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ABSTRACT: We find a Cu(Il)-(L-CF;), complex (L-CF,

2,2,2-trifluoro-N-[2-(pyridin-2-yl)propan-2-ylJacetamide) with a
distorted “seesaw” geometry. It has the shortest crystallographic
CF---Cu distances yet reported, to the best of our knowledge (<2.6
A), for which computational and experimental data indicate a
secondary bonding interaction. A comparison with a CCl; version
and one without ligand backbone gem-dimethyl groups suggests a
steric origin for the distorted geometry, resulting from the specific

ligand interactions.

luorocarbon C—F bonds are normally noncoordinating,'

with few C—F-+M (M = transition metal) interactions
being known, especially for late first-row transition metals.'
C—F--M interactions may model early stages of C—F
activation, and M--F interactions may also influence some
catalytic systems.”” CF; groups are often incorporated into
ligands in order to tune their electronic character,® in which
case secondary M---F interactions can result,’ but the M---F
interaction itself has been less studied.

Attempts have been made over the years to qualify M---F
interactions, particularly in solid-state crystal structures. The
general understanding is that this type of “secondary binding”
involves distances intermediate to the sums of the covalent
radii and van der Waals radii of the metal and fluorine atoms.
However, van der Waals radii can be somewhat arbitrary, and a
seminal review of M—F interactions by Plenio proposed that
an interaction <2.7 A for first-row transition-metal complexes
is a reasonable threshold.” A survey of the Cambridge
Structural Database (updated November 2020) returned only
six structures with a Cu-+F contact to CF; groups of <2.7 A.
Only two of those structures had a Cu--F contact of <2.6 A,
neither of which had N-donor ligand environments.”"’

While attempting to tune the electronic effects of a series of
Cu complexes for water oxidation catalysis,'' we came across
an unusual coordination environment of a distorted seesaw
Cu(II)-(L-CF;), complex (L-CF; = 2,2,2-trifluoro-N-[2-
(pyridin-2-yl)propan-2-ylJacetamide) with short Cu---F dis-
tances. We now report its synthesis and structure and a
computational analysis of the nature of the Cu---F interaction.
Modifications of the complex include a CCl; version and one
without ligand backbone gem-dimethyl groups, in order to
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investigate electronic and steric factors contributing to the
close Cu--X distance as well as to the distorted geometries.

While a seesaw geometry is uncommon for Cu(II), it is not
unprecedented. Cu(II) coordination complexes can be four-,
five-, or six-coordinate and can adopt a range of different
geometries. Due to its d’ electron configuration giving rise to a
classic Jahn—Teller distortion, Cu(II) tends to form complexes
that are square planar or octahedral with axial elongation, yet
tetrahedral distortions are quite common.'” In a number of
cases, interligand steric repulsion leads to a distorted
geometry.'”'* However, the combination of a distorted
geometry and close M---F contacts has not been reported so
far; in other cases, M--F contacts are axial, allowing the
conventional (N, O) donor ligands to adopt a square-planar
geometry.ls’16

B SYNTHESIS AND CHARACTERIZATION

The ligand L-CF; was synthesized by coupling a commercially
available primary amine with trifluoroacetic anhydride. The
copper complex 1 was then generated by adding 2 equiv of L-
CF; to Cu(OAc),-H,0 in an acetonitrile/methanol mix (9/1
v/v) (Scheme 1). Single crystals for X-ray diffraction were
grown by slow diffusion of pentane into a dichloromethane
solution of 1. The absence of counterions in the crystal
structure indicates that the amide ligands are deprotonated, no
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Scheme 1. Synthetic Scheme of 1 (X = F) and 2 (X = CI)
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doubt by the acetate ions present in the synthesis. ATR-FTIR
spectra show a shift in the amide C=0 stretching frequency
from 17164 cm™ in the free ligand to 1639.2 cm™ in the
complex (Figure S4), consistent with ligand coordination to
the Cu center. The color of 1 results from a 4,,,, band at 643
nm with € & 130 M™' cm™, consistent with a Cu d—d
transition (Figure S6).

The crystal structure of 1 shows a bis-ligated Cu center
cocrystallized with two dichloromethane solvent molecules
(Figure 1). Key bond lengths and angles can be found in Table

Figure 1. Single-crystal X-ray structures of 1 and 2, with 50% thermal
ellipsoid probability levels. Hydrogen atoms and solvent molecules are
omitted for clarity.

Table 1. Selected Bond Lengths (A), Distances (A), and
Angles (deg) for 1 and 2

1 2
Cu—NI1 (py) 2.003(5) 2.049(3)
Cu—N2 (amide) 1.930(4) 1.947(3)
Cu—N3 (py) 1.999(4) 2.047(3)
Cu—N4 (amide) 1.913(4) 1.939(3)
Cu-X1 2.569 2.708
Cu--X4 2.530 2.707
N1-Cu—N2 83.71(18) 83.87(13)
N3—Cu—N4 83.39(18) 83.21(13)
NI1-Cu—N3 125.88(18) 112.20(13)
N2—Cu—N4 162.45(18) 169.33(14)

1. The Cu---F distances are 2.569 and 2.530 A, intermediate
between the sum of the covalent radii'” (1.32 + 0.57 = 1.89 A)
and of the van der Waals radii'® (1.4 + 1.47 = 2.9 A) and
significantly shorter than Plenio’s® suggestion that 2.7 A is
typical for such a secondary interaction.

Further information was obtained by electron paramagnetic
resonance (EPR) spectroscopy and electrochemical methods.
X-band continuous wave EPR spectroscopy of 1 displayed a
rthombic spectrum with g, = 2.029, g, = 2.099, and g, = 2.241
with Cu hyperfine splittings of 331, 0, and 222 MHz (Figure
S7 and Table S1). The g, value is known to be indicative of the
tetrahedral distortion of four-coordinate Cu(Il) complexes,
with g, values of less than 2.20 for square-planar complexes and
close to 2.40 for tetrahedral complexes.'” This is due to mixing
of the d orbital into the singly occupied d,_, orbital. A g,
value of 2.241 for 1 suggests that the distorted geometry
observed in the crystal structure is maintained in solution. An
oxidative sweep in a cyclic voltammogram up to 1.5 V vs Fc/
Fc* (Fc = ferrocene) showed no features above background,
indicating that the complex is not easily oxidized. A scan in the
reductive direction showed a quasi-reversible feature with E,
= —1.00 V vs Fc/Fc* (Figure S8). The electrochemical and
EPR data together characterize the metal center as a distorted
Cu(1l), S = 1/2 complex.

In order to test the generality, we attempted to synthesize
the CCl; version (2) by an analogous method (Scheme 1);
however, we were only able to recover unreacted starting
material. Thinking that this was due to the lower stability of
the complex disfavoring the reaction, likely related to a
difference in pK, values of the CCl; versus the CF; ligand, we
scanned a number of different bases in the reaction, including
K,CO;, KOH, and excess NaOAc. While we were unable to
obtain a large enough quantity of material for bulk analysis,
upon adding KOH we were able to isolate a few teal-colored
crystals that showed a similar distorted structure by single-
crystal X-ray diffraction (Figure 1). For complex 2, the Cu---Cl
distances are 2.708 and 2.707 A, which are longer than the
analogous Cu---F distances due to the larger size of the Cl
atoms. These distances are still intermediate between the sum
of the covalent radii'” (1.32 + 1.02 = 2.34 A) and of the van
der Waals radii'® (1.4 + 1.77 = 3.2 A), and in fact the effective
distance is shorter for the Cl version; the difference in atomic
size between F and Cl is ~0.4 A, while the difference in the
Cu--X distances is only ~0.2 A. The slightly longer Cu—N
bond lengths in complex 2, together with the contraction of
the effective Cu—X distances, indicate an expansion of the first
coordination sphere that may be related to the lower stability
of the complex.

B ANALYSIS OF CU-F INTERACTIONS

Paramagnetism precluded us from using variable-temperature
NMR to determine bond rotation barriers for the CF; groups
or from obtaining relevant coupling constants, as has been
done previously.”*”*' We therefore turned to density func-
tional theory (DFT) calculations to characterize the close Cu--
F contacts in 1 and to determine the origin of the unusual
seesaw coordination geometry. Geometry optimizations were
performed in the gas phase with the B3LYP functional’** and
6-31+G(d,p) basis set”* ** as implemented in Gaussian 16,
Revision C.01,” and showed excellent agreement with the
experimental bond distances and angles (Table S2). Single-
point calculations were performed with the B3LYP functional
and 6-311+(2df,p) basis set’*~>° in the solvation model based
on density (SMD) continuum model for dichloromethane®
(see the Supporting Information for detailed computational
methods, comparisons with other functionals and basis sets,
control calculations with dispersion correction, and bench-
marking with experimental observables).
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We first characterized the strength of the short Cu--F
interaction by determining the free energy barrier for the
rotation of the CF; group in 1. The barrier of 2.0 kcal/mol is
indicative of secondary coordination rather than a true Cu—F
covalency. A natural bond orbital (NBO) analysis®”*® gave
further insights. The NBO method transforms canonical
molecular orbitals into localized one- and two-center orbitals
that correspond to lone pairs and bonds in the Lewis structure
picture. If the Cu--F interaction were truly a bonding
interaction, one would expect to see a two-center NBO across
the Cu—F bond. However, no such orbitals were found, and
the electrons on Cu and F remained localized in one-center
lone pair NBOs (Figure 2A and Figure S10). Along with the

Figure 2. Three NBOs of (A) 1 and (B) 2. The p orbitals of F/Cl and
the d orbitals of Cu are localized in one-center NBOs, suggesting a
secondary coordination interaction.

relatively small barrier for CF; rotation, this is consistent with
the short Cu-F distance being a secondary interaction.
Analogous results were obtained for the Cu--Cl interaction
in 2; the free energy barrier for CCl; rotation was slightly
larger (6.1 kcal/mol), but no two-center NBOs were observed
between Cu and Cl (Figure 2B and Figure S11). In both cases,
the p orbitals on the halogen atom were polarized by their
interactions with the Cu center, with this effect being more
pronounced for the Cl orbitals of 2. For both 1 and 2, the
unpaired electron was localized in the d,, orbital of the Cu
center, as indicated by the NBO analysis (Figures S10 and
S11) and spin populations (Figure S12 and Table S13).

The quantum theory of atoms in molecules (QTAIM)™ as
implemented in Multiwfn, version 3.7, was used to further
analyze the Cu---X interactions in 1 and 2. QTAIM uses the
topology of the electron density (p(r)) to identify basins
(atoms) and bond critical points (BCPs). Basins correspond to
local maxima in p(r), while BCPs are saddle points between
two basins at which p(r) is at a minimum in the direction of
the bond and a maximum in the other directions. An analysis
of the BCPs between Cu and F/Cl further supported their
characterization as secondary coordination interactions (Table
2). The Laplacian of the electron density (V2p(r)) provides
insight into the accumulation or depletion of p(r) at the BCP.
For both Cu--X interactions, positive values of VZp(r)
indicated a depletion of electron density at the BCP
characteristic of a closed-shell interaction. The energy density
(H(r)), composed of the potential (V(r)) and kinetic (G(r))
energy densities, at the BCP is negative in sign and small in

magnitude for both interactions, which is consistent with a
weak coordination interaction.”' Finally, the delocalization
index (DI) was computed between each pair of atomic basins.
The DI is closely related to bond order,”” and these small DI
values indicate that there is only minor electron delocalization
between the Cu center and F/ClI ligands. The magnitudes of
p(r), H(r), and DI are similar but larger for Cu--Cl in
comparison to Cu-F, consistent with rotation barrier and
NBO analyses that showed a stronger Cu---Cl interaction.
Opverall, the QTAIM analysis provides additional evidence that
Cu and F/Cl form secondary coordination interactions in 1
and 2.

B STERIC EFFECTS AND GEOMETRY

Cu(Il) d° complexes tend to prefer a square-planar or
octahedral geometry with elongated axial M—L bonds due to
a classic Jahn—Teller distortion. However, a rich variety of Cu
complex geometries exist, and 1 shows a distorted-seesaw-like
geometry with a 7 parameter of 7, = 0.51 (7, = 1.00 for a
tetrahedral geometry and 7, = 0.00 for a square-planar
geometry).”> A possible origin of the distortion is a pseudo-
cis Jahn—Teller effect on an elongated trigonal prism as
discussed in the literature.** However, the geometry of our
complexes more closely resembles octahedral than trigonal
prismatic; thus, we primarily considered three possible causes
for the distortion by experimental and computational methods:
the Cu---F interaction, steric interactions between the two L-
CF,; ligands, and the steric effects of the gem-dimethyl group in
the backbone of L-CF;.

While steric interactions between the two ligands play a large
role in both the distorted geometry and the close Cu---X
distances, we also wanted to investigate the steric role of the
gem-dimethyl groups on the ligand to see whether they
contributed to fixing the conformation of the amide group.
When the gem-dimethyl group of the ligand was experimentally
replaced with CH,, the structure of the Cu complex became
dependent on which Cu salt was used in the synthesis. With
Cu(OAc), as the Cu source in the same synthetic procedure as
for complex 1, the Cu,(OAc), paddlewheel geometry was
found, with the pyridine moiety of the ligand coordinating
axially and the amide twisted away due to the greater flexibility
of the CH,, moiety (Scheme 2). This paddlewheel complex (3)
was isolated in high yield as the only product. The ligand also
remained protonated, though we were unsure if this was due to
a difference in the ligand pK, in comparison to that of the
dimethyl version or the fact that the more flexible ligand is less
able to coordinate to the metal (metal coordination facilitates
ligand deprotonation). We screened a variety of bases,
including K,CO;, KOH, and excess NaOAc, to no avail,
obtaining either Cu salts with no ligands coordinated or an
unknown, insoluble brown precipitate. With CuCl, as the
starting material, structure 4, analogous to 1, was adopted
(Scheme 2). Since CI~ counterions are not basic like acetate
ions, the synthesis required the addition of a base (KOH) to
deprotonate the amide ligands.

Table 2. QTAIM Parameters (au) for the Cu-F and Cu-Cl Interactions in 1 and 2

atom pair p(r) V2p(r)
Cu-F 0.0189 0.0725
Cu---Cl 0.0253 0.0701

G(r) H(r) DI
—0.0200 0.0191 —0.0010 0.0783
—0.0239 0.0207 —0.0032 0.1607

https://doi.org/10.1021/acs.inorgchem.1c01958
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Scheme 2. Synthesis of CH, Version via Cu(OAc), (3) or
CuCl, (4), Showing the Single Crystal X-ray Structures with
50% Thermal Ellipsoid Probability Levels®
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“Hydrogen atoms are omitted for clarity. The crystal structure for 4
displays a —CF; group disordered over two positions (see the
Supporting Information for crystallographic details).

Since 4 has a geometry analogous to that of 1, we find that
the gem-dimethyl groups in 1 do not play a significant steric
role in the distortion. In the crystal structure, one of the CF;
groups is disordered over two positions but remarkably does
not show an ~60° rotation around the C—C bond, as is typical
for disordered CF; groups. This serves to highlight that the
Cu---F interaction is weak but is significant enough to influence
the CF; group, as the F closest to the Cu shows the most
positional similarity between the two disordered positions. The
Cu--F distances are slightly longer in complex 4 than in
complex 1, at 2.690 and 2.614/2.559 A (for the disordered
group). The DFT-computed CF; rotation barrier was 0.2 keal/
mol, substantially less than that with the gem-dimethyl linker
(2.0 kcal/mol).

DEFT calculations were also used to investigate the origin of
the unusual coordination geometry of 1. Since we have shown
that the gem-dimethyl group in 1 has no major influence, our
computational analysis focused on the relative importance of
the Cu---F interaction and interligand steric effects. In addition
to 1 and 2, we considered the acetamide and formamide
analogues, although these could not be synthesized. Crystallo-
graphic data from synthetic attempts for the formamide
analogue indicated that the amide had hydrolyzed with loss of
the formyl group so that we isolated a bidentate amine
complex. Synthesis of the acetamide version provided a blue

solid that was not soluble in any conventionally used solvents.
We hypothesize this is because it formed an insoluble
coordination polymer by coordinating to another Cu ion via
the oxygen of the amide. Despite the synthetic difficulties, the
acetamide and formamide versions serve as useful computa-
tional models for isolating the effect of interligand sterics on
the coordination geometry. The CH; substituent of the
acetamide version reduces the secondary coordination effect
seen in 1 and 2 (the barrier for CHj; rotation is 1.2 kcal/mol)
while maintaining most of the sterics. The formamide analogue
eliminates both the interactions with Cu and the substituent
sterics, isolating the contribution of the interligand sterics to
the molecular geometry.

Unsurprisingly, the geometries of the two model complexes
were quite similar to those of 1 and 2 (Figure 3 and Table 3),

A B

104°

Figure 3. DFT-optimized structures of (A) the formamide analogue,
(B) the acetamide analogue, (C) 1, and (D) 2. Hydrogen atoms are
omitted for clarity. The obtuse angle between the least-squares planes
of the two planar ligand domains is indicated.

showing that the weak Cu---X interactions are a consequence
of the distortions, not their cause. This suggests that
interligand sterics play a critical role in the distortion from a
square-planar structure. As the size of the R group on the
amine is increased (H < CH; < CF; < CCly), the overall
geometry of the molecule becomes more distorted from a
square-planar structure (Figure 3). With increasing size of the
R group, the N—Cu—N angle between the pyridine groups gets
progressively smaller to approach an ideal seesaw geometry of
90° (141° — 129° — 122° — 111°%; Table 3) and the N—Cu—
N angle between the amide groups increases to approach the
ideal seesaw geometry of 180° (159° — 161° — 164° — 171%
Table 3). In summary, interligand steric effects and the
resulting secondary interactions between F/Cl and Cu work in
tandem to produce this unusual Cu(Il) geometry. Steric
interactions between the ligands preclude the formation of a
square-planar complex even in the formamide analogue, but in
the absence of secondary effects and sterically bulky R groups
the angle between the pyridine rings (141°) is far from an ideal
seesaw geometry (90°). Stabilizing interactions between the
halogens and Cu center and the steric bulk may allow the
complex to approach a true seesaw geometry.

https://doi.org/10.1021/acs.inorgchem.1c01958
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Table 3. Selected Calculated Bond Angles (deg) and Lengths (A) for CuL, Analogues with Substituents R on the Amide

Groups
R Cu—N (py) Cu—N (amide)
H 2.04 1.93
CH, 2.05 1.93
CF, 2.06 1.95
ccl, 2.09 1.97

N-Cu—N (py) N—Cu—N (amide)
141 159
129 161
122 164
111 171

B CONCLUSIONS

We report a structure with the shortest known CF--Cu
crystallographic distances. From our computational analysis,
this Cu---F interaction is weak; thus, steric effects seem to be
the predominant reason for the geometric distortion. These
complexes demonstrate how the incorporation of various
substituents for electronic tuning can also have a great and
unexpected influence on the structure.
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