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The dynamic processes present in ligand-benzylated formazanate boron and aluminium complexes are

investigated using variable temperature NMR experiments and lineshape analyses. The observed differ-
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Introduction

Alkali cations have important roles in a biological context'
and synthetic chemistry.*® The noncovalent interactions of
organic moieties with alkali-metal cations can have a pro-
nounced effect on the (electronic) structure and reactivity of
complexes, as exemplified by features such as geometry,”®
redox potentials,” N, cleavage,'® reaction rates,"’'* and even
selectivity of chemical transformations.>™” Of particular rele-
vance to the work described here is a series of reduced iron
complexes with a redox-active formazanate ligand that are
paired with alkali-metal countercations as reported by Broere,
Holland and co-workers.'® In the presence of a crown ether to
sequester the alkali cation, the reduced iron complex was
obtained as a monomer, whereas in absence of a crown ether
the reduced iron complex was isolated in dimeric form
(Chart 1, A)."® It was demonstrated that in these dimeric com-
pounds, the binding mode of counter cations to the ligand is
dependent on the nature of the alkali-metal (Chart 1), and
that this has a pronounced effect on the structure and
dynamics of these compounds."®

The formazanate ligands used in this study have received
increasing attention in the last decade following a report by
Hicks and coworkers that described ligand-centered redox-
reactions in a formazanate boron compound.’ In 2014, our
group has started to investigate the coordination chemistry,
ligand-centered reductions and reactivity of compounds with
formazanate ligands.>**” Concurrent with our work, the
Gilroy group*®**” and others*®**° have synthesized a variety of
compounds with formazanate ligands, and studied their
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ence in activation parameters for complexes containing either organic countercations (NBu,") or alkali
cations is rationalized on the basis of a different degree of ion-pairing in the ground state, and the data
are in all cases consistent with a mechanism that involves pyramidal inversion at the nitrogens in the
heterocyclic ring rather than homolytic N-C(benzyl) bond cleavage.

optical and electrochemical properties.*’ Previously, we
described that main group (B and Al) complexes with these
ligands can accept up to two electrons, and that these
reduction products subsequently react with electrophiles (e.g.,
Bn' or H') to form new N-C and N-H bonds at the formaza-
nate ligand (Scheme 1).**** Furthermore, we have demon-
strated that the [2e/E']-equivalent ‘stored’ at the ligand could
be converted to E’ radicals via homolytic cleavage of the N-C
(Bn) and N-H bonds, respectively.** In a recent paper, the
structural features and homolytic bond dissociation energies
of ligand-benzylated B and Al complexes were reported.*®
These studies suggested that the increased ionic character in
the Al analogues leads to more facile bond homolysis, while
the rate of benzyl transfer to TEMPO is independent on the
nature of the countercation.

Here, we report a study on the dynamics of anionic, ligand-
benzylated B and Al complexes by NMR lineshape analysis for
the resonances of the (diastereotopic) N-benzyl group. Analysis
of the empirical exchange rates for a series of compounds with
different countercations suggests that the dynamic features are
due to inversion at the nitrogen atom rather than homolytic
N-C bond cleavage, and that the rate-determining step involves
the formation of a separated ion-pair. The results presented
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Scheme 1 Ligand-based storage of [2e /E*]-equivalent in B and Al
complexes with formazanate ligands.

herein emphasize the importance of coulombic and/or cation-
7 interactions in modulating structure and reactivity.

Results and discussion

Treatment of the two-electron reduced formazanate boron
diphenyl compound 1°>~ with benzyl bromide afforded the
ligand-benzylated anionic complex [®"1][Na] (Scheme 1) as
reported previously.*’ The "H NMR spectrum recorded in THF-
dg solution at room temperature showed broadened reso-
nances for the protons at the benzylic position, which upon
cooling to —5 °C became a sharp set of mutually coupled
signals (5 3.79 and 3.38 ppm; *Juy = 15.3 Hz) due to the dia-
stereotopic benzyl-CH, group. Conversely, measurement of the
NMR spectrum at 65 °C or above showed that these resonances
coalesce to a singlet (5§ 3.69 ppm), indicating a dynamic
process that exchanges the two diastereotopic sites. Similar
dynamic features are also observed for the BPh, groups. In
order to probe the nature of these dynamics, "H NMR spectra
were collected in the temperature range between -5 and
+75 °C (Fig. 1) and lineshape analysis was performed to obtain
exchange rate constants. The rate of chemical exchange for the
benzylic protons is found to be identical to that of the BPh,
groups across the entire temperature range, indicating that a
single dynamic process is involved. Eyring analysis afforded
activation parameters for the exchange in [®™1][Na] as AH* =
80.4 + 1.7 k] mol™ and AS* =59.3 + 5.6 J mol™* K™* (Fig. 2 and
Table 1; see ESIt for details).
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Fig. 2 Eyring plot for the determination of activation parameters for
benzyl-CH, exchange in [®"1][Na].
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Table 1 Activation parameters for exchange between diastereotopic
benzyl-CH, resonances as determined by NMR lineshape analysis

AH* (k] mol™)

AS* (Jmol™* K™Y)

AG* 505k (kg molfl)

[Bnl]—

NBu," 66.7 = 1.6 —4.2+5.0 68.0

Na* 80.4 +1.7 59.3 + 5.6 62.7

K" 68.4 + 2.3 59.3 + 7.3 50.7

Rb* 72.7+5.5 42.3 +18.0 60.1

[an]—

NBu," 68.4 +1.3 —19.7 + 3.9 74.3

Na* 88.9 +2.5 56.5 + 7.3 72.1
751°C ‘ 6

" ML

65°C 5
40°C 4
25°C 3
155C ) 2
575G 1

8.0 7.6 7.2 6.8 6.4 6.0 5.6 5.2 4.8 4.4 4.0 3.6 3.2

Fig. 1 Selected variable temperature *H NMR spectra of [E"1][Na] in
THF-dg. The resonances indicated in the orange boxes (5 3.4-3.8 ppm)
are for the benzyl-CH, group, those in the aromatic range (5
7.0-7.8 ppm, purple box) are for the BPh, groups.
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Scheme 2 Schematic representation of possible mechanisms to
account for exchange between the diastereotopic benzyl CH, reso-
nances in anions [®"1/2].

The large, positive entropy of activation suggests a substan-
tial degree of bond-breaking in the rate-determining step.
Although homolytic N-C(benzyl) bond cleavage to generate
Bn" and 17 (Scheme 2A) is a potential mechanism for
exchange of the diastereotopic environments in [*1][Na] and
is consistent with the empirical value for AS*, our previous
data for the N-C(benzyl) bond dissociation energy in [**1][Na]
(BDE = 121 = 5 kJ mol™'; measured via Bn' transfer to
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TEMPO)*® is significantly higher than the activation enthalpy
for exchange (AH* = 80.4 (1.7) k] mol™"). This rules out that
bond homolysis is operative as a mechanism for site exchange
in [*™1][Na].

Alternatively, the observed dynamics in [*1][Na] could be
due to pyramidal inversion via a planar transition state with
sp>-hybridized, trigonal planar geometries around the hydra-
zine nitrogen atoms (Scheme 2B). Pyramidal nitrogen inver-
sion is a facile, low-barrier process in the majority of
N-containing compounds, but substantial activation energies
have been reported when the N-atom is part of a (hetero)cyclic
ring.**>° However, nitrogen inversion is an intra-molecular
process that would be expected to have an activation entropy
close to zero, or (in the case of highly strained systems) a
slightly negative value.*®™*®

Although both homolytic N-C bond cleavage and
N-inversion are plausible mechanisms to explain the dynamics
observed for [®™1][Na], neither of the two can be reconciled
with the activation parameters determined experimentally. It
thus appears that the rate-determining step as probed by the
NMR lineshape analysis may precede the actual exchange of
the diastereotopic sites. To investigate whether (partial) dis-
sociation of the Na* cation in [®™1][Na] could play a role, we
subsequently examined the exchange rate in the corresponding
tetrabutylammonium salt [®1][NBu,].*> In this compound,
the organic cation Buy;N" does not interact with the [®™1]~
moiety other than through electrostatic interactions (i.e., it
forms a solvent-separated ion pair in solution; Scheme 1).*’
While the low-temperature "H NMR spectra for both com-
pounds are very similar, the extent of line-broadening for the
diastereotopic benzyl-CH, group at a given temperature is
quite different between the two, which indicates that these
compounds have distinct exchange rates. Lineshape analysis
on NMR spectral data collected between 25 and 85 °C allowed
the activation parameters for the exchange process in
[®"1][NBu,] to be determined as AH* = 66.7 + 1.6 k] mol™ and
AS* = —4.2 + 5.0 J mol™ K' (Table 1; see ESI{ for details). A
comparison between these values to the ones measured for the
sodium salt [®™1][Na] reveals striking differences, despite the
fact that the anionic boron complex undergoing exchange is
identical: both the entropy and enthalpy of activation are sig-
nificantly lower in the tetrabutylammonium salt, with values
for AS* changing from positive (+59.3 + 5.6 ] mol™* K" in
[®™][Na]) to slightly negative (—4.2 + 5.0 ] mol™* K ' for
[®"1][NBuy]). The latter value is fully consistent with an intra-
molecular nitrogen inversion process.***® Thus, we conclude
that in the absence of a coordinating countercation in
[*"1][NBuy], the activation parameters reflect the intrinsic
values for the exchange process, i.e. pyramidal N-inversion,
whereas in [?"1][Na] this step is obscured by the involvement
of cation-anion dissociation as part of the rate-determining
step.

Although the overall barrier to nitrogen inversion (AG*
(298 K) = 68.0 k] mol~" for [®"1][NBu,]) is higher than that in
simple amines (21-42 kJ mol™"),>"* or in bicyclic hydrazines
(e.g, 49.4 k] mol™ in 2,3-dimethyl-2,3-diazabicyclo[2.2.2]
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octane),”* it should be noted that in the six-membered boron
heterocycle [®™1]” the N-inversion occurs concurrent with
exchange of the BPh, environments, indicating a correlated
(‘geared’) movement of the entire heterocycle (and its substitu-
ents). In support of this interpretation we note that
Neugebauer and Mannschreck reported slow N-inversion in
related all-organic, neutral 1,2,3,4-tetrahydro-s-tetrazines
(leucoverdazyls), which were found to have activation free
energies between ca. 52 and 83 k] mol™" based on determi-
nation of coalescence temperatures.’> Our previously pub-
lished X-ray ecrystal structure for [P"1][NBu,]*’ provides
additional insight in the origin of the high barrier: simul-
taneous inversion of both hydrazine-type nitrogens (the adja-
cent N-Ph and N-Bn atoms) via a planar transition state likely
causes substantial steric hindrance in this densely substituted
heterocycle.

To further corroborate the importance of ion-pair dis-
sociation in these systems, we investigated complexes with
heavier alkali cations. Synthesis of salts of [*"1]~ with K" and
Rb" counterions was achieved by treatment of 1 with 2 equiv.
of KCg or RbCg, followed by addition of benzyl bromide.
Similar to [*"1][Na],*? the UV/Vis spectra of the isolated ligand-
benzylated compounds [*"1][K] and [*"1][Rb] have absorption
maxima at 396 nm (Fig. S11), and the 'H NMR spectra show
diastereotopic signals for the benzyl-CH, group and line-
broadening indicative of exchange (see ESIf for details).
Overall, the "H NMR spectra in this series are comparable,*’
although there are noticeable differences in chemical shifts (in
particular for the Rb'-salt) that suggest that the heavier alkali
metals interact differently with the anion [*™1]". A similar
trend was observed in anionic formazanate iron complexes,"®
and a possible explanation may be the different stability for n-
vs. o-bonding between the alkali metal cation and these
anionic heterocycles.

The aluminum analogue [®"2]” was investigated to probe
the effect of the central group 13 element on the observed
dynamics. Both the sodium salt [®"2][Na] and the tetrabutyl-
ammonium analogue [®"2][NBu,] were synthesized according
to the published procedures,” and a variable NMR spectro-
scopic study reveals that chemical exchange also occurs in
these compounds (Fig. S14 and S13%). Lineshape analysis
afforded activation parameters for [*"2][Na] as AH* = 88.9 (2.5)
kJ mol~* and AS* = 56.5 + 7.3 ] mol™* K~!, whereas the corres-
ponding values for [®"2][NBuy] are AH* = 68.4 + 1.3 kJ mol™*
and AS* = —19.7 + 3.9 ] mol™ K* (Table 1; see ESI{ for
details). Thus, the change in countercation from Na" to Bu,N"
results again in markedly different activation entropies for
these two compounds: AS* is large/positive when the cation
(Na") is bound to the ligand backbone, whereas it is negative
when this is not the case (Table 1). As in the boron analogues
[®™]~, we interpret this as a changeover in the rate-determin-
ing step from a genuine N-inversion step to dissociation of the
coordinating cation. Comparison of the Bu,N" salts of the
boron and aluminum complexes shows similar values for AH¥,
indicating that the intrinsic effect of the central element on
nitrogen inversion is small. The increase in AH* for the

This journal is © The Royal Society of Chemistry 2020
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sodium salt of the Al heterocycle [®"2][Na] compared to the
boron analogue ([®"2][Na]) is consistent with our previous
results that bonding in the Al complex is significantly more
ionic in nature: the benzylated formazanate ligand in [*"2]~
bears more negative charge,” and thus has stronger electro-
static interactions with the Na' cation.

Conclusions

The NMR study presented here shows that the dynamics in
ligand-benzylated formazanate boron and aluminium com-
pounds (i.e., ®™1~ and ®"27) is due to nitrogen inversion rather
than homolytic N-C bond cleavage. The observation that the
activation parameters for exchange in these anions are highly
dependent on the nature of the countercation highlights the
importance of alkali cation in modulating rates of reactions as
simple as nitrogen inversion. Specifically, we conclude that the
divergent activation parameters of salts of [®"1/2]~ with either
alkali or organic cations is due to a difference in ion-pairing in
the ground state. When there is no specific interaction
between the anionic group 13 complex and the cation (i.e., in
the solvent-separated ion pairs with NBu,'), the activation
parameters reflect the intrinsic barrier for nitrogen inversion,
whereas for the compounds with alkali cations there is a sig-
nificant contribution from dissociation of the ion pair.
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