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ABSTRACT: The previously reported pseudotetrahedral
Co(I) complexes, CoX(PR;);, where R = Me, Ph, and
chelating analogues, and X = Cl, Br, I exhibit a spin triplet
ground state, which is uncommon for Co(I), although
expected for this geometry. Described here are studies using
electronic absorption and high-frequency and -field electron
paramagnetic resonance (HFEPR) spectroscopy on two
members of this class of complexes: CoX(PR;);, where R =
Ph and X = Cl and Br. In both cases, well-defined spectra
corresponding to axial spin triplets were observed, with signals
assignable to three distinct triplet species, and with perfectly
axial zero-field splitting (zfs) given by the parameter D =
+4.46, +5.52, +8.04 cm™, respectively, for CoCl(PPh,),. The
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crystal structure reported for CoCl(PPh;); shows crystallographic 3-fold symmetry, but with three structurally distinct molecules
per unit cell. Both of these facts thus correlate with the HFEPR data. The investigated complexes, along with a number of
structurally characterized Co(I) trisphosphine analogues, were analyzed by quantum chemistry calculations (both density
functional theory (DFT) and unrestricted Hartree—Fock (UHF) methods). These methods, along with ligand-field theory
(LFT) analysis of CoCI(PPh;);, give reasonable agreement with the salient features of the electronic structure of these
complexes. A spin triplet ground state is strongly favored over a singlet state and a positive, axial D value is predicted, in
agreement with experiment. Quantitative agreement between theory and experiment is less than ideal with LFT overestimating
the zfs, while DFT underestimates these effects. Despite these shortcomings, this study demonstrates the ability of advanced
paramagnetic resonance techniques, in combination with other experimental techniques, and with theory, to shed light on the
electronic structure of an unusual transition metal ion, paramagnetic Co(I).

B INTRODUCTION

Cobalt in the 1+ formal oxidation state (3d®) is relatively
uncommon compared to both Co(II) and Co(0)." Cobalt(I) is
found in one of redox forms relevant in the reaction pathway of
cobalamin-dependent enzymes.” In these systems, however,
square planar or square pyramidal Co(I) is diamagnetic
(by%e*a;’b,%), as is usually the case for the far more numerous
isoelectronic Ni(II) coordination complexes. Organometallic,
monocyclopentadienyl Co(I) complexes, such as CpCo(CO),
and its derivatives," which are of interest as catalysts for alkyne
dimerization® are diamagnetic, too. There is, however, a
bisarene Co(I) complex which is paramagnetic, with an S = 1
ground state.* Very recently, a remarkable two-coordinate
Co(I) “NacNac” (f-diketiminate) complex, L®*Co (where L™ =
2,2,6,6-tetramethyl-3,5-bis(2,4,6-triisopropylphenylimido)-
hept-4-yl) with an S = 1 ground state has been reported by
Holland and co-workers. Lastly, and of most relevance here,
there exist Co(I) complexes with other ligands, such as
isonitriles and phosphines. Most have trigonal bipyramidal geometry
and are thus diamagnetic. Examples are trans-CoH(CO)(PPh;),°
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and HCo[R'OP(OR?),], (R"* = Me, Et, etc.), which is of interest
as a chemical vapor deposition (CVD) precursor.” There are,
however, a few which, by virtue of their bulky phosphine ligands, are
tetrahedral, and should yield a *T;(F) (orbital and spin triplet; e*t,*)
ground state. The best known among these is the series
CoX(PPhy),, where X = Cl, Br, I, reported by Aresta et al. in
1969.° The tetrahedral structure was proposed mainly on the basis
of the S = 1 ground state found for these complexes by
magnetometry and was confirmed for the chlorido complex only
more than 20 years later by Cassidy and Whitmire;” no structures
have been reported for the bromido and iodido analogues. Not long
after the report on the PPh; complexes, analogous S = 1 complexes,
CoX(PMe;);, where X = Cl, Br, I, were reported by Klein and
Karsch,'® and the structures of the chlorido'"** and iodido," but
not bromido, complexes were shown to be tetrahedral. Two Co(I)
complexes with tripodal ligands, in one case triphos (1,1,1-
tris((diphenylphosphino)methyl)ethane)'*'> and in the other
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tris(2-(diphenylphosphino)ethyl)amine (in which the amino N
is not coordinated to Co(I)),"® have also been shown to be
pseudotetrahedral and, correspondingly, have triplet ground spin
states.

Over the past years, we have been investigating the electronic
structure of paramagnetic transition metal ion complexes with S
> !/, ground states, primarily by high-frequency and -field
electron paramagnetic resonance (HFEPR) spectroscopy.'” "
In particular, the Co(II) (S =3/,) complex series CoX,(PPh,),,
where X = Cl, Br, I, was investigated, although to date only the
chlorido complex has proven tractable to study.”® The
analogous Ni(Il) (S = 1) series, NiX,(PPh,),, has been studied
more extensively.m’22 Consequently, we have turned our
attention to a complementary complex of the same general
type, namely CoX(PPh,),, which would allow a comparison
between both Co(I) and Co(II) and between Co(I) and Ni(II)
in similar coordination environments. The electronic
structure of tetrahedrally coordinated Co(II) and Ni(Il) is
relatively well studied, while that of Co(I) has been barely
studied at all. In this study, we have therefore employed
ligand-field theory (LFT) and quantum chemical theory
(QCT), including both density functional theory (DFT) and
unrestricted Hartree—Fock (UHF) computational methods,
to shed light on the nature of tetrahedrally coordinated
Co(I) systems.

There is, however, another reason for interest in CoX-
(PPh;);, primarily the chlorido complex, which is the best
behaved of the three. Aresta et al. noted in their original work
that CoCl(PPh;); reacted with alkyl halides (RX) to give the
coupled alkane product (R—R) along with free PPh; and
CoCl,(PPh,),,? indicating that the Co(I) complex could be
involved in radical reactions, as is the case for cobalamins. In
the late 1970s, the Cl and Br complexes were used for alkene
dimerization reactions.”>** In 1981, Yamada and Momose
reported the use of CoCl(PPh,); for the reductive coupling of
benzylic halides,* which is more useful for organic synthesis.
Then, within the past few years, leading organic synthesis
groups have made use of this compound as a stoichiometric
reducing agent for the radical dimerization of halogenated
organic molecules.’*™*® CoCI(PPh,); succeeds in effectin
reactions where other organic or inorganic reagents fail.**~>
Our goal is not specifically to develop better reagents for
organic synthesis, but we believe that an understanding of the
electronic structure of Co(I) in these systems can have practical
applications as well as enhance our understanding of
fundamental coordination chemistry.

B EXPERIMENTAL SECTION

Synthesis. All operations were performed under nitrogen using
Schlenk techniques or an MBraun LabMaster glovebox. Metal salts
and triphenylphosphine were obtained from commercial sources; PPh;
was recrystallized from toluene prior to use. Chlorido-tris-
(triphenylphosphine)cobalt(I), CoCl(PPh,),, is commercially avail-
able from Sigma-Aldrich (catalog 361 844); however, as received, the
material is bright blue rather than green. The blue color is indicative of
(pseudo) tetrahedrally coordinated Co(II), such as found in
CoCl,(PPh;),,*® which, incidentally, is also available from Sigma-
Aldrich. We had no interest in determining the exact nature of the
commercial product, and instead prepared both CoCl(PPh;); and
CoBr(PPh;); following the procedure of Aresta et al® In this
procedure, CoX,-6H,0 (X = Cl, Br) is reacted with 3 equiv of PPh; to
generate a blue (for X = Cl) ethanolic solution of Co(II) phosphine
halide species, which are then reduced by NaBH, to the desired
product: a brown-green material for X = Cl and a green material for X = Br,
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as reported by Aresta et al.® These workers also used powdered Zn as
a reductant; however, we found this to make the workup much more
difficult and recommend use of only NaBH,. They also reported an
analogous iodido complex, CoI(PPh;);, but we were unable to
reproduce their work and obtained only the Co(II) product,
Col,(PPh;),, which had been previously reported by others.” Aresta
et al. had reported that the iodido complex is the least stable of the X
series.®

UV—Vis—NIR. A Jasco V-570 spectrophotometer with a diffuse
reflectance accessory was used to record spectra of solid CoCl(PPh,),
and CoBr(PPh;); each diluted with MgO under a nitrogen
atmosphere. Because the HFEPR studies were on solid material and
solutions of CoX(PPh,), are extremely air sensitive, we focused mainly
on solid state reflectance UV—vis—NIR spectra. Aresta et al. reported
that the vis—NIR spectrum of CoCl(PPh;), in benzene solution in the
presence of excess PPh; was the same as for the solid complex.® In our
hands, toluene solution spectra of CoCl(PPh;); with excess PPh,
showed the expected vis—NIR bands, but also bands at ~600 nm
characteristic of tetrahedral Co(II).>**" We did find that solid state
and toluene solution (with excess PPh,) spectra of CoBr(PPh,); were
qualitatively similar.

HFEPR. HFEPR spectra were recorded at NHMFL (Tallahassee,
FL) using a spectrometer that differed from that described earlier®
only in the use of a Virginia Diodes (Charlottesville, VA) source
operating at a base frequency of 12—14 GHz and multiplied by a
cascade of multipliers. Some results originated from the Dresden High-
Field Laboratory (HLD) using a similar setup.

Individggl spectra were simulated using a standard spin Hamiltonian
for § = 1:

H=pBgS + D[§z2 —S(S+1)/3] + E[§x2 - §y2]

(1)
Computer fits were made to two-dimensional field versus frequency
data sets to provide consensus frequency-independent spin Hamil-
tonian parameters. Further details of tunable-frequency HFEPR
methodology are given elsewhere.'®

LFT. Analysis of the electronic structure of Co(I) in the
CoX(PPh;); series was performed with use of two approaches:
crystal-field parametrization as described by Ballhausen,** and the
angular overlap model (AOM), originally due to Schiffer.>**¢ Two
computer programs were employed, Ligfield, written by J. Bendix
(Orsted Institute, Copenhagen, Denmark),”” and a locally written
program, DDN, available from J. Telser. Both programs use the
complete d® weak-field basis set including interelectronic repulsion
(Racah parameters: B and C) and spin—orbit coupling (SOC) and
either crystal-field (for DDN, the parameters: Dq, Ds, Dt**) or AOM
ligand-field bonding parameters ((:‘,,’,,).36 The two programs gave
identical results when directly compared. The Ligfield program allows
identification of the orbital occupancy and spin progeny of a given
energy level (eigenstate). Representative Ligfield output files are given
in Supporting Information. A version of the DDN program, DDNFIT,
allows best fitting of the experimental electronic absorption band
positions to values calculated by iteration of Racah and either crystal-
field or AOM bonding parameters. Another version of the DDN
program, DDNSUSFIT, allowed calculation of magnetic susceptibility
data (){molypm, Heg) at various temperatures and applied fields.

For d block free-ions, definitive values for Racah parameters are
given by Borson and Schiffer®® and for SOC constants by Bendix,
Borson, and Schiffer.’” The free-ion parameters (in cm™") for Co(I)
are B = 798, C = 4382 (C/B = 5.49, which value is unusually high),38
and ¢ = 466."

QCT. All quantum chemical computations employed the software
package ORCA (version 2.8.02), written by Neese and co-workers.*
Two theoretical methods were employed: density functional theory
(DFT) and unrestricted Hartree—Fock (UHF) theory. The ORCA
calculations utilized the Ahlrichs type basis set VDZ*® for H—Kr and
auxiliary basis sets from the TurboMole library (ftp.chemie.uni-
karlsruhe.de/pub/jbasen), as defined elsewhere,41_43 and the def2-
TZV basis set.** Two representative, complete ORCA input/output
files (for CoX(PR;);, X = Cl, R = Ph, and X = Br, R = Me are given in
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Supporting Information, along with the output portions of several
other such files.

B RESULTS AND DISCUSSION

Synthesis. We note that one of the papers describing the
use of CoCl(PPh,); for organic szfnthesis mentioned that
freshly prepared material was used.”® Although we have no
expertise in this application, we concur in that CoX(PPh,),
compounds are exceedingly air sensitive and can decay over
time to Co(II) products, which is presumably the fate of the
commercially available material by the time it is received.
However, the original report by Aresta et al. states that
CoClI(PPh,), “is fairly stable to the air in the solid state, but not
in solution”.> We agree with this statement with respect to
solution behavior. In typical organic solvents (toluene,
dichloromethane), this reaction, which we believe to be
relatively quantitative oxidation to Co(II) phosphine halides,
is almost immediate (see Figure S1, Supporting Information).
In our hands, however, these compounds even as solids are
rather air unstable, oxidizing to blue Co(II) products in the
course of a few minutes, and over days in closed screw-cap vials
(see Figure S2, Supporting Information). Nevertheless, storage
of freshly prepared material in sealed tubes and loading of
HFEPR sample holders under Ar allowed recording of spectra
free of Co(II) contaminants (see below).

Structures. The structure of CoCl(PPh;); exhibits 3-fold
crystallographic symmetry (trigonal space group P3),” as does
that of CoCl(PMe;); (cubic space group Pa3).'"'? The
structure of CoCl(PPh;); is shown in Figure 1. No structures

Figure 1. Structure of molecule 1 of CoCl(PPh,);, as reported by
Cassidy and Whitmire.” At left is a view normal to the Co—Cl bond
(C4 axis); at right is a view down the C; axis. The color scheme is as
follows: Co, aquamarine; Cl, green; P, orange; C, black.

have been reported for CoBr(PR;); (R = Me, Ph) or
ColI(PPh;);; however, the structure of Col(PMe,), is only 2-
fold symmetric (monoclinic space group P2;/m)."> The air
sensitivity of CoBr(PPh,); in solution has prevented us from
growing crystals of this complex; however, as shown below,
HFEPR indicates that it also has 3-fold symmetry. Metric
parameters related to the coordination sphere of Co(I) in these
CoX(PR;); complexes are given in Table S1 (Supporting
Information), which includes the two complexes with chelating
ligands. The difference in these parameters between the
chlorido triphenylphosphine and trimethylphosphine com-
plexes is essentially the same as the difference among different
molecules of a given complex whether in the same unit cell or
in different structure determinations. Even the iodido complex
is very similar to the chlorido structures, except for the longer
Co—I bond. The parameters for the bromido complex,
CoBr(NP3), are also quite similar to those for the chlorido
complexes, despite the tridentate chelating nature of the ligand.
This suggests that the absence of a crystal structure for
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CoBr(PPh;); is not critical. Only the triphos complex shows a
significant difference from the others due to the demands of
this tridentate ligand.

UV—Vis—NIR. In contrast to the bright blue color typical of
tetrahedral Co(II) complexes, the Co(I) complexes are green in
the solid state and in noncoordinating solvents (toluene,
dichloromethane). Because the HFEPR studies were conducted
on solids, and in view of the extreme solution sensitivity of
these complexes (see Figure S1), we only qualitatively
confirmed the result of Aresta et al.® that CoX(PPh,),
compounds have the same electronic absorption spectra in
solution (they used benzene with excess PPh,; we used toluene
with excess PPh;) as in the solid state. The results are
summarized in Table 1, and reflectance spectra are shown in
Figure 2, which also shows a toluene solution spectrum for the
bromido complex. This complex appeared to be more stable in
solution than the chlorido complex.

HFEPR. Both CoCl(PPh;); and CoBr(PPh,); examined as
polycrystalline solids showed a strong EPR response at
frequencies above 90 GHz and at liquid helium temperatures.
Upon warming the samples, the intensity of the resonances
decreased, but they were still easily detectable even at room
temperature (295 K). No signals were observed near g &~ 2.0 in
CoCl(PPh;); and only weak resonances in CoBr(PPh;); at g &
2.05—2.15, indicating the absence of other than impurity-level
organic radical or metal-centered paramagnet, which could arise
from species such as Co(0) (3d°, S = '/,) or, more likely, low
spin (LS) Co(II) or high-symmetry high-spin (HS) Co(II).
More importantly, no signals were seen anywhere in the field
range that could be attributed to lower-symmetry HS Co(II),
such as we have observed for CoX,(PPh;),, X = Cl, Br, L

Figures 3 and 4 show representative HFEPR spectra for
CoCl(PPh;); and CoBr(PPh;);, respectively, in the high
frequency and low temperature regime. In both cases, the
spectra were found to be a combination of three distinct triplet
(S = 1) states, labeled A, B, C in the order of increasing zfs
parameters, and could be well simulated as a sum of these three
components. The intensities of the EPR signals corresponding
to sites A and B are approximately equal, as can be seen by eye
in Figures 3 and 4. While the amplitude of triplet C is lower by
a factor of ca. 3.5 than those of A and B, after taking into
account an increase of line width by a factor of 2 (for the best-
defined perpendicular AMg = +1 turning points) its integrated
intensity is about the same as those of species A and B; i.e, the
ratio of the three species is approximately 1:1:1.

Although the agreement between experiment and simulation
in Figures 3 and 4 can be deemed very good, the actual
simulation parameters were obtained not from single-frequency
spectra such as those in the two figures, but from two-
dimensional field/frequency maps obtained for each of the two
complexes along the principle of tunable-frequency EPR.'®
Figures S and 6 show such maps consisting of experimental
resonances represented by symbols, and simulations repre-
sented by curves, for each of the three triplet states found for
each molecule. Simulation parameters were obtained by a least-
squares fit to the complete data set for each of the triplets as
explained elsewhere'® and are shown in Table 2.

A striking feature of each of the triplets in both complexes is
the strict axiality of their zfs tensors. No splitting of the
perpendicular turning points into x and y components could be
observed. HFEPR is able to detect very small deviations from
axial symmetry, in both relative and absolute terms. In this case,
simulations indicate a maximum rhombicity, |E/DI, of at most
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Table 1. Electronic Absorption Spectra of CoX(PPh;); Complexes

Assignment
cubic 3T,(P) « *T,(F) 3A,(F) « 3T (F) 3T,(F) « °T(F)
trigonal A, SE(P) « A, 3A,(P) « A, 3A,(F) « A, A, °E « A,
trigonal E 3A,(P) « 3E SE(P) « 3E 3A,(F) < 3E A, °E « E
CoCl(PPh,);
toluene soln” 13430 (745) 10400 (960, sh) 9350 (1070)
diff reflect” 13700 (730) 10400 (960, sh) 9090 (1100) 5100 (1960)
Aresta et al.c 13420 (745) 10 650 (940, sh) 9090 (1100) 5000 (2000)
Calcd?
cubic 13 400 9400 4350
trigonal A, 12 840 11 560 8940 4200, 4950
trigonal E 13 380 10 540 9480 5710, 4360
AOM 06,1 A)° 13 420 10 650" 9090 5260, 5000
AOM o E° 13040 11 690 9300 4950, 4220
CoBr(PPh,)
toluene soln” 13350 (750) 10300 (970, sh) 9270 (1080)
diff reflect” 13 500 (740) 10350 (965, sh) 9050 (1105) 4750 (2100)
Aresta et al.c 13250 (755) 10 520 (950, sh) 8970 (1115) 4650 (2150)
Calcd”
cubic 13250 9210 4260
trigonal A, 12 650 11390 8780 4060, 4750
trigonal E 13220 10 470 9220 5520, 4220
Col(PPh;),
Aresta et al. 12 580 (795) 8620 (1160) 4540 (2200)
Calcd”
cubic 12 590 8840 4090

“Experimental band positions in cm™ and nm (in parentheses); calculated values in cm™. The upper row corresponds to the transition in T} point
group symmetry. The lower row corresponds to the transition in Cs, point group symmetry; in this case, two choices are possible for the ground
state (since T splits into A, and E), as indicated. This work. Toluene solution (with excess PPh;) and diffuse reflectance spectra. The bands are
broad, and the uncertainty in maxima is +5 nm for A < 1100 nm and +50 nm (~50 cm™") for 4 > 1100 nm. No attempt was made to record solution
spectra at A > 1100 nm. “Reference 8. Benzene solution (with excess PPh;) spectra. The molar absorptivity of these bands in the chlorido and bromido
complexes was in the range 100—150 M™" cm™, typical for d—d transitions; no values were reported for the iodido complex. #Values are rounded to
the nearest 10 cm™". The topmost row corresponds to a calculation using only cubic (T,) crystal field splitting and ignoring the shoulder seen for the
Cl and Br complexes. Parameters (all in cm™) used for Cl: B = 650, Dq = 50S. For Br: B = 64S, Dq = 495. For I: B = 610, Dq = 475. The second and
third rows correspond to calculations using trigonal crystal field splitting as well and including the shoulder band. Transition energies to both A, and
3E excited states originating from *T, are calculated; however, only transitions to °E are fitted. In the second row, Ds < 0, which gives a *A;,[*T,(F)]
ground state. In the third row, Ds > 0, which gives a *E[*T,(F)] ground state. Parameters (all in cm™") used for C, *A,: B = 525, Dq = 480, Ds =
—580. For Cl, E: B = 445, Dg = 510, Ds = +760. For Br, °A,: B = 530, Dq = 470, Ds = —525. For Br, °E: B = 450, Dg = 495,
Ds = +740. No such calculation was done for the iodido complex. “These two rows correspond to AOM calculations using the structural data for
molecule 1 of CoCl(PPh,); (see Table S1). The upper of these two rows (fourth overall) includes both ¢ and cylindrical
n-bonding, with the phosphines as acceptors and the chloride as a donor, with the following parameters: B = 450, £,(P) = 3340, £,(P) = =310,
£,(Cl) = 5430, £,(Cl) = +1380, which gives a *A, ground state. The lower of these two rows (fifth overall) corresponds to a calculation using only
o-bonding, with the following parameters: B = 545, £,(P) = 3250, &,(Cl) = 5190, which gives a °E ground state. No such calculations were done for
the bromido or iodido complexes because no structures have been determined. Y Using this model, the transition at lower energy is actually *E(P) « °A,,
and that at higher energy is *A,(P) < °A,, the same ordering as for the trigonal crystal-field model with a *E ground state; however, these entries are
transposed so that the energy match is clear.

0.002. This rigorous axiality is consistent with the crystallo- given by the Racah parameter B (only triplet states will be
graphic symmetry, as described above. Correspondingly, the g considered at this point, so the Racah parameter C is not
tensors are also axial, and close to isotropic, with the range of g relevant).36 This method has recently been used to analyze
values contained between 2.20 and 2.25 for g, and 2.16 and electronic absorption spectra of pseudotetrahedral Ni(II)
2.2S for g. The axial zfs parameter D varies from about 4—8 alkoxide complexes.** The results are given in Table 1 and
cm™ for CoCI(PPh,), to about 2—7 cm™ for CoBr(PPh;);. In include CoI(PPh,); even though this complex was not studied
each case D is positive, as found by simulations of single- here. The fit is not perfect, which is hardly surprising given the
frequency spectra. The single-crystal line width used in crude nature of the model, but the transition T, (P) « 3T,(F)
simulations is approximately the same (50 mT) for triplets A can be matched exactly and the other two (*°T, < *T,(F) and
and B in both complexes, while triplet C, characterized by the 3A, < *T,(F)) are within 300—500 cm™; the experimental
largest D, has also much larger line width of about 100 mT (all precision of the last of these bands (well into the NIR region) is
the values given are for the allowed, AM = +1 transitions.) relatively low. The fit parameters (in cm™) are all relatively

LFT Analysis. The initial analysis will use a crystal field close: 610 < B < 650 and 475 < Dq < 505, in the order
model that includes only cubic splitting (given by the I < Br < Cl, which is consistent with the spectrochemical series.
Ballhausen parameter, Dg>*) and interelectronic repulsion, That the crystal field parameters for the three different halido
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Figure 2. Diffuse reflectance spectra of CoCI(PPh;); (green trace) and
CoBr(PPh;); (brown trace). The red trace shows the electronic
absorption spectrum of CoBr(PPh,); in toluene solution (ca. 4 mM)
in the presence of excess PPh;. The ordinate is in arbitrary units. The
assignment of bands is for idealized tetrahedral symmetry.

]
Figure 3. HFEPR spectra of polycrystalline CoCl(PPh;), at 406.4
GHz, and 10 K. The black trace is an experimental result, while the
colored traces represent simulations for the three individual triplet
states identified in the sample (green = A, blue = B, red = C), and also
their sum (magenta trace). Simulation parameters are those from
Table 3. Single crystal line widths: for triplets A and B, 50 mT
isotropic for the AMg = +1 transitions, 20 mT for the AMg = + 2
transition; for triplet C, 100 mT isotropic for the AMg = =+l
transitions, 25 mT for the AMg = +2 transition.

Magnetic Field (T)

complexes are so close is presumably the consequence of the
constancy of the three phosphino ligands. Given that free-ion
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Magnetic Field (T)

Figure 4. HFEPR spectra of polycrystalline CoBr(PPhs); at 331.2
GHz, and 10 K. The black trace is an experimental result, while the
colored traces represent simulations for the three individual triplet
states identified in the sample (green = A, blue = B, red = C), and also
their sum (magenta trace). Simulation parameters are those from
Table 3. Single crystal line widths were the following: triplet A, 50/250
mT for the perpendicular/parallel turning points, respectively, in AM;
= =1 transitions, 20 mT for the AMg = +2 transition; triplet B, 50/
250 mT for the perpendicular/parallel turning points, respectively, in
AM; = +1 transitions, 10 mT for the AMg = +2 transition; triplet C,
100 mT isotropic for the AMg = +1 transitions, 20 mT for the AMg =
+2 transition. The two resonances observed near 11.05, and 11 T (g =
2.15, and 2.05, respectively), are due to impurities not belonging to the
triplet states characteristic for the bulk complex, and are not simulated.

Energy (cm™)

Magnetic Field (T)

360
Frequency (GHz)

T
200

400 500)

Figure 5. Field/frequency map of resonances observed in CoCl-
(PPh,); at 10 K. Symbols (M, A, V) are experimental points; curves
were simulated using spin Hamiltonian parameters from Table 2.
Different colors denote the three different triplet states identified in
this complex (green = triplet A, blue = B, red = C). The vertical
dashed line represents the frequency at which the spectrum in Figure 3
was recorded.

Co(I) has B = 798 cm™",*® we find that 75% < B/Bjee ion < 80%,
which is reasonable for a covalent complex.*®

This crystal-field model can be extended to describe the
trigonal distortion introduced by the symmetry of the molecule,
which causes *T,(F,P) to split into *A, and °E, and T, to split
into *A; and ’E. The ground state could be either *E[*T,(F)]
or *A,[*T,(F)] and almost all possible transitions are allowed in
C,, symmetry: A, <> A, with z polarization, and E <& A, E & A,,
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Figure 6. Field/frequency map of resonances observed in CoBr-
(PPhy); at 10 K. Symbols (M, A, V) are experimental points; curves
were simulated using spin Hamiltonian parameters from Table 2.
Different colors denote the three different triplet states identified in
this complex (green = triplet A, blue = B, red = C). The vertical
dashed line represents the frequency at which the spectrum in Figure 4
was recorded.

and E < E all with xy polarization; only A, < A, is symmetry
forbidden. Unfortunately, we have no polarization data, and
the vis—NIR spectra of CoX(PPh;); are insufficiently resolved
to allow assignment of this trigonal splitting; it is only hinted
at by the shoulder seen at 10500 cm™ in the chlorido and
bromido complexes (see Table 1). There are two possible
assignments: either this shoulder is assigned to the transition
EPT,(P)] « E[Ty(F)] or to *A[’T,(P)] « °A,[’T,(F)]
(fitting with this model shows that the *T,(F) ground state
splits in the same order as the 3T,(P) excited state). We have
no reliable information on splitting of the T, state; however,
fitting is helpfully constrained by ignoring the transition to
*A,[’T,] since *A;[*T,] < *A,[*T(F)] is forbidden. The trigonal
splitting is parametrized by Ds. For Ds > 0, the ground state is
SE[*T,(F)] and the transitions for both the chlorido and bromido
complexes are well fitted with little change in Dq from the
cubic only fit (still ~500 cm™"), although with a significant
reduction in B (from ~650 to ~450 cm™'; see Table 1).
For Ds < 0, the ground state is *A,[*T;(F)] and the transitions
for both the chlorido and bromido complexes are again well
fitted, although not quite as well as with the *E ground state,
likewise with little change in Dg, but a lesser reduction in
B (to ~530 cm™'; see Table 1). On the basis of this analysis of
the electronic absorption spectrum alone, there is no way to
distinguish unequivocally between these two ground states.
The fit value of B relative to the free-ion value for the orbital
doublet ground state is lower than what might be considered
appropriate (~50%), but this is no basis for excluding this
possibility.

With this reasonably successful model for the electronic
absorption spectra at hand, we can proceed to include spin—
orbit coupling and see if the zfs observed by HFEPR can be
reproduced. In this case, a serious problem results, but of a
different nature than that seen in our other applications of LFT,
which tend to underestimate zfs. Use of { = 230 cm™), 50% of
the free-ion value, gives a positive D value (Mg = 0 spin ground
state), but with a magnitude that is far above what is seen
experimentally, 32 cm™ versus S—8 cm™, respectively. In order
to reduce the zfs into this experimental range, a range of
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Table 2. Experimental Axial $ = 1 Spin Hamiltonian
Parameters for CoX(PPh;);, X = Cl, Br, from HFEPR
Measurements and Magnetic Susceptibility Data, with
Calculations (in Brackets)

complex, te” 77 K,
species” D (cm_l)lJ I g 294 K
CoCl(PPh,),

triplet A +4.46(1) 2200(3)  2.178(S)

molecule 2 [+4.71] [2.251] [2.065] [3.057, 3.076]

triplet B +5.512(3) 2222(1)  2.164(4)

molecule 3 [+5.66] [2.275] [2.064] [2.997, 3.094]

triplet C +8.04(1) 2225(2)  2.18(1)

molecule 1 [+8.07] [2.362] [2.050] [3.009, 3.155]

av® +6.00 3.04, 3.11

trigonal A, [+5.97] [3.010, 3.098]

AOM o,7 A, [+6.15] [3.021, 3.108]
CoBr(PPh;);

triplet A +1.873(6) 2204(1)  2.195(3)

triplet B +3.03(1) 2227(1) 22279

triplet C +6.78(1) 2243(2)  225(2)

av® +3.89 3.08, 3.17

“Three distinct § = 1 species with axial symmetry were observed for
each sample and are denoted triplets A, B, C. These can be related by
LFT to the three molecules observed crystallographically for
CoCI(PPh,); as indicated here (see text for details). The AOM
bonding parameters used for the LFT calculation of spin Hamiltonian
parameters of each molecule are given in Table 4, combined with { =
101 cm™ (chosen to match the D value for molecule 1, i.e., the largest
zfs) and Racah B = 450, C = 2470 cm™ (C = 5.49B, as in the free
ion®*). Magnetic susceptibility calculations use in addition the
electronic Zeeman interaction, H, = fH-(kL + g.S) with k = 0.52
and H = 1 kOe; values calculated using H = 100 kOe differed by only
~0.02% from the lower field calculation. Magnetic susceptibility was
also calculated using the trigonal crystal-field model with an °A,
ground state (the more viable model; see text) and the parameters
given in Table 2, combined with { = 108 cm™ (chosen to match the
average D value) and Racah B = 525, C = 2880 cm™". ®Values only for
D (axial component of zfs) are given. Simulations allow an estimate as
to the maximum value for E (rhombic component of zfs) as follows:
triplets A and B, 0.010 cm™; triplet C, 0.015 cm™'. These values
correspond to a maximum rhombicity of |[E/DI & 0.002 for all three
triplets. “Powder magnetic susceptibility data, taken from Aresta et al,®
provides only an average of the three species seen crystallographically
and by HFEPR. Averages for both experimental and calculated D
values are provided for convenience only; no such value is observed
experimentally. “Here the g) value was assumed to be equal to g,; no
parallel turning points observed.

100 em™ < ¢ < 130 em™ is needed, ~25% of the free-ion
value.** What about the *E ground state (from Ds > 0)? In this
case, a spin Hamiltonian is totally unsuccessful in describing
how this state is transformed under spin—orbit coupling.
Regardless of the magnitude of {, the ground state is a
nonmagnetic singlet, and thus would give rise to no HFEPR;
the lowest excited state is the same (at ~{/4 above the ground
state), and there is then a magnetic doublet, but with Mg ~ 0
(at ~{/2), and last a magnetic doublet with Mg ~ + 1 (at ~().
Therefore, only by assuming that the ground state is the orbital
singlet, *A,[*T|(F)], can the experimental HFEPR results be
even remotely modeled (despite the magnitude of D being
overestimated, albeit with correct sign).

Alternatively to the crystal field method, the angular overlap
model (AOM) can be used to analyze the electronic structure
of the structurally characterized complex, CoCl(PPh;)s, as has
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been done for analogous four-coordinate complexes of
Ni(11).**"** The crystallographic 3-fold symmetry of CoCl-
(PPh,),; means that each of the three independent molecules in
the unit cell has only one metric parameter for the AOM: the
angle 6, defined by the Cl-Co—P bond angle, which is
distorted by +4.2° from ideal T, symmetry (see Table S1; the ¢
angles are exactly 2zn/3, n = 0, 1, 2). The question then is,
what values to use for the AOM bonding parameters ¢, ,(P1,
Cl1)? Both PPh; and the halido ligands are cylindrical in their
z-bonding,*”*° so there is only one &, value for each ligand
type, with £,(P1) < 0 (#-acceptor) and &,(CI1) > 0 (z-donor).
Initial estimates as to these values can be made based on
previous studies of Co(II) and Ni(Il) phosphino/halido
complexes.”"** ™" We can also use the estimate of Dq made
2

above by noting that
=—|esg — —¢
2 (60 - 2es)

where Dq is taken as positive, although strictly speaking it is
negative for tetrahedral complexes. If we neglect z-bonding,
then &, ~ 3750 cm™', which is low relative to the previously
studied systems; however, the charge on the metal ion is lower
here.

We can then attempt to fit the observed electronic transitions
using the AOM first with only o-bonding, using assignments as
above with the crystal-field model. With only o-bonding (ie.,
three variables), it is possible to fit the electronic transitions
quite well (see Table 1); however, the resulting ground state is
E[*T,(F)], which is unreasonable, as described above. In order
to obtain the *A,[*T|(F)] ground state, 7-bonding must be
included.>* In this case, it is possible to fit the observed bands
beyond the experimental precision (admittedly now with five
variables), as shown in Table 1. Note that the ordering of the
excited states with 7-bonding is not quite the same as with the
crystal field model; in particular the shoulder must be assigned
to 3E[’T,(P)] « 3A,[’T,(F)]. The results show weak 7-
acceptance by the phosphine ligands and relatively strong z-
donation by the chlorido ligand. The orbital description of the
ground and excited states is determined by the Ligfield
program, and the results for only the triplet states are given
in Supporting Information. These show that the orbital ground
state in this trigonal system can be described by
(dzz)z'oo(dxy,xz _ y2)3'33(dxz,yz)2'67 in the absence of SOC.

In Table 3, the AOM results are compared to those for
NiCL,(PPh;),.”" Similar parameters were reported by Gerloch
and Hanton for the PPh, ligand in [Ni(PPh,)X,]™ (X = Br, 1).%°
It would be of interest to study the complex that in some way
links these two, namely NiCI(PPh;);,” for which the (conven-
tional) EPR spectrum of this 3d° complex (to our knowledge not
reported) would also be helpful.

Nevertheless, the same problem obtains with the AOM as
with the crystal field model when the zfs is calculated. The sign
is correct, but the SOC must be small to keep the magnitude
within range; { = 100 cm™' gives D &~ 8 cm ™' (see Ligfield
output with SOC in Supporting Information). Another
consideration is spin—spin coupling (SSC), which has been
shown by Neese and co-workers to be significant not only in
organic triplets,”® but also in S > !/, transition metal
complexes.”**> We have no ability to include this effect in
our AOM, although it is determined in the QCT calculations
described below and appears to be relatively small.

Dq
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Table 3. AOM Parameters for 3d® CoCl(PPh;); and
NiCL(PPh,), (Values in cm™")“

complex £,(Cl) £,(Cl) £,(P) £,(P)
CoCl(PPh,),”
molecule 1 5430 +1380 3340 -310
molecule 2 5310 + 1350 3470 —322
molecule 3 5190 +1320 3435 -319
NiCL(PPh,),*
5300 +2400 5550 —1200

“Cylindrical 7-bonding is assumed; all ligands of the same type are
assumed to be equivalent. bThis work. Values based on crystal
structure,” electronic absorption data, and HFEPR indicating a A,
ground state. “Consensus values from Krzystek et al.”’ Both the
electronic absorption data and HFEPR data were fitted.

A final consideration, which may well be the crucial one, is
the contribution from spin delocalization onto the halido and
phosphine ligands, which have non-negligible SOC constant
values of their own.**~* Atomic Cl, and especially Br and I due
to their large SOC constants and lower electronegativity, are
relevant due to the potential contribution to the formally
Co(I)—halido complex, {Co*—X"}, of what can be crudely
represented as {Co’—X"}. In the case of the phosphine ligands,
what could be represented as {Co**—P~} and/or {Co’-P*}
might even be contributing, noting that there are three of these
P donors. SOC from these ligands could well be opposite in
their contribution to zfs to that from the Co(I) ion, leading to
near cancellation of zfs. Such effects have been seen for Mn(III)
with iodido ligands (where a reversal of the sign of D from that
expected was seen),’® and for Ni(Il) with a series of halido
ligands, where the D value ranged from small magnitude and
positive to lar§e magnitude and negative as X changed from Cl
to Br to L.*°

Despite these difficulties, it is instructive to use the AOM to
attempt to take into account the slight variation in Co—Cl and
Co—P bond lengths, as this is the only possible basis for the
multiple species observed by HFEPR. Larrabee et al. assumed
an > dependence of 6-bonding strength on bond distance (r)
in their studies of high-spin Co(1I) systems,”> which they based
on studies by Lever et al. on six-coordinate Ni(Il) with amine
N (ie., pure o) donors.%®> We are uncertain as to how to handle
the dependence on r of #-bonding, but initially, we use the Co—Cl
and Co—P bond lengths in molecule 1 as the base (see
Table S1) and assuming an > dependence of both ¢- and 7-
bonding, obtain the following relations: ¢,,(Cl2) = 0.978 X
£,,(Cl1), €,,(CI3) = 0.956 X ¢,,(Cl1), and ¢, ,(P2) = 1.039 X
€,2(P1), €,,(P3) = 1.028 X ¢,,(P1). The slight change in
0 (see Table S1), for which there is a direct experimental basis,
is also included. The resulting AOM parameters are given in
Table 3. Use of { = 101 cm™" gives the following calculated D
values (in cm™): +8.07 (molecule 1), +5.66 (molecule 3),
+4.71 (molecule 2), comparable to the experimental values
+8.04 (triplet C), +5.51 (triplet B), +4.46 (triplet A). These
values are compiled in Table 2. The very good match may be
fortuitous, but it does demonstrate that seemingly minor
crystallographic differences can be reflected in zfs parameters
that are readily detected by the high precision possible using
HFEPR. Use of these three models also allows determination of
g values by calculations with an external magnetic field, as
described elsewhere. The results are given in Table 2, and
although the match is not ideal (g, is overestimated and g is
underestimated; as discussed elsewhere, LFT tends to give
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Table 4. QCT Computational Results (using DFT and UHF) on CoX(PR;); (X = F, Cl, Br, I; R = Me, Ph, CH,—): Calculated
Spin Singlet — Triplet Difference Energies and Calculated zfs (All Energies in cm™') and g Value Matrices for Triplet State

singlet — triplet D, IE¥
complex DFT UHF DET UHF DET UHF
CoCl(PPh,),”
KOCVON molecule 1 12549 &k +0.91, 0.02 +10.30,0.02  [2.079, 2.082, 2.083]  [2.280, 2.390, 2.390]
KOCVON molecule 2 11991 &k +1.16, 0.02 m [2.072, 2.080, 2.081] m
KOCVON molecule 3 12,190 &k +0.98, 0.01 +12.89, 0.01 [2.075, 2.082, 2.082]  [2.259, 2.398, 2.398]
CoF(PPh,),” from KOCVON molecule 1 Co—F 2.07 A +0.08, 0.02 +20.79,0.02  [2.072, 2.087, 2.088] [2.216, 2.456, 2.457]
CoBr(PPh,);° from KOCVON molecule 1 Co—Br +11.94, 0.009  +14.44, 0.02  [2.088, 2.088, 2.094  [2.313, 2.394, 2.394]
2.365 A
Col(PPh,),? from KOCVON molecule 1 Co—I 2.549 A +42.31,0.08  +3028,0.02  [2.098, 2.098, 2.116] [2.362, 2.401, 2.401]
CoCl(PMe,);°
BUTDEZ 11665  k +2.19, 0.00 +6.141 0227  [2.057, 2.063, 2.063]  [2.177, 2.271, 2.271]
BUTDEZ01 11835  k +2.20, 0.00 +1025, 000  [2.053, 2.064, 2.064]  [2.164, 2.289, 2.289]
CoBr(PMe,){ from BUTDEZ01
Co—Br 2.365 A 11663 &k +14.48,0.00  +5.802, 0.0 [2.065, 2.073, 2.073]  [2.184, 2.298, 2.298]
Co—Br 2.375 A 11916 &k +14.25,000  +5.850 0 [2.065, 2.074, 2.074]  [2.184, 2.299, 2.299]
Col(PMe,),% DAJVIT 11738 &k +4191,1.02  —9.755, —2.05 [2.083, 2.087, 2.090] [2.221, 2.314, 2.317]
CoCl(triphos)” RUTTIJ 10876  24,434" 4248, 0.03 m [2.050, 2.059, 2.061] m
CoBr(NP3)" CUWSIW 11,118 &k +12.69,0.17 m [2.076, 2.087, 2.088] m

“Crystallographic geometry used (CSD code: KOCVON®). bCrystallographic geometry for chlorido analogue used (KOVCON?®), but with Cl
replaced by F and Co—F distance set at 2.070 A, a distance estimated from distances seen in structurally characterized monofluorido cobalt
complexes as described in Tables S2 and S3 (Supporting Information). Given that this was not an authentic structure, no singlet energy calculation
was made. “Crystallographic geometry for chlorido analogue used (KOCVON?), but with ClI replaced by Br and Co—Br distance set at 2.365 A, the
value found for CoBr(NP3).'® Given that this was not an authentic structure, no singlet energy calculation was made. dCrystallographic geometry for
chlorido analogue used (KOCVON?), but with Cl replaced by I and Co—I distance set at 2.549 A, the value found for Col(PMe;);."> Given that this
was not an authentic structure, no singlet energy calculation was made. °Crystallographic geometry used (CSD codes: BUTDEZ'' and
BUTDEZ01"?). Hydrogen atoms were added to the structure for BUTDEZ./t Crystallographic geometry for chlorido analogue used (BUTDEZ01"?),
but with Cl replaced by Br and Co—Br distance set at 2.365 A, the value found for CoBr(NP3)'® and at 2.375 A, the average of the Co-X distances
found for X = Cl and 1" £Crystallographic geometry used (CSD code: DAJVIT"?). hCrystallographic geometry used (CSD code: RUTTI™).
iCrystallographic geometry used (CSD code: CUWSIW'®). /The sign of D was calculated to be positive (except for Col(PMes,)5), in agreement with
experiment and with LFT; the sign of E is assigned as to be the same as that of D by convention. kSinglet state energy calculation did not converge.
lSinglet state energy calculation did converge, but the singlet—triplet difference is unreasonably large and spin Hamiltonian parameters could not be
calculated. "*Not calculated; the molecule size may have exceeded the software’s capacity.

determined geometries,'"'* the program ORCA* gave a spin
triplet state lower in energy than the singlet by ~11700 cm™.
For the three crystallographically distinct molecules in CoCl-
(PPhy);, the spin triplet was lower in energy by ~12 000 cm™.
These values can be compared to the LFT result for CoCl-
(PPh,);, which gave the lowest singlet states at ~8000—
9000 cm™' above the triplet ground state. The same
calculations were performed for analogous complexes: those
with chelating ligands (triphos, NP3) and/or with other halido
ligands (Br, I). The results are summarized in Table 4. The
singlet—triplet splitting in all cases is roughly the same: ~11
000—12 000 cm™".

DFT also provides graphical descriptions of the molecular
orbitals in these systems. As an example, we show in Figure 7
the o spin form of each of the two semioccupied molecular
orbitals (SOMOs) calculated for S = 1 CoBr(PMe;); using the
structure of the chlorido analogue (CSD code: BUTDEZ01'?),
but with Cl replaced by Br and the Co—Br distance set at 2.365 A,
the value found for CoBr(NP3).'® Both SOMOs clearly
show primarily Co 3d character as well as their Co—Br #*
nature.

DFT was also used to calculate the spin Hamiltonian
parameters for S = 1: D, E/D, and the g matrix (see Table 4).
The zfs calculated by DFT for CoCI(PR;); (R = Me, Ph) has
the correct, positive sign, and is essentially axial, but the
magnitude, in contrast to the result from LFT, is too small

greater 8 anisotropy than is actually observed in integer spin
systems®*), the ordering of g, matches the ordering of D values,
as seen experimentally. What is clear is that LFT shows that the
structural differences among the three molecules are also
reflected in the different sets of g matrices. Consequently, the
calculated magnetic susceptibility behavior of the three
molecules in CoCI(PPh,); is different, as also shown in
Table 2, which uses the same parameters as the zfs calculation,
additionally with the electronic Zeeeman interaction, H, =
PH-(KL + g.S), where k = 0.52 gives the best match with
experiment. This represents a significant orbital reduction
factor, consistent with a need for a low value for the SOC
constant, {, described above.

Lastly, we predict that the crystal structure of CoBr(PPh;),
will exhibit trigonal symmetry, but with three crystallo-
graphically distinct molecules per unit cell. However, the
sensitivity of zfs on AOM bonding parameters and hence on
structure means that it is pointless to apply the AOM to
CoBr(PPh;); absent a crystal structure. Qualitatively, the
chlorido and bromido complexes should give very similar
results in terms of bonding parameters.

QCT Analysis. The first goal of the quantum chemical
theory (QCT) calculations was to validate the simple LFT
result that these pseudotetrahedral Co(I) complexes exhibit
spin triplet ground states. Using DFT methods and CoCl-
(PMe,); as an initial case with both of the crystallographically
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Figure 7. Depiction of & semioccupied molecular orbitals (SOMOs)
calculated for S = 1 CoBr(PMe,), using the structure of the chlorido
analogue,12 with Cl replaced by Br at 2.365 A, the Co—Br distance in
CoBr(NP3)."® Both SOMOs clearly show primarily Co 3d character
and the 7* character of the Co—Br bond.

For R = Ph, D = +1 cm™, off by nearly an order of magnitude
for molecule 3. Moreover, although the differences among
calculated D values are so small as to be perhaps insignificant,
the largest zfs is calculated for molecule 2, for which LFT
predicts the smallest zfs, corresponding to triplet C. For R =
Me, for which we have no experimental data, D = +2.2 cm™,
which approaches with 50% of the value for molecule 1. A
similar D value is calculated for CoCl(triphos). One might
wonder if the lower lying singlet states calculated by LFT have
an effect on the calculated zfs versus the results from QCT.
This appears not to be the case. Use of a very large value for the
Racah C parameter (10-fold the appropriate value), so that all
of the singlet states are inaccessibly high in energy, leads to only
a slight increase in calculated D: e.g., from +5.66 cm™ to +5.83
em™! (for molecule 3).°° 1t is also disturbing in QCT that, in
only one case, CoCI(PMe;,); (structure BUTDEZ01') is an
axial zfs calculated; in the other cases, despite the symmetry,
E # 0 is calculated (see Table 4). Calculations for the
complexes with chelating ligands lack the crystallographic 3-fold
symmetry of CoCI(PR;); (R = Me, Ph), and slightly rhombic
zfs is calculated and expected. Essentially axial g values are
calculated, and with g > g, as expected, but the deviation from
2.00 is much less than expected, consistent with the calculated
D being too low in magnitude. Use of different basis sets for the
heavy atoms has only a slight effect on zfs calculations: TZVPP
for Co, P, and Cl in CoCl(PMe;); (structure BUTDEZ) gives
D = +2.301 cm™', while only TZV gave D = +2.190 cm™". The
halido ligand appears to have a large effect; however, with D
values calculated for CoBr(NP3) and ersatz CoBr(PMe;); (ie.,
use of the structure for the chlorido complex with Cl replaced
by Br at each of two viable bond lengths) being ~13—14 cm™,
significantly larger than experiment. The situation for the
iodido complexes, both authentic (Col(PMe;);" and ersatz
(CoI(PPh,), generated by replacement of Cl by I at the bond
length of the PMe; complex), is even more striking, with
calculated D = +42 cm™. Were this the case, then HFEPR of
Col(PPh;); would likely be unsuccessful. Clearly, DFT
suggests a strong effect of halido ligand on zfs, which we
have seen experimentally in other systems, namely, Tp*NiX
(Tp* = tris(3,5-dimethylpyrazolyl)borate, X = Cl, Br, I).*” We
have explored this effect further by generation of an ersatz
fluorido complex, CoF(PPh,),, created by replacement of the
Cl of CoCl(PPh;); molecule 1° by F. The choice of Co—F
bond length is challenging. We surveyed the CSD (update
5.32) and found a few relevant examples in which Co (as
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Co(II) or more commonly Co(III)) had a single fluorido ligand
and a coordination sphere that otherwise somewhat resembled
the hypothetical complex. A list of such complexes is given in
Table S2 (Supporting Information), which shows that the Co—F
distance does not vary greatly (1.94 + 0.04 A). We then

looked at the series of complexes TpR’R'CoX (X =F, Cl, I; there
is no Br complex), for which the data are summarized in Table
S3 (Supporting Information). This information in combination
with the Co—X bond lengths in authentic CoX(PR;);
complexes (Table S1) suggests that a reasonable Co—F bond
length for CoF(PR,); is 2.07 A. DFT gives a very small
magnitude zfs for this complex, qualitatively similar to the
results for the chlorido complexes.

UHF methods were also employed, since in other 3d®
systems they gave some of us much better results than
DFT,* although UHF is inferior compared to ab initio
methods. In several cases, however, the molecules studied
here were too complex for the ORCA program to converge
and/or give results in any reasonable length of time (see Table 4).
In particular, it was not possible to calculate singlet energies
successfully; however, this not a concern since the molecules so
clearly exhibit spin triplet ground states. Nevertheless, the S = 1
results for one of the simpler systems, CoCl(PMe,); (structure
BUTDEZ01'), are very promising in that an axial zfs is
calculated with magnitude seemingly appropriate for these
systems. The calculated g matrix is also quite reasonable, in
contrast to the results from DFT as mentioned above. The
parameters calculated for the bromido complexes also appear to
be more plausible by UHF as opposed to DFT.

QCT also gives some insight into the various contributions
to zfs. We shall focus on the UHF calculations for CoX(PPh;),
since these are the most relevant to experiment and give overall
the best results. As seen in Supporting Information (sections
5—8, and summarized in section 9), the dominant, and positive,
SOC contribution to D (D% for X = F, Cl, Br; X = I is
different as described below) is from same-spin transitions from
filled to partly filled orbitals (DOMO  — SOMO ), but there
is a smaller magnitude, negatively signed contribution from
spin-flip transitions from partly filled to partly filled MOs
(SOMO a — SOMO f3). The relative magnitudes of these two
contributions could each be slightly altered by the changes in
MO energies reflected in the structural differences seen for the
three molecules in CoCl(PPh;); and presumably the bromido
complex, and lead to the three sets of zfs parameters for each.
The UHF calculations also suggest that the contribution to zfs
from SSC (D) is very small, ca. 1% of D for the chlorido
complex (0.13 cm™') and generally less (in relative and
absolute terms) for the heavier halides. Thus, the difficulties
with LFT are likely not the consequence of neglecting
SSC.67-69

The UHF calculations do give a hint as to the ligand
contribution described above. Interestingly, these give a
negative value for D for the authentic (PMe;) iodido complex,
although not for the ersatz (PPh;) complex. We can see a rough
trend in calculated D (in cm™) for the series CoX(PR;)y: R =
Me (BUTDEZ01), X = Cl, B, I (+10.2, +5.8, —9.8); R = Ph
(KOCVON molecule 1), X = F, Cl, Br, I (+20.8, +10.3, +14.4,
+30.3).”° The first point is that the zfs in an iodido complex in
particular is unpredictable, likely due to its own SOC effects.
This has already been shown for a Mn(I1I) diiodido complex.*’
The second point is that for the putative fluorido complex, for
which one would expect the smallest contribution from SOC
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involving the ligand, the zfs magnitude is closer to that expected
using LFT.”"

One can also compare the contribution to the overall D value
(in cm™) from transitions from SOMOs and DOMOs to
virtual MOs (VMOs) in the CoX(PPh;); series: (SOMO —
VMO) F, —0.30; Cl, —0.06; Br, +3.5; I, +19.1; (DOMO —
VMO) F, +0.07; Cl, —0.04; Br, —0.52; I, —4.16. These data
show a clear periodic trend that suggests the complexity of the
heavy atom halido ligand in ways that could not be easily
modeled with LFT. We believe that more advanced QCT
methodology, such as has been applied by Neese and co-
workers in other systems,’*”>~”* will be needed to model fully
the electronic structure of these pseudotetrahedral phosphine/
halide complexes of Co(I).

B CONCLUSIONS

The synthesis of the spin triplet Co(I) complexes, CoX(PPh,),,
where X = Cl, Br, I, was reported many years ago.8 The most
accessible member of the series, the Cl complex, has growing
uses in organic synthesis as a radical coupling reagent.”*”>® The
crystal structure of the chlorido complex was also reported, and
showed crystallographic 3-fold symmetry, but with three
distinct molecules per unit cell.” We have used HFEPR to
study the CI and Br complexes, which show rigorously axial
spin triplet spectra, in agreement with the symmetry of the
chlorido complex; we propose that this symmetry is also
obtained for the bromido complex. We have used LFT to
analyze quantitatively the electronic absorption spectra of all
three complexes. The combination of this analysis with HFEPR
shows that the Cl and Br, and likely I, complexes have a
3A,[’T (F)] electronic ground state (Cs, symmetry). Our
current analysis shows similar, but weaker, bonding interactions
than in analogous Ni(II) complexes, and can also reproduce the
positive sign of the axial zfs (D value), determined by HFEPR.
However, a surprisingly low value of the SOC constant ({) is
needed to reproduce the magnitude of D. Nevertheless, use of
the AOM shows that the slight structural differences among the
three molecules per unit cell can be manifest in three sets of zfs
parameters, which is seen experimentally in that three distinct
spin triplets are observed. The magnitude of differences among
these triplets corresponds to that from LFT. QCT calculations,
both DFT and UHEF, were also used on the molecules studied
and on related systems, including models. The results were in
qualitative agreement with experiment; however, DFT under-
estimated the zfs, while UHF overestimated it. DFT and UHF
methods are unreliable for quantitative purposes, but may be
helpful in showing trends for a defined series such as CoX(PR;);
(X = group 17 ions). Analysis of the results shows the crucial
role of the halido ligand in producing the overall zfs. More
advanced quantum chemical calculations, using ab initio
techniques, will be necessary to unravel the zfs effects in
these complexes. Overall, however, this study demonstrates the
detailed information on electronic structure, on a relatively
poorly studied ion, that can be derived from HFEPR in
conjunction with other spectroscopic and structural data, in
conjunction with LFT and QCT. We hope that this work will
inspire further study of HS Co(I), such as in novel complexes
with interesting reactivity.’
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