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ABSTRACT: Molecular geometry, electronic structure, and metal—dinitrogen bonding nature
of a series of metal—dinitrogen derivatives of Keggin-type polyoxometalates (POMs)
[PW,,0;,M"N,)]*” (M = Ru, Os, Re, Ir) have been studied by using a density functional
theory (DFT) method with the MOGL functional. Among these Keggin-type POM complexes,
Os- and Re-substituted POM complexes are the most active for N, adsorption with considerable
adsorption energy. The electronic structure analysis shows that Os" and Re'" centers in their
metal—dinitrogen POM complexes possess ﬂzxzﬂ’zyzﬂ'zxy and ﬁzxzﬂzyzﬂ'lxy configurations,
respectively. DFT-MOGL calculations show that the possible synthesis routes proposed in this
work for the Ru—, Os—, and Re—dinitrogen POM complexes are thermodynamically feasible
under various solvent environments. Meanwhile, the Re—dinitrogen POM complex was assessed
for the direct cleavage of dinitrogen molecule. In the reaction mechanism, a dimeric Keggin-type
POM derivative of rhenium could represent the intermediate which undergoes N—N bond
scission. The calculated free energy barrier (AG¥) for a transition state with a zigzag
conformation is 16.05 kcal mol™" in tetrahydrofuran, which is a moderate barrier for the cleavage

of the N—N bond when compared with the literature values. In conclusion, regarding the direct cleavage of the dinitrogen
molecule, the findings would be very useful to guide the search for a potential N, cleavage compound into totally inorganic POM

fields.

1. INTRODUCTION

Dinitrogen coordination chemistry is particularly important
because of potential applications in the field of artificial
nitrogen fixation." During the past semicentury, many efforts
have been made to characterize molecular geometry,
physicochemical property, and electronic structure of transition
metal dinitrogen complexes.” The nature of transition metal
center and ancillary ligands is the key factor in determination of
the metal—dinitrogen interaction. Research in this filed is
strongly inspired by the nitrogenase enzyme, an iron—
molybdenum—sulfur cluster.” A considerable amount of Fe—
and Mo—dinitrogen complexes have been extensively inves-
tigated.4 Simultaneously, Ru—, Os—, and Re—dinitrogen
complexes, which belong to the same group in the periodic
table of elements relevant to Fe and Mo elements, also have
attracted considerable attention.’

Polyoxometalates (POMs) are early transition metal
polynuclear oxo cluster. This class of inorganic compounds is
unmatched not only in terms of remarkable structural diversity
but also regarding reactivity and relevance to analytical
chemistry, catalysis, medicine, and materials science.’ POMs
have the capability to stabilize most transition metal d electron
centers through multiple y-oxo bridging units. Moreover, it is
to be expected that the unique electron-withdrawing nature of
the POM ligand would be conducive to stabilize high-valent
intermediates and assist protonation equilibria on the oxo
surface. POMs incorporating transition metal ions, such as
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N .8 .9 .10 . 11
ruthenium,” osmium,” rhodium,” palladium, ™ and platinum,

etc, possess various structural types. Most of them are the
monolacunary Keggin anions, which are prepared by treating
discrete lacunary anions with appropriate complexation of the
transition metal center.

A series of nitrido POM complexes [PW;;0;,M"'N]*~ (M =
Ru, Re, Os) have been successfully synthesized and structurally
characterized by Proust and co-workers.'” The reactivity of a
ruthenium—nitrido derivative [PW,;O;5Ru"'N]*" has also been
demonstrated.'* They found that [PW,;;0;Ru"'N]*" can
react with triphenylphosphane and has released the bis-
(triphenylphosphane) iminium cation [PPh;=N=PPh,]*
(Ph phenyl) through several intermediates. All these
interesting works shed light on the potential value of POM
complexes in the field of artificial nitrogen fixation. However, an
unambiguous identification and characterization of the POM-
based dinitrogen complex is still a major challenge, owing to the
inertness toward ligand exchange and purification issues. Very
recently, promising data have been observed by Sokolov'” et al.
In their works, a ruthenium-containing POM
[PW,,0;Ru"™NO]*" has been synthesized for the first time
in high yield by reaction of [Ru(NO)Cl;]*~ with monolacunary
Keggin ligand, [PW,;0;,]”". In the reaction of
[PW,,0;Ru"NO]*" with hydroxylamine, a ruthenium—dini-
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Figure 1. Molecular structure of metal—dinitrogen POM complexes.

trogen intermediate [PW,;;0;,Ru"(N,)]*” has been detected
according to *'P NMR. Unfortunately, they failed to isolate this
species. This dinitrogen POM complex finally aquates and
oxidizes into [PW,;0;,RuH,0]*". Meanwhile, they were very
careful about their determination based on only NMR data.
Thus, electrospray ionization mass spectrometry was also
employed for monitoring the reaction between
[PW,,03,Ru"NO]*" and hydroxylamine. They successfully
identified another ruthenium—dinitrogen POM complex
[PW,,0;5Ru™(N,)]*", which is the oxidized species of
[PW,,05,Ru"(N,)]3". All their results provide strong evidence
for the presence of ruthenium-—dinitrogen POM complex
[PW11039R‘1H(N2)]5_-

It is intrinsically difficult to isolate the intermediate from
mixtures of isostructural byproducts experimentally. In contrast,
quantum chemistry calculations based on density functional
theory (DFT)'* are a useful tool to probe the nature of
intermediate in POM chemistry. In the present paper, a
systematic comparison of a Ru—dinitrogen POM complex and
its Os, Re, and Ir analogues has been performed on the basis of
DFT-MOGL calculations. Such results provide a fundamental
understanding of geometry, electronic structure, metal—
dinitrogen bonding nature, and their relationships to the
number of d electrons and oxidization state in the transition
metal dinitrogen POM complexes.

2. COMPUTATIONAL DETAILS

All of the geometry optimizations were carried out using the
DFT method with MO6L functional® without any restriction
on the symmetry. The 6-31G(d) basis set was used for the main
group elements, and scalar relativistic effective core potential of
LANL2DZ'® was adopted for the metal elements. Vibrational
frequencies were obtained at the same levels in this work. All of
the structures discussed in the present work are minima or
transition states on the corresponding potential energy surfaces,
as confirmed by the correct number of imaginary frequencies.
The adsorption energy (E,q) of N, was calculated by

E4y=E

complex (EM—POM + ENZ)

where Eymplew Epomy and Ey, are the total energies of the
metal—dinitrogen POM complex, POM fragment, and N,
molecule, respectively.
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Bulk solvent effects of dichloromethane, tetrahydrofuran, and
acetonitrile media have been taken into account via the self-
consistent reaction field (SCRF) method, using the integral
equation formalism polarizable continuum model (IEFPCM)"”
solvent model. The SMD solvation model'® proposed by
Truhlar and co-workers has been performed for computing AG
of solvation. This model separates the solvation free energy into
two main components. The first component is the bulk
electrostatic contribution arising from being self-consistent with
the solvent reaction field. The second component is the
contribution arising from short-range interactions between the
solute and solvent molecules in the first solvation shell. The
SMD model has been proven effective for the treatment of
neutral species,18 ion species, and POMs'** with a small error
in the solvation free energies computed by an appropriate basis
set. Natural bond orbital (NBO) analysis'® at the MOG6L/6-
31G(d) level was performed to assign the atomic charges and
Wiberg bond indices (WBI) (LANL2DZ basis sets on the
metal atom). All calculations were implemented with the
Gaussian 09 package.”’

For transition-metal-substituted POM anions with high
negative charge, it was not possible to consider the effects of
a countercation with our computational resources. A lot of
convincing cases indicate that the interesting physicochemical
properties of POMs are mainly carried by the anion part. In the
present paper, only the anion part has been employed to probe
the dinitrogen coordination chemistry of POMs. We believe
this procedure ensures that the fascinating physicochemical
properties of these POMs studied here are not missed because
of the unique coordination ability of these POM anions.

3. RESULTS AND DISCUSSION

The late transition metal complex always gives rise to a low-
spin state. In the present Article, all metal—dinitrogen POM
complexes studied here have been optimized at MO6L/6-
31G(d) levels (LANL2DZ basis sets on metal atom) in various
spin states. According to our DFT calculations, all metal—
dinitrogen POM complexes studied here are found to have a
low-spin ground state (see Supporting Information Table S1).

In general, the interesting reaction chemistry of a transition
metal complex is mainly due to a sterically hindered ligand
environment around the transition metal center, which protects
and stabilizes the reactive metal center.””*' These metal—

DOI: 10.1021/acs.inorgchem.5b01002
Inorg. Chem. 2015, 54, 79297935


http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.5b01002/suppl_file/ic5b01002_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.5b01002

Inorganic Chemistry

dinitrogen POM complexes studied here all contain the same
lacunary Keggin-type ligand, [PW,;05]"", which contains a
defect that is formed by four oxygen donor atoms and is always
referred to as an “inorganic porphyrin-like” ligand. The
difference between the lacunary POM and porphyrin ligands
mainly arises from the geometric structure when they stabilize
transition metal ions. For the porphyrin ligand, the metal ions
lie close to the plane of the first coordination sphere. In
contrast, the metal ions lay higher above the plane of the first
coordination sphere in POM complexes (see Figure 1). The
key geometric parameters of the series of metal—dinitrogen
POM complexes obtained by DFT-MO6L calculations have
been listed in Table 1.

Table 1. Geometric Parameters (Bond Length in A, Angles
in Degree), Adsorption Energy (kcal mol™"), and Partial
Charges (e) on the Selected Atoms of the Metal—Dinitrogen
POM Complexes, Where the Metal is Ru, Os, Re, and Ir

param Ru—POM Os—POM Re—POM Ir—-POM
Geometric Parameters
spin multiplicity 1 1 2 1
M-N 1.857 1.830 1.843 2.074
WBI(M—N) 0.995 1.149 1.220 0.634
N-N 1.145 1.157 1.168 1.149
WBI(N-N) 2.530 2.382 2.283 2.532
£20-M-0 171 169 166 171
av M—O distance 2.070 2.049 2.034 2.060
N, adsorption energy —44.37 —62.75 —61.28 —11.32
Partial Charges

M 0.561 0.809 0.889 0.830
total charge of N, —0.093 —0.231 —-0.357 —0.243
N1 0.090 0.020 —0.035 —0.085
N2 —0.183 —0.251 —0.322 —0.158
total charge of [PW,03]"  —5.468 —5.578 —5.532  —5.587

Our DFT-—optimized calculations show that the bond
distance between the metal center and the four donor oxygen
atoms (dy, d,, ds, and d,) is about 2 A, and all transition metal
centers were found to hang over the plane determined by the
four oxygen donor atoms, reflecting an ZO—M—O angle in the
range 166—171° (see Table 1), which indicates that the
transition metal center is in a pseudo-octahedral environment
(see Figure 1). Compared with the standard octahedral
structure, the significant distortion comes from the large
bond distance between transition metal center and the O atom
(ds) of tetrahedral phosphate group PO,’". This weakened
bonding interaction provides an additional ability of the
transition metal center to bind to a dinitrogen molecule (see
Figure 1). According to our DFT calculations, Os— and Re—
dinitrogen POM complexes possess a small ZO—M—O angle
(see Table 1), and thus a long M—O bond distance (ds)
relevant to others, which indicates that they should provide a
strong metal—dinitrogen interaction. In order to check this
molecular geometric prediction, the adsorption energy of
dinitrogen over the POM complex has been calculated at
MO6L/6-31G(d) levels (LANL2DZ basis sets on metal atom).
The calculated data have been listed in Table 1. It can be found
that the adsorption energy of these metal—dinitrogen POM
complexes increases in the following order: Os—POM < Re—
POM < Ru—POM < Ir—=POM. In particular, the Os— and Re—
POMs possess considerable adsorption energy of —62.75 and
—61.28 kcal mol™', respectively. This result is in good
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agreement with the prediction on the basis of their molecular
geometries.

The bond distance depends on both the M—N interaction
and the metal radius. The optimized metal—nitrogen bond
distance decreases in the following order: Ir > Ru > Re > Os.
The optimized N—N bond distance increases in the following
order: Ru < Ir < Os < Re. The M—N and N—N distances are
closely related to the metal—dinitrogen bonding nature. In the
present paper, we also examine the bonding nature of those
POM complexes by using NBO analysis. The calculated WBI
value has been listed in Table 1. It can be found that the WBI
values of the M—N bond decrease in the order Re (1.220) < Os
(1.157) < Ir (1.149) < Ru (0.995), indicating the M—N single
bond nature. Also, the WBI values of the N—N bond decrease
in the order Ir (2.532) < Ru (2.530) < Os (2.382) < Re
(2.283), confirming the weakened N—N triple bond nature. It
is of considerable interest that the Re—dinitrogen POM
complex has the largest M—N WBI value but the smallest
N—-N WBI value. The NBO partial charges of the metal—
dinitrogen POM complexes are listed in Table 1. It can be
found that the charge of the dinitrogen molecule in these POM
complexes is negative. Compared with the neutral free nitrogen
molecules, the negative charge on the dinitrogen moiety
indicates the charge reorganization or transfer from the
transition metal center to the coordinated dinitrogen molecule.
We found that NBO partial charges of dinitrogen moiety
increase in the following order: Re (—0.357) < Ir (—0.243) <
Os (—0231) < Ru (—0.093). This charge reorganization
contributes to the activation of the dinitrogen molecule.
Therefore, the Re—dinitrogen POM complex has the longest
N-N distances and the smallest WBI value. Due to the
considerable adsorption energy, we will focus on the Ru—,
Os—, and Re—dinitrogen POM complexes in the following
discussion.

IR spectroscopy is able to detect small structural differences
and is a useful probe of the Keggin-type POM structure. In the
present paper, the IR spectra of a series of metal—dinitrogen
POM complexes have been calculated at MO6L/6-31G(d)
levels (LANL2DZ basis sets on metal atoms). In order to check
the reliability of our DFT-derived results, we first reproduce the
IR spectra of an known POM complex [PW,;0;Ru"NO]*,
which have been reported by Sokolov et al." It is well-known
that the Keggin-type POM contains a cage of tungsten atoms
linked by oxygen atoms with a tetrahedral phosphate group.
Oxygen atoms form four physically distinct bonds (P—O,,
W—0, W—O0,—W, and W—O_—W bonds), which have
distinct infrared signatures: 1080 cm™" for asymmetric stretch
vibration of P—O, (O, corresponds to oxygen atom of
tetrahedral phosphate group), 987 cm™ for asymmetric stretch
vibration of W=0, (O, corresponds to the terminal oxygen
atoms), 890 cm™' for bending vibration of W—O,—W (O,
corresponds to oxygen atom bridging the two tungsten atoms),
and 802 cm™' for bending vibration of W—O —W (O,
represents oxygen atom at the corners of the Keggin structure).
For the mono-transition-metal-substituted species, the triply
degenerate P—O, asymmetric stretch vibration (about 1080
cm™') of intact Keggin structure (a-[PW,,0,,]*") splits into
two IR bands. Similar behavior is observed in several mono-
transition-metal-substituted Keggin-type POM complexes.””
Also, the W=0,, W—O,—W, and W—O_.—W vibrations
are not significantly shifted when compared with that of the
intact Keggin structure. Therefore, the five characteristic
absorption peaks are easily employed to identify the structure
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Table 2. Calculated and Experimental Vibrational Frequencies (in cm™") and the Assigned Bands of the Series of POM

Complexes Studied Here

[PW,,05,Ru"'NO]*

model expt caled [PW;;05,Ru"™N,]*" caled [PW;;03,0s"N,]*" caled [PW,;05,Re"N,]*" caled assignment
v 1091 1097 1075 1086 1072 v(P-0,)
v 1037 1025 1029 1025 1039 u(P-0,)
vy 965 967 958 954 954 Y(W-0,)
Uy 887 886 883 881 882 D(W—Ob—W)
Vs 803 812 801 812 802 Y(W=0,-W)
Ve 1850 1884 2116 2060 1980 ¥(N—0) or »(N-N)

of mono-transition-metal-substituted Keggin-type POMs. Ac-
cording to FT—IR spectroscopy of [PW,;;03Ru"NO]*"
reported in the literature,'” the two P—O, asymmetric stretch
vibrations appear at 1091 and 1037 cm™, respectively; the W=
O, stretch vibrations, W—O,—W, and W—O_—W bending
vibrations appear, respectively, at 965, 887, and 803 cm™ L. Also,
a high-frequency and strong IR bond at 1850 cm™" is assigned
to the stretch vibrations of the coordinated NO* moiety. DFT-
derived IR spectra have been compared in Table 2. It can be
found that our DFT calculations reproduce these frequencies
well. The largest difference between calculated and exper-
imental frequencies is found to be the strong IR band at 1850
cm™" corresponding to the stretch vibration of the N—O bond
(1850 cm™ (expt) vs 1884 cm™ (calcd)).

For DFT-derived IR spectra of the ruthenium—dinitrogen
POM complex, a significant change is found when it is
compared with that of [PW;;O;Ru"NO]*". The IR band
corresponding to P—O, motion (v;) is predicted to shift by
about 20 cm™! upon replacement of NO* with N,. Another
distinct infrared signature is the absorption peak corresponding
to the stretch vibrations of the N—N bond. The IR absorption
band of free N,(g) appears at 2331 cm™" with a N—N bond
length of 1.0975 A. This frec%uency decreases with the
elongation of the N—N bond.'"” For example, azobenzene
shows an IR band at 1442 cm™" with the N—N bond length of
1.255 A, and hydrazine shows an IR band at 1111 cm™" with
the N—N bond length of 1.460 A. As mentioned above, the
optimized N—N bond distance decreases in the order Re > Os
> Ru in the series of metal—dinitrogen POM complexes. Our
IR spectrum calculations reproduce this trend of N—N bond
distance well. The calculated frequencies corresponding to the
stretch vibrations of N—N bond increase in the order Re (1980
em™!) < Os (2060 cm™) < Ru (2116 cm™).

We employed the Os—dinitrogen POM complex as an
example to analyze the electronic structure of those POM
complexes. Because the Os" center in POM ligand is in a
pseudo-octahedral environment, the t,, orbitals are not
degenerate. The frontier molecular orbitals (FMOs) of this
Os—dinitrogen POM complex are shown in Figure 2. It can be

HOMO-1

HOMO

Figure 2. Frontier molecular orbitals of the Os—dinitrogen POM
complex.
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found that HOMO — 2 and HOMO — 1 orbitals are
responsible for the metal—dinitrogen bonding interaction, and
both orbitals are made from an overlap of the 7* orbital of the
dinitrogen molecule with the symmetry adapted d,, and d,,
orbitals of the Os" center. On the basis of this orbital
interaction, activation of the dinitrogen molecule in this metal—
dinitrogen POM complex mainly comes from the donation of
electron from the symmetry-adapted d,, and d,, orbitals of the
Os" center into molecular orbitals that are antibonding with
respect to the dinitrogen molecule. For the d,, orbital, it is
destabilized by antibonding interactions with the p orbital of
the four oxygen donor atoms. This raises this d,,-like orbital
energy level, reflecting the HOMO. The LUMO and its
adjacent unoccupied orbitals are the symmetry-adapted
combinations of the d-like orbital of the tungsten atom,
which are not listed here. All results indicate that the Os"
center in this POM complex possesses a ﬂzxzﬂ'zyzll'zxy
configuration. In analogy, we determine that the Ru'l center
in its POM complex has the same electronic configuration.
Also, the Re" center has a ﬂzxzﬂzyzﬂlxy configuration.

For late transition-metal-substituted Keggin-type POM
anions, they always display a multistep reversible redox process.
It is well-known that the redox property of a molecular system
is closely associated with the nature of frontier molecular
orbital. As shown in Figure 2, the HOMO — 2, HOMO - 1,
and HOMO of [PW,,0;y0s"N,]%~ are metal-based d orbitals
of the Os! center. Thus, a multistep redox process Os!! - Os!
— Os" — Os" has been considered in this work. The HOMO
of [PW,;0350s"N, %~ is the d,-like orbital of the Os'! center.
Removal of an electron from this orbital would generate the
one-electron-oxidized species with respect to Os" — Os'™
oxidized process. The optimized Os—N and N—N distances
of the one-electron-oxidized species are listed in Table 3. It can
be found that the Os™—N distance increases to 1.854 A
(Ar(Os™™_N) = 0.024 A). Also, the N—N distance decreases
to 1.038 A (Ar(N=N(Os™™) = 0.012 A). This indicates that
the Os—N bond has been weakened and the N—N bond has
been strengthened in this one-electron-oxidized process, but

Table 3. Geometric Parameters (Bond Length in A, Angles
in deg) of Various Osmium-Substituted POM Complexes

param Ost Osttt OsY Os¥
Os—N 1.830 1.854 1.877 1.947
WBI(Os—N) 1.149 1.038 0.945 0.779
N-N 1.157 1.14§ 1.136 1.12§
WBI(N—-N) 2.382 2,490 2,586 2714
£0s—N-N 178 179 179 179
£0-0s-0 169 172 173 171
av Os—O distance 2.049 2.011 1.957 1.921
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the changes are not substantial. This trend is mainly due to the
ejected electron in the Os" — Os™ oxidized process coming
from a nonbonding d,,-like orbital with respect to the M—N or
N-N bonds. The FMO analysis of the Os™" species shows that
the two metal-based d,, and d,, orbitals are doubly occupied
and represent the bonding interaction between the Os™ center
and dinitrogen molecule. Also, the metal-based d,, orbital is
singly occupied and nonbonding. This result supports that the
Os'" center possesses a 7,7, 7', configuration.

For the Os™ — Os'" oxidized process, it would generate an
Os" center with d* configuration. The DFT-MO6L calculation
shows that the Os' species possesses a singlet ground state.
This indicates that the generation of the Os' species from the
Os™ species arises from the ejection of an electron from the
singly occupied d,, orbital. The optimized Os—N and N—-N
distances of the Os" species are listed in Table 3. It can be
found that the Os"'—N bond increases to 1.877 A, and the N—
N bond distance decreases to 1.136 A. The Ar(Os"™/V—N) and
Ar(N—N) are, respectively, 0.023 and 0.009 A (see Table 3),
which indicates that the Os—N and N—N bonds are not
significantly changed in a comparison with that of the Os™
species because the removal electron comes from the
nonbonding d,,-like orbital. The FMO analysis shows that
the HOMO and HOMO — 1 of the Os" species are the doubly
occupied d,, and d,, orbitals, which are representative of the
0s""—N bonding interaction. All results indicate that the Os"
center possesses a ﬂzxzﬂ’zyzﬂoxy conﬁguration.

The Os" — Os" oxidized process results in an Os" center
with a d® configuration. According to our DFT-MO6L
calculations, the OsY species is found to have a low-spin
ground state (doublet state). This indicates that the generation
of Os” species from Os" species arises from the ejection of an
electron from the d,-like Os—N bonding orbital. The
optimized calculation gives the Os'—N bond distance of
1.947 A (see Table 3), compared with the Os™'—N bond length
of 1.877 A, which indicates that the Os"Y — Os' oxidized
process weakens the Os—N bond, Ar(OsV/V—N) = 0.070 A,
which is larger than that of Os" — Os™ and Os™ — Os"
oxidized processes. This is mainly due to the removal electron
coming from the Os—N bonding orbital.

All results indicate that the configuration of the Os center in
this multistep redox process (Os" — Os™ — Os" — 0s") can
be assigned as ﬂzxzﬂzyzﬂzxy - ﬂlxzirzyzﬂlxy - . yzﬂ'o y
ﬂzxzn'lyzﬂoxy. The calculated WBI values of Os—N bond in the
series of oxidized processes decrease from 1.157 to 0.779 (see
Table 3). This indicates that the Os—N bond in the series of
oxidized processes is still the weak single bond. Also, the
calculated WBI value of the N—N bond increases in the range
2.382—2.714 A. The series of oxidized processes also affects
other key geometry parameters, but these changes are not
significant (see Table 3).

MacKay et al. proposed'® that the synthesis methods for
transition metal—dinitrogen complexes can be roughly divided
into three classes: (1) ligand substitution, replacement of a
weakly bound ligand with dinitrogen, (2) spontaneous
coordination of dinitrogen to a vacant site in the coordination
sphere, and (3) reduction of transition metal complexes to low-
valent species that bond and activate dinitrogen. In general,
transition-metal-substituted Keggin-type POMs were synthe-
sized by a direct reaction of discrete lacunary anion
[PW,,045]"" with an appropriate transition metal complex. A
number of transition-metal-substituted Keggin-type POM
anions have been prepared by using this synthesis method,®
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such as the ruthenium-substituted POMs, [PW;;03,Ru"L]*~ (L
= H,0, DMSO, and NO*)."»** With the above points taken
into account, the ligand substitution may be a promising
synthesis method for transition metal dinitrogen POM
complexes.

We have calculated the free energy of the ligand-substituted
reaction for the Ru—, Os—, and Re—POM complexes at room
temperature and 1 bar pressure (see Table 4). The calculated

Table 4. Calculated AG,os i (kcal mol™) Values for the
Ligand-Substituted Reactions in Dichloromethane,
Acetonitrile, and Tetrahydrofuran Obtained by MO6L/6-
31G(d) Calculations (LANL2DZ Basis Sets for Metal Atom)

[PW,;0,,M™H,0]%~ + N, = [PW,;0;,,M"N,]>~ + H,0

complex dichloromethane acetonitrile tetrahydrofuran
Ru—POM —15.40 —154S —18.77
Os—POM —30.97 —30.92 —31.83
Re—POM —-3291 —32.79 —34.59

AGygg x (kcal mol™') values show that, in dichloromethane,
acetonitrile, and tetrahydrofuran, all reactions are thermody-
namically allowed. Reactions of [PW;;03,0s"™H,0]°" and
[PW,,03,Re"H,0]°" with dinitrogen (AGygk = ca. — 30
kcal/mol) are readily accessible relevant to the reaction of
[PW,,05,Ru"H,0]°" with dinitrogen (AGygg = ca. — 15
kcal/mol). All results suggest that ligand substitution may be a
feasible route thermodynamically for all three POM complexes
studied here.

Another important event in dinitrogen chemistry is the
cleavage of the N—N bond. Direct cleavage of the dinitrogen
molecule by a linear bimetallic complex has been reported by
Cummins and co-workers,”* where a dinuclear molybdenum
complex [(R(Ar)N);Mo](-N,)[Mo(N(Ar)R);] (R = alkyl
and Ar = 3, 5-(CH;),C¢H,) can undergo a first-order process of
N-N bond cleavage via a rate-determining zigzag transition
state. This direct-cleavage approach was expanded to our
system and described in Scheme 1. The proposed mechanism
in Scheme 1 contains two important intermediates, 2 and 3.
Coordination of the dinitrogen to the POM complex results in
intermediate 2, which has been systematically discussed above.
Then, the second POM complex coordinates to 2, which leads
to the intermediate 3, a dimeric Keggin-type POM complex
(see Scheme 1).

In the present Article, dimeric Keggin-type POM complexes
of ruthenium, osmium, and rhenium have been considered for
direct cleavage of N—N bond. The molecular geometries of
the series of dimeric Keggin-type POM complexes have been
optimized by using MO6L functional at 6-31G(d) levels
(LANL2DZ basis sets on metal atom), and the key geometric
parameters have been compared in Figure 3. It can be found
that the metal—nitrogen bond distance decreases in the
following order: Ru > Os > Re. The N—N distance increases
in the following order: Ru < Os < Re. The most remarkable of
these parameters is that of the dimeric Re complex, it has the
largest N—N bond length. The Re atom in this complex is
formally an oxidation state of +2 with one unpaired d electron,
giving rise to two possible spin states, open-shell singlet state
and triplet state. For the open-shell singlet state, the optimized
calculations have been performed on the basis of broken-
symmetry DFT method in this work. An effort to optimize the
triplet state has not been achieved because of the significant
geometric distortion of Re—N=N-—Re unit. As shown in
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Scheme 1. Proposed Mechanism for the Cleavage of N—N bond“
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Figure 3. Optimized molecular structure of dimeric Keggin-type POM
complexes of ruthenium, osmium, and rhenium (bond length in A,
angles in deg).

Figure 3, our DFT-MO6L calculations show that the dimeric Re
complex in the open-shell singlet state exhibits an almost linear
Re—N=N—Re unit with the N—N bond distance of 1.201
A, which is stretched by 0.03 A from that in 2.

According to our DFT-MO6L calculations, the N—N bond
cleavage of the dimeric Re complex in the open-shell single
state takes place though a transition state 4 with a zigzag
conformation at a moderate barrier, AG* = 16.05 kcal mol™! in
tetrahydrofuran, and a N—N bond distance of 1.512 A, which
corresponds qualitatively to a N—N single bond. Schneider et
al. recently reported™ that a dinuclear Re complex [(PNP)-
CIRe(N,)ReCI(PNP)] (PNP = N(CHCHPtBu,),) can under-
go the N—N cleavage via a zigzag transition state (N—N bond
length is 1.64 A) with a barrier, AG* = ~17.6 kcal mol™" (84.4
k] mol™), which is similar to our studied system. As shown in
Figure 4, the cleavage of the dinitrogen molecule results in the
formation of a nitridlo POM complex $ with a strong Re=N
triple bond. The overall reaction starting from the dimeric Re
POM complex is exothermic by 39.09 kcal mol™ in
tetrahydrofuran. This suggests the thermodynamic driving
force for the N—N cleavage reaction studied here.

4. CONCLUSION

DFT calculations have been performed to explore the
molecular geometry, electronic structure, metal—dinitrogen
bonding, IR spectroscopy, and possible synthesis methods for a
series of metal—dinitrogen POM complexes
[PW,,0;,M"(N,)]*" (M = Ru, Os, Re, Ir). Although all
these POM complexes have a similar metal—dinitrogen moiety,
their M—N and N—N distances are considerably different.
According to the geometric structure and adsorption energy of
the dinitrogen molecule over the POM complex, we found that
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Figure 4. Calculated free energies for dinitrogen cleavage starting from
the dimeric Re POM complex 3 in tetrahydrofuran (M06L/6-31G(d)
calculations (LANL2DZ basis sets on metal atom)).

Os— and Re—dinitrogen POM complexes possess a strong
metal—dinitrogen interaction. The WBI was employed to take
the difference of ionic radii of metal centers into account, and
we found that Re—dinitrogen POM complex has the largest
M—N WBI value but the smallest N—N WBI value. The
electronic structure analysis shows that Ru" and Os" centers in
their metal—dinitrogen POM complexes both possess
ﬂlxzﬂzyzﬂzxy configuration, and Re' center has a ﬂ'zxzﬂzyzﬂlxy
configuration. The electronic configuration of Os center in its
multistep redox process can be assigned as ﬂzxzﬂ'zyzﬂzxy -
ﬂzxzﬂzyzﬂlxy - ﬂzxznzyzﬂoxye ﬂzxzﬂ'lyzﬂ'oxy. Compared with the
experimental data, our DFT calculations reproduced the IR
spectra of transition-metal-substituted Keggin-type POMs well.
The characteristic absorption peaks of Ru—, Os— and Re—
dinitrogen POM complexes have also been predicted on the
basis of our DFT calculations. The possible synthesis routes of
Ru—, Os—, and Re—dinitrogen POM complexes have also been
proposed in this work. Our DFT calculations confirm that they
are feasible routes thermodynamically for all three POM
complexes studied here.

A dimeric Keggin-type POM complex of ruthenium could
represent the intermediate which undergoes N—N bond
scission. Our DFT calculations indicate that the cleavage of
the N—N bond in this dimer takes place through a transition
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state with a zigzag conformation at a moderate barrier in
tetrahydrofuran (AG¥ 16.05 kcal mol™'). All of the
reasonable relationships proposed in our work provide clear
and good understanding of the interaction between the metal
and the dinitrogen molecule and mechanism of N—N bond
scission.
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