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Organic radicals that are directly coordinated to a transition
metal ion in metalloenzymes can be vital to enzymatic
function."! An important subfamily of such complexes con-
cerns organic radicals bound to a high-valent metal center.
One fascinating example is an iron(IV) oxo species supported
by a porphyrin x radical, [(Porp)Fe=0]", which has been
postulated as an intermediate in the catalytic pathways of
cytochromes P450, peroxidases, and catalases.”! The presence
of the porphyrin radical in some of these enzymes and in
biomimetic complexes has been confirmed by spectrosco-
py.?*% however researchers still seek to understand the
factors that govern the possible electronic structures (e.g.
[(Porp)Fe¥=0]", [(Porp’)Fe""=0]", or [(Porp)Fe'"=0"]") and
to develop structure—activity relationships.”

The coordination chemistry of ligand radicals and high-
valent metal centers has also been studied using manganese
and chromium oxo complexes with heme-like ligands.”
However, it is rare among such complexes to find an
electron-transfer series wherein the question of metal versus
ligand oxidation has been well investigated.[! Moreover, the
structural characterization of these high-valent metal ligand-
radical species is often lacking."! We now present an electron-
transfer series comprising high-valent chromium imide com-
plexes featuring redox-active, non-heme ligands. We were
surprised to discover a unique redox event whereupon the
addition of two oxidation equivalents ultimately resulted in a
more reduced chromium center coordinated to an imidyl
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radical (NR")™. Imidyl metal coordination complexes have yet
to be established,”®! and even the coordination chemistry of
the related aminyl radical (NR,) is limited to only a few
examples.”’)

Entry into this work began with the recently reported
chromium(IT) complex [(L*),Cr],'” where (L°) represents the
monoanionic w radical of the a-iminopyridine ligand 2,6-
bis(1-methylethyl)-N-(2-pyridinylmethylene)phenylamine
(L). Addition of 1-adamantyl azide (AdN;) to [(L"),Cr] in
benzene at ambient temperature resulted immediately in
effervescence of N, and a color change from dark brown to
royal purple. The solid-state structure revealed the product to
be the chromium imido complex [(L'),Cr(NAd)] [1; Eq. (1)].

Compound 1 is diamagnetic (S =0), and its cyclic voltammo-
gram (CV) in THF contains a fully reversible redox event at
—1.15V and a quasi-reversible feature at —0.40 V (vs. Fc'/
Fc). The reversibility of the latter improves upon increasing
the scan rate from 50 to 1000 mVs™" (see the Supporting
Information). The two features in the CV were assigned as
oxidations based on the lack of reactivity of 1 with [Cp,Co].
Conversely, compound 1 reacts readily with one and two
equivalents of [Cp,Fe][B(3,5-(CF;),C¢H;),] in THF to
generate [(L")(L)Cr(NAd)][B(3,5-(CF;),C¢H5),] (1[B(3,5-
(CF;),Cets),]) and  [(L),Cr(NAQ)][{B(3,5-(CF;),CsHa)al}o]
(1[{B(3.5-(CF;),CsHs),] L)), respectively.

These three compounds together form a one-electron-
transfer series [(L),Cr=NAd]" (for n=0-2) wherein the
metal and/or ligand(s) are successively oxidized. The effective
magnetic moments (u.) of 1" and 1° are virtually temper-
ature-independent from 50 to 290 K at 1.83 and 2.80 ug,
respectively (see the Supporting Information). These values
are close to the expected spin-only values for an S ="'/, and an
S =1 system, respectively. The doublet-spin compound 1" was
further characterized by EPR spectroscopy in a THF glass at
10 K. The EPR spectrum shows a nearly isotropic signal with
g=1(2.02, 2.00, and 1.98), which unfortunately does not allow
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us to distinguish between a metal- and a ligand-based electron
since gc,~2.0 (see the Supporting Information).!'!

The solid-state structures for 1, 17, and 1** are depicted in
Figure 1.1 All structures exhibit a distorted trigonal-bipyr-
amidal geometry wherein the imide and imine nitrogen atoms
occupy the equatorial plane (X(angles) =360°), and the two

Figure 1. Molecular structures of 1 (top left), 17 (top right), and 1"
(bottom left; 50% probability level). The counteranion and solvent
molecules have been omitted. Bottom right: an overlay of the
structural cores of 1 (red), 17 (yellow), and 1** (green).

pyridyl nitrogen atoms are nearly axial (162°). An overlay of
the structural cores shows that the bond angles around
chromium do not vary significantly within the series
(Figure 1). The Cr—N(imide) bond distance decreases only
slightly from 1.667(2) A in 1 to 1.648(2) and 1.647(2) A in 1*
and 1*', respectively. These minute changes in the Cr—
N(imide) bond length correlate with the straightening of the
Cr—N—C(Ad) bond from 163.6(1)° in 1 to 174.5(2)° and
176.6(3)° in 1" and 1**, respectively.

Although the gross features in the molecular structures of
1, 17, and 1*' are similar, a careful inspection of the o-
iminopyridine ligand bond parameters does reveal significant
differences (Table 1). Thus, the bond lengths in the ligand
backbone vary by up to 0.07 A, which reflects a redox-state
change in the ligand of one electron (Scheme 1). A compar-
ison of the backbone bond lengths for 1 and 1°" shows that
both ligands are consistent with the monoanionic 7* radical
form in 1 and the neutral a-iminopyridine in 1°*."”) The bond
lengths of the two ligands in the monocation 1" lie between
those expected for the closed-shell neutral ligand and for the
monoanionic & radical, thereby making it less straightforward
to assign oxidation states. The two ligands in 1" do appear
inequivalent, however, with one of the ligand parameters
approaching the radical state and the other the neutral form.
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Table 1: Experimental bond lengths [A] in the ligand backbone.

bond® 1 1" 1%

c—C 1.396(3) 1.408(4) 1.458(6)
C—N(iminyl) 1.351(2) 1.328(3) 1.284(5)
C—N (pyridyl) 1.384(2) 1.365(3) 1.370(5)
c—C 1.402(2) 1.435(4) 1.466(6)
C—N{(iminyl) 1.337(2) 1.299(3) 1.281(5)
C—N (pyridyl) 1.387(2) 1.364(3) 1.377(5)

(Lred )2—

(L)~

Scheme 1. Characteristic bond lengths in the different ligand redox
states. The bond parameters for (L)~ and (L"%)?" are based on a small
number of complexes and should be used cautiously.

This suggests the presence of one ligand radical in 1*. Based
on the solid-state structures, the redox changes in this
electron-transfer series are likely to be occurring at the
ligand sites. As a consequence, the redox state of the
(CrNAd)*" fragment appears unaltered in the series.

The presence of ligand radical(s) in 1 and 17 is also evident
by their intense colors relative to 1", where both ligands are
in their closed-shell neutral form. The electronic absorption
spectra for the series are shown in Figure 2. Compounds 1 and
1" are characterized by absorptions with large extinction
coefficients (approx. 10*M~'cm™) in the UV/Vis and NIR
regions, whereas the dication 1** has no strong absorptions
(e<1m'em™). An intervalence charge-transfer band is
observed for 1" at 1310 nm.

X-ray absorption spectroscopy (XAS) studies were con-
ducted to investigate the oxidation state of the chromium
center as the pre-edge region can be a particularly sensitive
probe of the local metal electronic structure.' Figure 3
displays the Cr K-edge data for 1, 17, and 1*". The pre-edge

g/10°m" em™

g110°m" em™

giw'em™
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Figure 2. Electronic absorption spectra of 1, 1%, and 1*" in THF at
22°C.
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Figure 3. Comparison of the normalized Cr K-edge XAS spectra for 1,
1%, and 1. The inset shows a close-up of the pre-edge features.

(5990.7 (1) and 5990.9 eV (17)) and rising-edge shifts for 1 and
1" are consistent with Cr'V.l'¥l A tetravalent chromium center
also correlates with the observed diamagnetism of 1 and the
doublet state of 1* by the following rationale. If ligand
radical(s) are present, then the spin of the ligand radical(s)
(S1ig ="/) may couple antiferromagnetically to the metal spin
(Cr"Y, Si,=1). In the case of 1, the two ligand radicals
effectively cancel the metal spin to give a singlet state,
whereas in 1" the sole ligand radical couples to Cr'V to
generate a doublet state. Another outcome of a tetravalent
metal state is that the imide group must be the closed-shell
dianion (NAd)*", which is the expected oxidation state for
this functionality. In contrast to 1 and 17, the dication 1*" has
energetically lower pre-edge (5990.1 eV) and rising-edge (by
about 1 eV) positions, which are indicative of a reduced Cr™
center.!”” This finding is surprising because we would have to
invoke an anionic imidyl radical (NAd)~ rather than the
typical closed-shell dianion (NAd)*~ to account for a Cr'™
state in 17,119

To further elucidate the electronic structures, broken-
symmetry (BS) hybrid density functional theory (DFT)
calculations were conducted (B3LYP). The calculated geo-
metries were generally in good agreement with the exper-
imental ones (see the Supporting Information). The spin-
density maps for the theoretical models of 1, 1%, and 1°" are
shown in Figure 4. The number of unpaired electrons on the
ligands is two, one, and zero for 1,17, and 1*" respectively. The
net spin density for the (CrNAd)*" unit in all models is around
2, although the spin density at chromium, which varies from
2.6 to 3.0, reflects a continuum between Cr' and Cr'.

The molecular orbital (MO) diagram for 1** is shown in
Figure 5. Five predominantly metal-based MOs, two of which
are singly occupied, are found. Notably, the next two high-
lying MOs (which correspond to the anti-bonding st* inter-
action between Cr and NAd) contain significant covalent
contributions from the imido nitrogen atom, therefore the
occupation of their congeners (the m-bonding interaction
between Cr and NAd, which is presumably at lower energy)
raises the spin density at Cr above two and towards three. The
d orbitals of 1 and 1" are also doubly occupied, with the only
significant differences occurring at the ligands. The ligand mt*
orbital(s) in 1 and 1* become singly occupied and their
electron(s) magnetically couple to the d electrons(s) of
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S=0 S=% S=1
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Figure 4. Spin-density distribution and values for the hybrid DFT models
of 1 BS(2,2), 17 BS(2,1), and 1**. Only atoms with spin densities >0.10
are labeled.
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Figure 5. Qualitative MO diagrams of the magnetic orbitals derived
from the hybrid DFT calculations of 1 BS(2,2), 1" BS(2,1), and 1**. The
spatial overlaps of the corresponding alpha and beta orbitals are
given.

chromium. The DFT calculations clearly show the presence
or absence of radical(s) in the iminopyridine ligands. Dis-
appointingly, however, the calculations do not exactly repro-
duce the observed dramatic change in the chromium oxida-
tion state, although they do suggest that two different
extremes of electronic structures are possible for the
(CrNAd)*"  unit—(CrV(NAd)*")** or (Cr'™(NAd)")*".
According to Cr K-edge data, the former is valid for 1 and
1" whereas the latter is a more fitting descriptor for 1*".

In summary, an electron-transfer series featuring high-
valent chromium and ligand-centered radicals has been
described for non-heme ligands. The electronic structures
shown in Equation (2) can be proposed for this series based
on structural/spectroscopic evidence in conjunction with DFT
calculations. We observe the counter-intuitive correlation that
the metal oxidation state decreases as the overall oxidation
level increases (1—1"—1?"). One explanation for this is that

[(L9),CrV=NAd]° ---——“:e [(L*)(L)Cr"f:rijhd]“-..——“:e [(Ly,Cr'=NAdPZ* (2)
1 1* G
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removal of the ligand radicals may increase the m-backbond-
ing interactions between Cr and the a-iminopyridines. The
electron density lost by the metal through m-backbonding
may be compensated from the m-donating imido group.
Consequently, the stability of the imide (NAd)*" anion
against oxidation decreases with increasing oxidation levels
until the imidyl radical (NAd)~ is ultimately stabilized, with
concomitant reduction of the metal from a formal Cr™vionin 1
and 1* to Cr'™ in 1°". In conclusion, the complexity of
accessible electronic configurations is underscored not only
by the redox non-innocence of the a-iminopyridine ligands
and the imido functionality, but also by the intricate interplay
between their oxidation states and that of the metal center.

Experimental Section
All syntheses were carried out inside a glovebox under argon at
ambient temperature. See the Supporting Information for details
regarding physical methods.

1: 1-Adamantyl azide (70.9 mg, 388 umol) was added to a solution
of [(L"),Cr] (226.9 mg, 388 pmol) in benzene (10 mL). The solution
immediately effervesced and changed color from dark brown to a
dark royal purple. After stirring for 2 h, the solvent was removed
under vacuum and the resulting crude residue was washed liberally
with pentane. Yield: 206 mg (72 % ). Single crystals were grown from a
diethyl ether solution by slow evaporation. 'H NMR (400 MHz, C,D,,
22°C): 6=1.56 (d, Jyuy=6.1 Hz, 1H), 7.21 (m, 2H), 7.10 (d, Jyu=
7.5Hz,1H), 6.70 (d, J;y =8.5 Hz, 1H), 6.16 (app t, Jyy =7 Hz, 2H),
4.98 (br, 1H), 3.36 (sept, Juy=06.6 Hz, 1H; CH(Me),), 2.45 (sept,
Jug=06.6 Hz, 1H; CH(Me),), 1.93 (br, 3H; Ad), 1.86 (br, 6H; Ad),
1.49 (app q, Jyu=125Hz, 6H; Ad), 1.36 (d, Jyuy=6.5Hz, 6H;
CHMeMe), 1.19 (d, Juy=6.5Hz, 6H; CHMeMe), 1.05 (d, Jyy=
6.5 Hz, 6H; CHMeMe), 0.99 ppm (d, Jy = 6.5 Hz, 6H; CHMeMe);
C NMR (400 MHz, C¢Dy, 22°C): 6 = 149.8, 148.5,145.1,144.9, 144 4,
126.8, 126.2, 124.6, 123.4, 123.2, 45.4, 36.6, 29.9, 28.2, 27.7, 27.0, 26.9,
24.1,22.0 ppm; UV/Vis/NIR (THF): 4., (¢) =820 (5660), 650 (6210),
540 nm (7520) 10°m'cm™'; elemental analysis (%) caled for
C,sHsoCrNs: C 75.27, H 8.10, N 9.54; found: C 75.11, H 8.15, N 9.39.

1*: One equivalent of [Cp,Fe][B(3,5-(CF;),CcHs)s] (195.0 mg,
186 umol) was added to a solution of 1 (136.4 mg, 185.8 umol) in THF
(10 mL). After stirring for 8h, the solvent was removed under
vacuum and the resulting residue washed liberally with hexane.
Crystals of 1[B(3,5-(CF;),C4H;),] were grown by vapor diffusion of
pentane into a concentrated THF solution (217 mg, 73 % yield). UV/
Vis/NIR (THF): 4. (¢) =1310 (6770), 940 (5170), 680 (2000), 550
(2570), 480 nm (2830) 10°m ' cm™'; elemental analysis (%) calcd for
C;sH; BCrF,,Ns: C 58.65, H 4.48, N 4.38; found: C 59.02, H 4.42, N
4.06.

1**: Two equivalents of [Cp,Fe][B(3,5-(CF;),CsH;),] (195.0 mg,
186 pmol) were added to a solution of 1 (127.1 mg, 173.2 umol) in
THF (10 mL). After stirring for 8 h, the solvent was removed under
vacuum and the resulting residue washed liberally with hexane. Yield:
410 mg (95%). Single crystals of 1[{B(3,5-(CF;),CsH;),]},] were
grown from a CH,Cl, solution by slow evaporation; elemental
analysis (%) caled for C,;HgB,CrFgNs: C 53.70, H 3.40, N 2.85;
found: C 53.42, H 3.49, N 2.74.
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