (NBO) analysis,52 while steric
bulk descriptors were calculated using the MORFEUS
program53 (see the Supporting Information).

= + +

+ +

E E ERSE (( ZPE ) (

ZPE ZPE ))

acycle acycle cycle corr.factor

cycle corr.factor (1)

■ RESULTS AND DISCUSSION
Homodesmotic eqs H1 and H2 (Scheme 1) were used to
calculate the RSEs of 73 CP derivatives (Figures 2 and 3) using
different levels of theory. For each monomer, a hyphenated
sample ID was assigned where the first number is the
functional group, and the second number represents the
substituent location. Monomers were chosen via a combina-
tion of CPs commonly seen for ROMP as well as monomers
that would provide a more thorough theoretical investigation
of potential substituent influences on torsional strain.
Level of Theory. Before exploring substituent effects, the

sensitivity of RSE values to the level of theory employed for the
calculations was tested. Akin to experimental chemistry,
theoretical RSE values depend on the model, techniques, and
conditions employed.13 For ROMP, one of the closer and
more reasonably obtainable experimental values to compare
theoretical values is the ΔHp. It is worth emphasizing that RSE
and ΔHp are not the same value, but rather the RSE is believed
to be the dominant energetic component of ΔHp.

7,9−11 Studies
that have compared RSEs to ΔHp are typically calculated using
the H1 homodesmotic equation, which is modeled after
ethenolysis and ring-opening of a monomer (Scheme 1).
These calculations employed B3LYP/6-31G** and provided
good agreement.3,6,7 However, B3LYP is known to have
limitations in calculating electron correlation energies, which
depreciates the accuracy of larger molecules where midrange
correlations are important.48,54−57 Thermal corrections are also
not reported in the previous calculations, suggesting room for
improvement in the computational methods used to calculate
these enthalpies.
To quickly probe potential variations in RSE values, a

sampling of different levels of theory was assessed. A review of
200 functionals advised hybrid functionals for thermochemical
predictions.58 The semiempirical global hybrid generalized
gradient approximation (GGA), B3LYP,37,38 was compared to
the semiempirical hybrid-meta GGA, M06-2X,46 as it

performed well with reasonable computational cost and
time.58−60 Grimme’s D3 dispersion correction was also
evaluated to bolster the description of long-range dynamic
correlations.58,61 A range of basis set sizes were also sampled
from single to quadruple valence: 6-31+G*, 6-311++G**,39−45

Def2-SVPP, and Def2-QZVPP.62 Zero-point energy correc-
tions (ZPE) from the B3LYP/6-311++G** frequency
calculations were incorporated into the RSE calculations.
The compound method CBS-QB363,64 was also investigated
on a random sampling of monomers using H1. Since values
between the more accurate DFT approaches did not vary
considerably (MAD = 0.3 kcal mol−1) from one of the more
vetted but costly electronic structure methods, CBS-QB3, we
decided to focus computational resources on the DFT
methods (see the Supporting Information).
The most notable difference in RSEs is likely due to

improved calculations of electron correlation energies as seen
in Figures 2 and 3. The top numbers are the average of B3LYP
and 6-31+G* or 6-311++G**(Group 1) where the mean
absolute deviation (MAD) was 0.2 kcal mol−1 for H1 and H2.
The numbers below are the average of B3LYP-D3/6-31+G*,
B3LYP-D3/6-311++G**, M06-2X/Def2-SVPP, M06-2X/
Def2-QZVPP, M06-2X-D3/Def2-SVPP, and M06-2X-D3/
Def2-QZVPP (Group 2) as to highlight a concise argument
for the notable difference in RSEs upon improving the
representation of electron correlations. Most RSEs computed
in Group 2 were within 2 kcal mol−1 for H1 and H2 with
mean absolute deviations (MAD) of 0.5 kcal mol−1.
Regardless, even the lowest RSEs predicted in Group 2 were
∼2−5 kcal mol−1 greater than in Group 1.
This distinct shift in RSEs can likely be attributed to error

cancellation innate to homodesmotic equations. Systematic
nonnegligible errors from functional and or/basis set limits
have shown partial cancellation in homodesmotic equa-
tions.54,57,65−68 We also recently found that olefin geometry,
presented in the H2 equations, can systematically shift RSEs by
∼2 kcal mol−1 depending on the relative numbers of cis/trans
olefins on both sides of the equation.7 Therefore, a similar
phenomenon may be occurring within these calculations.
B3LYP is known to ineffectively capture mid-to-long-range
electron correlation energies, while the D3 correction can be
used to address this shortcoming.48,54−57 Upon adding the D3
correction to B3LYP, the RSEs immediately increase in value
by ∼3−4 kcal mol−1 for both H1 and H2. Contrarily, M06-2X
was developed to improve calculations for weakly correlated
systems.69 Including the D3 correction did not significantly
alter results as the MAD between M06-2X and M06-2X-D3
calculations was ≤ 0.7 kcal mol−1. Therefore, slight
considerations of electron correlation energies caused RSE
calculations to nearly double in value, while further corrections
did not significantly change results. Since the energies of the
linear analogs in H1 and H2 would be more effected by
changes in correlation terms compared to their monomers, the
precipitous change in RSEs is likely due to a difference in error
cancellation.
The basis set size had noticeably smaller influences on RSEs.

Increasing the size of the basis set appeared to decrease RSE
values. This is observed in comparing 6-31+G* to 6-311+
+G** and Def2-SVPP to Def2-QZVPP. Changing from a
single to a double valence basis set yielded MADs ∼0.2 kcal
mol−1, while a single-to-quadruple valence increase in basis set
size gave MADs ≤ 0.7 kcal mol−1. In general, H2 values are
slightly higher than in H1 suggesting that these methods may
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be less sensitive to olefin conformation than the methods
previously reported.7 We attribute the reduced sensitivity to
the use of ZPE corrections, which allow for the estimation of
electronic energy at 0 K, which theoretically is void of
translational and rotational contributions.
Geometric Descriptors. As stated, the RSE of cyclo-

pentene derivatives is mostly torsional due to the eclipsed
nature of neighboring substituents on the sp3 ring carbons.9

Here, we note a substituent on the sp2 olefin carbon (R1)
would be placed radially outward from the ring and less
involved in torsional strain. Torsional strain is commonly
described via the dihedral angle; however, a more holistic
description of the relative proximity of vicinal groups appears
to be necessary to understand the steric effects of more
complex functional groups. To identify the origins of steric
contributions to strain, the bond angle, dihedral angle, and
bond length partaking in torsional repulsion were measured
(Figure 4). For R2 substituents (allylic) and R3 substituents

(homoallylic), the bond angles of interest are C3C2R, and
C4C3R (red, respectively) while the dihedral angles are
HC3C2R and HC4C3R (blue, respectively). For context, a
dihedral angle of 0° means perfect overlap (eclipsed) between
the C−H and C−R bonds, which equates to the maximal steric
repulsion possible, while 180° (anti) would provide maximal
steric relief. The bond length is the C−R bond between the
ring carbon in the CP monomer and the substituent (R).
Overall, RSE appears to be complexly related to the bond
angle, dihedral angle, and bond length that dictate the relative
proximity of R to the neighboring H. This convoluted
relationship also helps explain the observed outliers.
Substituent Location. The first RSE trend investigated is

the position of the substituent relative to the olefin. Figure 5
shows the RSEs of 10 functional groups calculated at the
alkenyl (R1), allylic (R2), and homoallylic (R3) positions.
Similarly, Figure 6 compares the R2 to the R3 substitution for
23 additional substituent groups. No clear trend is observed
with the R1 substitution; other than these RSEs appear to be
the most sensitive to substituent chemistry detailed later in
sections Atom Size and Electronegativity as well as Substituent
Hybridization. The R3 substitution yields slightly larger RSEs
(∼0.5−2 kcal mol−1) than the R2 position with some

exceptions. For monomers with ∼2 kcal mol−1 difference in
RSE, there are no notable similarities between substituents 7
(sulfhydryl), 12 (N-methylamino), or 13 (carbonyl). The 5
monomers with higher RSEs in the allylic position also bear no
distinct trend and include 1 (methyl), 4 (fluoro), 12 (N-
methylamino), 15 (trimethylsilyl), and 16 (N,N-dimethylami-
no). The homoallylic position exhibited slightly higher strain
because torsional strain is caused by the eclipsing of
neighboring substituents. This is demonstrated by the
increased steric repulsions experienced by homoallylic
substituents due to the extra eclipsing interactions with the

Figure 4. Geometric descriptors for torsional strain for alkenyl (R1),
allylic (R2), and homoallylic (R3) positions. Bond length (green), the
C−R bond between substituent R and the monomer, as well as the
bond (red) and dihedral (blue) angles help dictate the relative
proximity between R and the eclipsing H.

Figure 5. RSEs of monomers with varying substituent locations.
Substituent locations are represented by black, red, and blue for R1
(alkenyl), R2 (allylic), and R3(homoallylic), respectively. R is the
functional group given along the x-axis. Unsubstituted CP is
represented as a singular gray circle. RSEs are the average value
from Group 2 using H1 with the error bars showing the range of
RSEs calculated. Vertical dashed lines are used for visual guides.

Figure 6. RSEs of monomers with varying substituent locations. R2
(allylic) and R3 (homoallylic) substituents are represented by red and
blue, respectively. Values on the x-axis represent the first number in
the sample IDs provided in Figures 2 and 3. Unsubstituted CP is
represented as a singular gray circle. RSEs are the average value from
Group 2 using H1 with the error bars showing the range of RSEs
calculated. Vertical dashed lines are used for visual guides.
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hydrogens on C2 and C4. In contrast, the allylic position only
has the hydrogens on C3 (Figure 7).
Atom Size and Electronegativity. Investigating atom

size and electronegativity revealed that larger atoms tend to

exhibit ∼2 kcal mol−1 lower RSEs, while electronegativity did
not show clear trends. Figure 8 shows RSEs as a function of
both atom size and electronegativity with R1, R2, and R3

substituent locations. Increasing the atom size from period 2

Figure 7. Eclipsing interactions in (A) homoallylic (R3) and (B) allylic (R2) amino-substituted CP (ID: 2-3 and 2-2, respectively).The bottom
views are along the C4−C3 and C2−C3 bonds.

Figure 8. RSEs of monomers with period 2 (left) and 3 (right) elements as a function of increasing electronegativity. Alkenyl (R1), allylic (R2), and
homoallylic (R3) substitutions are represented by black, red, and blue, respectively. R is the functional group provided on the x-axis. Unsubstituted
CP is represented as a singular gray circle. RSEs are the average value from Group 2 using H1 with the error bars showing the range of RSEs
calculated. Vertical dashed lines are used for visual guides.

Figure 9. Difference in eclipsing due to increased bond length. A is 2-2, while B is 6-2. The bottom structures show the view along the C2−C3
bond. C−N and C−P bond lengths are given in green.
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(C, N, O, F) to period 3 (Si, P, S, Cl) in the periodic table
caused a ∼2 kcal mol−1 decrease in RSE regardless of
substituent location. The reduction in RSE is most likely due
to the increased bond lengths to period 3 atoms. For example,
Figure 9A displays the C−N bond length in 2-2 as ∼1.5 Å
while the C-P (6-2) in Figure 9B is ∼1.9 Å, allowing for the
PH2 substituent to experience less steric repulsion with the
neighboring hydrogens. The view along the C2−C3 bond in
Figure 9 for 2-2 and 6-2 shows that the PH2 substituent is
notably less eclipsed with the neighboring methylene (C3)
hydrogens. Electronegativity generally increases the RSE in the
R1 position, while the R2 and R3 substituents do not appear to
follow a trend.
The halogens also show a unique behavior. F exhibits the

only consistent decrease in RSE from the alkenyl to
homoallylic position. While the allylic RSEs are the lowest
for Cl and Br. The difference in F’s behavior is most likely due
to bond length. In the R1 position (Figure 10, left column),

RSE decreases noticeably (∼2 kcal mol−1) from F to Cl and
negligibly from Cl to Br (< 0.5 kcal mol−1). The eclipsing
shown in Figure 10 illustrates the likely cause of this drop in
RSE. As the bond length increases from F (1.4 Å) to Br (1.9
Å), the eclipsing decreases as seen from the modeled side view
of the rings. Note that the change in steric hinderance is more
drastic from F to Cl than Cl to Br resembling the relative
changes in RSEs. The R2 substituents (Figure 10, middle
column) have effectively no change in RSE, while R3 (right
column) interestingly displays an increase in RSE from F to Cl
to Br, contradicting the prior arguments regarding bond length.
The relative eclipsing of the halogens with their neighboring
methylene hydrogens is consistent between the allylic and
homoallylic monomers where F is the only notably eclipsed
substituent. The askew eclipsing in allylic and homoallylic
monomers is likely the cause for no distinct trends in RSEs for
halogens and other common substituents.
When replacing ring carbons (C2 or C3) with heteroatoms

nitrogen (a, e) oxygen (b, f), phosphorus (c, g), and sulfur (d,
h), larger atoms reduce the RSE by ∼3 kcal mol−1 (Figure 11).
Again, the increased bond lengths reduce eclipsing. Neighbor-
ing hydrogens are further away from the H bonded to P (∼2.6
Å) compared to CP (∼2.3 Å). The dihedrals in c (∼45°) and g
(∼40°) are nearly double the dihedrals in CP (∼24°). The

dihydrofurans (b, f) and dihydrothiophenes (d, h) are void of
eclipsing H, which notably reduce the strain. The loss of
eclipsing between both neighboring methylenes in f is the
probable cause for the notably lower RSE than b. The
dihydrothiazines (a, e) are interesting as they increase in RSE
compared to CP. While the HC2C3H dihedral is larger (∼37°)
in a, the HC1C2H dihedral decreases by ∼10° introducing
eclipsing with the neighboring methine. It is worth noting that
the lone pair would likely be engaging in steric repulsion with
the methine as well. Overall, this suggests the source for the ∼2
kcal mol−1 net increase in RSE for the allylic position. In
contrast, e has a reduction in dihedral by ∼10°, but only
contains one hydrogen to eclipse supporting the slight increase
in RSE.

Substituent Hybridization. Substituent hybridization has
shown success in describing angular strain inspiring its
investigation herein.28 Hybridization describes the mixing of
atomic orbitals (AOs) and is often simplified to sp2- or sp3-
models. However, small changes in hybridization can yield
notable differences in chemical properties, highlighting the
need to accurately capture hybridization. In reality, the
hybridization parameter (λ) in carbon spλ orbitals is better
described as any range from a pure s(λ = 0) to a pure p (λ=∞)
orbital. Therefore, a hybrid orbital can adopt between 0 and
100% of possible s or p characters. As carbon hybrid orbitals
result from the mixing of one s and three p orbitals, their total
characters respectively should summate to 100 and 300% for
all occupied orbitals. Consequently, the orbital hybridization of
the C−X bond is discussed in terms of %s and %p characters.
Hybridization was determined using NBO analysis at the M06-
2X-D3/Def2-QZVPP level of theory via SP calculations.
Analyzing the %s and %p characters of both the C and X

atoms within the C−X bond yielded no significant correlations
with RSE as illustrated in Figure 12. As expected, the %s and %
p characters appear to be mirror images of each other. In
general, the hybridization of the carbon atom incorporated in
the parent cycle of the monomer appears to relate more with
RSE than the first atom in the substituent, X. As %p increases
(%s decreases), RSE generally increases for carbon, where
there is no observable trend for the hybridization of X. These
observations persist regardless of substituent location, and for
RSEs computed using H1 and H2. The lack of correlation is
due to hybridization largely influencing molecular geometry,
i.e., bond angles. Since CP strain is predominantly due to the

Figure 10. Relative eclipsing of halogens on the R1, R2, and R3
positions. The halogens are F (top row, light blue), Cl (middle row,
green), and Br (bottom row, red) with their monomer IDs above their
structures. The average RSEs calculated from Group 2 using H1 are
given in blue below their structures in kcal mol−1.

Figure 11. RSEs of monomers containing N, O, P, and S heteroatoms
within the ring in place of the C2 or C3 carbon positions. Monomers
are shown looking down the X−Y bond for 0, a−h. Heteroatoms are
denoted by colors where N, O, P, and S are blue, red, orange, and
yellow, respectively. Dark and light gray represent C and H,
respectively. RSEs are the average value from Group 2 using H1.
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eclipsing of neighboring atoms, the RSEs should be
independent of changes in hybridization.
Substituent Steric Bulk. Steric bulk is the main

association for the Thorpe-Ingold effect. Steric bulk can be
difficult to measure; however, Sterimol and the Tollman Cone
Angle have been reported for use in comparing the sterics of
ligands in catalysis.53 We envisioned their use in gauging the
relative steric bulk across the substituents studied herein.
Sterimol parameters and cone angles were calculated using the
open source MORFEUS program (Figure 13 and the
Supporting Information).53 The sterimol parameters calculated
include L, B1, and B5, which effectively cover the length as well
as the minimum and maximum rotational space of the
substituent. The cone angle describes the space occupied
from the first atom of the substituent relative to its maximum
width (see the Supporting Information).
Steric bulk descriptors were compared to RSEs for all three

substituent positions (Figure 13). L slightly decreased as RSE
increased for R1 monomers, while R2 and R3 monomer, L
values were sporadic compared to RSE. The B1 and B5
parameters did not significantly change between most

substituents, and therefore yielded no correlation with strain.
The sterimol parameters do not describe the amount of bulk
closest to the CP, but rather a holistic space occupied by the
substituent. Therefore, we conclude that the lack of trends
indicates that the influences of steric bulk become substantially
less effective further from the CP. The most insightful steric
bulk parameter was the cone angle, likely due to its better
description of steric bulk closest to the CP. In general, the cone
angles decreased with increasing RSEs supporting the idea that
bulkier substituents favor RCM (smaller RSEs). However, it is
worth noting that the cone angle did not provide a strong
linear correlation (R2 ≤ 0.3). Collectively, these results suggest
that increasing the distance of changes in steric bulk from the
CP notably decreases the influences on strain.
A more scrutinous investigation was carried out on the

effects of steric bulk only one atom from the parent cycle
(Table 1). In most cases where the substituent location, bond
angles and lengths, as well as dihedral angles are consistent
RSEs remain similar. In both the allylic and homoallylic
positions, the protecting groups trimethylsilyl (TMS) (22),
tert-butyldimethylsilyl (TBS) (23), and triethylsilyl (TES)

Figure 12. C−X hybridization compared to RSEs (kcal mol−1) for different substituent locations R1 (top), R2 (middle), and R3 (bottom). The %s
character (left) and the %p character (right) are given for both C and X. RSEs are the average value from Group 1 calculations using H1 or H2. H1
RSEs compared to C and X % characters are represented by yellow and red circles, respectively, while H2 RSEs vs C and X % characters are
illustrated by green and black triangles.
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(24) exhibit no change in RSE (∼8.5 and ∼9.0 kcal mol−1)
mirroring the negligible differences in dihedral angles. The lack
of change in RSE despite the changes in steric bulk suggests
that steric contributions to strain quickly diminish after the
atom directly bonded to the CP (Figure 14).
However, further application of this complex interplay

between the bond angle, bond length, and dihedral angle did
not consistently hold true (see the Supporting Information).
Changing the substituent from 20, 27, to 26 yields RSEs of 6.8,
7.8, and 7.9 kcal mol−1, respectively. Yet, the bond angles,
lengths, and dihedrals of 20 and 26 are identical. The RSEs of
26 and 27 are almost identical despite the larger bond angle
(∼4°) and dihedral (∼3°) in 27. Similar stories are shown for
the increase in bulk from 14, 18, 21, and 25 in both allylic and
homoallylic substituent locations further supporting that
changes in steric bulk further from the cyclic parent minimally
influence RSEs. Changes in the dihedral and bond angle also
did not consistently explain observations for electronegativity
or even switching substituent location. Therefore, these
geometric descriptors are not robust enough to explain

torsional strain across different atom types and substituent
locations.

■ CONCLUSIONS
The RSEs of 73 CP derivatives were calculated to investigate
the role of substituent location, size, electronegativity,
hybridization, and bulk (Thorpe-Ingold effect) on torsional
strain. Before substituent trends were analyzed, different
computational setups were assessed. Interestingly, any level
of consideration of electron correlation caused ∼2−5 kcal
mol−1 increase in RSEs. This was particularly highlighted by
comparing B3LYP with and without Grimme’s D3 dispersion
correction. Further changes in calculating electron correlation
did not notably change the RSEs as seen in comparing M06-2X
with and without the D3 correction (MAD ≤ 0.7 kcal mol−1).
Most RSEs computed where electron correlation was
considered were within 2 kcal mol−1 yielding a MAD = 0.5
kcal mol−1. CBS-QB3 was also investigated for a random
sampling of monomers but did not significantly vary from
Group 2 RSEs (MAD = 0.3 kcal mol−1) suggesting that the

Figure 13. Steric bulk descriptors compared to RSEs for different substituent locations R1 (top), R2 (middle), and R3 (bottom). Cone angles (left)
are given in degrees (o), sterimol parameters (right) in angstrom (Å), and RSE in kcal mol−1. Sterimol parameters L, B1, and B5 are black, red, and
blue, respectively. RSEs are the average of Group 1 using H1.
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increased accuracy is not worth the extra computational cost
and time. Similarly, increasing the basis set size appeared to
slightly decrease RSEs (MADs ≤ 0.7 kcal mol−1). Therefore,
slight considerations of electron correlation energies caused
RSE calculations to nearly double in value, while further

corrections did not significantly change results, and increasing
computational accuracy did not warrant the increased cost and
time as results remained similar.
The influence of the substituent on torsional strain appears

to rely on a complex interplay between the bond length and
angle as well as the dihedral angle that dictates the degree of
eclipsing between the first atom of the substituent and its
neighboring H’s. The location, electronegativity, and hybrid-
ization of the substituent had less of an effect on RSE and
prevented clear trends. In general, homoallylic substitution
resulted in more eclipsing due to the extra neighboring
methylene and therefore slightly larger RSEs than the allylic
position. Hybridization of the C in the C-R substituent
exhibited more correlation with RSE than R. As %p of C
increased, the RSE generally increased. Steric bulk parameters
L, B1, and B5 showed no significant trends, while the cone
angle overall appears to be inversely related with RSE. More
scrutinous investigations into the steric bulk and size of the
first atom in the substituent elucidated that larger and more
substituted first atoms typically decrease RSE. For larger
atoms, decreased RSEs were attributed to decreased eclipsing
in response to increased bond lengths. Greater substitutions of
the first atom corresponded to a net decrease in eclipsing via a
compromise between bond and dihedral angle, where the
distance between R and its neighboring H’s was overall
increased. Changing the steric bulk after the first atom yielded
no clear changes to RSE indicating that steric effects, such as
the Thorpe-Ingold effect, are primarily important closest to the
cyclic parent. Overall, the size and substitution of the first atom
in the substituent appear to provide the best means to
modulate monomer RSE in CPs, which can be used for
rational monomer design moving forward. Between developing
a facile, quick monomer screening method and elucidating how
substituent choice may influence RSEs, we hope to reduce the
cost, time, effort, and waste produced in the pursuit of high-
value and more sustainable materials.

Table 1. Geometric Descriptors for Steric Effects on
Torsional Strain for R2 (Allylic) and R3 (Homoallylic)
Monomersa

Monomer
(R2)

RSE (kcal
mol−1)

Bond Angle
(°)

Dihedral ngle
(°)

Bond Length
(Å)

0 7.3 109.3 23.8 1.1
1-2 6.5 113.7 19.7 1.5
5-2 4.2 113.7 23.5 1.9
11-2 2.4 116.2 −29.4 1.6
15-2 5.5 115.0 19.5 1.9
2-2 7.6 117.5 20.0 1.5
12-2 7.7 112.9 12.3 1.5
16-2 6.8 117.6 10.5 1.5
22-2 8.4 110.8 22.2 1.4
23-2 8.5 110.9 22.2 1.4
24 8.6 110.5 21.9 1.4

Monomer
(R3)

RSE (kcal
mol−1)

Bond Angle
(°)

Dihedral
Angle (°)

Bond Length
(Å)

0 7.3 109.3 23.8 1.1
1-3 6.1 114.6 −28.6 1.5
5-3 4.8 114.9 −28.2 1.9
11-3 2.6 116.4 −29.5 1.6
15-3 4.6 115.8 −28.5 1.9
2-3 9.1 109.2 20.9 1.5
12-3 6.9 113.2 −23.8 1.5
16-3 4.8 113.7 −28.7 1.5
22-3 9.0 112.2 26.9 1.4
23-3 8.9 113.2 26.5 1.4

aRSEs are the average of calculations performed with H1 and Group
2 given in kcal mol−1. Geometric descriptors were obtained using
B3LYP/6-311++G** geometries with the approach in Figure 12. The
bond angle (BA), the dihedral angle (DA), and the cone angle (CA)
are provided in degrees (°). Bond length (BL) refers to the C−R
bond, where C is the carbon within the cyclopentene directly attached
to substituent (R) given in Å.

Figure 14. Steric bulk effects on geometric descriptors for torsional strain. Steric bulk increases from 0 (top left), 1-2 (top middle), 5-2(top right),
11-2 (bottom left), to 15-2 (bottom right). Values include RSEs in kcal mol−1, the bond angle (°), and dihedral angle (°) given in black, red, and
blue, respectively. The bond angle is defined as C3C2R shown in red, and the dihedral angle is the bond angle plus the eclipsing hydrogen
(HC3C2R) shown in blue.
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