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ABSTRACT: The thermodynamic and structural factors that inﬂuence the redox properties of
an extensive set of tungsten−alkylidyne complexes (W(CR)L4X) are analyzed by combining
synthesis, electrochemistry, and computational modeling based on free energy calculations of
oxidation potentials at the density functional theory level. The observed linear correlations
among oxidation potentials, HOMO energies, and gas-phase ionization energies are found to
be consistent with the approximately constant solvation free energy diﬀerences between
reduced and oxidized species over the complete set. The W−X bond length, trans to the
alkylidyne ligand, is found to be a good descriptor of the positioning of the key frontier orbitals that regulate the redox properties
of the complexes.
KEYWORDS: redox potentials, tungsten−alkylidyne complex, density functional theory, photoredox chromophores, descriptor
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tional sacriﬁcial donors.11 We reported an electrochemical
study of the eﬀects on the oxidation potentials of W(CR)L4X
compounds resulting from variation of the CR, L, and X ligands
across 32 derivatives [1−32 (Chart 1)].9 It was observed that
the oxidation potential is signiﬁcantly more sensitive to the
nature of the L ligands than to the CR and X ligands, consistent
with the fact that the dxy redox orbital has π symmetry with
respect to the equatorial L ligands and is nonbonding (δ
symmetry) with respect to the axial X and CR ligands. It was
also found that there is a strong linear correlation (with a slope
of ≅1) between the experimentally measured oxidation
potential and the calculated energy [density functional theory
(DFT)] of the redox orbital. There were notable outliers in this
correlation, however, and it was further observed, surprisingly,
that the potential is not correlated with the calculated relative
dxy/L atomic parentage of the redox orbital. The application of
more sophisticated computational methods for redox properties
oﬀers the possibility of understanding the positive and negative
correlations among this broad range of complexes in terms of
underlying structural and thermodynamic factors.
Here, we use the Born−Haber cycle1 theoretical framework
that partitions calculated free energy contributions into the gasphase free energy and solvation energies of the d2 (reactant)
and d1 (product) species of W(CR)L4X oxidation reactions
(Scheme 1). Values obtained from the free energy calculations
can be directly correlated to experimental oxidation potentials
through use of an oxidation potential standard. This methodology has been applied to the original set of 32 complexes and

INTRODUCTION
Understanding the electronic and structural factors that govern
the redox properties of transition metal complexes is centrally
important to much of inorganic chemistry. Computational
approaches that accurately reproduce experimental redox
potentials oﬀer the possibility of both understanding these
potentials in terms of underlying thermodynamic quantities and
designing new complexes with speciﬁc properties.1,2 One of
many areas where computational design could play an
important role is in the development of new photoredox
chromophores with applications in solar fuels and organic
synthesis.3−6 The excited-state redox potential of a photoredox
chromophore is governed by the ground-state redox potential
and the excited-state energy; these quantities are independently
computable, whereas empirical prediction of their sum can be
diﬃcult for new compounds because variations within the
coordination sphere aﬀect the energies in ways that are not
straightforwardly separable.
One family of photoredox chromophores with desirable
properties is comprised of tungsten−alkylidyne complexes of
the form W(CR)L4X (L is a neutral ligand, and X is an anionic
ligand).7,8 These luminescent d2 complexes have oxidation
potentials that can be tuned over the unusually broad range of 2
V,9 which suggests a corresponding level of control can be
exercised over their excited-state redox potentials. In addition,
the structures of these complexes are characterized by small
distortions among their ground, excited, and oxidized (d1)
states, evincing correspondingly small inner-sphere reorganization energies for their redox reactions.10 Finally, the
chromophore can be regenerated following oxidation via
reaction with H2, providing a means of closing a solar-fuel
cycle with renewable reducing equivalents rather than conven© 2017 American Chemical Society
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Chart 1. Tungsten−Alkylidyne Complexes Investigated in This Studya

a

Abbreviations: dmpe, Me2PCH2CH2PMe2; depe, Et2PCH2CH2PEt2; dppe, Ph2PCH2CH2PPh2; tmeda, 1,2-Me2NCH2CH2NMe2; triphos,
PPh(CH2CH2PPh2)2.

reporter of the oxidation potential: complexes with longer W−
X bonds are easier to oxidize, with the bond length and
potential being linearly related. This relatively simple, low-level
DFT method provides a convenient, accurate computational
model that can be used to predict the oxidation potentials for
new or previously unstudied tungsten−alkylidyne chromophores.

Scheme 1. Born−Haber Method for Calculating Oxidation
Potentials with a Generic Tungsten−Alkylidyne Complex,
W(CR)L4Xa

■

METHODS
Experimental Methods. The new complexes W(CPh)(dmpe)2F (33) and W(CC6H4-4-pyr)(dmpe)2Cl (35; pyr = Npyrrolidyl) were synthesized using routes and procedures
similar to those employed for related complexes and were
characterized by multinuclear nuclear magnetic resonance
(NMR) spectroscopy, mass spectrometry, elemental analyses,
and X-ray crystallography; full details of their preparation and
characterization are provided in the Supporting Information.
The compound W(CMes)(dmpe)2Cl (34; Mes = 2,4,6C6H2Me3) was prepared according to the standard procedure.12
Electrochemical measurements [cyclic voltammetry (CV)
and diﬀerential pulse voltammetry (DPV)] were performed at
room temperature in a nitrogen-ﬁlled glovebox using a
Bioanalytical Systems 100 B/W Electrochemical Workstation.
A three-electrode conﬁguration was used, which consisted of a
working electrode (platinum disk), an auxiliary electrode
(platinum disk), and a quasi-reference electrode (silver wire).
Samples ranged in concentration from 0.3 to 2.0 mM analyte in
a tetrahydrofuran (THF) solution with 0.1 M [Bun4N][PF6].
The electrochemical reversibility of redox couples was
established via Randles−Sevcik plots of CV data. Electrode
potentials are referenced to FeCp20/+. Full experimental details
and data pertaining to the electrochemical measurements are
provided in the Supporting Information.

a
The reactant is the neutral d2-conﬁgured species, and the product is
the d1-conﬁgured oxidized species. “Solv” refers to solvation, “sln” to
solution, and “ox” to oxidation.

three new derivatives [33−35 (Chart 1)] that broaden the
variation of the CR and X groups. In general, we ﬁnd good
agreement between theory and experiment. Further analysis of
the partitioned free energy contributions shows that the net
solvation energy spans a narrow range for these compounds,
consistent with the previously observed linear correlation
between oxidation potential and redox orbital energy. Spin
density calculations on the d1 (product) complexes demonstrate that the SOMO is of metal-centered dxy parentage.
However, we observe only a very coarse overall correlation
between the spin density on tungsten and the energy of the dxy
redox orbital. Finally, we ﬁnd that the W−X bond length is a
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heavily compared to the gas-phase structure,2,20 but the Born−
Haber approach can more eﬀectively cancel out error when the
geometry of the reactant responds to solvation in a manner
similar to that of the product, which applies in the case of
tungsten−alkylidyne complexes that mostly undergo small
changes in their W−X bond length when solvated. The Born−
Haber cycle allows for the isolation of which free energy term is
causing most of the error and was found to perform better than
using the parametrized single-point energies for the solvation
steps. We additionally considered a select number of molecules
to optimize in the dielectric continuum and found that the
errors are either similar or worse than using the gas-phase
geometries (Table S12).

Single-crystal X-ray diﬀraction measurements of 12, 33, and
35 were performed using a Bruker D8 VENTURE with
PHOTON 100 CMOS detector system equipped with a Mo
target X-ray tube (λ = 0.71073 Å). Full details regarding data
acquisition and structure reﬁnement are provided in the
Supporting Information.
Computational Modeling Methods. DFT calculations
were performed using the B3LYP13 exchange-correlation
functional as implemented in the Gaussian 09 software
package.14 The basis set consisted of LANL2DZ15 for W, Cl,
Br, and I, while the 6-311G* basis was used for all other atoms;
a structural benchmarking study of 12, 21, 21+, 33, and 35
indicated that this level of theory provided good agreement
with experiment (Tables S8 and S9). Solvation free energies
were calculated using the SMD dielectric continuum model16
for the speciﬁc solvents used for measurements on a given
compound (ε = 7.43 for THF, ε = 35.7 for acetonitrile, and ε =
8.93 for dichloromethane). The overall methodology and
modest level of theory are comparable to methods
implemented successfully in previous studies of redox couple
systems.1
Symmetry constraints were allowed, with convergence
criteria for optimization (“tight” keyword) in atomic units of
1.0 × 10−5 for the root-mean-square (RMS) force threshold,
1.5 × 10−5 for the maximal force threshold, 4.0 × 10−5 for the
RMS displacement threshold, and 6.0 × 10−5 for the maximal
displacement threshold.14 The integration grid consisted of 99
radial shells with 590 angular points each (“ultraﬁne”
keyword).14
All complexes were modeled as d2 W(IV) spin singlets14 in
their reduced form and d1 W(V) spin doublets in their oxidized
form. Triplets were not considered as the lowest triplet ground
state is generally ∼2 eV above the ground state in these
systems.8 The redox potential (E1/2) for each pair of d2/d1
(reactant/product) complexes was computed, using the Born−
Haber cycle (Scheme 1),1 relative to the computed potential of
W(CPh)(dmpe)2Cl (12). Complex 12 was chosen as the
reference compound because it has an electrochemically
reversible d2/d1 couple and has CPh, dmpe, and Cl ligands
commonly found among the 35 derivatives in this study. The
computed E1/2 for 12 was corrected to ﬁt the experimental
value of −0.82 V.9 Equation 1 gives the expression for E1/2.
E1/2 =

ΔGox,sln
nF

=

■

RESULTS AND DISCUSSION
Electrochemical Properties of W(CR)L4X Complexes.
To investigate the eﬀects on oxidation potentials of R and X

Figure 1. Thermal ellipsoid representation of the molecular structure
of 35 (50% probability ellipsoids). Hydrogen atoms, interstitial THF,
and the disorder within one of the dmpe ligands are not shown.

−ΔGreac,solv + ΔGox,g + ΔGprod,solv
nF
(1)

Table 1. Oxidation Potentials for Selected W(CR)L4X and
W(CR)L2L′2X Complexesa

where F is the Faraday constant, n is the number of moles of
electrons involved in the redox reaction (here, n = 1), and
ΔGreac,solv, ΔGox,g, and ΔGprod,solv correspond to the free energy
of solvation for the reactant, the gas-phase oxidation free energy
change, and the free energy of solvation of the product,
respectively. All free energies include room-temperature
thermal corrections, as implemented in Gaussian 09.17 The
gas-phase optimized geometries were used to obtain gas-phase
free energy changes ΔGox,g as well as solvation free energies
ΔGreac,solv and ΔGprod,solv, including the eﬀect of the dielectric
continuum on the vibrations and thus the entropy terms.18,19
This approach would be close to a direct calculation of free
energies (including vibrational corrections) in the dielectric
continuum except for the approximation that the solvent does
not signiﬁcantly change the geometry of the solute. Direct
calculations perform as well as true thermodynamic cycles or
better when the solvated structure and/or vibrations vary

compound

E1/2 (V vs FeCp20/+)

W(CPh){P(OMe)3}4Cl (26)
W(CPh)(dppe)(CO)2Cl (27)
W(CPh)(tmeda)(CO)2Cl (28)
W(CPh)(dmpe)2F (33)
W(CMes)(dmpe)2Cl (34)
W(CC6H4-4-pyr)(dmpe)2Cl (35)

−0.24b,c
0.68b,d
0.39b,e
−0.91f
−0.87f
−0.93f

a

THF solution with 0.1 M [Bun4N][PF6]. bMeasured by DPV.
Reported in ref 9 by CV as quasi-reversible at room temperature and
as −0.28 V at −13 °C. dReported in ref 9 by CV as Ep = 0.66 V
(irreversible). eReported in ref 9 by CV as Ep = 0.41 V (irreversible).
f
Measured using CV. The potential measured by DPV is within 0.01 V
of this value.
c
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Figure 2. Relationship between calculated and experimental oxidation potentials: (a) all compounds except 12 (the reference compound) and 32
(for which an experimental value is not available) and (b) expansion of the region in panel a within the red dashed-line box, containing compounds
of the form W(CR)L4X (L = phosphine). The blue line corresponds to an ideal 1:1 correlation between theory and experiment. The colored bands
indicate a ±σ region relative to the experimental axis (see the text for error analysis). Points are labeled with the complex number.

diﬀering from each other by less than 3σ (Table S7). Of note
for pyrrolidyl derivative 35 (Figure 1) are the facts that this
substituent exhibits a planar geometry at the nitrogen atom
[sum of C−N−C angles of 359° (Table S6)] and is
approximately coplanar with the phenyl ring (dihedral angle
of ≅6°), consistent with maximal electron donation by the
pyrrolidyl group.
The oxidation potentials of W(CPh)(dmpe)2F (33), W(CMes)(dmpe)2Cl (34; Mes = 2,4,6-C6H2Me3), and W(CC6H4-4-pyr)(dmpe)2Cl (35) were determined by cyclic
(CV) and diﬀerential pulse (DPV) voltammetry (Table 1 and
Figures S20−S22). The compounds display a reversible WIV/V
couple. The oxidation potentials of 34 (E1/2 = −0.87 V) and 35
(E1/2 = −0.93 V) are lower than those of parent benzylidyne
complex W(CPh)(dmpe)2Cl (12; E1/2 = −0.82 V)9 and lie in
the order consistent with the electron-donating ability of the
phenyl substituent (R: Ph > Mes > C6H4-4-pyr). These results
demonstrate the possibility of ﬁne-tuning the redox potential
via benzylidyne substituents despite the orthogonality of
alkylidyne−ligand orbitals to the dxy redox orbital. The
reversible oxidation exhibited by ﬂuoro derivative W(CPh)(dmpe)2F (33; E1/2 = −0.91 V) contrasts with the quasi-

substituents not encompassed by the original set of 32
W(CR)L4X compounds [1−32 (Chart 1)],9 the oxidation
potentials of three additional tungsten−alkylidyne complexes
were measured [33−35 (Chart 1)]. The eﬀects of incorporating electron-donating groups on the commonly employed
benzylidyne CR ligand were probed via a study of the methyland amine-substituted derivatives W(CMes)(dmpe)2Cl (34;
Mes = 2,4,6-C6H2Me3)12 and W(CC6H4-4-pyr)(dmpe)2Cl (35;
pyr = N-pyrrolidyl). In addition, the eﬀect of a ﬂuoro X ligand
was assessed via a study of complex W(CPh)(dmpe)2F (33);
the only ﬂuoro derivative in the original set [W(CH)(dmpe)2F
(1)] exhibited a quasi-reversible oxidation, which was unusual
because chloro, bromo, and iodo derivatives generally exhibit
reversible oxidations.9 The reference compound for evaluating
the eﬀects of these substituents is W(CPh)(dmpe)2Cl (12). To
determine whether these substituents signiﬁcantly perturb the
molecular structures of the compounds, which would
complicate comparisons of their redox properties, the structures
of 12 (Figure S14), 33 (Figure S15), and 35 (Figure 1) were
determined by single-crystal X-ray diﬀraction studies. The core
bond distances and angles of the three compounds are
essentially identical, with the WC and W−P bond lengths
6137

DOI: 10.1021/acscatal.7b01636
ACS Catal. 2017, 7, 6134−6143

Research Article

ACS Catalysis

The complexes fall into two broad classes with regard to the
agreement between theoretical and experimental values.
W(CR)L4X compounds that have exclusively phosphine
equatorial ligands (1−21 and 33−35), which exhibit reversible
oxidations with E1/2 values of less than −0.5 V, show good
agreement between the theoretical and experimental oxidation
potentials: most lie near the line of perfect agreement (slope =
1, intercept = 0). Compounds of the form W(CR)L2(CO)2X
(27−31), which exhibit quasi-reversible or irreversible
oxidations with E1/2 values of >0.3 V, clearly lie above the
line of ideal agreement. Three compounds with singular
compositions lie between these two clusters of complexes:
[W(CPh)(dppe)2(NCMe)]+ (22), which is the only cationic
compound in the set; phosphite derivative W(CPh){P(OMe)3}4Cl (26), which exhibits a quasi-reversible oxidation
at room temperature and, similar to 27−31, lies above the line;
and W{CCHC(c-C4H8)}(triphos)(CO)Cl (25),22 which is the
sole monocarbonyl derivative.
A statistical evaluation of the agreement between theory and
experiment was performed using the subset of 21 complexes
that have fully reversible oxidations in THF solution at room
temperature. The experimental and computed potentials for
this set of compounds (2−6, 9−11, 13−15, 17−21, 23, 24, and
33−35) can be ﬁt to a linear relationship (r2 = 0.76) with a
slope of 0.97 and an intercept of −0.04, which is close to the
case of ideal agreement with a slope of 1 and an intercept of 0
(Figure S23). The agreement between theory and experiment
was evaluated by examination of the distribution of values of
ΔE = Etheory − Eexp (Figure S24); this provides the mean
deviation μ = −4 mV [μ = (∑ΔEn)/n] and standard deviation
σ = 46 mV. The distribution of binned mean deviation values
was observed to be approximately Gaussian (Figure S24); the
parameters obtained from a Gaussian ﬁt [μ = −8 mV, and σ =
50 mV (Figure S24)] are in close agreement with the values
given above, conﬁrming that μ and σ are appropriate statistical
parameters for evaluating the concordance of theoretical and
experimental potentials. Over the 0.35 V range of measured
oxidation potentials for this subset of compounds, the line of
ideal agreement lies within the 1σ limits. The mean and
standard deviations compare well with those derived in the
earlier study1 (μ = −2 mV, and σ = 64 mV), which employed a
similar level of theory using a redox couple in the same row of
the periodic table.
Although for the majority of compounds the computed and
experimental oxidation potentials diﬀer by less than one
standard deviation, there are several others for which this is
not the case. Among the subset of 21 complexes noted above
used to determine the statistical metrics, the calculated
oxidation potentials of complexes W(CBut)(dmpe)2Cl (10),
W(CBut)(PMe3)4Cl (11), W(CPh)(PMe3)4Cl (17), W(CPh)(PMe3)4Br (18), and W(CPh)(depe)2Cl (20) diﬀer from
experiment by |Etheory − Eexp| = 60−80 mV. These outliers do
not share obvious common chemical features apart from the
fact that they have multiple methyl groups on the L and/or R
substituents. It is possible that these compounds have multiple
structural minima with similar energies; a more accurate
calculation of their oxidation potentials may require a Monte
Carlo average over thermally accessible conﬁgurations. The
largest deviations (>2σ) between theoretical and experimental
potentials are found for W(CPh)(dppe)2Cl (21), W(CPh){P(OMe)3}4Cl (26), and compounds of the form W(CPh)L2(CO)2X (27−31). As discussed below, these compounds
share the same dxy redox orbital as those compounds for which

Figure 3. (a) Correlation between theoretical oxidation potentials and
the DFT energy of the frontier orbital with dxy character for all
complexes except 12, 22, and 32, with an expansion (b) of the region
between −4.3 and −3.9 eV (area within the red dashed-line box, top).

reversible process noted above for W(CH)(dmpe)2F (1)9 but
is in line with the reversibility observed for all other halide
derivatives with phosphine ligands (X = Cl, Br, or I; 2−4, 9−
14, 17−21, 23, and 24). The negative shift of the oxidation
potential of 33 relative to that of the chloro analogue 12 (ΔE1/2
= 0.09 V) is close to the diﬀerence between W(CH)(dmpe)2F
(1) and W(CH)(dmpe)2Cl (2) (ΔE1/2 = 0.07 V).9
Within the original set of 32 compounds, complex
W(CPh){P(OMe)3}4Cl (26) and all those of the form
W(CPh)L2(CO)2X (L = 1/2dppe, X = Cl, 27; L = 1/2tmeda,
X = Cl, 28; L = 1/2tmeda, X = Br, 29; L = CNBut, X = Br, 30; L
= py, X = Br, 31) were observed to exhibit quasi-reversible or
irreversible oxidations in CV experiments at room temperature.9 To determine whether the reported CV peak potentials
are close enough to the actual oxidation potentials to be
suitable for comparison to theoretically computed values, the
oxidation potentials (E1/2) of 26−28 were measured by DPV21
(Table 1 and Figures S18 and S19). The diﬀerence between the
DPV potentials and CV peak potentials is only 0.02−0.04 V,
suggesting that the CV peak potentials are good approximations of the oxidation potentials for this set of compounds.
Correlation between Calculated and Experimental
Oxidation Potentials. The relationship between the experimentally measured and computed oxidation potentials of
W(CR)L4X complexes 1−35 is shown in Figure 2, and the
calculated thermodynamic quantities that contribute to E1/2
(ΔGreac,solv, ΔGox,g, and ΔGprod,solv) are set out in Table S10.
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DOI: 10.1021/acscatal.7b01636
ACS Catal. 2017, 7, 6134−6143

Research Article

ACS Catalysis

Figure 4. (a) Isosurface of the frontier orbital with dxy character for 12 (isovalue = 0.04). (b) Mulliken spin population for 12+ (the oxidized form of
12), where red indicates β spin density (<−0.10), green indicates a very large α spin density (>0.5), maroon indicates slight β spin density (∼0.03),
and black indicates a negligible spin density. Panels c and d show analogous results for 28 and 28+, respectively. Color key for isosurfaces in panels a
and c: green and brown isosurfaces indicate positive and negative phases, respectively, of the frontier orbital. In panels a and c, atoms are represented
as follows: white for H, blue for N, turquoise for W, orange for P, gray for C, and green for Cl.

(CO)4Cl (32), for which the dxy orbital is HOMO−2. As one
might expect, a corresponding relationship is also found
between the experimental oxidation potential and the calculated
ionization energy (ΔGox,g) (Figure S26). As was suggested for
the case of the correlation with the dxy orbital energy, this result
indicates that the solvation energy diﬀerences associated with
oxidation are roughly constant across the series. Indeed,
analysis of the solvation energies for the 32 complexes with
experimental electrochemical data in THF (Figure S27) shows
that ΔGprod,solv − ΔGreac,solv varies only from −23 to −35 kcal/
mol, indicating that the factors that control the energies of the
frontier orbitals, summarized in Figure S28, are most
responsible for the observed trends in oxidation potentials.
The complexes that show the largest diﬀerences between
computed and experimental oxidation potential (21 and 26−
31, >2σ) also tend to be outliers in the correlation between E1/2
and ΔGox,g (Figure S26) and have solvation energies that are
clustered toward the edges of the overall range (Figure S27)
but do not exhibit a systematic positive or negative skew in
these quantities.
Electronic and Structural Factors Relevant to Oxidation Potentials. It was noted in the earlier report that the
oxidation potentials of W(CR)L4X compounds vary more
strongly with substitution of the equatorial L ligands than with
that of the CR and X ligands.9 This observation was
rationalized by noting that the dxy redox orbital is nonbonding
(δ symmetry) relative to the CR and X ligands and π symmetry
with respect to the L ligands, thus allowing stronger electronic
interactions between the dxy orbital and the L ligands.
Consistent with this expectation, comparison of the redox

the experimental and computed potentials are in close
agreement. All but 21 exhibit quasi-reversible or irreversible
oxidations; whether this is related to the deviation between
theory and experiment is unclear. Except for compound 28,
which shows the largest deviation between theory and
experiment, the DFT methodology nevertheless correctly
predicts the trend in oxidation potential for these compounds.
To probe whether higher levels of theory would improve the
agreement with experiment, a calculation that accounts for
dispersion utilizing Grimme’s D3 empirical dispersion factor
with Becke−Johnson damping (GD3BJ)23 was performed on
21, which is the one outlier in this group that exhibits an
electrochemically reversible oxidation. This calculation decreased the diﬀerence between theory and experiment to 50
mV (1σ).
The fact that DFT methodology allows accurate (1−20, 22−
25, and 33−35) and semiquantitative (21 and 26−31)
prediction of the oxidation potential allows analysis of the
trends in redox properties over the series of complexes by
examination of the partitioned thermodynamic quantities
ΔGreac,solv, ΔGox,g, and ΔGprod,solv (Scheme 1 and Table
S10).24 In our prior report, it was noted that the measured
oxidation potentials of these compounds are correlated linearly
with the calculated energy of the dxy orbital of the d2-conﬁgured
reactant.9 This result is reproduced by the calculations
employed in the study presented here (Figure 3 and Figure
S25). In addition, calculation of the symmetry of the total spin
densities of the frontier orbitals for the oxidized (d1) products
(Table S11) conﬁrms that the frontier orbital with dxy character
is the redox orbital for all complexes except W(CCCPh)6139
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where there is signiﬁcant delocalization on the carbonyl ligands
due to π-backbonding interactions. It is intuitively reasonable to
expect, therefore, that the strong correlation between the
oxidation potential and dxy orbital energy would be paralleled
by correlations between the dxy orbital energy and measures of
dxy−L delocalization. However, it was found in the prior study
that this correlation is not quantitative when calculated atomic
orbital parentages of the dxy redox orbital are used as the
measure of delocalization.9 For example, among the 27
W(CR)L4X derivatives with phosphine or phosphite R groups
(1−21, 23, 24, 26, and 33−35), the oxidation potential spans a
range of 0.74 V (from −0.98 V for 8 to −0.24 V for 26) and the
calculated dxy orbital energy varies by ∼1 V, yet the tungsten
atomic parentage of the redox orbital ranges only from 72 to
77%. In the work presented here, we probed these relationships
further by examining the spin density on the W center in the
oxidized complexes (Table S11). As shown in Figure 5, there is
a very coarse overall correlation between the energy of the dxy
frontier orbital and the spin density on W, with the COcontaining complexes (25 and 27−31) showing a reasonable
linear correlation but the phosphine-containing W(CR)L4X
complexes (1−21, 23, 24, and 33−36) appearing as a scatter
plot. This result is very similar to that found for the correlation
with the dxy atomic parentage for the d2 complexes. That these
two calculated measures of delocalization (redox orbital
tungsten parentage for the reduced compound and tungsten
spin density for the oxidized compound) represent complementary probes of the redox orbital is reﬂected in the fact that
they exhibit a reasonable linear correlation with each other
(Figure S29). This plot would be predictive for complexes with
very diﬀerent spin densities [e.g., 12 vs 28 (Figure 4)] but
could not diﬀerentiate very well between similar complexes
[e.g., the W(CR)(phosphine)4X derivatives in Figure 5b].
In contrast to the ambiguous relationships of redox orbital
parentage and spin density with redox orbital energy and
oxidation potential, a relationship was observed between
calculated oxidation potentials and W−X bond lengths for
complexes with a given X ligand, for both reduced (d2)
reactants and oxidized (d1) products. For the chloro derivatives
of type W(CR)L4Cl (2, 10−12, 17, 20, 21, 23, 24, 26, and 34−
36) and W(CR)Ln(CO)4−nCl (25, 27, 28, and 32), it is found
that the longer the W−Cl bond, the more negative the

Figure 5. (a) Correlation between the energy of the dxy frontier orbital
and the spin density on W (omitting 22 and 32) with an expansion
(b) of the region with the red dashed-line box of the top ﬁgure. W spin
densities of >1 reﬂect spin polarization of the alkylidyne group and
antiferromagnetic coupling.

frontier orbitals of W(CPh)(dmpe)2Cl (12) and W(CPh)(CO)2(tmeda)Cl (28), using data from the study presented
here (Figure 4), shows that the orbital with dxy character is
more localized on W in 12 (−4.19 eV) than in 28 (−5.45 eV),

Figure 6. Correlation between oxidation potentials and W−Cl bond lengths for W−alkylidyne complexes, with Cl axial ligands, excluding 22, for (a)
reactants and (b) products.
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Figure 7. Correlation between the E(LUMO) − E(dxy) gap and the W−Cl bond lengths for all complexes for which R = Ph for (a) reactants and (b)
products.

Therefore, the W−X bond length could be used as a structural
marker for designing complexes with speciﬁc oxidation
potentials. The eﬀect in the oxidized products is even more
evident as the W−Cl bond length diﬀerences are slightly larger.
We note that the W−X bond length is unique with regard to
correlations with the redox properties of these complexes.
Other bond lengths in the complexes do not show signiﬁcant
correlation with the oxidation potential of the complex. For
example, the W−P bond lengths for complexes with phosphine
ligands vary within only a narrow range from 2.47 Å (8) to 2.53
Å (27) and the WC(R) bond lengths for all complexes vary
within only a narrow range from 1.79 Å (5) to 1.83 Å (33). As
has been noted elsewhere, W−X bond lengths of tungsten−
alkylidyne complexes tend to be unusually long compared to
those of non-alkylidyne−tungsten compounds because of the
strong trans inﬂuence of the alkylidyne ligand.31,32 This may
also make them especially sensitive to subtle electronic−
structural eﬀects that are important to physical properties such
as redox potentials.

Scheme 2. Illustration of the Stabilization through
Backbonding of the Frontier Orbitals of Tungsten−
Alkylidyne Complexes

oxidation potential (Figure 6). The correlation is due to the
eﬀect of metal−ligand interactions on the relative energies of
frontier orbitals and the resulting geometry change, analogous
to the correlation between octahedral and square planar d
orbital splittings. Equatorial ligands typically stabilize the
HOMO with dxy symmetry through π-backbonding interactions. The stabilization increases the energy gap between the
HOMO and orbitals of dxz and dyz character (mainly the
LUMO), which in turn reduces the W−X bond length. The
change in bond length thus correlates with the increase in
oxidation potential. This eﬀect is related to the energy pattern
of the frontier orbitals as opposed to either the steric and
inductive cis inﬂuences found in cobaloximes and cobalamins25−27 or the conservation of bond order28−30 about the W.
The axial W−X bond length is thus a descriptor of equatorial
backbonding interactions that were found earlier to weakly
report on the redox properties of the complex. The correlation
appears to be weaker when the geometry is relaxed in the
dielectric continuum model (Figure S31), though an expanded
data set would be needed to conﬁrm this point.
Figure 7 shows the correlation between the E(LUMO) −
E(dxy) gap and the calculated W−Cl bond length for all
complexes for which R = Ph. The observed correlations conﬁrm
that the W−X bond length reports on the energy gap between
frontier orbitals that determine the oxidation potential of the
complexes, as illustrated in Scheme 2. A similar correlation is
found for complexes for which X = Br, as shown in Figure S30.

■

CONCLUSIONS

We have demonstrated the ability of a combined electrochemical and computational analysis of tungsten−alkylidyne
complexes to provide a basis for understanding their redox
properties on the basis of the symmetries of metal−ligand
interactions and the relative contributions of ionization and
solvation energies. Good agreement between theory and
experiment can be achieved with comparatively standard levels
of theory [B3LYP/(LANL2DZ,6-311G*)], suggesting that
these approaches can be readily applied to the design of new
complexes with speciﬁc redox potentials. It is striking that the
strong linear correlation between the oxidation potential and
energy of the redox orbital is not mirrored by broad
correlations with measures of redox orbital delocalization,
such as the local spin density of the oxidized product. However,
the orbital−energy correlation is manifest in the W−X bond
length, which serves as a structural descriptor for the redox
properties of the complex. The observed correlations should be
particularly valuable for the design of new tungsten−alkylidyne
complexes with speciﬁc redox properties, which is of interest for
their applications as photoreductants33 and for the activation of
H2.11
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