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Extensive DFT calculations with several exchange-correlation functionals indicate that molybdenum-
dichlorido Viking helmet corroles are noninnocent with significant Mo'V-corrole*®~ character. The effect
is mediated by a Mo(4d)-corrole(r) orbital interaction similar to that postulated for MnCl, FeCl and FeNO
corroles. The effect also appears to operate in tungsten-dichlorido corroles but is weaker relative to that
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for Mo. In contrast, MoO triarylcorroles do not exhibit a significant degree of corrole radical character.
Furthermore, the Soret absorption maxima of a series of MoCl, tris(para-X-phenyl)corrole derivatives
were found to redshift dramatically with increasing electron-donating character of the para substituent X,
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Introduction

Over a half-century ago, the Danish chemist C. K. Jorgensen
defined a noninnocent ligand as one that leaves the oxidation
state of the coordinated atom uncertain or debatable." For
ligands involving extended =-systems, ligand noninnocence
typically entails partial oxidation and reduction of the
n-system, ie., m-radical character.>® The phenomenon has
been widely studied for 3d transition metals, perhaps most
famously for the C-H-activating Compound I intermediate of
cytochrome P450,*° but far less so for 4d, 5d, and f-element
systems.®® The rarity of well-characterized, noninnocent 4d
and 5d metal systems reflects in part the rarity of stable, para-
magnetic complexes involving these elements (which in turn
reflects their preference for low-spin states), robbing magnetic
resonance methods such as paramagnetic NMR and EPR spec-
troscopy of the ability to characterize the phenomenon by
probing molecular spin densities.” ' It is against this back-
drop that we have chosen to reexamine paramagnetic molyb-
denum-"" and tungsten-'® dichlorido “Viking-helmet” corroles
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essentially clinching the case for a noninnocent macrocycle in MoCl, corroles.

with density functional theory methods for possible signs of a
noninnocent corrole (Scheme 1; see also Notes).

In recent years, metallocorroles have provided many
examples of well-characterized noninnocent systems.'*>> Key
examples include MnCl,** FeCl,>™"®> FeNO,** >’ Fe,(p-0),>® Co-
py*’/DMSO’® (py = pyridine), Co-PPh;,*" and Cu**™*° corrole
derivatives. It is worth noting that all these involve first-row
transition metals. In contrast, the overwhelming majority of 4d
and 5d transition metal corroles are thought to involve an
innocent corrole macrocycle.>®*" That said, both Pt™-aryl-
corrole®™ (ref. 42) and Pt“-aryl-corrole™  derivatives*® are
known, as are simple Zn"-corrole”” radical species;'* the
metal oxidation states in these systems, however, are not in
doubt so these, according to the definition above, do not
qualify as noninnocent. Silver corroles present a more interest-

L

X = CFg, H, Me, OMe

Scheme 1 Molybdenum-dichlorido “Viking-helmet” corroles.
Bronze Age horned helmets from Veksg, Denmark.

Right:
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ing scenario: while simple, relatively planar Ag triarylcorroles,
like their Au counterparts, are thought to be innocent, highly
saddled Ag p-octabromo-meso-triarylcorroles, like their Cu
counterparts,”®*® are thought to harbor noninnocent
macrocycles.*>*°

The assignment of an innocent or noninnocent description
for a given system can be a tricky proposition and misassign-
ments abound in the literature. In our own work on metallocor-
roles, we have regularly used half a dozen techniques as
physicochemical probes of ligand noninnocence and advocated
the use of at least three such probes for a credible electronic-
structural assignment.>” Herein, we report three lines of evi-
dence strongly supporting a noninnocent description for MoCl,
Viking-helmet corroles: (i) an existing X-ray structure, whose
implications for ligand noninnocence have not been realized
until now, and optimized DFT geometries, (ii) DFT spin density
profiles, and (iii) in situ electronic absorption spectra.

Results and discussion
Molecular structure

High-quality X-ray structures commonly signal a noninnocent
corrole in the form of characteristic bond length alternations
within and around the bipyrrole unit of the macrocycle.* As it
happens, the reported X-ray structure of Mo[TpOCH;PC]Cl,
[where TpOCH;PC>™ refers to the trianion of meso-tris(4-meth-
oxyphenyl)corrole; CSD code: NEMMAW; Fig. 1] is indeed of

Mo[TpOCH,PCICI,
CSD: NEMMAW

Mo[TPC]CI,
B3LYP/STO-TZ2P

Mo[TPCJO
CSD: YEBTI

Mo[TPC]O
B3LYP/STO-TZ2P

Fig. 1 Selected distances in the X-ray structures of Mo[TpOCH3PCICl,
and Mo[TPC]O and the DFT (B3LYP/STO-TZ2P) optimized geometries of
MoI[TPC]Cl, and Mo[TPC]O. Parts of the corrole skeleton exhibiting
bond length alternation are indicated with dashed lines and alternate
longer and shorter bonds therein are indicated in red and blue,
respectively.
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WITPCICI,
B3LYP/STO-TZ2P

W[TPC]O
B3LYP/STO-TZ2P

Fig. 2 Selected distances in the X-ray structure of a WCl,-triarylcorrole
and the DFT (B3LYP/STO-TZ2P) optimized geometry of Mo[TPCICl,.
Parts of the corrole skeleton exhibiting bond length alternation are indi-
cated with dashed lines and alternate longer and shorter bonds therein
are indicated in red and blue, respectively.

high quality and shows exactly such a bond length alternation
(although the point was not remarked upon in the original
report).”” Somewhat less clearly, a similar bond length alterna-
tion is also observed in the X-ray structure of an electron-rich
WCl,-triarylcorrole (CSD: WUNZUC; Fig. 2).'® In contrast, the
X-ray structure of Mo[TPC]O (CSD: YEBTIJ; TPC®~ = meso-tri-
phenylcorrolato; Fig. 1)*” does not evince a similar bond
length alternation, while terminal tungsten-oxo corroles, to
our knowledge, have not been reported. Interestingly, while
CrO triarylcorroles generally do not exhibit skeletal bond
length alternations,*® an electron-rich CrO-triarylcorrole with a
10-p-hydroxyphenyl substituent does, emphasizing the subtlety
of the matter.*’

To complement the above crystallographic findings, we
carried out scalar-relativistic DFT calculations using the Zeroth
Order Regular Approximation (ZORA) to the Dirac equation (as
implemented in the ADF program system) and all-electron
STO-TZ2P basis sets on four model systems — Mo[TPC]Cl,,
Mo[TPC]O, W[TPC]Cl, and W[TPC]O (where TPC = triphenylcorro-
lato). To derive trustworthy conclusions, we used six exchange-
correlation functionals including the extensively tested, high-
quality pure functionals OLYP and OPBE, the hybrid func-
tionals B3LYP, TPSSH, and OPBEO, and the range-separated
hybrid functional CAM-B3LYP. All beautifully confirmed the
crystallographic results and the expected bond length alterna-
tions for Mo[TPC]Cl, and the lack of such alternations for
MOo[TPC]O (Fig. 1). The calculations also confirmed bond length
alternations for W[TPC]Cl, (Fig. 2), but careful examination of

This journal is © The Royal Society of Chemistry 2021
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the optimized geometries showed that the alternations are
smaller in magnitude than for Mo[TPC]Cl,, potentially indicat-
ing a lower degree of corrole’®” character in the W case.

Spin density profiles and MO analysis

All six functionals yielded qualitatively similar spin density
profiles (Table 1). For Mo[TPC]Cl,, the Mo Mulliken spin popu-
lation was found to be 1.10-1.35 (Fig. 3 and Table 1), while a
corrole spin population of ~—0.3 was found to be distributed
approximately in the form of a porphyrin-like “a,,” radical.
The spin density of W[TPC]CI, (Fig. 4) is qualitatively similar,
but displays smaller spatial separation of majority and min-
ority spin (—0.2 on the corrole) densities. In contrast, we found
minimal evidence for a similar metal(d,.)-corrole(“a,,”) inter-
action and hence of a corrole radical for Mo[TPC]O and
W[TPC]O.

It is instructive to interpret the spin density profile of
Mo[TPC]Cl, in terms of Mo(4d)-corrole(n) interactions as reflected
in the frontier Kohn-Sham molecular orbitals (MOs), several
of which are depicted in Fig. 5. The topology of the spin
density on the Mo is consistent with an unpaired electrons in
the d,, orbital (HOMO—4, 173x) and fractional occupancy of
the Mo 4d,, (HOMO-3, 174a) and 4d,. orbitals (HOMO-2,
173p), the z direction being normal to the mean plane of the
corrole. Note that the HOMO-2 and HOMO-3 are the
majority- and minority-spin correspondents of what is essen-
tially the “porphyrin a,,-like” corrole-HOMO. The latter, min-
ority-spin MO is slightly more localized on the corrole than on

Table 1 Mulliken spin populations for selected atoms in Mo[TPC]Cl, for
different exchange-correlation functionals. (Note that only half the
molecule is effectively symmetry-distinct.)

8 10

OLYP  OPBE  B3LYP TPSSH OPBEO CAM-B3LYP
Mo 1101 1170 1120 1136  1.342  1.226
ch 0.032  0.022  0.029  0.026  0.009  0.025
c1 0.005  0.004  0.005  0.005  0.002  0.001
C2  —-0.001 —0.002  0.001  0.000  0.004  0.005
c3 0.004  0.004  0.002  0.003  0.000 —0.002
c4 0.008  0.009  0.012  0.013  0.021  0.019
C5  —0.022 —0.026 —0.032 —0.033 —0.062 —0.056
c6 0.008  0.009  0.011  0.011  0.016  0.013
c7 0.002  0.002  0.005  0.004  0.011  0.018
C8  —0.001 —0.001 —0.002 —0.002 —0.006 —0.010
c9 0.008  0.008 0016  0.015  0.031  0.040
C10  —0.025 —0.031 —0.041 —0.042 —0.086 —0.092
N1  —0.038 —0.045 —0.039 —0.041 —0.069 —0.052
N2  —0.044 —0.053 —0.047 —0.050 —0.086 —0.069

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Top and side views of DFT (B3LYP/STO-TZ2P) spin density plots
(contour = 0.002 e A=®) for Mo[TPCICl, and Mo[TPC]O. Majority and
minority spin densities are indicated in purple and ivory, respectively.
Mulliken spin populations are shown for selected atoms.

Fig. 4 Top and side views of DFT (B3LYP/STO-TZ2P) spin density plots
(contour = 0.002 e A~3) for WITPCICl, and W[TPC]O. Majority and min-
ority spin densities are indicated in purple and ivory, respectively.
Mulliken spin populations are shown for selected atoms.

Dalton Trans., 2021, 50, 12843-12849 | 12845
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9 9

LUMO + 2
176 B

e

LUMO
176 a

e

HOMO -1
175 a

HOMO -4
173 a

Fig. 5 Selected frontier Kohn—Sham MOs of Mo[TPC]ClL,.

the MoCl, unit, relative to the former, accounting for the net
ay,-type radical character evident in the molecule’s spin
density profile (Fig. 3). The Mo(4d,.)-corrole(“a,,”) interaction
evident in the HOMO-2 and LUMO (Fig. 5) is, topologically,
exceedingly similar to analogous interactions involving the
3d,. orbital in MnCl,>* FeCl,**** FeNO,*>” and Co-PPh;*' cor-
roles. Importantly, this picture was fully borne out by an exam-
ination of the 4d-based natural bond orbitals (NBOs) of the
molecule.

The electronic-structural difference between MoCl, and
MoO corroles may be likened to similar differences within
MnCl/MnPh and FeCl/FePh corroles. In each of these cases, a
stronger-field ligand (whether strongly o-donating like Ph or
both strongly o- and n-donating like oxo) stabilizes a higher-

12846 | Dalton Trans., 2021, 50, 12843-12849
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LUMO + 3
177 a

LUMO + 1
175

valent metal center and concomitantly an innocent corrole. A
weaker axial ligands such as chloride behaves oppositely,
resulting in a noninnocent corrole.

To gain an estimate of the strength of the Mo(4d,.)-
corrole”” antiferromagnetic coupling, we optimized the
corresponding ferromagnetically-coupled (S = 3/2) state of
Mo[TPC]O and found its energy to be ~0.9 eV above the ground
state (for the B3LYP functional). In stark contrast, the ferro-
magnetically coupled states of MnCl,>* FeCL'*™" FeNO,””
and Co-PPh;*' corroles were invariably found to occur only
a few tenths of an eV higher in energy relative to the antifer-
romagnetically-coupled ground state, a testament to
much stronger metal-ligand orbital interactions for the
heavier transition elements. This result provides a rare

This journal is © The Royal Society of Chemistry 2021
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measure of metal-ligand magnetic coupling for a 4d tran-
sition metal.

In situ electronic absorption spectroscopy

The optical spectra of a series of meso-tris(p-X-phenyl)corrole
(TpXPC) derivatives provide one of the simplest yet most
reliable indications of the innocence or otherwise of the
corrole macrocycle.”” If the Soret maximum is essentially
invariant with respect to the electron-donating/withdrawing
power of the para substituent X, the metallocorrole series in
question may be expected to be innocent. On the other
hand, if the Soret band redshifts markedly in response to
increasing electron-donating character of X, then the corrole
is noninnocent. To apply this optical probe to MoCl, cor-
roles, we generated a series of Mo[TpXPC]Cl, (X = CF;, H,
CHj, and OCHj;) derivatives from the corresponding MoO
complexes and recorded their optical spectra in situ (on
account of their high reactivity). Of these, Mo[TpOCH;PC]Cl,
is a known compound and the similarity of the spectral pro-
files and extinction coefficients strongly indicated an analo-
gous formulation for the other compounds. Gratifyingly, the
spectra indeed exhibited dramatic substituent-induced shifts
of the Soret maximum (Fig. 6). As shown in Table 1, the
Soret maxima of the MoCl, complexes redshift by 37 nm
between X = CF; and X = OCHj3;, while the Q maxima remain
essentially unchanged. The Soret maxima of the MoO series,
in contrast, are known to be invariant with respect to the
substituent X.*°

6.5 -
55 - — Mo[TpCF4PCICl,
"Tg 454 — Mo[TPCICI,

G — Mo[TpCHSPCICI,
g 35 — Mo[TpOCH,PCICl,
<
S 2.5
=

X 15

Y

05
05

300 350 400 450 500 550 600 650 700 750 800
A (nm)

Fig. 6 UV-vis spectra of Mo[TpXPCICl,, where X = CF3;, H, CHz and
OCHy3, in dry dichloromethane.

Table 2 In situ UV-vis absorption data for Mo[TpXPCICl,

Amax [NM, £ X 107" (M~ em™)]

Compound Soret Q

Mo[TpCF;PC]Cl, 357 (6.03) 514 (1.11)
Mo[TPC]Cl, 366 (6.08) 513 (1.57)
Mo[TpCH;PC]Cl, 376 (5.87) 514 (1.36)
Mo[TpOCH,PC]CI2 394 (6.48) 514 (1.62)

This journal is © The Royal Society of Chemistry 2021
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Conclusion

Three lines of evidence - crystallographic and DFT optimized
geometries, DFT spin density profiles, and in situ electronic
absoprtion spectroscopy - indicate that Viking-helmet MoCl,
triarylcorroles are noninnocent with significant Mo™-
corrole”®” character. The crystallographic structure in question,
Mo[TpOCH;PC]Cl, (CSD: NEMMAW), exhibits characteristic
bond length alternations within and around the bipyrrole part
of the molecule. Six different functionals reproduce this geo-
metrical attribute with high fidelity. The six functionals also
yield mutually consistent broken-symmetry spin density pro-
files with characteristic spatial separation of « and f spin den-
sities. Finally, the UV-vis optical probe, which has been suc-
cessfully used to identify ligand noninnocence in >15 families
of metallocorroles (as well as to rule out ligand noninnocence
in another >20 families), strongly suggests that MoCl, triaryl-
corroles are noninnocent, while the analogous MoO complexes
are not. (A family here refers to a series of metallocorroles in
which the substituents vary systematically, but the metal and
axial ligands, if any, are constant.) In this study, we have not
obtained a reliable estimate of the percent radical character of
MoCl, corroles. UV-vis spectral shifts, however, suggest a fairly
substantial fraction, on the order of 40% or so, based on
similar shifts observed for 3d-based noninnocent corroles,>
which have been analyzed with CASSCF/DMRG-CASPT2 calcu-
lations.?” The overall evidence for a noninnocent macrocycle
in MoCl, Viking-helmet corroles, in our opinion, thus, is
incontrovertible.

Computational methods

All DFT calculations were carried out with the ADF 2018
program system.>’ Relativistic effects were taken into account
with the zeroth-order regular approximation (ZORA**~%) to the
Dirac equation, applied as a scalar correction. Large all-elec-
tron ZORA STO-TZ2P basis sets were used throughout. Six
exchange-correlation ~functionals were used: OLYP,>>>°
OPBE,>"”"® B3LYP (with 15% Hartree-Fock exchange),”®>%°
TPSSH,®" OPBEO (with 25% Hartree-Fock exchange),*® and
CAM-B3LYP.®* Fine integration meshes and tight convergence
criteria were used throughout.

Experimental methods
In situ UV-Vis measurements

To a 50-mL round-bottom flask equipped with a stirring bar
was added a carefully weighed sample of an MoO triarylcor-
role (~2.5-3.0 mg or 0.004 mmol) dissolved in dry dichloro-
methane (2.0 mL). The solution was degassed with a flow of
argon for five minutes, following which silicon tetrachloride
(0.01 mL, 0.087 mmol), dissolved in dry dichloromethane
(0.5 mL), was added. After stirring for 10 min, the red color
of the starting material changed to the light brown color of

Dalton Trans., 2021, 50, 12843-12849 | 12847
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Mo[TpXPC]|Cl,, and UV-vis analysis of an aliquot of the reac-
tion mixture proved that the reaction was complete. The
reaction mixture was diluted to a known volume for quanti-
tative UV-vis analysis. In view the high reactivity of the pro-
ducts, we assumed complete conversion of the starting
materials and the extinction coefficients were calculated
based on the mass of the starting materials (Fig. 6 and
Table 2).

Notes

There is no archeological evidence that Vikings used horned
helmets similar to those depicted in popular culture.”® On the
other hand, horned helmets from the Bronze Age (depicted in
Scheme 1) have been discovered at Veksa, Denmark.®*
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