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ABSTRACT: The synthesis and characterization of a cationic
molybdenum pyrrolidine complex are described that exhibits
significant coordination-induced N−H bond weakening. The N−H
bond dissociation free energy (BDFE) of the coordinated
pyrrolidine in [(PhTpy)(PPh2Me)2Mo(NH(pyrr))][BArF24] ([1-
NH(pyrr)]+; PhTpy = 4′-Ph-2,2′,6′,2″-terpyridine, NH(pyrr) =
pyrrolidine, ArF24 = [C6H3-3,5-(CF3)2]4) was determined to be
between 41 and 51 kcal mol−1 by thermochemical analysis and supported by a density functional theory (DFT) computed value of
48 kcal mol−1. The complex [1-NH(pyrr)]+ underwent proton-coupled electron transfer (PCET) to 2,4,6-tri-tert-butylphenoxyl
radical, as well as spontaneous H2 evolution upon gentle heating to furnish the corresponding molybdenum pyrrolidide complex
[(PhTpy)(PPh2Me)2Mo(N(pyrr))][BArF24] ([1-N(pyrr)]+). Thermolysis of the deuterated isotopologue [1-ND(pyrr)]+ still
produced H2 with concomitant incorporation of the isotopic label into the pyrrolidide ligand in the product [(1-N(pyrr-dn)]

+ (n =
0−2), consistent with an H2 evolution pathway involving intramolecular H−H bond formation followed by an intermolecular
product-forming PCET step. These observations provide the context for understanding H2 evolution in the nonclassical ammine
complex [(PhTpy)(PPh2Me)2Mo(NH3)][BArF

24] ([1-NH3]
+) and are supported by DFT-computed reaction thermochemistry.

Overall, these studies offer rare insight into the H2 formation pathway in nonclassical amine complexes with N−H BDFEs below the
thermodynamic threshold for H2 evolution and inform the development of well-defined, thermodynamically potent PCET reagents.

■ INTRODUCTION
Coordination of a ligand to a transition metal, a foundational
principle in inorganic chemistry, fundamentally alters the
bonding properties of the ligand including lowering the
homolytic X−H (X = C, N, O) bond dissociation free
energies (BDFEs).1 Termed coordination-induced bond
weakening, this phenomenon is key to understanding the
thermochemistry of proton-coupled electron transfer (PCET)
processes2−4 in transition-metal complexes and has implica-
tions in biology,5−7 organic synthesis8,9 as well as energy
science.10−12 In contrast to the extensive thermochemical data
available for organic molecules, systematic reports of analogous
BDFE data for ligand X−H bonds (X = C, metal, N, O, P)
have only recently emerged and remain scarce by compar-
ison.1,13−17

In rare instances, coordination-induced bond weakening has
been demonstrated or proposed to have a dramatic impact on
X−H BDFEs that are quantified in terms of a 1e− redox couple
(E°), X−H pKa, and the solvent-specific H

+ standard reduction
potential (CG; eq 1):18

= + ° +− K E CBDFE 1.37p 23.06X H a G (1)

Metal−ligand combinations with low X−H BDFEs are
desirable in synthetic chemistry with application as potent H
atom donors to enable reductive PCET with substrates such as

epoxides, olefins, and enamines.8,9 For instance, Cuerva19,20

and later Gansaüer21 demonstrated that (η5-C5H5)2TiCl2, in
combination with a manganese reductant in THF/water
mixtures, forms [(η5-C5H5)2Ti(H2O)m(THF)n]

+ complexes
and promote the reductive ring opening of epoxides enabled by
the O−H bond weakening in water by over 60 kcal mol−1

(Scheme 1a, left). Similarly, Flowers22 and Mayer23 reported
that SmI2(H2O)n mixtures are effective for achieving
thermodynamically challenging reductions of anthracene and
enamines, respectively, with an estimated O−H BDFE of 26
kcal mol−1 resulting from the coordination of H2O to
samarium(II) (Scheme 1a, right). Recently, Nishibayashi
applied SmI2(H2O)n to catalytic nitrogen fixation, where
SmI2(H2O)n was used to deliver H atom equivalents to a
reduced molybdenum dinitrogen precatalyst, ultimately
furnishing free ammonia.24 Interest therefore remains in the
development of well-defined, yet thermodynamically potent
PCET reagents with low X−H BDFEs.
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Our laboratory recently reported the synthesis of an isolable
nonclassical ammine complex, [(PhTpy)(PPh2Me)2Mo-
(NH3)][BArF

24] ([1-NH3]
+; PhTpy = 4′-Ph-2,2′,6′,2″-terpyr-

idine, ArF24 = [C6H3-3,5-(CF3)2]4), that exhibits a remarkably
low N−H BDFE of 46 kcal mol−1 in the coordinated ammonia,
below the thermodynamic threshold for spontaneous hydrogen
evolution (ΔGf°(H

•) = 49 kcal mol−1, gas phase).25 The
ammine complex [1-NH3]

+ is a competent PCET reagent that
has been shown to deliver H atom equivalents to acceptors
such as styrene as well as the molybdenum imido and ethylene
complexes [(PhTpy)(PPh2Me)2Mo(NtBuAr)][BArF24] ([1-
(NtBuAr)]+; tBuAr = 4-tert-butyl-C6H4) and [(PhTpy)-
(PPh2Me)2Mo(C2H4)][BArF

24] ([1-(C2H4)]
+), to furnish

ethylbenzene or the corresponding molybdenum amido and
ethyl complexes [1-(NHtBuAr)]+ and [1-(CH2CH3)]

+,
respectively (Scheme 1b, Path A).26,27 In contrast to
SmI2(H2O)n, mild thermolysis of [1-NH3]

+ at 60 °C resulted
in H2 evolution with concomitant generation of the
corresponding molybdenum amido complex [1-NH2]

+

(Scheme 1b, Path B). While thermochemical studies suggest
that PCET from [1-NH3]

+ occurs either by electron transfer
followed by proton transfer or by a concerted pathway,26,27 to
date there has been little experimental study into the pathway
for H2 evolution. Gaining insight into the mechanism of H2
loss from [1-NH3]

+ is therefore of interest to guide the
development of kinetically stable yet thermodynamically
potent PCET reagents as well as to provide design principles
for bond activation in the context of NH3 oxidation13l,28−36

and catalysis involving metal−ligand cooperation.37−39

Following the discovery of [1-NH3]
+, important questions

immediately arose concerning the molecularity of the H2
evolution step. While attempts were made to address this
question with deuterium-labeling experiments, the exchange-
able N−H bonds present in both the molybdenum ammine
starting material and amido product complicated an inter-
pretation of the results.25 Coordination of a secondary amine

would eliminate this competing process, as the resulting N,N-
dialkyl amide lacks a site for exchange (Scheme 1c).
Pyrrolidine was selected as a representative secondary amine,
as coordination to the cationic terpyridine bis(phosphine)
molybdenum(I) complex would likely result in N−H bond
weakening on the order of that observed for ammonia and
should give rise to analogous H2 evolution to yield the
corresponding secondary alkyl amido product (Scheme 1c). In
addition, pyrrolidide α-(C−H) bonds are well poised to
undergo β-H elimination, thereby reporting on potential Mo−
D intermediates generated during dehydrogenation.
Here we describe the synthesis and characterization of the

targeted cationic molybdenum pyrrolidine complex [(PhTpy)-
(PPh2Me)2Mo(NH(pyrr))][BArF24] ([1-NH(pyrr)]+; NH-
(pyrr) = pyrrolidine) and explore its electronic structure,
thermochemical properties, and H2 evolution reactivity.
Deuterium labeling studies with the N−D isotopologue are
reported that provide insight into the H2 evolution pathway in
[1-NH(pyrr)]+ and provide a context for understanding the
dehydrogenation reactivity of the related ammine complex [1-
NH3]

+.

■ RESULTS AND DISCUSSION

Synthesis and Characterization of the Molybdenum
Pyrrolidine Complex [1-NH(pyrr)]+. Our studies com-
menced with the synthesis of the terpyridine bis(phosphine)
molybdenum pyrrolidine complex [1-NH(pyrr)]+. Stirring a
benzene solution containing [(PhTpy)(PPh2Me)2MoCl] ([1-
Cl])40 and 1 equiv of both Na[BArF24] and pyrrolidine at
room temperature for 18 h furnished a dark green solid in 85%
yield identified as [1-NH(pyrr)]+ (Figure 1a). The solid-state
infrared spectrum (KBr) of [1-NH(pyrr)]+ exhibits an
isotopically sensitive N−H vibration at 3246 cm−1 that shifts
to 2400 cm−1 in the d1 isotopologue [1-ND(pyrr)]+,
consistent with the coordination of pyrrolidine upon chloride

Scheme 1

Figure 1. (a) Synthesis of [1-NH(pyrr)]+ by chloride abstraction. (b)
X-band EPR spectrum of [1-NH(pyrr)]+ recorded in toluene glass at
8 K. Collection and simulation parameters: microwave frequency
9.381 GHz, power 2.0 mW, modulation amplitude 4.0 G; gx = 2.020,
gy = 2.005, gz = 1.968. (c) DFT-computed spin density plot for [1-
NH(pyrr)]+ obtained from Mulliken population analysis in the gas
phase at the B3LYP level of theory.
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abstraction. The formally Mo(I) complex [1-NH(pyrr)]+ has
an S = 1/2 ground state, as evidenced by a solid-state magnetic
moment of 1.7(2) μB (Guoy balance, 23 °C). The EPR
spectrum of [1-NH(pyrr)]+ was collected in toluene glass at 8
K and exhibits a rhombic signal that was readily simulated with
the g values gx = 2.020, gy = 2.005, and gz = 1.968 (Figure 1b).
This EPR spectrum closely resembles the rhombic signal
observed for [1-NH3]

+ at 7 K (see the Supporting
Information), suggesting that the electronic structures of the
parent ammine and pyrrolidine complexes are analogous.
Accordingly, the DFT-computed Mulliken spin density plot for
[1-NH(pyrr)]+ supports a molybdenum-centered singly
occupied molecular orbital (SOMO, Figure 1c) in agreement
with the electronic structure previously determined for [1-
NH3]

+.25

Determination of the N−H BDFE of Coordinated
Pyrrolidine in [1-NH(pyrr)]+. Efforts were next directed at
experimentally establishing the N−H BDFE in [1-NH(pyrr)]+.
Homolytic cleavage of the pyrrolidine N−H bond in [1-
NH(pyrr)]+ was accomplished by addition of 1 equiv of 2,4,6-
tri-tert-butylphenoxyl radical (tBu3ArO

•) to generate the
diamagnetic molybdenum(II) pyrrolidide complex [(PhTpy)-
(PPh2Me)2Mo(NC4H8)][BArF

24] ([1-N(pyrr)]+) in quanti-
tative yield within 30 min at room temperature (Scheme 2a,

top). The benzene-d6
1H NMR spectrum of [1-N(pyrr)]+

exhibits the number of resonances consistent with a C2v-
symmetric molecule in solution with diagnostic pyrrolidide α-
and β-(C−H) signals at 4.04 and 1.75 ppm, respectively, and a
single 31P{1H} peak at 11.95 ppm that is consistent with trans-
PPh2Me ligands coordinated to cationic molybdenum(II)
amido.25,26 While the H atom abstraction reactivity with
tBu3ArO

• establishes the upper bound of the N−H BDFE in
[1-NH(pyrr)]+ as that of the O−H bond in tBu3ArOH (77
kcal mol−1),41 the pyrrolidide product [1-N(pyrr)]+ was also
accessed by thermal dehydrogenation of the pyrrolidine
complex (Scheme 2a, bottom). Heating a benzene-d6 solution

of [1-NH(pyrr)]+ at 60 °C for 48 h furnished [1-N(pyrr)]+ in
98% yield with the concomitant formation of H2, as confirmed
by Toepler pump experiments (81% yield of H2). The
spontaneous dehydrogenation reactivity observed42 establishes
the upper bound of the N−H BDFE in [1-NH(pyrr)]+ as the
free energy of H• formation from H2 in benzene solution (∼51
kcal mol−1).1

The low upper bound for the N−H BDFE in [1-
NH(pyrr)]+ complicates an estimation of its absolute value,
given the lack of reference reagents near the thermodynamic
threshold for H2 evolution. Therefore, the N−H BDFE was
instead estimated using a thermochemical square scheme
(Scheme 2b). Because the electrochemistry of [1-NH(pyrr)]+

proved intractable, the cyclic voltammogram of [1-N(pyrr)]+

was collected to probe the thermodynamics of accessing the
one-electron-reduced pyrrolidide complex [1-N(pyrr)] that in
turn enables estimation of the E° and pKa terms in Scheme 2b.
The cyclic voltammogram (CV) of [1-N(pyrr)]+ was collected
in THF solution and exhibits two reversible anodic waves with
E1/2 = −0.63 and 0.08 V vs Fc/Fc+ (Fc = [Cp2Fe]) assignable
to oxidations to yield [1-N(pyrr)]2+ and [1-N(pyrr)]3+,
respectively (Figure 2, black trace). In addition, a quasi-

reversible cathodic wave was observed in the CV of [1-
N(pyrr)]+ at E1/2 = −2.10 V that corresponds to a reduction to
yield the neutral pyrrolidide complex [1-N(pyrr)] and was of
interest for estimating the N−H BDFE in [1-NH(pyrr)]+.
Attempts to synthesize [1-N(pyrr)] by one-electron

reduction of [1-N(pyrr)]+ afforded intractable product
mixtures, and as a result, the lower bound for the pKa of [1-
NH(pyrr)]+ was estimated by in situ protonation experiments
in the electrochemical cell. Upon collection of the CV of [1-
N(pyrr)]+ in the presence of 1 equiv of [TBDH][BArF24]
(TBD = triazabicyclodecene), the cathodic wave became
irreversible with a concomitant positive shift of the peak
cathodic potential from Epc = −2.17 V (no [TBDH][BArF24])
to −2.13 V (1.0 equiv of [TBDH][BArF24]) (Figure 2, red
trace). These observations are consistent with an EC
mechanism involving fast electron transfer (E) followed by
rate-limiting proton transfer (C) from [TBDH][BArF24] to in
situ generated [1-N(pyrr)].43,44 Evaluation of the peak
potential as a function of added acid allowed the determination

Scheme 2. Synthesis of [1-N(pyrr)]+ and Thermochemical
Square Scheme Defining the N−H BDFE in [1-NH(pyrr)]+

Figure 2. Cyclic voltammograms of [1-N(pyrr)]+ (2.0 mM in THF,
black trace) and [1-N(pyrr)]+ in the presence of 1.0 equiv of [TBD-
H][BArF24] (2.0 mM, red trace) using a glassy-carbon working
electrode, a platinum-wire counter electrode, a silver-wire reference
electrode, 0.2 M [(n-Bu)4N][PF6], and a scan rate of 100 mV s−1 in
THF at 23 °C versus Fc/Fc+. TBD = triazabicyclodecene.
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of the bimolecular proton transfer rate constant as kPT = 1.3 ×
103 M−1 s−1, a rare quantification of amido ligand protonation
kinetics (Figure 3; see the Supporting Information for

derivation). While the quasi-reversibility of the cathodic wave
in [1-N(pyrr)]+ precludes the extraction of equilibrium
parameters for the EC reaction, the observation of the rapid
protonation of in situ generated [1-N(pyrr)] by the weak acid
[TBDH][BArF24] implies that the pKa of this acid (21.0 in
THF)45 is likely a satisfactory lower bound for the pKa of [1-
NH(pyrr)]+.46 These data, in combination with the E° value
for the [1-N(pyrr)]+/[1-N(pyrr)] couple (E1/2 = −2.10 V),
define the lower bound for the N−H BDFE in [1-NH(pyrr)]+

as 41 kcal mol−1 in THF according to eq 1.47,48 Together with
the observation of spontaneous H2 evolution from the
complex, an experimental bound for the N−H BDFE of 41−
51 kcal mol−1 is obtained for [1-NH(pyrr)]+, in close
agreement with a DFT-computed value of 48 kcal mol−1

(gas phase). These data establish [1-NH(pyrr)]+ as a rare
example of a nonclassical amine complex that is thermody-
namically unstable with respect to H2 evolution.
Isotopic Labeling Experiments. We next turned our

attention to deuterium labeling experiments to gain insight
into the pathway of H2 evolution from [1-NH(pyrr)]+. Mildly
heating the ND isotopologue [1-ND(pyrr)]+ at 60 °C for 48 h
and analyzing the evolved gases by 1H NMR spectroscopy
revealed the generation of H2 and HD gases in a 9:1 ratio. To
probe the amount of D2 formed, the evolved gases were passed
over CuO at 200 °C for 30 min, collected, and analyzed as the
isotopologues of H2O. Unlike the nonexchangeable isotopo-

logues of H2, rapid H/D exchange equilibrates protons and
deuterons in the water product and the resulting H2O:HDO
ratio is expected to reflect the overall deuterium content,
including D2. Accordingly, the 1H NMR spectrum of the
combustion product established a H2O:HDO ratio of 6:1 and
therefore an overall H2:(HD + D2) ratio of 6:1 prior to
combustion (Figure S12; see the Supporting Information for
experimental details). Importantly, these results demonstrate
that <5% of D2 is evolved during the dehydrogenation of [1-
ND(pyrr)]+ and imply substantial deuterium incorporation in
the molybdenum pyrrolidide product denoted as [1-N(pyrr-
dn)]

+ in Figure 4a.
To determine the fate of the deuterium label following

dehydrogenation of [1-ND(pyrr)]+, the quantification and
location of the deuterium content in the molybdenum
pyrrolidide product [1-N(pyrr-dn)]

+ was pursued. Notably,
the 2H NMR spectrum of [1-N(pyrr-dn)]

+ established
significant deuterium incorporation in the α-pyrrolidide

Figure 3. (a) Cyclic voltammograms of [1-N(pyrr)]+ (2.0 mM in
THF) in the presence of 0 M (black trace) to 1.2 mM (red trace) of
[TBD-H][BArF24] using a glassy-carbon working electrode, a
platinum-wire counter electrode, a silver-wire reference electrode,
0.2 M [nBu4N][PF6], and a scan rate of 100 mV s−1 in THF at 23 °C
versus Fc/Fc+. (b) Plot of peak cathodic potential (Epc) for the [1-
N(pyrr)]+/[1-N(pyrr)] wave as a function of ln([TBD-H]+). The
slope is equal to 0.0132 with R2 = 0.999. (c) Plot of kobs obtained as a
function of [TBD-H]+ concentration. The slope yields kPT = 1.3 × 103

M−1 s−1 with R2 = 0.996.

Figure 4. (a) Isotope labeling experiment and pyrrolidide ligand
liberation in [1-N(pyrr-dn)]

+. Legend: (a) for the reaction conditions,
see the Supporting Information. (b) Pyrrolidide α- and β-carbon
region of the 13C{1H} NMR spectrum (benzene-d6, 23 °C) of [1-
N(pyrr-dn)]

+ exhibiting isotopic perturbation of the resonances. (c)
Quantitative 13C{1H} NMR spectrum (benzene-d6, 23 °C) of a
mixture containing pyrrolidine (50%), pyrrolidine-2-d1 (40%),
pyrrolidine-2,5-d2 (8%) and pyrrolidine-2-d2 (2%) liberated from
[1-N(pyrr-dn)]

+ by protonolysis. The red symbols represent a fit of
the data, and the blue symbols show the deconvolution of the
individual peaks.
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position (4.04 ppm), corroborated by 13C{1H} NMR spec-
troscopy, which revealed an isotopic perturbation of both α-
and β-pyrrolidide carbon resonances. In addition to the
expected triplet for the α-pyrrolidine carbons in [1-N(pyrr)]+

at 71.44 ppm (3JC−P = 11.6 Hz), a broad peak was observed at
71.05 ppm that corresponds to a deuterated α-pyrrolidide
carbon in [1-N(pyrr-d1)]

+ that is broadened due to coupling
to deuterium as well as two equivalent phosphorus atoms in
the trans-PPh2Me ligands (Figure 4b). Additionally, three
distinct singlets were observed at 26.75, 26.63, and 26.51 ppm
corresponding to the pyrrolidide β-carbon signals of [1-
N(pyrr)]+, [1-N(pyrr-d1)]

+ and [1-N(pyrr-d2)]
+, respectively,

with isotopic shifts arising due to remote deuteration at the α-
pyrrolidide carbon (Figure 4b).
Because coupling to the two equivalent phosphorus atoms in

PPh2Me ligands complicated the assignment and quantification
of the pyrrolidide isotopomers and isotopologues present in
[1-N(pyrr-dn)]

+, the pyrrolidide ligand was liberated from the
coordination sphere of molybdenum by protonolyis and
analyzed as free pyrrolidine. Accordingly, treatment of [1-
N(pyrr-dn)]

+ with excess HCl generated [(PhTpy)-
(PPh2Me)2Mo(Cl)][BArF24] ([1-Cl]+) and pyrrolidinium-dn
chloride (n = 0−2), as judged by 1H NMR spectroscopy.
Further treatment of the reaction mixture with the base TBD
and vacuum transfer of the volatiles enabled exclusive isolation
of pyrrolidine-dn (n = 0−2). By this method, quantitative
13C{1H} NMR spectroscopy and mass spectrometric analysis
established the presence of pyrrolidine (50%), pyrrolidine-2-d1
(40%), pyrrolidine-2,5-d1,d1 (8%) and pyrrolidine-2-d2 (2%)
by comparison of the acquired spectrum to those of
independently synthesized pyrrolidine isotopologues (Figure
4c; for syntheses of pyrrolidine isotopologues, see the
Supporting Information). Control experiments involving
addition of DCl to [1-N(pyrr)]+ ruled out modification of
the isotopic content of the pyrrolidide ligand backbone as a
result of treatment with acid. These results establish that [1-
N(pyrr-dn)]

+ contains α-(d0−d2) isotopologues at the
pyrrolidide ligand, including two distinct d2 isotopomers.
The mechanistic significance of these isotopologues is
discussed below.
Experiments were conducted to examine the effect of added

phosphine as well as the reversibility of both the deuterium
scrambling and H2 evolution processes. Addition of 10 equiv of
PPh2Me to [1-NH(pyrr)]+ inhibited the dehydrogenation
reaction with ∼10% diamagnetic [1-N(pyrr)]+ observed after
heating at 60 °C after 1 day and ∼30% after 4 days. EPR
spectroscopic analysis established [1-NH(pyrr)]+ as the sole
paramagnetic compound during the course of this experiment,
demonstrating that 10 equiv of added phosphine does not
decompose the starting material. Addition of 4 atm of D2 to
[1-N(pyrr)]+ produced no detectable quantities of [1-N(pyrr-
dn)]

+ after 60 °C of heating at 5 days. These data suggest that
phosphine dissociation is likely necessary for the observed N−
H/D bond activation/H2 evolution reactivity and that the
overall H2 evolution reaction is irreversible.
The relative time scales of hydrogen evolution and

pyrrolidide ligand deuteration in [1-N(pyrr-dn)]
+ were ex-

plored next. Observation of an isotopic perturbation of
resonances in the pyrrolidide β-carbon signals in [1-N(pyrr-
dn)]

+ (Figure 4b) provided a convenient spectroscopic handle
for probing the degree of pyrrolidide deuteration over the
course of the dehydrogenation reaction. Accordingly, monitor-
ing the relative areas of isotopically shifted β-pyrrolidine

carbon signals in [1-N(pyrr-dn)]
+ (26.75−26.51 ppm) by

quantitative 13C NMR spectroscopy established that the ratio
d0:(d1 + d2) pyrrolidide isotopologues remained constant over
the course of the dehydrogenation of [1-ND(pyrr)]+ (3−48 h,
60 °C), indicating that pyrrolidide ligand deuteration proceeds
more rapidly than [1-N(pyrr-dn)]

+ formation. To eliminate the
possibility that the deuterium label in pyrrolidine-1-d1
scrambles rapidly upon coordination, a large excess (50
equiv) of PPh2Me was added to [1-ND(pyrr)]+ to displace
the pyrrolidine ligand, which enabled probing of its isotopic
composition at various stages of the dehydrogenation reaction.
Accordingly, [1-ND(pyrr)]+ was treated with 50 equiv of
PPh2Me and heated for 6 h at 60 °C, after which time a new
paramagnetic molybdenum complex was formed, as judged by
EPR spectroscopy (giso = 2.011, Figure S23), tentatively
assigned as the cationic terpyridine tris(diphenylmethyl-
phosphine) molybdenum complex [(PhTpy)(PPh2Me)3Mo]-
[BArF24] ([1-PPh2Me]+) (Scheme 3, top). Concurrently,

pyrrolidine-1-d1 was detected as the exclusive diamagnetic
product by quantitative 13C{1H} and 2H NMR spectroscopy,
demonstrating that deuterium incorporation into the pyrroli-
dine backbone in [1-ND(pyrr)]+ does not take place upon
coordination to molybdenum at room temperature. Instead,
the deuterium scrambling processes are likely tied to both H2
evolution and [1-N(pyrr-dn)]

+ formation that proceed upon
thermolysis.
Next, the deuterium distribution in the pyrrolidine ligand at

an early thermolysis stage was examined to probe the
reversibility of the N−H/D activation reaction. Accordingly,
the pyrrolidine dehydrogenation reaction was carried out to
partial conversion (60 °C, 3 h, ∼10% conversion) followed by
displacement of the pyrrolidine ligand by addition of a large
excess of PPh2Me (50 equiv). Only traces (<2%) of the α-
deuterated pyrrolidine were observed by quantitative 13C{1H}
NMR spectroscopy with the observation of predominantly
pyrrolidine-1-d1 (Scheme 3, bottom). This is in contrast to the
observation of significant deuterium incorporation into the
pyrrolidide ligand of the dehydrogenation product [1-N(pyrr-
dn)]

+ at an identical time point, with a d0:(d1 + d2) pyrrolidide
isotopologue ratio of ∼1:1 in [(1-N(pyrr-dn)]

+ observed after
3 h at 60 °C (Scheme 3, bottom). When they are taken
together, these data suggest that N−H/D activation in

Scheme 3. Displacement of the Pyrrolidine Ligand in [1-
ND(pyrr)]+ at Various Time Intervals
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coordinated pyrrolidine in [1-ND(pyrr)]+ is likely irreversible
and that deuterium incorporation into the pyrrolidide ligand
necessarily accompanies formation of the product [1-N(pyrr-
dn)]

+.
To probe whether the H2 evolution reaction is intra-

molecular in nature, a key crossover experiment was conducted
wherein [1-NH(pyrr)]+ and [1-ND(pyrr)]+ were mixed in a
1:1 ratio and heated in benzene solution at 60 °C for 48 h
(Scheme 4).49 The evolved gases were collected, analyzed, and

found to contain H2 and HD + D2 in a 14:1 ratio. The
pyrrolidide ligand was liberated at the conclusion of the
reaction by the protonolysis procedure described previously
and found to contain pyrrolidine (74%), pyrrolidine-2-d1
(23%), pyrrolidine-2,5-d1,d1 (3%), and pyrrolidine-2-d2
(<1%). Because the relative percentages of H2 and pyrrolidine
isotopologues are approximately half of the values observed in
the dehydrogenation of [1-ND(pyrr)]+ where no [1-NH-
(pyrr)]+ was added, these results demonstrate no deuterium
crossover and support intramolecular deuterium scrambling
and H2 evolution pathways.
Proposed H2 Evolution Pathway in Amine Complexes

with Weak Bonds. A proposed H2 evolution pathway that is
consistent with the experimental results is presented in Scheme
5. Following phosphine dissociation, N−H(D) oxidative

addition takes place and is followed by pyrrolidide β-H
elimination50,51 and reinsertion processes that account for
scrambling of the deuterium label principally into the
pyrrolidide 2- and 5-positions. No deuterium incorporation
was observed in the pyrrolidide 3- and 4-positions of the
product, suggesting that deuterium scrambling does not
involve “chain walking” in the proposed imine intermediate.
Intramolecular H2 evolution proceeds by reductive elimination
from a putative molybdenum dihydride imine intermediate.

The resulting molybdenum azametallacyclopropane complex
then undergoes an irreversible, bimolecular PCET reaction
with the molybdenum(I) pyrrolidine starting material or any of
the preceding intermediates with weak Mo−H bonds to
generate the molybdenum(II) pyrrolidide product and
accounts for the generation of pyrrolidide-d2 isotopomers
when the reaction involves N−D or Mo−D bonds (see below
for computational evidence for low Mo(III)−H BDFEs). This
step likely proceeds in analogy to the reported reactivity of [1-
NH3]

+ undergoing reductive PCET to the related molybde-
num imido and ethylene complexes [1-(NtBuAr)]+ and [1-
(C2H4)]

+ to furnish [1-NH2]
+ as well as the aryl amido and

ethyl complexes [1-(NHtBuAr)]+ and [1-(CH2CH3)]
+,

respectively.26,27 It is important to note that an intermolecular
PCET event must occur to account for the net 1H+/1e−

change between the S = 1/2 [1-NH(pyrr)]+ starting material
and S = 0 [1-N(pyrr)]+ product. However, deuterium
scrambling and H2 evolution likely precede product-forming
PCET to account for the observation of constant pyrrolidide
isotopologue ratios in [1-N(pyrr-dn)]

+ as a function of
reaction progress as well as the low deuterium content in the
evolved gases.
While the pathway proposed in Scheme 5 accounts for the

fate of the majority (∼80%) of the deuterium label in the
pyrrolidide ligand and evolved gases, 2H NMR spectroscopy
revealed a minor amount of deuterium incorporation both into
o-phenyl (∼6%) and methyl (∼6%) positions of the PPh2Me
ligands in [1-N(pyrr-dn)]

+ (Figure S5). Although the low
deuterium content in the PPh2Me ligands prevented
identification of specific isotopomers and isotopologues by
quantitative 13C NMR spectroscopy, these results suggest that
a minor phosphine ligand deuteration pathway is operative but
is likely less facile than N−H/D bond activation upon
thermolysis of [1-ND(pyrr)]+ (Scheme S1).
The insights gained from the isotopic labeling experiments

provide context for the H2 evolution reaction in the
nonclassical ammine complex [1-NH3]

+. A key experimental
connection between the ammine and pyrrolidine systems is the
similarly nonstatistical amount of HD observed when [1-
NH3]

+ and [1-ND3]
+ are mixed in a 1:1 ratio and heated

(H2:HD = 9:1),25 suggestive of an intramolecular H2 evolution
mechanism. In analogy to [1-NH(pyrr)]+, Scheme 6 presents a
proposed pathway for [1-NH3]

+ that involves an intra-
molecular H2 evolution step and an intermolecular product-
forming PCET reaction. Computational analysis of the BDFEs

Scheme 4. Crossover Experiment between [1-NH(pyrr)]+

and [1-ND(pyrr)]+ and Subsequent Pyrrolidide Ligand
Liberation by Protonolysis

aFor the reaction conditions, see the Supporting Information.

Scheme 5. Proposed H2 Evolution Pathway and Pyrrolidide
Ligand Deuterium Incorporation Resulting in Formation of
[1-N(pyrr-d1)]

+

Scheme 6. Proposed H2 Evolution Pathway in [1-NH3]
+ and

DFT-Computed NH/Mo−H BDFEs of Intermediates at the
B3LYP Level of Theory
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of the intermediates demonstrates that phosphine dissociation
does not have a significant effect on the ammine N−H BDFE,
wherein an approximately thermoneutral N−H oxidative
addition event (ΔG° ≈ −1 kcal mol−1) generates a proposed
molybdenum amido hydride intermediate with a weak Mo−H
BDFE of 48 kcal mol−1, near the thermodynamic threshold for
H2 evolution. This is likely a key feature of these molybdenum
complexes, as exergonic ammonia N−H oxidative addition
would generate a strong M−H bond from which H2

elimination is expected to be highly endergonic.52 Key
literature precedent for the subsequent 1,2-H2 elimination
step is Wolczanski’s observation of H2 evolution from
(silox)3Ta(NH2)(H) (silox = tBu3SiO), a complex that was
prepared by oxidative addition of ammonia.53

The final step of the pathway in Scheme 6 is intermolecular
PCET between the starting ammine complex [1-NH3]

+ and
the proposed “parent” imido intermediate [1NH]+ to
generate 2 equiv of the amido product [1-NH2]

+. This
PCET step is predicted to be exergonic by 21 kcal mol−1,
driven by coordination-induced bond weakening in [1-NH3]

+

(BDFEN−H = 47 kcal mol−1) relative to the amido N−H bond
formed (BDFEN−H = 68 kcal mol−1). As mentioned previously,
this step has direct precedent in that our group demonstrated
that the aryl imido complex [1-(NtBuAr)]+ reacts with [1-
NH3]

+ to generate the corresponding amido complexes [1-
(NHtBuAr)]+ and [1-NH2]

+, a reaction that was shown to
have a lower overall driving force in comparison to the reaction
involving a “parent” amido.26 In contrast to H2 evolution, the
PCET reactivity of [1-NH3]

+ has been previously found to
proceed independently of added phosphine26,27 and is
therefore proposed to take place between bis(phosphine)
molybdenum complexes in Scheme 6. Because multiple
intermediates in Scheme 6 were computed to contain weak
(<50 kcal mol−1) N−H and Mo−H bonds, PCET from these
complexes to the parent imido is also thermodynamically
feasible. Also important to note is that the proposed pathway
can be generalized to account for the observation of H2

evolution upon coordination of water and hydrazine to the
cationic terpyridine bis(phosphine) molybdenum complex
reported in our original study,25 each likely proceeding
through formally Mo(III) oxo and hydrazido intermediates,
respectively.
Overall, the proposed mechanism presented is consistent

with our originally reported crossover experiment whereby a
1:1 mixture of [1-NH3]

+ and [1-ND3]
+ were heated and a

nonstatistical amount of HD gas was observed,25 likely due to
the intramolecular H2 evolution step shown in Scheme 6. A
recent computational study by Bandeira et al. on [1-NH3]

+ is
noteworthy and establishes the kinetic feasibility of ammonia
N−H oxidative addition to yield a seven-coordinate Mo(III)
amido hydride complex.54 However, pathways involving
phosphine dissociation and imido formation were not
reported. While the possibility of phosphine dissociation
taking place subsequent to N−H bond activation cannot be
rigorously excluded, the experimental data support a
unimolecular H2 evolution pathway. In addition, it is worth
noting that the proposed pathways in Schemes 5 and 6
represent a combination of classical organometallic steps as
well as PCET enabled by coordination-induced bond
weakening during H2 evolution, likely a unique feature of
cationic terpyridine bis(phosphine) molybdenum complexes.

■ CONCLUDING REMARKS
The synthesis and characterization of the cationic molybde-
num pyrrolidine complex [1-NH(pyrr)]+ supported by
terpyridine and bis(phosphine) ligands are described. Sig-
nificant weakening of the pyrrolidine N−H bond was
demonstrated upon coordination to the molybdenum center
that enables spontaneous H2 evolution reactivity, with the N−
H BDFE in [1-NH(pyrr)]+ being experimentally determined
to be in the range 41−51 kcal mol−1. These findings are
supported by the DFT-computed value of 48 kcal mol−1.
Deuterium labeling experiments were conducted, and the
results support a dehydrogenation mechanism involving
intramolecular H2 evolution at a single molybdenum site
followed by a product-forming intermolecular PCET reaction.
These investigations have examined the H2-evolution

reactivity of coordinated amines exhibiting exceptionally
weak N−H bonds that may compete with PCET in the
presence of H atom acceptors. Specifically, the coordinatively
saturated complexes [1-NH3]

+ and [1-NH(pyrr)]+ behave as
thermodynamically potent reductive PCET reagents similar to
(η5-C5H5)2TiCl(THFx/H2Oy) and SmI2(H2O)n, whereby
phosphine dissociation is the likely gateway to the observed
dehydrogenation reactivity. While the phenomenon of
coordination-induced bond weakening provides the overall
thermodynamic driving force for H−H bond formation, it is
likely the access to molybdenum hydride intermediates with
low Mo−H BDFEs that opens the kinetic pathway for H2
evolution upon phosphine dissociation. These insights will aid
the application of coordination-induced bond weakening for
the synthesis of complexes with exceptionally weak bonds,
both in settings where H2 evolution reactivity may be desirable
and for cases where it is to be avoided.
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10908. (o) Resa, S.; Millań, A.; Fuentes, N.; Crovetto, L.; Marcos, M.
L.; Lezama, L.; Choquesillo-Lazarte, D.; Blanco, V.; Campaña, A. G.;
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Koppel, I. A.; Mishima, M. Acid−Base Equilibria in Nonpolar Media.
4. Extension of the Self-Consistent Basicity Scale in THF Medium.

Organometallics pubs.acs.org/Organometallics Article

https://dx.doi.org/10.1021/acs.organomet.0c00471
Organometallics XXXX, XXX, XXX−XXX

I

https://dx.doi.org/10.1039/C39950000007
https://dx.doi.org/10.1039/C39950000007
https://dx.doi.org/10.1021/ja504334a
https://dx.doi.org/10.1021/ja504334a
https://dx.doi.org/10.1021/ja504334a
https://dx.doi.org/10.1021/jacs.9b00193
https://dx.doi.org/10.1021/jacs.9b00193
https://dx.doi.org/10.1021/jacs.9b00193
https://dx.doi.org/10.1039/B801197B
https://dx.doi.org/10.1039/B801197B
https://dx.doi.org/10.1039/B801197B
https://dx.doi.org/10.1080/02603599108018617
https://dx.doi.org/10.1080/02603599108018617
https://dx.doi.org/10.1080/02603599108018617
https://dx.doi.org/10.1002/ijch.199100006
https://dx.doi.org/10.1002/ijch.199100006
https://dx.doi.org/10.1021/acs.chemrev.5b00532
https://dx.doi.org/10.1021/acs.chemrev.5b00532
https://dx.doi.org/10.1021/acs.chemrev.6b00334
https://dx.doi.org/10.1021/acs.chemrev.6b00334
https://dx.doi.org/10.1021/ja054548n
https://dx.doi.org/10.1021/ja054548n
https://dx.doi.org/10.1021/ja054548n
https://dx.doi.org/10.1021/ja049291s
https://dx.doi.org/10.1021/ja049291s
https://dx.doi.org/10.1002/anie.201808307
https://dx.doi.org/10.1002/anie.201808307
https://dx.doi.org/10.1002/anie.201901470
https://dx.doi.org/10.1002/anie.201901470
https://dx.doi.org/10.1021/ja00268a041
https://dx.doi.org/10.1021/ja00268a041
https://dx.doi.org/10.1021/ja00268a041
https://dx.doi.org/10.1002/anie.200600831
https://dx.doi.org/10.1002/anie.200600831
https://dx.doi.org/10.1002/anie.200600831
https://dx.doi.org/10.1021/ja105670h
https://dx.doi.org/10.1021/ja105670h
https://dx.doi.org/10.1002/anie.201107556
https://dx.doi.org/10.1002/anie.201107556
https://dx.doi.org/10.1021/jacs.5b07518
https://dx.doi.org/10.1021/jacs.5b07518
https://dx.doi.org/10.1021/jacs.7b03667
https://dx.doi.org/10.1021/jacs.7b03667
https://dx.doi.org/10.1038/s41586-019-1134-2
https://dx.doi.org/10.1038/s41586-019-1134-2
https://dx.doi.org/10.1126/science.aag0246
https://dx.doi.org/10.1126/science.aag0246
https://dx.doi.org/10.1126/science.aag0246
https://dx.doi.org/10.1002/anie.201708406
https://dx.doi.org/10.1002/anie.201708406
https://dx.doi.org/10.1021/jacs.8b08460
https://dx.doi.org/10.1021/jacs.8b08460
https://dx.doi.org/10.1021/jacs.8b08460
https://dx.doi.org/10.1021/ic9512643
https://dx.doi.org/10.1021/ic9512643
https://dx.doi.org/10.1039/b720020j
https://dx.doi.org/10.1002/anie.201408725
https://dx.doi.org/10.1002/anie.201408725
https://dx.doi.org/10.1002/anie.201408725
https://dx.doi.org/10.1002/anie.201408725
https://dx.doi.org/10.1002/chem.201703153
https://dx.doi.org/10.1002/chem.201703153
https://dx.doi.org/10.1002/chem.201703153
https://dx.doi.org/10.1073/pnas.1813368116
https://dx.doi.org/10.1073/pnas.1813368116
https://dx.doi.org/10.1021/acscatal.9b03499
https://dx.doi.org/10.1021/acscatal.9b03499
https://dx.doi.org/10.1002/anie.201903221
https://dx.doi.org/10.1002/anie.201903221
https://dx.doi.org/10.1038/s41557-019-0293-y
https://dx.doi.org/10.1038/s41557-019-0293-y
https://dx.doi.org/10.1021/jacs.9b13706
https://dx.doi.org/10.1021/jacs.9b13706
https://dx.doi.org/10.1021/cr5002782
https://dx.doi.org/10.1021/cr5002782
https://dx.doi.org/10.1021/ja411374j
https://dx.doi.org/10.1021/ja411374j
https://dx.doi.org/10.1021/jacs.8b12961
https://dx.doi.org/10.1021/jacs.8b12961
https://dx.doi.org/10.1021/jacs.8b12961
https://dx.doi.org/10.1021/acs.inorgchem.6b00053
https://dx.doi.org/10.1021/acs.inorgchem.6b00053
https://dx.doi.org/10.1021/acs.inorgchem.6b00053
https://dx.doi.org/10.1021/ja8081846
https://dx.doi.org/10.1021/ja8081846
https://dx.doi.org/10.1021/jacs.6b10148
https://dx.doi.org/10.1021/jacs.6b10148
https://dx.doi.org/10.1021/jacs.6b10148
https://dx.doi.org/10.1021/jo034537h
https://dx.doi.org/10.1021/jo034537h
pubs.acs.org/Organometallics?ref=pdf
https://dx.doi.org/10.1021/acs.organomet.0c00471?ref=pdf


Gas-Phase Basicities of Phosphazenes. J. Org. Chem. 2003, 68, 9988−
9993.
(46) A more accurate definition for this lower bound is complicated
by the dearth of reagents with higher known pKa values in THF that
do not decompose [1-N(pyrr)]+.
(47) Assuming CG = 60.4 kcal mol−1 in THF. Concerning this
constant, see: Wise, C. F.; Agarwal, R. G.; Mayer, J. M. Determining
Proton-Coupled Standard Potentials and X−H Bond Dissociation
Free Energies in Nonaqueous Solvents Using Open-Circuit Potential
Measurements. J. Am. Chem. Soc. 2020, 142, 10681−10691.
(48) We note that the electrochemical conditions used in the
present study (in particular, the identity of the supporting electrolyte)
differ from those employed for the determination of CG in ref 47,
which may introduce error (ca. ±2 kcal mol−1) in the estimate of this
lower bound.
(49) Reaction completeness was judged by quantitative 13C NMR
spectroscopy.
(50) For an example of β-H elimination from an amido ligand of
molybdenum, see: Tsai, Y.-C.; Johnson, M. J. A.; Mindiola, D. J.;
Cummins, C. C.; Klooster, W. T.; Koetzle, T. F. A Cyclometalated
Resting State for a Reactive Molybdenum Amide: Favorable
Consequences of β-Hydrogen Elimination Including Reductive
Cleavage, Coupling, and Complexation. J. Am. Chem. Soc. 1999,
121, 10426−10427.
(51) For conceptually analogous β-H elimination reactions involving
alkoxide ligands, see: Blum, O.; Milstein, D. Mechanism of a Directly
Observed β-Hydride Elimination Process of Iridium Alkoxo
Complexes. J. Am. Chem. Soc. 1995, 117, 4582−4594.
(52) Macgregor, S. A. Theoretical Study of the Oxidative Addition of
Ammonia to Various Unsaturated Low-Valent Transition Metal
Species. Organometallics 2001, 20, 1860−1874.
(53) Hulley, E. B.; Bonanno, J. B.; Wolczanski, P. T.; Cundari, T. R.;
Lobkovsky, E. B. Pnictogen-Hydride Activation by (silox)3Ta (silox =
tBu3SiO); Attempts to Circumvent the Constraints of Orbital
Symmetry in N2 Activation. Inorg. Chem. 2010, 49, 8524−8544.
(54) Bandeira, N. A. G.; Veiros, L. F.; Bo, C. Hydrogen Generation
via Activation of X−H Bonds in Ammonia and Water by an MoI

Complex. ChemistrySelect 2017, 2, 11071−11082.

Organometallics pubs.acs.org/Organometallics Article

https://dx.doi.org/10.1021/acs.organomet.0c00471
Organometallics XXXX, XXX, XXX−XXX

J

https://dx.doi.org/10.1021/jo034537h
https://dx.doi.org/10.1021/jacs.0c01032
https://dx.doi.org/10.1021/jacs.0c01032
https://dx.doi.org/10.1021/jacs.0c01032
https://dx.doi.org/10.1021/jacs.0c01032
https://dx.doi.org/10.1021/ja9917464
https://dx.doi.org/10.1021/ja9917464
https://dx.doi.org/10.1021/ja9917464
https://dx.doi.org/10.1021/ja9917464
https://dx.doi.org/10.1021/ja00121a016
https://dx.doi.org/10.1021/ja00121a016
https://dx.doi.org/10.1021/ja00121a016
https://dx.doi.org/10.1021/om010044w
https://dx.doi.org/10.1021/om010044w
https://dx.doi.org/10.1021/om010044w
https://dx.doi.org/10.1021/ic101147x
https://dx.doi.org/10.1021/ic101147x
https://dx.doi.org/10.1021/ic101147x
https://dx.doi.org/10.1002/slct.201701801
https://dx.doi.org/10.1002/slct.201701801
https://dx.doi.org/10.1002/slct.201701801
pubs.acs.org/Organometallics?ref=pdf
https://dx.doi.org/10.1021/acs.organomet.0c00471?ref=pdf

