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Abstract Quantum chemical calculations at the DFT level
have been carried out for model complexes [Mo(P)(NH;)3]
(1), [Mo(N)(NH2)3] (2), [Mo(PO)(NH2)3] (3), [Mo(NO)
(NH2)3] (4), [Mo(CO)5(PO)]* (5), and [Mo(CO)5(NO)]*
(6). The equilibrium geometries and the vibration frequencies
are in good agreement with experimental and previous theo-
retical results. The nature of the Mo—PO, Mo—-NO, Mo-PO™,
Mo-NO™, Mo-P, and Mo—N bond has been investigated by
means of the AIM, NBO and EDA methods. The NBO and
EDA data complement each other in the interpretation of
the interatomic interactions while the numerical AIM results
must be interpreted with caution. The terminal Mo—P and
Mo-N bonds in 1 and 2 are clearly electron-sharing tri-
ple bonds. The terminal Mo—PO and Mo-NO bonds in 3
and 4 have also three bonding contributions from a ¢ and
a degenerate m orbital where the o components are more
polarized toward the ligand end and the 7 orbitals are more
polarized toward the metal end than in 1 and 2. The EDA
calculations show that the = bonding contributions to the
Mo-PO and Mo-NO bonds in 3 and 4 are much more impor-
tant than the o contributions while ¢ and 7 bonding have
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nearly equal strength in the terminal Mo—P and Mo-N bonds
in 1 and 2. The total (NH;)3Mo-PO binding interactions
are stronger than for (NH,)3Mo—-P which is in agreement
with the shorter Mo—PO bond. The calculated bond orders
suggest that there are only (NH»)3 Mo—PO and (NH3)3Mo—
NO double bonds which comes from the larger polariza-
tion of the o and 7 contributions but a closer inspection
of the bonding shows that these bonds should also be consid-
ered as electron-sharing triple bonds. The bonding situation
in the positively charged complexes [(CO)sMo—(PO)]™ and
[(CO)sMo—(NO)] ™ is best described in terms of (CO)sMo —
XO™ donation and (CO)sMo <« XO™ backdonation (X =
P, N) using the Dewar—Chatt—Duncanson model. The latter
bonds are stronger and have a larger 7 character than the
Mo-CO bonds.

Keywords Nitric oxide - Phosphorus oxide - Molybdenum
complexes - Energy decomposition analysis - AIM - NBO

1 Introduction

Phosphorus monoxide is a spectroscopically well-charac-
terized molecule [1-9] and it is one of the most abundant
phosphorus-containing compounds in interstellar space [10—
12]. However, the coordination chemistry of PO is much less
developed [13-21] in comparison with its analogue NO [22—
28], due mainly to the intrinsic instability of PO in relation to
the oxides P4Og and P4O1¢ [29,30]. Therefore, the coordina-
tion chemistry of PO represents a real challenge to inorganic
chemists.

Due to the pioneering work of Scherer and co-workers
[31] the first metal complexes bearing PO as a ligand have
been synthesized and the structure could become character-
ized by X-ray structure analysis. They performed an oxida-
tive cleavage of P—P bond of (n5 — C5HPrZ)2Ni2W(CO)4P2
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complex with bis-trimethylsilyl peroxide, obtaining the anal-
ogous (n° — CsHPr})2Nio W(CO)4(PO)2, in which the PO
groups assume p3-coordination. The authors reported that
the PO bond lengths (1.462 — 1.480 A) showed good agree-
ment with calculated [32-34] and experimental values [33]
for isolated PO molecule, while the stretching frequency of
PO (v = 1,260cm™") was slightly larger than for free PO
(v=1,218cm™ ') and P,O(v = 1,240cm™") [31,35].

In later experimental studies, different strategies for
accessing PO complexes have been proposed [16-21]. For
instance, the hydrolytic cleavage of PN bonds in aminophos-
phinidene (13 — PNR») and (a4 — PNRy) clusters [16,17,
19,20], and the transference of oxygen atom to phosphide
terminal complexes [36,37] through dimethyldioxirane oxi-
dation [18], allowed the preparation of various complexes
containing PO as ligand for different transition metals such
as Ru, Co, Os, W, and Mo [16-21].

The nature of the chemical bonding between transition
metals and PO has been a topic of debate in experimental
and theoretical chemistry [16-25,27,28,38]. Comparisons
between TM-NO and TM-PO reveal particular features
of the TM-PO bond. The PO stretching frequency in
TM-PO is in most cases below that of free PO. However,
for some complexes such as [775 — CsH5(CO,)Mo]3PO,
[n° —CsHs(CO2)Mo]3PO, and (OP)Mo[N(R)Ar]3, v(PO) is
slightly above that of free PO [15,39]. Only few theoreti-
cal studies have been devoted to investigate the nature of
the TM-PO bond in molybdenum and ruthenium complexes
[38] or to gain insight into the nature of TM=P and TM-PS
bonds in some molybdenum and tungsten—phosphorus com-
plexes [40]. Bérces and co-workers [38] presented a study
about the nature of the TM-PO bond. They correlated orbital
interactions, bond lengths, population analysis, and atomic
charges in order to achieve reasonable explanations about the
observed trends on the vibrational frequencies of coordinated
PO in comparison with NO and CO. The authors performed
DFT calculations for various transition metal complexes, in
which PO can assume different patterns of coordination, e.g.
3 and pacoordination or as terminal ligand [38]. According
to these authors, the orbital interactions between PO and tran-
sition metals occur predominantly via = backdonation, inde-
pendent of the nature, coordination mode or oxidation state
of the transition metal. They also observed that the proper-
ties of the TM—PO bonds such as bond length, bond strength
and stretching vibrational frequencies are determined by the
orbitals interactions and by electrostatic interactions as well.

As the number of theoretical papers devoted to investi-
gate the nature of TM—PO and TM=P bonding is scarce [38,
40], we decided to carry out a comparative theoretical study
of phosphorus and nitrogen complexes [Mo(P)(NH»)3] (1),
[Mo(N)(NH2)3](2), [Mo(PO)(NH2)3] (3), [Mo(NO)(NH2)3]
(4), [Mo(CO)s(PO)]™ (5) and [Mo(CO)s(NO)]I™ (6) (Fig. 1).
The results of this work shed new light on the bonding
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situation of PO and its congener NO coordinated with Mo
and they reveal the differences between Mo=P and Mo=N
chemical bonds in phosphido 1 and nitrido 2 complexes. We
report about the equilibrium geometries and the vibrational
frequencies using DFT calculations at the BP86/TZ2P level.
The electronic structure of the Mo—PO, Mo-NO, Mo-PO™,
Mo-NO™, Mo=P, and Mo=N bonds was analyzed in terms
of the donor—acceptor model of Dewar, Chatt, and Duncan-
son [41-44], employing the energy decomposition analysis.
The topological analysis of the electron density, including
the Laplacian distribution Vzp(r) of 1-6 was also carried
out [45,46]. Furthermore, the bond orders, atomic charges,
atomic polarization coefficients, and hybridizations of
complexes 1-6 were calculated with natural bond orbitals
analysis [47].

2 Methods

The geometries, harmonic frequencies, and the bonding anal-
ysis have been calculated at the nonlocal DFT level of theory
using the exchange functional of Becke [48] and the correla-
tion functional of Perdew [49] (BP86). Uncontracted Slater-
type orbitals (STOs) were used as basis functions for the
SCF calculations [50]. Triple-¢ -quality basis sets were used
which were augmented by two sets of polarization functions:
p and d functions for the hydrogen atom and d and f func-
tions for the other atoms. This level of theory is denoted
as BP86/TZ2P. An auxiliary set of s, p, d, f, and g STOs
were used to fit the molecular densities and represent the
Coulomb and exchange potentials accurately in each SCF
cycle [51]. Scalar relativistic effects have been considered
for the transition metals using the zero-order regular approx-
imation (ZORA) [52-54]. The calculations were performed
using the ADF-(2006.1) program package [55,56]. All struc-
tures reported here have been checked to be energy minima
on the potential energy surface.

The nature of Mo—PO, Mo-NO, Mo-PO*, Mo-NOt,
Mo=P, and Mo=N chemical bonds was analyzed by means
of NBO analysis [47], topological analysis of electron den-
sity [45,46], and the energy decomposition analysis (EDA),
which is implemented in the program ADF and was origi-
nally developed by Morokuma [57,58] and by Ziegler and
Rauk [59]. EDA has been proven to be a reliable and a pow-
erful tool, improving the understanding about the nature of
chemical bonding in main group compounds [60,61] and in
transition-metal complexes [62,63]. Since this method has
been discussed in detail in the current literature [62—-64], we
will describe the involved theory only briefly. The focus of
the bonding analysis is the instantaneous interaction between
the two fragments of the molecule, A Ej,¢, which is the energy
difference between the molecule and its fragments in the fro-
zen geometry of the compound. A Ejy; can be decomposed
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Fig. 1 Calculated
(BP86/TZ2P) and experimental
(see Refs [18,72,73])
geometries. For complex 6,
MP2/11 values were taken from
Ref. [74]. The bond distances
are depicted in A and the bond
angles in degrees)

BP86: 2.108
exp: 2.119

BPg6: 1.498
exp: 1.492

BP86: 2.100
BP86:1.140 MP2iil: 2.119

into three different components (Eq. 1), frozen electron-density distribution of the fragments in the
geometry of the complex. The second term in Eq. 1, A Epayy,
refers to the repulsive interactions between the fragments
where A E¢stat 18 the quasiclassical electrostatic interaction ~ because two electrons with same spin cannot occupy the same
between the fragments and is calculated by considering the  region in space. It is obtained by enforcing the Kohn—Sham

AEin = AEeistat + AEpauti + AEory (1)
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determinant of the orbitals of the superimposed fragments
to obey the Pauli principle by antisymmetrization and renor-
malization. In the last step of the EDA calculation, the third
term of Eq. 1, A Eq, is obtained by relaxing the molecular
orbitals to their optimal forms in order to yield this stabilizing
interaction. This term not only incorporates Heitler—London
phenomenon [65] and has additional contribution of polar-
ization and relaxation, but can also be partitioned into con-
tributions from the orbitals belonging different irreducible
representations of the point group of the interacting system.
The interaction energy, A Ejy, together with the term A Epyep,
which is the energy necessary to promote the fragments from
their equilibrium geometry and electronic ground state to the
geometry and electronic state that they acquire in the ccom-
pound, can be used to calculate the bond dissociation energy
(Eq. 2). Further details about EDA can be found in the liter-
ature [55-64].

—D. = AEprep + AFEin. 2

The figures of the molecular structures and orbitals
presented in this manuscript and in the supporting informa-
tion were obtained by using the ADFview program, avail-
able for the ADF-(2006.1) program package [55,56]. The
Bader analysis [45,46] was carried out using AIMPAC suit
of programs [66]. The NBO analysis [47] was performed by
using the NBO 5.0 package [67], implemented in the Gauss-
ian03 [68]. To perform NBO and AIM analyses, the effective
core potential (ECP) MWB28 [69] was employed with the
Gaussian basis set TZVP [70,71]. The latter calculations at
BP86/TZVP were carried out using the geometries which
were optimized at BP86/TZ2P.

3 Geometries and vibrational frequencies

Figure 1 shows the optimized geometries of the model com-
pounds 1-6 at BP86/TZ2P. Experimental values of substi-
tuted derivatives of 1-3 [18,72,73] and calculated values of 6
from a previous study at the MP2/1I level [ 74] are also shown.
The calculated bond lengths of 1-3 are in good agreement
with the experimental data and the BP86/TZ2P values con-
cur with previous MP2/II values where the basis set has DZP
quality [74].

The calculated and experimental distances for the
(NH»)3Mo-PO bond in 3 are slightly shorter than for the
(NH3)3Mo-P bond in 1 but the calculations predict that
the (NH2)3Mo-NO bond in 4 should be clearly longer than
the (NH»)3Mo—-N bond in 2. The Mo-PO and Mo-NO bonds
in the formally Mo(VI) compounds 5 and 6 are significantly
longer than in the formally Mo(0) compounds 3 and 4 while
the P-O and N-O bonds in the latter species are clearly
shorter than in the former complexes. The BP86/TZ2P cal-
culations predict that the interatomic distances in free PO
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(1.476 A) and NO (1.151 A) which were calculated in the
X211 electronic ground state become longer in 3 and 4 while
they are shorter in 5 or remain constant in 6. The change in
the P-O and N-O distances between the free species and the
complexes agrees with the trend of the calculated stretching
frequencies v(PO) and v(NO) . The theoretically predicted
wavenumber for the harmonic modes of the free species
are v(PO) = 1,233cm ™! and v(NO) = 1,904cm™!. The
calculated frequencies for the molybdenum complexes
are V(NHp)3Mo-PO = 1,221cm™!, v(NH3)3sMo-NO =
1,669cm™!, v(CO)sMo-PO = 1,310cm™! and v(CO)s
Mo-NO = 1,862cm™".

4 Bonding analysis

The focus of our work is on the analysis of the metal-ligand
bonding situation using charge- and energy decomposition
methods. The results of the charge analyses are discussed
first. Tables 1 and 2 give the NBO results for the complexes
1-6.

The Wiberg bond orders [75] shown in Table 1 suggest
that the (NHz)3Mo—P bond in 1 (b} = 2.550) and the ter-
minal (NHz)3Mo-N bond in 2 (b{y) = 2.640) have triple
bond character. Since the bonds are polar, the bond orders
should have a value < 3. The bond polarization and hybrid-
ization of the NBOs given in Table 2 indicate that the o and
the degenerate m components of the Mo—P bond in 1 are
slightly polarized toward the metal end while the o and =
components of the Mo—N bond in 2 are polarized toward
nitrogen. The calculated charge distribution gives positive
partial charges for Mo in both compounds 1 (+0.585 e) and
2 (+1.196 ). The latter value is much higher than the former
because the molybdenum atom in (NH3)3MoN looses elec-
tronic charge to the terminal nitrogen atom which carries a
negative charge of —0.380e while the molybdenum atom in
(NH»>)3MoP gains electronic charge from the terminal phos-
phorus atom which has a positive charge of +0.136e. Note
that Mo and P atoms in 1 carry positive partial charges. The
electrostatic contributions to the bond are frequently esti-
mated using atomic partical charges which would mean that
there is a repulsive electrostatic contribution to the Mo—P
bond in 1. The reasoning is not valid, because atomic partical
charges are scalar quantities which do not give any informa-
tion about the spatial distribution of the electronic charge. It
will be shown below that the electrostatic contribution to the
Mo-P bond in 1 is strongly attractive.

The calculated bond orders for the PO and NO complexes
3 and 4 suggest that the Mo—PO bond in 3 (1.941) and
the Mo—-NO bond in 4 (1.842) are closer to double bonds
(Table 1). However, the NBO analysis gives three compo-
nents for the Mo—PO bond in 3 and the Mo—NO bond in 4,
one o and two degenerate 7 bonds (Table 2). The o orbital
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Table 1 Bond orders and atomic charges, obtained by NBO analysis
for complexes 1-4, at BP86/TZVP, ECP = MWB28

Compound Bond bond orders Atomic charges

b/(:]g) bf:émo/ mpa) Atom/group ¢NPA

1 Mo(1)-P(2) 2.550 2.428 Mo(1) 0.585
Mo(1)-N(3) 0.954 0.680 PQ2) 0.136

N@3) —0.980

2 Mo(1)-N(2) 2.640 2.570 Mo(1) 1.196
Mo(1)-N(3) 0.923 0.658 NQ) —0.380

N@3) -1.018

3 Mo(1)-P(2) 1.941 1.770 Mo(1) 0.521
Mo(1)-N4) 0.932 0.670 PQ2) 1.165

P2)-0(3)  1.440 0.950 0@3) —0.861

N(4) —1.005

P(2)-0(3)  0.304

4 Mo(1)-N(2) 1.842 1.950 Mo(1) 1.100
Mo(1)-N4) 0.915 0.650 N@©) 0.080

N@2)-0(3) 1.609 1.296 0@3) —0.301

N(4) ~1.028

N(2)-0(3) —0.221

5 Mo(1)-P(2) 1.156 0.939 Mo(1) —1.298
Mo(1)-C(4) 0.697 0.694 PQ2) 1.527
Mo(1)-C(6) 0.631 0.633 003) —0.716

PQ)O3) 1738 1.182 c4) 0.600

CAO0G) 2300 1.534 C(6) 0.639

C6)O(T) 2357 1431 o(5) —0.320

o(7) —0.238

P(2)-03) 0811

6 Mo(1)-N(2) 1.280 0.911 Mo(1) —0.727
Mo(1)-C(4) 0.682 0.641 NQ) 0.320
Mo(1)-C(6) 0.599 0.576 0(3) —0.025

N@Q)O(3)  2.000 1.334 C4) 0.590

CAO0G) 2318 1418 C(6) 0.595

C)O(7) 2358 1431 0o(5) —0.308

o(7) —-0.292

N@2)-0(3)  0.295

b Wiberg bond index, b\ "™ Atom-atom net lincar NLMO/NPA
bond orders

is significantly polarized toward the P and N end, respec-
tively, while the Mo—PO and Mo-NO 7 bonds in 3 and 4
are slightly more polarized toward the metal end compared
with the Mo-P and Mo-N 7 bonds in 1 and 2. The stronger
polarization of the ¢ and 7 bonds in 3 and 4 explain why the
triple bonds have smaller bond orders than the triple bonds
in 1 and 2. Partial double bond character is also suggested by
the calculated bond orders for the P-O bond (1.440) in 3 and
the N-O bond (1.609) in 4. Since thee bonding components
are assigned to the Mo—PO bond in 3 and the Mo—-NO bond
in 4, there is only one o component possible for the P-O and

N-O bonds in the two compounds. The NBO calculations
were carried out with allowance for three-center bonding but
they did not give a & bonding contribution for the P-O and
N-O bonds in 3 and 4. We think that the NBO results should
be interpreted such that the 7 contributions of the Mo—PO
and Mo—NO bonds are larger than those of the P-O and N-O
bonds, respectively. Although the total bond orders in 3 and
4 are even smaller than 2, the bonds may be interpreted as
triple bonds because there are one o and two 7 bonds which
explains that the Mo—PO bond length in 3 is even slightly
shorter than in 1. It will be shown below that the Mo—PO
bond in 3 is also stronger than the Mo-P bond in 1. The lat-
ter results should not be interpreted as a failure of the NBO
method. Rather, they show that the description of chemical
bonds in terms of a single Lewis structure is not adequate for
delocalized systems, which is well known.

The charge analyses for S and 6 indicate that the Mo—P-O
and Mo—N-O bonds in the low-valent Mo(0) complexes are
very different from the bonds in the high-valent Mo(VI) com-
pounds 3 and 4. The bond orders shown in Table 1 for the
Mo-PO bond in 5 (1.156) and the Mo—NO bond in 6 (1.280)
are only slightly higher than for a single bond while the
bond orders for the P-O bond (1.738) and the N-O bond
(2.000) suggest double bond character. The interpretation is
supported by the NBO results for § (Table 2) which now gives
three components, one o orbital and two degenerate 7 orbi-
tals for the P-O bond while the Mo—PO bond has only one
component with o symmetry. The NBO results for 6 sketch a
rather unusual bonding situation. The Mo—NO bond has two
degenerate 7 contributions but no o contribution while the
N-O bond has only a o orbital but no 7 orbitals. The result
can be understood when one realized that the NBO algo-
rithm, which is designated to give the most favorable Lewis
structure, is critically challenged when it comes to transi-
tion metal complexes where the number of relevant bond-
ing orbitals greatly exceeds the number of availabe electron
pairs. There are three bonding contributions for each Mo—CO
bond, one o orbital for the Mo <—CO donation and two degen-
erate 7 contributions for the Mo— CO backdonation. This
yields 15 orbital contributions to the Mo-CO bonding in
[(CO)sMo(NO)]T (6) which are difficult to cast into a Lewis
picture.

The significant differences in the bonding situation
between 3 and 4, on the one hand side and 5 and 6, on the
other side comes also to the fore by the calculated particle
charges (Table 1). The molybdenum atom in 3 and 4 carries
a large positive charge but the Mo atom in 5 and 6 has a
large negative charge. The PO and NO moieties in the latter
low-valent complexes possess ~0.5 electrons less than in the
high-valent compound 3 and 4.

We analyzed the charge distribution in compounds 1-6
with AIM method (Atoms in Molecules) developed by Bader
[45,46]. Figure 2 shows the contour line diagrams of the
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Table 2 Atomic polarization
coefficients, and hybridizations
of the metal-ligand, P-O, and

Polarization coefficients / hybridization

RO bonds at BPSGTZVE. ECP Compound Bond(M-L) M% L% s%M) p%M) d% M) s% (L) p% (L) d% (L)

=MWB238 1 Mo(1)-P2), 521 470 15.6 0.4 84.0 12.2 873 05
Mo(1)-P(2), 553 425 0.0 0.1 99.9 0.0 99.6 04
Mo(1)-P(2), 554 424 0.0 0.1 99.9 0.0 99.6 04

Mo(1)-N(3) 241 753 135 0.2 86.3 41.8 582 0.0

2 Mo(1)-N(22), 415 574 5.0 0.1 94.9 17.6 822 0.1
Mo(1)-N(22); 467 521 0.0 0.1 99.9 0.0 99.9 0.1
Mo(1)-N(2); 467 521 0.0 0.1 99.9 0.0 99.9 0.1

Mo(1)-N(3) 230 765 149 0.2 84.9 40.6 594 00

3 Mo(1)-PQ2)y  29.0 699 225 0.1 77.4 74.5 255 00
Mo(1)-PQ2); 653 321 0.0 0.3 99.7 0.0 99.0 1.0
Mo(1)-PQ2); 653 321 0.0 0.3 99.7 0.0 99.0 1.0

Mo(1)-N4) 241 754 11.7 0.2 88.2 41.7 583 0.0

P(2)-0(3) 28.7 710 47.1 52.5 0.4 27.4 725 02

4 Mo(1)-N(2), 23.1 764 15.7 0.1 84.2 65.3 347 00
Mo(1)-N(2); 49.8 488 0.0 0.1 99.9 0.0 100.0 0.0
Mo(1)-N(2); 49.8 488 0.0 0.0 99.9 0.0 100.0 0.0

Mo(1)-N(4)  23.6 760 13.7 0.2 86.2 40.6 594 00

N(2)-0(3) 46.1 53.8 40.5 59.4 0.1 26.8 73.0 0.2

5 Mo(1)-P(2) 312 689 359 0.1 64.0 63.9 36.1 0.0
Mo(1)-C(4) 313 688 293 0.1 70.7 64.4 356 0.0

Mo(1)-C(6)  31.3 688 293 0.1 70.7 64.4 356 0.0

P(2)-0(3)s 265 735 38.1 61.4 0.5 29.3 705 02

P(2)-0(3), 219 78.1 0.0 97.0 3.0 0.0 99.8 0.2

P(2)-0(3) 219 78.1 0.0 97.0 3.0 0.0 99.8 0.2

6 Mo(1)-N(2); 59.0 410 0.3 0.0 99.7 0.0 100.0 0.0
Mo(1)-N(2); 59.0 410 0.3 0.0 99.7 0.0 100.0 0.0

Mo(1)-C(4)  29.1 709 34.6 0.1 65.3 64.2 358 0.0

Mo(1)-C(6) 250 751 30.1 0.1 69.8 64.8 352 00

N(2)-0(3) 439 561 39.0 60.8 0.2 31.5 683 02

Laplacian V2p(r) in the plane of the molecules which con-
tains the Mo—X (X = N, P, NO, PO) moieties. The shape of
the Laplacian in the vicinity of the terminal Mo—P and Mo—-N
bonds of 1 and 2 exhibits a circular form at Mo and N while
the phosphorus atom has a somewhat distorted shape with an
area of charge concentration (V2 p(r) < 0, solid lines) point-
ing toward Mo. The latter distortion becomes much larger in
the Mo—PO moiety of 3 (Fig. 2c) where two areas of charge
concentration at P atom are found in the 7 bonding region.
A slight distortion towards a squarish shape is also exhibited
at the Mo atom of 3 as well as 4. Note that the NO bond in 4
has a continuous area of charge concentration while the PO
bond in 3 possesses an area of charge concentration at oxy-
gen but there is charge depletion (V2 p (r) > 0, dashed lines)
at the phosphorus end. The shape of the Laplacian indicates
that the N-O bond in 4 is more covalent than the P-O bond in
3 and that both bonds are more covalent than the Mo—PO and

@ Springer

Mo-NO bonds. It is interesting to see that the Laplacian for
the Mo—PO and Mo—NO bonds in the low-valent complexes
5 and 6 have nearly the same shape as in the high-valent
complexes 3 and 4. This shows that the visual inspection of
the Laplacian is not very sensitive to explore the differences
between the bonding situation of related compounds.

More quantitative information about the AIM analysis
comes from the numerical data which are given in Table 3.
According to Bader [45,46], an electron-sharing (covalent)
bond is characterized by a negative value of the Laplacian
at the bond critical point V2pp while closed-shell interac-
tions (ionic bonds and van der Waals bonds) have positive
values of V2pyp. The calculated data in Table 3 would then
suggest that all bonds which were analyzed by us with the
AIM are ionic except for the Mo—P bond in 1 and the N-O
bonds in 4 and 6. This is a suprising finding particularly for
the C-O bonds because the shape of the Laplacian shows a
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(b)

Fig. 2 Contour-line diagrams of the Laplacian distribution V2 p(r) of
(a) 1 and (b) 2 in the Mo(1)P(2)N(4) plane at BP86/TZVP. Dashed
lines indicate local charge depletion (VZp, > 0) and solid lines indi-
cate local charge concentration (V2py, < 0). The solid lines connecting
the atomic nuclei are the bond paths and the solid lines separating the
atomic nuclei indicate the zero-flux surfaces in the molecular plane. The

continuous area of charge concentration between the carbon
and oxygen atom (Figs. 2e, f). It was already pointed out
by Cremer and Kraka [76] that the value of the Laplacian is
not a very reliable indicator for a covalent bond. They sug-
gested that the energy density at the bond critical point Hy, is
a better criterion. A negative value for Hj, indicates an elec-
tron-sharing (covalent) bond while a positive or zero value of
Hy, suggests closed-shell interactions (ionic bonds and van
der Waals bonds). Table 3 shows that the Hy, values are neg-
ative for all bonds and that the C—O bonds in 5 and 6 possess
particularly large negative Hy, values. Note that the terminal
Mo-X (X = N, P, NO, PO) bonds have only small negative
H,, values which suggests that these bond have a large ionic
character. The latter result is not in agreement, however, with
the triple bonds which are found by the NBO analysis for the
terminal Mo—P, Mo—-N, Mo-PO and Mo-NO bonds of 1-4.

We also analyzed the nature of the terminal Mo—P, Mo—-N,
Mo-PO and Mo-NO bonds of 1-6 with the EDA method.

(d)

crossing points of the bond paths and zero-flux surfaces are the bond
critical points (BCPs). Contour-line diagrams of the Laplacian distribu-
tion V2p(r) of (a) 3 and (b) 4 in the Mo(1)N(2)N(4) plane, obtained at
BP86/TZVP. Contour-line diagrams of the Laplacian distribution V2 p
(r) of (a) 5 (b) and 6 in the molecular plane containing atoms 1-7,
obtained at BP86/TZVP

The numerical results for 1-4 are shown in Table 4. A crucial
factor for the EDA is the choice of the interacting fragments
which was straightforward for the Mo—P and Mo-N bonds
of 1 and 2. The electronic ground states of the fragments
(NHz)3Mo and X (X = P, O) is a quartet state where the
unpaired electrons are in o and degenerate m orbitals as
schematically shown in Scheme la. The choice of the elec-
tronic states for the fragments of 3 and 4 is less obvious.
The ligands PO and NO have a doublet ground state while
the metal fragments are quartets. Test calculations showed
that the interactions where both fragments are in a dou-
blet state are better suited to describe the bonding situation
in the compounds than choosing fragments in the quartet
state. Scheme 1b schematically shows the occupation of the
interacting fragments in the doublet state which yield the
molecule in the singlet state. There is one Mo<«XO (X =
P, O) o-donor orbital, one Mo— XO m orbital for the
backdonation and one Mo—XO electron-sharing orbital. The
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Table 3 Bond critical points properties (a.u.) and calculated bond dis-
tances r(A) of complexes 1-6 at BP86/TZVP

Molecules BCPs Ob Vip, ¢ Hy r
1 Mo(1)-P(2) 0.148 —0.056 0.000 —0.103 2.108
Mo(1)-N(3) 0.137  0.437 0.158 —0.048 1.958
2 Mo(1)-N(2) 0.299  0.534 0.000 —0.248 1.654
Mo(1)-N(3) 0.135 0.434 0.160 —0.045 1.967
3 Mo(1)-P(2) 0.114 0.286 0.000 —0.054 2.099
Mo(1)-N(4) 0.137  0.439 0.081 —0.045 1.962
P(2-0(3) 0208 1353 0.000 —0.129 1.498
4 Mo(1)-N(2) 0.196 1.001 0.000 —0.092 1.743
Mo(1)-N(4) 0.135  0.443 0.041 —0.045 1.962
N@2)-0(3)  0.502 —1.175 0.000 —0.690 1.206
5 Mo(1)-P(2) 0.087 0.282 0.000 —0.028 2.227
Mo(1)-C(4) 0.097 0360 0.190 —0.024 2.093
Mo(1)-C(6) 0.093  0.327 0.000 —0.022 2.115
C4)-0(5) 0475 0.831 0.003 —0.833 1.140
C(6)-O(7) 0481 0.900 0.000 —0.846 1.135
P2)-0(3) 0224 1.670 0.000 —0.136 1.465
6 Mo(1)-N(2) 0.137  0.806 0.000 —0.036 1.876
Mo(1)-C(4) 0.095 0.359 0218 —0.023 2.100
Mo(1)-C(6) 0.082  0.315 0.000 —0.015 2.165
C4)-0(5) 0476 0.841 0.001 —0.834 1.140
C(6)-0(7)  0.482 0.909 0.000 —0.848 1.134
N(2)-0(3)  0.585 —1.745 0.000 —0.965 1.151

All values are in a.u. One atomic unit of p, = 6.748 e/&73, of V2p, =
24.10 eA_S, and of energy = ¢2/a0 = 627.51kcal/mol = 27.21eV

Table 4 EDA of Mo-P, Mo-N,

EDA method makes it possible to treat the 7 components of
the Mo—XO bond equally using fractional occupation num-
bers. For the EDA calculations of 3 and 4, the degenerate
antibonding 7 * orbitals of XO are occupied with 0.5 elec-
trons each, while the degenerate d(sr) orbitals of the metal are
occupied with 1.5 electrons. This gives a balanced descrip-
tion of the 7 interactions for the Mo—XO bonds in 3 and 4.

The EDA data in Table 3 show that the Mo—N bond of 1
is much stronger (A Eiy = —175.7kcal/mol) than the Mo—P
bond of 2 (AEj,; = —118.6kcal/mol). Both bonds have a
larger orbital (covalent) contribution than electrostatic con-
tribution which is revealed by the percentage values of the
AEqb and A E¢grae terms. It is interesting to note that the o
and 7 bonding interactions to the Mo—P and Mo—N bonds
have nearly equal strength. This is in agreement with the NBO
results (Table 2) which suggest that the o and  orbitals are
both not very polarized toward either end. The preparation
energies of the metal fragment A Eprep(f1) are not very large
and hence, the bond dissociation energies D, of the Mo—P and
Mo-N bonds of 1 (105.0kcal/mol) and 2 (162.1 kcal/mol) are
only slightly smaller than the A Ej,; values.

The EDA data suggest that the Mo—PO bond in 3 is stron-
ger than the Mo-P bond in 1 while the Mo—-NO bond in 4
is weaker than the Mo—N bond in 2. This is in agreement
with the trend of the bond lengths (Fig. 1) but it must be
mentioned that bond length and bond energy do not neces-
sarily correlate with each other (For pertinent examples see
[77,78]). The EDA data suggest that there are significant dif-
ferences between the Mo—PO and Mo—NO bonds in 3 and 4

Mo-PO, and Mo-NO bonds of 1 2 3 4
complexes 1-4 at BP86/TZ2P
(D [Mo(NH2)3] [Mo(NH2)3] [Mo(NH2)3] [Mo(NH2)3]
(f2) P N PO NO
symmetry C3y C3y C3y C3y
AEin —118.6 —175.7 —129.0 —154.2
AEpauli 283.2 437.0 157.1 222.6
AEcistat —201.7 (43.8%)* —236.5 (38.6%) —62.9 (21.2%) —92.8 (24.6%)
AEom —200.1 (56.2%) —376.2 (61.4%) —223.2 (78.8%) —284.0 (75.4%)
AEn —97.1 —192.8 —42.9 —53.2
AEa2 0.0 0.0 0.0 0.0
AEED —103.1 —183.4 —180.3 —230.8
Energy contributions in kcal AE, —97.1 (48.5%)P —192.8 (51.2%) —42.9 (19.2%) —53.2 (18.7%)
mol~! AE, —103.1 (51.5%) —183.4 (48.8%) —180.3 (80.8%) —230.8 (81.3%)
a . .
Values in parentheses give the D, ~105.0 _162.1 _1116 1348
percentage of attractive
interactions A Eejsiar + AEorb AEprep(f1) 13.6 13.5 22.8 20.7
® The value in parentheses gives AEprep(2) 0.0 0.0 5.4 9.6
the percentage contribution to the
AEexc(f2) - - - -

total orbital interactions, A Eqop
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Scheme 1 Schematic representation of the electronic structures of the
interacting fragments which are chosen for the EDA. a Interacting frag-
ments of complexes 1 and 2 in the quartet states, X = P, N. b Interacting
fragments of complexes 3 and 4 in the dublet states, X = P, N. Note
that in the EDA calculations the d(;r) orbitals of the metal are occupied
with 1.5 electrons (fop) and 0.5 electrons (center) and that the 7 orbitals
of XO are occupied with 0.5 electrons each. ¢ Interacting fragments of
complexes 5 and 6 where X-O is PO*, NO* or CO

on the one hand side and the Mo—P and Mo-N bonds in 1 and
2, on the other hand. The former bonds have a much larger
covalent character than the latter bonds which is suggested
by the higher percentage contribution of the AEy, term
which contributes between 75 and 79% to the total interaction
energy (Table 4). The orbital contributions to the Mo—PO and
Mo-NO bonds in 3 and 4 have also a much larger 7 charac-
ter which attains ~80% of the total A Eq, term. This is in
agreement with the NBO results (Table 2) which indicate that
the Mo—PO and Mo-NO ¢ bonds are much more polarized
than the 7 bonds.

The EDA results for the positively charged complexes 5§
and 6 are shown in Table 5. The results for the Mo—PO™
and Mo-NO™ bonds in 5 and 6 are not directly comparable
with the data for 3 and 4 because the interacting fragments
in the former compounds are closed-shell species (CO)sMo
and XO™ (X = P, N) where the bonding can be interpreted
using the Dewar—Chatt—Duncanson model [41-44] (See
Scheme 1c), while in 3 and 4 neutral open—shell species have

been chosen. We also analyzed the metal-CO bonding in §
and 6 and compared it with the Mo—PO™ and Mo—-NO™bonds
because they are valence isoelectronic. The EDA data indi-
cate that there is no attractive contribution from the A E¢jstat
term to the Mo—PO™ and Mo—-NO™ bonds and that the bind-
ing interactions solely come from the orbital term A Eq,. The
calculated interaction energies and bond dissociation ener-
gies predict that the Mo—PO™ and Mo-NO™ bonds in 5 and
6 are clearly weaker than the Mo—PO and Mo-NO bonds in
3 and 4 (Table 5). For all systems 3 - 6 holds that the 7 inter-
actions are much more important than the o bonding. The
results for the Mo—PO™ and Mo-NO™ bonds in 5 and 6 are
quite different to the nature of the Mo—CO bonds. The latter
bonds have only ~50% covalent character and the contribu-
tion of the o orbitals to the A E, term has about the same
strength as the contribution of the 7 orbitals.

5 Summary and conclusions

The calculated results which are reported in this work give a
comprehensive description of the metal-ligand bonding sit-
uation in the molybdenum compounds 1-6. The NBO and
EDA data complement each other in the interpretation of
the interatomic interactions while the numerical AIM results
must be interpreted with caution. The terminal (NH)3Mo—P
and (NH»)3Mo-N bonds in 1 and 2 are clearly electron-
sharing triple bonds. The terminal (NH;)3Mo—PO and
(NH3)3Mo-NO bonds in 3 and 4 have also three bonding
contributions from a ¢ and a degenerate r orbital where the
o components are more polarized toward the ligand end and
the 7 orbitals are more polarized toward the metal end than
in 1 and 2. The EDA calculations show that the 7= bond-
ing contributions to the (NH2)3Mo—-PO and (NH;)3Mo-NO
bonds are much more important than the o contributions
while o and 7 bonding have nearly equal strength in the
terminal (NH)3Mo-P and (NH,)3Mo-N bonds in 1 and 2.
The total (NH2)3Mo-PO binding interaction is stronger than
for (NH>)3Mo—P which is in agreement with the shorter
Mo-PO bond compared with the Mo—P bond. The calcu-
lated bond orders suggest that there are only (NHz)3Mo-PO
and (NH,)3Mo-NO double bonds which comes from the
larger polarization of the o and & contributions but a closer
inspection of the bonding shows that these bonds should also
be considered as electron-sharing triple bonds. The bond-
ing situation in the positively charges complexes [(CO)s
Mo—(PO)]t and [(CO)sMo—(NO)]* is best described
in terms of (CO)sMo — XO™ donation and (CO)sMo <«
XO* backdonation (X = P, N) using the familiar Dewar—
Chatt—Duncanson model. The latter bonding interactions are
stronger and have a larger m character than the Mo-CO
bonds.
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Table 5 EDA of Mo-NO", Mo—PO, Mo-CO4y), and Mo-COcq) bonds of complexes 5 and 6 at BP86/TZ2P*

5 6
(f1) [Mo(CO)s5] [Mo(CO)4PO]+ [Mo(CO)4PO]* [Mo(CO)s] [Mo(CO)4NO]* [Mo(CO)4NOJ™
(f2) PO™ COax) CO¢eq) NO* COax) CO¢eq)
symmetry Chy Chy Cy Chy Cuy Cs
AEin —76.8 —38.8 —42.6 —121.9 —34.7 —40.4
A Epauli 78.2 87.0 92.9 103.4 71.6 89.6
A Eelstat 8.5 —64.4 (51.2%) —69.9 (51.6%) 7.5 —55.0 (52.2%)* —67.1 (51.6%)
AEob —163.5 —61.4 (48.8%) —65.6 (48.4%) —232.8 —51.3 (47.8%) —62.9 (48.4%)
AE ) - - —49.2 - - —46.8
AE - - —16.5 - - —16.1
AE) —28.3 —37.2 - —27.0 —30.7 -
AEa2) —-04 0.0 - -0.3 0.0 -
AE®1) —1.5 —0.1 - -0.9 —0.1 -
AE®2) -3.1 —0.1 - —2.1 —0.1 -
AEE1) —130.2 —24.0 - —202.6 —20.5 -
AE, —28.3 (17.3%) —37.2 (60.6%) —32.6 (49.7%) —27.0 (11.6%)° —30.7 (59.8%) —30.7 (48.8%)
AE; —133.3 (82.7%) —24.1 (39.4%) —33.0 (50.3%) —204.7 (88.4%) —20.6 (40.2%) —32.2(51.2%)
—D¢ —67.1 -37.5 —38.9 —100.2 —-33.0 —-37.6
AEpep 9.7 1.3 3.7 21.7 1.7 2.8

Energy contributions in kcal mol~!

# Values in parentheses give the percentage of attractive interactions A Eejsiar + A Eorb
b The values in parentheses give the percentage contribution to the total orbital interactions, A Eqr,
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