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Computational Measurement of Steric Effects: the Size of Organic
Substituents Computed by Ligand Repulsive Energies
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Ligand repulsive energies, Eg, have been demonstrated to provide reliable steric parameters for
ligands in organometallic systems. Er values have now been computed for 167 different organic
substituents. Three different fragments were employed for the calculation of the ligand repulsive
energies: CH3, CH,COOH, and Cr(CO)s . All compounds were modeled using molecular mechanics.
Two different force fields were employed: Allinger's MMP2 and Rappé’s Universal Force Field
(UFF). Both molecular dynamics and stochastic mechanics were used to determine the lowest energy
conformer for each species. Steric sizes were compared against standard steric measures in organic
chemistry: Taft—Dubois steric parameter, E's, A-values, cone angles, 6, and solid angles, Qs. Good
correlations between Eg and the model-based steric measures (6 and Qs) were found. Experimental-
based measures, E's and A-values, showed a mix of steric and electronic effects. On the basis of
these correlations, the use of CH3z;, CH,COOH, and Cr(CO)s fragments for steric size quantification

was critically examined.

Introduction

Over 100 years ago the importance of the size of a
substituent in determining the rate of a given transfor-
mation was recognized.® Sixteen years later the term
steric effect was coined,* but it took another six years
before the first quantitative measure of steric effects
appeared.® Taft defined a steric parameter, Es, as the
average relative rate of acid-catalyzed ester hydrolysis:®

Es= |og(k£0) (1)

where k is the observed rate for the acid-catalyzed ester
hydrolysis and kg is the rate of methyl ester hydrolysis.
Values of Es were averaged over four kinetic measure-
ments: (i) hydrolysis of ethyl esters in 70% aqueous
acetone at 25 °C, (ii) hydrolysis of ethyl esters in 60%
agueous acetone at 25 °C, (iii) esterification of carboxylic
acids with methanol at 25 °C, and (iv) esterification of
carboxylic acids with ethanol at 25 °C. Soon after its
definition, it became clear that Es contained resonance
effects. A number of important corrections were made to
the defining equation,” but in 1978 Dubois made a major
methodological change to Taft's measure.®

Dubois accepted the fundamental nature of Taft's
measure, but rejected the notion that all four reactions
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outlined above would respond identically to steric effects.
Therefore, Dubois chose a single standard: the acid-
catalyzed esterification of carboxylic acids in methanol
at 40 °C. The Taft—Dubois steric parameter, E's, has
become one of the standard measures of steric effects in
organic chemistry.®

In 1955 Winstein and Holness introduced the concept
of an A-value.’® A-values are free energy differences
between axial and equatorial isomers of monosubstituted
cyclohexanes:

RT InK
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If the A-value is positive, the equatorial isomer is
favored over the axial. Since its inception, a number of
important lists of A-values have appeared.%1?

Quantification of steric effects in organometallic chem-
istry took a very different path. In 1970 Tolman defined

A-value = —AG° =
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Figure 1. Measurement of the Tolman cone angle for an
idealized PR; ligand. The M—P distance is 2.28 A, typical of a
Ni—P bond length.

the cone angle to measure the size of important P-donor
ligands.'® Tolman built a CPK model of the ligand with
the P atom placed 2.28 A from the metal (a typical Ni—P
bond distance) and measured the internal angle of an
enveloping cone using a protractor (Figure 1).

Since its definition, the cone angle concept has been
widely used.* In the late 1970s the cone angle methodol-
ogy was extended to include a variety of organic substit-
uents.?®

Cone angles assume free rotation of the substituent.
Thus, the cone angle can be thought of as the maximum
steric size of a given group. However, if there is a great
deal of steric congestion in a molecule, the cone angle
may not be a realistic measure of the amount of space
occupied by the substituents as two adjacent groups can
mesh to relieve steric strain.® Therefore, the solid angle
was introduced to quantify steric effects in both organict’
and organometallic chemistry.’® Solid angles can be
thought of as follows: Suppose a substituent is projected
onto the inside of a sphere using some meaningful
location for the light source. Then the solid angle,
measured in steradians, sr, is the area of the projected
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shadow. Mathematically, the solid angle, Q, at a point
O of a surface is represented by the integral

Q= j;sr.ris (3)

where r is the position vector of an element of the surface
with respect to O, and r is the scalar magnitude of r. If
the entire sphere is covered with shadow, then the solid
angle is 4z sr. We may define the fractional solid angle,
Qs, as:

Q =-—= 4)

Most often, the fractional solid angle is more intuitively
meaningful than the solid angle measured in steradians.
Solid angles contain information about the shape of a
substituent. In broad terms, if the cone angle represents
a maximum measure of the steric influence of a substitu-
ent, the solid angle represents its minimum.

Since solid and cone angles are measured from physical
models of substituents, these measures are necessarily
free of electronic components. However, we cannot be
certain that the experimental-based measures of steric
size such as E's and A-values are free of electronic
effects.’® In addition, some molecules are difficult to
synthesize and others do not undergo hydrolysis at a
conveniently measurable rate, so model-based measures
of steric size are needed to support and supplement
measures based on experimental data. These model-
based measures also represent a quantification of pure
steric effects in the absence of electronic effects.

Brown has developed a new molecular mechanics-
based quantification of steric size, the ligand repulsive
energy.'® Ligand repulsive energy values are more intu-
itively appealing than cone or solid angles because they
are computed for a substituent in a prototypical environ-
ment. This computation in a prototypical environment
is in contrast with cone and solid angles, which measure
the size of a group outside of the context of its interac-
tions with a specific molecular entity. Ligand repulsive
energies, Egr, have been computed for phosphines, phos-
phites, arsines, S-donors, O-donors, and olefin ligands.?®

The ligand repulsive energy, Eg, is defined as the
amount of pure steric repulsion between a ligand and the
prototypical molecular fragment to which it is bonded
(originally Cr(CO)s and subsequently extended to [(1°-
CsH5)Rh(C0)]).192% Ligand repulsive energies are com-
puted as follows: (i) The complex consists of a group or
ligand whose steric size is to be determined and the
molecular fragment to which it is bound (e.g., Cr(CO)s).
Using appropriately defined force field parameters,?! this
complex is built and energy-minimized in the molecular
modeling program Cerius?.??> (ii) The conformational
space of the complex is sampled and the lowest energy
conformer selected. (iii) The Cr—L bond length is calcu-
lated (called r¢) and the van der Waals term in the force
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field changed from the Buckingham potential:

cofft el & (2o} o

(Do is the geometric mean of the potential well depths, y
is a scaling factor, R is the interatomic distance, and Rq
is the arithmetic mean of the van der Waals radii) to the
pure repulsive potential,

Evawr = Do eXp{ (1 - RB)} (6)

0,

(iv) The Cr—L bond length is varied with all other
molecular variables constrained, and the van der Waals
repulsive energy is calculated. A plot is constructed of
van der Waals repulsive energy, Evawr, Versus distance,
r. (v) The ligand repulsive energy is defined as

oE dW,R
Ep = —re(g—r W

In the limit of the small changes made to the Cr—L
bond distance, the plot of E,qwr versus r is linear. So, Er
is the slope of the linear plot of E,qwr Versus r scaled by
re.

In the original MM papers, Allinger defined a steric
energy as the amount of energy required to distort a
molecule from an ideal, strain-free geometry.?®> These
energies have been used in the analysis of the steric
effects in a number of different organic substrates.?*
Brown has demonstrated that total molecular mechanics
energy is a poor quantitative measure of steric effects in
organometallic chemistry.’® Brown reasoned that the
steric effect exerted by a ligand upon its environment is
a consequence of nonbonded interactions. Further, Brown
found it necessary to exclude repulsion within a ligand
to obtain a pure measure of the steric influence of the
ligand.?® This means that ligand repulsive energy is a
guantitative measure of the nonbonded repulsion be-
tween the substituent of interest and the molecular
environment surrounding that substituent. Consider, for
example, a Cr(CO)sL complex: as the Cr—L bond dis-
tance is varied, the total nonbonded repulsion within the
ligand is held constant. However, the amount of non-
bonded repulsion between ligand and Cr(CO)s fragment
varies, and this repulsion leads to the ligand repulsive
energy parameter.

Even though Egr has dimensions of energy, it is not a
measure of the ground state thermodynamic energy of a
molecule. Rather, Eg is a scaled parametric measure of
pure repulsive energy, in contrast to Allinger’s definition
and Richardt's application of strain energy in MM2.23:24
In addition, the ligand repulsive energy is computed with
a molecular mechanics-minimized structure. This means
that all deviations from the ideal structure, for example
bond lengthening, bond angle deformations, etc., have
been taken into account prior to the computation of Eg.
Further, we are interested in obtaining the steric influ-
ence of the single conformer of a substituent that is
dominant in a reaction, so the single conformer upon
which Eg is based is generated from a search of the entire
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Figure 2. The force field atom labeling scheme used for the
molecular modeling of Cr(CO)sR complexes.

conformational space for the substituent in the presence
of a prototypical fragment (see below).

The choice of prototypical fragment for the ligand
repulsive energy measure needs attention. To allow free
rotation about the metal—ligand bond, Brown used
prototypical fragments with 2- and 4-fold rotational
axes: [(175-CsHs)Rh(CO)] and Cr(CO)s, respectively.19721
To make a distinction between Er values computed using
the original Cr(CO)s fragment and ligand repulsive
energy values computed using other fragments, we
reserve the label Er to refer exclusively to the Cr(CO)s
fragment. We use E'r(fragment) for ligand repulsive
energies computed using all other fragments.

In this paper, we present the application of the ligand
repulsive energy methodology to substituents of interest
to organic chemists.

Results and Discussion

Choice of Prototypical Fragment. Since organic
substituents are generally smaller than the ligands
studied by Brown et al., we computed ligand repulsive
energies relative to three different fragments: Cr(CO)s,
CH,COOH, and CHj;. We retain the original Cr(CO)s
fragment so that we have a universal standard of Eg
values for comparison. We anticipate that the CH,COOH
and CHj; fragments should give steric measures of organic
substituents that are intuitively satisfying.

Molecular Mechanics Modeling of the Cr(CO)sR,
RCH,COOH, and RCHj; Species. Unless otherwise
noted, a modified MMP22> force field was used in all
calculations. All parameters for the Cr(CO)sR species
were obtained from the literature or derived by methods
described previously.*®=2! In the Cr(CO)s fragment, the
carbonyl groups are either at 180° or 90° from each other.
Since we cannot assign two different equilibrium angles
to the same interaction, we label each of the five carbonyl
C atoms uniquely. Also, we label the donor carbon atom
Cn in order to distinguish it from the other carbon atoms
in the substituent (Figure 2). All the force field param-
eters appropriate for an sp3-hybridized C atom are used
for the newly labeled C,, atom.

Similarly, the carbon atoms between substituent and
ipso C atom in the compounds with CH,COOH or CH3
fragments are given unique force field labels.

Conformational Searching. The quest to find low
energy structures is a central theme in molecular me-
chanics.?® In general, there are three accepted methods
for obtaining a low energy structure: grid search (useful
only when there are a moderate number of conforma-
tional degrees of freedom in the molecule), stochastic
search, or molecular dynamics. Molecular dynamics is the
most time efficient of the three methods. In this paper
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we use either Monte Carlo stochastic mechanics, molec-
ular dynamics, or a combination of both methods to find
the lowest energy structure.

For the Cr(CO)sR complexes, we use a combination of
stochastic mechanics and molecular dynamics to find the
lowest energy conformation. The structure is built in
Cerius? 3.0 or 3.5 and energy-minimized (conjugate
gradient minimizer, 500 steps of minimization). This
resulting structure is subjected to a Monte Carlo confor-
mation search in which all conformational degrees of
freedom are allowed to vary simultaneously by randomly
different amounts. Usually, the Monte Carlo search
generates 2000 structures, and the lowest energy struc-
ture was selected and subjected to molecular dynamics
(3.6 ps of molecular dynamics at 500—600 K) and full
energy-minimization (SMART minimizer,?” 5000 steps,
termination criterion of 0.0100 kcal mol~1 A-1) to ensure
a refined minimum energy structure. This final structure
was used to determine the ligand repulsive energy.

For the RCH,COOH structures, the structure was first
subjected to several iterations of 0.5 ps of molecular
dynamics at 1000 K followed by energy-minimization
using the SMART minimizer. The lowest energy struc-
ture found by the molecular dynamics methodology was
saved and used as the seed structure for stochastic
mechanics. Again, 2000 structures were generated in a
random conformational search, and the lowest energy
structure saved (each structure was subjected to 5000
steps of energy minimization using the SMART mini-
mizer with tight termination criteria of 0.0100 kcal mol~?
A-1). Examining the structures revealed that all of the
low energy structures had the same conformation of the
CH,COOH fragment. The CH3R structures were gener-
ated in a manner analogous to the RCH,COOH struc-
tures.

Calculation of Ligand Repulsive Energies. To
remain consistent with Brown, we reserve the Er label
for the Cr(CO)s fragment. Ligand repulsive energies
computed relative to the other fragments are called
E'r(CH,COOH) and E'r(CH3). We used a customized code,
ERCODE, to calculate ligand repulsive energies.?® Ligand
repulsive energy data are presented in Table 1.

To be an acceptable measure of steric size, ligand
repulsive energies must make intuitive sense and cor-
relate well with experimental data. As we move across
the series Me, Et, i-Pr, and t-Bu, we find that there is a
linear increase in ligand repulsive energy for all frag-
ments (Table 1). Even though experimental evidence
indicates that there is an increasing energy penalty with
increased substitution,?* the ligand repulsive energy

(26) See, for example, (a) Leach, A. R. In Reviews in Computational
Chemistry; Kipkowitz, K. B., Boyd, D. B., Eds.; VCH Publishers: New
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Chem. Soc. 1989, 111, 4379. (g) Guarnieri, F.; Still, W. C. J. Comput.
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parameter is based on an isolated component of the total
molecular mechanics energy (eqs 6 and 7). This results
in a linear trend in Eg, which is consistent with cone and
solid angle data (which increase by a constant amount,
as H atoms in CHj; are substituted by methyl groups to
give tert-butyl: for example, Qs(CHz) = 0.206 (Me), 0.256
(Et), 0.304 (i-Pr), and 0.352 (t-Bu); see Table 1). As the
substituent gets larger, the Taft—Dubois steric parameter
gets larger by an increasing amount (—E's = 0 (Me), 0.08
(Et), 0.48 (i-Pr), and 1.43 (t-Bu); Table 1). Ligand
repulsive energies show an intermediate trend dependent
upon fragment. The E'r(CH,COOH) values show the
same trend in increasing ligand repulsive energy as the
Taft—Dubois steric parameter: E'r(CH,COOH) (in kcal
mol~1) = 29 (Me), 37 (Et), 49 (i-Pr), and 64 (t-Bu); Table
1. With the methyl fragment, E'r(CH3) shows a constant
increase of 7 kcal mol~! moving from Me to t-Bu, similar
to the cone and solid angles. Finally, the Er values (with
the Cr(CO)s fragment) show a trend intermediate be-
tween those for E'r(CH,COOH) and E'r(CH3) (Er (in kcal
mol~1) = 17 (Me), 34 (Et), 57 (i-Pr), and 60 (t-Bu); Table
1)_29

Ligand repulsive energy increases for a given fragment
with the size of the substituent. However, looking at the
data for the series Me, Et, i-Pr, and t-Bu, we find that
the CH,COOH fragment appears larger than Cr(CO)s
which is larger than CHgz: for example for t-Bu E'r(CH.-
COOH) = 64 kcal mol~1, Eg = 60 kcal mol~, E'r(CH3) =
43 kcal mol~2. As the fragment gets smaller, for example
the CHj; fragment, the ligand repulsive energy measure
becomes more like the abstract model-based measures
of steric size. Using the CH,COOH fragment, which most
closely resembles the ester used for hydrolysis in the
measurements of E's, the calculated ligand repulsive
energies better match the experimental trend in steric
size than for Eg or E'r(CH3). However, Eg values may be
more a more generally useful measure of steric require-
ment, because they are less dependent on specific shape
effects than E'r(CH,COOH) values.

A second interesting series of data includes the halo-
gens. For example, when we consider CH3, CH,F, CHF,,
and CF3, we find that all the substituents have more or
less the same ligand repulsive energies even though the
van der Waals radius of hydrogen is about 0.35 A smaller
than the van der Waals radius of F.%° It appears that the
increase in C—F bond length over the C—H bond length
compensates for the decreasing van der Waals radius on
moving from F to H. Therefore, the CH3;, CH,F, CHF,,
and —CF; substituents have approximately the same
ligand repulsive energies (Table 1). As further evidence
of this trend, we find that the ligand repulsive energies
for CH,X substituents, X = halogen, are more or less
constant (Table 1). Only when we consider the CX; series,
X =H,F, Cl, Br, do we see an increase in ligand repulsive
energy as a function of increase in the size of the
halogen.2® This suggests that when we have three halo-
gens attached to a single carbon atom, the lengthening
of the C—X bond is no longer sufficient to eliminate steric
strain at the fragment side of the molecule, and the
ligand repulsive energy can increase dramatically.

(29) It should be noted that even though there is an increase in 7
kcal/mol for E'r(CH3) values upon adding methyl groups, this does not
correspond to an increase in strain energy of 7 kcal/mol. Rather, the
E'r(CHs3) increase represents a scaled increase in repulsion between
the substituent and methyl fragment.

(30) Bondi, A. J. Phys. Chem. 1964, 68, 441.
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Table 1. Ligand Repulsive Energies (in kcal mol~1), Taft—Dubois Steric Parameters,® Solid Angles, s,'” and Cone
Angles, 0 (in degrees)!5"9 for a Variety of Organic Substituents

substituent Er E'R(CH;;) E'r (CHZCOOH) 7E'58 Qs(CH3)17 Qs(COQH)17 015t9
CHs; 17 20 29 0 0.206 0.211 112
CH,F 20 20 29 0.2 0.228 119
CHF; 20 19 29 0.32 0.248 127
CF3 21 17 28 0.78 0.268 135
CH,CN 24 31 0.89
CH,CI 26 22 33 0.58 0.275 144
CH,OMe 28 0.240
CH,Br 28 23 34 0.24 0.242 130
CH,l 30 23 34 0.3 0.245 133
cyclopropyl 32 23 31 1.09
CH,CH=CH, 33 27 0.31
CH,CH3 34 27 37 0.08 0.256 0.259
CHCl, 35 26 39 0.58 0.275 144
CH,CH,CH,F 36 27 38 143
n-Brop I 36 27 38 0.31 0.269 0.274 143
n-buty! 36 28 38 0.31 0.269 0.276 143
n-pentyl 36 28 38 0.31 0.27 0.272 143
CH,CH,CH,Ph 36 28 38 0.34 143
CH,CH,CH=CH;, 36 27 38 0.43
CH,CH3-i-Bu 37 28 39 0.31
CH,CHy-i-Pr 38 28 39 0.32
CH,CH,CN 39 27 38 146
CH,CH>-t-Bu 39 29 40 0.33
CH,COMe 40 0.267
CH,CH,OH 40 28 37
CH,CHCI 42 29 38 0.257 139
cyclobutyl 42 28 39 0.03
CH,Ph 42 29 40 0.39
CH,CH,Br 44 27 38 142
CH,CH,I 44 27 38 145
isobutyl 44 30 43 0.93 0.298 0.305
CH,-i-Pr 44 43 0.93
CCl; 44 29 42 1.75 0.318 160
CHBr; 45 28 42 0.76 0.28 148
CHMeCl 47 30 43 139
CHa(s-Bu) 47 44 0.97
CH(OH)Me 48 16 45 —0.08
g:Hz)4Ph 49 29 38 0.33 143
HMeBr 50 31 44 141
CH,(OPh) 51 33 44 0.32
cyclopentyl 52 31 44 0.41
CHMel 53 31 144
CH,(t-Bu) 54 44 1.63 0.331 0.338
CH,CH,Ph 55 27 38 0.35
CH(Me)(t-Bu) 55 43 59 3.21 0.383 0.391
CH OH)sEt) 57 34 46 0.35
isopropy! 57 34 49 0.48 0.304 0.306 135
cyclohexyl (chair)?2 59 35 51 0.69
tert-Butyl 59 43 64 1.43 0.352 0.354 146
CHPh, 59 43 57 15
CH(Et)(Me) 61 37 52 0.449
CH Me)iPh) 66 38 53 0.9
sec-buty! 67 36 52 1 0.326 0.334 154
CH(Et)(Ph) 68 39 54 1.32
CBr3 68 34 52 2.24 0.323 167
CH(Me)(CHy-t-Bu) 69 39 55 1.81
CH(Me)(n-Pr) 70 37 55 1.02 154
CH(Me)(n-Bu) 70 37 55 1.06 154
CHMe(i-Pr) 71 40 1.94
CH(Me)gi-Pr) 71 40 54 1.94
boat cyclohexane® 73 35 70 0.69
CMeBr; 73 36 55 1.92 160
CH(n-Pr), 73 40 58 2.03 0.361 0.384 174
HEt, 74 40 57 2 0.356 0.373 174
CH(n-Bu), 74 39 59 2.08 174
CH(Et)(n-Pr) 75 40 57 2 174
CH(Et)(n-Bu) 76 40 57 2.03 174
CMe,Br 79 39 59 1.77 153
CH(Me)(CH.Ph) 80 39 51 0.44
CH(EY)(i-Pr) 80 42 60 3.23 0.386 0.401
CH(i-Bu), 81 39 59 2.38 0.382 0.399
CHJ(i-Pr)(t-Bu) 87 50 66 6.53 0.453 0.459
CH(Et)(t-Bu) 88 46 66 5.21
CH(i-Pr), 89 45 65 5.01 0.418 0.431
CEt; 94 52 75 5.29 0.429 0.429 205
CMezEt 95 45 67 2.28 0.378 0.387
C(Me)(Et)(i-Pr) 95 52 74 5.21
CH(CH,-t-Bu), 102 46 64 3.06
CMe,(t-Bu) 104 53 83 54 0.434 0.44
CMe,(CH,-t-Bu) 106 53 66 2.48
CMey(i-Pr) 107 48 72 3.54 0.404 0.41
CMekEt, 107 49 69 3.63 0.402 0.414 186
CMe(CH,-t-Bu), 110 51 77
CMe(i-Pr), 113 55 81 7.38
CEt,(i-Pr, 114 54 76 6.2 0.459 0.46
CEtPh, 116 58 83 4.55
CMePh, 124 56 79 3.73 201
CPhs 131 68 89 491 228
CH(t-Bu), 131 54 74 6.97 0.473 0.483
CEt(i-Pr); 136 79 87 5.208
CEt,(t-Bu) 136 61 95 7.21 0.491 0.491
CMe(i-Pr)(t-Bu) 143 56 91 5.208
CEt(i-Pr)(t-Bu) 158 50 78 6.62
C(i-Pr)3 160 69 94 6.73 0.522 0.515

aThis contains the fragment in the equatorial position. ® This structure would not minimize in a pure boat conformation. Therefore,
a twisted boat is reported.
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Figure 3. Ball and stick model of (a) (CBr3)CH,COOH and
(b) (CBr3)Cr(CO)s. Notice how the Br atoms are closer to the
basal CO groups in b than they are to the hydrogens and
carboxyl group of a. This leads to greater repulsion, and higher
ligand repulsion energies, in the Cr(CO)s fragment than the
CH,COOH fragment.

120

=
1=
(=]

60 |

20 +

Ligand Repulsive Energy (kcal/mol), E'g

0 20 40 60 80 100 120 140 160 180
Ligand Repulsive Energy (kcal/mol)

Figure 4. Plot of E'r(CH,COOH) and E'r(CH?3) versus Eg for
all substituents in Table 1. E'r(CH,COOH) data points are
shown as gray squares and E'r(CHS3) as black circles.

For the CBr; substituent, we find that the ligand
repulsive energy computed against the Cr(CO)s fragment
is larger than E'r(CH,COOH) (Er = 68 kcal mol™?,
E'r(CH,COOH) = 52 kcal mol™'; Table 1). The three
bromine atoms experience significantly greater repulsion
from the basal carbonyl groups that are located in a
square plane than from the three substituents in the CH-
COOH fragment that are bent away from the CBr; group
(Figure 3).

Also, the effective radius of the Cr(CO)s fragment is
much larger than the effective radius of the CH,COOH
or CH; fragments. The effective radius of the fragment
is the portion of the fragment that can interact with the
substituent. For example, a large substituent will interact
sterically with more atoms in Cr(CO)s than in CHg3. The
concept of a physical limit to the steric interaction
between two ligands has been explored in the literature
with [(#5-CsH3(SiMe3),Fe(CO)(L)I] complexes, L = phos-
phine, phosphite, and isonitrile.3!

To determine which fragment is more sterically con-
gested, we examine the correlation between Er and E'r.%°
There is an excellent correlation between E'r(CH,COOH)
and Er (r = 0.962; slope = 0.485) and E'r(CH3) versus
Er (r = 0.939, slope = 0.343). (See Figure 4.)

Since both slopes are less than one, we can conclude
that the size of fragments follow the trend Cr(CO)s >
CH,COOH > CHj; across the whole series of 94 substit-

(31) White, D.; Carlton, L.; Coville, N. J. J. Organomet. Chem. 1992,
440, 15.

White et al.
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Figure 5. Plot of E'r(CH,COOH), E'r(CH3), and Egr versus
cone angle, 6, for all substituents in Table 1. Er data are shown
as gray squares, E'r(CH,COOH) as black circles, and E'r(CHj5)
as gray diamonds.
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Figure 6. Plot of E'r(CH,COOH), E'r(CH3), and Egr versus
Qs for all substituents in Table 1. Er data are shown as gray
squares, E'r(CH,COOH) as black circles, and E'r(CH3) as gray
diamonds.

uents. There is a similarly good correlation between
E'r(CH,COOH) versus E'r(CH3) (r = 0.957, slope = 1.31).
Since the slope for the plot of E'r(CH,COOH) versus E'g-
(CHy) is greater than one, we conclude that the CHj;
fragment is smaller than the CH,COOH fragment for the
94 substituents examined, as expected. There is some-
what more scatter in the plot of E'r(CH3) against Eg than
in the plot of E'r(CH,COOH) against Eg. We find that
the CH; fragment is too small to adequately reflect the
steric sizes of large substituents. This is discussed in
more detail below.

Our ligand repulsive energy data correlate similarly
well with cone'® and solid angles'’ reported in the
literature (Figures 5 and 6).

In all cases, the correlation coefficient is better than
0.9, with the solid angle correlating better with ligand
repulsive energies than the cone angle. Cone angles
correlate best with E'r(CHS3) (r = 0.920) and worst with
E'r(CH,COOH) (r = 0.911). There are a few outliers in
the plots of ligand repulsive energy vs 0. These outliers
are either large substituents, for example t-Bu and CMe,-
Br, or contain conformational degrees of freedom, for
example CHMe(n-Bu) and CHMe(n-Pr) (Figure 5). Since
there are no significant outliers in the plots of ligand
repulsive energy versus solid angle (r > 0.959; Figure
6), we can conclude that the cone angles understate the
steric size of the large ligands and do not measure the
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Figure 7. Plot of E'r(CH,COOH), E'r(CHj3), and Er versus
the Taft—Dubois steric parameter, E's for all substituents in
Table 1. Er data are shown as gray squares, E'r(CH,COOH)
as black circles, and E'r(CH3) as gray diamonds.

conformationally flexible ligands in a conformation re-
alistic to a chemical environment.

We note that the intercepts for the plots of ligand
repulsive energy versus 6 are nonzero. Brown introduced
the concept of an absolute steric threshold, which is the
value of 6 when ligand repulsive energy is zero.?° The
absolute steric threshold represents the onset of steric
effects. Absolute steric thresholds for our data are found
at 6 = 84° (CH,COOH fragment), 6 = 86° (CH3 fragment),
and 6 = 110° (Cr(CO)s fragment). Similarly, we can
derive absolute steric thresholds based on solid angles:
For solid angles measured against the CH; fragment, Qs-
(CH3), we get steric thresholds at 0.112 (CH,COOH
fragment), 0.110 (CH3; fragment), and 0.196 (Cr(CO)s
fragment).

We know that cone and solid angles, by definition, are
free of electronic effects.'* The good correlations between
ligand repulsive energy and cone or solid angle indicate
that Eg values are also free of electronic terms, as
expected. We now turn our attention to correlations
between ligand repulsive energy and experimental-based
measures of steric effects, E's® and A-values.’*~%2 In
general there are good correlations between ligand
repulsive energies and E's (r > 0.85 in all cases; Figure
7).

It is noteworthy that the outliers are very similar in
all plots. Compared to E's values, ligand repulsive
energies are too small for CHs, CH,F, CHF,, CF3;, CH,-
CN, cyclopropyl, CH(i-Pr)(t-Bu), and CMe(i-Pr), substit-
uents, irrespective of fragment. It is interesting that of
all the halogenated substituents, only the fluorinated
series appears as low outliers.

Compared to E's values, ligand repulsive energies are
too large for boat cyclohexyl and C(i-Pr); substituents for
all fragments. In addition, certain substituents appear
as high outliers in the Er and E'r(CH5) plots (for example,
CEt(i-Pr),, CMePh,, CMe(i-Pr)(t-Bu), CEt(i-Pr),;, and
CPhg). Since there are excellent correlations between
ligand repulsive energies and cone and solid angles, we
may conclude that these data appear as outliers in all
comparisons with E's. Further, the presence of these
outliers in the correlations between ligand repulsive
energy and E's suggests that the E's measure may
contain some residual electronic terms.

To clarify whether E's values contain a residual
electronic term, we correlate ligand repulsive energies
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with A-values, which are known to contain an electronic
component.'? Unfortunately, the majority of the substit-
uents for which E's values have been published® (Table
1) do not have available A-values.’°~12 (We could only find
A-values for nine of the substituents listed in Table 1.)
In addition, the substituents for which A-values are
available are significantly more complicated in structure
than the alkyl groups listed in Table 1. We chose to
measure ligand repulsive energies for a wide range of
substituents for which A-values are available (Table 2)
using a slightly modified methodology: the Cr(CO)s and
CH,COOH fragments were employed, but the Universal
Force Field (UFF)32 was used in place of the MMP2%
force field. (The UFF does not require any additional
terms for the bonding of heteroatoms in the Cr(CO)s
fragment.) Energy-minimized structures were submitted
to ERCODE? for ligand repulsive energy calculation.
Correlation between the ligand repulsive energy values
generated using the UFF and A-values were poor, with
a great deal of scatter (Er: r = 0.52 and E'r(CH,-
COOH): r = 0.73). Ligand repulsive energies are too
large for substituents containing polarizable groups such
as GePhz, OCMeg, Sn(i-Pr)s, CH,PbMes, and SiCl; (Table
2). On the other hand, ligand repulsive energies tend to
be too small for linear substituents such as acetylene,
CH=C=CH, SCN, CN~, SH, OH, and NH; (Table 2). The
types of substituents that appear as outliers in the
correlation between Er and E's also appear as outliers
in the plot of ligand repulsive energy (UFF) versus
A-values. The similarity in behavior of E's and A-values
in correlations with ligand repulsive energy suggests that
the underlying reasons for the scatter are the same.
Therefore, we may conclude that both experimental
measures of steric size, E's and A-values, contain some
sort of electronic term that is absent in the ligand
repulsive energy computation. Brown has noted that a
possible origin of this electronic effect is intramolecular
dispersion forces between polarizable groups.® Given the
nature of the experimental-based measures of steric
effects, it is inevitable that E's and A-values contain an
implicit measure of polarizability.*?

Ligand repulsive energies measured with different
force fields should be related linearly. To verify this, we
took the RCr(CO)s complexes for the substituents listed
in Table 1, reminimized them with the universal force
field, and recalculated the ligand repulsive energy. We
plot ERYFF (computed with the universal force field)
against Egr (computed with the modified MMP2 force
field). This allows us to place all the ligand repulsive
energies on the same scale. We find the regression
equation is

Eg = 0.766E:""" + 2.53 (r = 0.98) (8)

indicating that ligand repulsive energy is relatively
invariant with respect to force field. Using eq 8, we can
recover Eg values for all 167 substituents in this study
(Table 3).

Choice of Best Prototypical Fragment for Or-
ganic Substituents. The best correlation between ligand
repulsive energy and Taft—Dubois steric parameter
occurs with E'r(CH,COOH) (r = 0.872; Figure 7). This is
not surprising as E's is computed using kinetic data from

(32) Rappé, A. K.; Casewit, C. J.; Colwell, K. S.; Goddard, W. A.,
111; Skiff, W. M. J. Am. Chem. Soc. 1992, 114, 10024.
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Table 2. Ligand Repulsive Energies (in kcal mol~) Computed Using the Universal Force Field3® and A-Values?® (in kcal
mol~1) for a Variety of Organic Substituents

substituent ERYFF E'rUFF(CH,COOH) A-value substituent ERYFF E'rUFF(CH,COOH) A-value
HgCl 0.12 1.9 -0.25 CH2Br 36 21 1.79
HgBr 0.13 1.8 0 N=C=NCy 36 16 0.96
HgOAc 0.2 9.4 0 OMe 37 25 0.75
F 0.28 1.8 0.25 OCHO 37 16 0.6
Cl 1 8.1 0.53 OCOCF3 37 19 0.68
Br 1.4 6.3 0.48 CH,CH3 37 28 1.79
| 2 7.7 0.47 TePh 37 23 0.9
NH> 2.8 12 1.23 SiCls 37 30 0.61
CN 2.9 6.6 0.2 OCOCH3; 38 21 0.87
MgBr 3.3 49 0.78 NHMe 38 27 1.29
acetylene 3.7 7.3 0.41 OCONHPh 38 21 0.77
SH 8.1 9.1 1.21 O(p-NO2Ph) 38 20 0.62
OH 9.2 8.1 0.6 OCOPHh 38 21 0.5
SiHs 10 13 1.45 O(p-anisyl) 39 21 0.7
PH; 13 11 1.6 Ph 39 32 2.8
CHO 13 15 0.611 SnMePh, 39 28 1.2
SeOPh 14 13 1.25 OPPh; 42 35 2.46
COF 17 17 1.4 O(p-CIPh) 42 21 0.65
CHs3 18 16 1.74 OPh 43 20 0.65
COOMe 19 19 1.2 ONO; 44 25 0.62
COOEt 19 19 1.1 SePh 44 15 1
COO~ 19 19 2 CF; 44 33 25
CH=C=CH 19 18 1.53 CHyPh 46 29 1.68
NO; 20 16 1.1 PCl, 46 23 1.9
CH=CH, 21 21 1.49 SPh 47 18 1.1
CH;HgOAc 22 20 2.05 N=CHCHMe; 47 21 0.75
SOMe 23 11 1.2 SnPh3 52 29 1.44
SCN 24 13 1.23 CHMe; 56 43 2.21
COClI 24 20 1.3 PMe; 57 28 15
COOH 25 25 1.4 CH,;PbMes 58 31 1.81
CH,0OH 26 21 1.76 SPPh; 61 35 3.13
SnMe;zPh 26 20 1.08 cyclohexyl 62 52 2.2
CH,;OMe 28 23 1.72 CH2SnMes 62 22 1.79
COCH3 30 26 1.52 PbMes 62 16 0.67
SMe 31 15 1.04 CH,SiMe3 65 27 1.65
CH>CN 31 22 1.77 OCMes 67 37 0.75
SnMej; 33 19 1 OSiMes3 68 28 0.74
GeMes 34 26 2.1 sn(i-Pr)s 72 36 1.1
POMe; 35 22 1.5 GePhs 84 41 2.9
NHCOPhA 36 26 1.6 PPh; 86 35 1.8
SiMes 36 31 25 CMes 90 64 4.9

a This contains the fragment in the equatorial position. P This structure would not minimize in a pure boat conformation. Therefore,

a twisted boat is reported.

ester hydrolysis.®8 However, we find Eg values show the
most consistent relative ranking of organic substituent
sizes (Er vs E's has r = 0.869; Figure 7).

As mentioned above, the CH; fragment may be too
small to adequately show the repulsion with a large
substituent as the substituent can fall outside the effec-
tive range of the CH3; fragment (Figure 8). To understand
why the CHj; fragment is not suitable for ligand repulsive
energy measures of organic substituents, consider the
—CMe(i-Pr); substituent shown in Figure 8 bonded to the
CH3; and Cr(CO)s fragments. With the CH; fragment
(Figure 8a), the isopropyl hydrogens are very close to the
hydrogen atoms of the CHj; fragment. This gives rise to
high nonbonded repulsion, according to eq 6. However,
as we vary the Ci,s,—CHj; bond length to measure the
change in van der Waals repulsive energy as a function
of distance (eq 7), the van der Waals repulsive energy is
more or less constant. This means that the ligand
repulsive energy for CMe(i-Pr), is too small when com-
puted with the CH; fragment and appears as an outlier
in Figure 7. On the other hand, with the Cr(CO)s
fragment (Figure 8b), the molecular mechanics energy-
minimized structure shows that the basal carbonyl
groups bend away from the CMe(i-Pr), substituent. The
basal CO groups bend in response to the steric pressure,
or van der Waals repulsion, between the isopropyl

hydrogens and the carbonyl groups. This bending is
further expressed in an elongation of the equilibrium
Cipso—Cr bond length, re, which results in a higher Eg
value (eq 7). Further, as the Ci,s,—Cr bond distance is
adjusted to measure Eg, there is a great deal of repulsion
between the basal CO groups and the CMe(i-Pr), sub-
stituent. Both these factors add to give an appropriately
large Er value for the CMe(i-Pr), substituent.

In general, any substituent that can wrap around the
CH; fragment (Figure 8a) will show an anomalously low
E'r(CH3). It is possible that the irregular geometry of the
CH,COOH fragment might also give unexpected results
(Figure 3). For example, there should be a preference for
a smaller substituent to be syn to the carbonyl group.
On the other hand, the Cr(CO)s fragment is symmetrical
and large enough to show significant repulsion for almost
all organic substituents. Therefore, we come to a similar
conclusion to that of Brown that the Cr(CO)s fragment
is robust in its ability to reflect steric sizes of a vast array
of different substituents.®-2!

Conclusions

Steric sizes of 94 substituents have been computed
using Brown’s ligand repulsive energy methodology. A
further 83 ligand repulsive energy values have been
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Table 3. Ligand Repulsive Energies (in kcal mol~1) For All Substituents in This Study?2

substituent Er substituent Er substituent Er
HgBr 2.6 O(p-anisyl) 32 OSiMes 54
HgCl 2.6 O(p-NO2Ph) 32 CH(Me)(t-Bu) 55
F 2.7 OCONHPh 32 CH2CHzPh 55
Cl 3.3 OCOPh 32 CH(OH)(Et) 57
Br 3.6 CH,CH=CH, 33 isopropyl 57
HgOAc 3.7 Ph 33 Sn(i-Pr)s 58
| 4.0 SnMePh, 33 CHPh; 59
CN 4.7 CH,CH3 34 cyclohexyl (chair)P 59
NH 4.7 CHCl; 35 tert-Butyl 59
MgBr 5.1 O(p-CIPh) 35 CH(Et)(Me) 61
acetylene 5.3 OPh 35 CH(Me)(Ph) 66
SH 8.8 OPPh; 35 GePhs 67
OH 10 CH,CH;CH=CH; 36 sec-Butyl 67
SiH3 10 CH,CH2CH2F 36 CBr3 68
CHO 13 CH,CH2CH2Ph 36 CH(Et)(Ph) 68
PH, 13 n-butyl 36 PPh; 68
SeOPh 13 n-pentyl 36 CH(Me)(CH3z-t-Bu) 69
COF 16 n-propyl 36 CH(Me)(n-Bu) 70
CH=C=CH 17 ONO; 36 CH(Me)(n-Pr) 70
CHs 17 SePh 36 CH(Me)(i-Pr) 71
COO~ 17 CH2CH3-i-Bu 37 CHMe(i-Pr) 71
COOEt 17 CH,CHa-i-Pr 38 boat cyclohexanet 73
COOMe 17 PCI; 38 CH(n-Pr), 73
CH=CH 18 CH,CH2CN 39 CMeBr; 73
NO, 18 CH,CHa-t-Bu 39 CH(n-Bu) 74
CH2F 20 N=CHCHMe; 39 CHETL, 74
CH;HgOAc 20 SPh 39 CH(Et)(n-Pr) 75
CHF; 20 CH,CH,0H 40 CH(Et)(n-Bu) 76
SOMe 20 CH,COMe 40 CMezBr 79
CFs 21 CH,CHCI 42 CH(Et)(i-Pr) 80
cocl 21 CH,Ph 42 CH(Me)(CH2Ph) 80
SCN 21 cyclobutyl 42 CH(i-Bu); 81
CH,OH 22 SnPhsz 42 CH(i-Pr)(t-Bu) 87
COOH 22 CCls 44 CH(Et)(t-Bu) 88
SnMeyPh 22 CH,CH2Br 44 CHJ(i-Pr); 89
CH>CN 24 CH,CHal 44 CEts 94
COCHj3 25 CHa-i-Pr 44 C(Me)(Et)(i-Pr) 95
CHCI 26 isobutyl 44 CMezEt 95
SMe 26 CHBTr 45 CH(CH3-t-Bu), 102
CH,Br 28 CHMe; 45 CMe,(t-Bu) 104
CH,;OMe 28 PMe; 46 CMey(CH»-t-Bu) 106
SnMes 28 CHa(s-Bu) 47 CMey(i-Pr) 107
GeMes 29 CH,PbMes 47 CMeEt; 107
POMe, 29 CHMecClI 47 CMe(CHy-t-Bu), 110
CHl 30 CH(OH)Me 48 CMe(i-Pr), 113
N=C=NCy 30 (CH2)4Ph 49 CEty(i-Pr) 114
NHCOPh 30 SPPh; 49 CEtPh; 116
SiMes 30 CH2SnMesz 50 CMePh; 124
OCHO 31 CHMeBr 50 CH(t-Bu)2 131
OCOCF3 31 PbMes 50 CPhs 131
OCOCH3 31 CH»(OPh) 51 CEt(i-Pr), 136
OMe 31 CH;SiMes 52 CEt,(t-Bu) 136
SiCl3 31 cyclopentyl 52 CMe(i-Pr)(t-Bu) 143
TePh 31 CHMel 53 CEt(i-Pr)(t-Bu) 158
cyclopropyl 32 CHj(t-Bu) 54 C(i-Pr)s 160
NHMe 32 OCMe3 54

a ERYFF values have been corrected using eq 8. P This contains the fragment in the equatorial position. ¢ This structure would not minimize

in a pure boat conformation. Therefore, a twisted boat is reported.

measured using the universal force field,3? and scaled to
equivalent Eg values. Molecular mechanics modeling and
conformational searching using molecular dynamics and
stochastic mechanics on the RCH3;, RCH,COOH, and
RCr(CO)s compounds were carried out to yield consistent
low-energy conformers. The ligand repulsive energies
that were generated showed trends that were intuitively
reasonable. Correlations against standard model-based
steric measures in organic chemistry were good, but
correlations with E's and A-values suggest that there is
an electronic term in the experimental-based measures
of steric size. As described by Brown, this electronic term
may be of the form of an intramolecular polarizable
effect.’® By using a more general universal force field,

we have demonstrated that ligand repulsive energies can
easily be computed for vastly different substituents
(Table 3), and the method is sufficiently general to be
applied to a large number of molecular fragments of
interest in organic and biochemistry. We find that Eg
values obtained using the Cr(CO)s fragment provide the
most consistent and generally useful measures of relative
steric sizes.

Methods

All molecular mechanics calculations were performed on a
Silicon Graphics Iris Indigo? R10000 or Silicon Graphics O?
R10000 workstation using Cerius? 3.0 or Cerius? 3.5 compre-
hensive molecular modeling software produced by Molecular
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(@) (b)

Figure 8. lllustration of the effective steric range of the CHz
fragment shown for (a) (CMe(i-Pr);)CH3; and (b) (CMe(i-Pr),)-
Cr(CO)s. In (a) the CH3; fragment is shown in black. Notice
how the methyl groups of the i-Pr portions of CMe(i-Pr);
envelop the CHs; fragment (a). This leads to constant van der
Waals repulsive energy as the C—C bond length is varied to
measure Egr (eq 7). The basal CO groups (b) are bent away
from the i-Pr groups to alleviate steric strain in the complex.

Simulations, Inc.??2 Either a modified MMP22 force field, with
modifications listed in previous publications dealing with
ligand repulsive energy calculations,’®~2* or an unmodified
Universal Force Field®? was employed in the study.

The parameters for the R—Cr(CO)s complexes were obtained
by analogy with those for the (12-olefin)—Cr(CO)s complexes.?*
The Cr—C stretching force constant was set at 1.36 mdyn A1,
and strain free distance at 1.79 A, as described in the
literature.?®d We find that minor variation in the Cr—C
stretching force constant and equilibrium distance does not
affect the relative ordering of ligand repulsive energies.20¢d

Organic compounds, RCH3; and RCH,COOH, were modeled
using parameters from the literature.?

Energy minimization was carried out using the conjugate
gradient minimizer (with termination criteria of 0.100 kcal
mol~* A-1 and a step size of 2.00 A) or the SMART minimizer

White et al.

(with a termination criterion of 0.0100 kcal mol~ A-1). Monte
Carlo conformational searching was carried out by simulta-
neously varying all rotatable bonds by randomly different
amounts to generate 2000 conformers. These conformers were
submitted to 18 cycles of anneal dynamics or several cycles of
simple dynamics. In the anneal dynamics 18 cycle set, the
temperature was ramped from 580 to 600 K in 1 K steps.
During each temperature interval, 50 molecular dynamics
steps were performed, each lasting 0.001 ps. The final struc-
ture was energy minimized with the SMART minimizer and
used as the starting structure for the next anneal cycle. Up to
three sets of 18 cycles were used to obtain a good representa-
tion of the global minimum. Alternatively, the structure was
submitted to several iterations of 0.5 ps of simple dynamics
at 1000 K followed by energy minimization with the SMART
minimizer.

Ligand repulsive energies were calculated using ERCODE,?
implementing the method described by Brown.*°

Acknowledgment. D.P.W. gratefully acknowledges
the Beckman Institute for Advanced Science and Tech-
nology, University of Illinois at Urbana-Champaign, for
summer stipends for 1997 and 1998. Much of the work
described in this manuscript was carried out at the
State University of New York at New Paltz. We thank
Professor Theodore L. Brown, University of Illinois, for
valuable discussions, and T. Warthen Douglass, Robert
J. Bubel, and Adam Czynski for assistance with data
generation. The research was supported by the Research
Corporation through the Cottrell College Science Award
CC5053.

JO982405W



