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A comprehensive and consistent picture of the catalytic cycle of hydrosilylation, hydrocyanation, and
hydroamination of ethyne catalyzed by hydrido-bridged diplatinum complexes has been derived by means
of electronic structure calculations at the B3LYP and CCSD(T) levels of theory, using the
LANL2DZ +BSII(Pt)u6-31G**(L) basis set. All crucial reaction steps of the entire catalytic courses
have been scrutinized. Three critical steps of the catalytic cycles corresponding to (i) the hydride migration
to the acceptor C atom of the coordinated ethyne substrate, (ii) the reductive elimination of the final
product, and (iii) the oxidative addition process that regenerates the catalytic species were found to be

the rate-limiting steps with activation barrierdHEc

csoery) of 11.6, 5.1, and 7.1 kcal/mol for the

hydrosilylation, 6.9, 24.9, and 1.6 kcal/mol for the hydrocyanation, and 10.5, 35.4, and 25.5 kcal/mol for
the hydroamination reactions. Overall, all catalytic processes are predicted to be exothermic with
exothermicities of-32.1 (—25.5),—37.8 (—28.2), and—53.7 (—45.1) kcal/mol for the hydrosilylation,
hydrocyanation, and hydroamination of ethyne, respectively, at the B3LYP (CCSD(T)) levels of theory.
From the detailed analysis of both the thermodynamic and kinetic aspects of the catalytic cycles it can

be inferred that the catalytic efficiency of the hydr
hydrocyanatiorn= hydrosilylation> hydroamination.

Introduction

Several years agowe found that the hydrido-bridged
diplatinum complexes {[Pt(SiR3)(u-H)[P(cyclo-CsH11)3)]} 2]
resulting from the reaction of the [Pt{84)-{ P(Cyclo-CeH11)3}]
complexes with hydrosilanes, HS§RSiR ;3 = SiCl;, SiCIMe,,
SiMe;Ph, SiMe(CH:Ph), SiMeEt, SiEt, or Si(OEt}) and their
precursors [Pt(gHs)2(PRs)], both containing only one phos-
phane ligand per metal center, are superior catalysts to the
platinum species used previougl§.Yields of hydrosilylation
products are generally greater using tHeéPt[SiR3)(u-H)-
[P(cyclo-CgH11)3)]} 2] catalysts than with other complexes of
group 8% for example, HPtCk,2° [Fe(CO)],® [{ PtClu-Cl)-
CzHy)}2],” various triphenylphosphine-Pt(0)%dcomplexes,
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ido-bridged diplatinum complexes follows the trend

[RhCI(PhP)g],° or metallic platinun?® Adding hydrosilanes to
double or triple carboncarbon bonds usually proceeds exo-
thermally immediately on mixing the reactants at room tem-
perature in a catalyst:substrate ratio in the range of i®107:
1. Hydrosilylation of unsaturated organic compounds is a key
catalytic reaction for production of industrially important
products, since organosilicon compounds are useful as an
intermediate in organic synthesis, dendrimers, and polymer
chemistryl® Despite the lack of kinetic information on the
hydrosilylation of alkynes catalyzed by the diplatinum com-
plexes, a possible mechanism conforming to the well-established
Chalk—Harrod mechanisfrhas been suggestét€ (Scheme 1).
According to the proposed mechanism, the first step of the
hydrosilylation reaction involves the cleavage of the hydrido-
bridges in the diplatinum complexes promoted by the incoming
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Scheme 1. Proposed Catalytic Cycle for the Hydrosilylation of Alkynes Catalyzed by Hydrido-Bridged Diplatinum Complexes
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alkyne substrate, thus affording a square planar mononuclearate transition metals were found to catalyze the reaction.
Pt(Il) intermediate with the coordinated alkyne molecul&ams However, a general catalyst for the coupling of alkenes and
position with respect to the silyl ligand. The next step involves alkynes to amines is still an unsolved problem.
rotation of the alkyne into the coordination plane, followed by In the present paper we report on the results of a theoretical
migration of the hydride from Pt to an acetylenic carbon with analysis of the catalytic cycles of the hydrosilylation, hydro-
formation of a Pt(Il) vinyl complex. Reductive migration of the cyanation, and hydroamination of ethyne (acetylene) catalyzed
silyl group from the metal to carbon would then regenerate the by hydrido-bridged diplatinum complexes. Our purpose is to
Pt(0) catalyst. understand and advance the performance of the hydrido-bridged
Considering the high catalytic activity and regioselectivity diplatinum catalysts in hydrosilylation, hydrocyanation, and
of the hydrido-bridged diplatinum complexes in hydrosilylation hydroamination reactions by uncovering the elementary steps
reactions, we explored their catalytic activity in two other of the catalytic reactions and locating the intermediates and
catalytic reactions with tremendous current interest in fine transition states involved in the catalytic cycle by monitoring
chemical industries and synthetic organic chemistry: the hy- the geometric and energetic reaction profile. To assess the
drocyanation and hydroamination of alkynes. The hydrocyana- efficiency of the catalytic cycles under turnover conditions, we
tion of unsaturated substrates is an important catalytic processused the energy span quantify, which measures the energy
in industry. The hydrocyanation of butadiene in the presence difference between the summit and deepest species of the cycles.
of nickel complexes, known as the DuPont ADN Process, is 6E was recentlif suggested to be a good indicator of the
one of the most prominent examples of homogeneous catalysisfrequency of the catalytic cycle, that is, the turnover number
on an industrial scal¥. The catalyst system is based on in situ (cycles per second).
generation of a Ni(0) complex with a phosphite ligand; the
industrial process started in 1970 with a monodentate phos- Computational Details
phite 213which has changed to a bidentate ligdfh@ne major
drawback of the Ni(0) catalysts arises from the formation of ~ In view of the good performance of density functional theory
inactive nickel cyanides, in particular when the monodentate (PFT), we were compelled to perform DFT calculations at the
phosphite ligands dissociate and the catalyst is exposed to arB3LYP level of theory on all stationary points of the potential
excess of HCN. The reaction proceeds through the formation €Nergy surfaces (PES) that we studied using the GAUSSIANO3
of rglthely Stablm_a”yln!(:kel cyanide IntermeQIatzeS, which (15) For reviews of catalytic amine addition to-C multiple bonds,
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program suité? The equilibrium and transition structures were fully
optimized with Becke’s three-parameter hybrid functiéhabm-
bined with the Lee-Yang—Par#® correlation functional developed
as the B3LYP method by Stephens et?@lusing the LANL2DZ
basis set for the Pt atoms combined with the BS Il of Frenking et
al.2*which incorporates the Hay and Watgmall-core relativistic

Tsipis and Kefalidis

were traced from the various transition structures to make sure that
no further intermediates exist.

Finally, because of the computational cost due to the relatively
big size of the catalysts under consideration, to obtain a compu-
tationally convenient size, we used models resulting upon substitu-
tion of the alkyl groups of the phosphane ligand by H atoms. The

effective core potential (ECP) with the optimized valence basis use of such models does not alter the description of the “core”
functions contracted to [441/2111/21] and the 6-31G(d,p) basis setregion of the compounds and is ultimately the most efficient and
for the rest of the nonmetal atoms. We will denote the computational productive route to modeling the electronic structure and related

approach used as B3LYP/LANL2DZBSII(Pt)u6-31G**(L). The
B3LYP method provides good descriptions of reaction profiles,
including geometries, heats of reactions, and barrier hef§Hs.

In all computations no constraints were imposed on the geometry.

Full geometry optimization was performed for each structure using
Schlegel's analytical gradient methé&dand the attainment of the
energy minimum was verified by calculating the vibrational

frequencies that result in the absence of imaginary eigenvalues.

All stationary points have been identified for minimum (number
of imaginary frequencies Nimag 0) or transition states (Nimag

= 1). The vibrational modes and the corresponding frequencies

properties of relatively big-sized transition metal coordination
compounds.

Results and Discussion

Equilibrium Geometries and Electronic, Spectroscopic,
and Bonding Properties of the Model “Precatalysts”. The
model hydrido-bridged diplatinum complexe§PE(L)(u-H)-
(PHs)}2] (L = SiHs, CN, NH,) used as catalysts in the
hydrosilylation, hydrocyanation, and hydroamination reactions
could result from the reaction of the zerovalent bis(ethylene)-

are based on a harmonic force field. This was achieved with the (Phosphane)platinum, [Pt4),(PH)], 1, complex with H-SiHs,

SCF convergence on the density matrix of at leas® Hhd a rms
force less than 1@ au. All bond lengths and bond angles were
optimized to better than 0.001 A and 0.Irespectively. The
computed electronic energies, the enthalpies of reactitgidzgs,
and the activation energiedG*,9g, Were corrected to constant

pressure and 298 K, for zero-point-energy (ZPE) differences and

for the contributions of the translational, rotational, and vibrational

H—CN, and H-NH, respectively. Selected geometric param-
eters for [ Pt(SiHs)(u-H)(PHg)} 2], 2, [{ Pt(CN){-H)(PHs)} 2],
3, and [Pt(NH.)(u-H)(PHs)} 2], 4, model “precatalysts” com-
puted at the B3LYP/LANL2DZ-BSII(Pt)U6-31G**(L) level
of theory are shown in Figure 1.

It can be seen that the diplatinum complege8, and4 are
centrosymmetric Gz, Ssymmetry). Interestingly, comple

partition functions. Furthermore, because the B3LYP approach involves asymmetric Pa¢H).Pt bridges (the PtH and H--Pt

underestimates activation barri@f¢p obtain more reliable activa-

bond distances differ by 30.1 pm), compl&jinvolves almost

tion barriers, single-point energy calculations were also performed symmetric Pt¢-H),Pt bridges (the PtH and H--Pt bond

on the B3LYP/LANL2DZ-BSII(Pt)u6-31G**(L) geometries at the
higher CCSD(T) level of theory using the same basis%&br

transition state geometry determination, quasi-Newton transit-guided

(QSTN) computations were performé&dMoreover, corrections of
the transition states have been confirmed by intrinsic reaction
coordinate (IRC) calculations, while intrinsic reaction paths (IRPs)
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distances differ by only 4.9 pm), while compleékinvolves
perfectly symmetric Pt(-H),Pt bridges. Moreover, in the
H).Pt parallelogram thélH—Pt--H bond angles are 837
84.1°, and 84.0in 2, 3, and4, respectively. Noteworthy is the
perfect planarity of the (P)(Si)PPt(Si)(P) nuclear framework
of the diplatinum complexes. The SiPtP angle of 90172 is
indicative of a square planar environment around each Pt center,
which, however, is excessively distorted from the ideal square
due to the hydride bridges formed. Such distortion is more
pronounced ir8 and4, with the CPtP and NPtP angles being
84.2 and 73.5, respectively. The Si-H separation distance
of 274.8 pm in2 is shorter than the sum of the van der Waals
radii of the respective atoms (St 210 pm, H= 120 pm)!
indicating that weak Si-H interactions still exist in the
diplatinum complex, in line with experime&t ¢ Much weaker
C---H interactions exist in compleX, with the G--H separation
distance of 272.9 pm being also shorter than the sum of the
van der Waals radii of the C and H atoms ¢ 170 pm).
However, in4 there are no N-H interactions, as the NH
separation distance of 294.2 pm is longer than the sum of the
van der Waals radii of the N and H atoms £N155 pm). It is
clear that these multicenter interactions of the bridged hydride
account well for the asymmetric RtH).Pt bridges in2 and3.

For the model complexe®, 3, and4 we identified in the
regions of 1506-1700 and 110@: 300 cn1! of the IR spectra
the absorption bands related with the/Pi).Pt bridges. The
vibrational modes along with the normal coordinate vectors
(arrows) and the computed harmonic vibrational frequencies at
the B3LYP/LANL2DZ+BSII(Pt)u6-31G**(L) level of theory
are depicted schematically in Figure 2.

It should be noted that in hydridometal complexes involving
hydride bridges between two metal centers the hydrogen mode
absorbs at low frequencies, ca. 110@00 cnt 1.3 Noteworthy

(31) Kaesz, H. D.; Sailant, R. BChem. Re. 1972 72, 231-281.
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Figure 1. Equilibrium geometries (bond lengths in pm, angles in deg) of the m&&($iHs)(u-H)(PHs)} 2], 2, [{ Pt(CN){-H)(PHs)} 2,
3, and [ Pt(NH,)(u-H)(PHs)} 2], 4 “precatalysts”, computed at the B3LYP/LANL2EBSII(Pt)u6-31G**(L) level of theory.

867 cm’ 943 cm’

1156 cm'” 1191 cm’

4

N N

979 cm’' 1699 cm’

1491 cm™

1466 cm’ 1509 cm’

Figure 2. Vibrational modes along with the normal coordinate vectors (arrows) and the unscaled harmonic vibrational frequencies related
to the Ptg-H),Pt moiety of the modeK[Pt(SiHs)(u-H)(PHs)} 2], 2, [{ Pt(CN){u-H)(PH)} 2], 3, and [ Pt(NH,)(u-H)(PHs)} 2], 4, “precatalysts”.

is the different hydride vibrational mode B1and4 relative to
that of 2 (Figure 2), which is reflected in the computed lower
harmonic vibrational frequencies. This is consistent with the
longer Pt-H bond lengths and the more symmetricdi{)Pt
bridges in3 and4 than in2.

The hydrido-bridged diplatinum complexey 3, and 4
obeying the framework electron count (FEC) rule introduced
by Alvarez et af? (FEC = 8) are expected to involve weak
intermetallic Pt--Pt interactions. Such intermetallic interactions
are mirrored in the computed ‘Pt separation distances of
274.2, 266.4, and 266.2 pm &) 3, and4, respectively, which

(32) Alvarez, S.; Palacios, A. A.; Aullon, GCoord. Chem. Re 1999
185-186, 431, and references therein.

are very close to the sum (262 pm) of the covalent radii. To
assess the strength of the-FRt interactions, we computed the
dissociation energies of the dimers to yield the monomeric
species [Pt(Sig(H)(PHs)], 5, [Pt(CN)(H)(PH)], 6 (figures in
italics), and [Pt(NH)(H)(PHz)], 7. The predicted dissociation
energies were found to be 25.4, 49.4, and 47.3 kcal/mafor

3, and 4, respectively, in terms ofAEy, at the B3LYP/
LANL2DZ +BSII(Pt)U6-31G**(L) level of theory. The com-
puted dissociation energy is the sum of the energy due to the
two hydrogen bonds between the Pt centers and the energy due
to the intermetallic Pt-Pt interactions. The higher dissociation
energies i3 and4 are indicative of the stronger intermetallic
Pt--Pt interactions than i@. The existence of the intermetallic
Pt--Pt interactions is also substantiated by the respective
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Scheme 2.0+, &-, and d-Type MOs Describing the Intermetallic Pt---Pt Interactions in the Hydrido-Bridged Diplatinum
Complexes 2, 3, and 4

QO e b Neel  umi. e
O€ w0 ent e i i
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\

4
molecular orbital interactions (Scheme 2), which correspond to respectively, as expected for platinum complexes involving
o-, -, andd-type bonding interactions. terminal hydride ligand& and are consistent with the Pt
Equilibrium Geometries and Electronic, Spectroscopic, bond length.
and Bonding Properties of the Model “Catalysts”. Consider- According to the NBO analysis, thPt—H) natural orbitals

ing that the first step of the hydrosilylation, hydrocyanation, describing the terminal PtH bond in the hydride platinum
and hydroamination reactions involves the cleavage of the complexess, 6, and7 are constructed from $d3 sd-%, and
hydrido-bridges in the diplatinum complexes promoted by the sd 7 hybrids on the platinum atom, interacting in-phase with
incoming alkyne substrate, it is important to study first the the 1s orbital on the terminal hydride, thus having the forms
coordinatively unsaturated 14e mononuclear Pt(Il) species o(Pt—H) = 0.7117h: + 0.7025g, o(Pt—H) = 0.7187hk: +
consisting of the catalytically “active” species in the catalytic 0.6953sg, ando(Pt—H) = 0.6786k: + 0.7343s, respectively.
cycle. Noteworthy is the decrease of the d character in the sd hybrids
Selected geometric and spectroscopic parameters for thegoing from 5 to 7 and the concomitant increase of the
model [PtH(L)(PH)] (L = SiHs, 5, CN, 6, NH,, 7) “catalysts” contribution of the 1s AO of the hydride ligand to the bonding
computed at the B3LYP/LANL2DZBSII(Pt)U6-31G**(L) o(Pt=H) MO. It should also be noticed that the LUMO of

level of theory are summarized in Figure 3. complexess, 6, and7 corresponds to a dybridized orbital

It can be seen that all monomeric species adopt a planardirected toward the open coordination site of a square planar
T-shaped structure with the terminal hydridetians position coordination environment, thereby being capable of interacting
to the phosphane ligand; th&P—Pt—H bond angles are almost ~ with the HOMO of any nucleophile, such as ethene, ethyne,
180.C. The Pt-H bond length ir5 is slightly longer than ir6 isonitrile, and phosphane ligands, to afford the more stabde 16

and?7. This could be due to the weak-SH interactions, as the  square planar complexes.
Si---H separation distance of 239.8 pm is much shorter than Let us now go deeper into the details of the hydrosilylation,
the sum of the van der Waals radii of the respective atoms. hydrocyanation, and hydroamination of ethyne catalyzed by the
This is reflected in the smaller SiPtH bond angle of 7365 model “catalysts’s, 6, and7, respectively.
and is further substantiated by the computed Mulliken bond  Catalytic Cycle of the Hydrosilylation of Ethyne Catalyzed
overlap population (e.g., the electron population in the overlap by the Model “Catalyst” 5. The predicted catalytic cycle for
region of the atomic orbitals of the interacting atoms) of 0.028. the hydrosilylation of ethyne using model “catalystis depicted

In the IR spectra 0b, 6, and7 the strong PtH stretching schematically in Figure 4. The equilibrium structures of the
vibrational bands occur at 2130.8, 2218.5, and 2175.5'cm  relevant stationary points in the PES of the catalytic cycle

Q b
N - 0 N 9’"‘"‘0
. . W-e “g¥ .
~ & o Y, 0 4
A AN :1';:
81.9 88.0
oo°°°'-5 &
Hf"\s'\ o {‘;\,
5 6 7

Figure 3. Equilibrium geometries (bond lengths in pm, angles in deg) of the model [R)&i}PH:)], 5, [Pt(CN)(H)(PH)], 6, and
[Pt(NHZ)(H)(PHa)], 7, “catalysts”, computed at the B3LYP/LANL2DZBSII(Pt)JU6-31G**(L) level of theory.
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tional frequencies; the stretching vibrations of the-R{ Pt—
Si, and Pt+P bonds are predicted to be 2119, 341, and 293

2 cm1, respectively. It should be noticed that the coordination
d | 'S of the ethyne molecule to the platinum center results in the
e lengthening of the &C triple bond by 3.9 pm, with a(C=C)

> 4 stretching vibrational frequency of 1873 cin Noteworthy is

I/7 the deviation from linearity of the coordinated ethyne molecule;
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Figure 4. (a) Catalytic cycle for the hydrosilylation of ethyne
catalyzed by the model “catalyst” [Pt(SIfH)(PHs)], 5; (b) reaction
energy profile AE, in kcal/mol) of the catalytic cycle computed
at the B3LYP/LANL2DZ+BSII(Pt)U6-31G**(L) and CCSD(T)/
LANL2DZ +BSII(PtyU6-31G**(L)/B3LYP/LANL2DZ +BSII(Pt)U6- \ \ ISTur
31G*(L) (figures in parentheses) levels of theory; (c) the oxidative PY 3.0 pm with respect to speci&s In the vibrational mode
addition reaction energy profile that regenerates the catalytic speciescorresponding to the imaginary frequencyT®s-o, vi = 784

8.

computed at the B3LYP/LANL2DZBSII(Pt)U6-31G**(L)

level of theory are shown in Figures 5, while the relative

the bending H-C=C angle was found to be 158.8Moreover,
upon coordination of the ethyne molecule with the catabyst
the P-Pt—H bond angle changes from 179.® 157.3.

A m-ethyne adduct of the “catalytically” active monomeric
species, with the ethyne ligand on the coordination plane
occupying atrans position to the silyl group, has been
successfully located as distinct intermedi@tén the first stage
of the catalytic cycle. The formation of intermedigBewas
calculated to be exoergic by14.3 (—22.4) kcal/mol at the
B3LYP (CCSD(T)) levels of theory. Including entropic effects
(AG) reduces the exergonicity te3.2 kcal/mol.

According to the NBO analysis, thgPt—H) natural orbital
is constructed from an @ hybrid (52.87% d character) on
the platinum atom, fi = —0.684(6sy: + 0.705(562-2)pt +
0.155(5@)py, interacting in-phase with the 1s orbital on the
terminal hydride, thus having the foro{Pt—H) = 0.713f +
0.701s. The terminal hydride ligand acquires a negative natural
charge of—0.10]€|.

The next step of the catalytic cycle involves a one-step
migratory insertion of ethyne into the-Ptl bond throughl' Sg_o,
yielding intermediat® with an activation barrier of 10.8 (11.6)
kcal/mol in terms of AG¥(AEccspry). The relatively low
activation barrier illustrates that the hydride migration to the
coordinated ethyne proceeds without the eventual coordination
of a second ethyne molecule to theelgjuare planar complex.
The transition statd Sg_g exhibits some interesting structural
features (Figure 5). The distance between the migrating hydride
ligand and the nearest acceptor C atom of the ethyne ligand
has dramatically shortened by 90.3 pm with respect to the
corresponding distance in compleX The PtC(centroid)
distance inTSg—g is shortened by 4.8 pm, while the<C bond
distance of the coordinated ethyne molecule is further lengthened

cm1, the dominant motions involve the transferring hydride
along with the nearest acetylenic H atom of the coordinated
H—C=C—H molecule.

The intermediat®, being 24.6 (23.3) kcal/mol in terms of

energies, heats of reactions, and activation barriers are sum-AEy more stable than intermediadeat the B3LYP (CCSD(T))

marized in Table 1.

Attachment of the ethyne to mononuclear spe8&igésads to
the lengthening of the PtH and Pt+Si bonds by 0.6 and 8.5
pm, respectively, while the P bond is shortened by 1.9 pm.

levels, is a coordinatively unsaturatedelt(Il) complex with

a T-shaped structureJC—Pt=P = 176.3), involving a
coordinated ethenyl group in a perpendicular orientation with
respect to the coordination plane. The coordinatively unsaturated

These structural changes are reflected in the respective vibra-14e Pt(ll) complex9 captures immediately a second molecule

Table 1. Relative Energies, Enthalpies, Gibbs Free Energies, and Activation Barriers (kcal/mol) of the Hydrosilylation of
Ethyne Catalyzed by Model “Catalyst” 5 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) Levels of Theory

AEo AH AG AEccspm AEG* (AH*) [AGY] AEccso(ry
Hydrosilylation
5+ ethyne 14.3 14.9 3.2 22.4
8 0.0 0.0 0.0 0.0
TSs—9 10.3 9.8 10.8 11.6 10.3(9.8) [10.8] 11.6
9 —24.6 —24.8 —25.0 —23.3
10 —31.6 —31.9 -23.1 —37.5
TS10—11 —25.7 —27.2 —15.2 —-324 5.9 (4.7) [7.9] 5.1
11+ productA -32.1 -33.1 —34.5 —25.5
11+ hydrosilane 9.2 9.6 —11.6 20.3
TS11—8 15.4 15.7 -5.7 27.4 6.2 (6.1) [5.9] 7.1
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Figure 5. Equilibrium structures (bond lengths in pm, angles in E
deg) of the relevant stationary points in the PES of the catalytic 2043470}
cycle for the hydrosilylation of ethyne using model catal$st ]
computed at the B3LYP/LANL2DZBSII(Pt)U6-31G**(L) level 10 Y TS
of theory. R Ireel
00 (69)}
(0.0) 13 TS14n1

of the ethyne substrate, forming intermedia@ewhich through -10 — —_—
a reductive elimination process affords the prodfictH,C= 2 (108} ;'(ji-g'i
CHSIiHs) and the catalytic specidd. The latter, upon oxidative v !
addition with hydrosilane, regenerates the catalytic spegies -30 14 {
thus completing the catalytic cycle. During the course of the -33.1 Uk
) 2 N . -40 (-39.8) 378
reductive elimination process the silyl ligand is transferred to (-28.2)
the acceptor C atom of the coordinated ethenyl group via the (b)
transition stateTSyo-11, surmounting a relatively low energy  Figure 6. (a) Catalytic cycle for the hydrocyanation of ethyne
barrier of 5.9 (5.1) kcal/mol. Moreover, the reductive elimination  catalyzed by the model “catalyst” [Pt(CN)(H)(RH 6; (b) reaction
corresponds to an almost thermoneutral process at the B3LYPenergy profile AE, in kcal/mol) of the catalytic cycle computed
level (AEg = —0.5 kcal/mol), but it is slightly endoergic at the at the B3LYP/LANL2DZ+BSII(Pt)U6-31G**(L) and CCSD(T)/

CCSD(T) level AE; = 12.0 kcal/mol). InTS1g-11 the silyl LANL2DZ +BSII(Pt)u6-31G**(L)//B3LYP/LANL2DZ +BSlII(Pt)U6-

group was inclined toward the ethenyl group by 3%Si— 31G**(L) (figures in parentheses) levels of theory; (c) the oxidative
Pt—C = 50.8). The distance between the migrating silyl ligand addition reaction energy profile that regenerates the catalytic species
e 12,

and the nearest C atom of the acceptor ethenyl group is 18.6
pm longer than the €Si bond length in the final produd, _ . . .
whereas the €C bond distance is only 0.9 pm longer than the cm ,_the dor_nlnant motion involves the stretching of the
respective €C bond length of producA. This means that coordinated StH bond.

TSi0.11 iS a late transition state. In the vibrational mode N summary the rate-limiting step for the hydrosilylation of

corresponding to the imaginary frequencyl@o-11, vi = 162 ethyne catalyzed by th_e dipl_atingm complexes is predicted to
cm, the dominant motions involve the transferring silyl group Pe the step of the hydride migration to the acceptor C atom of
along with the nearest C atom of the®=CH— ligand. the coordinated ethyne substrate. Moreover the efficiency of

The oxidative addition of hydrosilane to the coordinatively the catalytic cycle of the hydrosilylation process is quantified
unsaturated 18! Pt(0) complex11 regenerating the “true” by the energy span quantityE, of 47.5 (52.9) kcal/mol at the
catalytic specie$ and closing the catalytic cycle corresponds B3LYP (CCSD(T)) levels.
to an exothermic process, with exothermicity-68.2 (—20.3) Catalytic Cycle of the Hydrocyanation of Ethyne Cata-
kcal/mol at the B3LYP (CCSD(T)) levels, and surmounts a lyzed by the Model “Catalyst” 6. The predicted catalytic cycle
relatively low activation barrier of 5.9 (7.1) kcal/mol in terms  for the hydrocyanation of ethyne using model “catalystis
of AG*(AEccspqy). The transition statel'Sy;-g involves a depicted schematically in Figure 6. The equilibrium structures
loosely associated silane molecule interacting with the Pt(0) of the relevant stationary points in the PES of the catalytic cycle
metal center in @-Si,H bonding mode. In the vibrational mode computed at the B3LYP/LANL2DZBSII(Pt)U6-31G**(L)
corresponding to the imaginary frequencyTo-s, vi = 83 level of theory are shown in Figures 7, while the relative



Hydrido-Bridged Diplatinum Catalysts

Organometallics, Vol. 25, No. 7, 200803

Table 2. Relative Energies, Enthalpies, Gibbs Free Energies, and Activation Barriers (kcal/mol) of the Hydrocyanation of
Ethyne Catalyzed by Model “Catalyst” 6 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) Levels of Theory

AEg AH AG AEccsp(m) AEq (AH) [AGT] AEccso(rf
Hydrocyanation
6 + ethyne 29.0 29.6 18.2 34.7
12 0.00 0.00 0.00 0.00
TS1—13 5.3 5.0 5.8 6.9 5.3 (5.0) [5.8] 6.9
13 —-11.9 —-11.8 —12.8 —10.8
14 -33.1 -335 -23.9 —39.8
TS14—11 —12.8 —13.8 -3.0 —14.9 20.3 (19.7) [20.9] 24.9
11+ productB —37.8 —38.6 —40.1 —28.2
11+ hydrocyano 9.0 9.6 -1.1 18.7
TS1—12 11.6 11.5 11.2 20.3 2.6 (1.9) [12.3] 1.6

energies, heats of reactions, and activation barriers are sum-deviates from linearity by 16%6 The unscaled/(C=C) and

marized in Table 2.

The first stage of the catalytic cycle involves the coordination
of the ethyne molecule with the “catalytically” active Pt(ll)
monomeric species, yielding theethyne adduct (intermediate
12). In this adduct the ethyne molecule occupigsaasposition
to the CN ligand with a coplanar orientation with respect to the
coordination plane of the Pt(ll) complex. The formation of
intermediatel2 was calculated to be exoergic by29.0 (—-34.7)
kcal/mol at the B3LYP (CCSD(T)) levels of theory. The
inclusion of entropic effectsAG) reduces the exothermicity to
—18.2 kcal/mol. It should be noted that the first step of the

v(C=N) stretching vibrational frequencies are predicted to be
1882 and 2265 cni, respectively. The vibrational modes
characterizing the coordination of the ethyne molecule with the
Pt(ll) metal center are the(Pt—Cy(centroid)) andva{Pt—C,)
stretching vibrational modes that absorb at 331 and 421tcm
respectively.

Theo(Pt—H) natural orbital is constructed from an sd hybrid
(49.94% d character) on the platinum ators,=h —0.706(6sp:
— 0.456 (56t + 527(5d2-2)pt + 0.111(5¢k)py, interacting
in-phase with the 1s orbital on the bridging hydride, thus having
the formo(Pt—H) = 0.728M; + 0.686%,. The Pt(Il) metal center

hydrocyanation process is more exoergic than the correspondingacquires a positive natural charge of 0|80 while the terminal

step of the hydrosilylation process by 14.7 (12.3) kcal/mol at
the B3LYP (CCSD(T)) levels of theory.

Attachment of the ethyne to catalytic specéekads to the
lengthening of the PtH, Pt—=CN, and P+P bonds by 0.7, 8.1,

hydride ligand acquires a negative natural charge @04 |e|.
The next step of the catalytic cycle involves the migratory

insertion of ethyne into the PH bond throughl'S;,-13, yielding

intermediatel3, with an activation barrier of 5.8 (6.9) kcal/

and 2.6 pm, respectively. These structural changes are reflectednol in terms ofAGH(AEccsp(ry). The activation barrier is lower
in the respective vibrational frequencies; the stretching vibrations than the corresponding activation barrier of the hydrosilylation

of the PtH, Pt=C, and PtP bonds are predicted to be 2203,
465, and 261 cmt, respectively. Upon coordination of the
ethyne molecule to the platinum center, trreCtriple bond is
lengthened by 3.8 pm, while the+HC=C moiety is bent away
from the Pt(ll) center with the bending angle being 187.6
Moreover, in the intermediaté2 the P-Pt—H bond angle

14

TS1411

Figure 7. Equilibrium structures (bond lengths in pm, angles in deg) of the relevant stationary points in the PES of the catalytic cycle for
the hydrocyanation of ethyne using model catafstomputed at the B3LYP/LANL2DZBSII(Pt)J6-31G**(L) level of theory.

process. The structural features of the transition St&g-13

are similar to those ofTSg_o. The distance between the
migrating hydride ligand and the nearest acceptor C atom of
the ethyne ligand has dramatically shortened by 67.3 pm with
respect to the corresponding distance in comfl2xThe Pt
C(centroid) distance i S1>-13 is shortened by 4.0 pm, while

TS12
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the C-C bond distance of the coordinated ethyne molecule is
further lengthened by 2.6 pm with respect to intermedizie

In the vibrational mode corresponding to the imaginary fre-
quency of TS;p-13, vi = 678 cnt?l, the dominant motions
involve the transferring hydride along with the nearest acetylenic
H atom of the coordinated HC=C—H molecule. The lower
imaginary frequency of'S;,-13 with respect to that o Sg—o

is consistent with the lower activation barrier for the transforma-
tion 12— 13 than the transformatio® — 9. The intermediate
13, being 11.9 (10.8) kcal/mol in terms afEy more stable than
intermediatel? at the B3LYP (CCSD(T)) levels, is a coordi-
natively unsaturated B4Pt(ll) complex with a T-shaped
structure JC—Pt—P = 174.2), involving a coordinated ethenyl
group in a nearly perpendicular orientation with respect to the
coordination plane.

The subsequent step of the catalytic cycle involves coordina-
tion of a second ethyne molecule to the Pt(ll) center of
intermediatel3, yielding the coordinatively unsaturated €16
Pt(l) complex14, which via a reductive elimination process
affords the producB (H,C=CHCN) and the catalytic species
11 Then, oxidative addition of HCN to intermediatell
regenerates the catalytic specl closing thus the catalytic
cycle. During the course of the reductive elimination process
the cyanide ligand is transferred to the acceptor C atom of the
coordinated ethenyl group via the transition stdi®;4-11,
surmounting an energy barrier of 20.9 (24.9) kcal/mol at the
B3LYP (CCSD(T)) levels. Notice that the cyanide migration
demands a much higher activation barrier than the migration
of the silyl group. It is evident that the reductive elimination
step is the rate-limiting step for the hydrocyanation process.
As in the case of hydrosilylation, the reductive elimination step
of hydrocyanation corresponds to a slightly exothermic process
at the B3LYP level AE; = —4.7 kcal/mol), but it is endoergic
at the CCSD(T) level AE; = 11.6 kcal/mol). InTSy4-11 the
cyanide ligand was inclined toward the ethenyl group by 40.1
(C—Pt—=C = 49.9). The distance between the migrating cyanide
ligand and the nearest C atom of the acceptor ethenyl group is
35.0 pm longer than the-GCN bond length in the final product
B, whereas the €C bond distance is only 0.6 pm shorter than
the respective €C bond length of produd. In the vibrational
mode corresponding to the imaginary frequency 8f4-11, vi
= 386 cnt?, the dominant motions involve the transferring
cyanide group along with the nearest C atom of th€HCH—
ligand.

The oxidative addition of HCN to the coordinatively
unsaturated el Pt(0) complex11 regenerating the “true”
catalytic specied?2 corresponds to an exothermic process, with
exothermicity of —9.0 (—18.7) kcal/mol at the B3LYP
(CCSD(T)) levels, and surmounts a low activation barrier of
11.6 (17.1) kcal/mol in terms oAG*(AEccspry). These
activation barriers are slightly higher than the corresponding
barriers of the hydrosilylation process. The transition state
TS;11-12 involves a loosely associatedHCN molecule interact-
ing with the Pt(0) metal center in&-C,H bonding mode. In
the vibrational mode corresponding to the imaginary frequency
of TSip-12, ¥i = 67 cntl, the dominant motion involves the
stretching of the coordinated-€4 bond.

In summary the geometric and energetic profile of the
hydrocyanation of ethyne catalyzed by the hydrido-bridged
diplatinum complexes closely resembles that of the respective
hydrosilylation reaction, and therefore the hydrido-bridged
diplatinum complexes are expected to exhibit a catalytic activity
in hydrocyanation comparable to that of hydrosilylation. This
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Figure 8. (a) Catalytic cycle for the hydroamination of ethyne
catalyzed by the model “catalyst” [Pt(NHH)(PHs)], 7; (b) reaction
energy profile AEp in kcal/mol) of the catalytic cycle computed

at the B3LYP/LANL2DZ+BSII(Pt)U6-31G**(L) and CCSD(T)/
LANL2DZ +BSII(Pt)U6-31G**(L)//B3LYP/LANL2DZ +BSlI(Pt)J6-
31G**(L) (figures in parentheses) levels of theory; (c) the oxidative
addition reaction energy profile that regenerates the catalytic species
15.

of the cyclesdE, which for hydrocyanation were found to be
49.4 (45.3) kcal/mol at the B3LYP (CCSD(T)) levels. Moreover,
the Pt(Il) catalytic species are expected to be superior catalysts
to the tetrahedrally coordinated zerovalent nickel catalysts used
in hydrocyanation of unsaturated substrdfe$?33 since they
have easily accessible open coordination sites capable of
accommodating the unsaturated substrates.

Catalytic Cycle of the Hydroamination of Ethyne Cata-
lyzed by the Model “Catalyst” 7. The catalytic cycle for the
hydroamination of ethyne using model “cataly3tis depicted
schematically in Figure 8. The equilibrium structures of the
relevant stationary points in the PES of the catalytic cycle
computed at the B3LYP/LANL2DZBSII(Pt)U6-31G**(L)
level of theory are shown in Figures 9, while the relative
energies, heats of reactions, and activation barriers are sum-
marized in Table 3.

(33) Burello, E.; Marion, P.; Galland, J.-C.; Chamard, Adv. Synth.

is substantiated by the computed values of the energetic sparcatal. 2005 347, 803-810.
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Figure 9. Equilibrium structures (bond lengths in pm, angles in deg) of the relevant stationary points in the PES of the catalytic cycle for
the hydroamination of ethyne using model cataljistomputed at the B3LYP/LANL2DZBSII(Pt)u6-31G**(L) level of theory.

Table 3. Relative Energies, Enthalpies, Gibbs Free Energies, and Activation Barriers (kcal/mol) of the Hydroamination of
Ethyne Catalyzed by Model “Catalyst” 7 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) Levels of Theory

AEo AH AG AEccsp(m AEg* (AH%) [AGT] AEccsoqf
Hydroamination
7 + ethyne 27.2 28.2 16.3 33.0
15 0.00 0.00 0.00 0.00
TS15—16 8.5 8.1 9.2 105 8.5(8.1) [9.2] 10.5
16 -12.3 -11.9 -13.7 -11.6
17 —36.9 —37.4 —27.6 —44.7
TS:7—11 —-9.1 -9.6 —-0.4 -9.3 27.8(27.8) [27.2] 35.4
11+ productC —53.7 —54.2 —56.2 —45.1
11+ amine —16.4 —15.3 —27.5 -85
TS11—15 13.6 13.7 13.0 17.0 30.0(29.0) [28.5] 255

In the first stage of the catalytic cycle the ethyne molecule is Pt(ll) center corresponds to a bending angle of 15MMore-
coordinated to the “catalytically” active Pt(Il) monomeric over, in the intermediaté5 the P-Pt—H bond angle deviates
species, yielding the intermediateethyne adductl5. In this from linearity by 21.4. The vibrational modes characterizing
adduct the ethyne molecule occupidsams position to the NH the coordination of the ethyne molecule with the Pt(Il) metal
ligand, adopting a coplanar orientation with respect to the center are the/(Pt—Cy(centroid)) andv,{Pt—C;) stretching
coordination plane of the Pt(ll) complex. The formation of vibrational modes that absorb at 368 and 440%mespectively.
intermediatel5 was calculated to be exoergic by27.2 (—=33.0) The o(Pt—H) natural orbital is constructed from an®sé
kcal/mol at the B3LYP (CCSD(T)) levels of theory. The hybrid (43.07% d character) on the platinum atorg; &
inclusion of entropic effectsAG) reduces the exergonicity to  —0.753(6sp: + 0.646 (5qy)pt + 0.115(56)p;, interacting in-
—16.3 kcal/mol. It should be noted that the exoergicity of the phase with the 1s orbital on the bridging hydride, thus having
first step of the hydroamination process is comparable to that the formg(Pt—H) = 0.697h: + 0.717s,. Notice the decrease
of the hydrocyanation one. of the d character in the sd hybrid of Pt(ll) with a concomitant

Surprisingly the association of the ethyne molecule with the increase of thescontribution to thes(Pt—H) bonding interac-
catalytic specieg does not affect the PtH bond length, as  tion in 15 with respect tol2 and 8. The Pt(ll) metal center
was the case in the hydrosilylation and hydrocyanation pro- acquires a positive natural charge of 0|89 while the terminal
cesses. However, the-PN bond is lengthened by 5.3 pm, as a hydride ligand acquires a negative natural charge ©f10 €.
result of thetransinfluence of the ethyne ligand, while the-F® In the next step of the catalytic cycle insertion of ethyne into
bond is shortened by 2.1 pm. These structural changes arethe Pt-H bond takes place, througf;s-1¢, yielding interme-
reflected in the respective vibrational frequencies; the stretching diate 16, with an activation barrier of 9.2 (10.5) kcal/mol in
vibrations of the PtH, Pt-N, and PtP bonds are predicted terms of AG¥(AEccspcryf). The activation barrier is comparable
to be 2187, 556, and 231 cry respectively. to that of the hydrosilylation process, but higher than the

It should be noticed that the coordination of the ethyne corresponding activation barrier of the hydrocyanation one. The
molecule to the platinum center results in the lengthening of structural features of the transition stdi8i5-16 are similar to
the G=C triple bond by 4.3 pm, with a(C=C) stretching those ofTSg_g andTS;2-13. The distance between the migrating
vibrational frequency of 1856 cm. The bending of the HC= hydride ligand and the nearest acceptor C atom of the ethyne
C moiety of the coordinated ethyne molecule away from the ligand has dramatically shortened by 73.9 pm with respect to
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the corresponding distance in complEx The Pt-C(centroid) stantiated by the computedE values of 67.3 (62.1) at the
distance inTS;5-16is shortened by 3.2 pm, while the-© bond B3LYP (CCSD(T)) levels, which are higher than those of the
distance of the coordinated ethyne molecule is further lengthenedhydrosilylation and hydrocyanation processes. This could be due
by 2.9 pm with respect to intermedial®. In the vibrational to the stabilization of the lowest energy species in the cycle of
mode corresponding to the imaginary frequency 8fs-1¢, Vi the hydroamination process. It should be noted that the predicted
= 730 cnrl, the dominant motions involve the transferring mechanism of the hydroamination of ethyne catalyzed by the
hydride along with the nearest acetylenic H atom of the hydrido-bridged diplatinum complexes differs significantly from
coordinated HC=C—H molecule. The ethenyl intermediate the suggested mechanism for the intermolecular hydroamination
16 is 12.3 (11.6) kcal/mol in terms oAE; more stable than  of alkynes catalyzed by organolanthanide compléges.
intermediate15 at the B3LYP (CCSD(T)) levelsl6 is a

coordinatively unsaturated &4t(Il) complex with a T-shaped Concluding Remarks
structure JC—Pt—P = 177.6) and a N-Pt—=C—C torsion angle
of —125.7. A detailed investigation of the mechanism of hydrosilylation,

The subsequent step of the catalytic cycle involves coordina- hydrocyanation, and hydroamination of ethyne catalyzed by
tion of a second ethyne molecule to the Pt(ll) center of hydrido-bridged diplatinum complexes has been carried out in
intermediatel6, yielding the coordinatively unsaturatedel6  the framework of electronic structure calculations at the B3LYP
Pt(Il) complex17, which via a reductive elimination process and CCSD(T) levels of theory, using the LANL2BBSII(Pt)J6-
affords the producE (H,C=CHNH,) and the catalytic species 31G**(L) basis set.

11. Upon oxidative addition of HNH; to intermediatel 1, the The present investigation examines, in terms of located
catalytic specied?2 is regenerated and the catalytic cycle is structures, energies, and activation barriers, the participation of
completed. During the course of the reductive elimination postulated intermediates. Prior qualitative mechanistic assump-
process the amine group is transferred to the acceptor C atortions are substituted by the presented theoretically well-founded
of the coordinated ethenyl group via the transition st&e;—13, and detailed analysis of both the thermodynamic and kinetic
surmounting a relatively high activation barrier of 27.8 (35.4) aspects that substantially improve the insight into the reaction
kcal/mol. The reductive elimination in hydroamination is course and enlarge them with novel mechanistic proposals.
predicted to be exoergic at the B3LYP leveélHy = —16.8 Our calculations show that the catalytically “active” species
kcal/mol) and almost thermoneutralE, = —0.4 kcal/mol) at are the 16 coordinatively unsaturated mononuclear [Pt(L)(H)-
the CCSD(T) level. InTS;7-1; the amine ligand is inclined  (PHs)(17?-C2H2)] (L = SiHs, CN, NH,) species resulting upon
toward the ethenyl group by 36.4N—Pt—C = 53.6°). The dissociation of the hydrido-bridged dinucle&Pf(L)(u-H)-
distance between the migrating cyanide ligand and the nearesi{PHs)}2] precursors promoted by the incoming unsaturated
C atom of the acceptor ethenyl group is 48.2 pm longer than substrate.

the C—N bond length in the final produet, whereas the €C Overall, the catalytic cycle involves three critical rate-limiting
bond distance is only 1.1 pm longer than the respectiv€€C  steps, corresponding to (i) the hydride migration to the acceptor
bond length of produdE. In the vibrational mode corresponding C atom of the coordinated ethyne substrate, (ii) the reductive

to the imaginary frequency ofS;7-11, ¥ = 513 cnt?, the elimination of the hydrosilylated, hydrocyanated, or hydroami-

dominant motions involve the transferring cyanide group along nated product, and (iii) the oxidative addition process that

with the nearest C atom of the,&=CH— ligand. regenerates the catalytic species. The computed activation
Finally, the oxidative addition of HNH; to the coordina- barriers AEccspry) for the rate-determining steps were found

tively unsaturated 1&Pt(0) complexll, regenerating the “true”  to be 11.6, 5.1, and 7.1 kcal/mol for the hydrosilylation, 6.9,
catalytic specied5, corresponds to an endothermic process, 24.9, and 1.6 kcal/mol for the hydrocyanation, and 10.5, 35.5,
with endothermicity of 16.4 (8.5) kcal/mol at the B3LYP and 25.5 kcal/mol for the hydroamination reactions. The rate-
(CCSD(T)) levels, and surmounts a remarkably high activation limiting steps differ in the three catalytic processes, being step
barrier of 28.5 (25.5) kcal/mol in terms &G*(AEccspy)- (i) in hydrosilylation, step (ii) in hydrocyanation, and both steps
These activation barriers are much higher than the corresponding(ii) and (iii) in hydroamination. The efficiency of the catalytic
oxidative addition barriers of the hydrosilylation and hydro- cycles determined by the energy span quandigy,follows the
cyanation processes. The transition std®;- 15 involves a trend hydrocyanatior= hydrosilylation > hydroamination.
loosely associated HNH, molecule interacting with the Pt(0)  Moreover, the hydosilylation, hydrocyanation, and hydroami-
metal center in @%-N,H bonding mode, but with the NH bond nation of ethyne catalyzed by the hydrido-bridged diplatinum
strongly weakened. In the vibrational mode corresponding to catalysts are predicted to be exothermic b82.1 (—25.5),

the imaginary frequency offSio-12, »i = 925 cnt?, the —37.8 (—28.2), and—53.7 (—45.1) kcal/mol, respectively, at
dominant motion involves the dissociation of the coordinated the B3LYP (CCSD(T)) levels of theory, in line with the
N—H bond and the formation of the PH and Pt-N bonds. experimental observations in the case of hydrosilylation.

In summary the geometric and energetic profile of the
hydroamination of ethyne catalyzed by the hydrido-bridged  supporting Information Available: Complete ref 12. The
diplatinum complexes closely resembles those of the respectiveCartesian coordinates and energies of all stationary points are
hydrosilylation and hydrocyanation reactions. However, the compiled in Tables S1 and S2, respectively. This information is
hydroamination process is less favored both thermodynamically available free of charge via the Internet at http://pubs.acs.org.
and kinetically, since the two critical rate-limiting steps, namely, OMO509342
the reductive elimination and the oxidative addition steps, are
less favored. Th_erefore the hydrido_—pridged diplatinum com- (34) (3) Ryu, J-S.: Li, G. Y. Marks, T. J. Am. Chem. S0@003 125
plexes are predicted to be less efficient catalysts for hydro- 15584-12605. (b) Matta, A.; Lanza, G.; Fragala, I. L.; Marks, T. J.
amination of unsaturated substrates. This is further sub- Organometallics2004 23, 4097-4104.




