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Abstract

A computational study on a series of pinacolate ligands with varying degrees of fluorination (from
four to zero CF3 groups) has been carried out to understand the exceptionally long central C-C
bonds in crystal structures with the perfluoropinacolate ligand, {A(pinf)}. The systems were
studied with both DFT (PBEOQ) and ab-initio (MP2 NEVPT2) models to elucidate the features of
the electronic structure responsible for the enhanced central bond routinely observed in {A(pinf)}
species. Two main influences are responsible: (i) negative hyperconjugation exists between the
alkoxide O atom lone pairs and the central C-C ¢* bond which also have resonance forms that
formally break the central C-C bond and (ii) the lack of hydrogen bonding between any C-H bonds
and the ligand O atoms. Steric influences do not play a significant role, but a central atom A with
a point charge of at least plus two bound to pinf is required to reproduce the crystallographically

determined C-C distances.
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*Dedicated to Prof. Arnold L. Rheingold for decades of peerless collaboration, hundreds of single

crystal X-ray diffraction data sets, and invaluable discussions about what the data actually mean.
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Introduction

Numerous transition metal, rare-earth, and p-block metal complexes of the perfluoropinacolate
(pinf) ligand have been prepared by our group™® and others, particularly those of Willis'® and
Klufers."-'® In every case, the central C-C bond is exceptionally long compared to a typical single
C-C bond length of 1.54 A. An overview of known, structurally-characterized compounds in the
Cambridge Structural Database'” is given in Scheme 1. For 115 unique distances in 60 metal-
containing structures, the average C-C distance is 1.63(3) A. For 46 unique distances in 31 non-
metal containing structures, the average distance is 1.60(1) A. Herein we report a computational

study that elucidates the electronic structure reasons for this difference.
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Scheme 1. Summary of compounds containing {A(pinF)} moieties with indicated

coordinating atoms A. Colored elements indicate structurally characterized examples.
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Computational Methods

Unless otherwise noted, all electronic structure calculations were performed with ORCA, version
4.1.'%21 A number of different theoretical models were benchmarked to determine the most
economic method for obtaining an accurate geometry for the perfluoropinacolate (pinF)? ligand.
The models were benchmarked against a structure obtained at the RI-SCS??-24-MP2/ma?*-DEF2-
QZVPP? level with an automatically generated auxiliary basis set?’. It was found that RI-
MP2/DEF2-TZVP geometries provided good performance with manageable costs. A full

description of the benchmarking can be found in Table S1.

The wavefunctions were analyzed with tools provided by NBO 7.028, Multiwfn?®, and JANPA30. 31,
Multiwfn was used to perform topological analysis. Extensive use has been made of second-order
perturbative estimates provided by NBO to quantify interactions between orbitals, as well as
STERIC analysis and NPA provided by NBO. NBO 7.0 was also used for all Natural Resonance

Theory (NRT) analyses.

Potential energy surfaces of (pinf)> complexed with point charges were modeled at the FIC-
NEVPT2(2,2)%/DEF2-TZVP//CASSCF(2,2)/DEF2-TZVP level in order to adequately handle any
significant static correlation that might present itself during the scan. The active space consisted

of two electrons correlated with the central C+-C, o and o* bonds.
Results

A series of pinacolate dianions with a range of fluorinations from fully fluorinated to fully
hydrogenated was used in this study and are shown in Scheme 2. Compound 1 is the fully
fluorinated dianionic form (pinF)? from the crystal structures mentioned above with twelve F atoms
in four CF3 groups. Compound 2 has zero F atoms and is the simple pinacolate dianion, (pin™)?.
In between are the anions with three CF3; groups (compounds 3A and 3B), two CF3 groups (4A,

4B, 4C, and 4D). and one CF3 group (5A and 5B).
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Scheme 2. Labeling scheme used in this work.

In the literature,'” there are more than 1700 structurally characterized examples of {B(pin™)} with
central C-C bonds averaging 1.55(3) A. There are only 31 structurally characterized examples of
{TM(pin™)} chelate rings with transition metals having an average C-C distance of 1.53(5) A, which
clearly indicates that the size of the centrally bound atom does not have a strong lengthening
effect on the C-C bond. We are not aware of any structurally characterized pinacolate ligands

with any intermediate degree of fluorination.

Comparison of perfluoropinacolate (pin”)? (1) vs. pinacolate (pin")? (2)

As discussed in the introduction, the length of the C4-C; bond that anchors the (pin©)* ligand is
unusually long. We calculated this bond in the dianion 1 alone to be 1.761 A, with a 04-C1-C2-O;
dihedral angle of 42.9°. For 2, the C+-C, bond is reduced to 1.627 A and the 0+-C+-C-O; dihedral
angle increases to 80.5°. When comparing the structural parameters for 1 with experimental

parameters measured for (pinF)? in [Co(ll)(pinf)(PPhs),] (Table S17), the central C-C bond length

Page 5 of 20



in 1 is significantly longer by 11 pm .3. It will be shown (vide infra) that this lack of agreement is

not due to a failure of our theoretical model, but rather a result of the alteration of the electronic

structure of (pinF)? when ligated to metal centers or point charges.

Figure 1. Interaction of oxygen lone pair orbitals with C4-C> bonds for 1 (A) and 2 (B).
Delocalization energies given in kcal/mol and include contributions from both donor atoms

(0:1+0y).

The electronic structure of 1 calculated with unrelaxed densities at the RI-MP2/DEF2-TZVP level
is largely consistent with the Lewis structure shown in Scheme 1. The oxygen atoms are
calculated to have natural charges of -0.88, the fluorine atoms have natural charges that range
between -0.33 and -0.39, the central C1/C, atoms possess a natural charge of +0.14, and the
ancillary CF3 carbons, C1a-C2s, were shown to have charges of 0.95-0.96. The C4-C, bond order
was found to be 0.72, the C1a28-F bond orders ranged between 0.77-0.84, the C12-O bond order
was found to be 1.14, and the C12-C1a-28 bond orders ranged between 0.82-0.84.
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The enhanced bond order observed for C12-O and the corresponding reduction in the C4-C, bond
order are worth discussing at this point. The benchmarking discussed in the computational
methods section revealed that several of the computational models that were explored ‘broke’ the
C4-C2 bond. For comparison, it is observed that the C4-C, bond order increases to 0.80 and the
C12-O bond order decreases to 1.04 for compound 2 which is fully hydrogenated. These features

are also represented in topological analyses as shown in Table S16.

Clearly the -CF3 groups present in 1 are expected to pull electron density away from the central
C+-C2 bond, and thus reduce the observed bond orders relative to 2. This difference should
present in the o(C+-C2) — 0*(C-F/H) delocalization energies as determined by NBO second-order
perturbative estimates. Indeed, the stabilization induced by these delocalizations increases from
6.5 to 12.7 kcal/mol when moving from 2 to 1 at the PBEO/DEF2-TZVP//RI-MP2/DEF2-TZVP

level. (Figure S2)

What is less clear is the reason for the natural charge differences observed for C1/C; in 1 versus
2. One might expect based on the delocalization described above and the electron-withdrawing
power of the -CF3 groups in 1 that the natural charge of the C1/C, atoms in 2 would be less positive
than for 1. However, the opposite is true. The C1/C, natural charge increases from +0.14 in 1 to
+0.28 in 2. One possible mechanism for this enhanced electron density on the C4/C, atoms in the
fluorinated ligand is negative hyperconjugation between the fluorine lone pairs and the C+-C, o*
bond, as shown on the left of Scheme 3, but analysis of the 2" order NBO delocalizations
eliminates this possibility. Furthermore, other studies of negative hyperconjugation with
fluorinated alkanes suggest that this phenomenon is most likely to occur in the opposite direction

[X—c(C-F)] from what was proposed above [F—c(C-F)].3436
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Interestingly, the negative hyperconjugation between oxygen lone pairs and the C+-C, ¢* bond,

O
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F C F3 '//,///// F C F3 '/,////
FsC F Y
3 F F 3C F

Scheme 3. Negative hyperconjugation between F lone pairs (left) and O lone pairs (right) and

the central C-C o™ orbital. .

on the right of Scheme 3, appears to be responsible for the C,. natural charge discrepancy

between 1 and 2. As seen in Figure 1 above, the stabilization induced by interaction between the
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Scheme 4. Three different representative structures used in NRT analysis for different

distribution of charge upon central C-C bond cleavage.
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oxygen lone pairs and the C4-C, 6* bond increases by ~7 kcal/mol for each donor atom when
moving from 2 to 1. In this Figure, part A on the left depicts donor-acceptor interaction from the
O+ lone pair to the C4-C; o™ orbital, with the cumulative stabilization obtained from O4+0; donation
shown next to the arrow for 1. Part B on the right shows the same features for 2. This interaction

would naturally lead to an increase in the backbone bond length.
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Figure 2. NRT summary for 1-5B. Numbers above structures (X,(Z,)Y) refer to weight of

resonance structures from Scheme 4 in which charge has been transferred to the C fragment

(X), C2 fragment (Y), or distributed across both fragments after cleaving the C+-C, bond.
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The enhancement of the no — o™ interactions between the O lone pairs and the C+-C, ™ orbital
can also be rationalized as a stabilization of resonance forms for 1 in which the central C+-C2 bond
has been cleaved, depicted as structures X Y, and Z in Scheme 4, and should be discernable
from Natural Resonance Theory (NRT) analysis. The results for 1-5B are shown in Figure 2 which
indicates above each compound two or three sums of NRT weights depicted as representative
resonance structures X, Y, and Z, that result from distribution of charge after cleavage of the
central C-C bond. As can be seen in Figure 2, as CF3 groups are successively replaced with CHs
groups, the weight of these resonance forms systematically decreases, and the migration of the
charge depends on the presence of -CHs groups on the relevant fragment. The weight of these
resonance forms also corresponds with the modeled bond length, bond order, and natural charge
assignments that were observed (vide infra). Fluorination of the terminal groups is expected to
help stabilize the charge transfer associated with these resonance forms by helping to delocalize

the charge. This can clearly be seen by inspecting the resonance forms in Tables S2-S11.

Methyl Substitution

Given the results from the above section, we have systematically studied the effect of replacing
the CF3 groups in 1 with CH3 groups on the geometry and electronic structures. We have already
discussed how the NRT weights vary with changes in fluorination, but a more thorough discussion
is warranted to gain insight into conformational effects on the electronic structure, and to
investigate robustly the interplay between the electron-withdrawing power of the terminal CXs

groups and the geometric/electronic structure of the molecular backbone.
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Figure 3. Correlation of C+-C, bond length (a) and bond order (b) versus number of methyl
groups. Symbol shape and color [see legend] highlight the trends with respect to the number

of CHs-O hydrogen bonds present in the system.

Analysis of both Figure 2 and Figure 3 highlights another feature that stabilizes the resonance
forms that reduce the C+-C, bond order and lengthen the bond. The data suggest that the ability
of the CH3 groups to hydrogen bond with the keto oxygen atoms adds additional stabilization.
These interactions are indicated with dotted lines in the Newman projections of Figure 2. This
benefit is due to the ability of the hydrogen bond to dissipate further some of the negative charge
that has now been localized on one of the fragments in the resonance forms. The color coding in
Figure 3 illustrates how the correlation between the C4-C2 bond length (left)/bond order (right) and
the number of —CHs groups is slightly improved when grouping the data points into classes that
depend on the number of hydrogen bonds in the molecule. An analysis of steric interactions in
these systems has been conducted, but the interactions were unremarkable, as can be seen in

Tables S28 and S29.
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Figure 4. Potential energy surfaces for O-C-C-O dihedral angle with point charges of 0,

+0.5,+1.0, +1.5, and +2.0 present. PESs performed at the NEVPT2(2,2)/DEF2-
TZVP/ICASSCF(2,2)/DEF2-TZVP level.

Page 13 of 20



Introduction of Point Charges

At the start of the results section, we remarked that the bond length calculated for the dianionic
form 1 is significantly longer than those that are normally observed in experimental structures of
(pinF)? ligated to a metal center. We thus decided to optimize the geometries also in the presence
of a point charge that mimicked a metal center with charges of +0.5, +1.0, +1.5, and +2.0. Indeed,
these optimizations resulted in decreasing C+-C2 bond lengths of 1.711, 1.675, 1.656, and 1.642
A respectively, as shown in Scheme 5. The corresponding 01-C4-C,-O. torsion angles were
observed to be -32.9°, -31.5°, -29.8°, and -27.4°. These features are much more consistent with

experimentally observed structures.

CF5 CF5 CFj; CF5
/O CF; /O CFj; /O CFj /O CFj;
C)\ C)\ \ Q\
@) CFj3 @) CFj3 @) CFj3 @) CFj3
CF; CF; CF5 CF;
Q=+0.5 Q=+1.0 Q=+15 Q=+2.0
C-C=1711 A C-C=1.675A C-C = A C-C =1642 A

Scheme 5. Decrease in central C-C bond length in {Q(pinf)} with increase in formal charge

on point charge Q.
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Table 1. Summary of electronic structure features for 1 complexed to a series of five increasing
point charges from 0 to + 2.0. Wiberg bond orders (WBO) and natural charges (NC) were
calculated using unrelaxed MP2 densities, whereas NRT weights and delocalization energies
were based on PBEO//MP2 results. The NRT % refers to the weight of all resonance structures in

which the central C41-C, bond has been broken.

Ci-C2 NRT % | no— o
Q C+-Cz (A) Ci1NC C2NC
WBO (kcal/mol)
0.0 1.761 0.72 0.14 0.14 39.3
30.6
+0.5 1.711 0.77 0.11 0.11 26.1
26.3
+1.0 1.675 0.81 0.05 0.12 18.7
20.0
+1.5 1.656 0.83 0.04 0.12 13.8
14.6
+2.0 1.642 0.85 0.04 0.09 10.0
13.0

The potential energy surface (PES) of the O4-C4-C2-O2 dihedral angle was also modeled while
varying the point charge. The results are shown in Figure 4. We see here that for the uncomplexed
dianion with Q = 0 (red in Figure 4), the conformation that we have been studying throughout this
work is not the global minimum (Figure S1). We chose to use this conformation, however, due to
its similarity with the experimental geometry. As point charges of increasing magnitude are

included in the system, it can clearly be seen that the experimentally observed conformer
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becomes more and more stable, and once the magnitude of the point charges reaches 2.0, there

is only one unique minimum.

The most important electronic structure features of 1 complexed to point charges Q of various
magnitudes are summarized in Table 1. It can be seen that all of these parameters follow the
expected trend to approach crystallographically observed results as Q approaches +2.0. As the
magnitude of the point charge increases, the natural charges of the C12 atoms get more positive
because in the presence of the additional positive charge the oxygen atoms are donating less
charge to the C atoms alone. This effect is also clearly shown in the second-order perturbative
estimates of the delocalization energy in the rightmost column resulting from interaction between
the oxygen lone pairs and the C+-C, 0* bond. This interaction has the added effect of reducing
the weight of the resonance forms that break the central C4-C, bond, thus increasing the C4-C»

bond order and shortening the bond length.

Summary

Over one hundred crystallographically-characterized transition metal, rare-earth, and p-block
metal complexes of the perfluoropinacolate (pinf) ligand have an exceptionally long central C-C
bonds, averaging 1.63(3) A. A computational study on a series of pinacolate ligands with varying
degrees of fluorination (from four to zero CF3 groups) has been carried out to understand the
exceptionally long central C-C bonds in crystal structures with the perfluoropinacolate ligand,
{A(pinF)}. Two main influences are responsible: (i) negative hyperconjugation exists between
the alkoxide O atom lone pairs and the central C-C ¢* bond which also have resonance forms
that “break” the central C-C bond and (ii) the lack of hydrogen bonding between any C-H bonds

and the ligand O atoms. Steric influences do not play a significant role, but a central atom A with
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a point charge of at least plus two bound to pinf is required to reproduce the crystallographically

determined C-C distances.
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