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ABSTRACT: A series of density functional theory (DFT)
calculations on the full [MoHIPTN3N] catalyst are performed to
obtain an energy profile of the Schrock cycle. This is a continuation
of our earlier investigation of this cycle in which the bulky
hexaisopropyterphenyl (HIPT) substituents of the ligand were
replaced by hydrogen atoms (Angew. Chem., Int. Ed. 2005, 44,
5639). In an effort to provide a treatment that is as converged as
possible from a quantum-chemical point of view, the present study
now fully takes the HIPT moieties into account. Moreover,
structures and energies are calculated with a near-saturated basis
set, leading to models with 280 atoms and 4850 basis functions.
Solvent and scalar relativistic effects have been treated using the
conductor-like screening model and zeroth-order regular approx-
imation, respectively. Free reaction enthalpies are evaluated using the PBE and B3LYP functionals. A comparison to the available
experimental data reveals much better agreement with the experiment than preceding DFT treatments of the Schrock cycle. In
particular, free reaction enthalpies of reduction steps and NH3/N2 exchange are now excellently reproduced.

■ INTRODUCTION

Almost every nitrogen atom in living organisms has gone
through either biological nitrogen fixation or the Haber−Bosch
process. Both reactions, one natural and the other one man-
made, produce comparable amounts of ammonia from
atmospheric dinitrogen (N2) worldwide (about 100 million
tons/year).1 Whereas details of the Haber−Bosch process have
been elucidated on an atomic level,2 the molecular mechanism
of the biological reaction is still not fully understood.3−5 A third
scenario, synthetic nitrogen fixation, involves the activation of
N2 and its stepwise conversion to ammonia by transition-metal
complexes in homogeneous solution.6 Only three systems exist
that achieve this reaction in a catalytic fashion.7−9 One of them
is based on the molybdenum(III) complex [Mo(N2)-
(HIPTN3N)] supported by a triamidoamine ligand (HIPT =
hexaisopropylterphenyl, 3,5-(2,4,6-iPr3C6H2)2C6H3).

7,10−19

Using this complex as a catalyst, LutHBArF4 [Lut = 2,6-
dimethylpyridine; ArF = 3,5-(CF3)2C6H3] as a proton source,
and decamethylchromocene as a reductant, Yandulov and
Schrock were able to generate 8 equiv (four turnovers) of
ammonia with an efficiency of 66% with respect to the reducing
equivalents. The isolation and characterization of key
intermediates of this cycle allowed the formulation of a concise
reaction mechanism (Figure 1).

Several years ago, we have derived a detailed free reaction
enthalpy profile of the Schrock cycle from density functional
theory (DFT) calculations.20,21 In this original contribution, the
nitrogen-containing intermediates were modeled by replacing
the HIPT substituents of the HIPTN3N ligand with hydrogen
atoms (cf. Figure 2a). The involved reagents and reaction
products were treated at the same level as the Mo−NxHy

species (x = 1, 2; y = 0−3). Geometry optimizations were
performed using the, at the time, most commonly employed
approach, namely, DFT with the B3LYP22 functional and the
effective-core-potential-based LANL2DZ basis set. Electronic
energies were determined using B3LYP/TZVP. A solvent
correction was included for heptane, based on the polarizable
continuum model (PCM). Importantly, these calculations
suggested a strictly alternating sequence of protonation and
reduction steps, in agreement with the experimental observa-
tion.16 Moreover, it could be inferred from the calculations that
the most endergonic step is the first protonation of the
coordinated N2 ligand and the most exergonic step the cleavage
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of the N−N bond at the molybdenum hydrazidium stage. The
overall exergonicity of the process was found to be very large
but on the same order of magnitude as the biological process
(about 180 kcal/mol of N2).

20

A number of other theoretical treatments of the energetics of
the Schrock cycle and related systems have appeared that, in
part, considered larger models of the catalysts.23−36 On the
basis of a model of the [Mo(HIPTN3N)] complex, where the
HIPT residues are replaced by phenyl groups (Figure 2b), Cao
et al. treated all intermediates of the Schrock cycle (N2, NNH

+,

..., NH3) with DFT, employing the BLYP functional.23

Moreover, ammonium (NH4
+) was considered as the proton

source and an iron−sulfur cluster as the electron donor. The
resulting energy profile is much more exothermic (−370 kcal/
mol for one reactive cycle) than ours. On the other hand, it
exhibits highly endothermic steps of up to 73 kcal/mol, in
contrast to the thermally allowed reaction course observed
experimentally. Magistrato and Robertazzi (M&R) also used a
model of the Schrock catalyst based on a phenyl-terminated
HIPTN3N ligand.24,25 Analogous to our treatment, lutidinium
and decamethylchromocene were explicitly considered as the
proton source and reductant, respectively. Reaction energies
were calculated for all protonation and reduction steps based
on a triple-ζ Slater-type orbital (STO) basis set for
molybdenum and a double-ζ STO basis set for all other
atoms, employing the BP86 functional along with a solvent
correction based on the PCM. In agreement with the
experiment, an energy profile consisting of thermally allowed
elementary reactions was derived. However, large discrepancies
(17−18 kcal/mol) between experimentally determined reaction
enthalpies and calculated reaction energies were noticed, in
particular for the protonation steps. Therefore, the effect of a
number of explicit solvent molecules was explored, for both the
proton source and the catalyst model. Whereas inclusion of at
most two solvent molecules for the molybdenum species was
computationally feasible, up to four solvent molecules were
included for the proton source. By this approach, the
discrepancy between experimental free energies and calculated
reaction energies could be reduced to less than ∼5 kcal/mol for
the protonation steps. On the other hand, no significant
influence of an explicit solvation model on the energetics of the
reduction steps was detected.

Figure 1. Mechanism of the Schrock cycle.

Figure 2. Models of the [Mo(N2)(
HIPTN3N)] complex: (a) hydrogen-terminated ligand; (b) phenyl-terminated ligand; (c) full HIPT-substituted

ligand. 1: optimized structure of the N2 complex.
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Reiher and co-workers published a series of papers in which
they considered larger models of the molybdenum triamido-
amine complex, employing lutidinium as acid and metallocenes
(Cp*2Cr, Cp2Co, etc.) as reductants.26−31 Employing the
TZVP basis set along with the BP86 functional and taking into
account a model of the catalyst with the full HIPTN3N ligand
(Figure 2c), a complete energy profile of the Schrock cycle was
derived.28,29 Protonation and reduction energies were calcu-
lated on the basis of intrinsic proton affinities and ionization
energies, respectively. Importantly, these studies provided more
detailed insight into the intimate mechanisms of key steps of
the Schrock cycle, in particular protonation of the N2 complex
and NH3/N2 exchange. Discrepancies between the calculated
and experimentally determined reaction enthalpies were,
however, found to be larger than those in the previous
treatments, which had employed smaller models.16,37,38

In order to address this problem, we decided to reinvestigate
the energetics of the Schrock cycle. In this study, it is attempted
to provide results that are as converged as possible from the
quantum-chemical point of view, given the size and complexity
of the real system (see Computational Details). The proton-
and electron-transfer steps are treated in the same fashion as
they were previously by Studt et al. for the hydrogen-
terminated ligand and M&R for the phenyl-terminated
ligand.20,39 The resulting energy profile is analyzed with respect
to earlier treatments of the energetics of the Schrock cycle and
the available experimental data.

■ COMPUTATIONAL DETAILS
For all computations, the computational chemistry program package
ORCA 3.0 was used.40 Full models of the catalyst and [Mo(HIPTN3N)-
NxHy] complexes (x = 1, 2; y = 0−3), respectively, are used

throughout (278−284 atoms). Given its excellent performance in this
area,41 geometries have been optimized with the PBE functional42 in
conjunction with a large atomic orbital basis set (def2-TZVP43) in the
segmented all-electron relativistic (SARC) recontraction,44 (leading to
4850 basis functions), the Split-RI-J approximation,45 using the def2-
TZVP/J46 auxiliary basis set (7740 auxiliary basis functions), van der
Waals corrections (D3BJ),47 an explicit treatment of the scalar
relativistic effects (ZORA48), and solvation effects using the
conductor-like screening model (COSMO,49 using heptane, ε =
1.844, as the solvent throughout). Furthermore, in order to allow a
direct comparison to the available experimental data, free reaction
enthalpies were calculated. This requires calculation of the harmonic
vibrational frequencies, which, given the size of the system, is a time-
consuming calculation that has not been attempted for the full system
in previous work. Here, we provide vibrational frequencies for all
species involved in the catalytic cycle. However, in order to keep
turnaround times within reasonable limits, the slightly smaller def2-
SVP basis set had to be used for frequency calculations based on
geometry optimizations on the same level. The corresponding zero-
point, thermal, and entropic corrections (all calculated at T = 298.15 K
and P = 1 atm) can account for up to 15 kcal/mol in the final reaction
energies. Final electronic energies are calculated with the def2-TZVP
basis set in conjunction with all other corrections mentioned above but
taking advantage of the higher intrinsic accuracy of the hybrid B3LYP
functional relative to nonhybrid functionals such as PBE. Here, the
RIJCOSX approximation50 has been used in order to accelerate the
calculation. The B3LYP functional has previously been found to
reliably reproduce the electronic structures, spectroscopic properties,
and reactivities of a large number of Mo−NxHy intermediates, both of
the Schrock and Chatt cycles.51−63 Self-consistent-field (SCF)
convergence was accelerated using the KDIIS and SOSCF
methods.64,65 The spin states of the complexes correspond to those
of previous calculations20,24,27 and are specified in Table S1 in the
Supporting Information (SI).

Table 1. Gibbs Free Enthalpies ΔG of [Mo(HIPTN3N)] Calculated with the PBE and B3LYP Functionals and the def2-TZVP
Basis Set Including Solvent Correctiona

ΔE ΔG ΔE

reaction
B3LYP/

def2-TZVP

PBE/
def2-
TZVP

thermal
correction to

ΔG
B3LYP/

def2-TZVP

PBE/
def2-
TZVP

Studt
et al.20 M&R24

Reiher
et al.28

ΔG
expt.

N2 + 3H2 → 2NH3 −40.6 −45.0 30.7 −9.9 −14.3
Cp*2Cr → Cp*2Cr

+ / C → C+ 87.9 95.2 −0.4 87.5 94.8
LutH+ → Lut / LH+ → L 258.6 257.1 −8.4 250.2 248.7
[Mo] + N2 → [Mo-N2] −24.4 −35.2 12.3 −12.1 −22.9 −14.2 −29 −36.1
[Mo-N2] + LH+ → [Mo-NNH]+ + L 16.6 7.2 0.0 16.6 7.2 21.1 +4 −0.7
[Mo-NNH]+ + C → [Mo-NNH] + C+ −38.4 −28.7 −0.3 −38.7 −29.0 −39.4 −35 −14.6
[Mo-NNH] + LH+ → [Mo-NNH2]

+ + L −12.9 −12.6 0.3 −12.6 −12.3 −10.2 −17 −22.0 −0.28
[Mo-NNH2]

+ + C → [Mo-NNH2] + C+ −2.5 8.2 −3.0 −5.5 5.2 0.7 +7 +22.2 −4 to
−7

[Mo-NNH2] + LH+ → [Mo-NNH3]
+ + L 0.3 0.9 0.9 1.2 1.8 −1.5 −2 −9.3

[Mo-NNH3]
+ + C → [Mo-N] + NH3 + C+ −53.3 −43.9 −15.1 −68.4 −59.0 −72.8 −51 −39.2

[Mo-N] + LH+ → [Mo-NH]+ + L −11.1 −12.6 −2.0 −13.1 −14.6 −13.2 −17 −20.3 +1.35
[Mo-NH]+ + C → [Mo-NH] + C+ −5.6 4.7 −1.6 −7.2 3.1 −11.3 +5 +18.4 −5 to

−6
[Mo-NH] + LH+ → [Mo-NH2]

+ + L −22.1 −21.0 −1.0 −23.1 −22.0 −26.2 −29 −35.1
[Mo-NH2]

+ + C → [Mo-NH2] + C+ −15.1 −2.5 −2.1 −17.2 −4.6 −17.1 −2 +10.0
[Mo-NH2] + LH+ → [Mo-NH3]

+ + L −30.7 −28.1 1.4 −29.3 −26.7 −25.7 −35 −21.2
[Mo-NH3]

+ + C → [Mo-NH3] + C+ 2.3 9.3 −1.8 0.5 7.5 +2.6 +8 +4.5 0 to +1
[Mo-NH3] + N2 → [Mo-NH3N2] −5.0 −15.3 13.8 8.8 −1.5 −6.5
[Mo-NH3N2] → [Mo-N2] + NH3 7.1 7.7 −15.0 −7.9 −7.3
[Mo-NH3] → [Mo] + NH3 26.5 27.6 −13.5 13.0 14.1 +8.8 +21
[Mo-NH3] + N2 → [Mo-N2] + NH3 2.1 −7.6 −1.2 0.9 −8.8 −5.4 −8 −9.8 +1.4

aAlso given are the results of Studt et al.,20 M&R, and Reiher et al. and experimental values. All values are in kcal/mol (in this table, Cp*2Cr is
abbreviated as C and Lut as L).
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■ RESULTS AND ANALYSIS
The optimized PBE/def2-TZVP geometry of the full [Mo-
(HINPTN3N)(N2)] complex (1) is shown in Figure 2c. Bond
distances and angles of 1 and the corresponding [Mo-NxHy]
species treated in an analogous fashion are collected and
compared to experimental values and previous calculations in
Table S1 in the SI. A comparison between PBE/def2-SVP
calculated and experimental frequencies is given in Table S2 in
the SI. Free reaction enthalpies calculated for the formation of
1 from [Mo] + N2 and the six protonation/reduction steps
converting 1 to the intermediates of the Schrock cycle and
NH3, respectively, are collected in Table 1. These calculations
are based on electronic energies obtained with B3LYP/def2-
TZVP and PBE/def2-TZVP, respectively, with thermal
corrections being derived from frequency calculations at the
PBE/def2-SVP level. All protonations and reductions are
supposed to be mediated by lutidinium and decamethylchro-
mocene, respectively. The energy profile resulting from the
B3LYP/def2-TZVP calculation is shown in Figure 3. For
comparison, free reaction enthalpies resulting from calculations
of Studt et al. are given in Table 1 and indicated in Figure 3 as
well. As mentioned in the Introduction, this energy profile has
been derived based on single-point energies employing B3LYP/
TZVP, using a simplified model of the catalyst with a hydrogen-
terminated N3N ligand (Figure 2a).20 Furthermore, reaction
energies determined by M&R24 as well as Reiher et al.29 are
collected Table 1; these have been determined on the basis of
phenyl-terminated and full HIPTN3N ligands, respectively
(Figure 2b,c). Finally, experimentally determined free reaction
enthalpies are indicated in Table 1 for selected reaction steps;
all energies are given in kcal/mol.
As is evident from Table 1 and Figure 3, bonding of N2 to

the four-coordinate [Mo(HIPTN3N)] (≡[Mo]) complex is quite
exergonic (B3LYP, −12.1 kcal/mol; PBE, −22.9 kcal/mol),
with the B3LYP value for 1 being fairly similar to that obtained
by Studt et al. on the truncated model (−14.2 kcal/mol).
Interestingly, the PBE reaction energy (−35.2 kcal/mol) is very
close to the value obtained by Reiher et al. on the full model
(−36.1 kcal/mol), employing BP86. Because of the loss of
entropy upon N2 binding to 1, the thermal correction energy is
quite substantial for this reaction (+12.1 kcal/mol). Unfortu-

nately, no direct experimental information regarding the free
reaction enthalpy of N2 binding is available. Nevertheless, it is
known that the conversion of [Mo-15N2] to [Mo-N2] under a
N2 pressure of 15 psi proceeds with a rate of k = 5.3 × 10−6 s−1

(half-life of 36 h), presumably via a four-coordinate [Mo]
intermediate.11 This would correspond to a free activation
energy ΔG⧧ of 24.8 kcal/mol for N2 loss, which is about twice
as large as the free N2-binding/dissociation enthalpy calculated
here. The difference between the free activation enthalpy and
free dissociation enthalpy might be due to the fact that the free
ligand has to leave the cage generated by the bulky HIPT
groups, introducing an additional barrier to N2 loss. Further
information with respect to the thermodynamics of N2 binding
has been determined for the NH3/N2 exchange reaction, which
will be considered below.
For the first protonation of bound N2, a large positive free

reaction enthalpy is calculated by B3LYP (+16.6 kcal/mol),
which again is reasonably close to the calculation of Studt et al.
(+21.1 kcal/mol). This result is in agreement with the high
thermodynamic instability of [Mo-NNH]+.12 The PBE value
(+7.2 kcal/mol) is much lower and qualitatively agrees with the
reaction energy obtained by M&R (+4 kcal/mol). Reiher et al.
have obtained a slightly negative reaction energy for the first
protonation step (−0.7 kcal/mol). Because there is no
experimental indication that the N2 ligand of 1 is directly
protonated,12,16 this result would indicate that protonation of
coordinated N2 is kinetically hindered in 1 (thermal correction
is very small for this step; cf. Table 1). This prompted Reiher et
al. to investigate an alternative pathway in which one of the
amide donors of the HIPTN3N ligand is protonated first;28 this
species could, in fact, be detected experimentally.21 Sub-
sequently, a one-electron reduction occurs, and the proton is
transferred from the amide group to the coordinated N2 ligand,
eventually catalyzed by a second proton. Our result of a
strongly positive free protonation enthalpy of coordinated N2
would account for such an indirect pathway because in this case
the complex would avoid a thermodynamically unfavorable first
protonation of the N2 ligand. In contrast to the latter reaction
step, subsequent reduction of the resulting [Mo-NNH]+

complex is predicted to be strongly exergonic (B3LYP, −38.8
kcal/mol; PBE, −29.1 kcal/mol). In qualitative agreement with

Figure 3. Gibbs free enthalpy ΔG0 scheme of the Schrock cycle calculated with the B3LYP functional and the def2-TZVP basis set including solvent
correction. Gray: calculations by Studt et al.
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our results, M&R obtained a reaction energy of −35 kcal/mol,
whereas Reiher et al. reported a significantly smaller value
(−14.6 kcal/mol).
For the second protonation of the N2 complex, both B3LYP

and PBE indicate a free reaction enthalpy of about −12.5 kcal/
mol, which agrees well with the value obtained by Studt et al.
(−10.2 kcal/mol). From the experimentally determined
equilibrium constant of Keq = 1.6, this reaction is found to be
thermoneutral (ΔG° = −0.28 kcal/mol).12 Therefore, an error
of 12−13 kcal/mol between the theory and experiment has to
be noted. Even larger discrepancies were obtained by M&R and
Reiher et al., who determined reaction energies of −17 and
−22.0 kcal/mol, respectively. M&R thus explored the explicit
incoporation of solvent molecules for the acid and
molybdenum complexes (vide supra), eventually reducing the
discrepancy between the theory and experiment to ∼5 kcal/
mol.
The subsequent reduction of the [Mo-NNH2]

+ complex to
[Mo-NNH2] is experimentally found to proceed spontaneously
with three metallocenes (Cp2Co, Cp*2Cr, and Cp*2Co) in
C6D6. Considering the fact that the redox potential of Cp2Co is
less negative by 0.14−0.3 V than that of Cp*2Cr (depending on
the solvent),12 one can conclude that for Cp*2Cr this reaction
should be exergonic by at least −4 to −7 kcal/mol. This
confirms our B3LYP result (−5.4 kcal/mol), whereas PBE
predicts the reaction to be endergonic (+5.2 kcal/mol). Studt et
al. obtained a free reaction enthalpy of +0.7 kcal/mol for this
reaction, whereas M&R find a moderately endothermic
behavior (+7 kcal/mol), close to our PBE result. By contrast,
Reiher et al. calculated this reaction to be strongly endothermic
(+22 kcal/mol).
The energy for the third protonation of complex-bound N2 is

found to be slightly endergonic (1−2 kcal/mol) for both
B3LYP and PBE. Studt et al. and M&R obtained slightly
negative energies (−1.5 and −2 kcal/mol, respectively),
whereas Reiher et al. determined an even larger negative
value (−9.3 kcal/mol). Upon subsequent transfer of an electron
to the [Mo-NNH3]

+ complex, the N−N bond is cleaved and
the first molecule of ammonia is released under formation of
the nitrido complex. For both B3LYP and PBE, this reaction is
found to be strongly exergonic (−68.4 and −59.0 kcal/mol,
respectively). This qualitatively agrees with the theoretical
result of Studt (−72.8 kcal/mol) and large exothermicities
evidenced for the N−N cleavage of Mo hydrazidium complexes
with phosphine coligands.56 Somewhat less exothermic
reactions were calculated by M&R (−51 kcal/mol) and Reiher
et al. (−39.2 kcal/mol), whereby it has to be taken into account
that the thermal correction for this reaction step amounts to
−15 kcal/mol. This leads to similar free reaction enthalpies for
N−N splitting as obtained in our calculations.
The second part of the Schrock cycle starts with protonation

of the nitrido complex. For this reaction, free reaction
enthalpies of −13.1 kcal/mol (B3LYP) and −14.6 kcal/mol
(PBE) are obtained. Studt et al. found an energy of −13.2 kcal/
mol, essentially identical with the B3LYP result, whereas M&R
and Reiher et al. obtained values of −17 and −20.3 kcal/mol,
respectively. From the experimentally determined equilibrium
constant of this reaction (Keq ∼ 0.1), a ΔG° value of +1.35
kcal/mol is derived.12 The discrepancy between the experiment
and theory thus is large (≥14 kcal/mol). M&R therefore
treated this reaction step with more elaborate solvent models
for the acid as well, reaching better agreement with the
experimental value.24

Subsequent reduction of the [Mo-NH]+ complex by Cp*2Cr
is experimentally found to proceed spontaneously.12 Because
the redox potential of [Mo-NH]+ is less negative by 0.22−0.25
V than that of Cp*2Cr, free reaction enthalpies should be in the
range of −5 to −6 kcal/mol with this reductant, which is
matched by the B3LYP result (−7.2 kcal/mol) very well,
whereas PBE gives a too endergonic reaction (+3.1 kcal/mol).
Studt et al. also found a negative free reaction enthalpy (−11.3
kcal/mol), whereas M&R obtained a positive (+5 kcal/mol)
reaction energy, in agreement with our PBE result. Reiher et al.
calculated an even more positive value for the reaction energy
(+18.4 kcal/mol).
With respect to protonation of the imido complex, fairly

negative reaction enthalpies are obtained for both B3LYP
(−23.0 kcal/mol) and PBE (−21.9 kcal/mol). Even more
negative values have been reported by Studt et al. (free reaction
enthalpy of −25.7 kcal/mol), M&R (reaction energy of −29
kcal/mol), and Reiher et al. (−35.1 kcal/mol). The subsequent
reduction is calculated to be exergonic as well (B3LYP, −17.2
kcal/mol; PBE, −4.6 kcal/mol). On the basis of a thermal
correction of −2.1 kcal/mol for this step, the PBE value is in
good agreement with the reaction energy of −2 kcal/mol
obtained by M&R, whereas Reiher et al. predicted a
significantly more positive reaction energy (+10.0 kcal/mol).
Protonation of the amido complex leads to the [Mo-NH3]

+

intermediate. With both B3LYP and PBE, strongly negative free
reaction enthalpies are obtained for this step (−29.4 and −26.7
kcal/mol, respectively). Studt et al. found a free reaction
enthalpy of −25.7 kcal/mol, whereas M&R and Reiher et al.
obtained reaction energies of −35 and −21.2 kcal/mol,
respectively. Reduction of the [Mo-NH3]

+ complex, on the
other hand, is calculated to be about thermoneutral with
B3LYP (+0.5 kcal/mol). Experimentally, the [Mo-NH3]

+

complex exhibits a redox potential that is equal to or −0.04
V more negative than that of Cp*2Cr, depending upon the
solvent.12 This would correspond to free reaction enthalpies
between 0 and +1 kcal/mol, in excellent agreement with our
calculations. Studt et al. obtained a free reaction enthalpy of
+2.6 kcal/mol for the truncated complex, whereas our PBE
calculation gives a value of +7.5 kcal/mol, in agreement with
the reaction energy determined by M&R (+8 kcal/mol). A
positive reaction energy was also calculated by Reiher et al.
(+4.5 kcal/mol).
The last step of the Schrock cycle involves exchange of the

ammine against a dinitrogen ligand. Experimentally, an
equilibrium constant Keq of 0.1 and a corresponding ΔG°
value of +1.4 kcal/mol has been determined for this
reaction.12,16 Using B3LYP, we obtain a theoretical free
reaction enthalpy of 0.9 kcal/mol, again in excellent agreement
with the experiment. Studt et al. calculated a ΔG° value of −5.4
kcal/mol, whereas M&R and Reiher et al. obtained reaction
energies of −8 and −9.8 kcal/mol, in qualitative agreement
with our PBE result (−8.8 kcal/mol).
The N2/NH3 exchange reaction was also investigated in

more detail by Reiher et al. on the basis of an associative
mechanism.31 Using molecular dynamics (MD) simulations,
several possible pathways for the approach of N2 to the five-
coordinate molybdenum center of the [Mo-NH3] complex
were explored. The MD simulations were then complemented
by quantum-chemical geometry optimizations. As a result of
these studies, a six-coordinate [Mo-NH3N2] species could be
identified that contains N2 and NH3 in the equatorial and axial
positions, respectively, and exhibits an N−N stretching
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frequency that is different from that of the experimentally
characterized five-coordinate N2 complex.
On the basis of B3LYP, formation of the [Mo-NH3N2]

complex from [Mo-NH3] + N2 requires a free reaction enthalpy
of +8.8 kcal/mol, whereas the release of ammonia from the six-
coordinate complex is exergonic by −7.9 kcal/mol. This has to
be compared with the release of NH3 from the [Mo-NH3]
complex being endergonic by 13.0 kcal/mol and the
subsequent bonding of N2 to [Mo], going downhill by −12.1
kcal/mol (cf. Figure 3). These results clearly support the
preference of the catalytic system for an associative instead of a
dissociative NH3/N2 exchange mechanism.16 Formation of the
six-coordinate intermediate is even more favored based on the
PBE calculations (−1.5 kcal/mol) and the calculations of
Reiher et al. (−6.5 kcal/mol). On the other hand, release of
NH3 from the ammine complex is endergonic by +14.1 kcal/
mol in our PBE calculations.
Because of the precise reproduction of the net free NH3/N2

exchange enthalpy by B3LYP, the corresponding reaction
profiles for dissociative and associate NH3/N2 exchange
pathways are considered more trustworthy than those derived
from PBE. The preference of B3LYP versus PBE regarding the
description of NH3/N2 exchange is also supported by the
available kinetic data. Experimentally, [Mo-NH3] converts to
[Mo-N2] with a half-life t1/2 of 35 min under an N2 pressure of
1 atm.16 With respect to the [Mo-15N2] → [Mo-N2] exchange
reaction proceeding via a four-coordinate intermediate (see
above), the former reaction is faster by a factor of 62,
corresponding to a decrease in the activation energy by ∼2.4
kcal/mol. Employing B3LYP, we find the six-coordinate
intermediate [Mo-NH3N2] to be 4.2 kcal/mol lower in free
enthalpy than the four-coordinate [Mo] complex (cf. Figure 3),
whereas PBE predicts a free enthalpy difference of 15.6 kcal/
mol between these two species (cf. Table 1 and Figure S1 in the
SI), 6.5 times the above value. Of course, these considerations
neglect additional (i.e., steric) barriers resulting from removal
of a ligand from the cage generated the bulky HIPT groups
(vide supra) and the addition of a sixth ligand to the
coordination sphere of a sterically shielded five-coordinate
complex, respectively, the magnitudes of which are not known
experimentally.

■ DISCUSSION
In this work, the energetics of the Schrock cycle has been
reexamined using DFT calculations. While the approach is
similar to that of previous treatments, we have attempted here
to converge the calculations, as far as possible, with respect to
the technical aspects. In fact, the calculations reported here are
probably among the largest DFT optimizations and frequency
calculations that have been reported in a production level study
to date.
Throughout, wherever possible, detailed comparisons have

been made to the results of Studt et al., Reiher et al., and M&R,
all of which have previously reported calculations on the entire
reaction cycle. In broad terms, the calculations are consistent
with each other, but large deviations of up to 10−20 kcal/mol
in individual reaction steps are apparent. These can partially be
traced back to the energetic reference point chosen for the
calculation and the different density functionals used. Overall,
where a reasonable comparison to the experiment is possible,
the calculations reported in this work show the best agreement
with the experiment. However, deviations of up to and
exceeding 10 kcal/mol relative to the experiment have become

apparent. In addition to the well-known difficulties to calculate
accurate redox potentials and pKa values with DFT methods, a
critical point is certainly calculation of the reaction entropy on
the basis of ideal gas laws, as is customary in quantum-chemical
treatments. However, more sophisticated approaches based on
first-principle MD calculations are still prohibitive for systems
of the present size and complexity. Hence, error bars on the
order of ∼10 kcal/mol should probably be considered as
realistic in large-scale applications of DFT to transition-metal
complexes. Given these uncertainties, we emphasize the
enormous value of connecting theory and experiment at the
level of advanced spectroscopy in the investigation of
transition-metal reaction mechanisms.
Turning to the detailed results, importantly, the type of

functional employed significantly influences the obtained
reaction energies or free enthalpies. In general, the B3LYP
profile is more exergonic and exhibits less endergonic steps
than its PBE counterpart (cf. Figure S1 in the SI). A notable
exception from this general trend is protonation of the N2
complex, which is more endergonic with B3LYP than with PBE,
rendering the first protonation the most endergonic step of the
entire reaction profile. This would conform to the general
concept of N2 activation being exclusively required to enable
the (most difficult) first protonation of the N2 ligand, whereas
all further steps are energetically less demanding.59 Such a
“special” role of the first protonation is less evident in the PBE
profile.
A strong argument in favor of the B3LYP versus PBE

functional is the excellent reproduction of the free NH3/N2
exchange enthalpy, which has not been achieved in any of the
previous treatments of the Schrock cycle. The PBE calculation,
by contrast, gives a value of −8.8 kcal/mol, in close agreement
with the treatments of M&R and Reiher et al., which have been
performed with the BP86 functional. Also, with respect to the
reduction steps, B3LYP performs much better than its PBE
counterpart. The three experimentally investigated free
reduction enthalpies thus are excellently reproduced, also
with respect to the differences between the [Mo-NNH2]

+ and
[Mo-N]+ complexes, on the one hand (exergonic reductions by
Cp*2Cr), and the [Mo-NH3]

+ complex, on the other hand
(thermoneutral to slightly endergonic reduction). With PBE,
differences between calculated and measured free enthalpies of
6−9 kcal/mol are observed for these steps. Even more
problematic is the prediction of free protonation enthalpies
for both B3LYP and PBE. With the former functional,
calculated enthalpies are still 12−14 kcal/mol below the
experimental values. Nevertheless, these values are 8−9 kcal/
mol closer to the experiment than previous reaction energies
obtained for the full ligand system (Table 1).
In contrast to the large influence of the functional, the size of

the employed model and the basis set appear to less strongly
affect the calculated reaction enthalpies. The free enthalpy
profile calculated by Studt et al. for a model with a hydrogen-
terminated ligand system using B3LYP/TZVP (geometries
from B3LYP/LANL2DZ)20 is in reasonable agreement (e.g.,
within ∼5 kcal/mol) with its counterpart obtained for the full
model of the catalyst on the basis of B3LYP/def2-TZVP (cf.
Figure 2 and Table 1). Although the two corresponding energy
profiles steadily diverge along the reaction coordinate, a similar
agreement is observed with respect to our PBE reaction
energies and those calculated by M&R for a model with a
phenyl-terminated N3N ligand, employing BP86 (cf. Figure S2
in the SI, red and green). Larger positive and negative
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deviations are observed relative to the calculations of Reiher et
al. (Figure S2 in the SI, blue), which have been performed with
BP86 as well. Obviously, these discrepancies are not due to the
functional employed but mostly to the method applied to
determine the protonation and reduction energies, respectively.
The relative insensitivity of the energy profile upon the actual

size of the employed ligand system can be traced back to an
effective decoupling of the π systems of the aromatic
substituents from the metal center of the [MoHIPTN3N]
complex and its first coordination sphere. Specifically, the π
lone pairs of the amide donors (which, in turn, are
perpendicular to the π-back-bonding metal orbitals of the
molybdenum center) are oriented within the Mo−N(amide)3
plane. Because of a rotation of the attached phenyl groups out
of planes perpendicular to the MoN3 plane and containing the
Mo−N axes (cf. Figure 2b,c), π overlap between the amide
groups and the π systems of these substituents is small.
Consequently, any further modification of these phenyl groups
(e.g., by substitution with additional aryl groups) has little
influence on the electronic structure of the Mo−N3N core. The
only role of the bulky HIPT substituents is therefore a steric
one; electronically, they could be replaced by terphenyl, phenyl,
or, as the calculations have shown, even hydrogen.

■ SUMMARY AND CONCLUSION
In summary, an almost complete picture of the energetics of the
Schrock cycle has been obtained, using state-of-the-art
quantum-chemical methods along with a full model of the
catalyst. Both the reduction steps and the NH3/N2 exchange
reaction have been reproduced with an accuracy that presently
is difficult to improve further. A comparable agreement with the
experiment for the energetics of the protonation steps is,
however, still lacking. In order to theoretically determine free
protonation enthalpies at the same level of precision as that
achieved for other reactions of the Schrock cycle, a more
detailed quantum-chemical modeling of the proton-transfer
steps, hence, appears necessary.24
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