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ABSTRACT: Serendipitous discovery of bida (i.e, N'—Ar—N>((1-Ar-1-benzo[d]- H+/[!)—|Oj(etlt:]atlr;Tfer

imidazol-2-yl)methyl)benzene-1,2-diamide; Ar = 2,6-Pr—C¢H,), a potentially redox ., . ... o T

noninnocent, hemilabile pincer ligand with a methylene group that may facilitate proton/ potennal

H atom reactivity, prompted its investigation. Chromium was chosen for study due to its %N
n-

H H
/>2,6-Pr
multiple stable oxidation states. Disodium salt (bida)Na,(THF), was prepared by i
thermal rearrangement of (dadi)Na,(THF), (i.e., (N,N’-di-2-(2,6- “. _N==Cr—N
diisopropylphenylamine )phenylglyoxaldiimine)-Na,(THF),). Salt metathesis of (bida)- Pre6.2 J s \X
r- \/I

Na,(THF), (generated in situ) with CrCLy(THF); or CLV=NAr (Ar = 2,6-Pr,CsH;)
afforded (bida)CrCI(THF) (1-THF) and (bida) CIV=NAr, respectively. Substitutions
provided (bida) CrCI(PMe,Ph) (1-PMe,Ph) and (bida) CrR(THF) (2-R, where R = Me,
CH,CMe,Ph (Nph)). Oxidation of 1-THF with ArN; (Ar = 2,6-Pr,C¢H;) or AN, (Ad
= l-adamantyl) generated (bida)CICr=NAr (3=NAr) and (bida)CICr—=NAd (3=NAd) and subsequent alkylation converted
these to (bida)R’Cr=NR (R’ = Me, R = Ad, Ar, 5=NR; R’ = CH,CMe,Ph (Nph), R = Ad, Ar, 6=NR). In contrast, the addition
of AdN; to 2-Nph gave the insertion product (bida)Cr(x>-N,N-ArN;Nph) (7). Addition of N-chlorosuccinimide to 1-THF
produced (bia)CrClL,(THF) (8), where bia is the pincer derived via hydrogen atom loss from bida methylene. A similar HAT
afforded (bia) CICr(CNAr'), (9, Ar’ = 2,6-Me,C4H;) when 3=NAd was exposed to Ar'NC. An empirical equation of charge was
applied to each bida species, whose metric parameters are unchanging despite formal oxidation state conversions from Cr(III) to
Cr(V). Calculations and Mulliken spin density assessments reveal several situations in which antiferromagnetic (AF) coupling and
admixtures of integer ground states (GSs) describe a complicated electronic structure.

hemllablle
benzimidazole

multifunctional pincer “bida”

Bl INTRODUCTION electromer resulting from an S = 1 iron core antiferromagneti-
cally coupled (AF) to an S = 1/2 PI ligand, ie., (dmpPI)-
(dmpPI)~'Fe 1By,

Structural and reactivity studies of a tetradentate bis-
aryldiamide-diimine ligand derived from [{—CH=N(1,2-
C¢H,)NH(2,6-Pr,C¢H;)},] = (dadi)H, (N,N’-di-2-(2,6-
diisopropylphenylamine)phenylglyoxaldi-imine) ' "'*****  re-
vealed divergent behavior dependent on the redox state of
the ligand. When (dadi*")Ti"VL (L = THF) was subjected to
RX, alkylation occurred at the ene-diamide ligand backbone
instead of an oxidative addition at the metal. In contrast,
(dadi*")Ti"(=Y or X,) compounds were susceptible to
nucleophilic attack at the ligand, which is now metrically
assessed as a diimine. A crucial example of this reactivity is
indicated in Figure 1, where thermolysis of (dadi)TiCl,
induced internal attack by an amide on one backbone imine,

Explorations in these laboratories have focused on varied
expressions of redox noninnocence (RNI) in first row
transition metal complexes, predominately chelates and in
C—C bond forming processes.' "> Expansion of the redox
capability of base metals is a critical feature of RNI ligands that
can potentially be used to circumvent deleterious le”
processes.”> "’

In many cases, metric parameters allow distinctions between
metal and ligand redox states and correlated chemical
reactivity. For example, Wieghardt et al. have interpreted the
metrics pertaining to neutral (0), anionic (—1), and dianionic
(—2) pyridine-imines through multiple crystallographic char-
acterizations in conjunction with spectroscopy: dN(im)—C-
(im) = 1.28 (0), 1.34 (1), 1.46 (-2) A; dC(im)—C(py) =
1.47 (0), 1.41 (=1), 1.35 (=2) A; dN(py)—C(py) = 1.35 (0),
139 (=1), 1.40 (=2) A’**' These metrics enabled the

remarkable discovery of two independent molecules of Received: May 30, 2023 e
(dmpPI),FeBr (dmpPI = {2-py-CH=N(2,6-Me,-C¢H;)}), Published: September 14, 2023 Tnorganic
each differing in their electronic ground state: 1) a high spin Chemistry
St = 3/2 electromer resulting from an § = 2 iron core
antiferromagnetically coupled (AF) to an S = 1/2 PI ligand,

ie., (dmpPI)(dmpPI) ‘Fe'"""Br and 2) a low spin Sy = 1/2
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Figure 1. Discovery of (bida)TiCl, upon thermolysis of (dadi)TiCl, and aspects of the bida ligand that can contribute to reactivity via RNI, proton

transfer, and lability.

followed by a 1,2-H-shift, to afford (bida)TiCl, (bida
N'—Ar—N?-((1-Ar-1-benzo[d]imidazol-2-yl)methyl)benzene-
1,2-diamide; Ar = 2,6-Pr—CgH,)."’

The present contribution focuses on initial studies of the
bida ligand, which has several features worthy of examination
in the context of chemical reactivity. Its aryl-diamide portion
can reveal RNI (bida", n = 0,1,2),"*~" the ligand backbone has
a methylene group that can potentially lead to reversible
proton transfer, and the benzimidazole fragment may be
hemilabile. Chromium was chosen as a target for investigation
due to its multiple formal oxidation states and its potential for
inter- and intraimido group transfer.”*~*" Estimates of charge
distribution in 1,2-diamide-aryl functionalities have been
proposed by Wieghardt,"' ~* providing some initial metric
parameters for comparison. The studies support the
fundamental conclusion that reliance on integer values to
describe electronic states is often misleading.

B RESULTS AND DISCUSSION

(bida)Na,(THF),,. Synthesis. While the initial preparation
of bida-dianion occurred on titanium, the practicality of this
method was obviously limited, so a “transition metal-free”
rearrangement of (dadi)Na,(THF), was attempted with
success. Thermolysis of blue (dadi)Na,(THF),”” in THF for
a day at S5 °C enabled the conversion to purple crystalline
(bida)Na,(THF), in 90% yield (eq 1). Its subsequent use
required an 'H NMR assay for the stoichiometry of THF
present, as some loss to vacuum was often noted.

The '"H NMR spectrum of (bida)Na,(THF), in THF-dg
showed a singlet at 6 4.25 and the requisite number of
aromatic and isopropyl resonances, suggesting a plane of
symmetry in solution, but crystallographic characterization of
the crystalline dianion showed greater structural complexity.

Structure. Crystallization of (bida)Na, from Et,0O afforded
the dimeric structure illustrated in Figure 2, the halves of which
are related by a center of symmetry. The bida and one ether
afford a highly distorted pseudoplanar core about Nal, with
/N1-Nal—Na2 = 67.05(4)°, /N2—Nal—N4 = 69.53(4)°,
/N4—Nal-01 91.33(4)°, and /N1-Nal-0l
102.68(4)°. Angles from the apical O2 atom to the base
range from 90.35(4) to 129.04(4)°. Pertinent metric
parameters are given in Table 1, along with several other
bida derivatives of chromium. The bond distances and angles
are normal with a couple of exceptions. Sodium Nal is
asymmetrically bound to both arylamide nitrogens
(2.5579(12) and 2.3580(11) A), as is the second sodium
(Na2; 2.4586(11) and 2.3592(11) A), but the latter is also
within a binding distance (2.80(13) ave) to the aryl-carbons of
the 2,6-Pr,—C¢H, group of the adjacent (bida)Na,. Interest-
ingly, one carbon—carbon bond distance (d(C009—C13) =
1.4716(16) A) greatly exceeds the remaining bonds within the
aryl-diamide ring (1.402(12) A), and these C—C bond lengths
are longer than those of standard aromatics. As an internal
standard, C—C bonds of the 2,6-Pr,—C¢H, attached to the
benzimidazole group average 1.392(11) A, roughly the normal
value.* Consequently, while the d(C—N) of 1.3660(16) and
1.3785(16) A of the diamide might be construed as the

ey, X (bida)Na, limiting distance accorded a dianion, the distribution of
VI 26-Pr 1 electron density into the aromatic ring, as manifested by the
N N 5 . . i . .
p 26-Pr elongated distances, provides some latitude in the interpreta-
(¢} N/\~
NNa L \oNa| N pure tion.
(P2 biue 55°C, 24 g o0% (bida)CrCI(L) (1-L, L = THF, PMe,Ph). Synthesis. Dianion
|:—2,6-'Pr [(dadinNa,) /2 "Ss ) (bida)Na,(THF), was generated in situ from (dadi)-
> 26 Na,(THF), in the presence of CrClL,(THF),* for 12—16 h
in THF at 23 °C to afford (bida)CrCI(THF) (1-THF) as
. e ’\“ 4
& QR v A
L5y
s
"&1‘ {
a.
Figure 2. Molecular view of the dimer [(bida)Na,(Et,0),], (a) and a truncated view of roughly half (b), which is related to its partner by

inversion. Note that the atom labels are different from those of the chromium complexes, but the connectivities compared in Table 1 are correlated.
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Scheme 1. Syntheses of (bida)CrCI(THF) (1-THF) and Derivative (bida)CrCl(PMe,Ph) (1-PMe,Ph)

(dadi)Na,

in situ ¢

?\J
N /¥
CrCly(THF), | J—N

C

2,6-Pr

.
;\JZ,G-'Pr

PMe,Ph N
CoH N
(bidaNag]] ——>—> N—c—N kN N clr—'N 1-PMe,Ph
| \THF 23°C, 30 min \
;_7 /| Cl L = PMe,Ph /| I L dark red
23°C O~ i green ~Cl 93%
1216 h 26-Pr [ THE 97% 2™ p6ipr e = 3.8 g
Ueff = 3.4 g

green crystals in excellent yield (97%, Scheme 1). Evans’
method”’ measurements were consistent with a standard
Cr(Ill), S = 3/2 core, as pg = 3.4(1) pg, a value slightly
attenuated from the spin-only number of 3.87 uy due to
spin—orbit coupling (SOC).*® Assignment of its 'H NMR
spectrum proved difficult; hence, single crystal X-ray diffraction
(XRD) methods were employed, but a satisfactory structural
solution was hampered by twinning/disorder effects. The
addition of PMe,Ph to 1-THF converted it to a phosphine
adduct, (bida)CrCI(PMe,Ph) (1-PMe,Ph), which was har-
vested as dark red crystals in 93% yield. A single *'P NMR
spectral resonance at § — 46.16 (v, = 740 Hz) was observed,
and Evans’ method measurements provided a i, of 3.8(1) g,
a reasonable value for a conventional S = 3/2 Cr(IlI) center
with minimal contributions from SOC.**

Structure of (bida)CrCl(PMe,Ph) (1-PMe,Ph). A single
crystal X-ray crystallographic study performed on (bida)CrCl-
(PMe,Ph) (1-PMe,Ph) afforded the molecular view in Figure
3. Pertinent comparable metric parameters are provided in

Figure 3. Molecular view of (bida)CrCl(PMe,Ph) (1-PMe,Ph);
selected metric parameters are given in Table 1.

Table 1. 1 PMe,Ph is a highly distorted square pyramid
(Addison"” parameter 7 = 0.14) with the phosphine occupying
the apical position and basal angles that reflect the respective

“bites” of the bida ligand: /N1-Cr—N2 = 80.14(5)°,
/N1-Cr—N4 = 151.43(5)°, /N2—Cr—N4 = 78.92(5)°,
/N1-Cr—Cl = 97.54(3)°, /N2—Cr—Cl = 159.69(4)°,

/N4—Cr—Cl = 95.92(3)°. The apical P to basal atom angles
range from 92.954(14)° to 110.79(4)°. The d(Cr—N1) of

1.9672(11) A is slightly longer than d(Cr—N2) = 1.9357(11)
A, presumably due to greater steric influences on the former,
and conformational restrictions on the pincer that impose a
shorter than normal Cr contact with N2. Both amides are
considerably shorter than the bond distance of 2.1005(11) A
pertaining to the neutral donor benzimidazole (Cr—N4). The
remaining distances are normal and consistent with C19 as a
methylene group.*

Wieghardt et al. have assessed the charges on 0-1,2-diamide/
diimine-benzo (0-C4H,(NH),) ligands and have settled on
d(CN) and d(CC) values to be roughly as follows: charge = 0
(oxidized), d(CN) = 1.30 A, d(CC) = 1.45 A; charge = —1 (o-
diiminobenzosemiquinonate), d(CN) = 1.35 A, d(CC) = 1.42
A; — 2, (benzodiamide), d(CN) = 1.39 A, d(CC) = 1.40
A“ ~ 4430 Equations of charge derived from this analysis (¢ =
{d(CN)-1.3017}/(—0.045); ¢ = {d(CC) — 1.4483}/
(0.0250)) afforded bida"™ as n = —1.7 from the d(CN) values
and n = —1.0 from the d(CC) numbers. In bida, the position of
one amide in the interior of the pincer is likely to distinguish
the metrics from o-C¢H,(NH), ligands based on the
constraints of tridentate ligation. Although fractional charges
can lead to metrical oxidation states as proposed by Brown,”’
and these may be a true indication of electron density,”*
equations of charge specific to bida were sought.

Using N1—C9 as a reference distance, [(bida)Na,(Et,0),],
provided an additional standard, with the caveats discussed
above. Checking other ligands that possess the dichotomous
diamide/diamine functionality, modified equations of charge
were determined to be roughly (¢ = d(CN)ave —1.32 A)/
(—0.055)) and (c = d(CC) — 1.45 A)/(0.025)). A charge
calculation of bida in (bida)CrCl(PMe,Ph) (1-PMe,Ph) from
this equation afforded a (bida)" as n = —1.1 (from d(CN)) or
n = —1.0 (from d(CC)), hence we assign a configuration of
(bida™")*Cr"CI(PMe,Ph), i.e., high spin Cr(II) antiferro-
magnetically coupled to the diamide radical anion, for a total
spin of St = 3/2. Since there are no direct models of bida and
the use of Wieghardt’s charges provides ambiguity (c = —1.7, —
1.0), a conventional Cr(III) ground state, i.e., (bida™2)Cr!"'Cl-
(PMe,Ph), remains in consideration, as calculations (vide
infra) also accord it as having at least equal merit.

Scheme 2. Metathetical Routes to (bida)Cr Alkyl Complexes
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(bida)CrR Complexes. Syntheses. Metatheses of (bida)-
CrCI(THF) (1-THF) were conducted with solid alkyllithiums
in diethyl ether at 23 °C for ~16 h, as illustrated in Scheme 2.
The smallest alkyllithium, MeLi, produced green (bida)CrMe-
(THF) (2-Me) in 62% yield upon crystallization from Et,O,
despite the fact that only THF present was the initial adduct
on the chloride, 1-THF. Evans method*” analysis afforded a
Ueg of 3.6(1) pp, a value consistent with the ex};xected §$=3/2
core, somewhat attenuated by SOC effects,”” and this was
corroborated by the EPR spectrum of (2-Me) shown in Figure
4. Neophyllithium ((Nph)Li) was used to make light-green

EXPERIMENT

dy"/dH
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N

50 100 150 200 250 300 350 400 450
MAGNETIC INDUCTION (mT)

SIMULATION

Figure 4. CW EPR spectrum of (bida)CrMe(THF) (2-Me) observed
in toluene at 100 K (black) and the simulated spectrum (red). Fitting
the spectrum shows the primary component (>99%) as an S = 3/2
system with g, = 1.857, g, = 2.015, and g, = 1.958; the secondary
component (<1%) is a S = 1/2 system with g, = 1.879, g = 1.78,and
g. = 1.962.

microcrystalline (bida) CrCH,CMe,Ph(THF) (2-Nph), which
was isolated in 76% yield and has a pg of 3.4(1) py consistent
with an S = 3/2 core.

Structures of (bida)CrR(THF) (2-R; R = Me, Nph). With an
Addison™ value of 7 = 0.05, (bida)CrMe(THF) (2-Me),
shown in Figure S, is a pseudosquare pyramid due to its

Figure S. Molecular view of (bida)CrMe(THF) (2-Me); selected
metric parameters of 2-Me and (bida)Cr(neophyl)(THF) (2-Nph)
are given in Table 1. A view of structurally related 2-Nph is included
in the Supporting Information.

relatively flat base compared to the other bida derivatives.
Acute basal angles correspond to the bite angles of the diamide
and amide-benzimidazole sides of bida, and angles to the THF
oxygen compensate: /N1—Cr—N2 = 80.73(9)°, /N1-Cr—N4
= 156.08(8)°, /N2—Cr—N4 = 79.42(9)°, /N1-Cr—O =
99.30(9)°, /N2—Cr—0O = 159.11(10)°, and /N4—Cr-0O =
94.57(9)°. The methyl group, as the greatest trans-influence
ligand and slightly smaller than THF, occupies the apical

position, with C—Cr—N/O angles ranging from 89.64(11)° to
108.87(11)° with respect to the basal posmons The d(Cr—C)
distance of 2.076(3) A is relatively short,”® in accordance with
its apical position, and the remaining core distances (CrN1,
1.983(2) A; CrN2, 1.923(2) A; CrN4, 2.100(2) A), including
all C—N and C—C bond lengths of the chelate, are within 26
of the average of the six (bida) Cr(R/X)(L/=NR’) structures in
Table 1.

Using the aforementioned modified equations of charge
(d(CN)ave —1.32 A)/(—0.055) and (d(CC) — 145 A)/
(0.025), values of —1.1 (from d(CN)) and —0.9 (from
d(CC)) for bida lead to the conclusion that bida is best
construed as a monoanion. A configuration of
(bida ' )*Cr'"""Me(THE), i.e., high spin Cr(II) antiferromag-
netically coupled to the diamide radical anion, is assessed to
the complex, yielding a total spin of St = 3/2, but once again,
the Cr(III) ground state, i.e., (bida™2)Cr''"Me(THF) must be
kept in consideration.

Core metric parameters of (bida)Cr(Nph)(THF) (2-Nph),
listed in Table 1, are close to those of (bida)CrMe(THF) (2-
Me), rendering an analogous ground state configuration of
(bida™")*Cr"""Nph(THF), where high spin Cr(Il) is AF-
coupled to the diamide radical anion, for a total spin of S = 3/
2, hedged by the alternative (bida™?)Cr!""Nph(THF)
configuration. Charge calculations from the empirical equation
of charge above afford values of —1.1 (from d(CN)) and —0.8
(from d(CC)) (Scheme 3).

Scheme 3. Syntheses of Formally Cr(V) (bida)CICr=NR
(R = Ad, 3=NAd; 2,6-Pr,C¢H;, 3=Ar) via Azide Addition
to (bida)CrCI(THF) (1-THF), and the Salt Metathesis
Route to V(V) (bida)CIV=NAr (4=NAr)
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(bida)CICr=NR and (bida)CIV=NAr Complexes. Syn-
theses. The nature of the geometries and ground states of
(bida)LCrCl (L = THF, 1-THF; PMe,Ph, 1-PMe,Ph) and
(bida)CrR(THF) (2-R; R = Me, Nph) prompted oxidation
studies. Common azides’® were chosen as substrates:
adamantyl azide (AdN;) as a precursor to an electron-donating
nitrene/imido, and 2,6-Pr,C;H;N; as a generator for a
corresponding modestly electron-withdrawing fragment.

Treatment of (bida)CICr(THF) (1-THF) with AdN; or
2,6-Pr,C¢H;N; (ArN;) in benzene at room temperature
overnight yielded dark green crystalline material upon workup
in hexanes. The adamantyl derivative (bida) CICr=NAd (3=
NAd) was isolated in 96% yield, while the diisopropylphe-
nylmido complex (bida)CICr=NAr (3=NAr) was collected
in 61% yield. Evans’ method"” measurements on 3=NAd
produced a pi ¢ of 2.4(1) pp, while the corresponding value for
3=NAr was 2.3(1) ug. This is an atypical value for a “Cr(V)”
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d' species, whose values are usually near the spin-only number
of 1.73 pp, again hinting at an unusual electronic configuration.
As shown in Figure 6, the EPR spectrum of 3=NAr was a
rather nondescript § = 1/2 signal at g, = 1.99.
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Figure 6. CW EPR spectrum of (bida)CICr=NAr (3=NAr, Ar =
2,6-'Pr,C¢H;) observed in 2-Me-THF at 110 K (black) and its
simulated spectrum (gray), which afforded a fit of the S = 1/2 system
with g, = 1.99, g, = 1.99, and g, = 1.98.

Assignments of 'H NMR spectra were complicated due to
paramagnetic broadening, and several species were completely
NMR silent. To provide some information, a diamagnetic
reference was sought, and the addition of (dadi)Na, (in situ
rearranged from (bida)Na,) to ArN = VCl; afforded brown
crystalline (bida)CIV=NAr (4=NAr) in a decent yield
(48%). The asymmetric molecule served to reveal the multiple
isopropyl groups, aromatics, and the unique methylene doublet
of doublets at & 4.62 and 4.98 with | = 29.6 Hz.

Structures of (bida)CICr=NAd (3= NAd) and (bida)-
CIV=NAr (4=NAr). A molecular view of (bida)CICr=NAd
(3=NAd) is shown in Figure 7, and selected interatomic

Figure 7. Molecular view of (bida)CICr=NAd (3=NAd); selected
metric parameters for 3=NAd and (bida)CIV=NAd (4=NAr) are
given in Table 1.

distances and angles are provided in Table 1. Imide 3=NAd is
unusual in that it crystallized in the trigonal system (space
group R3), and significant disorder was evident in the 2,6-
diisopropylphenyl group attached to the benzimidazole. With
the disorder modeled, the structure solution revealed a highly
disordered square pyramid (z = 0.28)," with the imido
functionality in its pseudoapical position possessing a d(CrNS)
of 1.651(4) A and a /Cr—NS—C39 angle of 156.3(3)°. The
imido nitrogen (NS) is bent at 109.94(15)°, 111.36(16)°, and
95.50(14)° with respect to the N1, N2, and N4 nitrogens of
bida and 113.04(14)° to the chloride. In modest contrast, the

chloride (Cl) angles to N1, N2, and N4 are 92.85(9)°,
134.69(11)°, and 88.87(9)°, respectively. The formal oxidation
of “Cr(II1)” to “Cr(V)” failed to elicit any substantial changes
in the core or bida distances, as every pertinent metric was
within 26 of the average of the other five five-coordinate (bida)
Cr structures shown in Table 1.

With magnetic moments suggestive of an atypical St = 1/2
ground state, a classical description of 3=NAd such as
(bida*”)CICr'=NAd is questionable. If bida is truly
monoanionic, as implied by empirically generated charges of
—1.1 (from d(CN)) and —1.5 (from d(CC)), at least one
other ligand must possess unpaired spin density. Imidyl
character has been characterized in a few, sterically protected
Cr imido complexes,’*™** and with this precedent, an
alternative electronic ground state would be (bida™)*(CI'")-
Cr'"(NAd™)", requiring two AF-coupled pairs of electrons. If
bida is rendered a dianion, a “Cr(IV)” description, i.e.,
(bida™2)(CI'")Cr!"(NAd ™)}, could still implicate significant
imidyl character.

Diamagnetic (bida)CIV=NAr (4=NAr), has a structure
much closer to a trigonal bipyramid (7 = 0.68)*" than 3=
NAd, but virtually all the metrical data (see Table 1) other
than core angles mirror the chromium species. Even the
d(VN) of 1.6793(16) A°**” is essentially the same as 3=NAd
once the differences in covalent radii (~0.04 A) are
considered.

(bida)R’Cr=NR Complexes. Syntheses. In addressing the
possibility of unusual insertion processes of alkyl/imido
species,(’o_64 alkyl derivatives of (bida)CICr=NR (3=NR,
R = Ad, Ar) were sought. The addition of MeLi or
neophyllithium to 3=NR in diethyl ether at 23 °C for
12—16 h resulted in reasonable yields of the four possible
alkyl/imido complexes, (bida)R’Cr=NR (R’ = Me, R = Ad
(70%), Ar (74%), 5=NR; R’ = CH,CMe,Ph (Nph), R = Ad
(60%), Ar (65%), 6=NR; Scheme 4). Each complex was a
subtle variation of brown- or wine-red, and each possessed a
Ueg of 2.3(1)—2.4(1), in line with the precursor chloride
complexes, according to Evans' method"’ measurements.
Again, d' “Cr(V)” cores are expected to possess . values
near or below the spin-only value of 1.73 g, yet the observed
values for the class of (bida)(R/X)Cr=NR’ complexes are
consistently in a regime well above pygo. It seems likely that
such observations are a sign of unconventional ground states.

Nitrene transfer from RN; to (bida)(THF)CrR (R = Me, 2-
Me; CH,CMe,Ph (2-Nph)) was considered an alternative
route to imidoalkyls, but when 2-Nph was subjected to ArNj,
(Ar = 2,6-'Pr,—C¢H,), nitrene transfer did not occur. Instead,
an unusual migratory insertion of ArNj into the Cr—C bond
occurred without any N, loss to afford the crystalline red
(bida) Cr(x*-N,N-ArN;neophyl) (7) in 83% yield. From Evans’
method measurements, a value of yi.q of 3.1' g was obtained,
consistent with an St = 3/2 center significantly attenuated by
spin—orbit effects. It may be that y-coordination of
ArN=N=N must occur prior to N, loss,****™%" and if the
adjacent position to azide binding is a chloride, reversible a- to
y-coordination can occur. If an alkyl is present, an alternative,
swifter path to insertion is present and N, loss is averted.

Structures of (bida)R'Cr=NAr (R' = Me, 5=NAr; neophyl,
6=NAr) and (bida)Cr(1<2-N,N-ArN3Nph) (7). Figure 8 reveals a
molecular view of (bida)(neophyl)Cr=NAr (6= NAr, 7 =
0.25),*” which is a highly distorted square pyramid,
presumably due to greater steric constraints imposed by the
pseudoapical neophyl ligand. The d(Cr—C) is 2.0749(14) A,

https://doi.org/10.1021/acs.inorgchem.3c01771
Inorg. Chem. 2023, 62, 15450—15464


https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c01771?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c01771?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c01771?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c01771?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c01771?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c01771?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c01771?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c01771?fig=fig7&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.3c01771?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

Scheme 4. Syntheses of Formally Cr(V) Imido (Ar = 2,6-Pr,C4H;) Derivatives (bida)R'Cr=NR (R’ = Me, R = Ad, Ar, 5=
NR; R’ = Neophyl, R = Ad, Ar, 6=NR) and the Azide Insertion Product (bida)Cr(x*-N,N-ArN;neophyl) (7)
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Figure 8. Molecular view of the alkyl imide (bida)(PhMe,CH,)Cr=
NAr (6=NAr, 7 = 0.25); selected metric parameters for (bida)-
MeCr=NAr (§=NAr, 7 = 0.17; see the Supporting Information)
and 6=NAr are given in Table 1.

slightly longer than that of 5=NAr (2.0521(14) A), likely due
to sterics and the modestly stronger BDE expected for Me. The
metal imido distances, 1.6734(12) A for 5=NAr and
1.6689(11) A for 6=NAr, are essentially the same and only
~0.02 A longer than the d(CrN) of 3=NAd, which can be
rationalized as resulting from the chloride having a slightly
more electrophilic metal center.

Bida core values listed for both alkylimides in Table 1 reveal
striking similarities not only to (bida)CICr—=NAd (3=NAd)
and (bida)CIV=NAr (4=NAr) but also to the formally
“Cr(Ill)” five-coordinate complexes. Consequently, all deriv-
atives have average bida charges of —1.08(2) (from d(CN)) or
—1.06(22) (from d(CC)) if the above equation of charge is
utilized. Switching to Wieghardt’s assessment of o-diamino-
benzene complexes changes the charges to —1.73(2) and
—1.00(22), presenting greater ambiguity yet still metrically
presenting the bida ligand as being effectively monoanionic. As
commented on below, calculational support for this assessment
is ambiguous, as nonintegral values are assessed in the
representative complexes.

Structure of (bida)Cr(i®-N,N-ArN;Nph) (7). Shown in
Figure 9 is a molecular view of (bida)Cr(x*-N,N-ArN;Nph)
(7), the migratory insertion product generated from (bida)-
Cr(Nph)(THF) (2-Nph) and 2,6-Pr,N; (ArN;). Core

15456

Figure 9. Molecular view of azide insertion product (bida)Cr(x*-N,N-
ArN;Nph) (7). Core metric values are given in Table 1. Other
selected interatomic distances (A) and angles (deg): NS—NG,
1.322(2); N6—N7, 1.316(2); N5—C39, 1.419(2); N7-Csl,
1.462(2); Cr—NS—N6, 96.58(9); N5S—N6—N7, 107.01(13);
N6-N5-C39, 117.69(14); N6—N7—C51, 113.74(14);
Cr—N5-N6, 96.58(9); Cr—N7-N6, 94.47(10); Cr—N5—C39,
145.47(12); Cr—N7-C51, 148.63.

distances and angles pertaining to the bida ligand are
essentially the same as the prior examples containing this
chelate and are given in Table 1, while parameters featuring the
K*-N,N-ArN,Nph ligand can be found in the footnote of Figure
9. The unusual x*-N,N-ArN;Nph ligand®’~"" takes up one
position (N7(Nph)) in a distorted square plane whose angles
sum to 361.37° and another pseudo axial position (NS(Ar))
that results in a bite angle of 61.77(6)°. The 107.01(13)°
NS—N6-N7 angle, and N—N distances of 1.322(2) and
1.316(2) A suggest that x>-N,N-ArN;Nph binds as a
delocalized triazaallyl anion,* with a slightly shorter Cr—N-
(axial) distance of 2.0411(14) A than its pseudo basal partner
(d(Cr—N7) =2.0906(14) A). Given the triazaallyls bite, angles
of the apical NS to NI, N2, and N4 are highly varied at
116.36°, 115.04°, and 91.75(6)°, respectively.

Bida to Bia Backbone. Oxidations. Oxidation of (bida)-
CrCI(THF) (1-THF) was also conducted with N-chlorosucci-
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Scheme S. Reactions Involving Hydrogen Loss from (bida) To Afford (bia) CrCl,(THF) (8) and (bia)CICr(CNAr’), (9, Ar’ =

2,6-Me,C H,)
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Figure 10. Molecular views of (bia)CrCL(THF) (8, a) and (bia)CICr(CNAr'), (9, Ar’ = 2,6-Me,C¢H,, b, only the ipso carbons of the 2,6-

Me,C¢H; groups are shown).

nimide (NCS), producing the dichloride (bia)CrCl,(THF) (8,
bia" = benzimidazole-imine-amide), as shown in Scheme S.
While the target was a Cr(IV) chloride, oxidation of bida to an
amide-diimine occurred instead, likely proceeding via Cl-atom
abstraction from NCS, and H atom abstraction by succinimide
radical on the methylene group in the ligand backbone.
Whether this occurs in a bimolecular fashion or by radical
chain is unknown, but 8 was produced in 70% yield and
possesses a [l of 3.6(1) py, consistent with the expected S =
3/2 center ligated by a monoamide.

A more unusual oxidation occurs when the adamantyl imide
(bida)CICr=NAd (3=NAd) is exposed to excess 2,6-
dimethylphenylisocyanide (2,6-Me,C4qH;NC = Ar'NC).
While imide transfer to Ar'NC — and catalytic carbodiimide
catalysis”” was targeted — HAT from bida was observed
concomitant with imide loss, and (bia) CICr(CNAr’) (9) was
isolated as dark red crystals (51%). The formulation as Cr(IV)
was dictated by the pg of 2.6(1) pp, and metrics were more
consistent with the triamide form of the bia ligand. Its IR
spectrum manifests two v(CN) stretches at 2145 and 2088
cm™!, consistent with the two isocyanides. 'H and *C NMR
spectra of residual material obtained upon removal of volatiles
from the filtrate revealed adamantyl resonances that did not
correspond to AANH,, but no aromatic signals. Mass spectral
assessment of the solution by DART revealed only AANH,,
which is a plausible degradation product. It is conceivable that
initial coordination by Ar'NC enables the AAN=Cr to
undergo HAT to AdNH-Cr, leading to unknown products
containing this fragment, perhaps (AdNH),. With the modest

15457

yield, there are a considerable number of speculative paths,
including bimolecular ones, that could be invoked to afford 9.
Structure of (bia)CrCl,(THF) (8). A molecular view of
dichloride (bia)CrCL(THF) (8) is given in Figure 10a., and
pertinent metrics are given in Table 1. The core is a fairly
regular octahedron, despite the constraints of the bia bite
angles (/N1-Cr—N2 = 81.47(5)°, /N2—Cr—N4 =
80.03(5)°), and the remaining angles between adjacent
atoms about Cr average 91.72(52)°. Core distances are
slightly longer than the lower coordinate derivatives, as
d(CrN1) is ~0.04 longer at 2.0127(11) A, and d(CrN2) is
~0.06 A longer at 1.9963(12) A, although the benzimidazole
nitrogen is roughly the same at 2.0771(12) A. The d(CrCl) are
2.3106(3) and 2.3377(3) A, about the same as that in 1-
PMe,Ph. The key change in the bida ligand involves its loss of
a H atom, and change in the N2—C19—C12 angle from an
average of 105.0(4)° to 111.92(12)°, consistent with its
change from an sp*- to an sp*-carbon, albeit one constrained
within the pincer. The d(C19C20) of 1.4550(19) A is ~0.03 A
shorter,”® commensurate with the change in hybridization.
Structure of (bia)CICr(CNAr’); (9). Tllustrated in Figure 10b
is a molecular view of (bia)CICr(CNAr'), (9, Ar' = 2,6-
Me,C¢H,;) with only the ipso carbons of the 2,6-dimethyl-
phenyl group shown for clarity. Metric observations pertaining
to 8 are similar to those features on 9 with some critical
exceptions. The hybridization change from the methylene in
bida to an =CH- in bia is again noted as the N2—C19—-C12
angle differs from the average of 105.0(4)° to 112.2(3)°, but
the accompanying d(C19C20) is 1.393(5) A, which is ~0.09 A
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b.

Figure 11. Calculated geometry (a, ONIOM(MO06/6-31G(d):UFF), 2,6-Pr,CsH; groups in the MM partition, remainder in the QM region), and
Mulliken spin densities (in e”) (b) of (bida)CrCl(PMe,Ph) (1-PMe,Ph) highlight atoms of consequence that indicate a plausible mix of Cr(II)

and Cr(III) states.

b.

* A “‘_.

Figure 12. Calculated geometry (a, ONIOM(M06/6-31G(d):UFF), 2,6-Pr,C¢H; groups in the MM partition, remainder in the QM region) and
Mulliken spin densities (in e”) (b) of (bida)CrMe(THF) (2-Me) highlight atoms of consequence that indicate a plausible mix of Cr(II) and

Cr(III) states.

shorter than the bida average. Consequently, while bia is best
construed as an amide-diimine in the formal Cr(III), S = 3/2
formulation of 8, the charge state of 9 is less well-defined. It is
tempting to ascribe bia as a trianion in 9, whose magnetic
moment best describes an § = 1 GS, but the carbon—nitrogen
bonds adjacent to C19—C20 are 1.351(4) and 1.346(5) A"
respectively, showing a significant amount of double bond
character. The limiting Cr(IV) structure of (bia’")-
CICr'"(CNAr'), may have significant mixing from (bia**)-
CICr'"(CNAYr'),, i.e., a chromic center AF coupled to a bia
radical dianion.

Calculations. Rationale. A crucial aspect of the chromium
chemistry is the introduction of the pincer ligand, bida, which
was chosen for this study partly because of its plausible redox
noninnocence. This capability appeared to be manifested
metrically via the aforementioned equation of charge (¢ =
d(CN)ave —1.32 A)/(—0.055)) and (c = d(CC) — 1.45 A)/
(0.025)). Consequently, calculations on representative mole-
cules were conducted to assess the legitimacy of the metric
rationale.

(bida)CrCl(PMe,Ph) (1-PMe,Ph). The geometry of (bida)-
CrCl(PMe,Ph) (1-PMe,Ph) is reproduced quite well by
hybrid DFT-MM calculations, with distances averaging within
0.012(15) A of experiment, as shown in Figure 11a. With the
parameters satisfactorily reproduced, Mulliken population
analyses of these predominantly covalent compounds afforded
an assessment of the spin densities. Figure 11b shows the core

of the quartet GS of (bida) CrCl(PMe,Ph) (1-PMe,Ph), which
was assigned a configuration of (bida™)'Cr!"""CI(PMe,Ph),
i.e., high spin Cr(II) AF-coupled to the diamide radical anion,
based on the experimental metrics and S = 3/2 magnetic
moment. With a spin density of +3.52 e, the assignment of a
Cr(II) GS is reasonable, but there is a modicum of opposing
spin density (—0.44 e”) spread on the bida nitrogens and very
little on the Cl and P. A conventional Cr(IIl) description,
(bida™)Cr'""CI(PMe,Ph), is thus clearly within reason and
also conforms to the Sy = 3/2 criterion. The most apt
description is an admixture of the two configurations, both of
which lead to § = 3/2 GS.

(bida)CrMe(THF) (2-Me). As an alternative to a halide
derivative, (bida)CrMe(THF) (2-Me) was chosen as a
formally Cr(II) derivative, and its calculated quartet GS
geometry is illustrated in Figure 12a. Core bond distances are
within 0.007(11) A of their crystallographic equivalents, and
the crucial angles are also quite close. The Mulliken spin
densities numerically described in Figure 12b are similar to 1-
PMe,Ph, with Cr possessing a + 3.40 e~ value, and
compensatory negative spin densities on the bida nitrogens
(—0.217 e~ due to Cr) and the methyl (—0.23 e). The
conventional Cr(IIT) description, (bida2)Cr''"Me(THF),
satisfies the calculational data and S = 3/2 GS. As the negative
spin density is spread over several atoms, it is difficult to
rationalize the bida radical anion Cr(II) alternative,
(bida™")*Cr'""CI(PMe,Ph), suggested by the equation of
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a.

Figure 13. Calculated geometry (a, ONIOM(MO06/6-31G(d):UFF), 2,6-Pr,CH; groups in the MM partition, remainder in the QM region) and
Mulliken spin densities (in e”) (b) of (bida)(PhMe,CH,)Cr=NAr (6=NAr) highlight atoms of consequence that indicate a plausible mix of

Cr(III) and Cr(IV) states.

A 1.39 P

1.36 i 1.41 )\

a. n

Figure 14. Calculated geometry (a, ONIOM(M06/6-31G(d):UFF), 2,6-"Pr,C¢H; groups in the MM partition, remainder in the QM region) and
Mulliken spin densities (in e”) (b) of (bida)CICr=NAd (3=NAd) highlighting atoms of consequence that are best construed as intermediate

between integer representations of Cr(IV) or Cr(V) states.

charge. The spin density on the Me substituent draws a parallel
to an effective ligand field B value,*® as the greater field
strength of the Me induces greater covalency and expansion of
e -density about the Cr.

(bida)(PhMe,CH,)Cr=NAr (6=NAr). As shown in Figure
13a, the calculated geometry of the doublet GS of (bida)-
(Nph)Cr=NAr (6=NAr) is portrayed, and the bond lengths
deviate from the experiment by only 0.016(16) A; hence, this
appears to be a fairly accurate model of the S = 1/2 GS.
Mulliken spin densities are illustrated in Figure 13b, and again,
the calculations are somewhat indeterminate. The aforemen-
tioned experimental metric assessment suggested a config-
uration of (bida™')!(Nph)Cr'!(=NAr), an anionic bida AF-
coupled to an S = 1 Cr(IV) center for Sp = 1/2. Note that the
metric assessment cannot evaluate imido or neophyl
contributions, which are consequential in view of the
calculations. Calculations reveal a Cr center with +2.44 e~
spin density, offset by —0.34 e~ on the bida ligand nitrogens
but more greatly offset by the imido nitrogen of —0.54 e~
(=0.702 + 0.164) and the neophyl a-carbon at —0.25 e~
(—0.26 + 0.01). At the face value, the nearest “integer”

assessment is (bida?”)(Nph)Cr!"(NAr)!, but with the spin
density so dispersed, minor contributions from
(bida™")*(Nph)Cr'""(NAr)!, where the spin density is
smeared among the ligands, and a conventional Cr(V)
(bida) (Nph)Cr'(NAr) are probable minor significant contrib-
utors.

(bida)CICr=NAd (3=NAd). The structurally characterized
adamantylimido-chloride (bida)CICr=NAd (3=NAd) was
chosen for calculational evaluation as a halide variant of the
6=NAr. Figure 14a reveals the core metrics of 3=NAd,
whose calculated bond lengths average within 0.014(15) A of
the corresponding experimental values. Chromium has a
Mulliken spin density (Figure 14b) of +2.20 ™, a value clearly
more approximated by a d* Cr(IV) center, and the negative
spin density is spread only modestly over the bida ligand (net
~ —0.39 e”), but mostly on the adamantyl imide (net —0.684).
Somewhat surprisingly, the chloride has a tiny amount of
positive spin density; hence, the most apt description is
(bida>")CICr'"(NAr)", conforming to an imidyl, and affording
the GS Sy = 1/2 configuration. Note that while the imidyl
character’® 77! of 3=NAd has not been directly
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a.

Figure 15. Calculated geometry (a, ONIOM(MO06/6-31G(d):UFF), 2,6-Pr,C¢H; groups in the MM partition, remainder in the QM region) and
spin densities (in e”) (b) of (bia)CICr(CNAr’), (9, Ar’ = 2,6-Me,C¢H;) highlighting atoms of consequence that indicate are best construed as

between Cr(III) and Cr(IV) states.

Scheme 6. Plausible Chain Process for (bida)CrCl(THF) (1-THF) to (bia)CrCl,(THF) (8) Formation
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dimerization and HAT products

observed, evidence of HAT to the imidyl nitrogen was
obtained in its reaction with CNAr’ (Ar’ = 2,6-Me,C¢H;) to
provide (bia)CICr(CNAr"), (9).

(bia)CICr(CNAr’), (9). Recall that (bia)CICr(CNAr’), (9,
Ar’ = 2,6-Me,C¢H,) possesses an ambiguity in the bia" (n =
—1, — 2 (radical dianion), — 3) ligand, which has at least three
plausible redox states. Examination of the calculated distances
within the core shown in Figure 15a reveals that they average
within 0.009(9) A of the values determined from X-ray
crystallography, and the angles show similar accuracy. The
chromium Mulliken spin density illustrated in Figure 15b is
+2.95 e7, a value that can be interpreted as
(bia>")'CICr""(CNAr'),, but there is a substantial amount
of negative spin density on bia (~ —0.62 e”), and small
amounts on the isocyanides (—0.012 e”) and Cl (—0.068 e~).
Considerable triamide Cr(IV) character, ie. (bia®")-
CICr'"(CNAr’),, must be considered in view of this spin
density dispersion. The summation of experimental and
computational data implicates 9 as being between Cr(III)
and Cr(IV) integer species.

B CONCLUSIONS

Serendipitous discovery of the previously unknown pincer
ligand bida enabled its study as applied to chromium in varied
formal oxidation states. Three types of ligand activity were
anticipated: (1) redox noninnocence (RNI) of the diamide
backbone (i.e., (bida)", n =0, 1, 2), (2) H atom or proton loss
from the backbone methylene, and (3) hemilability of the
benzimidazole N-donor group.

Metric parameters intrinsic to the phenylene-diamide
section of bida appear remarkably consistent even when the
chromic centers of (bida)(R/X)CrL are oxidized to the formal
Cr(V) variants (bida)(R/X)Cr = NR'. The phenomenological
equations of charge (i, ¢ = d(CN)ave —1.32 A)/(—0.055))
and (c d(CC) — 1.45 A)/(0.025)) developed from
(bida)Na,(THF) metrics in conjunction with common
Ar—N distances, etc. afford average charges of —1.08(2) and
—1.06(22). Noticeably, the experimental charge arguments
reveal bida to have roughly the same charge whether attached
to formally Cr(III) or Cr(V),
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Calculationally the bida ligand shows ambiguity, which the
dianion form manifests to a greater extent than the monoanion.
The conventionally described Cr(IIl) species, (bida)CrCl-
(PMe,Ph) (1-PMe,Ph) and (bida)CrMe(THF) (2-Me), have
spin densities ~ +3.5 e, roughly between a d* and d*
configurations, and the remainder of the spin density is
delocalized over all the neighboring atoms. Conventional
Cr(V) imides have spin densities ~ +2.3 e~, close to a d*
configuration, with contributions from d* states not wholly
unreasonable. Surprisingly, bida does little electronic buffering
via its z-system, taking a backseat to the imido ligand that is
best construed as an imidyl,**~>*”'~7* with about —0.7 e~ of
spin density. With the inferred HAT chemistry in the
production of (bia)CICr(CNAr’'), (9, Ar' = 2,6-Me,C¢H,)
from (bida)CICr=NAd (3=NAd) in the presence of 2,6-
Me,C4H;NC, its imidyl character is apparently consequential
enough to afford some reactivity.

Thermal studies of (bida)R’"Cr=NR (R’ = Me, R = Ad, Ar,
5=NR; R’ = CH,CMe,Ph (Nph), R = Ad, Ar, 6 = NR) failed
to elicit the relatively uncommon migratory insertion of an
alkyl into an imide.””~** Given the predicted imidyl character,
this functionality may not be electrophilic enough and/or the
alkyl is not nucleophilic enough to permit migration. With the
R’/NR angles at >100°, and significant sterics about the Cr,
the requisite geometry to access insertion might also be
difficult. Insertion of the ArNj; (Ar = 2,6-Pr,—C¢H,) terminal
nitrogen did occur, but the incipient (bida)(Nph)Cr=
N—N=NAr intermediate is likely to be far more electrophilic
at nitrogen and have lesser steric issues due to the distal Ar
group on the azide, ultimately shown in the x*-binding
arrangement observed in (bida)Cr(x*-N,N-ArN;neophyl) (7).

The oxidation study with NCS shown in Scheme 5 can be
plausibly rationalized as the chlorination of (bida) CrCI(THF)
(1-THF), via the chain process in Scheme 6. Chlorination of
1-THF can generate conventional Cr(IV) (bida)CrCL (THF)
and the succinimide radical. While these can combine within a
solvent cage to afford (bia)CrCl,(THF) (8) and succinimide,
radical escape from the cage allows it to undergo HAT with 1-
THF to produce the formal Cr(II) as (bia)CrCI(THF). As a
Cr(II) intermediate, it is more likely to abstract Cl atom from
NCS to afford product 8 and regenerate the propagating
radical in a standard chain process.

In conclusion, if the bida ligand is manifesting RNI, its
metric parameters are not reflecting the changes in charge;
hence, its electronic buffering capacity may be occurring via its
sigma-donation, i.e., its covalency in o-bonding (see plotted
molecular orbitals in the Supporting Information). It is
apparent that the spin densities and charge assessments belie
the conventional approach of interpreting charge distribution in
integer terms.”>"¢ Moreover, observations of unconventional
Heg values and featureless EPR spectra appear to coincide with
the smearing of electron density in AF-coupled systems and
should be recognized as potential signatures of RNI when
metric parameters are inconclusive or unobtainable.
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