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heterocyclic carbene (NHC) ligands. These include a) the percent buried volume (%Vuur), Which provides a convenient single
number to measure steric impact and b) steric maps, which provide a graphical representation of the steric profile of a ligand

using colour-coded contour maps. A critical discussion of the scope and limitations of these tools is presented, along with

some examples of their use in organometallic chemistry and catalysis. This Article should provide all users of NHCs, from

organic, organometallic, and inorganic chemistry backgrounds, with an appreciation of how these tools can be used to

quantify and compare their steric properties.

1. Introduction

The use of N-heterocyclic carbenes (NHC) within the chemical
sciences is now widespread;! these exciting species find
applications in transition metal chemistry (the primary focus of
this review),?2 as organocatalysts,? and as reagents to stabilise
intriguing geometries and oxidation states of main group
elements.2 The ease of synthesis of the most common classes of
NHCs and the flexibility of these synthetic routes have allowed
researchers to prepare and characterise a very large number of
examples. The challenge is often to select the right NHC for each
application; one way in which this can be approached is to
consider important properties of the carbene* and make a
rational and informed decision based on how these properties
affect structure and reactivity. Two of the most important
characteristics are electronic properties — the ways in which
these can be measured have been reviewed recently® —and the
steric properties.® The measurement of the latter can be
complicated by a number of factors. We seek methods to
quantify the steric properties of NHCs that are reproducible,
physically meaningful, and easy to understand and use. While
many phosphines can often be characterised by their cone
angle,” NHCs tend to be rather less symmetrical and their steric
impact can be unevenly distributed. In addition, the structural
flexibility of many NHCs, and their ability to adapt their
conformation depending on the other ligands attached to the
metal centre, can make it difficult to describe steric properties
with a single number.

@ Organic Chemistry Institute, WWU Miinster, Corrensstrasse 40, 48149 Miinster,
Germany.

b-WestCHEM Department of Pure and Applied Chemistry, University of Strathclyde,
Thomas Graham Building, 295 Cathedral Street, Glasgow, G1 1XL, UK.

¢ Department of Inorganic and Physical Chemistry, Ghent University, Krijgslaan 281
— 53, 9000 Gent, Belgium.

This journal is © The Royal Society of Chemistry 2016

To overcome the lack of useful and quantitative descriptors
to evaluate and compare the steric impact of NHC ligands, the
concepts of percent buried volume (%Vy.r) and steric maps have
been developed (Figure 1).8 While both parameters have
proven to be useful they have their limitations, as they require
either a CIF or XYZ file with the atomic co-ordinates of the
desired NHC-bearing species. Metal-ligand bond lengths vary,
and X-ray and DFT techniques only provide one (typically static)
structure for a complex, which may be strongly influenced by
factors such as intermolecular interactions in the crystal lattice
or the level of theory that is selected for molecular modelling.

Tolman cone angle % Vi,
ur

¢
Figure 1. Ways of evaluating the steric impact of NHC ligands.

Steric maps

It is therefore important that chemists who are working with
NHCs appreciate the methodologies to describe their steric
properties and, importantly, what the limitations of these
methods are. This manuscript will, in turn, a) describe and
appraise both percent buried volume (%Vyy) and steric maps,
and b) discuss how these descriptors can be used to provide
greater insight into the reactivity of NHCs and compounds that
bear them. Other more complex methods of characterising
NHCs exist, such as PCA methods that involve a larger number
of descriptors,® but the percent buried volume and steric maps
are much more accessible and widely used tools as they do not
require the use of statistical methods.

Chem. Commun., 2016, 00, 1-3 | 1



2. Percent Buried Volume (%Vbur)

2.1 Definition and Calculation

The percent buried volume (% Vi) is defined as the percentage
of a sphere (r = 3.5 A) around the metal centre that is occupied
by a given ligand (Figure 2). This is most often determined using
a metal-ligand bond length of 2.00 or 2.28 A. Hydrogen atoms
are typically omitted from the calculation because of their small
size and the fact that they are often incorporated in crystal
structures using the riding model. The atomic radii of different
atoms are determined using scaled Bondi radii, as
recommended by Cavallo.8® The use of these default settings is
advised, as this allows for better comparisons to be made with
the wider literature.

IR Typical settings

Py X N
R T \‘54 M-Cppic = 2.00 or 2.28 A
[’ M |

| Mesh Spacing = 0.10 A
i Hydrogen atoms excluded
AN Bondi Radii x 1.17

r=35A —f

Fui/gure)z. A graphical representation of the definition of the Percent Buried Volume
6Vour)-

The use of %Vpu to determine steric bulk has several
advantages. It does not require the ligand to adopt a
symmetrical appropriate geometrical shape (such as a cone, for
the Tolman Cone Angle).” It can describe mono- and
polydentate ligands, as well as phosphines where the
phosphorus bears more than one type of group, such as the
widely used Buchwald-type phosphine ligands.0

The most straightforward method to calculate %V, is to
use the SambVca tool, which is freely available on the
Internet.8d Initial versions only provided a buried volume,8® but
newer versions of this tool generate steric maps and per-
quadrant measurements of buried volume, which is useful
because NHCs are not always symmetrical (vide infra).8? The
required input is a CIF or XYZ file with the atomic co-ordinates
of either the ligand of interest or the complete complex. While
%Viur provides a convenient single number that can be used to
quantify the steric impact of each ligand, it is also possible to
split this into quadrants. This allows any significant asymmetry
in the distribution of steric bulk to be identified.

2.2 Scope and Limitations

It is important to consider the scope and limitations of the
percent buried volume so that it can be used appropriately. The
main limitation of the %V, is that while it can be applied to
essentially any ligand, regardless of its shape or denticity,® it
represents only that conformation. Therefore, the %Vy.r is
highly dependent on good X-ray or DFT data. If a high energy
conformer is located by DFT and a lower energy conformer
exists, the %V, data may be misleading. Similarly, poor quality
X-ray data with large thermal ellipsoids may not provide a good
estimate of the buried volume. In addition, the coordination
environment of the metal centre significantly affects the %V,

2 | Chem. Commun., 2016, 00, 1-3

of most ligands unless they are particularly rigid: for example,
IBioxMe4 and IBiox6 ligands are often employed due to their
structural rigidity (Figure 3). Linear two-coordinate complexes
such as [AuCI(NHC)] are often used to measure %Vpu for new
ligands because these allow the ligand to adopt its preferred
conformation without steric clashes between it and other
ligands on the metal centre.!! For complexes with higher
coordination numbers (i.e. essentially those other than some
zerovalent group 10 metals or coinage metals in the +1
oxidation state), steric clashes or dispersive interactions with
other ligands will limit the available conformational space. In
order to get meaningful information, it is only possible to
compare %Vpur between complexes of the same metal,
coordination number, and geometry.

Sl FEY

IBioxMe, IBiox6
Figure 3. Rigid IBioxMe, and IBiox6 ligands.

When comparing the steric hindrance offered by NHC
ligands on complexes with similar %Vy,, it is sometimes difficult
to appreciate what constitutes a meaningful difference. To
critically assess the limits of the precision of %V, data was
collected from the CCDC for two NHC ligands — IMes and IPr —in
complexes of main group elements and transition metals. These
ligands were selected due to their ubiquity in main group
chemistry and in transition metal mediated catalysis. These
data were filtered to yield only very high quality datasets (R <
0.05) and those with more than one independent molecule in
the unit cell (2 = 2). Comparing %V, for each NHC ligand in
each independent molecule for each CCDC entry provides an
estimate of the error in determining %Vp,. Only the crystal
packing arrangement should vary between structures. Data
gathered for these complexes can be found in the Supporting
Information. The error in %V, determination was estimated by
considering the range of values for %V, for each structure in
the file; this varied from 0.1 to 2.4%, with slightly smaller ranges
for values obtained at a metal-carbon bond length of 2.28 A.
The mean error was 0.6% at 2.00 A and 0.5% at 2.28 A, while
the median values were 0.4% and 0.3%, respectively. For IPr-
containing complexes the errors were much larger, possibly due
to the increased flexibility afforded by the isopropyl groups. The
mean error was 1.4% and the median was 1.2%, at both 2.00
and 2.28 A. Based on these data, we would advise caution if
drawing conclusions based on buried volumes with differences
of less than ca. 0.5% for relatively rigid ligands or ca. 1.2% for
more flexible systems (Figure 4).

Error calculated for %V,
for M-NHC bond lenght at Typical settings

M-Cppc = 2.00 or 2.28 A

[M(NHC)] 2.00 A 2.28 A ;
Mesh Spacing = 0.10 A
Hydrogen atoms excluded
o o
IMes 0.6% 0-5% Bondi Radii x 1.17
Quality of da (R < 0.05)
IPr 1.4% 1.4% Num. molecules per unit cell (Z'> 2)

Figure 4. Limits of precision of %V,
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Once the error on the %V, was estimated, we decided to
explore how different substitution patterns affect the steric
bulk of a given ligand core. We focussed our attention on
alterations made to the backbone, ring size and N-alkyl as well
as N-aryl substituents of NHC ligands. As mentioned above,
[AuCI(NHC)] have become a popular way to characterise the
% Viur of new NHC ligands due to their linear geometry; thus, we
decided to use this type of metal complex to evaluate how the
modification of NHC ligands affects the %V, In addition, the
buried volume is more accurate to describe symmetric ligands,
as it represents their overall steric impact. In order to be able to
evaluate the influence of systematic modifications on a ligand
core, we decided to only collect data for symmetrical NHCs (for
a discussion of unsymmetrical NHC ligands, see section 3.2).
Data were gathered from the CCDC database and %V, were
calculated for NHC-metal bond lengths of 2.00 and 2.28 A.

2.2.1 Imidazol-2-ylidenes and Ring-Expanded Analogues

N-substituted imidazol-2-ylidenes represent the most common
class of NHCs for organometallic chemistry and metal-mediated
catalysis.»2 4 The related ‘ring-expanded’ species are also
finding interesting applications in organometallic synthesis and
catalysis.’2 Two key ways in which the steric profile of these
species can be altered are presented and discussed.

Backbone & Ring Size Modifications. In order to assess how
tuning the backbone of an NHC ligand would affect its overall
steric impact on the metal centre, modifications made to the
IPr, IDM and liPr architectures were evaluated using SambVca
(Table 1).8d Tuning the backbone of the IPr core with Me or Cl
substituents has a negligible influence on the %Vi.r of the
complexes (Entries 1-3, Table 1).3 The same trend was
observed when examining species bearing IDM derivatives
(Entries 7-11, Table 1).1* However, when examining a more
flexible ligand core, such as liPr, installing Me substituents on
the backbone results in a considerable change to %Vpur (25.5 vs
38.5), while other modifications seem to have little influence
(Entries 12-15, Table 1).14b. 15 Backbone substituents are often
installed with the aim of tuning the electronic properties of
NHCs; IPr¢ has a TEP of 2055 cm! while IPr is more electron
donating at 2050 cm™?, for example. The %Vy.r calculations show
that this type of backbone modification can alter the electronic
properties of the ligand without significant perturbation of the
steric properties, which might be of interest when designing a
new and more efficient catalyst for a particular application.
Interestingly, one factor that has a clear impact on the steric
influence of IPr derivatives is the saturation of the backbone; for
example, the %Vy,r of SIPr is 1.6% higher than that of IPr. This
might be due to the more flexible nature of the 4,5-
dihydroimidazol-2-ylidene core compared to the imidazol-2-
ylidene. This same reasoning would explain why the steric
hindrance increases with the ring size of the NHC ligand, as can
be observed when measuring the %V, of SIPr, THP-Dipp and
THD-Dipp (47.0, 50.9 and 52.7, respectively) (Entries 4-6, Table
1).14b. 16 |n addition, the larger ring size will push the N-
substituents downwards, towards the metal centre.

This journal is © The Royal Society of Chemistry 20xx

% Vipyr for M-NHC length at

Reference/

Entry  [AuCK(NHC)]  Abbreviation ccpe 2.00A 2.28 A
IPr 13a
1 R R R=H) 258274 454 39.0
> >:( ’< Me
2 A NN Pr 13b 444 38.9
% ¥ @ R = Me) 727082 : -
IPrC! 13¢c
3 R=C) 243041 449 39.4
> NN < 14b
o
4 % 4 p SIPr 269605 470 415
> <
NN~ N—~ . 16a
5 % ~ p THP-Dipp 71530 50.9 455
S M £
NN N—F . 16b
6 % <~ g THD-Dipp 925342 527 474
IDM 14a
7 R=H) 264465 263 226
R R Me
8 = Ib™ 14b 262 226
NN~ (R = Me) 263607
- IDMC! 14c
9 R=C) 929326 263 227
Ny s
_ _ 14d
10 _ 799048 26,6 230
/NvN\
MeO_  ©OMe OMe
MeO O Q 14e
1 826012 26.5 229
/NvN\
1iPr 15a
12 R_R R H) 250305 275 235
NvN{ liPrVe 15b
A
13 \f 7 R=Mo) 263606 385 339
M\
) 15b
14 NN 282 242
\f e K/ StiPr 1430188
15¢
5B
15 SliPrBenz 664618 285 24.4

Table 1. Systematic modifications on the backbone of selected NHC ligands and
their steric impact on the corresponding [AuCI(NHC)] species.

In summary, when an increase on the steric demand of a

given NHC architecture is sought, modifications at the backbone
have relatively small effects in the case of rigid (unsaturated)
ligands. However, if the flexibility of the system is increased,
dramatic changes in the buried volume can be achieved with
small modifications.
N-substituent When considering the N-
substitution patterns of NHCs, two distinctive subgroups can be
identified: those bearing N-aryl substituents and those with N-
alkyl substituents. The former are generally bulkier and more
rigid than the latter, and represent the main class of NHC ligands
in organometallic chemistry. However, N-alkyl NHCs such as ICy
have recently been shown to be promising ligands for the
nickel-catalysed cross-coupling of aryl ethers,1” despite the
potentially reduced stability of nickel complexes bearing ICy.18

Due to the inherent rigidity of the most common and
synthetically-accessible imidazol-2-ylidene core, there are a
limited number of strategies that can be followed to modify the

Modifications.
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steric demand of NHCs bearing N-aryl substituents. The main
approach to modify the buried volume of these species is to
vary the nature of the ortho-substituent of the aryl ring. The
%Vbur dramatically increases when the size of the ortho-
substituent is increased; on moving from IMes (with 2,4,6-
trimethylphenyl  N-substituents) to IPr  (with  2,6-
diisopropylphenyl N-substituents) the buried volume increases
from 36.5% to 45.4% (Entries 1, Tables 1 and 2).14b Further
increases in the size of substituents continues this trend: the
ITent (IPent, IHept and INon) ligand series represent larger
analogues of IPr (Entries 2-4, Table 2).11b.11d The study of these
ligands showed that the larger ortho-substituents increase the
percent buried volume up to a point. Once the alkyl chain
becomes sufficiently long, such as in INon, it no longer affects
the overall steric impact of the ligand because the substituents
are sufficiently flexible to avoid the metal centre. By
convention, the percent buried volume considers a sphere with
a radius of 3.5 A because this is the first coordination sphere of
the metal and therefore the area in which most steps of
catalysis are likely to take place. Another modification consists
of installing larger and/or more rigid groups at the ortho-
position, such as in IPr* (Entry 5, Table 2).1° This dramatically
increases %Vur, but results in a more rigid ligand than the ITent
series. Tuning of the N-aryl substituents at the meta- and para-
positions is possible but these modifications generally have
little impact on the buried volume as they are far away from the
metal centre (Entries 6-7, Table 2).11¢ 20 |n summary, the %Vyur
for N-aryl substituents increases as follows: IMes < IPr = |PrOMe
= |Pr\H2< |Pent < IPr* < IHept = INon; where bulky and flexible
substituents on the ortho-position of the aryl group have the
largest effect on the % Viur.

For N-alkyl substituents the effect on the buried volume can
be directly linked to the number of substituents on the ipso
carbon as well as its flexibility. % Vyur increases in the order IDM
<liPr<ICy < IDD < IAd = |'Bu (Entries 7, 12, Table 1; and Entries
8-11, Table 2).14a.14b,15b,21 |t js worth noting that large cycloalkyl
substituents, such as cyclododecyl groups, have been shown to
be very flexible and can adapt their steric bulk depending on the
structure of the complex. This effect has been described for
iridium and platinum species bearing such ligands.22

2.2.2 Other Classes of NHC Ligand

It is useful to provide buried volumes for a series of [AuCI(NHC)]
species bearing less common NHC ligands, in order to increase
the available data on these complexes and allow a comparison
with imidazol-2-ylidenes. Table 3 shows a summary of %V, for
a series of gold(l) complexes bearing imidazo[1,5-
a]pyridinylidene (Entries 1-4, Table 3),2> biisoquinolylidene
(Entry 5, Table 3),2* tetrahydropyrimidinylidene (Entries 6-9,
Table 3),25 diazepanylidene (Entries 10-11, Table 3),12b. 26
diaminomethylidene (Entries 12-14, Table 3),27 cyclic
(alkyl)(amino)carbene (CAAC) (Entries 15-17, Table 3),28 cyclic
(amino)(aryl)carbene (CAArC) (Entry 18, Table 3),2° 1,2,4-
triazolylidene (Entries 19-23, Table 3),14b. 30 abnormal NHC
(Entries 24-26, Table 3)3! and pyrazolylidene ligands (Entry 27,
Table 3).32

4 | Chem. Commun., 2016, 00, 1-3

From Table 3 it can be appreciated that increased buried

% Vpur for M-NHC length at

Reference/

Entry [AuCI(NHC)] Abbreviation ceDe 2.00 A 2.28A
P/
/q“y“p\ Mes 261346"03 36.5 312
IPent 11b
2 R (R=EY) 926401 49.0 434
IHept 11d
3 q p (R =Pr) 977384 512 470
INon 11d
4 (R = Bu) 977385 513 474
Ph> N/:\N ? Ph 19
—
5 p 836612 50.4 457
Ph
IProMe 11c
6 > N/\_J\N < R = OMe) 087701 456 40.0
|PrNH2 20
7 g é R=NHy) 1061936 465 40.9
14b
8 i \% Icy [ 275 236
s
o 21b
sﬁ IDD 670015 32.2 27.9
=\
0 @/NVN@ IAd s 398 35.3
=\
1 %NVN\% 'Bu iy 306 35.1

Table 2. Systematic modifications on the N-substituents of selected NHC ligands
and their steric impact on the corresponding [AuCI(NHC)] species.

volumes can be achieved when a rigid core can force a
substituent downwards at a suitable angle; for example, Entries
1, 3, and 4 have very large %V due to this effect. In addition,
CAAC and CAArC ligands tend to have very large percent buried
volumes because of the quaternary sp3 centre that replaces
what would be an NR substituent in an imidazol-2-ylidene
scaffold. However, the motivation for using these ligands is not
necessarily due to their steric properties; species such as those
in Entries 6-8 (with a pyrimidalised nitrogen) and Entries 15-17
(CAAC ligands) have interesting and useful
properties, such as reduced mt-accepting ability.33

Many of the ligands shown in Table 3 are unsymmetrical,
and therefore, the percent buried volume does not fully
describe the steric environment that these enforce around the
metal centre; this limitation can be overcome by quoting buried
volumes for each quadrant around the metal, or by the use of
steric maps (vide infra).

electronic

3. Steric Maps

3.1 Definition and Calculation

%Viuur provides a means of quantifying the steric profile of a
given ligand, but provides limited detail regarding the special
arrangement of this steric impact. To overcome this issue,

This journal is © The Royal Society of Chemistry 2016
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Journal Name

ARTICLE

% Vpur for M-NHC length at

Reference/

% Vpyr for M-NHC length at

Reference/

Entry [AuCI(NHC)] Abbreviation ccpe 2.00 A 228 A Entry [AuCI(NHC)] Abbreviation cDC 2.00 A 2.28A
23a Ne 28a
1 921409 492 456 15 % % 671265 47.9 428
2 235 26.0 224 > :
1430678 e 26b
16 7 51.0 457
P 723865
= 23c
3 (R = Ad) tooae 7 53.0 492
>
4 (R = Dipp) 23d 54.1 499 : oS DiPP 28c
1444424 17 %N o N 1409507 53.8 494
o Ph_Ph
Yj ) 29
5 782788 33.2 28.7 18 @N\/ 1056559 36.5 324
N=(") 14b
R = Di 25a 19 NN 277 24.1
6 ( PP) 024514 385 33.9 @/ A 263610
- 25b
R=M
7 NeN-R ( es) 1427003 344 29.6 e
- - 25b 20 N 30a 32.9 20.0
8 (R = CH;S0,Tol) 1427004 36.2 316 @«NYN 743804
> Ph%
NN 256 =N 306
9 % & % 1429061 55.9 52,0 21 /@,N\V/NJ( 1011948 335 292
Ph—NH
: B =N 30c
: : 12b 22 =N 313 274
10 /QN\.\-‘;NQ\ THD-Mes  goorgo 429 376 @/NY\./NQ 1443075
2z e N 30d 339 206
2 \/NVNJQ( 641267 : :
- O {038 oo
1 e . 47.1 420
Q - Q 24 —ph R=A®) S 343 306
N
RN R = PMP! 31
u 27 25 ( ) 28.4 250
12 %NVN\/ 766153 36.9 326 855900
/~Ph
H O 27 26 e 31 294 25.4
N - -
13 >LN\.\T/N T6om54 347 306 o < 855899
N 27 N 32
H !
14 \/NVN@ 266163 375 332 27 /Nj 637547 235 203

Table 3. Summary of %V,,, for a series of gold(l) complexes bearing uncommon or exotic NHC ligands.

different sets of descriptors, such as the sterimol parameters,
have been proposed.3* Although these approaches have been
proven to be extremely useful for correlating a given structural
feature to catalytic activity, they do not showcase a clear picture
of the catalytic pocket. Therefore, Cavallo and coworkers
conceived a new and complementary concept, the steric
maps,® to overcome this limitation and provide a way to
represent and visualise the steric profile of — particularly
unsymmetrical — NHC ligands, inter alia.

Steric maps show, via coloured contours, the steric bulk that
is presented to the metal centre, and divides it into quadrants.
These are visualised looking along the bond between the metal

This journal is © The Royal Society of Chemistry 20xx

centre and the carbene carbon (see Figure 5). These allow an
appreciation of how the steric impact of the ligand is distributed
throughout space; i.e. this might be evenly spread, or one or
more areas may contain most of the steric bulk. This allows the
identification of features such as catalytic pockets, or might
allow for the origin of enantioselectivity to be identified for
some catalysts. For example, as shown in Figure 5 for
[AuCI(ITrop)],3> both South East (SE) and North West (NW)
quadrants are heavily hindered by the ligand (% Vpur = 62.2 and
44.7, respectively); thus, in catalysis, this ligand would allow
substrates to approach preferentially from the South West (SW)
or North East (NE) positions (% Vpur = 28.3 or 38.4, respectively).

J. Name., 2013, 00, 1-3 | 5
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% Vipuy = 44.7 % Vi, = 38.4

% Vur = 28.3 "~ %V, = 62.2

% Vpyr = 43.4
More Bulky
——— R
Less Bulky

Figure 5. %V, vs Steric map representation of [AuCI(ITrop)]

3.2 Scope and Limitations

SambVca 2.08d can be used to simultaneously calculate the
%Vbur and steric maps of a given species. The required input is
the same in order to calculate both parameters: a CIF or XYZ file
with the atomic co-ordinates of either the ligand of interest or
the complete complex. While the %V condenses the overall
steric impact of a given ligand into a single descriptor, the steric
maps offer a per quadrant representation of the steric
hindrance around the metal centre, thus providing a better
picture of the catalytic pocket This could be particularly useful
for complexes bearing unsymmetrical or chiral ligands.

To illustrate how steric maps can help to better rationalise
the steric impact of a given ligand, both steric maps and %Vpur
for selected gold(l)-NHC species were calculated and compared
(Table 4). Entries 1 and 2 in Table 4,3¢ show two unsymmetrical
complexes, bearing N-Mes and N-alkyl substituents, which have
the same overall %V, of 34.5 (for an Au-NHC length of 2.00 A);
thus, making it difficult to understand the difference between
the steric profiles of these ligands from this descriptor alone.
The subtle differences between these two ligands can better be
understood by looking at their corresponding steric maps. From
these it is clear that, for example, for the ligand bearing a N-
cyclodocecyl substituent (Entry 1) the northern quadrants (NE,
NW) are more hindered; therefore, a substrate might approach
from the SE or SW. However, in the case of the second NHC
(Entry 2) both SE and NW quadrants are more sterically
congested, thus forming a diagonal axis from where the
substrate can approach the metal centre. Another example of
how steric maps can help us to better understand the steric
environment around a metal centre can be seen for
unsymmetrical complexes bearing bulky yet highly flexible N-
substituent, such as Trop (Entries 3-5, Table 4).3%> There, it can
be appreciated how the N-Trop substituent can easily adapt
itself to the steric requirements of the complex, thanks to the
free rotation around the CN bond. This can lead to complexes
where the Trop group is perpendicular (Entries 3 and 5, Table 4)
or parallel to the XY plane (Entry 4, Table 4). Depending on the
orientation of the Trop group, both %V and steric maps can
present dramatic variations. This can be seen, for example,
when comparing the %V between the complexes bearing a N-
adamantyl and N-methyl substituents in Entries 4 and 5. The
theoretically bulkier ligand, with a N-adamantyl group, has a
lower %Vyur than the one bearing a N-methyl group (37.7 vs

6 | Chem. Commun., 2016, 00, 1-3

% Vpyur for M-NHC length at

Ent CHNHC Steric map A A
i [AuCK( ) representation? 2.00 2.28
)
1 /quN 345 29.8
Reference/ 36
ccpe 933273
o/
2 /QNYN‘%A 345 299
Reference/ 36
cepe 939289
3 %NYN3 511 469
Reference/ 35
ccope 1028999
—\ Q
NN
4 @’ 7 376 33.1
Reference/ 35
ccope 1028996
25.9 65.5
40.2 36.8

/NC\N D
5

Reference/
ccoe 1029001
Table 4. Selected examples of [AUCI(NHC)] species and their corresponding % Vpyr
and Steric maps. ¢ Calculated for Au-NHC length of 2.00 A.

265 Y430

40.2); the same trend can be observed when looking at their
steric maps. These examples also help to highlight the main
limitation of these descriptors, which is that they only consider
ligand conformations in the solid state. This is perfectly valid
when studying a very rigid system where conformational
changes will have a limited impact on the steric environment in
solution, but it could lead to misinterpretations when dealing
with highly flexible substituents. Therefore, even though both
descriptors are very useful to help researchers to better
understand the environment around a metal centre, they
should be analysed with caution when dealing with flexible
ligands.

4. Application of %Vuur and Steric Maps in
Catalysis Mediated by Transition Metals

The main function of molecular descriptors is to help
researchers understand and rationalise reactivity trends. In this
regard, both %V, and steric maps have been used, as stand-
alone parameters or in combination with other descriptors, to
further understand chemical processes. In this section we
would like to disclose some selected examples covering a
variety of areas, ranging from stoichiometric organometallic
chemistry to catalytic transformations, where the use of either
%Vuur or steric maps helped to elucidate reactivity trends.
Recent work at the forefront of catalysis by researchers such as

This journal is © The Royal Society of Chemistry 2016



Milo and Sigman has used a range of parameters to understand
selectivity and reactivity in catalysis,3” but %V, and steric maps
are more straightforward and accessible ways to identify trends
in catalysis.

4.1 Oxidative Addition to Gold

Recently, Glorius and coworkers have expanded their work on
the combination of gold(l) and photoredox catalysis with a
mechanistic study on the oxidative addition of aryl-diazonium
salts, bearing a pendant pyridine moiety, to Au' species; these
reactions afford (C,N)-cyclometalated Au"' complexes (Scheme
1).38 With this work they intended to validate their mechanistic
hypothesis, where a Au' species oxidized by a
photogenerated aryl radical to Au'" and then subsequently to

was

Au''in an electron transfer chain, and devise a straightforward
protocol to access (C,N)-cyclometalated Au"
complexes.38b |nterestingly, they observed that the reaction

cationic

worked for both NHC and phosphine ligands, more or less
independently of their electronic properties. However, the
reaction proved to be quite sensitive to variations on the steric
environment of the Au' species. %Vp.r analyses revealed that
the efficiency of the reaction decreased with an increase in
buried volume. The authors conclude that this observation
likely explains the poor catalytic activity of gold(l) complexes
with %Vpur > 44 in their original report.3°

BF, L [RuGpyIBF, L |BF4
0, &
\’H + Au (0.5 mol%) Au
Z N | 9 ZN ¢
S Cl T S
L = PR3 or NHC

o Increased Reaction

Smaller %Vp,, Efficiency

Scheme 1. Oxidative addition to Au' by photoredox catalysis.

4.2 Iridium-catalysed Hydrogen Isotope Exchange.

Another example of the use of %Vuur to understand catalytic
activity was reported by Kerr and Tuttle in 2014.40 They
reported the use of [IrCI(COD)(NHC)] species to perform CH
activation and deuteration of primary sulphonamides (Scheme
2). There, they used a combination of %Vy. and the Tolman
electronic parameter (TEP) to help them understand the
reactivity trends and ultimately select the best catalyst. Their
study revealed that non-bulky catalysts, where the ligand had
%Vbur < 33%, were inactive in this transformation. The authors
hypothesised that this observation was consistent with their
belief that bulky substituents help to achieve an efficient
reductive elimination step, thus favouring the overall process.
In addition, the use of the TEP helped them to elucidate the
difference in reactivity between NHC ligands with similar steric
environments, and suggested that more electron rich ligands
boosted reactivity. All the above considerations lead them to
select [IrCI(COD)(IMesMe)] as the catalyst of choice for the CH
activation and deuteration of sulfonamides.*°

This journal is © The Royal Society of Chemistry 20xx

o P
| A N NH2
= D,

[IrCI(COD)(NHC)]
(5 mol%)

Do 0
g
Z>p

Increased Reaction
Efficiency

Bigger %Vpy,

Higher TEP

Scheme 2. CH activation and deuteration of sulfonamides by [IrCI(COD)(NHC)]
species.

4.3 Palladium-catalysed Cross-Coupling

For the last decade, many groups have been interested on the
synthesis of Pd-NHC complexes and the study of their reactivity
in cross-coupling reactions.*! It has been observed that the use
of bulky, electron rich ligands helped promote challenging
transformations, such as the synthesis of tetra-substituted
biaryl species.?1t: 42 |n 2012 the synthesis and reactivity studies
of [Pd(n3-cinnamyl)CI(IPr*)] was reported (Scheme 3).%3 Studies
revealed that this ligand was the most active for this
transformation under mild reaction conditions, when compared
to other prominent bulky NHC ligands such as IPent or (anti-
(2,7)-SICyoctNap). A careful evaluation and comparison of the
%Vbur and Steric maps of [Pd(n3-cinnamyl)CI(NHC)] (NHC = IPr,
SIPr, IPr* and anti-(2,7)-SICyoctNap) revealed that, although
IPr* was the bulkiest NHC reported for catalytically active
[Pd(n3-cinnamyl)CI(NHC)] species, it is also quite flexible and can
adapt its shape to the surrounding environment. A careful
examination of the steric maps also revealed that [Pd(n3-
cinnamyl)CI(IPr¥*)]
with the other two being less sterically congested. It was
hypothesised that the latter are the route of approach for the
substrates, allowing the formation of the key intermediate
[PA(Ar)(Ar’)(IPr*)], while the two bulkier quadrants might
influence and facilitate the reductive elimination step and thus
the product formation.*3

R 9
N (HOB 2N  [Pd(cin)CI(NHC)] XN X
RU R —— _ _

Bigger %V,

possesses two highly hindered quadrants,

Increased Reaction
Efficiency

Higher Flexibility

Scheme 3. Use of [Pd(n3-cinnamyl)CI(NHC)] for cross-coupling reactions.

4.4 Oxidation of Nickel Pre-catalysts

Sigman reported a profound steric effect on the reactivity of
[Ni(n3-allyl)CI(NHC)] complexes with oxygen.** Solutions of the
nickel species with many NHC ligands were found to lead to the
formation of [NiCl(u-OH)(NHC)]» dimers (Scheme 4). It was
found that I'Bu and IAd complexes were highly stable to oxygen,
with no reaction observed after 48 h in benzene, THF, or DCM.
In contrast, complexes bearing NHCs such as IPr, SIPr, and IMes
underwent reaction within seconds (in benzene or THF), with
the ICy complex being slightly more stable (ca. 5 min in
benzene). %Vpur for [Ni(CO)s(NHC)] complexes were used to
establish the trend in steric bulk versus reactivity, but values
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Scheme 4. Oxidation of [Ni(allyl)CI(NHC)] complexes by molecular oxygen.

can also be calculated for the [Ni(n3-allyl)CI(NHC)] complexes
that are known (at 2.00/2.28A: I'!Bu: 37.8/33.5; IBioxMej:
31.2/27.0; IPr: 37.0/31.8);%4%5 these values agree qualitatively
with the observation that the I'Bu complex is stable to oxygen
and the other two complexes are not.

4.5 Dynamic Behaviour of Intermediates in Ruthenium-
Catalysed Alkene Metathesis

Cavallo and co-workers used dynamics calculations to assess
the flexibility of NHCs.*¢ The distribution of different
conformers was assessed, and the percent buried volume of
each conformer was calculated; Figure 6 illustrates the effect of
the N-substituent on the steric impact of the ligand in the
[RUCI>(NHC)(CH;)] complex. This overcomes one of the key
limitations of the use of X-ray data to assess buried volumes.
Notably, both the average %Vuu and the range of %Vpur vary
considerably between ligands. The IPh derivative (V) and the
IMes derivative (1) have approximately the same average %Vpur
but the IPh derivative covers a much larger range.

ChemComm

number of applications,” most notably in hydrogenation.*®
Unfortunately, the use of catalyst systems formed in situ means
there is a lack of good structural data for these types of
complexes. However, a few examples from the literature can be
considered. IBioxMe4 and IBiox[(-)-menthyl] have the same rigid
backbone but different pendant groups. Chaplin has reported
the structure of [RhCI(CO):(IBioxMe4)]*® while Lautens has
reported [RhCI(CO),(IBiox[(-)-menthyl])]; the latter complex is

an effective catalyst for the enantioselective hydroarylation of
alkenes using boronic acid substrates.>° The catalytic pockets in
each of these complexes can be visualised using steric maps,
showing that the achiral complex is very open, with little
difference in the steric impact of each quadrant, while the
rhodium centre in the chiral complex clearly has only limited
accessibility (Figure 7; the measured Rh-C distances were used).

0.354

P(%VByr

P(%VBur)

%VBur

Figure 6. Dynamic behaviour of [RuCl,(NHC)(CH,)] complexes; reproduced with
permission from reference 46.

a) Y
% Vipur =27.9 % Vpur =31.0
z
Y
0
Cl-,
J(N)—L*NUL
0 o)
% Vour = 30.7 % Ve = 32.5 % Vpyr =31.2
More Bulky
——r s
Less Bulky "
b)
% Viur =44.5 % Vi = 40.8
X
’Pr
N N
% Vpy = 42.7 % Vipur =40.8 % Vour = 44.5

Figure 7. Visualising the spatial arrangement of steric impact in (a)

[RhCI(CO),(IBioxMe,)] and (b) [RhC|(CO)2(|BIOgX[( )-menthyl])].

4.7 Regioselectivity Switching in Nickel-Catalysed Reductive
Couplings of Aldehydes and Alkynes

Houk and Montgomery have used DFT methods to understand
why the regioselectivity of reductive alkyne/aldehyde coupling
reactions switches with different NHCs;>! larger and smaller
NHCs produce different products (Scheme 5).

4.6 Understanding Enantioselective Catalysis

An underexplored application of steric maps is in catalysis using
chiral NHCs or complexes thereof. Chiral NHCs have found a

8 | Chem. Commun., 2016, 00, 1-3

[Ni(COD),;
\/\ NHC jr/;;w me
HSI(Pr)s
4 distal proximal
Bigger % Vpur Selectivity for Proximal Products

Smaller %V, Selectivity for Distal Products

Scheme 5. Oxidation of [Ni(allyl)CI(NHC)] complexes by molecular oxygen.

While DFT calculations could reproduce the observed
regioselectivity relatively well, there was not a simple
relationship between %Vy, and regioselectivity. A complete

This journal is © The Royal Society of Chemistry 2016
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understanding of ligand effects required the use of 2D contour
maps of the van der Waals surface (Figure 8). The isopropyl
substituents on IPr were found to protrude into an area of space
where they clashed with substituents on the alkyne, while IAd
and ITol presented most of their steric bulk in a different region.

7 -2 o0 2 4 -4 -2 o0 2 7

Fi§ure 8. Visualising the steric impact of NHCs attached to nickel catalysts; from
left to right: ITol, IAd, IPr. The red X represents where the distal substituent of the
alkyne sits. Image reproduced from reference 51 with permission.

5. Conclusions and Outlook

Two key methods to analyse and quantify the steric impact of
N-heterocyclic carbene (NHC) ligands have been presented and
discussed. The percent buried volume (%Vpy) provides a
convenient single number to measure the overall steric impact
of a ligand; steric maps provide a graphical representation of
the steric profile of a ligand using colour-coded contour maps
and also provide per quadrant information of the steric impact
of the ligand. The former is the most used to date and it is a
good descriptor to compare the overall steric impact of NHC
ligands; the latter provides a better picture of the ligands’ steric
contour and its impact on the catalytic pocket. Both
methodologies are useful descriptors to guide our
understanding and comparison of the steric demand of NHC
ligand. However, their main limitation is intrinsic to the way
they are calculated: both parameters require the use of a CIF or
XYZ file with the atomic co-ordinates of either the ligand of
interest or the complete complex. This means that they
describe the steric impact of the most thermodynamically
stable conformation of the ligand, or that which is favoured
under the crystallisation conditions, and so they are not
completely representative of behaviour in solution. While one
must be careful when interpreting results from %Viur
calculations and steric maps, especially when dealing with
flexible ligands, these remain two of the most conceptually
simple, easy-to-use, and powerful ways of exploring the steric
properties of NHCs.
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%Vbur
Ad
bpy
CAAC
CAArC
CIF
cin
CcoD
Dipp
IAd
IBioxMe4

ICy
IDD
IDM
IDMC
IDMMe
IHept

liPr
|,‘Pr-Benz
IMes
IMesMe
INon
IPent

IPh
IPr

IPrc

IPrve

IPrNH2

I[ProMe

IPr¥*

I'Bu
ITent
ITol
ITrop

MelPr
MeltBu
Mes

NHC

PMP
SICyoctNap

SliPr
SIMes

percent buried volume

adamantyl

2,2’-bipyridine

cyclic (alkyl)amino carbene

cyclic amino(aryl) carbene

crystallographic information file

cinnamyl

1,5-cyclooctadiene

2,6-di-iso-propylphenyl
1,3-diadamantylylimidazol-2-ylidene
3,3,7,7-tetramethyl-2,3,7,8-
tetrahydroimidazol[4,3-b:5,1-b’]bis(oxazole)-4-
ylidene

1,3-dicyclohexylimidazol-2-ylidene
1,3-dicyclododecylimidazol-2-ylidene
1,3-dimethylimidazol-2-ylidene
1,3-bismethy-4,5-dichloroimidazol-2-ylidene
1,3-bismethy-4,5-dimethyllimidazol-2-ylidene
1,3-bis(2,6-di(4-heptyl)phenyl)imidazol-2-
ylidene

1,3-bisisopropylimidazol-2-ylidene
1,3-bisisopropyl-benzimidazol-2-ylidene
1,3-dimesitylimidazol-2-ylidene
1,3-dimesityl-4,5-dimethylimidazol-2-ylidene
1,3-bis(2,6-di(5-nonyl)phenyl)imidazol-2-ylidene
1,3-bis(2,6-di(3-pentyl)phenyl)imidazol-2-
ylidene

1,3-diphenylimidazol-2-ylidene
1,3-bis(2,6-di-iso-propylphenyl)imidazol-2-
ylidene

1,3-bis(2,6-di-iso-propylphenyl)-4,5-
dichloroimidazol-2-ylidene
1,3-bis(2,6-di-iso-propylphenyl)-4,5-
dimethylimidazol-2-ylidene
1,3-bis(2,6-diisopropyl-4-aminophenyl)imidazol-
2-ylidene

1,3-bis(2,6-diisopropyl-4-
methoxyphenyl)imidazol-2-ylidene
1,3-bis(2,6-bis(diphenylmethyl)-4-
methylphenyl)imidazol-2-ylidene
1,3-di(tert-butyl)imidazol-2-ylidene
“tentacular” imidazol-2-ylidenes
1,3-bis(4-methylphenyl)imidazol-2-ylidene
1,3-bis(5H-dibenzo[a,d]cyclohepten-5-
yl)imidazol-2-ylidene
1-methyl-3-(2,6-diisopropyl)imidazol-2-ylidene
1-methyl-3-(tert-butyl)imidazol-2-ylidene
mesityl; 1,3,5-trimethylphenyl

N-heterocyclic carbene

para-methoxyphenol
N,N’-bis(2,7-bis(dicyclooctylnaphthalen-1-yl)-
imidazolin-2-ylidene
1,3-bisisopropyl-4,5-dihydroimidazol-2-ylidene
1,3-dimesityl-4,5-dihydroimidazol-2-ylidene
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SIPr 1,3-bis(2,6-di-iso-propylphenyl)-4,5-
dihydroimidazol-2-ylidene

TEP Tolman electronic parameter

THD-Dipp 1,3-bis(2,6-diisopropylphenyl)-3,4,5,6-
tetrahydrodiazepin-2-ylidene

THD-Mes 1,3-bis(2,4,6-methylphenyl)-3,4,5,6-
tetrahydrodiazepin-2-ylidene

THP-Dipp 1,3-bis(aryl)-3,4,5,6-tetrahydropyrimidin-2-
ylidene

Trop 5H-dibenzo[a,d]cyclohepten-5-yl
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