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Abstract

Details on the reaction mechanism of the catalytic cycle of hydrosilylation, hydrocyanation and hydroamination of ethene catalyzed
by bis(hydrido-bridged)diplatinum complexes were obtained with the aid of DFT by calculating the relevant intermediates and transition
state structures. The catalytically “active” species identified are the 16e coordinatively unsaturated mononuclear [Pt(X)(H)(PH3)(n>-
C,H,)] (X = SiH;, CN, NH,) species formed upon addition of the ethene molecule on the monomeric [Pt(X)(H)(PH3)] precursors.
All crucial reaction steps encapsulated in the entire catalyzed courses have been scrutinized. The following three steps are found to
be critical for these catalytic reactions: (i) the migration of the hydride to the acceptor C atom of the coordinated ethene substrate,
(i1) the reductive elimination of the final product and (iii) the oxidative addition process that regenerates the catalyst with activation
barriers of 13.1, 16.5 and 13.3 kcal/mol for hydrosilylation, 7.1, 31.0 and 2.8 kcal/mol for hydrocyanation and 11.7, 39.7 and
39.0 kcal/mol for hydroamination reactions. In all cases the rate-determining step is that of the reductive elimination of the final product
having always the highest activation barrier. The overall catalytic processes are exergonic with the calculated exergonicities being —13.5
(—8.0), —16.1 (—10.4) and —38.8 (—46.7) kcal/mol for the hydrosilylation, hydrocyanation and hydroamination of ethene, respectively,
at the B3LYP (CCSD(T)) levels of theory. According to energetic span of the cycle called JE, which determines the frequency of the
catalytic cycle, we found that the catalytic efficiency of the hydrido-bridged diplatinum complexes follows the trend: hydrocyanation ~
hydrosilylation > hydroamination.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction This transformation can in principle proceed through an

inner-sphere or an outer-sphere mechanism, with different

The electrophilic activation of alkenes by transition-
metal catalysts is a fundamental step in a variety of cata-
lytic processes of potential industrial interest. The majority
of catalytic reactions that involve the platinum mediated
activation of alkenes lead to the net addition of an E-H
bond (E=C, Si, N, or O) across a C=C bond [1]. The
key step is the reaction of a metal-olefin complex with a
nucleophile to give a B-substituted metal-alkyl species.
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implications for catalyst design. The generally preferred
mechanism for Pt-catalyzed additions to alkenes (Scheme
la) involves the coordination of a C=C bond to an electro-
philic Pt center that activates the alkene toward outer-
sphere attack by a protic nucleophile Nu-H. The newly
formed Pt—C bond is then cleaved by protonolysis to regen-
erate the catalyst.

The alternate inner-sphere mechanism (Scheme 1b),
involves coordination of the nucleophile (Nu) first to Pt
through deprotonation of Nu-H and ligand exchange.
The key step in the inner-sphere mechanism is the
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Scheme 1. (a) Catalytic addition of Nu—H to an alkene by outer-sphere nucleophilic attack and protonolysis of the Pt—C bond. (b) Catalytic addition of
Nu-H to an alkene by metalation, insertion, and protonolysis. (c) Catalytic addition of Nu—H to an alkene by oxidative addition (Oxad), insertion, and

reductive elimination.

1,2-migratory insertion of a bound olefin into the Pt-Nu
bond. A variation on the inner-sphere mechanism, involv-
ing a Pt(II)/Pt(0) redox couple, is also possible as it is
shown in Scheme 1lc. Here, initial oxidative addition
(Oxad) of NuH to Pt(0) is followed by olefin insertion into
the Pt—Nu bond. The resulting Pt—C bond is cleaved by a
C-H reductive elimination rather than by protonolysis.
While this mechanism is generally preferred for more elec-
tron-rich metals such as rhodium and iridium, and is
almost exclusively invoked for transition-metal-catalyzed
olefin hydrogenation and hydrosilylation, several lines of
evidence, suggest that platinum-catalyzed additions of
protic C-H or N-H nucleophiles more likely proceed by
the outer-sphere electrophilic activation mechanism [1]
shown in Scheme 1.

Recently, we provided a comprehensive and consistent
picture of the catalytic cycles of the hydrosilylation, hydro-
cyanation and hydroamination of ethyne catalyzed by
bis(hydrido-bridged)diplatinum complexes using electronic
structure calculation techniques at the DFT level of theory
[2]. In the current paper, we focused on the mechanistic
details of the hydrosilylation, hydrocyanation and hydroam-
ination of ethene catalyzed by bis(hydrido-bridged)diplati-
num complexes. Nonlocal, gradient-corrected DFT, in
conjunction with effective core potentials and valence basis
sets, was utilized to locate all of the stationary points in the
catalytic cycle. Moreover, high level, ab initio CCSD(T)
method was employed to compute the energies of all the sta-
tionary points, to refine the energetic profile of the potential
energy hypersurface. In particular, the present study seeks to
extend the understanding of the intricate structural and ener-
getic details of the olefin hydrosilylation, hydrocyanation
and hydroamination processes. To assess the efficiency of
the catalytic cycles under turnover conditions, the recently
suggested [3]energy span quantity, 0 E, (the energy difference
between the summit and deepest species of the cycles) has
been applied.

2. Computational methods
The entire gas-phase potential energy surfaces (PES) for

the olefin hydrosilylation, hydrocyanation and hydroamin-
ation processes constituting the respective catalytic cycles

were determined at the B3LYP and CCSD(T)//B3LYP
levels of theory. To reduce the computational complexity
of the calculations, a PH; model was used in lieu of PPh;
and related phosphane ligands typically found in experi-
mental systems. Although PMe; has been shown to be a
better model for PPh; than PHj [4], it was felt that the
additional degrees of freedom arising from the methyl
groups would inhibit a thorough investigation of the differ-
ent isomers and conformers of each species participating in
the catalytic cycle. In addition, this approach has been
tested in several previous theoretical studies and proven
to provide correct relative trends in the reactivity of transi-
tion-metal phosphane complexes [5—7]. In all DFT calcula-
tions the B3LYP hybrid density functional that comprised
of Becke’s hybrid gradient-corrected exchange functional
[8] and the gradient-corrected correlation functional of
Lee, Yang, and Parr [9] was employed. This functional
provides good descriptions of reaction profiles, including
geometries, heats of reactions, and barrier heights [10-12].
The LANL2DZ basis set was used for the Pt atoms com-
bined with the BS II basis set of Frenking et al. [13], that
incorporates the Hay and Wadt [14] small-core relativistic
effective core potential (ECP) with the optimized valence
basis functions contracted to [441/2111/21] and the 6-
31G(d,p) basis set for the rest of the non metal atoms.
We will denote the computational approach used as
B3LYP/LANL2DZ+BSII(Pt)U6-31G**(L). In all compu-
tations no constrains were imposed on the geometry. The
nature of the extrema (local minima or transition states)
was checked by analytical frequency calculations. The
computed electronic energies, the enthalpies of reactions,
AR H»9g and the activation energies, AG%gg, were corrected
to constant pressure and 298 K, for zero point energy
(ZPE) differences and for the contributions of the transla-
tional, rotational and vibrational partition functions. Fur-
thermore, because the B3LYP approach underestimates
activation barriers [15], to obtain more reliable activation
barriers single-point energy calculations were also per-
formed on the B3LYP/LANL2DZ+BSII(Pt)U6-31G**(L)
geometries at the higher CCSD(T) level of theory using
the same basis set [16]. For transition states geometry
determination, quasi-Newton transit-guided (QSTN) com-
putations were performed [17]. All DFT and CCSD(T)
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calculations have been carried out using the GAUSSIANO3
program suite [18]. The natural bond orbital (NBO) popu-
lation analysis was performed using Weinhold’s methodol-
ogy [19,20].

3. Results and discussion

The hydrosilylation, hydrocyanation, and hydroamina-
tion of ethene catalyzed by bis(hydrido-bridged)diplatinum
complexes follow the general reaction route shown in
Scheme 2 in analogy with the proposed mechanism for
the hydrosilylation, hydrocyanation, and hydroamination
of ethyne [2]. This mechanism consists of the following four
steps: (i) coordination of the olefin to the monomeric T-
shaped [Pt(X)(PH3)H] (X = SiH3;, CN, NH,) species, (ii)
insertion of the olefin into the platinum-hydride bond,
(ii1) reductive elimination of the final product and (iv) the
oxidative addition process that regenerates the catalyst.

3.1. Catalytic cycle of the hydrosilylation of olefin catalyzed
by the model “catalyst” 2

The molecular structures and selected structural param-
eters of all stationary points involved in the catalytic cycle
of the hydrosilylation of ethene optimized at the B3LYP/
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LANL2DZ+BSII(Pt)U6-31G™(L) level of theory are
shown in Fig. 1, while the potential energy profile is given
in Fig. 2.

At the entrance channel of the catalytic cycle an essen-
tial reaction takes place that generates the catalytically
active species via an olefin addition to the precursor
complex 1. The latter is in equilibrium with the dimeric
bis(hydrido-bridged)diplatinum complex, in solution which
has been isolated and structurally characterized previously
[21]. It was also experimentally found that the true active
catalyst of hydrosilylation of alkenes and alkynes is the
monomeric species [21]. The cleavage of the diplatinum
complex yield the precursor 1 which adopt a planar
T-shaped structure with the hydride in trans position to
the phosphane spectator ligand. In the model catalyst 2
the olefin occupies a frans position to the SiH; ligand
and adopts a coplanar orientation with respect to the coor-
dination plane of the precursor complex 1. The formation
of intermediate 2 was computationally found to be exer-
gonic by —15.4 (—25.0) kcal/mol at the BALYP (CCSD(T))
levels of theory. The inclusion of entropic effects (AG)
reduces the exergonicity to —3.7 kcal/mol.

Notably, the olefin addition elongates slightly the Pt-H
bond by 0.5 pm. The Pt-Si bond is lengthened by 7.5 pm,
as a result of the trans-influence of the ethene ligand, while
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Scheme 2. General proposed catalytic cycle for the hydrosilylation, hydrocyanation, and hydroamination of ethene.
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Product A

Fig. 1. Equilibrium structures of the relevant stationary points in the PES of the catalytic cycle for the hydrosilylation, with selected bond lengths (in pm)

and angles (in deg).

the Pt-P one is shortened by 1.8 pm. These structural
changes are reflected on the respective vibrational frequen-
cies; the stretching vibrations of the Pt-H, Pt-Si and Pt-P
bonds are predicted to be 2122, 342 and 289 cm ™', respec-
tively. Moreover, the coordination of the olefin to the plat-
inum center results in the lengthening of the C=C double
bond by 4.9 pm, with a v(C=C) stretching vibrational fre-
quency of 1590 cm ™. The vibrational modes characterizing
the coordination of the olefin with the Pt(II) metal center
are the v(Pt—Cy(centroid)) and v,{(Pt-C,) stretching vibra-
tional modes that absorb at 236 and 382 cm ™!, respectively.

The o(Pt-H) natural orbital is constructed from an
sd'2% hybrid (54.45% d-character) on the platinum atom,
hpe = —0.672(65)p, + 0.716(5d,2_2)p, + 0.158(5d2),,, inter-
acting in-phase with the 1s orbital on the bridging hydride,
thus having the form o(Pt-H)=0.7154p, + 0.670sy. The

Pt(IT) metal center possess almost zero natural charge,
while the terminal hydride ligand acquires a negative natu-
ral charge of —0.16 [e|.

In the next step of the catalytic cycle, the olefin inserts
into the Pt-H bond, through TS, 3 to generate an unsatu-
rated Pt-alkyl intermediate 3 with an activation barrier of
13.1 (15.2) kcal/mol in terms of AEy (AEccspr)”)- The dis-
tance between the migrating hydride ligand and the nearest
acceptor C atom of the coordinated ethene ligand has
dramatically shortened by 96.9 pm with respect to the
corresponding distance in complex 2. The Pt—C(centroid)
distance in TS,_3 is shortened by 8.8 pm, while the C-C
bond length of the coordinated ethene molecule is further
lengthened by 7.0 pm with respect to intermediate 2.
Analytical frequency calculations confirmed that TS, ;
is indeed a transition state characterized by a single
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reaction coordinate

Fig. 2. (a) Reaction energy profile (AE, in kcal/mol) of the catalytic cycle of the hydrosilylation of ethene computed at the B3LYP/
LANL2DZ+BSII(Pt)u6-31G**(L) and CCSD(T)/LANL2DZ+BSII(Pt)U6- 31G**(L)//B3LYP/LANL2DZ+BSII(Pt)U6-31G**(L) (values in parenthesis)
levels of theory; (b) the oxidative addition reaction energy profile that regenerates the catalytic species 2.

imaginary frequency (v; =406 cm™"). In this case anima-
tion of the normal mode for the lone imaginary frequency
displayed the desired nuclear displacement required for
transferring hydride along with the nearest olefinic H atom
of the coordinated H-C=C-H molecule. The olefin inser-
tion reaction is predicted to be exergonic by —3.8 (—2.3)
kcal/mol in terms of AE, at the B3LYP (CCSD(T)) levels
for this pathway. The intermediate 3 is a coordinatively
unsaturated 14e Pt(II) complex with a T-shaped structure
(LC-Pt-P =172.9°), and a Si-Pt-C-C torsion angle of
—68.0°. As expected, the saturated C-C bond in the Pt-
alkyl intermediate is 15.3 pm longer than the unsaturated
C=C of the m-adduct. In addition, the Pt-C,y bond is
predicted to be 27.9 pm shorter than the Pt—Cenyiene bond.
These structural changes are consistent with the transfor-
mation of an unsaturated alkene ligand to a saturated alkyl
ligand. Following the formation of the unsaturated Pt-
alkyl intermediate 3, the subsequent step of the catalytic
cycle involves coordination of a second olefin molecule to
generate the coordinatively unsaturated 16e Pt(1I) complex
4 (Fig. 1). The second olefin addition is predicted to be also
exothermic by —8.5 (—19.7) kcal/mol at the B3LYP
(CCSD(T)) levels of theory. The newly added olefin occu-
pies the empty coordination site in frans position with
respect to the SiHj; ligand and prefers an almost vertical
orientation with respect to the equatorial P-Pt-N-N plane.
The addition of the olefin to the T-shaped Pt-alkyl interme-
diate induces an increase in the Pt—L. bonds which are cis to
the incoming olefin (about 2.1-3.6 pm) being the result of
the competition with the other ligands in the equatorial
plane to share the metal electron density. The next step
in the catalytic cycle involves the reductive elimination pro-
cess affording the product A (H;C-CH,SiH3) and the cat-
alytic species 5. During the course of the reductive
elimination process the silyl group is transferred to the
acceptor C atom of the coordinated alkyl group via the

transition state TS, s surmounting a relative low activation
barrier of 16.5 (18.6) kcal/mol at the B3LYP (CCSD(T))
levels of theory. In TS, 5 the distance between the migrat-
ing silyl ligand and the nearest C atom of the acceptor alkyl
group is 38.9 pm longer than the C-Si bond length in the
final product A, whereas the C-C bond distance is slightly
longer by 0.6 pm than the respective C—C bond length of
product A. In the vibrational mode corresponding to the
imaginary frequency of TS, s, v; = 162 cm ™', the dominant
motions involve the transferring silyl group along with the
nearest C atom of H3C-CH,— ligand, as it is clearly shown
in Fig. 1. Moreover, the reductive elimination step corre-
sponds to an almost thermoneutral process (—1.0 kcal/
mol) at the B3LYP level but is endergonic by 14.0 kcal/
mol at the CCSD(T) level of theory. Finally, the oxidative
addition of H-SiHj to intermediate 5 regenerating the
“true” catalytic species 2 corresponds to an exothermic
process, with exothermicity of —12.7 (—23.8) kcal/mol at
the B3LYP (CCSD(T)) levels and surmounts a relative
low activation barrier of 13.3 (6.6) kcal/mol in terms of
AE, (AECCSD(T)*) (Fig. 2b). The transition state TSs_,
involves a loosely associated H-SiH; molecule interacting
with the Pt(0) metal center in a k*-Si,H bonding mode,
but with the Si-H bond strongly weakened, being
56.4 pm longer compared to the H-SiH; bond distance.
In the vibrational mode corresponding to the imaginary
frequency of TSs., v; =479 cm !, the dominant motion
involves the dissociation of the coordinated Si-H bond
and the formation of the Pt-H and Pt-Si bonds. Upon,
oxidative addition of H-SiH; to intermediate 5 the cata-
lytic species 2 is regenerated and the catalytic cycle is
completed.

In summary the rate-limiting step for the hydrosilylation
of ethene is predicted to be the reductive elimination step in
contrast with the hydrosilylation of ethyne where the
hydride migration step was the rate-limiting step [2].
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Moreover, the efficiency of the catalytic cycle of the hydro-
silylation process is quantified by the energy span quantity,
OE, of 39.5 (51.8) kcal/mol at the B3LYP (CCSD(T)) levels.
Overall, the entire catalytic cycle of hydrosilylation of eth-
ene is computed to be exothermic by —13.5 (—8.0) kcal/mol
at B3LYP (CCSD(T)) levels of theory.

3.2. Catalytic cycle of the hydrocyanation of ethene
catalyzed by the model “catalyst” 7

The molecular structures and selected structural param-
eters of all stationary points involved in the catalytic cycle
of the hydrocyanation of ethene optimized at the B3LYP/
LANL2DZ+BSII(Pt)U6-31G™ (L) level of theory are
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shown in Fig. 3, while the potential energy profile is given
in Fig. 4.

The coordination of the olefin to the platinum center of
the initially formed [Pt(H)(PH3)(CN)] complex yielding the
catalytically “active” [Pt(H)(PH3)(CN)(n?-C,Hy4)] species,
corresponds to a exergonic process by —30.4 (—38.5)
kcal/mol at the B3LYP (CCSD(T)) levels of theory. The
inclusion of entropic effects (AG) reduces the exergonicity
to —18.7 kcal/mol. Perusal of Fig. 3 illustrates the length-
ening of the Pt—-CN bond distance of intermediate 7 by
7.6 pm, as a result of the trams-influence of the ethene
ligand, while the Pt-P bond length is shortened by
1.7 pm, with respect to the precursor 6. These structural
changes are reflected on the respective vibrational

TSgs

4 <)
’ﬁ’\)3 \1\6 P
IR A /
[~}
SR ’
Ll A /o
/&

TSs5.; Product B

Fig. 3. Equilibrium structures of the relevant stationary points in the PES of the catalytic cycle for the hydrocyanation, with selected bond lengths (in pm)

and angles (in deg).
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Fig. 4. (a) Reaction energy profile (AE, in kcal/mol) of the catalytic cycle of hydrocyanation computed at the BSLYP/LANL2DZ+BSII(Pt)U6-31G**(L)
and CCSD(T)/LANL2DZ+BSII(Pt)u6-31G**(L)//B3LYP/LANL2DZ+BSII(Pt)U6-31G**(L) (values in parenthesis) levels of theory; (b) the oxidative

addition reaction energy profile that regenerates the catalytic species 7.

frequencies; the stretching vibrations of the Pt-H, Pt-Si
and Pt-P bonds are predicted to be 2202, 461 and
258 cm ™!, respectively.

In addition, the coordination of the olefin to the plati-
num metal center results in the lengthening of the C=C
double bond by 5.2 pm, with a v(C=C) stretching vibra-
tional frequency of 1584 cm™'. The vibrational modes
characterizing the coordination of the olefin with the Pt(II)
metal center is the v(Pt—Cy(centroid)) stretching vibrational
mode that absorbs at 306 cm !, respectively.

According to the NBO population analysis the o(Pt—H)
natural orbital is constructed from an sd"** hybrid (50.93%
d-character) on the platinum atom, hp = —0.699(6s)p,
—0.423(5d,,)p, + 0.561(5d,>_2)p, — 0.118(5d?),,, interact-
ing in-phase with the Is orbital on the bridging hydride,
thus having the form o(Pt-H) = 0.729/p, + 0.684sy. The
Pt(II) metal center acquires a positive natural charge of
0.25 |e|, while the terminal hydride ligand acquires a nega-
tive natural charge of only —0.04 |e|.

In the next step of the catalytic hydrocyanation cycle, the
olefin inserts into the Pt-H bond, through TS,_g yielding the
unsaturated Pt-alkyl intermediate 8 with a low activation
barrier demand of 7.1 (9.6) kcal/mol in terms of AE,
(AECCSD(Tfé). This activation barrier is slightly lower rela-
tive to that of the analogous step in the catalytic hydrosilyla-
tion cycle. The distance between the migrating hydride
ligand and the nearest acceptor C atom of the coordinated
ethene ligand has dramatically shortened by 80.1 pm with
respect to the corresponding distance in complex 7. The
Pt-C(centroid) distance in TS;_g is shortened by 6.8 pm,
while the C—C bond distance of the coordinated ethene mol-
ecule is further lengthened by 5.0 pm with respect to interme-
diate 7. Analytical frequency calculations confirmed that this
species, TS7_g, is indeed a true transition state containing a
single imaginary frequency (v; = 646 cm™'). Animation of
the normal mode for the lone imaginary frequency displayed
the desired nuclear displacement required for migrating
hydride towards the nearest olefinic H atom of the coordi-

nated ethene molecule. The olefin insertion reaction is pre-
dicted to be endergonic by 7.2 (9.3) kcal/mol in terms of
AE, at the B3LYP (CCSD(T)) levels for this pathway. The
intermediate 8 is a coordinatively unsaturated 14 e Pt(II)
complex with a T-shaped structure (ZC-Pt-P =175.2°)
(Fig. 3). As expected, the saturated C—C bond in the Pt-alkyl
intermediate is 14.4 pm longer than the unsaturated C=C
bond of the m-adduct, 7. In addition, the Pt-C,jxy; bond is
predicted to be 29.0 pm shorter than the Pt—Cepyiene bond.
These structural changes are consistent with the transforma-
tion of the unsaturated alkene ligand to a saturated alkyl
one. After formation of the unsaturated Pt-alkyl intermedi-
ate 8, coordination of a second olefin molecule yields the
coordinatively unsaturated 16 e Pt(II) complex 9. The sec-
ond olefin addition is predicted to be exothermic by —23.4
(—25.0) kcal/mol at the B3LYP (CCSD(T)) levels of theory.
The newly added olefin occupies the empty position which is
trans to the cyanide ligand preferring an almost vertical ori-
entation with respect to the equatorial P-Pt—Ccyaniqe plane.
In the next step reductive elimination yields the product B
(H3;C-CH,-CN) and the catalytic species 5, by overcoming
a transition state, TSo_s, with a relative high activation bar-
rier of 31.0 (38.1) kcal/mol at the B3LYP (CCSD(T)) levels
of theory. Notably, TSy s, is nonplanar (Fig. 3), the nonplan-
arity, probably is due to steric factors. In TSq_s the cyanide
ligand is inclined towards the alkyl group (C-Pt-C.y,.
nide = 49.6°). The distance between the migrating cyanide
ligand and the nearest C atom of the acceptor alkyl group
is 44.4 pm longer than the C-CN bond length in the final
product B, whereas the C—C bond distance is only 1.7 pm
shorter than the respective C—C bond length of product B.
In the vibrational mode corresponding to the imaginary fre-
quency of TSq_s5, v;,=414 cm ™!, the dominant motions
involve the migrating cyanide group along with the nearest
C atom of H;C—CH,-ligand (Fig. 4). The reductive elimina-
tion step in hydrocyanation cycle is predicted to be slightly
exergonic by —2.7 kcal/mol at the B3LYP level and ender-
gonic by 14.1 kcal/mol at the CCSD(T) level of theory.
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Finally, the oxidative addition of H-CN to intermediate 5
regenerates the “true” catalytic species 7 via an exothermic
process, with exothermicity of —12.9 (—22.4) kcal/mol at
the B3LYP (CCSD(T)) levels and surmounting an almost
barrierless activation energy of 12.6 (0.5) kcal/mol in terms
of AEO(AECCSD(T)’A). The transition state TSs_; involves a
loosely associated H-CN molecule interacting with the
Pt(0) metal center in a Kz-Ccyanide, H bonding mode, but with
the C-H bond slightly weakened, being 9.9 pm longer com-
pared to the H-CN bond distance. The imaginary frequency
of TSs 7, v; = 141 cm™ !, reflects the dominant motion that
involves the dissociation of the coordinated H-CN bond
and the formation of the Pt-H and Pt-C.y,ni4e bonds.

In summary the rate-limiting step for the catalytic
hydrocyanation of ethene cycle is predicted to be the anal-
ogous to that of the respective catalytic hydrosilylation
cycle. Moreover the efficiency of the catalytic cycle of the
hydrocyanation process is quantified by the energy span
quantity, SE, of 34.6 (47.9) kcal/mol at the B3LYP
(CCSD(T)) levels. Overall the entire catalytic cycle of
hydrocyanation of ethene is predicted to be more exother-
mic than the catalytic hydrosilylation cycle, with the total
exothermicity being —18.9 (—10.9) kcal/mol at B3LYP
(CCSD(T)) levels of theory.

3.3. Catalytic cycle of the hydroamination of ethene
catalyzed by the model “catalyst” 11

The molecular structures and selected structural param-
eters of all stationary points involved in the catalytic cycle
of the hydroamination of ethene optimized at the B3LYP/
LANL2DZ+BSII(Pt)U6-31G™(L) level of theory are
shown in Fig. 5, while the potential energy profile is given
in Fig. 6.

Molecule 11 (Fig. 5) serves as the catalytically “active”
complex for the hydroamination of olefins. It is formed
by the addition of an ethene molecule to the precursor
complex 10. In species 11 the coordinated olefin occupies
a trans position to the amido (NH,) ligand preferring a
coplanar orientation with respect to the coordination plane
of the precursor Pt(II) complex. The formation of interme-
diate 11 is predicted to be exergonic by —28.7 (—36.9) kcal/
mol at the B3LYP (CCSD(T)) levels of theory. The inclu-
sion of entropic effects (AG) reduces the exergonicity to
—16.9 kcal/mol. Noteworthy the exergonicity of the first
step of the hydroamination process is comparable to that
of the hydrocyanation one.

Perusal of Fig. 5 indicates that the olefin addition does
not affect the Pt—-H bond length. However, the Pt-N bond
is lengthened by 5.5 pm, as a result of the trans-influence of
the ethene ligand, while the Pt-P one is shortened by
1.4 pm. These structural changes are reflected on the
respective vibrational frequencies; the stretching vibrations
of the Pt-H, Pt-N and Pt-P bonds are predicted to be
2186, 549 and 230 cm !, respectively.

Notably upon coordination of the olefin molecule to the
platinum center the C=C double bond is lengthening by

6.3 pm, while the v(C=C) stretching vibrational frequency
occurs at 1282 cm™!. Moreover, in the intermediate 11 the
P-Pt-H nuclear framework deviates from linearity by
20.1°. The vibrational modes characterizing the coordina-
tion of the olefin with the Pt(II) metal center are the
V(Pt—Cy(centroid)) and v,s(Pt-C,) stretching vibrational
modes that absorb at 334 and 455 cm ™!, respectively.

According to NBO analysis, the o(Pt—H) natural orbital
is constructed from an sd*”’ hybrid (45.05% d-character)
on the platinum atom, hp, = —0.746(65)p, + 0.647(5d,,)p,
+0.121(5d2),,, interacting in-phase with the Is orbital on
the bridging hydride, thus having the form o(Pt-
H) = 0.699%p, + 0.716sg. Notice the decrease of the d char-
acter in the sd hybrid of Pt(II) with a concomitant increase
of the sy contribution to the o(Pt-H) bonding interaction
in 11 than in 7 and 2 complexes. The Pt(II) metal center
acquires a positive natural charge of 0.37 |e|, while the ter-
minal hydride ligand acquires a negative natural charge of
—0.10 |e|.

The next step of the catalytic cycle is the olefin insertion
into the Pt-H bond, through TS;; 1, to generate the unsat-
urated Pt-alkyl intermediate 12 with a moderate activation
barrier of 11.7(14.5) kcal/mol in terms of AE,
(AECCSD(T)’é). The activation barrier is comparable to that
of the hydrosilylation process, but higher than the corre-
sponding activation barrier of the catalytic hydrocyanation
cycle. The structural features of the transition state TS;;_»
are similar to those of TS, ; and TS, . The distance
between the migrating hydride ligand and the nearest
acceptor C atom of the ethene ligand has extremely short-
ened by 86.5 pm with respect to the corresponding distance
in complex 11. The Pt—C(centroid) distance in TS;; 15 is
shortened by 3.0 pm, while the C—C bond distance of the
coordinated ethene molecule is further lengthened by
5.1 pm with respect to intermediate 11. Analytical fre-
quency calculations confirmed that TSy,_, is indeed a true
transition state containing a single imaginary frequency
(v; =667 cm™"). The animation of the normal mode for
the lone imaginary frequency displayed the desired nuclear
displacement required for transferring hydride along with
the nearest olefinic H atom of the coordinated H,C=CH,
molecule. The olefin insertion process is predicted to be
endothermic by 7.8 (5.3) kcal/mol in terms of AE,
(AEccspery”) at the BILYP (CCSD(T)) levels for this path-
way. The intermediate 12 is a coordinatively unsaturated
14e Pt(II) complex with a T-shaped structure (LC-Pt—
P =179.0°), and a N-Pt—C-C torsion angle of —42.6°. As
expected, the saturated C—C bond in the Pt-alkyl interme-
diate is more than 10 pm longer than the unsaturated
C=C of the n-adduct. In addition, the Pt-C,j bond is
predicted to be 17.5 pm shorter than the Pt—Cepyiene bond.
Next to the formation of the unsaturated Pt-alkyl interme-
diate 12, follows the subsequent step of the catalytic cycle
that involves the coordination of a second olefin molecule
to yield the coordinatively unsaturated 16e Pt(II) complex
13. The second olefin addition is predicted to be highly exo-
thermic by —28.6 (—41.2) kcal/mol at the B3LYP
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Product C

Fig. 5. Equilibrium structures of the relevant stationary points in the PES of the catalytic cycle for the hydroamination, with selected bond lengths (in pm)

and angles (in deg).

(CCSD(T)) levels of theory, respectively. The newly incom-
ing olefin molecule occupies the empty coordination site in
trans position to the NH, ligand adopting an almost verti-
cal orientation with respect to the equatorial plane of the
P-Pt-N. The addition of the olefin to the T-shaped Pt-alkyl
intermediate induces an increase in the Pt-L bonds which
are cis to the incoming olefin (about 2.1-3.6 pm) which
probably as a result of the competition with the other
ligands in the equatorial plane for the metal electron
density.

In the next step of the catalytic hydroamination cycle
the product C (H3;C-CH,NH;) and the catalytic species 5
are formed via a reductive elimination process. During
the course of the reductive elimination process the amido
ligand is transferred to the acceptor C atom of the coordi-
nated alkyl group via the transition state TS;;_s. The
energy demand (Fig. 6) illustrates that the reductive elimi-
nation process (activation barrier of 39.7 (46.9) kcal/mol) is
less favorable kinetically than the hydrocyanation reduc-

tive elimination step (barrier of 30.0 (38.1) kcal/mol) and
much less favorable than the hydrosilylation reductive
elimination step (barrier of 16.5 (18.6) kcal/mol). In
TS5_s the amido ligand is inclined towards the alkyl group
by 29.5° (N-Pt-C =56.8°). The distance between the
migrating amido ligand and the nearest C atom of the
acceptor alkyl group is 66.5 pm longer than the C-N bond
length in the final product C, whereas the C—C bond dis-
tance is only 1.4 pm longer than the respective C—C bond
length of product C. In the vibrational mode correspond-
ing to the imaginary frequency of TS;;_5, v; =438 cm ™!,
the dominant motions involve the transferring amido
group along with the nearest C atom of H3C-CH,- ligand.
The reductive elimination in hydroamination is predicted
to be exergonic at the B3LYP level (AE,= —7.3 kcal/
mol) but it is endergonic (AEy= 8.7 kcal/mol) at the
CCSD(T) level.

The subsequent step of the catalytic cycle is the addition
of the NH; to intermediate 5. This is an additional step,
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AE (kcal/mol)

(@)

Product C
+
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-28.1
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reaction coordinate

Fig. 6. (a) Reaction energy profile (AE, in kcal/mol) of the catalytic cycle of hydroamination computed at the BSLYP/LANL2DZA+BSII(Pt)U6-31G**(L)
and CCSD(T)/LANL2DZ~+BSII(Pt)U6-31G™(L)//B3LYP/LANL2DZ+BSII(Pt)u6-31G**(L) (values in parenthesis) levels of theory; (b) the oxidative

addition reaction energy profile that regenerates the catalytic species 11.

which has not been included in the catalytic hydrosilylation
and hydrocyanation cycles, for the lone pair on the nitro-
gen of NHj ligand could support coordination with the
unsaturated intermediate 5 to yield complex 14. This is
not the case for the SiH; and HCN substrates, for these
ligands have no lone pair to bind with the metal center.
The intermediate 14 adopt an almost trigonal structure
with NHj3 being loosely coordinated with the metal center
(Fig. 5).

In the final step oxidative addition of H-NH, regener-
ates the “true” catalytic species 11. This reaction, in con-
trast to the catalytic hydrosilylation and hydrocyanation
cycles, corresponds to an endothermic process, with
endothermicity of 23.2 (23.3) kcal/mol at the B3LYP
(CCSD(T)) levels and surmounts a remarkably high activa-
tion barrier of 39.0 (44.0) kcal/mol in terms of AE,
(A ECCSD(Tfé). These activation barriers are much higher
than the corresponding oxidative addition barriers of the
hydrosilylation and hydrocyanation processes. The transi-
tion state TS;4_;; involves a loosely associated H-NH,
molecule interacting with the Pt(0) metal center in a k*
N,H bonding mode, but with the N-H bond strongly
weakened. The imaginary frequency of TSi4 i, v;=
925 cm ™', refers to the dominant motion involving dissoci-
ation of the coordinated N-H bond and formation of the
Pt-H and Pt-N bonds. Upon, oxidative addition of H-
NH, to intermediate 14 the catalytic species 11 is regener-
ated and the catalytic cycle is completed.

In summary the geometric and energetic profile of the
hydroamination of ethene closely resembles those of the
respective hydrosilylation and hydrocyanation reactions.
However, the hydroamination process is less favored both
thermodynamically and kinetically, since the two critical
rate-limiting steps, namely the reductive elimination and
the oxidative addition steps are less favored. Therefore
these platinum complexes are predicted to be less efficient
catalysts for hydroamination of unsaturated substrates.

This is further substantiated by the computed JE values
of 57.7 (67.4) at the B3LYP (CCSD(T)) levels, which are
higher than those of the hydrosilylation and hydrocyana-
tion processes. This could be due to the stabilization of
the lowest energy species in the cycle of the hydroamina-
tion process. Overall, the entire catalytic cycle of hydroam-
ination of olefin is predicted to be more exothermic than
the catalytic hydrosilylation and hydrocyanation cycles,
with the total exothermicity being —38.8 (—46.7) kcal/
mol at B3SLYP (CCSD(T)) levels of theory.

4. Conclusions

We have performed a molecular-level computational
investigation of the mechanism of hydrosilylation, hydro-
cyanation and hydroamination of ethene catalyzed by
bis(hydrido-bridged)diplatinum complexes. Our calcula-
tions show that the catalytically “active’ species are the
16e coordinatively unsaturated mononuclear [Pt(X)(H)-
(PH;)(n*C,H,4)] (X =SiH3;, CN, NH,) species formed
upon addition of the ethene molecule on the monomeric
[Pt(X)(H)(PH3)] precursors. Overall, the reactions can be
partitioned into three main sections: (i) the hydride migra-
tion to the acceptor C atom of the coordinated ethene sub-
strate, (ii) the reductive elimination of the hydrosilylated,
hydrocyanated or hydroaminated product and (iii) the oxi-
dative addition process that regenerates the catalytic spe-
cies. Analysis of the computed potential energy surfaces
allowed us to identify effective barriers, consisting of com-
bined elementary steps, for these three stages of the hydro-
silylation, hydrocyanation and hydroamination reactions.
The computed activation barriers AE, (AECCSD(Tf) for
the rate-determining steps were found to be 13.1, 16.5
and 13.3 kcal/mol for the hydrosilylation, 7.1, 31.0 and
2.8 kcal/mol for the hydrocyanation and 11.7, 39.7 and
39.0 kcal/mol for the hydroamination reactions. The rate-
limiting steps differ in the three catalytic processes, being
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step (ii) in hydrosilylation and hydrocyanation, and both
steps (ii) and (ii1) in hydroamination. The efficiency of the
catalytic cycles determined by the energy span quantity,
OF, follows the trend: hydrocyanation = hydrosilyla-
tion > hydroamination. Moreover, the hydrosilylation,
hydrocyanation and hydroamination of ethene catalyzed
by bis(hydrido-bridged)diplatinum complexes are pre-
dicted to be exothermic by —13.5 (—8.0), —18.9 (—10.9)
and —38.8 (—46.7) kcal/mol, respectively, at the B3LYP
(CCSD(T)) levels of theory, in line with existing experimen-
tal observations in the case of hydrosilylation. Sound the-
oretical treatment should represent a potent tool for
further development of platinum-based catalysts in partic-
ular for the hydrocyanation and hydroamination of unsat-
urated substrates, processes that are of potential synthetic
interest.

Appendix A. Supplementary material

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.jorganchem.
2007.08.007.
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