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ABSTRACT: Open-shell compounds bearing metal—carbon triple bonds,
such as carbides and carbynes, are of significant interest as plausible
intermediates in the reductive catenation of C; oxygenates. Despite the
abundance of closed-shell carbynes reported, open-shell variants are very
limited, and an open-shell carbide has yet to be reported. Herein, we report
the synthesis of the first terminal, open-shell carbide complexes, [K][1] and
[1][BArF,] (1 = P2Mo(=C:)(CO), P2 = a terphenyl diphosphine ligand), *
which differ by two redox states, as well as a series of related open-shell
carbyne complexes. The complexes are characterized by single-crystal X-ray
diffraction and NMR, EPR, and IR spectroscopies, while the electronic
structures are probed by EPR studies and DFT calculations to assess spin
delocalization. In the d, complexes, the spin is primarily localized on the metal (~55—77% Mo d,,) with delocalization on the triply
bonded carbon of ~0.05—0.09 e”. In the reduced carbide [K][1], a direct metal—arene interaction enables ancillary ligand
reduction, resulting in reduced radical character on the terminal carbide (<0.02 e”). Reactivity studies with [K][1] reveal the
formation of mixed-valent C—C coupled products at —40 °C, illustrating how productive reactivity manifolds can be engendered
through the manipulation of redox states. Combined, the results inform on the electronic structure and reactivity of a new and
underrepresented class of compounds with potential significance to a wide array of reactions involving open-shell species.

¥-band HYSCORE,

B INTRODUCTION

Transition metal complexes that contain metal-to-ligand
multiple bonds have been implicated in many important
biological > and abiological reactions.”* Of these, open-shell
complexes are of special interest, and correlating reactivity with
electronic structure, including spin delocalization, is an area of
active pursuit.s_zo

the nitride.”"** Similarly, the unpaired spin in the square-
pyramidal d' phosphide [P2Mo(=P:)(Cl)][BAr",] was
localized predominantly in Mo 4d,, with 0.10—0.14 e~ of
spin density on the terminal phosphide.'® Even small spin
populations can have important consequences for reactivity,
however. [P2Mo"(=P:)(Cl)][BAr",] underwent rapid bimo-
lecular P—P coupling at —10 °C, unlike its closed-shell Mo"

In such open-shell complexes, radical delocalization onto the
multiply bonded ligand can vary widely, with important
consequences for reactivity. In a study of the Mn nitrides
[Mn"/(=N:)(salen-R)]* (R = ‘Bu, CF;, NMe,), for example,
the extent of spin delocalization onto the terminal nitride was
strongly influenced by ancillary ligand electronics."” When R =
NMe,, a predominantly salen-centered radical was formed that
resisted N—N coupling relative to the less electron-rich
analogues studied.

Radical delocalization is also impacted by ligand geometry
and metal d-electron count.">'%* In electron-deficient d' and
d® complexes, the unpaired electron often resides in low-lying
d;_, and d,, orbitals that are nonbonding with respect to the
multiply bonded ligand. Spin delocalization onto the multiply
bonded ligand may still arise but is typically minor. For
example, in the trigonal-pyramidal d* complex [Fe'(=
N:)(L;)][BAr",] (L; = chelating tris(carbene) ligand), the
unpaired spin was shown to populate a metal-based orbital of
3d,, parentage orthogonal to the Fe—N bond vector, with only
0.12 e” of unpaired spin populating the p, and p, orbitals on

© 2021 American Chemical Society

- ACS Publications

congener, which is stable at room ternperature.18 Likewise,
[FeV(=N:)(carbene);][BAr",] reacts with water in the
presence of cobaltocene to yield NH;> in a mechanism that
may involve PCET to an Fe(IV) imide. In these cases, there
are differences in spin state as well as oxidation state, which
complicates interpretation. Nevertheless, it is clear that the
open-shell variants are particularly reactive and that further
studies can help elucidate the structural and electronic aspects
that drive reactivity.

In higher d-count complexes, the unpaired spin may
populate metal-to-ligand antibonding orbitals, resulting in
significantly greater spin delocalization to the ligand. In square-
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pyramidal Fe nitrides, for example, the SOMO of Fe—N 7*
character is highly polarized toward the nitride, with up to 75%
spin density located on the nitride and only 15—-30% on
Fe.'®***> These complexes thus take on considerable Fe!V
character and can be considered nitridyl radicals. Likewise, ca.
50% spin density was found on the terminal nitride in trigonal
Co" and square-planar Ir"Y complexes, with the balance
localized on the metal”®”’ Significant spin delocalization is
also found in many electron-rich, open-shell carbene com-
plexes.”®**° While stabilized by interaction with the metal
center, these ligands behave like organic radicals and thus have
found application in a range of catalytic reactions.'***~*’

Relative to open-shell oxo and nitride complexes,*"** open-
shell carbyne complexes are extremely rare. The small number
reported of any kind** ™' stands in contrast to the plethora of
closed-shell examples.”** Of those terminal examples
characterized structurally,”*™° only three have been charac-
terized by methods that address the spin localization.*”**>*
Relative to carbynes, carbide complexes ([M]=C:) are rarer
still.>> Terminal, closed-shell examples are limited to the d°
group 8 examples of the type [M(=C:)(L),(X),] (M = Ry,
0s),>°"% the d*/d° group 6 examples [Tp*(CO),M(=CLi)]
(M = W, Mo) and [{N(R)Ar};Mo(=C:)]~ (Tp* = 3,5-
dimethyl tris(pyrazolyl)borate),**™** and most recently, the d
group 6 examples P2Mo(=C:)(CO) 1 and its coordination
isomer PMo(=C:)(CO)P (P2 = terphenyl diphosghine
ligand; see Scheme 1 and Figure 11 for structures).”*™*® To
our knowledge, a well-characterized example of an open-shell,
terminal carbide complex has yet to be reported.

Scheme 1. Synthesis of Open-Shell Carbide Complexes”
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[1][BArF,] [KI[1]
“KCHg = potassium naphthalenide; [BArf,]™ = tetrakis[3,5-

bis(trifluoromethyl)phenyl] borate; [Fc]* = ferrocenium; 2-MeTHF
= 2-methyltetrahydrofuran.

Nonetheless, reactive transition metal carbides and carbynes
are of considerable interest in the context of hydrogenation
and C—C coupling of C, oxygenates.”®’~"> Toward
harnessing the full potential of reactive, open-shell carbides
and carbynes in catalysis, there is need to first develop robust
synthetic strategies toward these compounds and to under-
stand how spin delocalization can be controlled through metal
d-electron count and ligand choice. Herein, we report the
synthesis and detailed characterization of the first terminal,
open-shell carbides [1][BArF,] and [K][1] as well as a series
of structurally related carbynes, [2][BArF,]—[4][BArF,] (1 =
P2Mo(=C:)(CO); 2, 3 = P2Mo(=CR)(CO)(Cl), R = H,
SiMey; 4 = P2Mo(=CSiMe;)(Cl)). The synthesis of [1]-
[BAr*,] and [K][1] is enabled by the versatility of the P2
ligand, which is capable of flexible coordination modes and
storage of reducing equivalents. Detailed electron para-

magnetic resonance (EPR) studies are coupled with density
functional theory (DFT) calculations to quantitatively assess
the spin delocalization. Preliminary reactivity studies are
presented in which reduced carbides are coupled intra-
molecularly to form mixed-valent, C—C bridged dimers.

B RESULTS AND DISCUSSION

Synthesis and Characterization of Open-Shell Car-
bide Complexes. Open-shell carbide complexes [1][BAr",]
and [K][1] were targeted from d* carbide 1, which was
prepared in situ via deprotonation and Cl loss from
methylidyne P2Mo(=CH)(CO)(Cl) 2 according to the
literature methods.®® Thus, [1][BArf,] was successfully
prepared by treatment of thawing solutions of 1 with
[Fc][BArf,] at —130 °C in 2-MeTHF (Scheme 1). The X-
band CW-EPR spectrum of a frozen glass of this deep brown
solution at 77 K revealed a complex, primarily axial signal with
Ziso = 2.009, consistent with generation of the expected § = 1/2
cation (Figure la). Warming the solution beyond —130 °C
resulted in loss of the EPR signal, illustrating the extreme
thermal sensitivity of this species.

The CW-EPR spectra of this complex were well-simulated
using a slightly rhombic g-tensor with g = [2.0247, 2.0190,
1.9837] (Table 1). Hyperfine couplings to **’Mo (I
A(®""Mo)l = [86, 86, 154] MHz) and two >'P nuclei (I
AC'P)l = [75, 80, 52] and [45, 58, 50] MHz) were observed,
indicating that both arms of the P2 ligand remain bound upon
oxidation (Table 2). The hyperfine couplings and g-tensor are
similar to those of previously characterized open-shell
phosphide complex [P2Mo(=P:)(Cl)][BAr",],"® indicating
electronic and structural similarity. The final °***’Mo and 'P
hyperfine coupling parameters above were also constrained
through simulations of X-band Davies electron nuclear double
resonance (ENDOR) measurements conducted at 25 K
(Figure 2). Though both magnetic isotopes of Mo are high
spin—"*Mo (I = 5/2, 15.92%) and *Mo (I = 5/2, 9.55%
abundant)—and thus could be expected to exhibit additional
fine structure from the nuclear quadrupole interaction, we did
not observe any clearly resolved quadrupole splittings in the
Mo-associated ENDOR signals for any of the complexes in this
study. This indicates that the quadrupole splittings are small in
comparison to the ENDOR line width and **’Mo hyperfine
anisotropy.

Additional hyperfine couplings to the '*C(carbide) and
BC(CO) nuclei were detected in the isotopically enriched
derivative [1-'3C,][BAr*,], which is prepared via oxidation of
previously reported®® 1-'*C, and bears labels at the carbide
and CO carbons (see the Supporting Information). Hyperfine
sublevel correlation (HYSCORE) spectra of [1-*C,][BAr*,]
showed signals consistent with couplings to two distinct *C
nuclei which exhibited similar isotropic couplings but varying
degrees of anisotropy (IA("*C,)l = [18, 11, 9] MHz; IA(*Cy)l
= [8, 22, 8] MHz; Figure 3). To confirm the signal observed is
not due to oxidation of residual 2 from in situ preparation of 1,
methylidyne [2][BAr",] was independently prepared and
found to exhibit a different CW-EPR signature from [1]-
[BAr,] (Figure S2).

Reduced carbide [K][1] was synthesized via addition of a
freshly prepared, thawing solution of potassium naphthalenide
(1 equiv) to a thawing solution of 1 (Scheme 1). A dramatic
color change from red-brown to deep teal was evident on
mixing, and the 77 K X-band CW-EPR spectrum of a frozen
glass of this solution indeed revealed formation of a new § = 1/
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Figure 1. X-band CW-EPR spectra (black) of (a) [1][BAr*,] and (b)
[K][1] with natural abundance (top) and "3C enrichment (bottom)
at a temperature of 77 K with spectral simulations overlaid (red;
parameters in Tables 1 and 2). Acquisition parameters: MW
frequency = 9.324—9.385 GHz; MW power = 200 yW ([1][BAr",])
or 20 yW ([K][1]); modulation amplitude = 0.2 mT; conversion
time = 82 ms.

Table 1. Experimentally Determined g-Values for Open-
Shell Carbides [1][BArF,] and [K][1]

complex 8 & & 8iso
[1] [BArF4] 2.0247 2.0190 1.9837 2.0091
[K][1] 2.0060 2.0015 1.9980 2.0018

2 cation with visible hyperfine couplings to Mo (Figure 1b).
[K][1] proved significantly more stable than [1][BArF,],
persisting in solution up to at least —40 °C. Single crystals were
obtained by encapsulation of K* with 18-crown-6 (1 equiv)
followed by diffusion of pentane into concentrated solutions in
2-MeTHF at —40 °C.

Analysis of the XRD structure confirmed generation of
[K(18-crown-6)][1] (Figure 4). The structure of [1]~ exhibits

pseudo-square-pyramidal ligand geometry (75 = 0.19) similar
to that observed for the previously reported nitride and
phosphide derivatives [P2Mo(=E:)(Cl)]™* (E = N, P; n = 0,
1)."®7* The carbide ligand is located at the axial position, and
the CO ligand is trans to an #°(C, C)-interaction with the
central arene ring. The Mo=C: distance is 1.739(5) A, slightly
shorter than previously reported Mo' carbyne complexes of
the same ligand platform (1.764(2)-2.032(1) A)**™% but
similar to that reported for the Mo"' carbide [Mo(=
C:)(N(R)Ar),]™ (1.713(9) A).*°

Compared to [1][BArf,], the 77 K X-band CW-EPR
spectrum of [K][1] exhibits significantly reduced anisotropy in
the g-tensor with g = [2.006, 2.0015, 1.998] and g, ~ 2,
suggesting more delocalized radical character (Figure 1b and
Table 1). The g values for [K][1] may be compared to those of
the predominantly metal-centered Mo(III) complexes, [Mo-
(L)(trisamidoamine)] in which L = CO and N,, where the
unpaired spin is degenerately located in 7-backbonding orbitals
of d,, d,; origin and g is significantly more anisotropic with g,
g1 = 3.03, 1.51.”* Comparatively small hyperfine couplings to
%197Mo (IA(°"Mo)| = [46, 46, 59] MHz) and two >'P nuclei
(IAC'P)I = [8.4, 3.6, 3.6]) were observed in the CW-EPR and
Davies ENDOR spectra (Table 2 and Figure S14). Relatively
weak hyperfine couplings to two inequivalent *C nuclei (I
A(BC) | = [4.6, 5.5, 5.5] and [—0.05, —0.05, 4.5] MHz) were
measured via HYSCORE spectroscopy of the labeled
derivative, [K][1-'*C,] (Figures S15—S20). The small
magnitudes of these couplings preclude a carbide-centered
radical and suggest that the unpaired spin may instead be
primarily located on the arene system of the P2 ligand.®**°

Radical Delocalization in [1][BAr",] and [KI[1] as
Revealed by Spin Decomposition Analysis of the
Hyperfine Coupling Tensors and DFT Calculations. To
more quantitatively assess spin delocalization in [1][BAr*,]
and [K][1], the hyperfine coupling tensors were decomposed
into their s- and 7P-orbital origins using the method of Hoffman
and co-workers.”"”®> Thus, compared to an electron in a 5s
orbital of *Mo for which la2,(**Mo)l = 1984 MHz,”® a,, =
107 MHz for [1][BAr*,] corresponds to a small Mo $s spin
density of ~0.05 e”. Taking a unit of unpaired spin in the Mo
4d,, orbital with the z-axis extending along the Mo—carbide
bond, the anisotropic component T = [—23, —23, 47] MHz
corresponds to a spin density in Mo 4d,, of ~0.53 e~ (Ipeodd =
0.58 e7, Table 2; Mo T3 = [—43.1, —43.1, 86.2] MHz and

A(¥Mo) = ay, + T; see the Supporting Information for
details).”®

The *C hyperfine coupling for the carbide nucleus was
treated similarly. However, the measured hyperfine couplings
to the two *C nuclei (denoted '3C, and 3Cj to indicate
ambiguous assignment) could not be definitively assigned to
the respective carbide and BCO nuclei, and thus were each
considered separately.”” Each nucleus exhibits an isotropic
coupling of a;,, ~ 12 that when compared to the expected
coupling of an electron in a 2s orbital laj,,(**C)| = 3777 MHz"°
yielded a small 2s orbital density of ~0.003 e™.

The 2p orbital density was treated similarly, following
subtraction of the nonlocal contribution T, = [—2.2, —2.2,
4.5] MHz due to the through-space dipolar interaction
between the *C nucleus and the unpaired spin density at
the Mo nucleus.””* Following subtraction of T%,,., *C, and
B3Cy each yielded a similar predicted carbide spin density of
0.06—0.09 €™ in the C 2p orbitals, orthogonal to the Mo=C:
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Table 2. Hyperfine Coupling Tensors (in MHz) Measured for [1][BAr",] and [K][1], with Total Spin Populations |p,,
Estimated According to the Experimentally Measured Hyperfine Coupling Tensors”

complex A,
[1][BArE,] 9/97\Mo? 86
3p, 75
3py 45
BC, 15
BC, 8
[K][1] 9/97Mo? 46
Py 8.4
Py 8.4
BC, —-0.05
BCy 4.6

A A, Biso 1peodl
86 154 109 0.58
80 52 69
58 50 s1
11 9 11.7 0.06—0.09°
22 3 12.7 0.05—0.074
46 59 503 0.12-0.20
3.6 3.6 52
3.6 3.6 52
—0.05 4.5 LS5 <0.02¢
5.5 5.5 52

“Signals observed for the *'P and *C nuclei cannot be definitively assigned and thus are denoted A and B. “Hyperfine values are only reported for
the more abundant **Mo (I = /2, 15.92%), but simulations also include contributions from *’Mo (I = 5/2, 9.55%). “Estimated spin density for the

carbide C31. “Estimated spin density for the CO ligand C32.
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Figure 2. Field-dependent X-band Davies ENDOR spectra of natural
abundance [1][BAr",] (black) with simulations overlaid (parameters
in Table 2). The electron spin echo (ESE) detected EPR spectrum is
shown to the right, with fields at which ENDOR was acquired
denoted with black circles. Acquisition parameters: temperature = 25
K; MW frequency = 9.716 GHz; MW 7 pulse length = 80 ns;
interpulse delay 7 = 240 ns; 7z pulse length = 15 us; Tyg delay = 2
us; shot repetition time (srt) = S ms.

bond vector. Similarly, following subtraction of T%,. or T .
from C, and "Cj (in a direction perpendicular to the
carbide in the molecular frame), the same analysis of '*C, and
13Cp yielded a predicted spin density of 0.05—0.07 e~ on *CO.

Decomposition of the hyperfine coupling tensors for [K][1]
revealed significantly reduced spin density on both Mo
(~0.13—0.20 e”) and carbide C31 (<0.02 e”) relative to
[1][BArF,]. As with [1][BAr",], the majority of the spin
density was found to be located in carbide 2p orbitals, with
only a small proportion in C 2s (<£0.001 e”). The remaining
spin density (ca. 0.89 e~ according to a Lowdin population

13094
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Figure 3. Top: X-band HYSCORE spectrum of [1-'*C,][BAr",]
(top) measured at 3442 mT (g = 2.024). Bottom: overlay of *C
simulation contours (**C, in blue, *Cy in red) with experimental
contours (gray). Experimental conditions: temperature = 25 K; MW
frequency = 9.716 GHz; 7 = 136 ns; t; = t, = 100 ns; At, = At, = 16
ns; shot repetition time (srt) = 3 ms. For additional spectra measured
at other magnetic fields and comparison with data of natural
abundance [1][BAr*,], see Figures S8—S13.

analysis; see below) was instead found to reside on the
terphenyl arene unit. Experimental evidence for occupation of
this orbital by the unpaired electron is derived from
examination of the crystallographic bond metrics. Relative to
the closest structurally characterized Mo' analogue, P2Mo(=
CSiMe;)(CO)(Cl) 3’ in which the silylcarbyne ligand is
oriented cis to the #>-arene interaction,” the terphenyl arene
bond distances in [K][1] display the expected pattern of
elongation and contraction based on population of the DFT-
calculated SOMO, most notably in the central arene ring and
flanking arene—arene linkages (Figure 5). The increased
electron density in the central arene is also reflected in the
direct contacts with the K* jon at the electron-rich C4—CS$
positions (Figure 4). Notably, the formally anionic carbide
ligand does not interact with K*, although this could be due to
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Figure 4. Solid-state structure of [K(18-crown-6)][1]. Thermal
anisotropic displacement ellipsoids are shown at the 50% probability
level. H atoms are omitted for clarity. Key bond lengths (A) and
angles (deg): Mol—C31 1.739(5); Mol—C32 1.974(6); C32—-01
1.157(8); Mo1—C1 2.444(5); Mol—C2 2.449(5); C1—C2 1.390(7).

[K1[1]
SOMO
from DFT

M P
Mo L

-0.070(6)," *~0.071(6)
bond lengths: C17—C15 +0.025(7) C;——C,+0.021(8) C;—Cy

[KI[1] minus 3 /7 \, \/ \/ // \\
from XRD Cie /_0 0167 \\ //-o 044(7)\ - /
c B

15— “14
+0. 026(8) _0 033(7) +0 026(7)

Figure 5. Crystallographically determined bond elongations and
contractions on reduction of the arene unit by one electron. Top:
DFT-calculated SOMO for [K][1] (BP86/def2-TZVP; isosurfaces at
0.04 e A). Bottom: bond length difference map for the terphenyl
arene moiety of [K][1] minus that of Mo(IV) comparator P2Mo (=
CSiMe;)(CO)(Cl) 3’ (the kinetic isomer of 3 in which the CO ligand
is oriented trans to the Mo—arene interaction; see Chart S2 for
structure)** showing elongated and contracted bonds for [K][1]
according to the anticipated 7-bonding or antibonding character (95%
certainty or better; >99.7% certainty values are indicated in bold).

steric constraints between the isopropyl substituents and the
encapsulating crown ether.®”%

Further insight into the nature of Mo=C: bonding and spin
delocalization in [1][BArF,] and [K][1] was obtained via DET
calculations using unrestricted Kohn—Sham methods with the
BP86 functional and def2-TZVP basis set. The structures of
[1][BArF,] and [K][1] converged to minimum-energy
geometries as depicted in Scheme 1 with no imaginary
frequencies (Figure S36). (Similar agreement was found for

the crystallographically characterized carbyne complexes [2]-
[BArf,]—[4][BArF,] below at the same level of theory.)
Single-point energy calculations were conducted on the
optimized geometries for [K][1] and [1][BArf,] and
compared with previously reported 1 at the same level of
theory.®> Comparison of the orbital contours revealed a close
correspondence in their electronic structures. The Mo—carbide
bonding can be described as a formally triple bond with one
high-lying 6-bonding MO and two lower-energy z-bonding
MOs (Figure 6). As indicated by the EPR measurements

HOMO+6 (2.5 eV)

Mo-CO n

HOMO-1 (-1.5 eV)

HOMO—4 (-2.6 eV)

Figure 6. Qualitative MO diagram for [1][BAr%,] (black), 1 (blue),
and [K][1] (red) depicting the Mo=C: bonding interaction and
SOMOs. Calculated @ molecular orbitals (isosurfaces at 0.05 e~ A™%)
and orbital energy levels are depicted for [1]7; f molecular orbitals
for [K][1], and MO diagrams for [1][BAr*,]—[4][BAr",] are
provided in Figures S38—547.

above, the HOMO in both [1][BAr",] and 1 is of Mo 4d,,
parentage and is strictly nonbonding with respect to the
carbide; this orbital has backbonding character with respect to
the Mo—CO interaction. The electronic structures are similar
to the phosphide [P2Mo(=P:)(C)]** (n = 0, 1),"® except the
M=E: o orbital is lower energy relative to the z orbitals in the
terminal phosphide complex, reflecting differences in ¢ vs «
orbital overlap of the carbide ligand relative to the phosphide.

In accordance with the MO diagrams, the calculated Lowdin
spin populations predict that the majority of spin density rests
in the Mo 4d,, orbital (+0.55 e7), with 0.07 e~ of negative spin
polarization on the carbide, as visualized through the spin
density plots (Figure 7). Overall, the Lowdin spin densities at
Mo, C(carbide), and *C(CO) for this complex agree well
with the experimental findings from EPR (see Table ).

In [K][1], the HOMO-1 of 4d,, parentage shows a close
correspondence with the SOMO of [1][BArf,] and is
occupied by two electrons. The next lowest energy orbital
contains an unpaired electron and is of largely arene-based
character (Figure 6). The combined EPR, DFT, and
crystallographic data thus support a much more delocalized
spin for [K][1] relative to [1][BAr*,], which nearly eliminates
localization of spin density on the carbide ligand (+0.02 e~
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[BI[BAr",]

[41[BAr",]

Figure 7. DFT-calculated spin density plots and Lowdin spin
populations (BP86/def2-TZVP) for (a) [1][BAr5,], (b) [K][1],
(c) [3][BArF,], and (d) [4][BArF,]. Atoms are shown scaled at 50%;
H atoms are omitted for clarity (isosurfaces at 0.0016 e~ A™3).

according to a Lowdin population analysis; Figure 7b and
Table S). Apparently, the direct metal—arene interaction in
[K][1] enables ancillary ligand reduction prior to population
of the Mo—carbide antibonding orbitals, leading to reduced
spin density at the carbide and presumably enhancing the
thermal robustness of [K][1].

Synthesis and Characterization of Open-Shell Car-
byne Complexes, [2][BArf,]-[4][BAr",]. Relative to [1]-
[BArf,], the open-shell carbyne complexes [2][BArf,]—
[4][BArF,] are comparatively robust. To gain solid-state
structural information about Mo'=C complexes and to
probe the impact of changes in the ligand sphere on spin
delocalization in Mo(V) complexes, the methylidyne [2]-
[BAr*,], silylcarbyne [3][BAr’,], and CO-free silylcarbyne
[4][BAr",] were prepared. The CO-bound derivatives [2]-
[BArf,] and [3][BArf,] were prepared via one-electron
oxidation of the corresponding Mo(IV) analogues (2 and
3)%%%¢ with [Fc] [BAr,] in thawing 2-MeTHF (Scheme 2a).
Isolation of [2][BArf,] and [3][BArf,] necessitated precip-
itation and washing at temperatures <—40 °C to prevent CO
loss (vide infra). Both complexes feature a high-energy CO
stretch, consistent with diminished CO activation on oxidation.
The CO stretching frequency in [2][BAr",] is observed at
2070 cm™! (cf. 1852 cm™ in 2) while that of [3][BAr,] is

Scheme 2. Synthesis of Open-Shell Carbyne Complexes
[2][BAr",]-[4][BAL,]

R R
) c cl ¢ | Tard
P‘P'P I\lllll /',’r (@) [Fel[BAT,] ’_’Pf n|/||| P/",’Pr
r— 0 Pr— — r
T 2MeTHF P °
Q SO ELNG Sa

[2][BArF,] or [3][BATF4]
(R = SiMe3)

3 (R =SiMej)

cl Jeafy  R=H)

Pr, | /Pr
Pr—p— Mo—P ipr (b)1(‘;r:Torr

D)

[4][BArF4] (R = SiMej)

observed at 2049 and 1971 cm™!, possibly because of the
presence of two isomers in the solid state (cf. 1852 cm™ in 2
and 1873 cm™ in 3). Only one frequency is recorded at 1967
cm™ in THF solutions, however, potentially indicating
fluxional behavior.®*%°

Both [2][BArF,] and [3][BAr*,] proved amenable to solid-
state characterization via single-crystal XRD. These studies
confirmed that the ligand binding mode remains unchanged on
oxidation (Figure 8; for the structure of [3][BAr*,], see Figure

-~ H1
'C31

[41[BArF,]

Figure 8. Solid-state structures of (a) [2][BArf,] and (b)
[4][BAr*,]. Thermal anisotropic displacement ellipsoids are shown
at the 50% probability level. [BAr*,]™ counterions and H atoms are
omitted for clarity, except the methylidyne H atom in [2][BAr%,],
which was located in the electron density map and refined freely. Key
bond lengths (A) and angles (deg): [2][BAr*,]: Mo1—C31 1.753(2);
Mol—C32 2.095(2); C32—01 1.128(3); Mo—Cl 2.3615(7). [4]-
[BArF,]: Mol—C31 1.734(9); Mol—Cll 2.355(2); Mol—Cl
2.423(6); Mol—C2 2.445(6); C1—C2 1.363(9). For the structure
of [3][BAr",], see Figure SS0.

§50). In each complex, the Mo center is situated considerably
above the arene ring (e.g,, ca. 3.1 A in [2][BAr",]), precluding
any direct Mo—arene contact. The remaining ligands adopt a
pseudo-square-pyramidal geometry (zg = 0.09) with the
carbyne ligand occupying the axial position. The Mo=C
distance in [2][BArF,] (1.753(2) A) is within the expected
range for a triple bond and is only slightly contracted relative
to 2 (1.764(2) A).°® This bond contraction could reflect the
reduced ionic radius of Mo® or increased electrostatic
interactions between Mo(V) and C3~. A similar contraction
was observed on oxidation of a d* benzylidyne complex,
W(CPh)(dmpe),Br, by [C,H,][PFs] (0.024 A).** The solid-
state structure of [2][BArf,] also revealed significant
elongation in the Mo—CO bond (2.095(2) A, vs 1.930(4) A
in 2) and shortening of the Mo—Cl bond (2.3615(7) A, vs
2.548(1) A in 2), consistent with the orbital picture developed
in which the SOMO of d,, parentage has z-backbonding
character with respect to CO and z*-antibonding character
with respect to Cl (similarly to carbide [1][BAr¥,] above and
consistent with DFT calculations; see Figures $42 and $43).
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Consistent with reduced backbonding to the CO ligand,
both [2][BAr%,] and [3][BAr",] proved susceptible to CO
loss, even at RT in the solid state. Thus, a color change from
green ([2][BAr",]) or pink ([3][BAr",]) to purple or maroon
was observed over a period of weeks to months at RT,
accompanied by a disappearance of the CO stretching
frequencies in the IR spectra (Figure S35). Alternatively, CO
loss was induced through extensive trituration and in vacuo
drying of [3][BAr¥,] (Scheme 2b). According to the EPR and
IR analyses, CO loss was incomplete in some samples (e.g.,
Figure 9b), likely reflecting trapping within larger micro-
crystals. Attempts to obtain clean samples were not
reproducible, as competing decomposition was also observed
in some cases.

Nonetheless, CO loss was confirmed in a single crystal XRD
study of silylcarbyne [4][BAr*,] (Figure 8b). The structure of
[4][BArF,] is disordered with ca. 20% of the Mo(IV) complex

(a)

[31[BAr* ]

[3-C,I[BAr*,]

310 320 330 340 350 360 370 380
Magnetic Field (mT)

(b) .

[4][BAr* ]

[4-"°C,][BArF ]

ot

320 330 340 350 360 370 380
Magnetic Field (mT)

3

e
o

Figure 9. X-band CW-EPR spectra (black) of (a) [3][BAr¥,] and (b)
[4][BArf,] with natural abundance (top) and C enrichment
(bottom) at a temperature of 77 K with spectral simulations overlaid
(red; parameters in Tables 3 and 4). Acquisition parameters: MW
frequency = 9.324—9.385 GHz; MW power = 200 yW; modulation
amplitude = 0.2 mT; conversion time = 82 ms. Asterisks indicate
features associated with residual [3][BAr,] due to incomplete CO
loss. For the CW-EPR spectra of [2][BAr*,] and its 3C, analogue,
see Figure S2.

[P2Mo(CO)(CSiMe;)][BAr",], presumably reflecting dispro-
portionation under the conditions of crystallization (Figure
S51). A pseudo-square-pyramidal geometry is again assumed in
[4][BAr*,] with the silylcarbyne moiety in the apical position,
but this time an #*-C,C interaction was observed to the central
terphenyl arene, similarly to in carbide [K][1]. Of note,
however, the silylcarbyne ligand projects over the central arene
ring, in contrast to [K][1] where it faces in the opposite
direction.”® The Mo=CR distance (1.734(9) A) is com-
parable to that of [2][BAr",] and [K][1] above, confirming
retention of the triple bond.

EPR and DFT Studies of [2][BArf,]-[4][BArf,]. To
probe electronic structure and spin delocalization in the open-
shell carbyne complexes, in-depth EPR and DFT studies were
pursued. As for [1][BAr",], the 77 K X-band CW-EPR spectra
of [2][BArF,]—[4][BArF,] were well-simulated with slightly
rthombic g-tensors and couplings to two *'P nuclei and a single
/%Mo nucleus consistent with generation of the expected
cations (Figure 9 and Table 3). As well, couplings to two

Table 3. Experimentally Determined g-Values for
[2](BA",], [3][BAr",], and [4][BAr",]

complex e & & Fo
[2](BArY,] 2.0275 2.0175 1.9960 2.0137
[3](BArY,] 2.0286 2.0082 1.9970 2.0113
[4][BArF,] 2.0145 2.0030 1.9620 1.9932

inequivalent "*C nuclei were refined via ENDOR spectroscopy
with labeled [3-'3C,][BAr*,] and only one for [4-"*C][BAr*,]
via HYSCORE (Figures S21—532). The CW-EPR spectra for
[2][BAr*,] (Figure S2) were satisfactorily simulated by using
the parameters in Tables 3 and 4, thou%h the simulations were
not refined through pulse experiments.””

Table 4. Hyperfine Coupling Tensors (in MHz) Measured
for Oxidized Complexes [2][BAr",]—[4][BAr",] and Total
Spin Populations |p,| from Hyperfine Decomposition
Analysis”

complex” A, A A

4 z Qiso 1ol

[2][BAfS,]  *Mo 95 75 155 107

3p, 3s 72 20 42

31py 46 35 20 34

BC, 24 30 20 25

BCy 40 20 3s 32
[3][BArS,]  *Mo 86 86 165 110 0.64

3p, 15 48 10 24

31py 15 48 10 24

BC, 27.5 27.5 22.5 26 0.05-0.07°

BCy 31 18 33 27
[4][BAfS,] Mo 100 100 190 130 077

3p, 60 70 60 63

3Py 60 70 60 63

Bc 31 31 17 26 0.08

“Signals observed for the P and "*C nuclei cannot be definitively
assigned and thus are denoted A and B. The hyperfine coupling
tensors for [2][BAr,] were estimated through simulations of CW-
EPR spectra; tensors for [3][BAr¥,] and [4][BArF,] were refined via
simulation of the Davies ENDOR and HYSCORE spectra; see Figures
$21—-832. “Estimated spin density for the carbyne C31.
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Decomposition of the */*’Mo hyperfine coupling tensors
revealed a sequential increase in the spin density at Mo in the
order [1][BArf,] < [3][BAr",] < [4][BAr,], with a total of
0.58, 0.66, and 0.77 e~ residing in Mo 4d,, (Table 4). Spin
delocalization onto the carbide and carbyne ligand, in contrast,
remained nearly invariant across the series (0.05—0.09 e~ on
C,)- As in [1][BAr*,] and [K][1] above, the majority of the
spin on C,, resides in 2p orbitals, with only ~0.007 e in C 2s
for [3][BAr",] and [4][BArF,]. DFT calculations support a
similar bonding picture to that described for [1][BAr,] above.
The calculated Lowdin spin populations agree with the values
determined by EPR above (Table $).

Table S. Calculated Lowdin Spin Distributions (BP86/def2-
TZVP) for Open-Shell Complexes Studied Herein®

(1]* (2] B3I (4] (1]

Mol 0.55 0.69 0.64 0.72 0.02
C31 (carbide) -0.07 —0.08 —0.07 —-0.07 0.02
C32 (CO) 0.07 0.10 0.11 0.002
01 0.05 0.06 0.08 —0.001
Cl1 0.15 0.15 0.09

P1=P2 0.04 0.03 0.03 0.01 0.02
C1—-C6 (arene) 0.30 0 0 0.20 0.37

“For spin density plots, see Figure 7; spin densities calculated from
EPR spin decomposition analysis are presented in Tables 2 and 4.

Besides [2][BAr",]—[4][BArf,], very few open-shell
carbyne complexes have been studied by EPR, but the results
presented herein suggest some commonalities. The C,,-
symmetric Fe' carbyne [(SiP;)Fe(=CCH,)][OTf] (where
SiP; = tris(phosphino)silyl ligand) was found to exhibit an
axial signal at 10 K with g at 2.61 and g, at 1.96—1.93.*" The
3C hyperfine coupling vector for the carbyne (IA("*C,)I = [18,
33, 47] MHz) indicated relatively minor amounts of spin
delocalization onto that carbon, and indeed a spin decom-
position analysis revealed relatively little spin density in C 2s
(0.009 e”) and more significant spin density in 2p, and 2p,
(—0.07 e7). The majority of the unpaired spin was instead
located on Fe (0.99 e”) in an orbital of ds_, parentage
perpendicular to the Fe—C bond vector. Likewise, in the y*-C-
bridged diiron carbyne complexes {Fe,(4*-CAr)}'” and
{Fe,(1*-CAr)}", only 0.009 e~ was found in C 2s, with
0.03—0.04 e in C 2p(x).** Finally, the tungsten methylidyne
cation [(dmpe),(C)W(=CH)]* was studied with g, =
2.026, la,,("**W)I = 221 MHz, la,,(*'P)l = 149 MHz, and |
a,(PC)l = 34 MHz*® While the anisotropic hyperfine
coupling constants for this complex were not determined,
the combined spectroscopic data indicated that the unpaired
electron in [(dmpe),(Cl)W(=CH)]" resides predominantly
at W in an orbital of d,, parentage perpendicular to the W=C
bond vector. The magnitude of la,,(**C)| also suggested a
similar amount of spin delocalization to the carbyne C,, relative
to other studied complexes.

C—C Coupling Reactivity. In preliminary reactivity
studies, we observed that while the Mo(IV) carbide 1 is
resistant to C—C coupling (and instead converts to isomeric 1
on warming),*® reduced [K][1] couples to form C—C bridged
[5]>~ (Figure 10). Thus, attempts to crystallize [K][1] in the
absence of crown ethers over days at —40 °C resulted instead
in crystallization of [5]7, together with dimeric units of
([1],)* bridged in a polymeric unit with 1.5 K* per Mo (for
the full structure, see Figure S52). While the more reduced

X
K o0
NSV
P oy 1K { °c O

ipr c
TN /T —
iPr—p—mMo—B-Pr -40°C
P Mo—R — > Pr=P—Mo—R-ipr
— i ipr

[KI[1] e G e

unidentified species +

([K13[1]2 omitted from
structure for clarity)

[Kle[112[5]

Figure 10. Intramolecular coupling of [K][1] to produce C—C
bridged [5]*". Not shown is a dimeric unit of ([1],)*7, cocrystallized
as a coordination polymer with [5]>~ and 6 K* per 4 Mo. Structure
determination by single-crystal XRD; the crystal quality was
insufficient to allow reliable determination of bond metrics.

charge state relative to the starting [K][1] indicates that
disproportionation has occurred, the formation of coupled
[5]3~ showcases reactivity manifolds that are not accessible to
the Mo(IV) carbides.

C—C coupling reactivity was likewise observed from less
reduced charge states. Thus, following treatment of thawing
solutions of carbide 1’ with KC;oHg (0.5 equiv) at —40 °C,
C—C coupled [K][6] crystallized from the reaction mixture
over a period of days (Figure 11). [K][6] was also observed
starting from 1, but this reaction necessitated longer reaction
times (~6 weeks at —40 °C), suggesting that initial conversion
to 1’ was prerequisite to C—C coupling. Both [K]¢[1],[5] and
[K][6] demonstrate the ability of reduced Mo carbides to

2
&
’ ~Mo1’
C32 P’
o Oor
C31’
K1 €31
C32 @ P1
o1
® Mo1

ipr—P  [KI[6]
iPr

Figure 11. C—C coupling of 1’ on reduction with 0.5 equiv of
KC,oHjg. Solid-state structure of coupled product [K][6] shown with
thermal anisotropic displacement parameters at the 50% probability
level; H atoms and free solvent molecules are omitted for clarity.
Carbon atoms and bonds in bound THF molecules and P2 ligand
shown in gray for clarity. Key bond lengths (A) and angles (deg):
Mol—C31 2.091(5); C31—C31’ 1254(7); Mol—C32 1.955(5);
C32—01 1.169(6); Mol—-P1 2.430(1); C31-K1 3.019; C32—Kl1
3.036; O1—-K1 2.987; Mo—C31-C31' 176.9(4); Mo—C32—01
177.3(4).
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couple in mixed valence states, perhaps implicating a
nucleophile/electrophile-type coupling pathway*® in which
the nucleophilicity of the terminal carbide ligand is enhanced
through reduction by 1 e™. This proposal is consistent with the
low spin delocalization on the reduced carbides, which may be
insufficient to promote coupling via a radical pathway.
Regardless of the mechanism involved, these results illustrate
the intimate relationship between redox state, spin delocaliza-
tion, and reactivity in terminal, transition metal carbides,
similarly to that observed in other open-shell complexes with
metal—ligand multiple bonds.

Spin Delocalization in Open-Shell M=C Complexes:
Trends. The EPR and DFT results indicate a close
correspondence in the electronic structures of the d' square-
pyramidal carbides and carbynes studied. While the unpaired
spin rests primarily in the SOMO of Mo d,, parentage, non-
negligible delocalization is also observed to the carbide/
carbyne C, (ca. 0.06—0.09 e”).

For compounds [2][BAr¥,] and [3][BAr",], the SOMO
displays 7* and z-backbonding character with respect to the
Mo—Cl and Mo—CO interactions, respectively, resulting in
spin delocalization onto these ligands (0.05—0.11 e~ on C32;
0.09—0.15 e~ on Cl1; Table $). In [1][BArF,] and [4][BArF,],
significant spin density is conferred on the central arene ring
via the direct Mo—arene contact. In fact, this is the major spin
location (0.20—0.22 e~) aside from the metal. As shown in the
crystal structure of [4][BAr*,], loss of CO orients the carbyne
cis to the arene and promotes z-backbonding with a double
bond of the arene. Consequently, the SOMO has a substantial
contribution from the arene. Because the SOMO is non-
bonding with respect to the two phosphines, a smaller amount
of spin density is transferred onto these atoms (0.01—0.04 e)
in the [1][BArF,]-[4][BArF,] series.

The variation in spin density at Mo from ~0.58—0.77 ¢~ in
[1][BArF,]—[4][BArF,] is therefore not strongly correlated to
the extent of spin delocalization to the carbide/carbyne C,
(0.05—0.09 e7). Instead, the spin density at Mo is heavily
influenced by the extent of delocalization onto the associated
Cl, CO, and n*arene ligands. The substituents at C, (lone
pair, H, and SiMe;) also do not have a strong impact. In
contrast, the dimethylamide-substituted Fe carbyne [(SiP;)-
Fe(=CNMe,)][OTf], which has a close structural corre-
spondence and identical d electron count with the methyl-
substituted analogue [(SiP;)Fe(=CCH,)][OTf], has only
0.03 e~ of spin localized at C, (vs 0.07 e~ for the methyl-
substituted analogue).*”*’ Reduced spin delocalization to C,
likely reflects the electron-donating capacity of the —NMe,
group, which results in a significant [Fe]=C=NMe,
resonance form.**°

Carbide [1][BAr¥,] and silylcarbyne [4][BAr¥,] also share a
close structural and electronic correspondence with the open-
shell phosphide complex [P2Mo(=P:)(Cl)][BAr",], which
has 0.65 e~ of unpaired spin in Mo 4dxy.18 0.10—0.14 e™ of spin
density is delocalized to the terminal phosphide. Relative to the
most structurally related complex [4][BAr",], the greater
extent of spin delocalization onto the terminal phosphide most
likely reflects the reduced electronegativity of P. A similar
trend was observed in two structurally similar diiron complexes
bearing 4>-C and u*N ligamds.54’81 Spin delocalization of
—0.05 e~ was observed on the u*-C ligand vs —0.02 e~ on the
more electronegative ;42-N atom.>**!

An approach to increase spin localization on the multiply
bonded terminal ligand is to increase the d-count at the metal

to populate 7 antibonding orbitals. Such systems with terminal
oxide and nitride ligands have been reported to localize up to
0.75 ¢~ on these ligands.'***™*” With terminal carbide ligands,
only formally d°, d', and d* systems have been reported.
Compound [K][1] is formally Mo(III), d>. However, EPR,
DFT, and crystallography studies are consistent with primary
localization of the spin on the terphenyl ligand, toward a
formal Mo(IV), d* resonance structure. Notably, the reduction
of the arene is preferred to populating Mo—C 7 antibonding
orbitals and destabilizing that interaction, despite the relatively
negative redox potential of the terphenyl arene (unsubstituted
p-terphenyl: —2.45 V).*> Moreover, the more electron-rich
compound [K][1] has lower radical character on the carbide C
than the oxidized analogue, [1][BAr,]. This is in line with
measurements on metal—oxo,"> nitride,’” and bridged
carbyne®® species showing increased radical character at the
higher metal oxidation state due to increased covalency,
similarly to what is found in the present systems.

M CONCLUSIONS

Herein, we report the preparation of five new radical carbide
and carbyne complexes, including the first two known
examples of open-shell, terminal carbides, [1][BAr",] and
[K][1] (1 = [P2Mo(=C:)(CO)]). Access to this redox series
of carbides and carbynes was enabled through the non-
innocence of the P2 ligand. The P2 ligand is capable of
providing stabilizing metal—arene interactions and absorbing
excess reducing equivalents into the terphenyl arene unit.
These compounds were characterized by in-depth pulse EPR
experiments combined with DFT analysis and crystallography.
These studies revealed predominantly metal-centered radicals
in oxidized complexes [1][BAr*,]—[4][BAr",], with 0.55—
0.77 ¢~ on Mo depending on the extent of delocalization onto
the accompanying Cl, CO, and n*-arene ligands. Spin
delocalization to the carbide ligand remains approximately
constant at 0.05—0.09 e” in all of these cases. Although small,
this value is not insignificant. For example, an open-shell
terminal phosphide supported on the same framework with
0.10—0.14 e~ on P undergoes P—P coupling chemistry even
below room temperature."

The combined EPR and DFT studies revealed a different
picture for [K][1], however. The availability of low-lying
empty orbitals in the arene system enables terphenyl reduction
prior to population of the Mo=C: #* orbital, an indication of
the strength of the Mo—C interaction. Notably, the more
electron-deficient [1][BAr",] has a higher spin density on the
carbide C than the two-electron-reduced [K][1], where the
extra electrons fail to populate M—C antibonding orbitals.
Moreover, [K][1] is significantly more stable than oxidized
[1][BAr",], presumably because of storage of the unpaired
electron in the terphenyl arene system and the lower spin
density on the C. This behavior mirrors that of reactive metal—
oxo and nitrido species with higher d-electron counts which
undergo coupling and radical chemistry. These studies
highlight a ligand-centered approach for potentially stabilizing
reduced carbide analogues against undesired radical pathways.

Finally, the ability of the radical [K][1] to undergo C—C
coupling is probed in preliminary reactivity studies. Presented
are two C—C bridged dimers that reveal preferential formation
of mixed-valent products. These examples illustrate the
propensity for reduced carbides to undergo coupling chemistry
and how productive reactivity profiles may be accessed through
the manipulation of redox states.
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