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1 Metalloporphyrins have been the subject of inten�
sive experimental and theoretical studies for several
decades (see, e.g., Porphyrin Handbook [1] and refer�
ences therein). Previously [2], we performed system�
atic density functional theory (DFT) calculations of
molecular characteristics of five� and six�coordinate
complexes of 3d metal porphyrins with σ�ligands like
M(P)(σ�L) and M(P)(σ�L)2, where P = C20H12N4,
M = Ti–Ni, and σ�L = CO, CS, and CN–, as well as
of their analogues. In [3], analogous calculations were
performed for the Ti porphyrin complexes with
π�ligands Ti(P)(π�L) and Ti(P)(π�L)2, where π�L is
dihapto�coordinated acetylene, ethylene, benzene,
fullerene, diimine, molecular nitrogen, and related
molecules. Comparison of the computation results
obtained in [2] and [3] revealed several significant dif�
ferences between the above σ� and π�complexes.

In accordance with the predictions of the valence
state molecular model of the metalloporphyrin mole�
cule M(P) (see [2] for details), for the Ti, Cr, Mn, and
Fe carbonyl porphyrin σ�complexes M(P)(CO)n (n =
1, 2), the calculated energies of addition of the second
CO group are higher than those of the first CO group,
so that five�coordinate metalloporphyrins M(P)(CO)
should be energetically prone to attach the second
ligand and convert into the six�coordinate species
М(Р)(СО)2. Conversely, five�coordinate acetylene,
ethylene, diimine, and related π�complexes M(P)(π�
L) are not prone to form six�coordinate M(P)(π�L)2
species: the M atom is strongly (by 0.5–0.6 Å) shifted

1 Corresponding author.

toward one π�ligand, while the second π�ligand turns
out to be at a distance of 3.5–4.0 Å from the metal
atom; i.e., it is weakly bound and actually displaced to
the boundary of the metal coordination sphere [3].

In six�coordinate metalloporphyrins with different
diamagnetic ligands М(Р)(σ�L)(σ�L'), the mutual
trans influence of axial σ�L) and (σ�L') ligands is sim�
ilar to the ligand trans influence in common octahe�
dral transition metal complexes: a stronger bond usu�
ally becomes shorter and stronger, while a weaker
bond becomes longer and weaker. In analogous
М(Р)(π�L)(π�L') π�complexes, the stronger π�L
ligand displaces the weaker π�L' ligand from the coor�
dination sphere almost completely, so that the struc�
ture and properties of the remote М(Р)(π�L) and π�L'
moieties actually do not differ from the structures and
properties of the free five�coordinate М(Р)(π�L) com�
plex and π�L' ligand.

In mixed σπ�complexes М(Р)(σ�L)(π�L') in the sin�
glet state, strong π�ligands like acetylene or diimine
displace the carbonyl group, which, in turn, displaces
weaker π�ligands like С6Н6, С60, and N2. In the triplet
state, the strength of the metal–π�ligand bond
decreases much more dramatically as compared with
the metal–σ metal bond so that in the triplet state (in
contrast to the singlet state) the carbonyl group dis�
places not only weak but also strong π�ligands like
acetylene.

In [3], out attention was focused on a series of Ti
porphyrin π�complexes in which the π�ligans was
С2Н2, С2Н4, HCN, C6H6, C60, N2H2, or N2. The
present work deals with analogous B3LYP calculations
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of the equilibrium geometry, normal mode frequen�
cies, electron and spin density distributions, relative
energies of multiplets, and other molecular character�
istics for acetylene complexes of metalloporphyrins
M(P)(π�C2H2) and their negative ions M(P)(π�C2H2)

–

(P = С20H12N4) containing other 3d�metal atoms in dif�
ferent multiplicity states, as well as for their protonated
forms M(P)(σ�C2H3)

+ in the high�spin state. In addi�
tion, we calculated complexes of the Ti(P)(π�C2H2) type
with different substituents in the P ring, as well as the tet�
raphenylporphyrin and phthalocyanine comlexes,
Ti(TPP)(π�C2H2) and Ti(Pc)(π�C2H2), respectively.
Among the experimentally studied compounds of this
type, noteworthy are the Ti(P)(π�C2H2) and Ti(TPP)(π�
C2H2) complexes where OEP and TPP are octaethyl�
and tetraphenylporphyrins, respectively [4].

COMPUTATIONAL DETAILS

As previously [2, 3], all DFT calculations were per�
formed in the B3LYP approximation [5, 6]. Geometry

optimization and normal mode frequency calculations
were performed with the GAUSSIAN 03 program
package [7] using the 6�31G and 6�31G* basis sets.
The energy characteristics were refined using the more
extended basis set Gen = 6�311+G*(M) + 6�31G*(C,
N, H, O). The magnetic shielding constants σ of the
atoms in diamagnetic complexes were calculated by
the GIAO method [8, 9]. Table 1 summarizes the cal�
culated geometries and energies of the M(P)(π�C2H2)
complexes, and Table 2 presents analogous properties
of Ti–acetylene π�complexes with different substitu�
ents in the P ring, and Table 3 lists the properties of the
protonated M(P)(σ�C2H3

+) species.

Possible errors of B3LYP calculations were exem�
plified by calculation of the Ti porphyrin π�complexes
in [3]. It is worth noting once more that calculations of
multiplets can be of approximate character (especially
for closely spaced multiplets on the energy scale)
because of the drawbacks of the single�reference
approximation underlying known DFT variants. Such
situations are frequently encountered in calculations

   
Table 1.  Calculated characteristics of metalloporphyrin complexes with acetylene M(P)(π�C2H2) and their anions*

Complex M R(MC) R(CC) h(M/4N) ϕ(HCC) ρ(M) Z(C2H2) ν(M–C2H2) ν(CC) Erel D

C2H2 1 1.211 180.0 2071

Sc(P)(π�C2H2) 2 2.346 1.272 0.68 149.4 0.31 –0.22 407 1759 0 30

Sc(P)(π�C2H2)– 1 2.367 1.264 0.54 152.3 –0.23 247 1769 1.6

3 2.358 1.275 0.65 147.8 0.26 –0.30 370 1759 0 28

Ti(P)(π�C2H2) 1 2.017 1.319 0.59 139.5 –0.29 597 1581 0 62

3 2.257 1.261 0.59 155.8 1.45 –0.02 443 1793 16.8 28

Ti(P)(π�C2H2)– 2 2.025 1.318 0.57 139.4 ~0 –0.35 582 1588 0 52

4 2.256 1.265 0.55 154.8 1.41 –0.20 411 1786 23.1

V(P)(π�C2H2) 2 1.983 1.305 0.55 144.5 1.18 –0.20 590 1643 0 54

4 2.401 1.226 0.28 172.3 2.63 0.10 216 1966 11.5 29

V(P)(π�C2H2)– 1 2.058 1.276 0.32 151.3 –0.12 484 1746 28

3 1.987 1.305 0.53 144.3 1.19 –0.27 572 1645 0 36

Cr(P)(π�C2H2) 1 1.911 1.303 0.51 147.9 –0.12 599 1642 17.5 16

3 2.042 1.270 0.37 152.7 2.31 –0.08 471 1763 0 22

Mn(P)(π�C2H2) 2 1.994 1.266 0.36 155.1 1.14 –0.08 485 1786 26

Fe(P)(π�C2H2) 1 2.101 1.239 0.24 164.4 0.04 341 1905 15.5 4

3 3.032 1.213 0.04 179.7 2.28 0.01 64 2060 1.2 3

5 2.221 1.234 0.43 167.6 3.87 –0.01 185 1928 0 11

Co(P)(π�C2H2) 4 2.396 1.220 0.34 175.5 2.80 0.11 129 2010 10

Ni(P)(π�C2H2) 3 2.595 1.215 0.20 179.0 1.78 0.11 129 2045 13.4

* Bond lengths and bond angle are in angstroms and degrees, respectively; vibrational frequencies are in cm–1; relative multiplet energies
(Erel) and decomposition energies of the complexes with retention of the multiplicity (D) are in kcal/mol; M is the multiplicity (M =
2S + 1); ρ(M) is the spin density at the metal atom; Z(C2H2) is the overall effective charge at the coordinated acetylene molecule.
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of π�complexes of late 3d metals (Mn(III), Co(II),
etc.), where there are difficulties with the convergence
of both the SCF procedure and optimization proce�
dure. In addition, since each multiplicity value can
correspond to a set of closely spaced electronic states
with different electron and spin density distributions
(and, hence, with different structural and spectro�
scopic characteristics), the choice of the lowest�lying
state from this set presents a serious problem. As noted
in [3], the errors of DFT calculations of relative ener�
gies of multiplets can be as large as several tenths of an
electron volt, and reliable determination of the relative
position of electronic states on the energy scale
requires the use of multireference methods. The
present work mainly deals with π�complexes of early
3d metals where the above difficulties are less signifi�
cant, whereas for heavier 3d metals, we restricted our�

selves to the brief discussion of the most general qual�
itative trends.

RESULTS AND DISCUSSION

Neutral М(Р)(π�С2Н2) Complexes 
and М(Р)(π�С2Н2)

– Anions

According to the calculations, the π�complexes of
early 3d metals in the ground state correspond to low�
and medium�spin doublet (M = Sc), singlet (Ti), dou�
blet (V), and triplet (Cr) states with structures of sym�
metry close to  (Fig. 1) in which the porphyrin ring
P has a dome conformation and the active М–С2 frag�
ment has a shape of an isosceles triangle with the acet�
ylene C–C bond oriented parallel to the line either
between the opposite meso carbon atoms (structure 1а
for M = Sc and Ti) or between the nitrogen atoms of

2C
v

   
Table 2. Calculated geometric and spectroscopic characteristics of acetylene π�complexes with different rings*

Complex R
(MC)

R
(CC) h(M/4N) ϕ(HCC) ρ(M)

Z
(C2H2)

ν(M–
C2H2) ν(C–C) σ(C) σ(H) Erel D

Singlet state (Cmeso–Cmeso orientation)

C2H2 1.211 180.0 2071 128.8 31.0 0

Ti(P)(π�C2H2) 2.017 1.319 0.59 139.5 –0.29 597 1581 –16.0 27.7 0 61.8

Ti[P(F4)](π�C2H2) 2.008 1.320 0.59 139.3 –0.24 601 1576 –20.3 27.4 0 72.1

Ti[P(Li4)](π�C2H2) 2.019 1.322 0.59 138.7 –0.34 603 1574 –9.3 28.2 0  66.3

Ti(TPP)(π�C2H2) 2.015 1.320 0.59 139.2 –0.28 593 1580 –15.0 27.5 0  60.8

Ti(Pc)(π�C2H2) 2.017 1.321 0.62 138.8 –0.25 585 1571 –17.0 26.5 0 65.6

Triplet state (N–N orientation)

Ti(P)(π�C2H2) 2.257 1.261 0.59 155.8 1.45 –0.02 443 1793 16.8 29.0

Ti[P(F4)](π�C2H2) 2.379 1.233 0.35 167.4 1.20  0.10 237 1921 25.2 25.5

Ti[P(Li4)](π�C2H2) 2.335 1.241 0.37 162.8 1.10 –0.02 273 1878 31.9 23.7

Ti(TPP)(π�C2H2) 2.341 1.234 0.32 166.2 1.16 0.10 239 1915 27.1 24.1

Ti(Pc) (π�C2H2) 2.335 1.237 0.40 165.8 0.98 0.10 277 1899 22.8 27.7

* See notes to Table 1. TPP is tetraphenylporphyrin; Pc is phthalocyanine; Ti[P(F4)](π�C2H2) and Ti[P(Li4)](π�C2H2) are porphyrins
in which four meso hydrogen atoms of the P ring are substituted by F and Li atoms, respectively (structures 2a and 2b in Fig. 1, see text
for details); σ(C) and σ(H) are the magnetic shielding constants for the acetylene C and H atoms. The assignment of the ν(M–C2H2)
frequency of approximate, since the M–C2H2 stretching vibration is strongly coupled to the ring vibrations.
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the P ring (structure 1b for M = V and Cr). Different
mutual orientations of С2Н2 and the P ring have
almost no effect on the geometry of the M–С2 moiety,
and the barrier to rotation of acetylene about the
molecular axis does not exceed a few kcal/mol and
slowly decreases in going from Sc to Cr. The С2Н2

molecule in the complexes has a negative charge,
which monotonically decreases from –0.2e for M =
Sc to –0.1e for M = Cr. The molecule acts as an elec�
tron density acceptor and the P ring, as an electron
density donor. The shift of the metal h(M/4N) nor�
mally to the P ring plane toward С2Н2 is significant in
all complexes and monotonically decreases from 0.7
(Sc) to 0.5 Å (Cr). An analogous monotonic shorten�
ing is typical of the R(МС2) distance between the metal
atom and the acetylene molecule (from 2.35 (Sc) to
1.98 Å (V) with a small elongation for Cr, 2.04 Å)). The
ν(М–С2Н2) stretching vibration frequency changes
oppositely to the R(М–С2Н2) distance: it increases
from 410 cm–1 for Sc to 590–600 cm–1 for Ti and V
and decreases to 470 cm–1 for Cr. The bond energies
D(M–C2H2) (hereinafter, the decomposition energies
for M(P)(C2H2)  M(P) + C2H2 with retention of the
spin are given) increase from ~30 (Sc) to 54–62 kcal/mol
(Ti, V) and then decreases again to ~22 kcal/mol (Cr).
The effect of activation of the acetylene molecule in
the metal coordination sphere are most pronounced
for the singlet Ti(P)(C2H2) complex, where the bond
energy D(Ti–C2H2) is maximal: the deviation of of the
ϕ(НСС) angle from the straight one is as large as 40°,
the R(СС) distance becomes 0.11 Å longer and closer
to the common length of the C–C double bond, the

νstr(CC) frequency is shifted toward lower wavelengths
by almost 500 cm–1 as compared with the correspond�
ing characteristics of the isolated С2Н2 molecule (see
[3] for details). The weakest activation effect are
observed for the triplet Cr(P)(C2H2) complex, which
has the lowest bond energy D(Cr–C2H2): here, the
ϕ(НСС) angle decreases by 28°, the R(СС) distance
becomes 0.06 Å longer, and the νstr(CC) frequency
decreases by ~300 cm–1. The Sc and V complexes have
an intermediate position: Sc(P)(C2H2) is closer to
Cr(P)(C2H2) while V(P)(C2H2) is closer to Ti(P)(C2H2);
however, in all cases, the changes in geometric and
spectroscopic characteristics of the coordinated acet�
ylene molecule remain considerable and can be easily
monitored by IR and NMR spectroscopy.

The above discussion pertains to low� and
medium�spin state in which the vacant AOs of the M
atom favor the formation of rather strong М–C2H2
bonds. In the excited high�spin states, these bonds
become longer (by 0.24 and 0.42 Å for M = Ti and V,
respectively) and weaker with the simultaneous sharp
decrease in the activation effects for the acetylene
molecule. However, calculations show that the triplet
state for Ti(P)(C2H2) and the quartet state for
V(P)(C2H2) retain some “residual” stability to decom�
position with removal of С2Н2 and, presumably, can
exist in the free state.

According to calculations (Table 1), the extra elec�
tron in the М(Р)(С2Н2)

– anions is accepted into the
antibonding π�МО of the porphyrin ring P, so that the
М(Р–)(С2Н2) structure corresponds best of all to these
anions. In this structure, the electron and spin density

1a, M(P)(C2H2) 1b, M(P)(C2H2)

2a, M[P(F4)](C2H2) 2b, M[P(Li4)](C2H2)

F Li

F

F

F

Li

Li

Li

Fig. 1. Structures of acetylene π�complexes of metalloporphyrins. In structures 1a and 1b, the С2Н2 molecule is parallel to the
Cmeso–Cmeso and N–N lines, respectively. In structure 2a and 2b, all meso H atoms are substituted by F and Li atoms, respectively.
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distributions in the М–C2H2 moieties is slightly dis�
turbed and little differs from those in the initial neutral
М(Р)(С2Н2) molecules with the same M atom and the
multiplicity lower by unity. Indeed, Table 1 demon�
strates that the structural and spectroscopic character�
istics of the М–C2H2 moiety in the anions are almost
quantitatively consistent with the characteristics of the
corresponding (“preceding”) neutral systems, for
example, in the pairs Ti(Р)(С2Н2)

– (doublet)–
Ti(Р)(С2Н2) (singlet), V(Р)(С2Н2)

– (triplet)–
V(Р)(С2Н2) (doublet), etc. The adiabatic electron
affinity (the difference between tot total energies of the
optimized М(Р)(С2Н2)

–
 and М(Р)(С2Н2) structures) is

about 25 kcal/mol for the Sc, Ti, and V complexes and
increases to 40 kcal/mol for the triplet Cr(Р)(С2Н2). The
energy of С2Н2 elimination with retention of the spin for
the anions is always lower than for the neutral precursors
with an minimal difference of 4 kcal/mol for M = Sc and
a more significant difference of 10–15 kcal/mol for M =
Ti, V, and Cr.

Complexes with More Complicated Rings
of TPP, Pc, and Others

Until now, we considered complexes with the
“bare” porphyrin ring P = С20Н12N4. As is known,
such complexes are unstable to association and have
been little studied, so that their calculations are often
of model and predictive character. The question arises
of how much these results can be useful in going to
“actually existing” protected metal tetraphynylpor�
phyrins M(TPP) or when the phthalocyanine (Pc) ring
stands in place of the porphyrin ring P. We considered
this question using analogous B3LYP calculations of a
series of titanium π�complexes Ti(TPP)(C2H2),
Ti(Pс)(C2H2) (structures 3 and 4, Fig. 2), and substi�
tuted derivatives Ti[Р(F4)](С2Н2) and Ti[Р(Li4)](С2Н2)
(structures 2а and 2b, respectively, Fig. 1) in their sin�
glet and triplet states (in the latter two complexes, all
four H atoms at the meso carbon atoms are substituted
by fluorine and lithium atoms, respectively). The
computation results are summarized in Table 2. As is
sin, in the singlet state, the structural and vibrational
characteristics of the Ti–C2H2 moiety change only

slightly both on going from the bare P = C20H12N4 ring
to the substituted TPP or phthalocyanine Pc and upon
the substitution of F and Li atoms for the Hmeso atoms.
Extrapolation allows us to assume that the structural
and vibrational characteristics of М–C2H2 moieties
and the trends in their behavior found by means of cal�
culations of model metalloporphyrins M(P) will be
satisfactorily (at least, at the semiquantitative level)
transferred to their more complicates protected and
meso�substituted analogues, as well as to phthalocya�
nines. We also believe that the same conclusion is valid
for М–C2H4, М–N2H2, and other moieties, i.e., with
ethylene, diimine, and other π�ligands in the states
where the antibonding π�МО remains vacant.

The most perceptible differences are those for the
magnetic shielding constants (we here discuss relative
changes in σ(С)) at the acetylene C atoms and for the
bond energies D(Ti–C2H2). The differences are maxi�
mal for meso�substituted metalloporphyrins: for the
F�substituted complex М[Р(F4)](С2Н2), the bond
energy increases by ~11 kcal/mol, while σ(С)
decreases by ~4 ppm; for the Li�substituted analogue
М[Р(Li4)](С2Н2), both D(Ti–C2H2) and σ(С) increase
by ~4.5 kcal/mol and ~7 ppm, respectively, as com�
pared with the characteristics of the initial
М(Р)(С2Н2) complex. Inasmuch as the F and Li atoms
occupy the outermost positions on the electronegativ�
ity scale, we can assume that, in the case of other meso
substituents with intermediate electronegativities, the
changes will fall within these ranges. Going from the
bare P ring to substituted TPP has almost no effect
(within the calculation error) on D(Ti–C2H2) and
σ(С), and for phthalocyanine, a perceptible change
(in increase by 4 kcal/mol) is observed only for the
D(Ti–C2H2) energy.

The above discussion pertains to the singlet state.
In the triplet state where one electron is excited into
the antibonding π�МО of the ring and the Ti–C2H2
interaction and acetylene polarization become sharply
weaker, the effect of the P�ring substituents is more
clearly pronounced. As compared with the singlet, the
D(Ti–C2H2) energy in the triplet decreases severalfold,
the R(М–С2H2) distance becomes 0.06–0.08 Å longer,
and the νstr(M–C2H2) frequency decreases by 70–200

3, Ti(TPP)(C2H2) 4, Ti(Pc)(C2H2)

Fig. 2. Structures of acetylene π�complexes of titanium tetraphenylporphyrin (3) and phthalocyanine (4).
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cm–1. Correspondingly, the ϕ(НСС) angle in the acet�
ylene molecule increases by 15°–20°, R(СС) becomes
0.03 Å shorter, and νstr(CC) increases by 70–200 cm–1.
This is accompanied by a change of the mutual orien�
tation of С2Н2 and Ti(P): in the singlet, the C–C is
coplanar with the plane containing the M atom and
the opposite Cmeso atoms, and in the triplet, this bond
is coplanar with the plane containing the M atom and
the opposite nitrogen atoms of the P ring.

Protonated М(Р)(С2Н3)
+ Forms

In [3], we showed for titanium compounds that the
protonation of the М(Р)(C2H2) π�complex can occur
at two sites: the proton can be attached to the acety�
lene molecule to form the vinyl complex М(Р)(C2H3)

+

and to the metal atom to form the opposite axial
σ�bond M–H. Both structures correspond to local
minima of the potential energy surface; however, in
the second structure of Ti(Р)(С2Н3)

+, which is consid�
erably less favorable than the first structure, the trans
influence of the Ti–H bond is so strong that the С2Н2
molecule is actually displaced from the metal coordi�
nation sphere, being at a distance of 3.0 Å from the
metal, and turns out to be weakly, if at all, bound to the
Ti(P)H+ residue. Since acetylene is a “strong”
π�ligand, an analogous pattern is expected for related
complexes with ethylene, benzene, and other weaker
π�ligands: in all cases, protonation at the metal atom

should be accompanies by decomposition of the com�
plex with displacement of the π�ligand.

Protonation of the coordinated acetylene molecule
can occur without a barrier and is accompanied by
considerable electron density rearrangement in the
М–C2H2 moiety: one π�bond in acetylene is broken,
the C–H bond forms, the π�С2Н2 complex converts
into the high�spin vinyl σ form with structure 5a or 5b
(Fig. 3). The positive charge initially localized at the
proton is transferred to the M(P) porphyrin and is
mainly distributed over the P ring. The oxidative num�
ber of the metal atom increases by unity, although is
effective charge (according to Mulliken) changes only
by tenths of an electron charge. In the complexes with
early 3d metals, the vinyl group is a weak electron
acceptor and has a small negative charge, which
decreases in magnitude along the 3d series and, begin�
ning with M = Cr, changes sign to positive, so that in
the complexes of late 3d metals, the vinyl group acts as
a weak donor.

According to our calculations, in structure 5а of
М(Р)(σ�С2Н3)

+ ions, the vinyl C–C bond is coplanar
with the plane containing the M atom and the oppo�
site Cmeso atoms of the P ring. The geometric and spec�
troscopic parameters of the М–(σ�С2Н3)

+ moiety
depend rather weakly on the nature of M atom (Table 3).
In the lowest�lying high�spin states, on going from Ti
to Mn, the R(СС) and R(СН) bond lengths and
ϕ(НСС) angles of the vinyl group vary within narrow
limits of 0.04 and 0.01 Å and a few degrees, respec�

5a, M(P)(C2H3)+ 5b, M(P)(C2H3)+

6, HM(P)(C2H2)+

Fig. 3. Structures of protonated acetylene complexes. In structures 5a or 5b, the vinyl С2Н3 groups are coplanar with the planes
containing the M atom and the Cmeso–Cmeso or N–N lines, respectively. In structure 6, the M atom is protonated, and the acet�
ylene molecule is displaced from the metal coordination sphere. 
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tively, and slightly differ from the characteristics of the
isolated С2Н3 radical, and the R(M–C2H3) bond
becomes only ~0.03 Å shorter. The νstr(CC) and
νstr(CH) frequencies are slightly shifted toward longer
wavelengths, by 50–100 cm–1. The calculated energies
of elimination of the vinyl radical with the homolytic
М–С2Н3 bond cleavage in the complexes are 43–48
kcal/mol and are comparable (~10 kcal/mol lower)
with the D(М–C2H2) energies in the initial neutral π�
complex. The overall decrease in energy upon the pro�
tonation of the acetylene π�complexes of metal�
loporphyrins is estimated at ~225–265 kcal/mol,
which considerably exceeds the proton affinity of
the free С2Н2 molecule (~151 kcal/mol [10]).

As already mentioned, for the strong singlet
π�complex Ti(Р)C2H2, the protonation of acetylene is
clearly preferred over the protonation of the metal
atom (structure 6 in Fig. 3). The question arises as to
how the relative energy of these two alternative proto�
nated structures (5а and 6) will change for complexes
with weaker M–ligand bonds, for example, when
acetylene is substituted by ethylene or other weak
π�ligands, as well as when Ti is substituted by its
heavier neighbors in the 3d series. In [3], we found
that, for the weak dinitrogenyl complex Ti(Р)N2 where
the calculated Ti–N2 bond energy is less than
10 kcal/mol, both structures are close in energy,
although the protonation of the N2 molecule remains
slightly more preferable. Inasmuch as С2Н2 and N2
occupy the outermost positions in the series of
π�ligands in the strength of their bond with the metal
atom, we can assume that for the Ti(P)L complexes
with other π�ligands L characterized by intermediate
metal–ligand bond energies, the protonation of the

ligand also remains energetically more favorable. As
for substitution of Ti by other 3d atoms, our analogous
B3LYP calculations of the triplet Cr(Р)(С2Н3)

+ and
Fe(Р)(С2Н3)

+ complexes demonstrate that, in these
cases as well, protonation of acetylene to form the
vinyl complex is considerable more favorable that pro�
tonation of the metal atom.

To conclude, it is pertinent to make several general
remarks on the results obtained for the M(P)(π�C2H2)
complexes containing late 3d�metal atoms, which are
computationally more complicated. Since the 3d AOs
of the metal atoms are filled by electron pairs or
unpaired electrons and the bonding M–C2H2 interac�
tions become weaker, most complexes are consider�
ably less stable to decomposition with elimination of
the С2Н2 molecule as compared with the above com�
plexes. The calculated D(M–C2H2) energies for these
complexes rarely exceed 10 kcal/mol, even for low�
and medium�spin states. Inasmuch as the B3LYP
approximation tends to systematically overestimate
these energies [3, 11, 12], we assume that the “actual”
stability of such complexes can be even lower. For ade�
quate analysis of trends in the behavior of properties of
similar weakly bound compounds (and especially for
quantitative estimates of absolute values), more accu�
rate approximations should be used. In some cases, the
spin characteristics like S(S + 1) calculated by us at the
B3LYP level significantly differ from standard values,
which points to the multireference character of wave
functions and insufficient “adequacy” of the B3LYP
approximation. Therefore, only few structures with
late 3d atoms are presented in Table 1 for which the
B3LYP computation results are believed to be most reli�
able. These data demonstrate that a decrease in D(M–

Table 3. Calculated energetic characteristics of protonated acetylene complexes M(P)(σ�C2H3)+*

Complex M R
(MCM)

R
(CC)

R
(CMH) h(M/4N) ϕ

(MCMC) ρ(M) Z
(C2H3)

ν(M–
C2H3) ν(CC) Erel D

C2H3 2 1.310 1.083 1678

Ti(P)(σ�C2H3)+ 1 2.021 1.349 1.094 0.45 123.6 –0.08 557 1618 48

V(P)(σ�C2H3)+ 2 1.974 1.342 1.092 0.43 122.8 1.20 –0.03 559 1615 43

Cr(P)(σ�C2H3)+ 1 1.938 1.340 1.091 0.38 122.5 0.03 565 1611 25.9

3 1.950 1.348 1.090 0.30 125.6 2.38 0.06 553 1595 0

Mn(P)(σ�C2H3)+ 2 1.991 1.326 1.088 0.22 124.2 3.37 0.00 466 1651

Fe(P)(σ�C2H3)+ 1 1.871 1.344 1.088 0.26 124.7 –0.06 583 1580 27.1

3 1.966 1.328 1.086 0.20 124.2 2.22 0.09 447 1630 0 39

5 1.975 1.333 1.093 0.36 124.2 2.91 –0.16 479 1635 13.8

Co(P)(σ�C2H3)+ 2 1.883 1.328 1.090 0.15 127.5 –0.05 548 1668 0

4 1.983 1.327 1.087 0.28 119.2 2.47 0.09 407 1631 22.4

6 2.070 1.334 1.092 0.46 124.6 3.11 –0.05 369 1625 30.4

Ni(P)(σ�C2H3)+ 1 1.953 1.313 1.085 0.15 124.5 0.16 486 1681 0

3 1.903 1.324 1.086 0.15 125.6 1.18 0.08 481 1684 7.8

* See notes to Table 1. CM is the acetylene carbon atom bound to the metal atom.
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C2H2) is accompanied by a considerable elongation of
the metal–acetylene distance to 2.2–2.3 Å or more, a
decrease in the ν(M–C2H2) frequency to 200 cm–1 or
lower, and a sharp weakening of the activation effects
of the weakly coordinated С2Н2 molecule, for which
the geometric and vibrational characteristics are close
to those of the free С2Н2 molecule. Comprehensive
systematic analysis requires the use of considerably
more sophisticated multireference approaches, which
is still beyond the capability of our computers.

These methodical difficulties mainly refer to weakly
bound π�complexes М(Р)(π�С2Н2). For considerably
stronger protonated σ�complexes М(Р)+(σ�С2Н3), the
B3LYP approximation is more adequate. The decom�
position energies of these ions with elimination of the
С2Н3 vinyl radical decrease rather slowly along the 3d
series, but remain higher than 20–30 kcal/mol.
According to calculations (Table 3), the medium�spin
triplet state is most favorable for the Fe(Р)+(σ�С2Н3)
ion and the low�spin doublet and singlet states are
most favorable for Co(Р)+(σ�С2Н3) and Ni(Р)+(σ�
С2Н3), respectively.

REFERENCES

1. The Porphyrin Handbook, Ed. by K. M. Kadish,
K. M. Smith, and R. Gillard (Academic, San Diego,
2000).

2. O. P. Charkin, A. V. Makarov, and N. M. Klimenko,
Zh. Neorg. Khim. 53, 781 (2008) [Russ. J. Inorg.
Chem. 53, 718 (2008)].

3. A. V. Makarov, O. P. Charkin, and N. M. Klimenko,
Zh. Neorg. Khim. 55, 263 (2010) [Russ. J. Inorg.
Chem. 55 (2), 229 (2010)].

4. K. L. Woo, J. A. Hays, R. A. Jacobson, and C. L. Day,
Organometallica 10, 2102 (1991).

5. A. D. Becke, J. Chem. Phys. 98, 5648 (1993).

6. C. Lee, W. Yang, and R. G. Parr, Phys. Rev. B: Con�
dens. Matter 37, 785 (1988).

7. Frish M, et al., GAUSSIAN 03, Revision B.03, Gaus�
sian, Pittsburg, PA, 2003.

8. R. Ditchfield, Mol. Phys. 27, 789 (1974).

9. K. Wolinski, J. F. Hilton, and P. Pulay, J. Am. Chem.
Soc. 112, 8251 (1990).

10. L. V. Gurvich, G. V. Karachevtsev, V. N. Kondrat’ev,
Yu. A. Lebedev, V. A. Medvedev, V. K. Potapov, and
Yu. S. Khodeev, Dissociation Energies of Chemical
Bonds. Ionization Potentials and Electron Affinity
(Nauka, Moscow, 1974) [in Russian].

11. O. P. Charkin, N. M. Klimenko, D. O. Charkin, et al.,
J. Phys. Chem. A 111, 9207 (2007).

12. K. E. Riley and K. M. Merz, J. Phys. Chem. A 111,
6044 (2007).



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


