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Ab initio quantum-chemical methods at the RHF/UHF and MP2 levels of theory were applied to the investigation
of the structure, bonding, reactivity and electrochemical behaviour of a thenium(1)-bis(diphosphine) n*-allene
complex and of the corresponding n*-vinyl product derived from protonation, by using the models trans-[ReCl-
(n*-H,C=C=CH,)(PH,),] and trans-[ReCl{n*-C(CH,)CH,}(PH,),]". Full geometry optimization of the models was
carried out and the electrostatic potential distributions and MO compositions were calculated, allowing not only
the interpretation of the co-ordination bonds of the n*-allene and the n*-vinyl ligands and of the relative oxidation
potentials of their complexes and study of the cathodically induced dehydrogenation of the n?-vinyl species to
regenerate the parent allene complex, but also the investigation of the mechanism of protonation of the allene
complex. The calculations were also performed on the possible singly and doubly protonated complexes, and the
results indicate that the protic conversion of the n*-allene into the n-vinyl complex conceivably occurs via
chloro-protonated-allene and -vinyl intermediates (rather than via initial metal protonation), i.e. trans-[Re(CIH)-
(n*-H,C=C=CH,)(PH,),]" and trans-[Re(CIH){n*-C(CH,)CH,}(PH,),]*", which were not identified in a previous
stopped-flow spectrophotometric study, thus supporting an unprecedented role, in the protonation reaction, of
the chloro-ligand which does not behave as a mere spectator or trans-stabilizer.

Introduction

The developments of quantum-chemical methods have allowed
their application to the study of various molecular properties,
with interest to experimental chemists, of many-electron sys-
tems including transition-metal co-ordination compounds.
Such properties include molecular structures, features of chem-
ical bonds and their energies and, although to a lesser extent,
chemical reactivity.

In particular, transition metal complexes with small unsatur-
ated ligands, such as carbonyl,? carbenes, vinylidenes or
carbynes,** dinitrogen®** or n-bonded ligands,**"> have been
the object of various theoretical studies, which have also been
applied, although scantily, to n*allene or n’vinyl (or n’
allenyl) complexes.®™® Examples of their reactions investigated
by theoretical methods include insertions of olefins, acetylenes
or carbonyl, hydrogen-transfer reactions,’ hydrogenation of
CO, CO, and olefins, hydroformylation of olefins,' electro-
philic or nucleophilic addition to carbynes, carbenes, acetylide,
vinylidene, vinyl and isocyanide ligands,¥3¢**7 the Dotz reac-
tion,'* catalytic dimerization of ethylene and polymerization of
allene® and acetylene-to-vinylidene rearrangement.**

However, applications of quantum-chemical methods to the
elucidation of the mechanisms of reactions of organometallic
complexes have less extensively been reported,'***? and in this
study we present our attempts to complement, by ab initio
methods, a mechanistic investigation by stopped-flow spectro-
photometry'® of protonation of the n*-allene complex trans-
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[ReCl(n2-H,C=C=CHPh)(dppe),] 1 (dppe = Ph,PCH,CH,PPh,)
to give the m-vinyl trans-[ReCl{n*-C(CH,)CH,Ph}(dppe),]*.
This reaction, which then constituted a novel method for the
synthesis of n*vinyl complexes,® is based on an electrophilic
rather than on a nucleophilic addition, and its complex rate
law is not consistent with direct protonation at the phenyl-
substituted carbon atom, but instead with a mechanism
(Scheme 1) involving an initial protonation at a different site,
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Scheme 1 Mechanism of protonation of the allene complex trans-
[ReCl(n*-H,C=C=CHPh)(dppe),] proposed * on the basis of a stopped-
flow spectrophotometric study. X and Y were postulated intermediates.

followed by intramolecular and acid-base catalysed rearrange-
ments.

The initial site of protonation was not ascertained, but the
metal was simply postulated as such a site, apparently consistent
with preliminary extended Hiickel calculations (performed on a
model system with the ligated allene CH,=C=CH, and with all
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the other ligands taken as hydrogens)® which indicate that the
HOMO of the complex is predominantly metal-based. The
mono- and the di-protonated intermediates X and Y were not
identified and the kinetic analysis would fit any formulations
presenting any other atom (apart from the phenyl-carbon atom)
as the initial site of proton attack. In view of the relevance of
the elucidation of this point, we have performed more extensive
ab initio studies on a more elaborate model system (see below),
aiming to be able to select the most probable site for the initial
H* addition and to identify the key intermediate complexes
Xand Y.

Other aims of this study include the understanding of the
co-ordination bonds of the ligated allene and n*-vinyl, as well
as of the redox properties and electrochemical behaviour!! of
their complexes.

Computational details

The full geometry optimization of model fragments in
Cartesian coordinates and the calculation of molecular orbital
composition for compounds with a closed electron shell were
carried out by the quasi-Newton—-Raphson gradient method at
the restricted Hartree—Fock approximation using effective core
potentials (ECPs)'? with help of the GAMESS package.'* The
relative energies of all structures include zero-point energy
(ZPE) correction. The calculations of the molecular orbital
composition of fragments with an open electron shell were
carried out by the unrestricted Hartree—Fock method. Vertical
ionization potentials of the initial allene and final vinyl com-
plexes were calculated at both HF and MP2 levels of theory.
Symmetry operations were not applied for all structures. A
quasi-relativistic Stuttgart pseudopotential described 60 core
electrons and the appropriate contracted basis set (8s7p6d)/
[6s5p3d]* for the rhenium atom were used. For other non-
hydrogen atoms the analogous pseudopotentials and basis
sets '® were applied. The standard basis set of Gauss functions
6-31G "7 was selected for the hydrogen atoms.

The electrostatic potential values for the starting allene com-
plex were determined for the grid of points in the plane of the
allene fragment and in the parallel planes (at distances of 1, 2
and 3 A from the plane of the allene fragment) with step points
of 0.1 A. The Hessian matrix was calculated numerically for all
structures in order to prove the location of correct minima (for
the initial and all mono- and di-protonated structures there are
no imaginary frequencies) or saddle points (for transition states
there is only one negative eigenvalue).

The hypothetical complex trans-[ReCl(n*-CH,=C=CH,)-
(PH,),] 2 instead of the real one trans-[ReCl(n*-CH,=C=CHPh)-
(dppe),] 1 was chosen as a model compound for our calcul-
ations. The choice of the basis set and of the model took into
account a reasonable computational time required for geometry
optimization. Figures with MO diagrams for 2 and for the
reduced form 4’ of the derived n>-vinyl complex 4 have been
deposited as Electronic Supplementary Information (ESI).

Results and discussion

Structure of the allene complex trans-[ReCl(n>-CH,=C=CH,)-
(PHy),]1 2

The equilibrium structure (2, Fig. 1), which was found as
a result of the full geometry optimization of trans-[ReCl-
(n*>-CH,=C=CH,)(PH,),], represents a slightly distorted
octahedron (if the allene ligand is considered to occupy a single
co-ordination position). The relative positions of the allene and
the {ReCl(PH,),} fragment correspond to the eclipsed con-
formation exhibited by the real complex 1:'® two, P(10) and
P(11), of the P atoms (as well as the CI(13) atom) lie in the plane
of the allene carbon-framework and are shifted away from the
allene ligand due to steric effects, the P(10)ReP(11) angle of
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Fig. 1 Optimized structures for the allene complex 2 and for the
derived monoprotonated complexes 3-8 (numbers following the order
of increasing energy) (8 is the most favourable intermediate towards 4).

160.6° being significantly smaller than that (179.1°) of
P(9)ReP(12).

Selected bond lengths and angles are given in Table 1 and the
main calculated structural parameters are in agreement with the
experimental ones measured for complex 1. In particular, the
calculated C(1)-C(2) and C(1)-C(5) bond lengths, 1.325 and
1.421 A, are close to the respective measured values, 1.32(1) and
1.41(1) A.™® The former corresponds to a double bond (bond
order of 1.89) and the latter is rather extended by co-ordination
(the C=C distance in the free allene molecule calculated at the
same approach is 1.299 A) becoming ca. 0.08-0.09 A shorter
than the average C—C single bond distance.'” The Re-C(1) bond
length (2.110 A) is shorter than Re-C(5) (2.199 A), and these
features are in accord with both X-ray data (2.087(6) and
2.181(6) A, respectively'*) and results of preliminary quantum
chemical calculations by the extended Hiickel method on a
simpler model of 1.

Monoprotonated structures

One of the aims of this work is the recognition of centres sus-
ceptible to protonation and the search for possible protonated
structures. The effective atomic charges (Table 2) provide pre-
liminary information on this subject. The highest negative value
is localized at the chloro atom CI(13) (—0.59), followed by the
C(2) and C(5) atoms (—0.42 and -0.41, respectively), whereas
less negative values were obtained for the Re and C(1) atoms.
In order to determine the most probable ways of H" approach-
ing for protonation of the allene structure 2, the electrostatic
potential (ESP) distribution was calculated and is illustrated
(Fig. 2) by the maps of negative ESP for the plane in which the
allene fragment lies (z=0 A) and for the parallel plane at 1 A
distance (z=1 A). The negative ESP values are distributed
according to two main conical shapes and several regions
with the highest negative ones can be distinguished. The ESP is



Table 1 Selected bond lengths (A) and angles (°) for structure 2 and derived mono- and di-protonated ones

2 3 4 5 6 7 8 9 10 11 12
C(1)-C(2) 1.325 1.399 1.476 1.324 1.309 1.313 1.319 1.472 1.487 1.465 1.488
C(1)-C(5) 1.421 1.399 1.423 1.527 1.375 1.384 1.403 1.411 1.518 1.404 1.360
Re-C(1) 2.110 2.292 1.935 2.072 2.254 2.177 2.131 1.948 1.965 1.991 2.933
Re-C(5) 2.199 2.336 2.175 2.690 2.316 2.262 2.220 2.174 2.876 2.197 2.498
Re-C(2) 2.336
Re-P(av.) 2.52 2.57 2.56 2.58 2.56 2.58 2.54 2.58 2.60 2.60 2.61
Re-ClI(13) 2.644 2.563 2.570 2.511 2.570 2.574 2.963 3.106 2.454 2.522 2.381
Re-H 1.631 1.645 1.636
CI(13)-H 1.309 1.311
C(2)-C(1)-C(5) 138.4 116.2 131.3 122.2 148.7 145.5 140.8 1333 114.1 134.9 125.7
Re-C(5)-C(1) 67.4 70.7 60.9 50.1 70.0 68.5 67.8 61.6 39.7 62.7 94.3
Re-C(1)-C(5) 74.2 74.2 79.1 95.5 75.0 75.2 74.6 78.9 110.7 78.6 58.2
C(2)-C(1)-Re 147.4 74.1 149.6 142.3 136.3 139.2 144.6 147.8 135.2 146.5 114.1
C(1)-Re-P(9) 89.9 88.9 95.0 79.7 89.8 90.0 85.5 93.3 86.4 88.2 78.5
C(1)-Re-P(10) 81.7 88.8 83.4 79.7 76.4 87.2 81.7 84.9 86.4 93.6 87.8
C(1)-Re-P(11) 117.8 111.2 117.7 110.9 122.6 121.0 115.8 117.4 105.5 96.3 93.5
C(1)-Re-P(12) 90.8 111.2 95.1 110.9 108.5 93.8 88.8 92.9 105.2 121.9 110.8
H-Re-C(1) 62.8 77.6 81.8
H-Re-C(5) 70.9 107.8 112.7
H-Re-CI(13) 130.0 86.4 82.6
H-Re-P(9) 71.3 60.6 61.7
H-Re-P(11) 65.3 137.9 139.8
H-CI(13)-Re 118.0 132.6
Table 2 Mulliken atomic charges for the initial and protonated structures

Charge

Atom 2 3 4 5 6 7 8

C(1) —0.12 —-0.13 —-0.15 —0.26 —-0.10 —0.08 -0.13

C(2) —0.42 —0.44 —0.46 —0.43 —0.38 -0.37 -0.39

C(5) —0.41 —0.44 —0.47 —0.54 —0.26 -0.33 —0.37

Re(8) -0.30 —0.48 -0.30 =0.17 -0.70 —0.62 —0.42

P(©9) 0.39 0.42 0.42 0.46 0.45 0.51 0.40

P(10) 0.41 0.42 0.42 0.46 0.44 0.48 0.41

P(11) 0.42 0.45 0.45 0.39 0.47 0.39 0.41

P(12) 0.38 0.45 0.42 0.39 0.44 0.42 0.37

CI(13) —0.59 -0.45 —0.45 —0.41 —0.44 -0.45 —-0.18

minimum in the neighbourhood of the chloro-atom, CI(13) (I,
Fig. 2) and the following regions include the minima near the
C(2), C(5) and C(1) atoms (II-VI). Finally, there are only a few
points (VII) with negative ESP between the Re and the C(5)
atoms. Since the chloro-atom, the C(5) and C(2) atoms have the
highest negative atomic charge and taking also into account
that the regions with the most negative ESP are situated near
these atoms, they constitute the most probable centres for pro-
tonation according to the simple electrostatic model. In con-
trast, the proton attack on the Re atom appears rather unlikely.

In order to establish the possibility of formation of the dif-
ferent protonated structures and to estimate their relative stabil-
ity, full geometry optimization of the series of protonated
structures with different starting positions of the attacking
proton (initially placed in the regions with the most negative
ESP) was carried out. The minima on the potential surface were
found for all the following possible monoprotonated structures
ordered according to the decrease of their stability (Table 3).
The most stable one (3, Fig. 1) is that with the protonated C(1)
atom, thus presenting an m’-allyl ligand, 1*-CH,CHCH,,
formed when the proton approaches that atom from the region
over or under the plane of the allene fragment. The formation
of this n* structure leads to analogous distances between Re
and all the carbon atoms, ie the Re-C(1), Re-C(2) and
Re-C(5) bond lengths are 2.292, 2.336 and 2.336 A (Table 1)
and the existence of a n-delocalized bond is confirmed by the
similar values of the effective Mulliken atomic charges on the
C(2) and C(5) atoms (—0.44), and by the identical C(1)-C(2)
and C(1)-C(5) bond lengths (1.399 A) and orders (1.13). The

Table 3 Total energies of the initial and protonated structures E,,
relative energies E,,, and zero point energies (ZPEs)

Protonated E/ E../ ZPE/

Structure  atom Hartree kcalmol™!  kcal mol™
2 — —143.33967 0.0 112.3
3 C(1) —143.75944 0.0 122.5
4 cQ) —143.74348  +9.9 120.4
5 C(5) —143.73124 +17.5 120.4
6 Re —143.69820 +38.5 119.9
7 Re —143.68151 +48.9 119.9
8 CI(13) —143.66576  +58.8 117.4
9 ClI(13), C(2) —143.93637 +29.3 124.8
10 C(5),C(2)  —143.98288 0.0 128.2
11 Re, C(2) —143.91540 +42.4 128.0
12 C(),C(2)  —143.98036  +1.6 128.7

Re-P bond elongates (to 2.560-2.578 A) while the Re—CI(13)
distance shortens (to 2.563 A) and these features are common
to all the other protonated structures discussed below, with the
exception of the one that results from protonation at the chloro-
ligand. They are accounted for by the decrease of the n-electron
release ability of Re to the phosphines and the enhancement of
the m-electron donation of the chloro-ligand, as a result of the
protonation of the allene.

The second most stable protonated structure (4, Fig. 1),
whose total energy is 9.9 kcal mol™* higher than that of 3, is
formed when the proton approaches the molecule from the C(2)
atom side, and corresponds to the final n2-vinyl product of the
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Fig. 2 Distribution of electrostatic potential for compound 2: (a) in

the plane of the allene fragment (z = 0 A); (b) in the parallel plane at 1 A
distance (z =1 A).

protonation of complex 1. Structure 4 presents a plane of
symmetry with the Cl, Re, C and two of the P atoms, the other
two being symmetrically located on each side of this plane.
Protonation of the initial complex at C(2) leads to a shortening
of the Re—C(1) bond length to 1.935 A and an elongation of the
C(1)-C(2) distance to 1.476 A (Table 1), i.e. to a single bond
length (the bond order is 0.91). The C(1)-C(5) distance remains
virtually unchanged and the Re—Cl(13) and Re-C(5) bonds are
shortened to 2.570 and 2.175 A, respectively. The structural
changes are generally in good agreement with the X-ray data®
which show e.g that the final n?-vinyl complex frans-[ReCl{n*
C(CH,)CH,Ph}(dppe),][BF,] exhibits Re-C(1) and C(1)-C(2)
bond lengths of 1.947(6) and 1.500(8) A, respectively.

Geometry optimization of the protonated complexes with
the initial proton position near the C(5) atom leads to structure
5 (Fig. 1) with this protonated atom (forming an m'-vinyl
species), whose total energy is 7.6 kcal mol ! higher than that of
4. It is noteworthy that, for the initial H* position between the
Re and C(5) atoms (VII, Fig. 2), the proton moves not to the
metal but to the latter atom. This protonation is accompanied
by a change of the general molecular conformation, i.e. the
organic ligand in an eclipsed position relative to two of the
P atoms, in 2, becomes situated between PH; ligands in 5. A
minimum corresponding to the eclipsed conformation of allene
and PH, ligands was not found.

Structure 5 also has a symmetry plane containing the Re,
CI(13) and C atoms. As a result of protonation a strong weak-
ening (conceivably leading to cleavage for the real system) of
the Re—C(5) bond occurs [this interatomic distance becomes
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2.690 A (Table 1)] with formation of the n'-vinyl complex, con-
sistent also with elongation of the C(1)-C(5) bond (to 1.527 A)
without significant variation of the C(1)-C(2) distance.

The next structure in the order of stability (6, Fig. 1, 21.0 kcal
mol ! less stable than 5) results from protonation at the metal
and its formation requires overcoming a potential barrier. The
initial proton position within any region with negative ESP
(including regions VI and VII, Fig. 2) leads to protonation
of an atom different from Re. The co-ordination polyhedron of
the hydride species 6 is a capped octahedron with increased
Re-C(1), Re-C(5) and Re-P bond lengths to 2.254, 2.316
and 2.536-3.590 A, whereas the C(1)-C(2), C(1)-C(5) and
Re-CI(13) bond distances are shortened to 1.309, 1.375 and
2.570 A, respectively (Table 1).

The formation of another Re-protonated structure (7,
Fig. 1), which is 10.4 kcal mol™! less stable than 6, would also
need to overcome a potential barrier and cannot be obtained by
geometry optimization with the initial H* position within any
region with negative ESP. The proton adds to Re pushing two
of the PH; groups [P(9) and P(10), with increasing P(9)ReP(10)
angle to 122.3°] and the co-ordinational polyhedron of struc-
ture 7 is a pentagonal bipyramid with the base defined by the
Re, four P atoms and the hydride ligand, with the torsion angles
PPPP and P(12)P(11)P(9)H(26) 25.9 and —25.6°, and the apical
sites being occupied by the CI(13) atom and the middle point of
the C(1)-C(5) bond. The C-C, Re-H and Re-Cl(13) bond
lengths are similar to those of structure 6 whereas the Re-C
bonds are shorter for 7 (Table 1).

The next equilibrium structure 8 (Fig. 1) exhibits a proton-
ated chloroatom, is formed when the proton approaches
molecule 2 from the side of the ligating chloride, and has the
least stability (9.9 kcal mol™! less stable than 7). This proton-
ation leads to a lengthening of the Re—Cl(13) bond to 2.963 A
(Table 1) which corresponds to rather pronounced weakening
or even cleavage of this bond. The other structural parameters
only undergo slight adjustments and the basic structure is
virtually preserved. Hence, e.g the other metal-ligand bonds
extend slightly (by ca. 0.02 A) in accord with a decrease of the
n-electron release ability of the metal on conversion of the
strong electron-donor chloride ligand into the weakly bound
HCIL.

Mechanism of protonation

According to stopped-flow spectrophotometric results,'’ the
first stage of the protonation reaction of the allene complex
involves proton addition to an atom different from C(2) giving
an unidentified monoprotonated intermediate. The above
theoretical study identified five such intermediates derived from
protonation at C(1) (3), C(5) (5), Re (6 and 7) or CI(13) (8).
Let us now discuss their feasibility in terms of mechanistic
significance.

First protonation step. The chloro-ligand in the allene com-
plex 2 should constitute the most probable site of proton attack
(forming species 8) if the reaction is charge controlled. In fact,
the most negative value (—0.59) of the effective Mulliken atom-
ic charge in the allene complex is localized at the chlorine atom,
CI(13), and the largest regions with the most negative ESP are
close to this atom.

Moreover, in comparison with the other monoprotonated
equilibrium structures, 8 is that which requires the smallest
structural changes relative to its parent allene complex and
corresponds to the least steric hindrance to the H" approach to
the molecule of the latter compound. The extent of the required
structural rearrangements on the first protonation is a feature
to consider for selection of the most probable singly protonated
product since its formation is fast, occurring quantitatively dur-
ing the deadtime (2 ms) of the stopped-flow spectrophotometer.
In accord with this requirement, the structural arrangement



resulting from protonation of the CI(13) atom corresponds
mainly to a labilization of its bond to the metal. This effect
could account for the known?® replacement of the chloro- by a
fluoro-ligand in the related protonation reaction, by HBF,, of
the vinylidene complexes trans-[ReCl(=C=CHR)(dppe),] (R =
alkyl or aryl) to form the fluoro-carbynes trans-[ReF(=CCH,R)-
(dppe),][BF,] together with the corresponding chloro-products.

In addition (see below), a p orbital of the chloro-ligand pro-
vides a noticeable contribution (7.9%) to the HOMO of the
initial allene complex, which could be favourable in terms of
a frontier-orbital argument (although not so much as for the
metal atom which provides the greatest contribution to the
HOMO).

The C(2) and C(5) atoms of the allene species constitute
the next centres (following the chloro-ligand) with the most
negative effective atomic charge (—0.42 and —0.41, respect-
ively). Extensive regions of negative ESP are found close to the
C(2), C(1) and C(5) atoms, but for all of them the ESP is much
less negative than that for the more extensive one close to the
chloro-ligand. The H* approach to the C(2) or C(5) atoms in
the real phenylallene-bis(dppe) complex would be expected to
be subject to a significant steric hindrance imposed by the
phenyl rings of the phenylallene or of the phosphine ligands
[the bulkiness of a metal bis(dppe) site is well known?!]. Those
features hamper protonation at either C(2) or C(5), at least
relatively to the chloro-ligand, and conceivably also account for
the non-occurrence, as shown!® by stopped flow, of the first
proton attack at C(2) which would lead directly to the final
n2-vinyl product 4.

Further unfavourable arguments for the initial proton attack
at C(5) can be put forward, in particular the significant struc-
tural alterations that would occur with formation of the n'-
vinyl ligand (complex 5) involving e.g strong weakening (or
cleavage) of the Re—C(5) bond and a change of conformation.
Moreover, in contrast to C(2) and CI(13), the C(5) atomic
orbitals give no contribution to the HOMO of the starting
allene complex (see below) and therefore, also from the frontier-
orbital point of view, the first proton addition to C(5) would
not be so favourable as protonation at the chloro-ligand or even
at the C(2) atom. Hence, since the initial protonation does not
occur at C(2),!° we believe the same should happen for the
less favourable C(5) atom, thus ruling out complex 5 as the
monoprotonated intermediate.

Rhenium is the next atom, following CI(13), C(2) and C(5),
with the most negative effective atomic charge (—0.30) and its
protonation would lead to formation of the hydride complexes
6 or 7. However, no extensive region of negative ESP was found
near the Re atom and the hydride structures would be formed
only when the proton is initially situated near that atom in a
region with positive ESP. The geometry optimization of the
structures with initial H" positions within the negative ESP
regions leads to the formation of other protonated structures.
The increase of co-ordination number of a rather sterically
crowded metal centre and the steric hindrance to the H™
approach to the metal constitute further difficulties to over-
come. In this respect, we should mention that we never
obtained, in our extensive protonation studies of trans-
[ReCI(L)(dppe),] (L =CNR, NCR, alkyne, or any derivative),
any hydride complexes of the type [ReH(CI)(L')(dppe),]*
(L' =L or derivative). Finally, the formation of hydride struc-
tures is accompanied by significant structural changes. Never-
theless, Re is the atom that mostly contributes to the HOMO
(the Mulliken atomic population at Re is 1.32) (see below) and
its protonation would be the most favourable one, if frontier-
orbital controlled.

The next atom in the order of decreasing negative effective
atomic charge is C(1) and its protonation would lead to the
n*-allyl complex 3 which corresponds to the most stable mono-
protonated structure, being even more stable than the final
n-vinyl product 4. Therefore, its involvement in the formation

of 4 should be neglected. This can be accounted for by the
following factors, apart from the small negative effective charge
(—=0.12) at C(1): extensive structural rearrangements required
and hampered sterically, especially for the real system contain-
ing nine phenyl groups, namely rotation of the organic ligand
with conversion into a trihapto one leading to unacceptable
eight-co-ordination of a rather bulky metal centre; strong steric
hindrance to the approach of H* towards C(1); small contribu-
tion of this atom to the HOMO (Mulliken atomic population
of 0.08, see below).

From the above considerations, the most probable site for the
first proton attack at the allene complex appears to be the
chloro-ligand, forming the monoprotonated intermediate 8,
thus following a charge controlled process. We now analyse the
possibility of conversion of this species (or even of another less
probable intermediate) into the final n*-vinyl product 4.

Acid-base catalysed path. The second stage of the proton-
ation reaction can follow '* an acid-independent pathway or an
acid—base catalysed one (Scheme 1), the former occurring via
intramolecular proton migration to the C(2) atom and the latter
involving a second proton addition which occurs at this atom
followed by elimination of the first proton. The acid catalysed
pathway should be predominant!® under the experimental
conditions used, in the presence of an excess of acid, and will be
the first one to be considered.

The monoprotonated complex with the most probable
formation (see above), i.e. the chloro-protonated species (8),
can account for the formation of the doubly protonated inter-
mediate in the acid-base catalysed path, by undergoing a
second proton addition to the C(2) carbon to form the
diprotonated n*-vinyl species 9 [Scheme 2(a)]. The negative

(a) 4 H 2+ III +
|
CH
N L IR s BT BNP
R | —| c-rRY —>la Re\/’
H /1, H /| ~CH, /1 cH,
8 1 -vinyl 4
9
(b) g2t
+ CH,
\l C//CHZ H* \///C< _H*
CI—reZ- > |Cl—Ré%*--CH,
CH, (
/1 ! N K
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10
(c) H 1%
|
H ..CHy| H' H CH, ot
N2 N Ny A
CI—Re_| c—re” |
\™cH, I\ "™cH,
. nz—vinyl
11
(d) - ITI 2+
cul * \ CH,
\ c7 W [ —H*
Cl—R¢_| — 01—Re’\':
H'/\ ~CH, /1| “CH,
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12

Scheme 2 Acid-base catalysed pathways [(a) as the most favourable
one.
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Fig. 3 Optimized structures for the hypothetical diprotonated inter-
mediates in the acid-base catalysed pathway (9 is the most favourable
one).

value (—0.39) of the Mulliken atomic charge at the C(2) atom
in 8 and its high atomic orbital contribution to the HOMO
(Mulliken atomic population of 0.46) constitute favourable
features for the occurrence of protonation at this particular
atom. Moreover, although there are no regions of negative
ESP for 8 due to the overall positive charge of the complex
(nevertheless the situation can be different for the real system
in which the positive charge is compensated by that of the
counter ion), the least positive ESP (for the plane with z=2 A)
is localized over the C(2) atom, thus constituting a further
favourable condition for protonation at C(2). The prefer-
ence, for the H™, of this C atom in 8, relatively to the other
atoms, in spite of the similarity of the negative Mulliken atomic
charge values for C(5) (—0.37) and Re (—0.42) [at C(1)
or at ClI(13), the value, —0.13 or —0.18, respectively, is not
so negative], can further be accounted for by the smallest
structural changes and the least steric hindrance [in comparison
with the metal and with C(1)] associated with the H addition
to C(2).

Full geometry optimization of the doubly protonated struc-
ture 9 (Fig. 3) was carried out on the basis of the equilibrium
geometry of structure 8 as the initial one, and considering the
initial position of the second proton close to the C(2) atom. The
addition of the second proton to C(2) resulted in a C(1)-C(2)
bond length increase to 1.472 A (decrease of the bond order
from 1.91, in 8, to 0.90) and in a shortening of the Re-C(1)
distance to 1.948 A (Table 1), reflecting the conversion of the
n-allene into the n>-vinyl ligand. The other structural param-
eters do not change considerably.

An increase of the acidity of the HCI ligand is expected to
result from protonation of the allene in species 8 to afford the
dicationic complex 9 and therefore deprotonation in the latter
can occur by any base present such as the solvent (thf), CI” or
even HCI (a weak acid in this solvent). The acid-base catalysed
pathway is thus completed giving the final n?-vinyl product 4
[Scheme 2(a)].

The other diprotonated intermediates 10-12 that could be
considered in this pathway are shown in Scheme 2(b)—(d) with
their parent monoprotonated species and their geometry
optimization was also achieved. They are less favourable than 9
because their parent complexes are less favourable than that

4418 J. Chem. Soc., Dalton Trans., 2000, 44134421

of the latter, and also due to some particular reasons given
below.

In the case of the C(5)-monoprotonated complex 5, proton
addition to C(2) would give the dimethylcarbene complex 10
[Scheme 2(b)] which on deprotonation of the C(5)-Me group
would form the final n?-vinyl product 4. Relative to the parent
complex 5, the Re—C(1) bond length shortens to 1.965 A (Table
1), thus reflecting the carbene character of the new ligand,
whereas the Re-C(5) distance is stretched to 2.876 A, corre-
sponding to further weakening or even cleavage of the bond.
The C(1)-C(2) bond length increases to 1.487 A (conversion
from double into single bond) and the C(2)C(1)C(5) angle
decreases from 122.2 to 114.1°. A shortening of the Re-Cl(13)
bond occurs (to 2.454 A), as observed for the other doubly
protonated structures discussed below. Complex 10 would
be the most stable diprotonated species and conceivably the
least acidic one, a feature that would disfavour the following
deprotonation step.

The structure with both Re and C(2) protonated atoms, 11,
obtained [Scheme 2(c)] on the basis of the parent pentagonal
bipyramid structure 7 is stable (in contrast with that, see below,
derived from the capped octahedral hydride complex 6),
although its total energy is higher than those of the other
doubly protonated structures (Table 3). The co-ordination
polyhedron (Fig. 3) remains a pentagonal bipyramid, the Re—
C(5) and Re—C(1) bonds are shortened to 2.197 and 1.991 A,
respectively, whereas the C(1)-C(2) bond length increases (by
0.152 A) to 1.465 A (Table 1), a value similar to the correspond-
ing one in the product 4 (decrease of the bond order from 1.93
in7t00.92in 11). The Re—Cl(13) bond length decreases to 2.522
A while the Re—H(26) distance does not change significantly.

The structure with both Re and C(2) protonated atoms
obtained [Scheme 2(d)] on the basis of the hydride precursor
structure 6 (capped octahedron) is unstable. By geometry
optimization, migration of the proton from the metal to the
C(1) atom is observed, resulting in structure 12 (Fig. 3) with
protonated C(1) and C(2) atoms giving a propylene ligand. The
formation of 12 involves a twist of the organic ligand by ca. 90°
around the C(1)-C(5) bond, the lengthening of the C(1)-C(2)
bond to 1.488 A (Table 1) (the bond order becomes 0.94),
extensive weakening or even cleavage of the Re—C(1) bond [the
Re-C(1) distance becomes 2.933 A, Table 1] and elongation of
the Re—C(5) bond from 2.316 to 2.498 A. This would corre-
spond to an effective labilization of the propylene ligand. In
this respect, it is worth mentioning that we always failed in our
attempts to bind an olefin to the {ReCl(dppe)} site. Hence, the
corresponding pathway to the n*-vinyl product does not appear
to be favourable.

In summary, the acid-base catalysed pathway conceivably
proceeds according to Scheme 2(a), via intermediates 8 and 9,
on the basis of the following arguments: (i) these complexes are
the most favourable monoprotonated and doubly protonated
intermediates, respectively, on the basis of combined favourable
Mulliken atomic charges, ESP distribution, steric, structural
and frontier-orbital arguments; (ii) moreover, other possible
(but less favourable than 8) monoprotonated intermediates (5
and 6) would lead to unfavourable diprotonated species, 10 and
12 [Scheme 2(b) and 2(d)] on account of the expected low acid-
ity or lability of their organic ligands (carbene or propylene,
respectively). It is still noteworthy that a main driving force
for the second protonation in the acid catalysed path is pro-
vided by the high activation, by the effective m-electron
releaser binding metal centre, of the allene ligand towards
electrophilic attack. However, this protonation can only occur
after the first proton addition to the chloride ligand which
competes favourably (for the above mentioned reasons) with
the allene for the proton.

Acid-independent path. The monoprotonated intermediate
should be able to convert into the final n?vinyl complex not



Table 4 Selected bond lengths (A) for the transition states TS1, TS2
and TS3

TS1 TS2 TS3
C(1)-C(2) 1.332 1.376 1.317
C(1)-C(5) 1.717 1.446 1.396
Re-C(1) 2.138 2.121 2.152
Re-C(5) 2.113 2.164 2.231
Re P(av.) 2.56 2.55 2.54
Re-CI(13) 2.585 2.584 2.821
C(5)-H(26) 1.489

C(1)-H(26) 1.161 1.202

C(2)-H(26) 1.528
CI(13)-H(26) 1.456
Re-H(26) 1.946

cma) —~
- C -

TS3

Fig.4 The transition state for the Cl(13) —— Re proton migration.

only following the dominant acid-base catalysed pathway dis-
cussed above, but also by a slower process involving proton shift
to the C(2) carbon.

The study of the proton migration from the initial
protonated atom [CI(13) (structure 8), C(5) (structure 5)
or Re (structures 6 and 7)] to C(2) indicates that, for
these model complexes, the shift cannot occur in a direct way
and should involve the intermediate formation of C(1)-
protonated structures for the simplified models. However,
in the real system the C(1) atom is not expected to be suscep-
tible to protonation (see above) and the present results are
thus not fully transferable to the real complexes. The saddle
points corresponding to the transition states (TS) for the
C(5)—> C(1), C(1)—> C(2) and CI(13)—> Re proton
migration (TS1, TS2 and TS3, respectively) were located
(Fig. 4 for TS3, Table 4). For these transition states, the
added proton H(26) is localized between the C(5) and C(1), the
C(1) and C(2) or the CI(13) and Re atoms, and the activation
energy for the corresponding proton migrations, calculated as
the difference between the energies of the transition state
and of the appropriate initial protonated structure, is 56.3,
60.7 and 9.2 kcal mol™!, respectively, reflecting a rather
high potential barrier for the first two transformations, but
a low one for the CI(13)—— Re proton shift. This suggests
that proton migration from the HCI ligand in 8 occurs via
the metal to form a hydride intermediate which, by 1,3-
hydrogen shift in the real system, would form the final n?-
vinyl product 4, thus following the order of increasing stabil-
ity of the complexes involved. This is also consistent with the
short distances (2.96 and 2.98 A) between the hydride proton
in the model structures 6 or 7 and the C(2) atom. Neverthe-
less, the above difficulties encountered by the proton shift
to C(2) are in accord with the slower rate of the acid-
independent pathway to the m?-vinyl product in comparison
with the faster acid—base catalysed route.

From the considerations discussed in this section and in the
previous ones the most favourable mechanistic scheme for the
protic conversion of the allene into the n?-vinyl complex can
assume the form shown by Scheme 3.

Fa g¥
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C

Fig.5 The HOMO:s of the allene (2), n>-vinyl (4) and reduced n*vinyl
(4') complexes.
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Scheme 3 The most plausible mechanism of protonation of the model
complex 2.

MO analyses of the allene and derived n’-vinyl complexes and
their electrochemical behaviour

Additional information on the nature of the chemical bonds in
the initial allene and final n*-vinyl complexes and the interpre-
tation of some electrochemical results can be obtained by
analysis of the composition and distribution of the valence
molecular orbitals.

The HOMO of the allene complex 2 (its MO diagram has
been deposited as ESI) is represented mainly by a Re(d) orbital
which gives antibonding ©* combinations with the respective p
orbitals of the CI(13) and C(1) atoms and with participation of
the p orbital of the C(2) atom (Fig. 5). It is formed by combin-
ation of the HOMO of the {ReCl(PH;),} fragment with the
occupied © (C(1)-C(2)) orbital of the bending allene and its
energy is 2.28 eV higher than that of the allene orbital, but
lower than that of the metal fragment by 0.32 eV, in contrast
with results of extended Hiickel calculations® on a more sim-
plified model. The main contributions to the HOMO of 2 are
given by the Re and the C(2) atoms (Mulliken atomic popul-
ations of 1.32 and 0.38, respectively), whereas those of the
CI(13) and C(1) atoms are weaker but still significant (0.16 and
0.08). Thus, on the basis of simple frontier orbital concepts,?
initial protonation at the C(5) atom is not expected (the contri-
bution of the orbitals of this atom to the HOMO is about zero)
but the initial protonation at the chloro-atom is acceptable. The
higher contribution of a C(2) atomic orbital relatively to C(1) is
in accord with extended Hiickel results® and is accounted for
by participation of the virtual allene 7* (C(1)-C(2)) MO in the
HOMO of 2 as the m—n* combination with predominant
contribution of the occupied allene © (C(1)-C(2)) MO.
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Fig. 6 A molecular orbital diagram for the n*vinyl complex 4.

The second HOMO of complex 2 is mainly localized at the
Re atom (the Mulliken population is 1.67) whereas the third
HOMO is formed by the virtual allene n* (C(1)-C(5)) MO
and the n* (Re-Cl(13)) MO of the {ReCl(PH;),} fragment,
corresponding to m-electron release from a filled rhenium d
orbital to the vacant * (C(1)-C(5)) orbital of the allene (n-back-
bonding component of the Re—allene bond, according to the
Dewar—Chatt-Duncanson model,® thus accounting for the
lengthening of the C(1)-C(5) bond on co-ordination).

For the n*-vinyl complex 4 the HOMO (Figs. 5 and 6) has
contributions from the orbitals of the Re, CI(13) and C(1)
atoms but with a Re(d)-C(1)(p) bonding interaction. In con-
trast with the allene complex 2, there is no contribution of the
filled = orbitals of the allene in the HOMO. The filled MO next
in energy is also formed by Re(d) and C(1)(p) orbitals and is
Re-C(1) bonding. Such distinct features of these filled valence
MOs of 4, in comparison with 2, account well for important
differences in the co-ordination of the n*-vinyl and n*-allene
ligands, the former with a Re=C(1) double bond (carbene)
character resulting from an extensive m-electron release from
the filled d,, (Re) orbital into the empty p, (C(1)) orbital,
whereas in the latter ligand that bond has a single character and
some degree of a destabilizing four-electron interaction occurs
(the HOMO in the allene complex results from a great contribu-
tion from the filled 7 (C(1)-(2)) MO of the allene fragment).

The analysis of the MO composition of the allene and vinyl
complexes can also allow the rationalization of some features
of their electrochemical behaviour. Hence, a considerable
destabilization of the filled allene m orbital occurs on co-
ordination to form the HOMO (which is metal-allene anti-
bonding) in complex 2, with only a small stabilization of the
HOMO of the {ReCl(PH;),} fragment. In contrast, a great
stabilization of the HOMO takes place in the formation of 4
from the respective fragments {ReCIl(PH;),} and C;Hs* (bond-
ing metal-vinyl combination). Therefore, the HOMO of the
allene complex, at a relatively high energy, is greatly destabilized
in relation to the HOMO of the vinyl complex, thus accounting
for the low value of the oxidation potential of the former
complex (E;,>*=-0.03 V vs. SCE') and the high anodic
shift required for the oxidation of the latter which occurs at
E,p,*=134V"
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In accord with these observations, the calculated ionization
potential for the vinyl complex is much higher than that for the
allene compound. The ionization potential of 2, obtained on
the basis of Koopmans’ theorem, is 7.26 eV, and its vertical
ionization potential, calculated as the difference of full energies
for the equilibrium geometry of 2 and its cationic form with the
same geometry (using the unrestricted Hartree-Fock method
for both structures without electron correlation correction), is
4.70 eV. The value of 5.60 eV for this ionization potential is
obtained by taking into account electron correlation in the
MP2 approach. For the vinyl complex 4 the Koopmans ioniz-
ation potential is 12.30 eV and the vertical ionization potentials,
calculated at the HF and MP2 levels, are 9.75 and 10.58 eV.

The vinyl complex can also undergo a single-electron cath-
odic reduction at E;”=—1.2 V to regenerate the parent allene
compound, ie. the reduced neutral vinyl complex is unstable
and undergoes spontaneous dehydrogenation. For consider-
ation of this process, we calculated the MO distribution
(deposited as ESI) of the reduced (neutral) vinyl complex 4’,
assuming that the geometry is retained on reduction. As
expected, a change in the order of some valence MOs is
observed and the HOMO (Fig. 5) is the singly occupied MO
formed on stabilization (by 3.78 eV) of the second LUMO of
the initial vinyl complex 4 (Fig. 6). This orbital mainly repre-
sents the antibonding combinations of Re(d) with C(1)(p) and
therefore filling of this orbital by reduction of the vinyl
complex should lead to weakening of the Re—C(1) bond as con-
firmed by full geometry optimization of the reduced vinyl com-
plex [elongation of the Re—C(1) from 1.935 A in4 to 2.148 A in
4']. The added electron is thus localized at the C(1) and Re
atoms and homolytic C(2)-H bond cleavage would leave an
unpaired electron at the C(2) atom which, by pairing with the
former electron, forms the double C(1)-C(2) bond, thus giving
the allene complex 2 as the final product.

H + H
N\ /—I » "/ |
e e g e
Cl—ReZ | —=  C—ReZ] —  C—Re]
A /T A LA
4 4 2

Concluding remarks

Protonation reactions, even when “simply” leading to a product
in a quantitative, regiospecific and fast way, can occur via
complex mechanisms which require detailed kinetic analysis to
be established. However, experimental methods are frequently
unable to identify short lived intermediates and this work pro-
vides an attempt to combine, in a complementary manner,
the use of theoretical methods for the identification of such
species in order to allow the full establishment of the reaction
mechanism.

Such an approach has shown that a ligand, such as chloride,
which commonly appears to behave as a mere spectator (or as a
trans-ligand stabilizer), can in fact play an active and fund-
amental role in the protonation process, namely constituting
the most probable site for the initial proton attack to form the
kinetically favoured intermediate (which could be selected
among all the possible candidates) that can then convert, via
further proton attack, into other initially less susceptible sites to
protonation or through proton migration (via the metal), into
thermodynamically more stable products which otherwise
would not so readily be formed.

Hence, theoretical methods, combined with chemical,
stopped-flow spectrophotometric and electrochemical ones,
provide a contribution to the elucidation of proton-addition,
proton-shift and dehydrogenation processes of considerable
complexity, and to understanding of the structure of the
complexes involved and of the bonding of the reactive ligands.
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