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Hidden in Plain Sight: Commonly Used Copper N-Heterocyclic
Carbene Catalysts Gain Stabilization from Anagostic Cu---H-C
Interactions

Connly Yan,? Tieyan Chang, Yu-Sheng Chen,? Alexander L. Paterson,® Dan McElheny,® Neal P.
Mankad*?

The ubiquity in organic chemistry of copper catalysts supported by N-heterocyclic carbene (NHC) ligands is often attributed
to the ability of sterically bulky and electronically donating NHCs to stabilize low-coordinate intermediates. Here, we show
using meta-analysis of 893 solid-state Cu-NHC structures that nearly all Cu-NHC complexes contain at least one short Cu-:-H-
C contact within the range expected for anagostic interactions, implying that Cu---H-C stabilization is prevalent in commonly
used Cu-NHC catalysts. A quantum crystallography study of one example, 1'BuCuCl (1), provided evidence for four Cu---H-C
anagostic interactions in the solid state. Based on experimental solid-state NMR spectroscopy and QTAIM analysis of
theoretical charge density, evidence for four Cu---H-C anagostic interactions was also obtained for the solid-state structure
of IPrCuCl (2), a ubiquitous complex in homogeneous Cu catalysis. The effect of these anagostic interactions on the solution-
phase chemistry of 1 was probed by comparing catalytic activity of I'BuCuCl with its deuterated analogue, dis-1'BuCucl,
revealing a secondary kinetic isotope effect (KIE) of ku/kp = 1.09 £ 0.01 for the hydrosilylation of a ketone at 315 K. Since
these anagostic interactions were not previously assigned apart from selected supramolecular systems, knowledge of
anagostic stabilization of Cu-NHC complexes is expected to guide future catalyst designs.

Introduction

Copper(l) N-heterocyclic carbene (NHC) complexes have
become nearly ubiquitous in homogeneous catalysis,
promoting organic transformations including conjugate
addition, allylic substitution, hydrofunctionalization, transfer
hydrogenation, cyclopropanation, aziridination, cross coupling,
click chemistry, C-H functionalization, carboxylation,
carbonylation, olefination, and fluorination reactions.’® Since
the first Cu-NHC complex, [Cu(IMes),]OTf (IMes = 1,3-
dimesitylimidazol-2-ylidene), was reported in 1993 by
Arduengo,® the unique properties of Cu-NHC complexes have
often been attributed to their unusually low coordination
numbers relative to four-coordinate, 18-electron Cu!
compounds. A meta-analysis of structural data in the Cambridge
Structural Database (CSD) by Braunstein in 2019 indicated that
~40% of the >650 Cu-NHC compounds reported at that time
were classified as containing two-coordinate Cu centers,
compared to only ~5% of Cu—PR3 complexes.'® This distinction
between NHC and PR3 ligation to Cu' is usually ascribed to their
different steric profiles, with PR3 ligands giving conical shapes
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best described by “cone angles”!! and NHC ligands projecting
their N-substituents over the metal center in a manner best
described by “buried volume” of the metal coordination
sphere.12"14 However, it should be noted that, in other contexts,
nominally low-coordinate metal centers have often been
documented to engage in agostic M---H—C interactions with
bulky ligand substituents that serve to bring the metal centers
toward coordinative saturation.'>16 Thus, questions are raised
based on the close proximity between the Cu centers and NHC
substituents in many reported solid-state structures (Figure 1):
are nominally two-coordinate Cu-NHC complexes really two-
coordinate, or do they gain stability from intramolecular Cu---H—
C interactions? Answering these questions may impact how
future Cu-NHC catalysts are designed for emerging catalytic
applications.
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I'BuCuCl

IPrCuCl

IPrCuCl

Figure 1. Representative solid-state structures of (NHC)CuX complexes, I‘BuCuCl and
IPrCuCl (CSD codes RIPWAR and EVICER, respectively), highlighting potential close
contacts between the Cu centers and calculated H atom positions of the NHC ligands.

A relevant precedent emerged in a 2021 study by Alabugin and
Sollogoub of NHC-capped cyclodextrins metalated by coinage
metals.l” These complexes feature NHC—M—Cl groups (M = Cu',
Ag', Au') encapsulated within cyclodextrin cavities and were
characterized as featuring “anagostic” M---H-C interactions, i.e.,
3-center-4-electron bonding dominated by electrostatic forces.
Specifically, close contacts between the encapsulated metal
centers and the C°-H positions of two glucose rings were
enforced by the rigid supramolecular scaffold, thus permitting
spectroscopic and crystallographic characterization that
calibrated extensive density functional theory (DFT)
calculations. Inspired by those results, we hypothesized that
conventional Cu-NHC complexes likely also feature anagostic
Cu---H-C interactions that have eluded spectroscopic
characterization in the absence of rigid supramolecular
architectures exploited by Sollogoub and Alabugin. Here, not
only do we present evidence using a combination of CSD meta-
analysis, quantum crystallography, solid-state 13C NMR
spectroscopy, and DFT calculations that solid-state Cu---H-C
interactions occur in nearly every known Cu-NHC complex, but
also that these anagostic interactions are relevant to solution-
phase chemistry as evidenced by observation of an N-alkyl
kinetic isotope effect (KIE) during hydrosilylation catalysis by
I'BuCuCl (I'Bu = 1,3-di-tert-butyl-imidazol-2-ylidene) and its dis
analogue.

2| J. Name., 2012, 00, 1-3

Results and discussion
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Meta-analysis of Cu(NHC) structural data

In the study by Alabugin and Sollogoub,'” the experimentally
determined average Cu---H distance and Cu---H—C angle for the
anagostic interactions were ~2.5 A and ~140°, respectively, for
their crystallographically characterized a-ICyDMeCuCl complex.
Because H-atoms tend to be placed in calculated rather than
experimentally determined positions in most crystallographic
models, we have chosen to examine Cu---C distances rather
than Cu---H distances when considering literature crystal
structures. Computationally, it was determined by Alabugin and
Sollogoub that the optimal ranges to maximize anagostic
Cu--H—C interaction strength are 2.5-2.9 A and 100-180°.
Therefore, based on simple trigonometry (Figure S1), the
optimal anagostic Cu---C distance range is 2.9-4.0 A.

To determine how common it is for CuNHC) complexes to have
Cu---C distances within the 2.9-4.0-A range, we conducted a
meta-analysis of CSD data.'® For example, a search for Cu(NHC)
with  N-dipp (dipp = 2,6-di-iso-
propylphenyl) was conducted to analyze compounds containing

structures substituents
the commonly used IPr and SIPr ligands (608 hits; see Diez-
Gonzalez & Nolan®3 for common NHC abbreviations). For each
entry, the minimum value among the 12 unique Cu--Cipr
distances was tabulated, and the min(Cu---Cp) data for all 608
entries are plotted in Figure 2A. Analogous searches were
conducted for N-aryl groups with 2,6-dimethyl substitution
(thus including IMes and SIMes among others; Figure 2B; 148
hits), N-cyclohexyl groups (ICy, SICy, IAd, SIAd; Figure 2C; 106
hits), and N-tert-butyl groups (I'Bu and SI'Bu; Figure 2D; 31 hits).
It should be noted no other N-substituents were included in this
meta-analysis, searching was restricted only to 5-membered
NHC ligands, and other carbenes such as cyclic alkyl(amino)
carbenes?® were excluded. Combining these datasets together,
a total of 893 entries were included in the meta-analysis of
min(Cu---C) (Figure 2E). Separately, and in agreement with the
previous meta-analysis by Braunstein,’®© a search of all 5-
membered Cu(NHC) structures without restrictions on the
identity of the N-substituents indicated that over 40% of the
1391 hits are classified in the CSD as containing two-coordinate
Cu centers (Figure S2).

This journal is © The Royal Society of Chemistry 20xx
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Figure 2. Results of CSD meta-analysis for Cu(NHC) structures with (A) 2,6-di-iso-propylphenyl, (B) 2,6-dimethyl, (C) cyclohexyl/adamantyl, and (D) tert-butyl substituents on the N
atoms. (E) Results combining datasets (A)-(D). Vertical black lines indicate the 2.9-4.0 A range in which Cu--H-C interactions are expected.

The mean and median min(Cu---C) distances in the entire 893-
membered dataset are 3.65 and 3.70 A, respectively. Removing
duplicate CSD reference codes for redundant entries arising
from repeatedly reported structures gave a smaller the dataset
with 558 unique counts, for which the mean and median
min(Cu---C) distance are 3.70 and 3.72 A, respectively (Figure
S3). Regardless, all these values are well within the 2.9-4.0 A
range identified by Alabugin and Sollogoub as being optimal for
anagostic Cu---H—C interactions.!” Furthermore, when
considering the distribution of min(Cu---C) distances for the
entire dataset (Figure 2E), it can be concluded that nearly every
Cu(NHC) complex reported in the CSD contains at least one
anagostic interaction. As such, our hypothesis that commonly
used Cu(NHC) catalysts feature anagostic Cu---H—C interactions
hidden in plain sight is validated by this meta-analysis, which
also implies that two-coordinate Cu(NHC) complexes really
have effective coordination numbers approaching the value of

four expected from valence electron counting considerations.
The overall min(Cu---C) distribution appears to be bimodal, with
peaks at ~3.25 A and ~3.75 A. This bimodality reflects the fact
that Cu(NHC) complexes in this dataset with N-alkyl groups tend
to have shorter min(Cu---C) distances (e.g., 3.13 A on average
for N-tert-butyl) than those with ortho-substituted N-aryl
groups (e.g., 3.72 A on average for N-dipp). Nonetheless, even
when examining each subset of compounds individually (Figure
2A-D), it is clear that the vast majority of Cu(NHC) entries in the
CSD contain at least one anagostic Cu---H-C interaction
regardless of the N-substituents. In other words, there were no
examples of N-substituents in this meta-analysis that showed
significant min(Cu---C) populations outside the 2.9-4.0-A range.

Quantum crystallography

Please do not adjust margins



http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc09643j

Open Access Article. Published on 08 January 2026. Downloaded on 1/12/2026 10:07:47 AM.

This articleislicensed under a Creative Commons Attribution-NonCommercia 3.0 Unported Licence.

- -Chemical

ARTICLE

To further probe the possible existence of anagostic
interactions in a conventional Cu(NHC) complex, we conducted
a quantum crystallography?%2! analysis of I'BuCuCl (1) using
experimental high-resolution (0.47 A) charge density data
collected at 10 K. The data were processed using Hirshfeld
atomic refinement (HAR) and X-ray constrained wave function
fitting.?? Consistent with a previous literature report (CSD Entry:
RIPWAR),% the solid-state structure of 1 (Figure 3) in the C2/c
space group features a crystallographic C; axis along the Ccarbene-
Cu-Cl bond, causing only half of the molecule (i.e., a single tert-
butyl group) to appear in the asymmetric unit. The Cu(1)---C(1)

d:

1€
>

jence!: =i

Journal Name

and Cu(1)---C(3) distances involving the methyl groups.neasest
to Cu(1) are 3.3470(6) A and 3.3085(6) A, beth FaNRIgRRFHIACHTE
optimal anagostic Cu---C distance range (2.9-4.0 A) indicated
above. The HAR-treated structure yielded corresponding
Cu(1)-+-H(1B) and Cu(1)--H(3A) distances of 2.524(15) A and
2.470(15) A, along with Cu--H-C angles of 130.2(11)° and
132.3(10)°, respectively. The overall experimental Cu---H-C
geometries in 1 show good agreement with those reported by
Alabugin and Sollogoub,” implying the presence of anagostic
interactions in this complex.
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Figure 3. Crystal structure of I'BuCuCl (1, top) with topological analysis of principal interactions according to high-resolution X-ray diffraction experimental data. All atoms (including
hydrogens) are shown as thermal ellipsoids (50% probability), and distances are given in A. Contour plots of V2p(r) for 1 in the plane defined by Cl (1), Cu(1), and H(3A) atoms (bottom
left), and in the plane defined by Cl(1), Cu(1), and H(1B) atoms (bottom right). Interbasin paths are colored solid lines; blue dots correspond to position of (3,-1) critical points.

A guantum theory of atoms in molecules (QTAIM)?* analysis of
the experimental charge density for 1 was carried out to gain
further insight into the nature of the Cu---H-C interactions.
Consistent with the experimental geometry, bond paths each

4| J. Name., 2012, 00, 1-3

with a bond critical point (bcp) were located along the
Cu(1)---H(1B) and Cu(1)---H(3A) vectors, (Figure 3). The Laplacian
of the electron density [V?p(r)], from the second derivative of
charge density [p(r)], at a bcp often reports on the nature of a

This journal is © The Royal Society of Chemistry 20xx
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bonding interaction. A value of V?p(rpep) < O indicates
accumulation of electron density between the atoms, whereas
a value of V?p(rpep) > O corresponds to electron depletion
between the atoms and accumulation at the atomic basins.
From the experimental data for 1, the (3,-1) type Cu-:-H bcps
were found to have low p(rucp) (0.09 e A-3 for both) and positive
V2p(reep) (0.78 and 0.76 e A-%) values, a topology typically
associated with “closed-shell” interactions. However, the
energy densities per electron at both bcps, H(rocep)/p(rocp), were
found to be small and negative (-0.10 and -0.07), whereas
closed-shell interactions are typically associated with positive
H(roep) values.?® Further evaluation using the ratio of potential
energy density to kinetic energy density at the bcps,
| V| (rocp)/G(ruep),?® yielded the value of 1.15 for both Cu--H
anagostic interactions, placing them in the transit region
(V2p(roep) >0; H(roep) <0; and 1 < | V| (roep)/G(roep) < 2) regarded
as intermediate between closed-shell and shared-shell bonding
character. Nevertheless, it is important to note that such
classifications were derived from by meta-analysis of bonding
between either two main-group light atoms or two heavy (>
three atomic shells?®) atoms. In contrast, the Cu---H interaction
represents a heavy-light atom pair, for which standard
topological criteria may not be robust. As previously highlighted
in studies of metal-metal bonding,2>?72%2 bonds involving
transition metals include simultaneous participation of diffuse
ns and contracted (n-1)d orbitals, complicating the qualitative
interpretation of bcp indicators that is otherwise standard in
QTAIM analysis. For comparison, a Ag(l)-silyl complex with
anagostic interactions was reported to have stronger Ag---H
interactions than the Cu---H-C contact in 1, as reflected in its
shorter Ag--H distance and larger bcp indicators (see
Supporting  Information for  detailed comparison).?®
Nonetheless, both complexes fall within the “transit region” of
M:---H—C classification.®

To better characterize the nature of the anagostic interaction in
1, we compared its bcp indicators with those of established
agostic M---H-C motifs, which are described as partially covalent
(rather than electrostatic) three-center, two-electron (3c-2e)
bonding.3° Unlike anagostic interactions, agostic interactions
feature shorter M---H distances, smaller M-:-H-C angles, and
upfield shifted *H NMR resonances,'> though experimental
charge density studies of such interactions in organometallic
systems remain scarce despite their long history.1631 A
representative agostic example, EtTiCls(dmpe) (dmpe = 1,2-
bis(dimethylphosphino)ethane),3? shows larger bcp indicators
and a shorter Ti---Hg distance than 1, and the adjacent Cye-
H(3A) bond in 1 shows a larger p(r) and more negative V2p(r)
value than Cg-Hg, reflecting more pronounced orbital
involvement and ocy—>My donation in agostic systems30 (see
Supporting Information for detailed comparison).

To further probe the anagostic interactions, we considered
bond ellipticity at the bcps, which reflects the deviation of p(r)
from axial symmetry along the bond path.33 In the case of 1, the
€ values for Cu(1)---H(1B) and Cu(1)---H(3A) were found to be
0.37 and 0.30, respectively. These values indicate notable
charge asymmetry along the Cu---H bond paths, consistent with
the DFT-calculated electron delocalization from the Cu toward

This journal is © The Royal Society of Chemistry 20xx
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the methyl hydrogens (Figure S12). Bond ellipticjty, has.been
employed previously in investigations D6f: IONASIADES Hgsskie
interactions32343> as well as M-H---H-C hydrogen bonding.36
Indeed, as Brookhart noted,?> anagostic interactions are more
akin to hydrogen bonds than agostic interactions and are often
characterized by downfield 'H NMR resonances (vide infra).
Additionally, it is well known that for hydrogen-bonded
systems, p(rucp) typically falls within the range of 0.002-0.034
a.u. (i.e., 0.0135-0.2362 e A-3), with corresponding V2p(rucp)
values of 0.024-0.139 a.u. (i.e., 0.5784-3.3497 e A™5).37 In
contrast, agostic interactions generally exhibit p(rpp) and
V2p(roep) values outside these ranges.3® Accordingly, a
comparison of our system with experimentally characterized M-
H---H-X hydrogen bonding is relevant and instructive. For
example, a Mn-H---H-C interaction in cis-HMn(CO)4PPh3; was
characterized as a weak, closed-shell hydrogen bond between
electrophilic and nucleophilic hydrogens (H-+-H, 2.101(3) A; Mn-
H---H, 126.5(1)°).36 In this complex, the Mn-H-:-H-C hydrogen
bond descriptors (p(rbep) = 0.066(5) e A3, V2p(rpep) = 0.79(3) e
A-5, and € = 0.40 ) are comparable to those for the Cu---H-C
interaction in 1. Taken together, these electron density
topologies support the Cu---H-C interactions as being weak and
dominated by electrostatic forces, akin to a hydrogen bond.3°

Table 1. Principal Atomic charges of 1 calculated by different methods.

Atom Hirshfeld Hirshfeld-I ADCH (a.u.) CM5 (a.u.)
(a.u.) (a.u.)
Cu(1) 0.183 0.619 0.131 0.323
Cl(1) -0.459 -0.653 -0.431 -0.519
N(1) 0.010 0.079 0.043 -0.240
C(5) -0.021 -0.109 -0.098 -0.006
H(5) 0.051 0.127 0.136 0.124
C(2) 0.088 0.454 0.049 0.106
C(6) -0.062 -0.314 -0.128 0.023
C(1) -0.083 -0.504 -0.256 -0.229
H(1C) 0.030 0.126 0.086 0.085
H(1B) 0.029 0.105 0.074 0.082
H(1A) 0.034 0.140 0.123 0.093
C(3) -0.085 -0.510 -0.255 -0.234
H(3A) 0.026 0.099 0.067 0.081
H(3B) 0.031 0.131 0.094 0.090
H(3C) 0.036 0.141 0.119 0.091
C(4) -0.081 -0.506 -0.263 -0.226

Table 1 summarizes the atomic charges calculated from
quantum crystallographic data of 1 using various methods. The
magnitude of atomic charges follows the trend: Hirshfeld-I
(HI)*° >> charge model 5 (CM5)*! > atomic dipole moment-
corrected Hirshfeld (ADCH)*2 > Hirshfeld*3. All methods
provided chemically reasonable signs, apart from the CMS5,
which shows an anomaly in assigning the N-C-N fragment on the
NHC carbene.** It is well known that NHC ligands are stabilized
by aromaticity, and the N-C bonds in complex 1 exhibit
significant t-bonding reflected by the Mayer bond order* and
Wiberg bond order*® values of 1.15 and 1.42, respectively.
Moreover, the contour plots of experimental p(r) and V?p(r)
(Figure S27) within the NHC ring revealed a shift of the (3,-1)

J. Name., 2013, 00, 1-3 | 5
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type bcp toward the nodal surface of carbon, indicating that the
carbon in the N-C-N fragment is more electronegative than the
adjacent nitrogen atoms. Apparently, in this case, the CM5
method fails to correct for the underestimation of atomic
charges in the classic Hirshfeld scheme,*” likely due to strong
dependence on interatomic distances.*®

Gratifyingly, all atomic charge distributions consistently showed
that the hydrogen atoms closest to the Cu' carry a lower positive
charge (by 0.005-0.052 e- depending on the method) compared
both to other hydrogen atoms in the same methyl group and
(by 0.013-0.048 e depending on the method) to other hydrogen
atoms on the methyl group not directed at Cu. Notably, the
ADCH method provides clearer differentiation among the
hydrogen atoms, making it particularly useful for assessing
relative trends. Overall, the reduced positive charge on the
hydrogen participating in the Cu---H-C interactions suggests a
partial shift of electron density from the metal toward the
hydrogen atoms, consistent with topological analyses
presented above.

Theoretical analysis

We further performed a QTAIM analysis of charge density for 1
calculated by density functional theory (DFT) using previously
published crystallographic coordinates.??> Topological plots of
the theoretical density also indicated Cu---H bond paths each
with a corresponding bcp (see Figure S15-16). Good agreement

in topological features between the experimental. Aand
theoretical densities (Figures 3 and Figute!'SP4P3rahaatescttie
reliability of both the experimental and DFT methods.
Collectively, we infer that four Cu---H-C anagostic interactions
are simultaneously present in the molecule in its
crystallographic conformation. When considering the Cu-Ccarbene
and Cu-Cl interactions, it is evident that the Cu center in 1 is
surrounded by 6 bcps in a pseudo-octahedral arrangement.
Thus, while the Cu center in 1 has a formal coordination number
of 2, the effective coordination number when including non-
covalent ineractions is 6. Subsequently, we moved into another
common (NHC)CuX complex, IPrCuCl (2). First synthesized by
Sadighi and Buchwald,*® complex 2 is one of the most
commonly-used Cu' pre-catalysts®® and has even been
incorporated into undergraduate laboratory courses.>® The
theoretical models of 2 used for this analysis were based on
published crystallographic coordinates (CSD Entries: EVAHEO
and EVICER).>%>3 Notably, the EVICER has two co-crystallized
dichloromethane molecules that apparently cause slight tilting
of the N-aryl group, whereas EVAHEO contains no co-
crystallized solvents in the lattice and shows N-aryl groups
nearly orthogonal to the N-heterocyclic ring. For both structures
(P21/m vs. Pccn, respectively), complex 2 itself retains
crystallographic C; symmetry (as does complex 1) causing only
half the molecule to reside in each asymmetric unit. Topological
analysis of electronic density for the EVAHEO structure is
included here, and corresponding discussion of the EVICER
structure is given in Supporting Information.
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Figure 4. Molecular graph from a computational model of IPrCuCl (2) (CSD code EVAHEO) with bond lengths and topological analysis of principal interactions displaying (3,-3) type
critical points (violet), (3,-1) type bond critical points (orange), and (3,+1) type ring critical points (yellow).
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The EVAHEO structure has two short Cu---H distances
(Cu--+H(22) = 2.9137 A and Cu--H(31) = 2.9457 A), with
corresponding Cu---C separations of Cu---C(19) = 3.8130 A and
Cu---C(29) = 3.8668 A both falling within the 2.9-4.0 A range. In
this case, QTAIM analysis revealed (3,-1) bcps for both
Cu-+-H(22) (p(rocp) = 0.04 e A3 and V?p(ruep) = 0.34 e A-5) and
Cu-+-H(31) (o(ruep) = 0.04 e A3 and V2p(rpep) = 0.33 e A-5) vectors
(Figures S18-S19). Consequently, four Cu---H-C anagostic
interactions are simultaneously present in 2, together with Cu—
Cearbene and Cu—Cl interactions, placing the Cu center in a
pseudo-octahedral arrangement defined by 6 bcps. The bcp
indicators associated with the Cu---H(22) and Cu---H(31)
interactions unambiguously point to a closed-shell interaction,
as characterized by H(rpcp) > 0, V?p(roep) > 0, and | V| (roep)/G(Focp)
< 1.26 The significantly lower Cu---H bond ellipticity determined
for 2 (g(roep) = 0.19 and 0.19) compared to 1 (g(ruep) = 0.53 and
0.41) can be attributed to differences in Cu---H-C bond angles
(2: 153.26° and 156.98°; 1: 134.67° and 136.09°). Similarly, it has
been reported that the geometry of agostic interactions in NHC-
Ni(l) complexes is markedly influenced by the steric constraints
imposed by the side chain of the NHC.>*

View Article Online
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Figure 5. Computed N-‘Bu rotational barriers for 1'Bu and 1‘BuCuCl.
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Further evidence for anagostic Cu---H-C interactions was
obtained from the DFT models. First, the H atoms near the Cu
centers (and, thus, engaged in anagostic interactions) in 1 and 2
were calculated to have gas-phase 'H NMR chemical shifts
downfield (by 1.39 and 1.13 ppm, respectively) of analogous H
atoms pointed away from Cu (Figures S9-510). This predicted
chemical shift effect for 1 and 2 is similar to the experimentally
observed downfield (by 1.2 ppm) *H NMR resonances for the
anagotic C>-H positions of a-ICyDMeCuCl relative to [a-
ICyDMe-H]*.17 Second, for 1, a frontier molecular orbital (HOMO-
1) was calculated to have some C-H character (Figure S12).
Third, the barrier for N-Cs, rotation was calculated for 1 by
systematically varying the dihedral angle between the N-Ccarbene
plane and one of the Ciy-Cwme planes (Figure S10). The same
calculation was carried out for the free I'Bu ligand (Figure S13).
The difference between the two rotational barriers of 4.9 kcal
mol?! (Figure 5) can be attributed to the energy required to
disrupt two anagostic Cu---H-C interactions from the lowest-
energy configuration, implying that each anagostic interaction
contributes 2.5 kcal mol! of stabilization. This energy
estimation is in line with a recent computational study of Cu---H-
C anagostic interactions by Hernandez Sanchez and Shee.>®
Since the ground-state structure of 1 features four anagostic
interactions, it can be concluded that 1 gains roughly 10 kcal
mol?! of cumulative ground-state stabilization that is typically
ignored when designing Cu(NHC) catalysts.

Solid-state NMR spectroscopy

Given the calculated interaction strength of 2.5 kcal mol?, it is
unlikely that low-temperature NMR experiments would feasibly
provide spectroscopic evidence for Cu---H-C interactions in
solution. Therefore, we sought to further characterize these
interactions using solid-state NMR (SSNMR) analysis of 2.
Though the resolution of a 'H Hahn echo spectrum was
insufficient to resolve overlapping resonances (Figure S28), the
variety of 13C SSNMR spectra revealed desymmetrization due to
anagostic interactions compared to the reported solution-
phase 13C NMR spectra. Because anagostic Cu---H-C interactions
in 2 involve the carbon atoms on the iso-propyl groups, we
focused on the aliphatic region of the 3C SSNMR spectra (ca.
20-30 ppm).

Please do not adjust margins
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Figure 6. Expansion of the 3C CPMAS (in blue), 3C DPMAS with d; = 60s (in orange), and 3C DPMAS Hahn Echo with d; = 5s (in green) spectra for complex 2.

In the solution-phase 3C{*H} NMR spectrum of 2, three iso-
propyl resonances were observed at 6 = 28.8 (methine), 24.9
(methyl), and 23.9 (methyl) ppm.5¢ On the other hand, in the 13C
cross-polarization magic angle spinning (CPMAS) SSNMR
spectrum, six iso-propyl resonances were observed at 6 = 28.7,
28.0, 27.6, 26.9, 24.0, and 21.1 ppm (Figure 6). A 13C direct-
polarization magic angle spinning (DPMAS) Hahn-echo SSNMR
spectrum with a short recycle delay (d; = 5 s) attenuated the
two downfield resonances substantially, consistent with these
two resonances (6 = 28.7 and 28.0 ppm) corresponding to
inequivalent methine carbons. The remaining four aliphatic
resonances (6 = 27.6, 26.9, 24.0, and 21.1 ppm), are then
assigned to inequivalent methyl environments in the solid state.
The downfield shift of two methyl resonances (6 =27.6 and 26.9
ppm) into the methine region is consistent with Cu--H-C
anagostic bonding, relative to the other two resonances (6 =
24.0 and 21.1 ppm) corresponding to methyl groups oriented
away from the Cu center. In short, the methyl groups involved
in anagostic interactions are shifted downfield by an average of
4.7 ppm in 3C SSNMR. These assighments were further

supported by a 3C{*H} HETCOR spectrum (Figure S32), which
confirmed that the anagostic methyl 13C resonances have a
correlation to !'H resonances that are, similarly, downfield
shifted.

Simulated 13C SSNMR chemical shifts (see Supporting
Information for details) generated from the solid-state EVAHEO
structure using plane-wave DFT calculations®” showed excellent
agreement with experiment and reproduced the six iso-propyl
resonances corresponding to the carbon sites assigned above.
Both the experimental and simulated spectra indicate that the
methyl groups not involved in anagostic interactions differ
markedly from each other compared to the inequivalent but
similar shifts for the Cu-:-H-C methyl or methine carbons. This
distinction between methyl groups oriented away from the Cu
center is attributed to packing-dependent shielding effects.
Nonetheless, the simulation further supports the presence of
anagostic interactions in the solid state.

Given that the quantum crystallographic study of 1 established
the ADCH method as particularly effective in differentiating
hydrogen atom charges, this method was also used to analyze

Please do not adjust margins
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2. Once again, the ADCH calculation®? of 2 (Figure 4 and Table
S1) revealed distinct atomic charges for all six aliphatic carbons,
with the carbons involved in anagostic interactions carrying less
negative charges than those uninvolved (i.e., Cu---C(19) =-0.229
a.u. and Cu---C(29) = -0.231 a.u. vs. Cu---C(15) = -0.352 a.u. and
Cu---C(25) = -0.246 a.u.), correlating qualitatively with the 3C

ARTICLE

SSNMR chemical shifts. While this trend is copsistent. with
expected changes in shielding based oRC&IELFGH feR&TY45t
should be regarded as supportive rather than causal, as NMR
chemical shifts originate from magnetic shielding tensors rather
than atomic charges.
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Figure 7. Determination of a kinetic isotope effect for ketone hydrosilylation catalyzed by I'BuCuCl vs. dis-1'BuCuCl. Averaging over multiple runs, it was determined that ku/ko = 1.09

+0.01.

Kinetic isotope effect

The preceding experimental and computational data establish
the presence of anagostic interactions for most Cu(NHC)
complexes in the solid state. Since most applications of Cu(NHC)
complexes are in solution phase, we next sought evidence for
anagostic interactions in solution. Thus, we chose to examine
whether anagostic interactions influence catalytic reaction
rates by comparing the behavior of I'BuCuCl with its deuterated
analogue, dis-1'BuCucCl (Figure 7).

The probe reaction we chose was hydrosilylation with
methyldiethoxysilane of benzylacetone, duplicating catalytic
reaction conditions reported by Leyssens that give pseudo-first
order kinetics with ketone hydrocupration by (NHC)CuH being
turnover limiting.®® When comparing rates for reactions
catalyzed by I'BuCuCl vs. dig-I'BuCuCl, a secondary kinetic
isotope effect (KIE) of ku/kp = 1.09 + 0.01 was measured
reproducibly. Representative reaction profile data is presented
in Figure 7. The observation of a secondary KIE is consistent with
what is often observed for the equilibrium isotope effect (EIE)

of M---H-C agostic interactions.®® Thus, the observed rate
constant for the current reaction is likely a composite of two
terms, an equilibrium constant (with a secondary EIE) for
reversible Cu---H-C dissociation and a rate constant
(presumably insensitive to the isotopic substitution) for ketone
hydrocupration, as summarized in Figure 8. Although a normal
isotope effect was observed under these conditions, the EIE
values for agostic interactions are known to be highly
temperature sensitive, switching from normal to inverse at
critical temperatures specific to the complex under
investigation.>® Therefore, there are likely to be Cu(NHC)-
catalyzed reactions for which inverse isotope effects would be
measured at optimized conditions. As such, hypothetical
Cu(NHC) compounds lacking anagostic interactions could, in
principle, produce faster catalytic rates in some cases. Although
this analysis is based on the literature of agostic interactions
and other g-complexes with covalent character, the anagostic
interactions in questions exhibit characteristics of (contra-
electrostatic) hydrogen bonds as discussed above and described
by Alabugin and Sollogoub.1” In this regard, it is important to
note that hydrogen bonds, too, are known to exhibit
equilibrium isotope effects of complex origin.60:61
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Figure 8. Proposed involvement of an anagostic equilibrium in the turnover-limiting step for the model reaction probed by isotopic substitution.
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Conclusions

Although many Cu-NHC catalysts are assigned in the literature
as having low coordination numbers and, thus, coordinative
unsaturation, the work in this study indicates conclusively that
nearly every Cu-NHC complex gains stabilization from at least
one — and often multiple — Cu---H-C anagostic interactions
between the metal center and the NHC N-substituents. In other
words, while (NHC)CuX complexes have coordination numbers
of 2 in the classical sense, their effective coordination numbers
are higher when considering all non-covalent interactions at
play. Close examination of such interactions by quantum
crystallography, solid-state NMR, and DFT calculations
confirmed the presence of Cu---H-C anagostic interactions
showing characteristics of closed-shell (non-covalent)
interactions akin to hydrogen bonds. The influence of the
anagostic interactions on solution-phase chemistry was
revealed by experimental kinetics measurements comparing
I'BBuCuCl and d1g-1'BuCuCl as catalysts for ketone hydrosilylation.
Collectively, these observations point to non-covalent
interactions between the Cu center and the NHC N-substituents
as a previously unaccounted feature when considering Cu(NHC)
complexes. These Cu-:-H-C interactions may serve as the basis
for catalyst design principles akin to the recent literature of Au
catalysis.6263
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