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ABSTRACT: We define ΔGGA as the free energy change for the formal equilibrium: [13]G-H + 1-X-adamantane → [13]G-X + 
adamantane, where [13]G-H is the C13H22 fragment of all-trans graphane with three-fold symmetry.  This compares with a 
situation where the group X is equatorial to 3 cyclohexane rings with one where it is axial to 3 rings.  ΔGGA values vary from 
2.9 (CN) to 145.7 kJ mol-1 (CCl3) and this wide range means that ΔG can be calculated with confidence.  ΔGGA values for Me, Et, 
i-Pr, and t-Bu form a regular series: 34.9, 63.3, 101.6 and 142.0 and clearly reflect the steric size of the groups.  We propose a 
model where the six axial hydrogens surrounding X on [13]G-X provide a nearly circular constriction on the substituent close 
to its point of attachment, but which does not extend far above this.  We compare these results with A-values and with calcu-
lations on 2- and 7-substituted [1(2,3)4]pentamantanes.  We show that electronic effects on ΔGGA values are negligible, but 
that they correlate well with computed cone and solid angles subtended by the substituent. 

Introduction 

We describe a new computational approach to quantifying 
the steric effect of substituents in organic molecules.  We re-
cently highlighted1 problems in rationalizing the steric ‘size’ 
of a substituent with respect to its effect on chemical reac-
tivity and selectivity, showing how the apparently bulky pi-
nacol boronic ester (BPin) can behave as a remarkably small 
substituent, depending on the reaction pathway being con-
sidered.  We identified problems in computing existing pa-
rameters traditionally used in organic chemistry to define 
steric ‘size’ and, in particular, the A-value2 which is based on 
the free energy difference, (ΔG), between placing a substit-
uent in an axial versus an equatorial position on cyclohexane 
in the chair conformation.  Computation of the A-value of a 
substituent X requires calculation of the free energies of all 
conformers resulting from rotation around the Cy-X bond 
(up to 3 for both axial and equatorial).  With A-values typi-
cally lying in the range of 0-20 kJ mol-1 and even the best 
quantum chemical methods only achieving accuracies of 3-
4 kJ mol-1 for conformer energy errors, there is clearly a 
large margin of error in such computational analyses. 

(a) 

 

(b) 

 

Figure 1 (a) [13]G-CO2Me with a electron density map for the 
six adjacent axial C-H groups, (b) Adamantane-1-CO2Me. 

We propose a single solution to these issues by changing the 
molecular scaffold from the two-fold symmetric center on a 
chair cyclohexane to the six-fold symmetric center of gra-
phane (all-trans perhydro-graphene) which places X axial to 
three cyclohexane rings and so is surrounded by six axial 
hydrogens.  In practice, we use the smallest symmetric frag-
ment of graphane, [13]G,3 to give derivatives like [13]G-
CO2Me, Figure 1(a) which also shows the electron density 
associated with the six adjacent axial C-H groups superim-
posed: this provides a useful picture of how constriction of 
a substituent may operate.  A natural foil to [13]G-X is the 
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C3-symmetric bridgehead position on adamantane which 
places X equatorial to three cyclohexane rings, Figure 1(b), 
leading to formal equilibrium 1 shown below.  These 
choices provide two important advantages (a) in almost all 
cases there is only one conformation each for [13]G-X and 
Adam-X thanks to the symmetry which simplifies interpre-
tation of the results, and (b) we discovered that ΔGGA values 
cover a range of >140 kJ mol-1 with the consequence that 
good quantum chemical methods can provide a reliable 
scale of relative ΔG values (the reasons for the wide range 
will be discussed later). 

No single parameter can reflect all aspects of steric effects;4 
and the sterimol approach5 makes use of at least three pa-
rameters B1, B5, and L, to capture the shape and bulk of a 
group. We will show that ΔG. values, while only a single pa-
rameter, do reflect the situation near the substituent’s point 
of attachment, which will often be of chemical significance 
in studies of reaction rates and equilibria.  For these cases, 
ΔG should provide a linear free energy relationship reflect-
ing steric effects. 

A wide range of 1-substituted adamantane derivatives are 
available, but very few [13]G-X are known,6 and synthesis is 
non-trivial, so eq.1 is likely to remain a purely computa-
tional tool.  While we can compare results with those for the 
A-value equilibrium eq.2, it is vital therefore to show that 
ΔG values can be calculated reliably. 

 

Experimental 

For eq. 1 and 2 we used both DFT and non-DFT calculational 
methods.  DFT calculations were performed with ORCA 
4.2.07 using B3LYP DFT8 with the def2-TZVP basis set,9 in 
combination with Grimme’s D3BJ dispersion correction.10  
Single-point domain-based local pair-natural orbital cou-
pled cluster (DLPNO-CCSD(T))11 calculations were then 
performed with the same basis set, combining these with 
the vibrational data from the DFT calculations to get a sec-
ond values for ΔG.  The DLPNO-CCSD(T) ΔG value thus pro-
vides a semi-independent check on the ΔG value from DFT 
and we find that the correlation coefficient for a plot of the 
DLPNO-CCSD(T) (non-DFT) ΔG value against the DFT value 
is 0.9991, indicating near perfect agreement.  Over a range 
of >140 kJ mol-1, the two methods only differed by more 
than 2 kJ mol-1 for one case (CCl3).  For simplicity, in the rest 
of this paper we only quote the DFT values for ΔG but a table 
comparing the two methods is available in the Supporting 
Information.  Entropy effects are small throughout for eq. 1.  
Conformational searches were carried out in Spartan12 us-
ing the MMFF force field.  Where more than one confor-
mation was found for axial and equatorial cyclohexanes in 
eq. 2, a weighted average of the ΔG values for all axial vs all 
equatorial conformations is recorded as the calculated A-

value, with both epimers of chiral conformations being 
counted separately.  The threefold symmetry of [13]G-H 
and adamantane leads to conformational homogeneity for 
all but a few sp2 hybridized substituents on [13]G (e.g., vinyl, 
CO2Me) where there are two conformations, each with C2 
symmetry associated with 180° rotation of the group.  Sep-
arate ΔG values are listed in Table 1 for these (i.e., confor-
mational averaging has not been performed).  The ΔG values 
for different rotamers are always very similar.  While sp3 
hybridised groups show the usual 3-fold barrier, rotational 
barriers for sp2 derivatives are very low (typically <1 kJ mol-

1). 

Results and Discussion 

Experimental A-values2 and computed free energy values 
(ΔG in kJ mol-1 at 298 K in the gas phase) for equations 1 and 
2 and are shown in Table 1 which also includes values for 
equilibrium 3, discussed later. The calculations do a moder-
ately good job of calculating A-values, although the correla-
tion with experimental data is notably better for alkyl and 
related groups (correlation coefficient r2 0.97) where the 
range of values is ~20 kJ mol-1 as compared with the se-
lected functional groups (correlation coefficient 0.85) 
where the range of values is only ~4 kJ mol-1. 

Table 1 Experimental and calculated A-values and ΔG 
(all in kJ mol-1) 

 Exp A-value Calc A-value ΔGGA for eq. 
1 

ΔG for eq 3 

Me 7.28 8.26 34.9 44.3 

Et 7.49 10.0 63.3 81.7 

n-Pra   61.9 79.1 

n-Bua   61.5 79.7 

i-Pr 9.25 9.3 101.6 141.6 

2-Bua   102.6 148.7 

t-Bu 19.7,b 20.5 23.9 142.0 216.8 

Ethynyl 1.71-2.18 1.6 7.94 5.8 

Vinyl 6.23, 7.0 7.6 43.1, 44.1 53.2, 54.8 

Phenyl 11.71 12.6 75.5 113.3 

SiMe3 10.5 10.1 80.5 103.8 

CF3 10.0-10.5 10.1 72.1 89.4 

CCl3  19.2 145.7 205.8 

F 1.05-1.75 0.8 11.1 1.1 

Cl 2.22-2.68 1.8 14.2 8.0 

Br 2.01-2.80 1.3 14.8 15.9 

OH 2.51 3.1 15.6 5.6 

OMe 2.3-3.1 3.6 45.6 41.6 

NH2 5.15, 6.15 5.9 23.3 19.8 

NHMe 5.40 4.6 49.4 53.4 

CN 0.84 0.5 2.9 -0.4 

NO2 4.8 4.9 45.1 50.7 

HC=O 2.34, 3.35 3.1 33.7,34.1 34.1, 35.5 

MeC=O 4.27, 6.36 3.8 58.5 77.9, 80.1 

COOMe 5.0-5.4 4.8 37.8, 39.5 48.2, 49.2 

CONH2  5.5 48.8, 48.9 63.4, 65.1 



 

 

Bglyb 3.05 2,7 19.6 - 

BpinC 1.75 2.4 20.6  

a Only the all-anti conformation of these substituents were 
calculated. 

b 1,3,2-Dioxaborolanyl 

c Tetramethyl-1,3,2-dioxaborolanyl. 

The relative ΔG values for eq. 1 carry the most interesting 
information for chemists.  It is well-known2(b) that the A-val-
ues for Me, Et, i-Pr and t-Bu do not reflect the steric size of 
these groups because Et and i-Pr, when in an axial position, 
can rotate to avoid interacting much with the axial hydro-
gen atoms on the cyclohexane ring.  The ΔG values (34.9, 
63.6, 101.6 and 142.0) are clearly much closer to represent-
ing the relative size of the groups correctly because rotation 
around the Adam-X and [13]G-X bonds is irrelevant.  Et, n-
Pr, and n-Bu groups have very similar ΔG values (63.3, 61.9 
and 61.5) while the i-Pr and 2-butyl [CH(CH3)CH2CH3] 
groups are also very similar (101.6 and 102.6), showing that 
the more distant atoms of a substituent are beyond the 
range of the constriction.  We note that carbonyl substitu-
ents have larger ΔG values than their A-values might sug-
gest, when compared with simple alkyl groups.  Thus, 
CO2Me has a larger ΔG value than methyl, although its A-
value is appreciably smaller.  When axial on cyclohexane, 
the carboxymethyl group can rotate to interact only slightly 
with the axial hydrogen atoms.  We find that Bpin and Bgly 
have ΔG values of 20.6 and 19.6, respectively, barely half 
that for CO2Me (37.8) and in line with their small A-values 
determined experimentally.1 

Figure 2(a) below shows the 90% electron density surface 
for the six C-H groups of [13]G-H viewed from above, gen-
erated by Spartan using B3LYP/def2-TZVP DFT.  This ring 
of axial hydrogen atoms is close to exerting a circular con-
stricting force on the substituent.  Contrast this with the 
very lop-sided force that two axial hydrogen atoms on an 
axially-substituted cyclohexane exert on the substituent.  
This is surely the reason why ΔG values provide an im-
proved picture of the steric size of substituents.  Note that a 
circle of eight He atoms has been used in the development 
of ligand knowledge bases for monodentate P-donor lig-
ands.4,13 

  

(a) (b) 

Figure 2 (a) 90% electron density surface for six C-H groups, 
(b) Space-filling model of t-Bu-C≡C-[13]G (from Spartan). 

The alternative view of the electron density surface for the 
six C-H groups in Figure 1(a) hints that the constriction does 
not extend very far above the general plane of [13]G.  We 
estimate that the effect is small beyond ~2 Å above the point 

of attachment (a similar limit must also apply to A-values).  To 
illustrate this point, we calculated a very small ΔG of 2.61 
for the t-Bu-C≡C- substituent (see Figure 2(b)), compared 
with 142.0 for t-Bu itself.  The smaller value for t-Bu-C≡C- 
than for H-C≡C- (7.94) may be real and due to attractive 
London dispersion forces1,14 between t-Bu and [13]G-H. 

  
 

(a) (b) (c) 

Figure 3 (a) Flexing of axial-substituted cyclohexane, (b) plane 
defined by the 3 outer carbon atoms of [13]G-X, (c) [22]G-Me. 

A striking aspect of Table 1 is that the energetic cost (ΔG) of 
placing a bulky group on [13]G is much greater than the A-
value.  The range of ΔG values (>140 kJ mol-1) is approxi-
mately seven times that for A-values.  It might be expected 
that the range would be nearer three times, since there are 
six axial hydrogen atoms on [13]G to interact with the sub-
stituent, compared with two in an axial cyclohexane.  How-
ever, the main geometrical change when X is axial on cyclo-
hexane is that it flexes away from the ring as indicated in 
Figure 3(a) above and this cannot of course be productive 
for [13]G-X.  More costly ways of relieving strain must come 
into play and examination of the structure of, e.g., [13]G-t-
Bu, shows that the C-X bond lengthens to 1.64 Å, but also 
that the central carbon of [13]G moves upward with the 
substituent – the whole structure begins to dome upwards.  
This can be assessed by measuring the height of the central 
carbon above a plane through the three outer carbon atoms 
of the [13]G derivative, as shown in Figure 3(b).  The differ-
ential height (height above the plane for [13]G-X minus the 
height for [13]G-H itself) is 0.22 Å for the methyl derivative 
rising to 0.39 Å for [13]G-t-Bu.  The energy cost of these dis-
tortions was assessed with B3LYP/def2-TZVP/D3BJ calcu-
lations.  Distorting [13]G-H to the geometry of the t-Bu de-
rivative costs 73.8 kJ mol-1.  Distorting 2-methylpropane to 
its geometry in [13]G-t-Bu costs 23.8 kJ mol-1.  The larger 
fragment may carry the larger cost, but this in no way inval-
idates assigning ΔG values as substituent effects.  Stretching 
a C-C bond in 2,2-dimethylpropane from its equilibrium 
value to 1.64 Å costs 11.8 kJ mol-1.  The large energies asso-
ciated with eq. 1 are clearly the sum of these changes in ad-
dition to the expected van der Waals interactions and other 
changes. 

Would the doming affect a larger area in an all-trans gra-
phane derivative?  This was tested by running calculations 
on the next larger C3-symmetric derivatives, for example 
[22]G-Me as shown in Figure 3(c) above.  The calculated en-
ergy difference for [22]G-Me vs 1-methyladamantane is 
very similar to that for the [13]G-Me case (32.5 vs 32.8 kJ 
mol-1) but there is an increase for the corresponding t-Bu- 
derivatives (153.6 vs 141.5) - note that these values differ 
from those in Table 1 because it was necessary to use the 
smaller def2-sv(p) basis set for these calculations.  The 
doming clearly spreads further for the [22]G derivatives, 



 

 

but the increase is not large, so it appears that the [13]G sys-
tem captures most of the doming effect. 

A remarkable experimental study15 has shown that 
[1(2,3)4]pentamantane (or Td-pentamantane) can be con-
verted, in surprisingly good yields, to pentamantane-2-Br 
by one method and to pentamantane-7-OH by another. 
Other derivatives can then be made by substitution. 

 

Equilibrium 3 is therefore potentially experimentally acces-
sible so should this be used instead of eq. 1 to give a diamon-
doid perspective on steric effects?  Pentamantane is ex-
tremely rigid, and the doming seen above is not possible.  
The substituent-bearing carbon does move up when a large 
substituent is attached to the hindered 2-position, but other 
carbons in the structure barely move at all.  The other geo-
metrical change that is noticeable is that bond lengths to the 
substituents are stretched significantly.  In pentamantane-
2-tBu, this bond length is 1.69 Å.  These severely localized 
strain effects are surely the cause of the generally greater 
ΔG values for eq. 3 compared to eq.1 (~13 times A-values).  
We find that the correlation between eq. 1 and eq. 3 for the 
substituents in Table 1 is very good, r2 =0.95, which is surely 
reassuring for the general use of these values.  However, six 
small substituents have lower ΔG values for eq. 3 than for 
eq. 1: F, Cl, OH, NH2, CN and ethynyl which is unexpected.  
We have traced this to the use of the smaller def2-SV(P) ba-
sis set for the DFT calculations on the large pentamantane 
molecule (C26H32); see the Supporting Information for de-
tails.  There are therefore problems with eq. 3 and, while it 
is conceptually simpler than eq. 1, we believe that eq. 1 will 
prove more generally useful.  Pentamantane is also much 
more rigid than most organic molecules, so eq. 1 is probably 
more useful for comparisons. 

If the ΔG values from eq. 1 are to be used as measures of 
steric effects, it is desirable to confirm that they do not in-
corporate electronic effects.  All the bonds close to the point 
of substitution in adamantane and [13]G only differ in ste-
reochemistry, so it is reasonable to expect electronic effects 
to be small. To check on this, we sought other evidence by 
plotting ΔG against Hammett σm values, traditional 
measures of electronic effects (resonance effects are not to 
be expected).  Reliable values exist16 for σm for all the sub-
stituents in Table 1, and a plot of ΔG vs. σm, (see the Support-
ing Information) shows no obvious trends and with r2 = 
0.09, essentially no correlation. The best that can be said 
from this is that we see no positive evidence for electronic 
effects. 

 

Figure 4 ΔG vs Taft-Dubois E's 

We also sought correlation with the best known steric linear 
free energy relation: the Taft-Dubois E's steric parameter,17 
which is based on the acid catalysed esterification of 
carboxylic acids in MeOH at 40 °C.  E's values only exist for 
14 of the groups in Table 1.  A plot of this data (Figure 4) 
against ΔG leads to a poor correlation (r2 = 0.33) but vinyl 
(2.07) and phenyl (2.31) highlighted in red, the only 
unsaturated groups, are clearly out of line with the rest.  If 
these two points are removed, we then get ΔG = 0.013 E's - 
0.40, with r² = 0.83, which is satisfactory.  The Taft-Dubois 
E's values for vinyl and phenyl are larger than for t-Bu which 
seems unlikely if they only reflect steric size, so we believe 
the problem lies with the E's values, not the ΔG values. 

We have suggested that eq. 1 gives a consistent picture of 
substituent size as if viewed by an eye placed at the point of 
attachment.  Cone angles18 and solid angles,19 often used by 
inorganic chemists to quantify the steric effects of ligands, 
are based on a closely related view, as shown in Figure 5 be-
low. 

 

 

Cone Angle θ Solid angle Ω 

Figure 5 Cone and solid angles; see the text for descriptions. 

The substituent cone angle θ is the apical angle of a cone 
with its apex at the point of attachment which just touches 
the van der Waals surface of the substituent.  In Tolman’s 
original approach,18a the ligand considered was modified to 
the smallest possible cone angle, whereas later approaches 
allowed for some structural relaxation,18c,d making data se-
lection potentially more challenging. The substituent solid 
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angle Ω can be visualized as follows: the point of attachment 
of the substituent is replaced with a light source so that the 
substituent casts a shadow on a sphere surrounding the 
molecule.  The value of the solid angle (in steradians) is nu-
merically equal to the size of that shadowed area divided by 
the squared radius of the sphere.  Substituent solid angles 
therefore reflect the shape of the group viewed in this way 
and, in principle, offer an improved view of substituent size 
relative to cone angles, as well as reducing the impact of 
conformational freedom.18c 

Cone and solid angles are purely geometrical parameters so 
if good correlations of these with ΔG values are found, this 
would provide further evidence that eq. 1 is not skewed by 
electronic effects.  Allen and co-workers20 have provided 
procedures, written in Mathematica,21 for the calculation of 
exact cone and solid angles.  They were concerned with the 
steric sizes of phosphine ligands coordinated to Fe and 
other transition metals and they set a metal-to-ligand dis-
tance of 2.28 Å.  We tried to use a more realistic bond dis-
tance for our substituents, but found that at any distance be-
low 1.9 Å, the calculations failed.  We were therefore forced 
to use the 2.28 Å distance, so our values are, at best, only 
proportional to the true values. A full set of values for θ and 
Ω for both Adam-X and [13G]-X is listed in the Supporting In-
formation.  For Ω(S), the relationship is Ω(S)[13]G-X = 
0.90Ω(S)Adam-X + 0.15, r² = 0.99.  This means that larger sub-
stituents like t-Bu have their solid angles compressed by a 
factor of ~0.90 relative to small groups when on the [13]G 
skeleton, which reflects the effects of the constriction.  We 
will only use the Adam-X values for the remainder of this 
discussion. 

The correlations of cone and solid angles with ΔG are quite 
poor: r2 =0.66 and 0.41 respectively but we noted that, for 
the solid angle plot, this was clearly caused by outlier values 
for Br (14.8) and SiMe3 (80.5), highlighted in green in Figure 
6 below.  For these groups it is likely that the main bulk lies 
well above the reach of the ring fence of hydrogens. 

 

Figure 6 Solid angle vs ΔGGA (key: alkyl groups (blue), other sp3 
substituents (red), sp2/sp substituents (black) and Br/SiMe3 
outliers (green)) 

When the points for Br and SiMe3 are removed, the plot of 
ΔG vs Ω(S) yields a much-improved correlation: ΔG = 
139Ω(S) - 203; r² = 0.86 (the cone angle plot improves to r² 
= 0.76).  There is little sign of deviations that might be due 
to electronic effects in ΔG and hybridization appears to have 
a minimal effect.  Thus, plots for sp3-hybridized groups 
(blue and red in Figure 6): ΔG = 137Ω(S) - 193, r² = 0.94, and 
sp2 hybridized substituents: ΔG = 129Ω(S) - 186, r² = 0.78, 
have similar slopes.  Note that a plot for the three halogens 
gives: ΔG = 2.75Ω(S) + 8.1, r² = 0.75; the greatly reduced 
slope probably shows that the steric bulk of the larger halo-
gens is moving out of range of the constriction.  A recent pa-
per22 has shown that attractive London dispersion forces 
make a significant contribution to the small A-values for the 
larger halogens.  We calculated that the ΔG value for Br 
would be 28.5 in the absence of dispersion. The ΔG value for 
Me3Si would be 105.7, so this could be a more general effect. 
The effect of dispersion in making the ΔG value for the t-Bu-
C≡C- group so small has already been noted. 

Conclusion 

We believe that ΔG values are valuable new parameters for 
the assessment of the steric ‘size’ of substituents.  They arise 
from a readily understood source: the near circular con-
stricting force on the substituent in [13]G-X from the six ad-
jacent axial hydrogen atoms.  The wide range of ΔG values 
(~150 kJ mol-1 cf <20 kJ mol-1 for A-values for substituents 
in this study) and the reduced conformational space of 
these systems and means that these can be calculated with 
confidence and interpreted more easily. While no one pa-
rameter can ever describe the steric effect of a substituent 
in all circumstances and from all angles, the ΔG values from 
formal equilibrium 1 provide a clear picture of the steric 
size of a group close to its point of attachment, often a chem-
ically valuable viewpoint in mechanistic studies of organic 
molecules.  We show that ΔG values lack any correlation 
with Hammett σm values and so do not appear to be contam-
inated by electronic effects, and this is backed up by corre-
lation of ΔG values with the purely geometrical data of cone 
and solid angles. 

ASSOCIATED CONTENT  

Supporting Information. Tabulation of both B3LYP/def2-
TZVP/D3BJ and DLPNO-CCSD(T)/def2-TZVP ΔG values for all 
substituents.  Details of the computational problems encounter 
with eq. 3. Correlation of ΔG values with Hammett σm.  Table of 
cone and solid angles vs ΔGGA, including values for both Adam-
X and [13]G-X derivatives.  This material is available free of 
charge via the Internet at http://pubs.acs.org.  Full listings of 
xyz geometries and computational output for all calculations 
have been deposited at 

AUTHOR INFORMATION 

Corresponding Author 

* Roger W. Alder, School of Chemistry, University of Bristol, 
Cantock’s Close, Bristol, BS8 1TS, UK; rog.alder@bristol.ac.uk. 

SiMe3

Br

0.0

20.0

40.0

60.0

80.0

100.0

120.0

140.0

160.0

1.00 1.50 2.00 2.50 3.00

Δ
G

G
A

Ω(S)



 

 

Author Contributions 

The manuscript was written through contributions of all au-
thors.  

Funding Sources 

We thank the Bristol Chemical Synthesis Centre for Doctoral 
Training, funded by EPSRC (EP/L015366/1) and the Uni-
versity of Bristol , for a PhD studentship for A.W.M. 

ACKNOWLEDGMENT  

We thank the Bristol Chemical Synthesis Centre for Doctoral 
Training, funded by EPSRC (EP/L015366/1), and the Uni-
versity of Bristol, for a PhD studentship for A.W.M.  R.W.A. 
thanks the University of Bristol for a Senior Research Fel-
lowship.  We also thank Tom Young (University of Oxford) 
for advice concerning DLPNO calculations, and Sean 
Oelinger (Wavefunction, Inc.) for help with Figure 1(a). 

REFERENCES 

1. V. Fasano, A. W. McFord, C. P. Butts, B. S. L. Collins, N. Fey, 
R. W. Alder, and V. K. Aggarwal How Big is the Pinacol Bo-
ronic Ester as a Substituent? Angew. Chem. Int. Ed. 2020, 59, 
22403–22407. 

2. (a)S. Winstein and N. J. Holness, Neighboring Carbon 
and Hydrogen. XIX. t-Butylcyclohexyl Derivatives. Quantita-
tive Conformational Analysis, J. Am. Chem. Soc., 1955, 77, 
5562; (b) experimental A-values listed in Tables 1 and 2 are 
taken from: E. L. Eliel, S. H. Wilen and L. Mander, Stereo-
chemistry of Organic Compounds, John Wiley & Sons, 1994, 
p. 696. 

3. (a) The [13]G nomenclature was first used by A. A. 
Fokin, D. Gerbig, and Peter R. Schreiner, σ/σ- and π/π-Inter-
actions Are Equally Important: Multilayered Graphanes,  J. 
Am. Chem. Soc. 2011, 133, 20036–20039; (b) the systematic 
name for [13]G-COOMe is based on aromatic hydrocarbon 
phenalene: methyl (3as,6as,9as)-dodecahydro-3a1H-
phenalene-3a1-carboxylate. 

4. For a recent review that covers other ways of assessing 
steric size, including solid and cone angles, with a particular 
focus on ligands in organometallic chemistry see: D. J. Du-
rand and N. Fey, Computational Ligand Descriptors for Cat-
alyst Design, Chem. Rev. 2019, 119, 6561−6594. 

5. (a) Verloop, A. Drug Design, Vol. III; Ariens, E. J., Ed.; Ac-
ademic Press: New York, 1976, (b) Harper, K. C.; Bess, E. N.; 
Sigman, M., Multidimensional steric parameters in the anal-
ysis of asymmetric catalytic reactions, Nat. Chem. 2012, 4, 
366−374, (c) Sigman, M. S.; Harper, K. C.; Bess, E. N.; Milo, A., 
The Development of Multidimensional Analysis Tools for 
Asymmetric Catalysis and Beyond, Acc. Chem. Res. 2016, 49, 
1292−1301, (d) For a recent discussion and the introduc-
tion of the Sterimol method, see: A. V. Brethome, S. P. 
Fletcher, and R. S. Paton, Conformational Effects on Physical-
Organic Descriptors: The Case of Sterimol Steric Parame-
ters, ACS Catal. 2019, 9, 2313−2323. 

6. A. Pelter, P. J. Maddocks and K. Smith, Preparation of 
trans,trans,trans- and cis,cis,trans-perhydrophenalen-9-ols 
by application of the three-migration cyanoborate process 
to isomeric perhydro-9b-boraphenalenes: differences 

between the cyanoborate and carbonylation reactions, J. 
Chem. Soc. Chem. Comm., 1978, 805 and references therein. 

7. (a) F. Neese, The ORCA program system, WIREs Com-
put. Mol. Sci. 2012, 2, 73–78; (b) F. Neese, Software update: 
the ORCA program system, version 4.0, WIREs Comput. Mol. 
Sci. 2017, 8:e1327; (c) D. G. Liakos, Y. Guo, F. Neese, Compre-
hensive Benchmark Results for the Domain Based Local Pair 
Natural Orbital Coupled Cluster Method (DLPNO-CCSD(T)) 
for Closed- and Open-Shell Systems J. Phys. Chem. A 2020, 
124, 90−100. 

8. (a) A. D. Becke, Density-functional exchange-energy ap-
proximation with correct asymptotic behavior, Phys. Rev. A 
1988, 38, 3098–3100; (b) A. D. Becke, Density‐functional 
thermochemistry. III. The role of exact exchange J. Chem. 
Phys. 1993, 98, 5648–5652; (c) C. Lee, W. Yang, R. G. Parr, 
Development of the Colle-Salvetti correlation-energy for-
mula into a functional of the electron density, Phys. Rev. B 
1988, 37, 785–789; (d) B. Miehlich, A. Savin, H. Stoll, H. 
Preuss, Results obtained with the correlation energy den-
sity functionals of becke and Lee, Yang and Parr, Chem. Phys. 
Lett. 1989, 157, 200–206; (e) J. C. Slater, Quantum Theory of 
Molecules and Solids, Vol. 4: The Self-Consistent Field for 
Molecules and Solids, McGraw-Hill, New York, 1974; (f) P. J. 
Stephens, F. J. Devlin, C. F. Chabalowski, M. J. Frisch, Ab Initio 
Calculation of Vibrational Absorption and Circular Dichro-
ism Spectra Using Density Functional Force Fields, J. Phys. 
Chem. 1994, 98, 11623–11627; (g) S. H. Vosko, L. Wilk, M. 
Nusair, Accurate spin-dependent electron liquid correlation 
energies for local spin density calculations: a critical analy-
sis, Can. J. Phys. 1980, 58, 1200–1211. 

9. F. Weigend, R. Ahlrichs, Balanced basis sets of split va-
lence, triple zeta valence and quadruple zeta valence quality 
for H to Rn: Design and assessment of accuracy, Phys. Chem. 
Chem. Phys. 2005, 7, 3297. 

10 S. Grimme, S. Ehrlich, L. Goerigk, Effect of the damping 
function in dispersion corrected density functional theory, J. 
Comput. Chem. 2011, 32, 1456–1465. 

11. (a) C. Riplinger, F. Neese, An efficient and near linear 
scaling pair natural orbital based local coupled cluster 
method, J. Chem. Phys. 2013, 138, 034106, (b) C. Riplinger, 
B. Sandhoefer, A. Hansen, F. Neese, Natural triple excitations 
in local coupled cluster calculations with pair natural orbit-
als, J. Chem. Phys. 2013, 139, 134101, (c) D. G. Liakos,; M. 
Sparta, M. K. Kesharwani, J. M. L. Martin, F. Neese, Exploring 
the Accuracy Limits of Local Pair Natural Orbital Coupled-
Cluster Theory, J. Chem. Theory Comput. 2015, 11, 
1525−1539, (d) D.G. Liakos, F. Neese, Is It Possible To Obtain 
Coupled Cluster Quality Energies at near Density Functional 
Theory Cost? Domain-Based Local Pair Natural Orbital Cou-
pled Cluster vs Modern Density Functional Theory, J. Chem. 
Theory Comput. 2015, 11, 4054−4063. 

12. Spartan ’18 V1.44, Wavefunction, Inc., Irvine, CA. 
13. J. Jover, N. Fey, J. N. Harvey, G. C. Lloyd-Jones, A. G. Or-

pen, G. J. J. Owen-Smith, P. Murray, D. R. J. Hose, R. Osborne, 
M. Purdie, Expansion of the Ligand Knowledge Base for 
Monodentate P-Donor Ligands (LKB-P), Organometallics 
2010, 29, 6245−6258. 

14. P. R. Schreiner and J. P. Wagner, London Dispersion in 
Molecular Chemistry—Reconsidering Steric Effects, Angew. 
Chem. Int. Ed. 2015, 54, 12274 – 12296. 



 

 

15 A. Fokin, P. R. Schreiner, N. A. Fokina, B. A. Tkachenko, 
H. Hausmann, M. Serafin, J. E. P. Dahl, S. Liu, and R. M. K. Carl-
son, Reactivity of [1(2,3)4]Pentamantane (Td-Pentaman-
tane): A Nanoscale Model of Diamond, J. Org. Chem., 2006, 
71, 8532 –8540. 

16. Hammett σm values were taken from O. Exner in Cor‐
relation Analysis in Chemistry, N. B. Chapman and J. B. 
Shorter, eds., Plenum Press, New York, 1978, Ch. 10. 

17. (a) J. A. MacPhee, A. Panaye, J.-E. Dubois, Steric ef-
fects—I: A critical examination of the taft steric parame-
ter—Es. Definition of a revised, broader and homogeneous 
scale. Extension to highly congested alkyl groups, Tetrahe-
dron, 1978, 34, 3553-3562, (b) C. Hansch, A. Leo, and R. W. 
Taft, A survey of Hammett substituent constants and reso-
nance and field parameters, Chem. Rev. 1991, 91, 165-195. 

18. (a) C. A. Tolman, Steric effects of phosphorus ligands 
in organometallic chemistry and homogeneous catalysis, 
Chem. Rev. 1977, 77, 313 – 348, (b); A. Schulz, On The Steric 
Hindrance of Bulky Substituents – Determination of Their 
Cone Angles, Z. Anorg. Allg. Chem. 2014, 640, (11), 2183–
2192, (c) D. White, N. J. Coville, Quantification of Steric 

Effects in Organometallic Chemistry, Adv. Organomet. Chem.  
1994, 36, 95-158; (d) J. M. Smith, N. J. Coville, Steric Param-
eters of Conformationally Flexible Ligands from X-ray Struc-
tural Data. 2. P(OR)3 Ligands in Multiple Ligand Environ-
ments, Organometallics 2001, 20, 1210-1215. 

19. I. A. Guzei, M. Wendt, An improved method for the 
computation of ligand steric effects based on solid angles, 
Dalton Trans. 2006, 3991 – 3999; software: Molecular 
Structure Laboratory, Resources, University of Wisconsin, 
http://xray.chem.wisc.edu/Resources.html, (accessed 11th 
April 2021). 

20. (a) J. A. Bilbrey, A. H. Kazez, J. Locklin, and W. D. Allen, 
Exact ligand cone angles, J. Computational Chemistry, 2013, 
34, 1189–1197 (cone angles); (b) J. A. Bilbrey, A. H. Kazez, J. 
Locklin, and W. D. Allen, Exact Ligand Solid Angles, J. Chem. 
Theory Comput., 2013, 9, 5734−5744 (solid angles). 

21. Mathematica: Wolfram Research, Inc., Wolfram Alpha 
Knowledgebase, Champaign, IL (2018). 

22. E. Solel, M. Ruth, and P. R. Schreiner, J. Org. Chem., 
2021, 86, 7701-7713.  
 

 


