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Electronic Structure of Metallacyclophosphazene and Metallacyclothiazene Complexes
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The electronic structure of metallacyclotriphosphazene complexes with several substituents at the phosphorus
atoms and metallacyclothiazene complexes is explored for a variety of transition metal elements using density
functional theory methods. Accordingly the metallacyclophosphazenes possess a large-tHOMO energy
separation while the metallacyclothiazenes bear stronger open-shell character. In addition our calculations predict
the existence of experimentally so far unknown dimetallacyclophosphazenes. All structures show to be highly
dynamical. The double bond character of the transition metal nitrogen bond is much less pronounced than in
nitrido or imido complexes. For the ring compounds vibrational spectra are reported and compared with experimental

data.
1. Introduction 100.7 -
. 981 X X X=H
Cyclophosphazenes were discovered more than one century 102.1 ‘*\\‘ cl
ago. In the reaction of phosphorus(V) chloride with ammonium N—FP
chloride
PCL, + nNH,CI — (NPCL), + 4nHCl 1 X4 107 1213
n n — n %P )118.7 1194 N 121.3120.3
b 4 ( bn (1) X’ 118.2 118.4 121.8121.4
a cyclotrimer and a cyclotetramer are formed as main products. }ggg N
Because of their structural similarity with the benzene molecule, 2046 P\u,,,
the cyclotrimers gave rise to some theoretical interest: The 1251 157 X
cyclotrimer adoptds, symmetry, all NP bonds are of equal Teos1a8 X
length (1.6 A)' a“‘?' intraannular angles of approximately 120 Figure 1. Molecular structure of cyclotriphosphazenes with different
were found (see Figure 1). substituents X%= H, F, and Cl at the phosphorus atoms (bond lengths

Therefore a benzene-like (“aromatic”) delocalization of the in A, angles in deg). Our calculated results (at the B3LYP/SBK(d) level)
a electrons has been assumed. The degree of delocalization hagre compared with experimental dafi italics).

been the subject of a historical controversy: Table 1. Partial Chargesq) and Wiberg Bond Indicesbf for

: 23 .
(i) T_he _model .Of Craig® postulates "?‘ completg cyclic Cyclotriphosphazenes,with NBO Analysis at the B3LYP/SBK(d)
delocalization of sixz electrons. A topological analysis of the | gyg

molecular orbitals in the basis of the grbitals of the nitrogen

atoms and the d orbitals of the phosphorus atoms demonstrates ain) a(P) atx) b(PN)

that the cyclotrimer should be aromatic. “3EE||:7|2))3 —1-33 %-gg _8'g$ 1-8%
o wi ” - H H H 3 3 —d1. . —VU. .
(i) In the “island model” of Dewdt n-delocalization is No(PCh)s 127 192 023 101

restricted to groups of only three atoms (i.e-N=P <

P=N—P). Thus, the electron sextet should remain essentially characterized as isolated nitrogen lone pairs. Therefore, the
nondelocalized. _ Lewis structure given in Chart 1 is a good description for the
If one makes use of modern quantum chemical methods, thegjactronic structure of the cyclotriphosphazenes.
admixture of d orbitals to the systems is found to be negligible. In 1986 the first metallacyclophosphazene could be character-
According to ab initio palculatlons the phosphomstr;)gen ized by X-ray diffractior? Formally, this molecule can be
bond should be described as a strongly pafabond>® A constructed by replacing a BXgroup by a WGI™ fragment.
significant charge concentration at the nitrogen atoms can bey gier, the synthesis of an analogous derivative of molybdenum
observed in a population analysis (e.g. utilizing the NBO gcceedetitoo. In these molecules, the transition metal atom
partitioning schemé;see Table 1); ther electrons have to be s coordinated by two nitrogen atoms, which are also part of

the ring system. A similar connectivity has been found in the

(1) Krishnamurthy, S. S.; Sau, A. C.; Woods, Atv. Inorg. Radiochem.

1978 21, 41-112. cyclic nitrido complexes of these transition met&¥st3 In this
(2) Craig, D. P.; Paddock, N. LNature 1958 181, 1052-1053.
(3) Craig, D. P.; Mitchell, K. A. RJ. Chem. Socl965 4682-4690. (8) Roesky, H. W.; Katti, K. V.; Seseke, U.; Witt, M.; Egert, E.; Herbst,
(4) Dewar, M. J. S.; Lucken, E. A. C.; Whitehead, M. A. £.Chem. R.; Sheldrick, G. M.Angew. Chem1986 98, 447-449; Angew.
S0c.196Q 2423-2429. Chem., Int. Ed. Engl1986 25, 477-479.
(5) Ahlrichs, R.; Schiffer, HJ. Am. Chem. S0d.985 107, 6494-6498. (9) Roesky, H. W.; Katti, K. V.; Seseke, U.; Schmidt, H.-G.; Egert, E.;
(6) Trinquier, G.J. Am. Chem. S0d.986 108 568-577. Herbst, R.; Sheldrick, G. MJ. Chem. Soc., Dalton Trans987, 847—
(7) Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem. Re. 1988 88, 899~ 849.
926. (10) Strdle, J.Z. Anorg. Allg. Chem197Q 375 238-254.
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case, a strong asymmetry in the-¥ bonds is observed. Each
transition metal center forms one very strong-M bond of
almost triple bond character; the other-™ bond is only a
weak donot-acceptor interaction between the nitrogen and the
transition metal atork
=N— M=N — (2)

Due to these findings, two major questions arise: (i) Is there
a considerable amount af interaction in the transition metal
nitrogen bonds? (ii) Are both MN bonds in the metalla-

cyclophosphazenes of equal strength (i.e. the phosphazene
fragment dominates the structure) or are they asymmetrical as

in the nitrido complexes?

In the experimental structure, only a weak deformation is
observed: Me-N; = 1.766 A, Mo-N, = 1.789 A8 W—N; =
1.773 A, W—N, = 1.798 A8 Upon crystallization, an additional
solvent molecule (acetonitrile) coordinates to the transition metal

atoms. So it is impossible to trace the nature of this asymmetry

from experimental evidence alone. Therefore, we carried out

Sundermann and Schoeller
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Figure 2. Mutual interaction of a MoGF fragment (left) with a
[N3(PH)2]3 ligand (right). All orbitals are classified according to point
groupCsy,. The orbital energies result from EHT calculations. For clarity,
orbitals of minor importance for the MeN interaction are omitted.
The only exception is the nonbonding HOMO, which is plotted to
demonstrate the size of the HOMQUMO gap.

the kb and a orbital sets form metainitrogens bonds. So the

DFT calculations for a series of metal|acyC|0phOSphazenes, SO0M&ransition metal center acts agrand ax acceptor toward our

of which are hitherto experimentally unknown.

2. Monometallacyclophosphazenes

2.1. Qualitative Considerations for the Electronic Struc-

hypothetical phosphazene ligand. This is in contrast to the
situation if M is replaced by a PXgroup, because the latter is

only a o acceptor. We can demonstrate this difference by a
population analysis using the NBO partitioning scheme (see

ture. In a simplified manner, metallacyclophosphazenes can be Table 2).

described by &,, symmetrical model structure. In this idealized

The M—N bond order is always larger than the-R bond

structure the transition metal atom has a trigonal-bipyramidal order. As a consequence, the charge separation between the
ligand field. Two of the chloro ligands occupy the axial positions transition metal atom and the nitrogen atom is reduced in
of the bipyramid. The third chloro ligand and the two coordinat- comparison with the charge separation between nitrogen and

ing nitrogen atoms are found in the equatorial positions. Similar

to the parent cyclophosphazenes, the resulting ring is planar.

The actual equilibrium structures of these molecules may be
explained as slight distortions from this idealizég structure.

For a qualitative description of the bonding situation, the
complex can be formally separated into a MClfragment and
a (chelating) [N(PRx),]®~ ligand. The corresponding decom-
position of molecular orbitals into fragment orbitals is shown
in Figure 2.

In the trigonal-planar ligand field of the three chloro ligands
the metal d orbitals (Figure 2, left) split up into fragment orbitals
of & (dz and de-?), by (k) & (dyy), and b symmetry (g).

phosphorus (i.e. the partial charge ofi & about 0.5 smaller
than that of N).

Figure 2 shows, furthermore, that transition metals of group
6 of the periodic table will form closed-shell molecules with a
rather large HOMG-LUMO gap. For elements of groups 7 and
8 in their formal oxidation state-VI, for which metallacyclo-
phosphazenes could not be synthesized so far, doublet or triplet
ground states have to be expected, respectively. The unpaired
electrons in these molecules are predominantly localized in the
d shell of the transition metal atom.

2.2. Calculated Structural Parameters. The optimized
structures of the metallaphosphazenes are depicted in Figures

The relevant fragment orbitals of the phosphazene ligand (Figure3 and 4. Two qualitatively different structures are found

2, right) are formed by a positive;(aymmetry) and a negative
(b, symmetry) linear combination of nitrogen®spybrids and
a positive (b symmetry) and a negative(aymmetry) linear
combination of nitrogen porbitals. Figure 2 shows that the a
and the b sets are responsible for the metaitrogens bonds;

(11) Close, M. R.; McCarley, R. Hnorg. Chem.1994 33, 4198-4201.

(12) Chisholm, M. H.; Folting-Streib, K.; Tiedtke, D. B.; Limoigno, F.;
Eisenstein, OAngew. Chem1995 107, 61-63; Angew. Chem., Int.
Ed. Engl.1995 34, 110-112.

(13) Herrmann, W. A.; Bogdanovic, S.; Priermeier, T.; Poli, R.; Fettinger,
J. C.Angew. Cheml995 107, 63—66; Angew. Chem., Int. Ed. Engl.
1995 34, 112-115.

(14) Schoeller, W. W.; Sundermann, forg. Chem.1998 37, 3034
3039.

depending on the residues “X” at the phosphorus atoms. In case
of X = H the molecules adopfs symmetry with the mirror
plane oriented perpendicular to the ring plane. In other words,
both transition metal nitrogen bonds are equivalent. The
phosphazene ring has a chair conformation. For different
transition metal atoms the deviations from a planar structure
(out of plane angle as defined in Figure 5) range from 15.2
(M = Cr) to 33.0 (M = Os).

If “X” is a halide atom (F or Cl in this study), the rings
become planar. For these molecules two—MN bonds of
different length are observed. The ring system shows alternating
bond lengths, so overdll; symmetry results. One exception is
the compound with M= Cr, which only hasC; symmetry. In



Metallacyclophosphazene Complexes Inorganic Chemistry, Vol. 38, No. 26, 199%263

Table 2. Partial Chargesq) and Wiberg Bond Indicesbf for Metallacyclotriphosphazenes (MBl(PXz)2), with NBO Analysis at the
B3LYP/SBK(d) Levet

M X q(M) A(Nwm) q(Ne) q(PX2) B(MNw) b(PNw) b(PNe)
Cr H 0.48 —0.67 —141 154 1.69 0.87 1.04
F 0.43 —0.81,-0.77 —1.47 1.55 1.46,1.61 0.94, 0.90 1.01, 1.07
Cl 0.44 —0.76,—0.72 —1.43 1.53 151,162 0.92,0.88 0.99,1.03
Mo H 1.10 —0.90 —1.43 154 1.60 0.89 1.03
F 1.05 —1.04,-0.99 —1.48 154 1.35,1.50 0.99,0.93 1.00, 1.06
Cl 1.06 —1.00,—0.94 —1.43 1.50 1.36,1.53 0.98,0.91 0.97,1.04
w H 1.23 —0.96 —1.44 1.59 1.59 1.03 1.03
F 1.19 —1.09,—1.04 —1.49 154 1.34,1.49 0.99, 0.94 1.00, 1.06
Cl 121 —1.05,-1.00 —1.44 1.50 1.36,1.52 0.98,0.92 0.98, 1.04
Tc H 0.93 —0.79 —1.43 1.52 1.44 0.89 1.03
Re H 1.10 —0.86 —1.44 1.53 1.46 0.90 1.03
Ru H 0.89 —0.74 —1.41 151 1.13 0.91 1.03
Os H 1.08 —0.84 —1.42 151 121 0.90 1.03

aNm: nitrogen atom attached to the transition metal atom. Ntrogen atom bound to two phosphorus atoms. If atoms are not equivalent by
symmetry, different charges/bond indices are given, if they differ by more than 0.01. In each case, the nitrogen atom with the larger partial charge,
which is always the one with a weaker-NN bond, is given first.

0 2.604 1.656 1.683 1.611 M= Cr
et @ =0 2,522 1.799 1.670 1.613 Mo
3 L 5 2.468 1.806 1.660 1.614 w
ﬁg - O C{ ‘*} =) 2521 ¢ 1800 1.690 1614 To
N P 2.471 1.823 1.671 1.621 Re
o Q—;\)
2.484 1.827 1.689 1.615 Ru
Q 2.465 1.825 1683 H 1616 Os
a | |
Figure 3. Molecular structure of the metallacyclophosphazene MoCl ?N—P gL
[N3(PHy)2] optimized at the B3LYP/SBK(d) level. Left: Perspective N— P
representation of the conformation of the ring. Right: View parallelto  ¢y.c1: 174.1 2.220 N
the mirror plane demonstratir@@ symmetry. The mirror plane contains 170.0 2.352 H
all chlorine atoms and is oriented perpendicular to the ring. 169.2 ~ 2.365
173.6 2.338
172.6 2.358
173.8 2.354
173.4 2.354
- 121.0
N PH, 122.2
122.8
] ) N 1228
Figure 4. Molecular structure of a metallacyclophosphazene with Cl M 123.0
electronegative substituents at the phophorus atoms. §i4PF).] 122.8
and MoCk[N3(PCkL),] adopt the same structure. Left: Equilibrium 123.2
- - 2C T o 2.200 1067 N PH -
structure ofCs symmetry; the ring is planar. Right: Transition state 2367 103.4 2
for the degenerate rearrangeme®i,(symmetry). Both structures are 2.377 102.9 127.6 146
optimized at the B3LYP/SBK(d) level. }22‘2 H:?
2.324 109.2 - :
_M 2347 108.1 120.0 116.6
2.316 103.6 120.7 1156

2.827 103.0 121.2 115.2

/
121.3 114.8
N 22.8 15.2 Cr

Figure 6. Optimized structural parameters for metallaphosphazenes
25.8 19.9 Mo MCI3[N3(PH,);] (distances in A, angles in deg). All molecules adopt

225 163 w Cs symmetry. The corresponding electronic states are the following:
1A I 3A I

28.4 25.2 Te Cr, Mo, W, !A’; Tc, Re,?A’; Ru, Os,*A".

27.4 24.2 Re

lengths in the ring is reproduced by the calculations on the
29.6 31.5  Ru chlorine and fluorine derivatives. So the distorted structure is
291 330 Os intrinsic to the metallacyclophosphazene system. Optimizations
Figure 5. Deviations from a planar ring structure (out of plane angles of the corresponding,, structure, which turns out to be the
in deg) in the metallacyclophosphazenes WIEK(PHy),. Other transition state for a degenerate rearranger@ent Cy, — C's,
structural parameters are given in Figure 6. reveals a very low barrier (see Table 3). Therefore, rapid
this case, also a slight distortion of the ring towards a chair rearrangements have to be expected at room temperature. It
conformation is found, in addition to alternating bond lengths. would be interesting to test this prediction by NMR spectros-
Our calculated structural parameters are listed in the Figurescopy.
6—8. For comparison, experimental results are given in Figure In comparison with the corresponding parent cyclophos-
9. phazenes the length of the-Rp bond is not altered very much
Our calculations show a quite good agreement with the if one PX group is replaced by a transition metal complex
experimental structures. Interestingly, the alternation of bond fragment. The PNy bond on the other hand, is always longer
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2.340 1705  1.616 M —ﬁ;
2.335 1.858  1.596 w
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2.385 F 1.596
2.388 N 1.596
R
¥
N F—
Ml 45N 1581
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Cl 1811  1.621
1.818  1.618
CI-M-Cl: 1543
139.4
137.6
CI-M-N:

130.4 116.7
133.6 1173
133.5 117.6

Figure 7. Optimized structural parameters for metallaphosphazenes
MCI3[Ns(PR),] (distances in A, angles in deg). All molecules except
the case M= Cr adoptCs symmetry; the mirror plane contains the
ring.

2.235/2.404 M =Cr
2.354 1.689  1.638 Mo
2.347 1.848  1.612 w
1.848 1.608
Cl Cl 1.607
2.203 & 1.612
2.391 Sl 1.612
4 |\ C——— Y 4
a M= P‘ZN 1.598
\Cl 1.596
1.598
Cl
1.662  1.653
Cl 1.801 1.644
CI-M-Cl: 1610 1810 1.639
44.3
141.6
CL-M-N:

Cl

130.6 116.5
133.4 116.2
133.4 116.6

Figure 8. Optimized structural parameters for metallaphosphazenes
MCI3[N3(PCh),] (distances in A, angles in deg). These compounds are
isostructural to the corresponding fluoro derivatives.

in the metalla derivatives. The N bond weakens the NP
bond. This can be explained by the description of the\bond

Sundermann and Schoeller

M=Mo
w
134.3 113.
1.789 1.633 133.1 1135
1.798  1.640 1.585 . PPh .
Ph 1.596 2
Q
$
& Ph
N P ff
M £N 1.581 ] N
~N: P, 1.587
\Ph
Ph
1.766  1.667 N PPh;
1.773  1.663 134.7 112.4
134.5 113.4

Figure 9. Experimental structural parametétsfor metallaphos-
phazenes MGJNs(PPh),] (distances in A, angles in deg). In the crystal
structure an additional acetonitrile ligand binds toward the transition
metal atom.

Chart 2
A ® N
N—PY, N—PX, —r
® AN © N.e c—)/ AN ©
v N M\ 2
N——&)/ - o/ \N_®PX
~—PX, N—PX X 2
) =) 2
A B c

Table 3. Energies (in kinol™?) of the C,, Transition State Relative
to the Ground StateQs) of Metallacyclophosphazenes Calculated at
the B3LYP/SBK(d) Level

M X AE (kJrmol?) M X AE (kJrmol™1)
Mo H 5.9 W H 1.2

Cl 2.6 Cl 4.6

F 7.6 F 8.5

The results of the population analyses are depicted in Chart
2. Lewis structuréA corresponds to the classical cyclophosp-
hazene (*“M"= PXy). It is identical with the one given in Chart
1. Because of the acceptor ability of the transition metal atoms;
Lewis structureB or C will give a better description of the
electronic structure of metallacyclophosphazenesBlone
transition metal nitrogen double bond is formed.Qnthe &
donation is even stronger; therefore, one negative charge is
formally localized on the transition metal atom and the transition
metal nitrogen bonds are equivalent. It depends on the donor
strength of the phosphazene ligand whetBer C is favored.
According to our calculations, Lewis structuBeis realized if
X is an electronegative substituent, which reduces the negative
charge at the nitrogen atoms. Structures with differertNv
bond lengths are found for X F and Cl. In the case of X
H the electronic structure is best describedbyr his becomes
apparent in the NBO analysis, which clearly assigns double bond
character to both MN bonds.

A comparison of different metallacyclophosphazenes shows
that the molecular structure is, at least on a qualitative level,
independent of the choice of the transition metal atom. Within
a given group of transition metals the-NN distances increase
from the top to the bottom (e.g. Gr Mo < W), and within a
given period they increase from the left to the right (i.e. Mo
Tc < Ru, W < Re < Os). This trend within a period may be

as a polaw bond: Because the bond strength is enhanced by explained on the basis of the MO scheme in Figure 2: If M is

the polarity of the bond, a reduction of the charge density at
the nitrogen atom will result in a weaker bond. As we

an element of group 6 (Mo, W), the d shell is empty. For
elements of the group 7 one and for those of group 8 two more

demonstrated by the results of the population analysis given ind electrons are involved. Because the corresponding d orbitals

Table 2, the transition metal atom ismaacceptor. Therefore,
charge density is transferred fromyNo M and this causes the
increase of the PNy, distance.

are M—N antibonding, the M-N bond becomes weaker. This
can also be demonstrated by a calculation of the stabilization
energies (see Table 4), according to eq 3: MN@GI the
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Table 4. Stabilization Energies According to Eq 3 Calculated at the
B3LYP/SBK(d) Level

M AE (kJrmol™1)
Cr —143.2
Mo —227.7
W —297.1
Tc —158.4
Re —217.3
Ru —139.2
Os —180.2

Table 5. Vibrational Frequencies for the-\NP Stretching Modes in
Metallacyclophosphazenes (in ch Calculated at the B3LYP/
SBK(d) Level within the Harmonic Approximatién

VN-P (Cmfl)
calcd

1217 (&), 1214 (%)

1290 (&), 1192 (&)

1203 (&), 1119 (%)

1215 (&), 1087 (&), 1061 (&)
1269 (8), 1125 (&), 986 (d)
1191 (4), 1080 (&), 938 (3)
1211 (&), 1081 (&), 1049 (&) 1250, 1175 (for X= Phy
1272 (8), 1162 (&), 1012 (&)

1193 (4), 1109 (4), 949 (d)

1215 (&), 1119 (&), 1077 (&)

1272 (8), 1196 (&), 1041 (&)

1193 (4), 1146 (4), 984 (d)

1208 (4), 1055 (&), 1025 (&)

1202 (4), 1019 (4), 963 (&)

1203 (4), 1001 (&), 998 (&)

aThe corresponding normal modes are depicted in Chart 3.

M expt

1300
1218

w

OTMIOTMIOTMIOTII|X

Re
Ru
Os

ITT

Chart 3
M/N_P\N <—N—P\N IV/4—N—P\N
\N—P/ \<—N—P/ \N—ﬂ)/

corresponding nitrido comple’®; (NPH,), is a cyclodiphos-
phazené:® For all transition metals this reaction was found to

®)

be strongly exothermic (308 AE > 140 kdmol~1). The largest
stabilization energy is calculated for M W. It decreases in a
group of transition metals from bottom to top and within a period
from left to right. This finding is in line with the trend we found
for the M—N distances.

2.3. Vibrational Spectra. The vibrational frequencies of the
N—P stretching modes calculated within the harmonic ap-
proximation are given in Table 5. For all metallacyclophos-
phazenes there is one band)(that matches the transition in
the cyclophosphazenes; two other modesafidvs) are found
at smaller wavenumbers. A depiction of the corresponding
normal modes is given in Chart 3.

The normal moder; is mainly restricted to displacements of
Np from its equilibrium position. Therefore it's frequency is
not shifted very much relative to the value found for the
cyclophosphazenes. The modesandv; are a positive and a
negative linear combination of the-My stretches. In the

MNCI, + (NPH,), — CI,MN4(PH,), + AE

(15) Sundermann, A. The Transition-Metal-Nitrogen Bond: Quantum
Chemical Calculations on Selected Systems. Ph.D. Dissertation,
Universitd Bielefeld, 1999.
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Figure 10. Equilibrium structures of dimetallacyclophosphazenes. (As
an example, the complex (MofiN3(PH,) is shown.) All three
structures are local minima for M Mo, W and X= H, F, Cl. The

left structure isCs symmetric; the two on the right ha¥&, symmetry.
The lower right structure Cz,-a") is the energetically most favorable
conformation. TheCs conformer is found to be only a few #dol*
higher in energy. The third local minimum @z,-b”) is about 20
kJmol~! less stable.

Scheme 1
N—PR; N—PR; N—[M] N—[M]
/ \ / \ / / \
P§2 N— M] N— M] N—M] N
\ /
N—PR; N—PR2 'N—PR; \N—[M]

halide-substituted compounds these modes have the same
symmetry (§. Thus, the coupling of these modes is rather strong
and a splitting of 150 cm' is found. If X is a hydrogen atom,

the modes have different symmetries and the splitting reduces
to 20—40 cnT,

3. Dimetallacyclophosphazenes

We will now extend our computational study to an experi-
mentally so far unkown class of compounds: the dimetalla-
cyclophosphazenes. These complexes are of theoretical interest,
because they can be regarded as a missing link between the
cyclophosphazenes and the oligomers of nitrido complexes
(Scheme 1).

In the dimetallacyclophosphazenes a nitrogen atom forms a
uz bridge between two transition metal atoms. Again, the
question arises whether this bridge is symmetrical or asym-
metrical as in the nitrido complexes of transition metals of the
group 6 of the periodic table.

3.1. Optimized Structures. Surprisingly, our calculations
predict three local minima on the potential energy hypersurface
for M = Mo and W. Two of them are almost degenerate; the
third one is somewhat higher in energy. For=MCr only one
minimum could be found. The molecular structures for all these
minima are depicted in Figure 10.

In more detail, the minima can be described as follows:
One Minimum of Cs Symmetry. (For structural parameters
see Figure 11.) In this conformation the molecule adopts a planar
ring with alternating bond lengths. The difference between the

long and short M-N bonds in the dimetalla-substituted ring
systems Ar = 0.18 A (M = Mo), 0.10 A (M = W)) is much
more pronounced than in systems containing only one transition
metal atom Ar ~ 0.05 A). But this bond length alternation is
still smaller than it was found in the cyclotrimers of nitrido
complexe¥* (Ar ~ 0.5 A (M = Mo), 0.3 A (M = W)). The
different M—N bond lengths also enforce different—%
distances. The NP—N angle is about Bsmaller than in the
cyclophosphazenes. This is comparable to the value found for
the monometalla derivatives. Interestingly, the-M—M angle
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H F Cl I H F Cl H F Cl H F Cl
Mo | 1.698 1.665 1.686 Mo | 1121 1126 111.2 Mo | 1.595 1.553 1.569 Mo | 110.3 110.9 109.6
w 1.676 1.639 1.658 w 112.5 113.5 1120 W | 1.606 1.560 1.584 w 1105 1115 110.2 H E el
Mo | 1.638 1.600 1.616
1w E ol H FE a H F o W | 1634 1.598 1.613
Mo | 139.8 1421 142.1 XX Mo | 135.4 134.6 1356 Mo | 138.4 138.9 139.4 XX
w 137.9 139.0 139.2 \' W | 136.2 135.6 136.6 W | 138.4 1385 139.1 \
H F Ci
_1lH F cl P _1H F cl P Mo | 1.853 1.876 1.869
Mo[1770 1772 1760 N Mo | 1.896 1.943 1.931 H F__cl N N W | 1.846 1.864 1.859
w | 1791 1.800 1.796 w | 1.872 1.897 1.890 Vol 901 887 891
W | 90.9 89.8 90.0
a a —H F cl a a —H F cl
——————nr Ve Mo | 92.8 924 924 — —— Mo | 2.398 2.387 2.391
M N MS=Cl w [e24 919 o1 =M N MTTA W | 2201 2.300 2303
al
cl
H F___cl H F cl | F__ ¢ H F__ ¢
Mo | 89.9 881 886 . Wo| 1761 1747 1749 ¢l Mo|1526 1538 1533 Mo | 1.831 1.830 1.830
w |91a 01 908 O w | 1703 1788 1789 w | 1509 1519 1516 w | 1.836 1.836 1.836
Figure 13. Selected bond lengths (in A) and angles (in deg) in the
| H F cl | H F ¢l Cz,-b conformer of dimetallaphosphazenes.
Mo | 1.956 1.986 1.979 Mo | 150.0 150.2 150.1
W ]1.909 1.917 1.915 W | 1496 149.9 1497 Table 6. Energies (in kdnol™?) of the Cs and theC,,-b Conformer
Figure 11. Selected bond lengths (in A) and angles (in deg) inGdhe ~ Relative to the Ground Stat€4,-a) Calculated at the B3LYP/
conformer of dimetallaphosphazenes. SBK(d) Level
M X AE(CY) AE(C,,-b)
H F cl | H F ¢l | H F cl
Cr 1326 133.6 133.9 Cr [11a2 1144 1132 Cr [1.654 1.617 1.637 Mo H 9.4 27.6
Mo |135.8 136.0 136.7 Mo [114.5 115.6 114.0 Mo [1.646 1.609 1.628 C| 2.1 16 9
W ]135.6 1355 136.2 w |114.7 116.0 1144 W |1.643 1.607 1.625 ’ '
25 18.4
' H 13.0 30.7
Cl 7.2 20.1
F 8.0 21.6
H F Cl H F Cl
ol S8 930 93.8 A Byt causes a weakening of both the-p and the M-Clay bonds,
Wle29 921 923 1.815 1.830 1.825 as is witnessed in an increase of the corresponding distances
. relative to conformeC,,-a. The M—Ny and the N—P bonds
M H F cl

s ey arryreryery on the other hand become shorter.
2388 2381 2.385 As a summary, we can state that there are conformer_s with
o a cyclophosphazene-like structuf@y) and another one which
is dominated by structure elements from nitrido complefgk (

| H F o | H Fc H Fooc The relative energies of these local minima are given in Table
Cr |1516 1524 1520 Cr [1.724 1.728 1.726 Cr | 2220 2,205 2.210 6
Mo |148.8 149.4 149.1 Mo | 1.861 1.864 1.862 Mo | 2.334 2.320 2.325 ) .
W |1485 1488 1485 W |1.857 1.859 1.858 W | 2332 2319 2323 All energy differences are found to be rather small. From
Figure 12. Selected bond lengths (in A) and angles (in deg) in the the results obtained f(_)r_ the monometalla derivatives one may
Cz-a conformer of dimetallaphosphazenes. deduce that the transition states for rearrangements from one

conformer to another are also low in energy. So the energy
) ] ~ hypersurface is very flat and the dimetallacyclophosphazenes
(=150) is only by 5 smaller than the corresponding angle in gye expected to have fluctuating structures.
the nitrido rings. Both transition metal centers have a distorted 3 o Qualitative Considerations.In Tables 7 and 8 results
tetragonal-pyramidal ligand field; the tighter bound nitrogen of a population analysis for the dimetallacyclophosphazenes are
atom occupies the apical position. given.

One Minimum with C,, Symmetry (*C,,-a"). (Structural There are no significant differences between the partial
parameters are given in Figure 12.) In this conformer a charges of the transition metal atoms, the;B¥oups, and the
symmetrical nitrido bridge between the two transition metal nitrogen atoms N found for these complexes and those
centers is formed. The MNy distances of 1.86 A and the calculated for the monometalla derivatives. The concentration
M—Np of 1.82 A are close to the averages of the long/short of negative charge on Wis rather small. A partial charge of
distances in theCs structure. Both transition metal atoms are ~—0.5 is comparable to the value found for nitrido compleies.
again coordinated tetragonal-pyramidally. The shorterN/- An analysis of the bond indices reveals that in Gg
distance occurs for the nitrogen atom occupying the apical symmetrical conformers all MN bonds have some double bond
position of the pyramide. In this conformer, the phosphorus atom character. For th€s structure, an alternation in bond orders is
forms two equivalent NP bonds. They are elongated by8.1  opserved.

0.2 A in comparison with the corresponding cyclotriphos-  The electronic structure of the dimetallacyclophosphazenes
phazenes. For the case # Cr this conformer is found to be  can be expressed by the Lewis structures shown in Chart 4. In

the only minimum. the Cs symmetrical structure one Lewis structure dominates, e.g.:
Second Minimum with Cy, Symmetry (“Cy,-b"). (For
structural parameters, see Figure 13.) This conformer differs ‘PcS% W (4)

from the previous one in the arrangement of the chloro ligands.

Here, a trigonal-bipyramidal ligand field is found. The metal For theC,, symmetrical conformers, on the other hand, both
phosphorus bridging nitrogen atonp blccupies an axial position  Lewis structures are of equal importance. They have to be
of this bipyramide intrans position of a chloro ligand. This interpreted as resonance structures. The double bonds are
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Table 7. Partial Chargesq) and Wiberg Bond Indicesbf for
Dimetallacyclophosphazenes wi@, Structure: Results of a NBO
Analysis of the Charge Density at the B3LYP/SBK(d) Lével

M X gM) d(Nw) q(Ne) q(PXz) b(MNwm) b(MNp) b(PNp)
Cy-a Symmetry

Cr H 033 —-0.15 —-0.71 149 1.27 154  0.95

F 032 -0.14 -0.80 151 1.26 143  0.97

Cl 033 -0.14 -0.76 150 1.27 146  0.95

Mo H 101 —-051 -092 154 1.29 1.50 0.95

1.00 —0.50 —0.99 1.53 1.28 141 097

Cl 1.01 -0.50 —0.95 1.0 1.28 143  0.96

W H 116 -0.61 —0.97 156 1.29 151 095

1.15 -0.61 —1.05 154 1.28 141 0.97

Cl 116 —-0.61 —-1.01 152 1.28 143  0.98
Cy,-b Symmetry

Mo H 1.00 —-0.51 -0.92 154 1.37 1.40 0.96

F 100 —-0.50 —-0.99 1.3 1.38 130  0.99

Cl 1.00 —0.50 —0.96 1.48 1.38 130 098

W H 116 -0.62 —-0.98 1.55 1.36 141 0.96

F 115 -0.61 —1.05 1.53 1.36 131 0.99

Cl 115 -0.61 —1.01 1.49 1.36 132 097

2Nm: nitrogen atom bridging the transition metal centers: N

nitrogen atom connected with the phosphorus atom.

Table 8. Partial Chargesq) and Wiberg Bond Indicesbf for
Dimetallacyclophosphazenes wi@ Structure: Results of a NBO
Analysis of the Charge Density at the B3LYP/SBK(d) Lével

M X q(N1) q(N2) g(Ns) b(MiN)  b(M:N) b(PN)

Mo H -051 —-1.01 —-0.81 1.72,1.20 0.95,1.71 0.82,1.11
F -050 —-1.11 -0.85 1.81,1.01 0.86,1.68 0.81,1.20
Cl —-0.49 —-1.06 —0.83 1.79,1.04 0.88,1.69 0.80,1.16

W H -061 —-1.04 —-091 157,1.28 1.64,1.08 0.86,1.05
F -061 -1.12 -0.97 1.60,1.15 1.57,1.05 0.87,1.10
Cl —0.61 —1.07 —0.94 1.60,1.17 1.60,1.06 0.86,1.08

aThe partial charges of the transition metal atoms and thegPoUp

are not listed, because they do not differ from the Gomers. N:
nitrogen atom bridging the transition metal centers.mitrogen atom
with a short M—N bond. N;: nitrogen atom with a Short NP Bond.

Chart 4
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conformers are almost degenerate. In conforma@gnb the
arrangement of ligands is much more disadvantagous; one chloro
ligand is found in therans position of the strongr-donating
nitrogen atom. Due to the trans influence, this chloro ligand is
weaker bound, as is witnessed in the larger® distance.
Therefore, this structure is considerably higher in energy.

3.3. Conclusion.The energy differences between the con-
formations we found for the dimetallacyclophosphazenes are
rather small. This should cause on one hand a fluctuating
structure with interesting dynamics. On the other hand, the
influence of the solvent or other intermolecular interactions in
the crystal may change the energetic order of the conformers.
Only the experiment can decide which conformer is the most
stable in condensed matter. A dimetallacyclophosphazene is the
missing link in the sequences;PR,)s — MCI3(N3(PRx)2) —
(MCl3)2(N3(PRy)) — (MCl3)3(N3). Therefore, its preparation
should be an interesting challenge within experimental inorganic
chemistry.

4. Metallacyclothiazenes

The first metallacyclothiazene ([V&N3S;)].) could be
synthezised by Roesky et al. in 1983This synthesis has been
optimized by Dehnicke et &l.and transferred to other transition
metals (molybdenuf§ and tungstel). These compounds can
be derived formally from the [$l3]~ ion by substitution of a
sulfur atom by an isoelectronic transition metal fragment.

4.1. The [SN3z]~ Anion. This anion was first characterized
by Chivers et al. The single-crystal X-ray diffraction of a
tetrabutylammonium salt revealed an almost planar ring structure
with average bond lengths of 1.6%.24 Approximately, Dy
symmetry was found. Using topological arguments, a benzene-
like 7t system can be constructed (see Figure 14).

The 7 system of [9N3]~ consists of 10 electrons. The
negative charge of this anion is completely delocalized. In
contrast to the sixr electron system benzene, not only the
binding s orbitals are occupied but also the antibonditigset
is filled. Because of this occupation of orbitals the stabilizing

effect of thexr electron delocalization is expected to be sriall.
:'@ This can also be demonstrated by the results of our calculations
/P at B3LYP/SBK(d+ diff) level. The calculated bond order from
e a NBO analysis is only 1.08. Additionally, a large charge
separation between nitrogen and sulfur atoms is obseq(Bl (
= —1.10,q(S) = 0.77). This charge separation gives evidence

Yo
@Iﬁ/ \N\

\

Z|

M M M to the suggestion that the electronic structure ofNEp is
M\E/ \E/ similar to that of cyclophospazenes.
A B 4.2. Experimental Structures of MetallacyclothiazenesThe

vanadium complex ([VGIN3S,)].)'81"is a polymer. For the
salts [AsPh] " [MCl4(N3S;)]~, M = Mo and W crystal structures
are availablé®® Accordingly, the transition metal atom is
coordinated in a distorted octahedral ligand field formed by four

delocalized over some part of the ring system, according to

chﬁ%Z(IPA + W) 5)

(16) Roesky, H. W.; Anhaus, J.; Schimdt, H. G.; Sheldrick, G. M.;
. . Noltemeyer, M.J. Chem. Soc., Dalton Tran&983 1207-1209.
Therefore, the size of th_e energy difference betwegmdCs,-a (17) Hanich, J.; Krestel, M.; Mier, U.; Dehnicke, KZ. Naturforsch1984
structure can be explained as follows: In tBg structure the 39h 1686-1695. _ _

coordination of the phosphorus atom is optimal (i.e. comparable (18) f&’é‘fsgfgé’ié%'_‘&aedéf* Mier, U.; Dehnicke, K.Z. Naturforsch.
to the _parent CyF:lOphOSphazene)' \_N_hereas 'nGhetruFture (19) Wadle, H.; Conradi, E.; Mler, U.; Dehnicke, KZ. Naturforsch1986
an optimal coordination of the transition metal atoms is found. 41hb, 429-435.

In the latter case, coordination of the transition metal atoms is (20) Bojes, J.; C#'VGFS Tinorg. Chem.1978 17, 319-321. .

similar to the nitrido complexes. The phosphorus atom is less ) 1570122'635;567“éer5' T.; Drummond, I.; McL.ean, |Gorg. Chem1978
favorably coordinated in this case: One-R bond is stretched;  (22) Béjes, J.: Chivers, TJ. Chem. Soc., Chem. Commu978 391—
the other one is shortened. Because the phosphorus atom does 392 ) ) )

not act as ar acceptor toward the nitrogen atom, this shortening (23) f’%%s'lgi Sgllvgié;é’ Laidlaw, W. G.; Trsic, M. Am. Chem. Soc.
has no stabilizing effect on the system. The destabilizing effects (24) Gleiter, R.Angew. Chem1981, 93, 442-450; Angew. Chem., Int.

in Cs and Cy,-a are almost of the same magnitude, so both Ed. Engl.1981, 20, 444-452.
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Table 9. Partial Chargesq) and Wiberg Bond Indicesby for Metallacyclothiazenes (NBO Analysis at the B3LYP/SBK(ddiff) Level)?

M q(MCl,) q(Nw) a(Ns) as) b(MN) b(Nw—S) b(Ns—S)

Cr —0.94 —0.65 -1.06 1.15 0.83,0.86 1.63 1.10

Mo —0.57 —0.80,—0.77 -0.99 1.04,1.09 1.28,1.11 1.26,1.36 1.15,1.19
w —0.48 -0.82 —0.96 1.04 1.26 1.20 1.25

aNm: nitrogen atom connected with a transition metal atorg. Mitrogen atom connected with sulfur atoms only. For nonequivalent atoms,

partial charges are given, if they differ by more than 0.01
sl
o
Figure 14. Energy splitting of ther electrons in the [§N3]~ ion.
Symmetry classification is according to the point grddy.

o (4

-6.0

8.0

-10.0

Figure 15. Qualitative MO diagram for the interaction of a [MoI"
fragment with a [9N3]®~ fragment (from a EHT calculation). Symmetry
classification is according to the point gro@,. Only the frontier
orbitals are given.

chloro ligands and two nitrogen atoms of the thiazeno fragment.
The anions adopt approximatelyGy, symmetrical structure.

In both compounds the MN bonds are slightly longer than
those found for the metallacyclophosphazenes. TheSN
distances of 1.541.61 A do not differ very much from [Sl3]~.

4.3. Electronic Structure of Metallacyclothiazenes.In
Figure 15 a MO diagram for the interaction of a [MEI
fragment with a [9N3]®~ fragment is shown. The orbitals have
been classified according @, symmetry. The transition metal
d orbitals show a splitting pattern similar to that of the
metallacyclophosphazenes (see Figure 2).

Again, the M—N ¢ bond is formed by orbitals ofieand
symmetry; 7 bonding results from interaction of fragment
orbitals of @ and b symmetry. EHT calculations show that the
HOMO of the metallacyclothiazene is built from a—1$
antibondingr orbital and the ¢, orbital of the transition metal
atom. The HOMG-LUMO gap turns out to be quite small in
the EHT calculation. A DFT calculation reveals a singleiplet

Chart 5
e @
N—S
o \
. N
e @ N—S) - &
N—S ~ =S
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s ¥ o \ © ®
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separation of only 28 kihol~* (M = Mo) favoring the singlet
state.

In Table 9 the results of a population analysis are given.
Accordingly, the transition metal atom acts as an acceptor
toward the thiazeno ligand. Because the corresponding donor
orbitals have N-S antibonding character, this charge donation
causes a strengthening of the-N bonds (i.e. in comparison
with [SsN3]~ the N=S bond order increases). Depending on
thesr acidity of the transition metal atom, the electronic structure
of metallacyclothiazenes may be described by one of the Lewis
structures shown in Chart 5.

Lewis structureA corresponds to the 8l3]~ ion, if “M” is
replaced by a sulfur atom. But our population analyses reveal
that a transition metal atom in its formal oxidation staiél is
a betterr acceptor than a sulfur atom. Therefore, the complex
fragment MC}, is negatively charged and a positive charge of
almost 1.0 is delocalized over the group18s—S. According
to the NBO analysis, we can differentiate two groups of
complexes: In the compounds of molybdenum and tungsten,
the electronic structure is dominated by the Lewis structBres
andB'. In case of M= Mo the localization of double bonds
(i.e. Lewis structurdd’) is more pronounced than for M W.

For the chromium complex, Lewis structuf@ is of major
importance. This means an electron pair is completely trans-
ferred to the transition metal atom. In the MO picture this can
be described by a HOMO, which is localized at the chromium
atom (i.e. the transition metal d orbital is so low in energy that
[M] has to be asigned as the donor angN§~ as the acceptor).
Therefore, this compound should be characterized as a chro-
mium(1V) rather than as a chromium(VI) complex.

4.4. Calculated Equilibrium Structures. The optimized
equilibrium structures for metallathiazene complexes [MCI
(N3Sp)]~ adoptCs symmetry for M= Cr and Mo (mirror plane
= ring plane) andC;, symmetry for M= W. The calculations
show that the potential energy surface is very flat with respect
to a deformation of the ring, according @, — Cs (e.g. for M
= Mo a transition state o€,, symmetry is only 0.1 kdnol~!
less stable than th&s ground state). So facile distortions of the
ring have to be expected. The optimized structure parameters
are given in Figure 16.
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2.370
g-jgg 2594 1879 1.543 M =Cr roe 7
450 2. 1.924 1.845 1.578 1.555 w ]
2203 |, 1877188 1596 1.59 " 7
2.453 2.473 3 B 7
2.450 2.44 1.658 L ]
1.639 1.592
. 1.639 1.61 L Mo i
2 2
1 1 1.655 - -
1.647 1,590 L -
2.982 1.639 1.59 L
2,427 2.419 1.865 1.543 i
2450 2.44 C14 1.871 1.833 1.594 1.583 i v v Y
1.877 .82 1.596 1.54 -Ww Y 7
Cl M- Cl, 1582 L 1
175.7 175.5 L i
179.5 174.3 L |
cm™!
135.0 1172 1200 1000 800 600 400 200 0
134.0 136.2 116.2 112.9 Figure 17. Simulated IR spectra for metallacyclothiazenes (calculated
1, ‘36-31\}35-7 S 113.9 1131 at the B3LYP/SBK(d+ diff.) level). The harmonic frequencies and
| 2 2 intensities are superimposed with Lorenzians of half-width 10'cm
Intensities are scaled to the most intense band. Experimentally
88.0 94.1 121.1 determined bands: Mo, 968 ci(calcd, 985 cm?); W, 1011 cnt?
870860 | M )93.4934 N, 1253 128.9 (calcd, 1028 cm?)
86.9 85.4 93.8 93.0 T 125.8 128.6 ’ '
N - phazene and the thiazene ligand acvasd donors toward
Ch 135 11 511165 a transition metal atom. (3) The double bond character of the
138.3 1374 1128 111.1 transition metal nitrogen bond is much less pronounced than in
1388 187.7  113.9111.4 nitrido or imido complexes of the corresponding transition metal
Figure 16. Optimized structural parameters for metallacyclothiazenes atoms. (4) There is some tendency to form localized double
(in A and deg; Ci)lculated at the B3LYP/SBK(dt diff) level). bonds as has been observed already for cyclic nitrido complexes,
Experimental daté®are given in italics. but the alternation of bond lengths in the ring is smaller. For

metallacyclophosphazenes and -thiazenes fluctuating structures

There is a good agreement between calculated and experi-haVe to be expect.ed..(5) Our calculations predict thg existence
mental data. An analysis shows that the calculation has qof a dllmetalla'derlvatlve of cyclophosphazenes, which should
systematical error in predicting the bond lengths; they result P€ an interesting target for experimental research.
about 0.04 A too long as compared with experiment. To explain
this, one has to consider that on one hand the calculation dealss. Methodology
with an isolated anion in the vacuum whereas in the experiment
the results refer to a molecule in condensed matter. Another All molecules are fully optimized at B3LY#® level utilizing the
point is that anions are per se more difficult to describe by effective core potential basis sets of Stevens, Basch, and Ki&diss,
quantum chemical methods than neutral molecules or cations@ugmented by one s_et of polarization functions (of d type) for the heavy
because the influence of electron correlation on bonding is ("°n-hydrogen) main group elements (SBK(d) basis). The use of

larger, and this part of electron electron interaction is the most polarization functions is imperative t‘o get a corre_ct des_crlptlon of the
o strongly polar N-P bond. For all anions this basis set is augmented
difficult one to model properly.

o L . by a set of diffuse s and p functions (SBKeldiff)), to account for
The optimized structures reflect the qualitative difference e |arger extent of delocalization of the MOs in these molecules. To
between the molybdenum and tungsten compound on the onesave CPU time, if possible symmetry constraints were used. All

hand and the chromium complex on the other hand. Tie S stationary points were characterized as local minima/transition states
bonds in the Cr complex are about 0.4 A shorter than in the

complexes of the higher homologues Mo and W. The-N (25) Becke, A. D.J. Chem. Physl993 98, 5648-5653.
bonds are 0.2 A longer. This is in line with the Lewis structure (26) Stevens, W. J.; Basch, H.; Krauss,MChem. Phys1984 81, 6026~
C (Chart 5). 6033.

. . .., (27) Stevens, W. J.; Krauss, M.; Basch, H.; Jasien, PC&. J. Chem.
The simulated IR spectra are also in good agreement with @7 1992 70, 612-630.

experimental results (see Figure 17). Again, the spectra of the(28) Reed, A. E.; Weinstock, R. B.; Weinhold, F. Chem. Phys1985
molybdenum and tungsten complex are similar. The spectrum 83, 735-746.

. - . p (29) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
of the chromium complex differs mainly in a band at 817¢ém M. A Cheeseman, J. R.; Zakrzewski, V. G.. Montgomery, J. A., Jr.:

(N—S stretch). In the cases M Mo and W this band is found Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels,
with low intensity at 782 and 768 cmh, respectively. This is A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone,

another hint for the stronger NS bonds in the chromium \éi;ﬁg?dss's' M(');c%?enrqsnlgil' ?;;P'\g’f:r’;‘;gﬂ' g‘:?rxsg'lécﬁj 'B\‘(df”‘gai' %

complex. Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K;

Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.;

. Liashenko, A.; Piskorz, P.; Komaromi, I.; Gomperts, R.; Martin, R.

5. Conclusions L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara,

. . A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen,

The results of our computational study can be summarized W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-Gordon, M.;
as follows: (1) The molecular structure and the vibrational Replogle, bE. SH; PopleégéﬂGaussian 98, Résion A.3 Gaussian,
spectra of meta”acycbphOSphazenes and -thlazene§ are Well30) Ifgﬁ'drllajlrt\gs grg A.sﬁ’eﬁMO'P—anel Molecular Orbital Package

reproduced by calculations at DFT level. (2) An analysis of the Version 2.0URL: http://overlap.chem.cornell.edu:8080/yaehmop.html

calculated electron density distribution reveals that the phos- (Cornell University, 1997).
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(calculated at the DFT level, too). For population analyses the NBO Deutsche Forschungsgemeinschaft and the Fonds der Chemis-
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