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Coordination-induced bond weakening of multiple C-H bonds in a 
molybdenum methyl complex leading to a bridging ethylenediyl 
by C-C bond formation through bimolecular coupling of a terminal 
methylidyne 
Hannah J. Dokken,a Thayalan Rajeshkumar,b C. Christopher Almquist,a Wen Zhou,a Cäcillia 
Maichle-Mössmer,c Alexander Harrison,a Reiner Anwander,c Laurent Maron*b and Warren E. 
Piers*a 

Activation of C-H bonds in a molybdenum methyl complex by 
coordination-induced bond weakening was demonstrated by 
abstracting three hydrogen atoms with an aryl oxyl reagent. The 
final product is a Mo=C=C=Mo complex arising from coupling of a 
molybdenum methylidyne intermediate and subsequent removal 
of the final hydrogen atom equivalent. 

Coordination-induced bond weakening (CIBW)1 is an effective 
means of activating the strong E-H bonds of protic molecules 
like water (O-H = 110 kcal mol-1)2 or ammonia (N-H = 99 kcal 
mol-1).3 The extent to which E-H bond dissociation free energies 
(BDFEs) are lowered upon coordination of EHn to a metal is 
dependent on two physical properties, the oxidation potential 
of a given Mn/Mn+1 redox couple (E0ox) and the pKa of 
coordinated EHn in the oxidized species, as governed by the 
Bordwell equation,4 Fig. 1a. In most instances, these two 
properties “thermodynamically compensate”5, 6 for each other, 
since higher oxidation states lead to lower pKas while more 
positive values for E0 diminish the contribution of this term to 
CIBW, leading to minimal changes in E-H bond dissociation free 
energy (BDFE) given on the diagonal of a “square scheme”.3 
However, with judicious choice of metal (reducing) and ligand 
(electron rich), these factors can be influenced such that E0 
becomes dominant and significant E-H BDFE weakening for 
coordinated H2O or NH3 ligands in comparison to the free 
molecules is enabled, facilitating abstraction of hydrogen atoms 
by aryl oxyl reagents ArO•. If CIBW draws the E-H BDFE below ≈ 
52 kcal mol-1, spontaneous elimination of H2 becomes 
thermodynamically plausible—if a low barrier path is available.7  
 While a variety of low valent metal systems have been 
shown to engender CIBW in protic substrates,1 group 6 metals 
have proven especially effective due to the availability of a 

 

Fig. 1 a) General square scheme for E-H CIBW. b) Mo ammine complexes exhibiting 
significant CIBW. c) C-H CIBW examples. d) Comparative DFT computed gas phase 
E-H BDFEs for E = N and E = C on a (B2Pz4Py)MoIII platform. 

range of oxidation states/redox couples at moderate voltages. 
Bezdek and Chirik have demonstrated that a cationic, 
octahedral Mo(I) system (I, Fig. 1b) significantly weakens the 
first N-H bond of ammonia7 and other amine substrates.8-10 The 
L5 ligand environment here dictates that lower oxidation states 
are required; we postulated that molybdenum complexes of our 
more electron rich L3X2 diborate-based pentadentate ligand 
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system B2Pz4Py11 (e.g. II, Fig. 1b) would allow access to higher 
oxidation state redox couples and facilitate removal of all three 
hydrogen atoms from ammonia. This proved to be the case, 
with significant CIBW observed for multiple H• removal in II.12  
 In contrast to coordinated ROH or RNH2, fewer examples of 
C-H CIBW in aliphatic ligands have been reported.1 Pincer 
ligands with benzylic C-H bonds are staples of ligand 
cooperativity that involve C-H bond cleavages13 (Fig. 1c, III). 
Protonation of coordinated Cp ligands,14 exemplified by 
decamethylcobaltocene IV,15 lead to weak C-H bonds. Both III 
and IV involve remote C-H bonds that are relatively acidic; 
instances of CIBW of the a-C-H bonds of alkyl, alkylidene or 
methylidyne ligands is less documented.16 Mindiola et al. have 
reported the abstraction of H• with ArO• from methyl groups 
in Ti17 and V18 complexes (Fig. 1c, V) to prepare rare first row 

terminal methylidene complexes. Given the efficacy of our 
platform II to weaken the E-H bonds of coordinated H2O and 
NH3 ligands, we hypothesized that alkyl groups might also be 
susceptible to removal of H•. Predictive BDFE computations 
(gas phase) by DFT suggested this should be the case (Fig. 1d) 
and allow for the comparison of CIBW tendencies for O-H,19 N-
H12 and C-H bonds on the same metal-ligand platform.  
 In this study, we employ the B2Pz4Py ligand with para-tolyl 
groups on the borate arms (Fig. 2a). The Mo(III) chloride starting 
material12 was treated with H3CMgCl in THF to afford the deep 
yellow MoCH3 methyl derivative in excellent yield. This 
compound was fully characterized and is spectroscopically 
typical of octahedral Mo(III) complexes of this ligand 
framework12 (see ESI). It has a µeff of 3.58 µB (Evans method), 
indicative of an S = 3/2 state, and the Mo-C bond is 2.183(4)Å

 

Fig. 2 a) Summary of chemistry discussed herein. b) Core structural features and key metrical parameters of the products of H• abstraction from MoCH3. The ORTEP 
representations of MoV-µ-h1-h1-CCH2MoIII (left) and MoIVCCMoIV (right) have ellipsoids drawn at 50%. The diffraction data for the Mo-µ-h2-h2-CCH2Mo isomer was only 
sufficient to establish connectivity, so for this isomer the DFT computed (B3PW91 including dispersion) structure of the S = 1 spin state is shown (middle) instead of the 
ORTEP (for full details of this structure, see ESI). The metrical parameters computed for the S = 1 and S = 0 states of Mo-µ-h2-h2-CCH2Mo are essentially identical. 
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while the Mo-Npy bond trans to the methyl group is 2.239(3)Å 
(Fig. S1). The Mo-Npy distances in Mo complexes of B2Pz4Py 
ligands can adopt a wide range of ≈ 2.1-2.4Å,12, 19-21 
accommodating ligands of variable trans influence in the 
coordination site not occupied by the pentadentate framework. 
This metric thus acts as a useful reporter on the characteristics 
of the ligand in the “active site” of the complexes. A cyclic 
voltammogram of MoCH3 reveals an irreversible22 oxidation 
wave at 0.08 V vs. Fc+/Fc0 in THF (Fig. S2). When oxidized 
chemically with [Fc]+[NTf2]-,23 ethane is produced (1H NMR, 0.81 
ppm in C7D8, Fig. S3)24 along with the previously prepared 
MoNTf2,12 indicating that the methide group is sufficiently 
reducing to render the putative [MoCH3]+[NTf2]- cation unstable 
towards Mo-C bond homolysis. 
 The computed gas phase C-H BDFEs in Fig. 1d suggest that 
the first two hydrogen atoms of the CH3 group should be 
removable with ArO• (Ar = 2,4,6-tri-tert-butylphenyl), ArO-H = 
77.1 kcal mol-1.3 This was verified experimentally, although as 
shown in Fig. 2a, the situation is complicated by the facile 
coupling of the terminal methylidyne product MoCH at rates 
competitive with H atom abstraction from MoCH3. Thus, initial 
experiments showed that treatment of MoCH3 with two 
equivalents of ArO• in C6D5Br produced a mixture of 
compounds, as indicated by multiple tolyl methyl signals in the 
1H NMR spectra (Fig. S4-S5), one identified as methylidyne 
MoCH (2.42 ppm), the major component at early reaction 
times. Starting MoCH3 was still present (2.31 ppm), but the 
presumed product of removal of the first H•, methylidene 
MoCH2, was not observed, consistent with its weaker C-H bond 
strength of 55.2 kcal mol-1 relative to MoCH3 and MoCH. Rather, 
two other tolyl methyl resonances (2.35 and 2.39 ppm) were 
present in minor amounts, the latter growing in at the expense 
of the signal for MoCH over time, as the methylidyne 
underwent a bimolecular coupling involving C-C bond formation 
and hydrogen migration to form the isomers MonCCH2Mom 
shown in Fig. 2a (discussed in more detail below). As indicated 
in Fig. 2a, the C-H bonds in these dinuclear compounds are 
weakened significantly in comparison to MoCH, and are thus 
subject to further H• abstractions, producing the fully stripped 
ethylenediyl species MoIVCCMoIV (tolyl methyl peak, 2.35 ppm) 
until the available ArO• is exhausted. This peak intensity 
remained constant once the ArO• reagent was used up, but the 
system proceeds cleanly to MoIVCCMoIV with addition of further 
ArO• (1 eq.), or by use of three equivalents of ArO• directly 
from MoCH3; this species is isolated as a sparingly soluble, 
diamagnetic, purple precipitate in 77% yield. 
 Samples enriched in methylidyne MoCH can be obtained by 
performing the ArO• abstraction at -32 deg. C in toluene. These 
solutions were probed by EPR spectroscopy, which initially 
demonstrated a typical pattern for a d1 molybdenum complex, 
suggesting the unpaired electron in MoCH is in a metal-based 
orbital (Fig. S6a). A central resonance with a g-value of 1.975 is 
superimposed onto a six-line hyperfine coupling pattern (AMo = 
146 MHz and AC = 4.13 MHz) arising from coupling to the ≈ 25% 
abundant spin 5/2 95/97Mo isotopes and to the spin 1/2 13C 
isotope of the methylidyne (see Fig. S6b for the simulated 

spectrum). The spectrum is similar to what was observed for the 
isoelectronic nitrido complex (B2Pz4Py)MoV≡N.20 As seen in Fig. 
S6a, over time, this resonance diminishes in intensity as MoCH 
undergoes coupling to the EPR silent MonCCH2Mom products. 
Crystals grown from these experiments at early reaction times 
allowed for the structure determination of MoCH (Fig. S7; 
Mo≡C, 1.871(19) Å; Mo-Npy, 2.341(12)Å) and assignment of the 
tolyl methyl resonance for this species at 2.38 ppm in C7D8.  
 DFT computations matched the experimental structure well 
and showed that significant spin density of -0.29 exists on the 
methylidyne carbon (inset, Fig. 2a), suggesting the coupling of 
two MoCH has radical character for C-C bond formation. The 
details of the mechanism leading to the MonCCH2Mom isomers, 
which also involves a 1,2-migration of hydrogen, are ill defined 
at this point, but we note that Templeton et al. have observed 
analogous coupling of related terminal methylidyne complexes 
Tp’(CO)2M≡CH (Tp’ = HB(3,5-Me2Me2C3HN2)3; M = Mo or W) to 
M-µ-h2-h2-CCH2M products.25 In the present system, separate 
synthesis of MoCH via reaction of the MoNTf2 starting material 
with two equivalents of Wittig reagent H2C=PPh326 (Fig. 2a) 
allowed for isolation of the MonCCH2Mom isomers in the 
absence of ArO•, preventing rapid conversion to the final 
MoIVCCMoIV. Crystals of each isomer were grown from deep 
green solutions of the coupled product, with the MoV-µ-h1-h1-
CCH2MoIII isomer grown from THF solutions and the Mo-µ-h2-
h2-CCH2Mo form from benzene or toluene. The core structures 
are depicted in Fig. 2b, along with key metrical data. Note that 
the X-ray data acquired for the µ-h2-h2 isomer were only 
sufficient to establish connectivity, so the computed structure 
for this species is shown in Fig. 2b; for the thermal ellipsoid 
diagram, see Fig. S8. Despite quite weak C-H bonds, these 
compounds are relatively kinetically stable and characterized by 
tolyl methyl peaks at 2.44 and 2.36 ppm in the 1H NMR spectra 
acquired in d8-THF or C7D8, respectively. 
 Both MonCCH2Mom isomers are paramagnetic and we have 
formally assigned the µ-h1-h1 isomer as a MoV/MoIII structure 
based on the short Mo(1)-C(32) distance of 1.800(5) and the 
long Mo(1)-N(1) distance trans to the alkylidene moiety. In 
comparison, the Mo(2)-C(33) distance of 2.186(6)Å is like that 
found in MoCH3 and has a shorter Mo(2)-N(10) bond due to the 
lower trans effect of an alkyl vs. an alkylidyne ligand. 
Furthermore, an 11B NMR spectrum acquired in d8-THF exhibits 
two peaks, consistent with ligands bound to chemically distinct 
molybdenum centres (Fig. S9), confirming the mixed valence 
nature of this dinuclear isomer. DFT computations reproduce 
the metrical attributes of the structure accurately and indicate 
that a d3/d1 configuration is dominant, with the S = 2 and S = 1 
spin states very close in energy (Table S5). Assignment of Mo 
formal oxidation states in the µ-h2-h2 isomer, on the other 
hand, is more ambiguous. DFT computations indicate that S = 1 
and S = 0 states are very close in energy. This suggests two of 
the four d electrons in the dinuclear system are 
antiferromagnetically coupled across the µ-h2-h2 CCH2 bridge, 
with the remaining two electrons either spin parallel (S = 1) or 
spin paired (S = 0, open shell singlet). Metrical data computed 
for this core indicates more symmetrical bonding within the 
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Mo-µ-h2-h2-CCH2Mo core, with the Mo-C(63) bonds of ≈ 1.95Å 
lying between the distances of ≈1.80Å for a Mo≡C triple bond 
and ≈2.18Å for a Mo-C single bond (Fig. 2b).  
 Solution magnetic moment measurements and variable 
temperature NMR experiments indicate that these two 
MonCCH2Mom isomers (each of which have two spin states close 
in energy) are in exchange. Evans method measurements give 
intermediate µeff values of 2.90(6) µB (THF-d8) and 2.54(1) µB 
(C6D6). Both 1H and 11B NMR spectra in THF-d8 are highly 
temperature dependent (Fig. S10-S12). Room temperature 
spectra are consistent with equilibrating isomers whose 
fluxionality on the NMR timescale is arrested at low 
temperatures (-80 deg. C) such that the expected three tolyl 
methyl signals are observed. The precise speciation and full 
modelling of this complex system is beyond the scope of this 
report and more investigation is necessary to fully define the 
electronic and magnetic properties of the exchanging 
MonCCH2Mom isomers. 
 In any case, the C-H bonds in these MonCCH2Mom species 
are sufficiently weakened by CIBW (Fig. 2b) to be rapidly 
abstracted by ArO• to produce the final ethylenediyl product 
MoIVCCMoIV, which precipitates out of either THF or benzene as 
a microcrystalline purple powder. It is sparingly soluble in DMF 
and crystals obtained from this medium confirm its structure 
(Fig. 2b). The Mo(1)-C(32) and C(32)-C(32’) distances of 1.864(3) 
and 1.335(4)Å, respectively, are consistent with double bonds, 
and rule out the alternative formulations MoIII-C≡C-MoIII or 
MoV≡C-C≡MoV. The MoIV=C=C=MoIV formulation is also 
consistent with the rigid, crystallographically symmetric 
arrangement wherein the B2Pz4Py ligands are eclipsed across 
the Mo=C=C=Mo vector (Fig. S13). Although the 1H signals for 
this compound are somewhat broadened, they all appear in the 
diamagnetic region of the spectrum, consistent with the fact 
that an open shell singlet S = 0 state is computed to be the 
ground state of the molecule by ≈ 23 kcal mol-1 over the S = 2 
state. Unfortunately, due to the poor solubility of this 
compound, we have been unable to obtain a 13C NMR spectrum 
to ascertain the chemical shift for the C2 bridge. 
 In summary, we have demonstrated that the (B2Pz4Py)MoIII 
platform is equally effective at inducing C-H bond weakening in 
a methyl group as it is for activating more protic O-H and N-H 
bonds. The CIBW of the first C-H bond in MoCH3 is mainly due 
to the low voltage (E0 = 0.08V) observed for the (irreversible) 
MoIII/MoIV couple for this complex. However, using the 
calculated BDFE of 69.0 kcal mol-1 (THF solvation) and the CG 
value of 59.8 kcal mol-1 for THF, measured with the same 
electrolyte [NBu4]+[PF6]- employed here,5, 27 a pKa of ≈ 5.4 may 
be estimated for the C-H bond of the putative (unstable) 
cationic methyl complex [MoCH3]+, which is remarkably low. 
Given the instability of this cationic methyl species towards 
homolytic Mo-C bond cleavage, and the likely much higher pKa 
of the neutral Mo(III) methyl, the CIBW in complex MoCH3 
enables concerted proton/electron transfer to the ArO• 
reagent employed, rather than an asynchronous transfer.28-30 
These observations underscore the efficacy of this (B2Pz4Py)Mo 
platform for promoting CIBW in a range of E-H bonds. 
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