.@2 ChemPubSoc
x Europe

|l Magnetochemistry

DOI: 10.1002/chem.201604007

CHEMISTRY

A European Journal

Full Paper

Metal-Metal Single Bonds with the Magnetic Anisotropy of
Quadruple Bonds: A Systematic Series of Heterobimetallic
Bismuth(ll)-Rhodium(ll) Formamidinate Complexes

Travis L. Sunderland and John F. Berry*®!

/Abstract: The first set of five heterobimetallic MM'(form),
(form =formamidinate) complexes containing a BiRh core
has been successfully synthesized. The Bi—Rh bond lengths
lie between 2.5196(6) and 2.572(2) A, consistent with Bi—Rh
single bonds. All complexes have rich electrochemistry, with
the [BiRh]*'** redox couples spanning approximately

\700 mV and showing a strong correlation to remote ligand

substitution. Visible spectroscopy showed two features for
complexes 1-5 at approximately 459 and 551 nm, unique to
BiRh paddlewheel complexes that are attributed to LMCT
bands into the Bi—Rh o* orbital. The large spin-orbit cou-
pling (SOC) of Bi creates a massive Bi—Rh magnetic anisotro-
py, Ay, approximately —4800x 10*® m®molecule™, which is
the largest value reported for any single bond to date.

Introduction

The diamagnetism of bismuth is unmatched among the stable
elements. When combined with magnetic elements, the large
diamagnetism and spin-orbit coupling of Bi have recently
been shown to engender materials with ferromagnetism and
large magnetic anisotropies."”” However, discrete coordination
complexes, in which heterometallic Bi--M interactions can be
directly probed, remain uncommon.”” In 2005, Dikarev et al. re-
ported a synthetic breakthrough allowing access to carboxyl-
ate complexes with Bi—Rh single bonds.”’ Further development
of solution routes to these complexes has opened up access
to a wide variety of BiRh carboxylate and oxypyridinate com-
pounds.”’ We now report a systematic series of new BiRh com-
pounds, the first to be supported by (N,N) donor formamidi-
nate ligands, which allows us to contrast two important prop-
erties of Rh—Rh and Bi—Rh single bonds, namely, their redox
chemistry and their magnetic anisotropy (Ay (measured in
units of 107*® m®molecule™), in which y is magnetic suscepti-
bility). Typically, large values of Ay are expected for molecules
with an element-element multiple bond. Recent work™ on the
impact of bond polarity on Ay has prompted us to measure
Ay for the Bi—Rh single bond, and we report herein that Ay is
exceptionally large in this case.
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Results and Discussion

Synthesis and characterization

[4a]

Complexes 1-5 were synthesized by combining BiRh(TFA),
(TFA =trifluoroacetate) with an excess of H(form) (form =for-
mamidinate) and heating the mixture above the melting point
of the ligand under a static vacuum, which caused a color
change from yellow to red brown upon equatorial ligand ex-
change (Scheme 1). The 'H NMR spectra of 1-5 in CDCl; are all
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Scheme 1. General reaction conditions to synthesize 1-5.

consistent with C,, symmetry on the NMR time scale, in which
the four equatorial ligands are symmetry equivalent, but the
phenyl rings and associated para substituents from an individ-
ual formamidinate ligand are inequivalent due to the heterobi-
metallic BiRh core. The methine H atoms appear as doublets
due to coupling to the '®Rh nucleus (100% abundance, I="/,,
*Jy_sn~ 1.7 Hz) and are significantly deshielded due to the mag-
netic anisotropy of the Bi—Rh single bond, appearing near 6 =
8.5 ppm in CDCl; (see below).

Crystallography

Complexes 1-5 have been crystallographically characterized
and are all isostructural with the Rh atom in a square pyrami-
dal geometry with four N atoms bound equatorially and
capped by the Bi atom. Likewise, the Bi atom is in a distorted
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Figure 1. X-ray crystal structure of 3 with thermal ellipsoids drawn at the
50% probability level. Hydrogen atoms have been removed for clarity.

square pyramidal geometry, puckered out of the plane of four
N atoms away from the apical Rh atom (see Figure 1, Table 1,
and Figures S1-S4 and Tables S1-S6 in the Supporting Informa-
tion). The Bi—N bonds are all uniformly longer than the Rh—N
bonds by 0.4 A. All complexes have short Bi—Rh bond lengths
between 2.5196(6) and 2.572(2) A, consistent with a Bi—Rh
single o bond (Figure S5 in the Supporting Information). As is
observed for other M,(form), compounds,® more electron-rich
ligands lead to slightly shorter M—M bond lengths. The equa-
torial ligands also display a significant twisting with N-Bi-Rh-N
torsion angles between 18.0[5] and 25.9(5)°.

Table 1. Experimental bond lengths [A] and angles [°] for 1-5.

Compd 1@ 2 3 4 5

Bi—Rh 2527(1)  2.5196(6)  2.5279(3)  2.5420(3)  2.5407(2)
Bi—N,, 2436(7)  2.457(3) 2.451[3] 2.438[2] 2451[2]
Rh—N,, 2.040(7)  2.052(3) 2.051[2] 2.056[2] 2.053[2]
torsion  23.7(1) 25.9(5) 23.2[5] 18.0[5] 18.6[5]

[a] Presented data are from the non-disordered molecule in the asymmet-
ric unit

Electrochemistry

Metal-metal-bonded complexes often show interesting redox
features. Specifically, singly bonded Rh, paddlewheel com-
plexes supported by either (0,0), (O,N), or (N,N) donor ligands
often display reversible [Rh,]**”** redox couples with the tetra-
carboxylate complexes spanning a wide range of potentials
from 1.06 to —0.345V versus Fc/Fc™.”! Heterobimetallic BiRh
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complexes supported by either carboxylate or oxypyridinate li-
gands both have irreversible [BiRh]**”** redox couples at
higher potentials than their corresponding Rh, complexes.*”’
In contrast, 1-5, supported by more basic amidinate ligands,
displayed reversible [BiRh]**/** redox couples at lower poten-
tials than the corresponding Rh, complexes, as shown in
Figure 2 and Table 2 (see also Figures S6, S7, and Table S7 in
the Supporting Information).

T T T T T
1.0 0.8 0.6 0.4 0.2 0.0 02
Potential (V vs. Fc/Fc")

Figure 2. Cyclic voltammograms of 1-5 in CH,Cl, with scan rate 100 mVs "

(0.1 m tetrabutylammonium hexafluorophosphate (TBAH)).

Table 2. Comparison of electrochemical data® for compounds 1-5 and
Rh,(form),."!

Compd [MRh]**** E, , [mV] Ref.

1 70.6 this work
2 168 this work
3 307 this work
4 502 this work
5 736 this work
Rh,(p-OMe-form), 274 8b
Rh,(p-CH;-form), 341 8b
Rh,(form), 471 8b
Rh,(p-Cl-form), 667 8b
Rh,(p-CF;-form), 891 8b

[a] All potentials are versus Fc/Fc™ in CH,Cl,. [b] form=N,N'-diphenylfor-
mamidinate; aryl-substituted formamidinate ligands are abbreviated with
their corresponding substituents denoted.

Linear free-energy relationships between redox potential
and the Hammett parameter (o) have been established for sev-
eral homobimetallic® formamidinate complexes; however, no
such analysis has been made on heterobimetallic formamidi-
nate complexes. Using Equation (1), a reactivity constant (o)
can be extracted from the electrochemical data, which quanti-
fies the sensitivity the corresponding redox couple experiences
from remote substitution on the equatorial ligand.®”

AE ) = p(80) mV (1)
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Values of p for the [M,(form),]*"”*" couple range from 87-
114 mV and are listed above in Table 3. Based on the electronic
structure of 1-5, we expect oxidation from [BiRh]** to [BiRh]* "
to be localized on the Rh atom (Figure S5 in the Supporting In-
formation). This localized analysis suggests that all eight aryl
substituents may not contribute equally to p, and that p for
BiRh complexes should be smaller than for homobimetallic
compounds. Surprisingly, this is not the case: analysis of the
electrochemical data for the [BiRh(form),]*"”" couple revealed
a p value of 102mV, slightly higher than that for
[Rh,(form),J**"** (98 mV),® as shown in Figure 3 and Table 3.

Table 3. Comparison of electrochemical data™ for compounds 1-5 and
Rh,(form), compounds.
MM(form), p [mV] Ref.
BiRh 102 this work
Mo, 87 8c,d
Rh, 98 8b
Ni, 14 8a
1000 -
4+/5+
A Rh,
n BiRhAH{H
800
E AE,, . (1/2) = 98(80)
S 6004 R*=0.999
]
o
>
£
= 400
g AE, . (1/2) = 102(80)
9] 2 _
£ R*=0.998
0 200
0 — &7
04 0.2 0.0 0.2 0.4 0.6 0.8

Hammett Parameter (o)

Figure 3. Hammett plots of potential versus o for [BiRh(form),]**** (black
squares) and [Rh,(form),1**** (blue triangles) redox couples® with lines of
best fit for each.

UV/Vis spectroscopy

Heterobimetallic BiRh carboxylates and oxypyridinates are fea-
tureless in the visible spectrum.*®< Consistent with their more
accessible redox couples, 1-5 also have more accessible elec-
tronic transitions and are red brown.” The UV/Vis spectra for
1-5 are shown in Figure 4. All complexes have a strong ab-
sorption feature at approximately 459 nm. A second, weaker,
feature at approximately 551 nm is also present for all com-
plexes.

To gain more insight into the electronic structure of BiRh(-
form), complexes, spectroelectrochemical measurements were
performed on the [BiRh]**”" redox couple of 1, which has the
most accessible one-electron oxidation from complexes 1-5.
The oxidation process was monitored by UV/Vis spectroscopy,
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Figure 4. Overlay of UV/Vis spectra for 1-5 in CH,Cl,.
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Figure 5. UV/Vis spectra from electrochemical oxidation of 1 in CH,Cl,.

as shown in Figure 5. During the oxidation, the red brown so-
lution became darker. The peak of 1 at A=453 nm loses inten-
sity and shifts to lower energy. The feature at 544 nm loses in-
tensity followed by the growth of a new feature at slightly
lower energy at approximately 645 nm and an additional
broad feature at A~900 nm. The presence of two isosbestic
points at 440 and 505 nm indicated a direct conversion of 1 to
an isostructural [1]7.

DFT calculations

The nature of the transitions of both 1 and [1]" were investi-
gated with time-dependent (TD) DFT. An overlay of the pre-
dicted absorption spectra for both complexes, with remarkable
agreement to the experimental spectra, is shown in Figure 6.
For complex 1, the band at 575 nm can be assigned as a LMCT
band with excitations into the Bi—Rh o* orbital (the Bi—Rh o*
orbital is shown in Figure S8 in the Supporting Information).
The higher energy band at 453 nm is a combination of LMCT

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. TD-DFT predicted absorption spectra for 1 and [1]*.

<

Figure 7. DFT-calculated singly occupied molecular orbital (SOMO) for [1]",
with an approximately 0.05 isodensity cutoff. The sea-green ball is the Rh
atom, and the purple ball is the Bi atom. The red/blue colors show the
phases of the orbital. The SOMO consists of a 23 % contribution from the Rh
4d,, orbital, with zero % Bi character.

bands and d—d transitions from orbitals localized on the Rh
atom. The one-electron oxidation of 1 removed one electron
from the HOMO, the resulting singly occupied molecular orbi-
tal (SOMO) is shown in Figure 7.

Removal of one electron from the non-bonding d-type orbi-
tal on the Rh atom allowed new lower-energy electronic ab-
sorption features to arise, Figure 6, namely, excitations into the
singly occupied molecular orbital (SOMO) from orbitals of
symmetry localized on the Rh atom around 875 nm. The fea-
tures predicted at approximately 620 and 490 nm are assigned
as mainly LMCT bands into the Bi—Rh o* orbital. The DFT-calcu-
lated structures of both 1 and [1]" showed little structural
changes upon oxidation. The Bi—Rh bond elongates slightly
from 2.609 to 2.625 A. The Bi—N equatorial bonds remain es-
sentially unchanged at 2.463 and 2.466 A, and the Rh—N bonds
contract slightly from 2.095 to 2.073 A. All of these structural
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changes are consistent with removal of one electron from the
nonbonding o-type orbital localized on the Rh atom, resulting
in a stronger coulombic repulsion between the metal atoms
and a slight contraction of the Rh—N bonds to stabilize
a higher oxidation state on the Rh atom.

EPR spectroscopy

To confirm the assignment of Rh centered oxidation, an aliquot
of [1]" following electrochemical oxidation was collected and
frozen in liquid nitrogen. An EPR spectrum of [1]* was ob-
tained at 10 K, shown in Figures 8 and S9 in the Supporting In-
formation. The spectrum displays a rhombic S="/, signal best
modeled with g values of g,=2.105, g,=2.000, g,=1.960, and
'®Rh hyperfine coupling constants of A,g,=200, A,z,=100,
and A,g,= 150 MHz. In comparison to the '®Rh, A|| values for
the [Rh,(p-CHs;-form),]* cation of 44-50 MHz,"” the data for
[11" are in agreement with a one-electron-oxidized species, in
which the single unpaired electron is clearly localized on the
Rh atom.

T T T " T 1
3000 3500 4000 4500 5000

Field (G)

I T T
1500 2000 2500

Figure 8. EPR experimental (bottom) and simulated (top) spectra for [1]7 in
CH,Cl, at 10 K.

Magnetic anisotropy

The 'H NMR spectroscopy data for 1-5 can be analyzed to de-
termine the magnetic anisotropy of the compounds, Ay, using
the model first introduced by McGlinchey."" In this model, the
NMR chemical shifts are affected by Ay, resulting in two spa-
tial zones, shielding (—d) and deshielding (+0), signified by
the double cone shown in Figure 9 for MM(form), complexes.
Notably, the methine H atom of the form ligand resides in the
—0 zone fairly close to the M, centroid, and has therefore
been used as a sensitive probe for Ay in a broad range of
M,(form), compounds.®#<'3] The known examples of these
are given in Table 4.

The Ay of the complexes in Table 4 is calculated according
to Equation (2), in which AJ is the difference in '"H NMR chemi-
cal shift of an H atom on the complex of interest and a refer-
ence complex without a M—M bond (traditionally, Ni,(form),

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 9. Top: Spatial zones of shielding (—d) and deshielding (+ ) arising
from the magnetic anisotropy of the M—M bond. Bottom: Aryl region of the
'H NMR spectrum of 4, with the methine proton highlighted.

Table 4. Magnetic anisotropy values derived for 1-5 compared to the
other known metal-metal-bonded compounds.

Compd Ay [10**m’molecule 'l Bond order  Ref.

1 —4663 1 this work
2 —4611 1 this work
3 —4729 1 this work
4 —4876 1 this work
5 —4862 1 this work
Rh,(p-CH,-form), —2902"! 1 8b, 13f
Rh,(form), —2689"! 1 8b, 13a
Co,(p-OMe-form), —3877" 1 13b
Pt,(form),Cl, —32220 1 13c
Cr,(p-CH;-form), —5230 4 13d

Mo, (p-CH,-form), —5060 4 8c
W,(p-CH,-form), —5480 4 13d
Re,(p-CH;-form),Cl,  —4430 4 13e
Ru,(p-CH,-form), —3780 2 13e
V,(p-CH;-form), —7300 3 139

Cr,L ™™ —3500 5 5b
MncCrL™ —3900 5 5b
FeCrL™ —5800 314 5b

=C —340 3 15

=0 420 2 15

N=0 1300 2 15

[a] form = N,N'-diphenylformamidinate; aryl-substituted formamidinate li-
gands are abbreviated with their corresponding substituents denoted.
[b] Calculated  from data within the reference. [c]L=(N(o-
(NCH,PiPr,)C¢H,)). [d] Bond order lies between 3-5.

has been used as the reference complex): r (A) is the distance
from the H atom to the centroid of the M—M bond, and 0 is
the acute angle between the H atom, the centroid of the M—M
bond, and the M atom.!¥
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AS = (#) (XH _XL>[14]; 3cos (0)] (2)

The Ay values of 1-5 are given in Table 4 along with those
of reference compounds. It was expected that Ay should
depend on the M—M bond order; additionally, Bill, Gagliardi,
Lu and co-workers have suggested that the polarity of M—M
bonds in heterobimetallic species can affect Ay.”’ The range of
Ay for homobimetallic M—M singly bonded complexes is
—(2700-3900) for  Rh,(form), >  Co,(form),™ and
Pt,(form),Cl,."*7 Surprisingly, despite a fairly nonpolar Bi—Rh
bond, the heterobimetallic complexes 1-5 display the highest
known Ay values for single bonds (—4800), which places the
magnetic anisotropy of these complexes in the range more
commonly expected of quadruply bonded complexes. 3%

There are a number of unusual features of the data in
Table 4, which become even more apparent when most of the
known Ay values from the literature are plotted as a function
of M—M bond order (Figure 10). In organic compounds,
| Ay | increases with bond order (from 140 to 150 to 340 for
C-C, C=C, and C=C bonds, respectively, in units of
107 m*molecule™")," but no such simple relationship exists
in M, compounds of varying bond orders.

To explain the trend seen in Table 4 and Figure 10, we recall
that the magnetic susceptibility, y, is the sum of diamagnetic
(o) and paramagnetic (y,) contributions [Eq. (3)]:""%

X =1%o+ (3)

Paired electrons contribute to y,, with higher bond orders
having a larger y, due to the ring currents based on the
number of electron pairs of the multiple bond. The S=0
ground state of the multiply bonded compounds gives a van-
ishing first-order Zeeman contribution to y,. However, second-

<o |Hz|p

Eo—Ep

2
order Zeeman terms of the form 3, " do not vanish
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o . ;
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o .
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Figure 10. Plot of magnetic anisotropy (Ay (107® m®molecule™)) versus
M—M bond order for several M—M bonded complexes.
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(herein, 1, and v, are ground- and excited-state wavefunc-
tions with E, and E, being their energies; H, is the Zeeman
Hamiltonian, H, = B(L + g5) - H, with =the Bohr magneton, L
and § being orbital and spin angular momentum operators, re-
spectively, g is the Landé factor, and H=applied magnetic
field). These second-order Zeeman terms describe field-in-
duced mixing of the ground state with non-thermally populat-
ed excited states, resulting in a non-zero temperature-inde-
pendent contribution to y,, called temperature-independent
paramagnetism (TIP).'"”" Similar to y,, %, is anisotropic and
must be described as a tensor. TIP of diamagnetic compounds
should therefore contribute to measured Ay values, which
could either reinforce or counterbalance the diamagnetic ani-
sotropy. Two important properties of molecules can facilitate
excited state mixing and therefore increase the contribution of
xp: relatively small AE values, with AE=E,—E,, and large spin-
orbit coupling (SOC). By revisiting the data in Table 4 and
Figure 10 with these concepts in mind, for the series of
Group 6 M,(p-CHs-form), compounds, the trend in |Ay| of
Mo, < Cr, <W, may at first glance appear puzzling. However, it
appears that both Cr, and W, compounds have stronger y,
contributions to Ay than does Mo,(p-CH;-form),, which we at-
tribute to the TIP anisotropy acting to reinforce the diamag-
netic anisotropy. If we only consider SOC, we would expect the
trend in |Ay| to be Cr,<Mo,<W,, which does explain why
the W, molecule has the largest |Ay|. However, for the Cr,
molecule, AE becomes important, because it is known that Cr,
quadruple bonds are weak and have several low-lying excited
states."® This AE analysis likely contributes to the large Ay
values of all first-row metal dimers.

In the case of the present BiRh compounds, the apparently
large Ay for these compounds can be attributed to a paramag-
netic SOC contribution to the methine chemical shifts. Thus,
unlike in organic molecules with large AE and small SOC,™
the data presented in Table 4 and Figure 10 for metal-metal-
bonded compounds are highly influenced by y, contributions
to Ay, and no simple trend in bond order exists. However, if
we consider only the systematic series of M,(p-CH;-form), com-
pounds with second-row metal atoms Mo,, Ru,, and Rh, for
which neither AE or SOC contributions are dominant, we do
see the expected increase of |Ay| with bond order from 2902
(Rh,, single bond) to 3780 (Ru,, double bond) to 5060 (Mo,,
quadruple bond). At this time, it is unfortunately not possible
to disentangle y, and y, contributions to Ay, although a varia-
ble-field NMR spectroscopy study may allow this in future
work. To reflect this ambiguity, we suggest that Ay is best de-
scribed henceforth as “magnetic anisotropy” rather than the
more traditional term “diamagnetic anisotropy”.

Conclusion

The inclusion of Bi into BiRh(form), dimers gives strongly col-
ored compounds with unusually accessible redox properties
and creates a massive magnetic anisotropy reflected in chemi-
cal-shift changes similar to those seen in quadruply bonded
metal dimers. The large Ay values seen for BiRh dimers are at-
tributed to strong paramagnetic second-order Zeeman effects
amplified by the large SOC of Bi.
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Experimental Section
Materials and methods

All reactions were carried out using oven-dried glassware under
a dry N, atmosphere by using Schlenk techniques and glovebox
methods. BiRh(TFA), (TFA =trifluoroacetate) was prepared accord-
ing to literature procedures."® The Hform (form = di-aryl-formami-
dinate) ligands were prepared according to known procedures.””
The ligand H(p-OMe-form) was purified by sublimation under re-
duced pressure prior to use. Hexane, ethyl acetate (EtOAc), di-
chloromethane (DCM), acetonitrile (MeCN), deuterated chloroform
(CDCly), diethyl ether (Et,0), and tetrahydrofuran (THF) were pur-
chased from Sigma-Aldrich and used without further purification.
'H andC{'H} NMR spectra were recorded on a Bruker Avance
500 MHz spectrometer at 500 and 125 MHz, respectively. The
YF{'H} NMR spectrum was recorded on a Bruker Avance 400 MHz
spectrometer at 376 MHz. 'H and "*C{'H} NMR shifts were refer-
enced to residual proteo solvent, 'F{'"H} NMR shifts were refer-
enced from the corresponding 'H NMR frequency. 'H splitting pat-
terns are designated as doublet (d), multiplet (m), singlet (s), dou-
blet of doublets (dd), triplet (t), and quartet (q). Cyclic voltammetry
was performed in 10 mL DCM solutions containing 0.1 M tetrabuty-
lammonium hexafluorophosphate (TBAH) with 1 mm analyte. The
electrodes consisted of a glassy carbon working electrode, a refer-
ence electrode made of a silver wire in a 10 mm AgNO; solution
contained by a Vycor tip and an auxiliary electrode of platinum
wire. All cyclic voltammograms were referenced to the ferrocene/
ferrocenium (Fc/Fc™) redox couple. Spectroelectrochemistry was
performed in a 40 mL DCM solution containing 0.1 m TBAH. The
electrodes consisted of a Pt wire working electrode, a counterelec-
trode made of a platinum wire in contact with carbon felt separat-
ed from the solution by a glass frit and a silver wire as the refer-
ence electrode. UV/Vis spectra were obtained by using a StellarNet
Miniature BLUE-wave UV/Vis dip probe with a tungsten/krypton
light source and a 10 mm path-length tip. Elemental analysis was
carried out by Midwest Microlab, LLC, Indianapolis, IN. IR spectra
were recorded on a Bruker Tensor 27 FTIR spectrometer by using
an attenuated total reflectance (ATR) adapter. Mass spectra were
obtained at the Paul Bender Chemical Instrumentation Center of
the Chemistry Department of the University of Wisconsin-Madison
by using a Thermo Q Exactive™ Plus ESI-MS.

Crystallography

Crystallographic data were obtained at the Molecular Structure
Laboratory of the Chemistry Department of the University of Wis-
consin-Madison. Crystals were selected under oil at ambient condi-
tions and mounted on the tip of a MiTeGen MicroMount®©. Each
crystal was mounted in a stream of cold nitrogen at 100(1) K and
centered in the X-ray beam by using a video camera. The crystal
evaluation and data collection were performed on a Bruker Quazar
SMART APEX-Il diffractometer with Moy, (1=0.71073 A) radiation.
The data were collected by using a routine to survey an entire
sphere of reciprocal space and indexed by the SMART program.?"
The structures were solved by direct methods and refined by itera-
tive cycles of least-squares refinement on F? followed by difference
Fourier synthesis.”? All H atoms were included in the final struc-
ture factor calculation at idealized positions and allowed to ride on
the neighboring atoms with relative isotropic displacement coeffi-
cients. Single crystals of 1-5 suitable for structural determination
were obtained by slow cooling a DCM/hexane mixture to —20°C,
slow diffusion of hexane into THF, and slow diffusion of hexane
into Et,0 solutions, respectively. Complex 1 was treated with the
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SQUEEZE function of the PLATON program to remove solvent mol-
ecules from the void space, removing 277 electrons from a void of
1168 A%, which is consistent with approximately 6.6 CH,Cl, mole-
cules.” Complex 2 was treated with the SQUEEZE function of the
PLATON program to remove solvent molecules from the void
space, removing 76 electrons from a void of 263 A?, which is con-
sistent with approximately two THF molecules.”

EPR spectroscopy

EPR data were acquired with a Bruker ELEXSYS E500 EPR spectrom-
eter with a Varian E102 microwave bridge interfaced with a Linux
system. An Oxford Instruments ESR-900 continuous-flow helium-
flow cryostat and an Oxford Instruments 3120 temperature control-
ler were used to set and maintain the temperature of the sample.
A Hewlett-Packard 432 A power meter was used for microwave
power calibration, with measurement conditions as follows: for
[11" in DCM 9.3826 GHz, 100 MHz modulation frequency, 3.000 G
modulation amplitude, 3250 G center field, 3000 G sweep width,
0.5024 mW power, 70 dB gain, 20.48 ms time constant and 10 K.
The simulation was performed by using EasySpin software.” The
following parameters were used to model the data for [1]7, g,=
2.105, g,=2.000, g,=1.960, A,z,=200, A,z,=100, A,q,= 150 MHz,
HStrain, =75, HStrain, =150, HStrain,=80 MHz, and S="/, (HStrain
is an anisotropic line-broadening term that accounts for unre-
solved hyperfine).

Computational methods

Initial coordinates of 1 and [1]" were obtained from the crystallo-
graphic data for compound 1. All geometry optimizations were
carried out with ORCA version 2.9.1%* and the BP86 exchange-cor-
relation functional.”® The TZVP basis set® including all electron
scalar relativistic effects within the ZORA®® approximation were
used with the TZVP/J auxiliary basis set® for Rh and Bi. The SVP
basis set””? and SVP/J auxiliary basis set*” were used on all remain-
ing atoms. Solvation effects were treated with the COSMO solva-
tion model®® in DCM. Tight optimization and tight self-consistent
field convergence criteria were employed along with grid4 for all
calculations. Frequency calculations were performed following ge-
ometry optimizations to ensure minimum energy structures. Mo-
lecular graphics were created with the UCSF Chimera package.®"

Synthesis and characterization

BiRh(p-OMe-form), (1): Solid BiRh(TFA), (52.3 mg, 0.0685 mmol)
and H(p-OMe-form) (1.20 g, 4.68 mmol) were combined in a 10 mL
Schlenk flask, degassed, and heated under static vacuum to 135°C
using an oil bath for 17 h, during which time the ligand became
molten and the mixture turned red brown. After cooling to room
temperature, the solids were purified by column chromatography
on SiO, using hexane/EtOAc (3:2) as eluent (R;=0.56, hexane/
EtOAc 1:1). The red brown fraction was collected and dried in
vacuo to give a red brown solid. Yield: 45.6 mg, 49.9 %. X-ray quali-
ty crystals of 1 were obtained overnight from a DCM/hexane solu-
tion of 1 at —20°C. ESI-MS (positive ion, MeCN): m/z [M+H]™ calcd
for BiRhCgHg,NgOg: 1333.3471; found: 1333.3471; 'H NMR (CDCl,,
500 MHz): 6 =8.45 (d, *}y, g, = 1.5 Hz, 4H), 6.83-6.74 (m, 16H), 6.67—
6.55 (m, 16H), 3.78 (s, 12H), 3.78 ppm (s, 12H); *C{'H} NMR (CDCl,,
125 MHz): 6=161.7, 156.7, 155.2, 144.9, 142.1, 127.2, 121.3, 114.8,
114.2, 55.8, 55.7 ppm; IR (ATR): »=2950 (w), 1610 (w), 1563 (w),
1533 (m), 1508 (w), 1467 (s), 1442 (w), 1332 (w), 1316 (m), 1242
(w), 1220 (s), 1218 (m), 1204 (m), 1181 (w), 1168 (w), 1104 (m), 1035
(s), 953 (w), 936 (w), 835 (s), 828 (s), 789 (w), 749 (m), 661 (w), 652
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(w), 633cm™" (w); UV/NVis (DCM): A,., (€): 453 (8775), 544 nm
(934 M 'ecm™).

BiRh(p-Me-form), (2): Solid BiRh(TFA), (42.3 mg, 0.0553 mmol) and
H(p-Me-form) (1.23 g, 5.48 mmol) were combined in a 10 mL
Schlenk flask, degassed, and heated under static vacuum to 145°C
using an oil bath for 17 h, during which time the ligand became
molten, and the mixture turned red brown. After cooling to room
temperature, the solids were extracted with hexane/Et,0 (2:1), fil-
tered, concentrated under reduced pressure, and purified by
column chromatography on SiO, using hexane/Et,0 (2:1) as eluent
(R;=0.46, hexane/Et,0 1:1). The red orange fraction was collected
and dried in vacuo to give a red orange solid. Yield: 26.0 mg,
38.9%. X-ray quality crystals of 2 were obtained by layering a con-
centrated THF solution of 2 with hexane. ESI-MS (positive ion,
MeCN): m/z [M+H]™ calcd for BiRhCgoHeNg: 1205.3873; found:
1205.3875; 'HNMR (CDCl;, 500 MHz): 0=8.44 (d, *J_gy=1.6 Hz,
4H), 6.97 (d, /=8.0Hz, 8H), 6.87 (d, J/=8.0Hz, 8H), 6.76 (d, J=
8.0 Hz, 8H), 6.55 (d, J=8.0 Hz, 8H), 2.25 ppm (s, 24H); *C{"H} NMR
(CDCl;, 125 MHz): 6 =161.7, 149.1, 146.0, 133.6, 131.3, 129.9, 129.4,
126.3, 120.1, 21.0, 20.9 ppm; UV-Vis (DCM) A, (¢): 464 (4047),
558 nm (373 M 'ecm ).

BiRh(form), (3): Solid BiRh(TFA), (50.6 mg, 0.0663 mmol) and
H(form) (1.07 g, 5.45 mmol) were combined in a 10 mL Schlenk
flask, degassed, and heated under static vacuum to 130°C using
an oil bath for 17 h, during which time the ligand became molten,
and the mixture turned red brown. After cooling to room tempera-
ture, excess ligand was removed by sublimation at 120 °C under re-
duced pressure. The remaining brown solids were recrystallized
from Et,0/hexane, filtered, washed with small amounts of cold
hexane, and dried in vacuo to give a red brown solid. Yield:
43.6 mg, 60.2%. X-ray quality crystals of 3 were obtained by layer-
ing a concentrated THF solution of 3 with hexane. ESI-MS (positive
ion, MeCN): m/z [M+H]" calcd for BiRhCs,H,sNg: 1093.2621; found:
1093.2629; 'HNMR (CDCl;, 500 MHz): 6=8.57 (d, *J,_z,=1.8 Hz,
4H), 7.18 (dd, /=7.8, 7.4 Hz, 8H), 7.10-7.05 (m, 12H), 6.96 (t, J=
7.5Hz, 4H), 6.88 (d, J/=8.5Hz, 8H), 6.67 ppm (dd, /=7.8, 2.0 Hz,
8H); "C{'"H} NMR (CDCl;, 125 MHz): 6=161.9, 151.2, 148.1, 129.4,
128.8, 126.3, 124.2, 122.2, 120.2 ppm; IR (ATR): »=1555 (s), 1527
(s), 1484 (s), 1449 (w), 1334 (s), 1262 (w), 1216 (s), 1178 (w), 1079
(m), 1028 (M), 962 (s), 933 (s), 815 (m), 767 (s), 751 (s), 700 (s), 689
(s), 656cm™' (w); UVNis (DCM): .. (g): 460 (4736),
551 nm(402 M~'cm™).

BiRh(p-Cl-form), (4): Solid BiRh(TFA), (38.3 mg, 0.0501 mmol) and
H(p-Cl-form) (1.21g, 4.56 mmol) were combined in a 10mL
Schlenk flask, degassed, and heated under static vacuum to 180°C
using an oil bath for 17 h, during which time the ligand became
molten, and the mixture turned red brown. After cooling to room
temperature, the solids were extracted with hexane/Et,0 (2:1), fil-
tered, concentrated under reduced pressure, and purified by
column chromatography on SiO, using hexane/Et,0 (2:1) as eluent
(R;=0.42, hexane/Et,0 1:1). The red orange fraction was collected
and dried in vacuo to give a red orange solid. Yield: 35.2 mg,
51.4%. X-ray quality crystals of 4 were obtained by layering a con-
centrated Et,0 solution of 4 with hexane. ESI-MS (positive ion,
MeCN): m/z [M+H]" calcd for BiRhCs,H;,NgClg: 1364.9503; found:
1364.9506; 'HNMR (CDCl,, 500 MHz): 6=851 (d, *Jyp,=1.6 Hz,
4H), 7.16 (d, /=84 Hz, 8H), 7.09 (d, /=8.4Hz, 8H), 6.72 (d, J=
84 Hz, 8H), 656 ppm (d, J=8.4Hz, 8H); “C{'H}NMR (CDCl,,
125 MHz): 6=161.9, 149.1, 146.0, 130.7, 129.8, 129.4, 128.4, 127.0,
121.3 ppm; UV/NVis (DCM): A, (&) 462 (11795), 557 nm
(1429 M "em™).

BiRh(p-CF;-form), (5): Solid BiRh(TFA), (51.9 mg, 0.0680 mmol) and
H(p-CF;-form) (1.50 g, 4.51 mmol) were combined in a 10 mL
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Schlenk flask, degassed, and heated under static vacuum to 165°C
using an oil bath for 17 h, during which time the ligand became
molten, and the mixture turned red brown. After cooling to room
temperature, the solids were extracted with hexane/DCM (2:1), fil-
tered, concentrated under reduced pressure, and purified by
column chromatography on SiO, by using hexane/DCM (2:1) as
eluent (R;=0.42, hexane/DCM 2:1). The red orange fraction was
collected and dried in vacuo to give a red orange solid. Yield:
45.0 mg, 40.4%. X-ray quality crystals of 5 were obtained by layer-
ing a concentrated Et,0 solution of 5 with hexane; elemental anal-
ysis calcd for BiRhCgoH3gNgF,4: (1636.8): C 44.0, H 2.2, N 6.9; found:
C 43.8, H 2.2, N 6.7; ESI-MS (positive ion, MeCN): m/z [M+H]™ calcd
for BiRhCyoHsgNgF,4: 1637.1612; found: 1637.1631; "H NMR (CDCl,,
500 MHz): 6=8.74 (d, *Jy_py=1.6 Hz, 4H), 7.47 (d, J=83 Hz, 8H),
7.38 (d, J/=8.3 Hz, 8H), 6.86 (d, /=8.3 Hz, 8H), 6.79 ppm (d, J=
8.3 Hz, 8H); *C{'H} NMR (CDCl,, 125 MHz, ppm): 6 =162.4 (s), 153.1
(s), 149.7 (s), 127.7 (q, Y =33 Hz), 127.3 (q, ) s =4 Hz), 126.8 (q,
o p=4Hz), 1259 (q, Yer=33Hz), 1255 (s), 1243 (q Yer=
272 Hz), 124.1 (g, Jes=272 Hz), 120.0 ppm (s); "*F{'"H} NMR (CDCl,,
376 MHz): 6 =—62.0, —62.3 ppm; IR (ATR): 1610 (w), 1563 (s), 1538
(m), 1508 (m), 1316 (s), 1218 (m), 1181 (m), 1160 (m), 1105 (s), 1065
(s), 1010 (w), 979 (w), 936 (w), 835 (m), 661 (w), 633 cm™" (w); UV/
Vis (DCM): Aoy (€): 457 (5965), 553 nm (812 M 'cm ™).
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