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Abstract: A full QM DFT study without system simplification and with the inclusion of solvation effects in
aniline as solvent has addressed the addition of aniline to ethylene catalyzed by PtBr,/Br~. The resting
state of the catalytic cycle is the [PtBr3(C,H,4)]~ complex (II). A cycle involving aniline activation by N—H
oxidative addition was found energetically prohibitive. The operating cycle involves ethylene activation
followed by nucleophilic addition of aniline to the coordinated ethylene, intramolecular transfer of the
ammonium proton to the metal center to generate a 5-coordinate (16-electron) Pt"V—H intermediate, and
final reductive elimination of the PhNHEt product. Several low-energy ethylene complexes, namely trans-
and cis-PtBr,(C,H4)(PhNH,) (IV and V) and trans- and cis-PtBr,(C,H,), (VII and VIII) are susceptible to
aniline nucleophilic addition to generate zwitterionic intermediates. However, only [PtBrsCH,CH,NH,Ph]~
(IX) derived from PhNH, addition to Il is the productive intermediate. It easily transfers a proton to the Pt
atom to yield [PtHBr3(CH,CH,NHPh)]~ (XX), which leads to rate-determining C—H reductive elimination
through transition state TS(XX—L) with formation of the o-complex [PtBr3(«?:C,H-HCH,CH,NHPh)]~ (L),
from which the product can be liberated via ligand substitution by a new C,H4 molecule to regenerate II.
Saturated (18-electron) PtV—hydride complexes obtained by ligand addition or by chelation of the aminoalkyl
ligand liberate the product through higher-energy pathways. Other pathways starting from the zwitterionic
intermediates were also explored (intermolecular N deprotonation followed by C protonation or chelation
to produce platina(ll)azacyclobutane derivatives; intramolecular proton transfer from N to C, either direct
or assisted by an external aniline molecule) but all gave higher-energy intermediates or led to the same

rate-determining TS(XX—L).

1. Introduction

Hydroamination, the direct formation of a new C—N bond
by addition of an N—H bond across an unsaturated CC bond,
currently attracts much interest in academia and industry.* 3
The intermolecular version of this process is dtill a great
challenge, especially for nonactivated olefins. Seminal work by
Coulson showed that ethylene could be hydroaminated by afew
highly basic secondary amines under forcing conditions with
RNCl; (or IrCls) as catalyst.*> More recently, this system was
found effective also for less basic amines such as aniline when
modified by the addition of n-Bu,Pl/1,.% Other relevant results
for the intermolecular hydroamination of ethylene and other
nonactivated olefins comprise the use of lanthanides,”® Fe,°
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Ru’10712 Rh,ls Ag,l4 Au’15718 Pd,19'20 and notably Ptl21723
Investigations initiated in our team by J.-J. Brunet have shown
that PtBr,, in the presence of nBu,PX (X = halide) as activator,
is one of the most performing catalysts so far reported for the
hydroamination of ethylene by weakly basic amines such as
aniline and 2-chloroaniline (highest activity for X = Br; TON
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> 150 after 10 h at 150 °C with 0.3 mol % of Pt-precursor).2*~2’
Without a clear mechanistic understanding, however, it is
difficult to imagine how to further improve the process efficiency
for its potential application in bulk chemical manufacture.

Two alternative mechanisms are discussed in the literature, one
starting with amine activation by N—H oxidative addition and the
other one based on amine nucleophilic addition to a coordinated
olefin. The amine activation mechanism is mostly proposed for
Rh- or Ir-based catalytic systems*®° whereas the olefin activation
mechanism seems adopted by catalysts based on group 10*° and
11 metals.3* Senn and co-workers reported a computational study
of the mode NH; addition to ethylene catdyzed by the
[MCI(PH3)(C,H4)]*" complexes of Group 9 (z= 0) and 10 (z =
1) metals For the group 10 metals, for which only the olefin
activation pathway has been explored, they found that the NH3
nucleophilic addition is thermodynamically and kineticaly favor-
able and that the cleavage step is rate-determining (barrier of 34.9
kca mol~2 for Pt). On the other hand, Tsipis and Kefdidis, using
the “Pt® model complex Pt(C;H.)(PHs3), explored only the amine
activation pathway, finding the reaction to be limited by the product
reductive elimination step from the Pt"" amido hydrido intermediate
(barrier of 39.7 kcal mol~2).3* Other computational studies (e.g.,
on gold catalysis for diene hydroamination®® or paladium catdysis
for the intermolecular hydroamination of vinylarenes* and for the
asymmetric intramolecular hydroamination of aminoalkenes™) have
also explored solely the ol€fin activation mechanism. To the best
of our knowledge, with the exception of the above-mentioned study
by Tsipis and Kefdidis and a study on iridium reported only in a
Ph.D. thesis® studies of the N—H activation pathway have only
been reported for dkaline earths®” early transition metals,® ! and
the lanthanides.**~ 2
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Scheme 1. Mechanism of PtBrp,-Catalyzed Ethylene
Hydroamination by Aniline As Previously Proposed?®
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On the basis of known chemical transformations for related
systems and on conventional wisdom, the Brunet Pt-based
system was proposed to follow the ethylene activation pathway
as shown in Scheme 1.%° However, whether the proton transfer
from N to C from the zwitterionic intermediate occurs directly
or viaa Pt—hydride intermediate remained open to debate. The
proton transfer process was considered as more facile from the
anionic tribromo species [PtBrz(CH,CH,NH,Ph)]~ because of
the anticipated increased basicity, a hypothesis consistent with
the observed activity enhancement when using a moderate
excess amount of bromide salts.**

We have recently presented the synthes's, characterization, and
equilibrium studies, backed up by DFT cdculations, of afew P(ll)
complexes that are likely to be implicated in this PtBr,-caidyzed
process either as intermediates or as off-loop equilibrium species™®
Sarting from K,PtCl, or KPCl3(CHy) - H,O (Zeisg s Alt), compounds
(NBusP)[PtBr4] (1), (NBusP)2 PoBre] (1), (NBusP)[PBrs(CH4)] (2),
(BuPPBrs(PINH,)] (3), trans[PBry(CHa)(PiNHy)] (4), dis-
[PBry(CH4)(PhNH,)] (5), and cis[PBry(PhNH,),] (6) have been
isolated under different conditions in the presence of ethylene and
aniline and fully characterized. The relative free energy of dl species
in solution under cataytic conditions has dso been assessed from
combined experimental and computationa studies, showing that 2 is
the most stable complex under cataytic conditions. The big(ethylene)
complexes trans- and cis[PBry(C,H,);] (7 and 8) were not isolated
(andogous [PtCl(CHy),] complexes have previoudy been des
cribed™?), but the cal culations show their energetic accessibility
under catalytic conditions. Therefore, all above-mentioned Pt!'-
ethylene species are qualified candidates for the nucleophilic
attack by aniline and need to be considered for the subsequent
steps of the catalytic cycle because they are all present in
equilibrium concentrations according to their relative free
energy. On the basis of these studies, the initia part of the
catalytic cycle has been revised as shown in Scheme 2.

Attempts to experimentally observe zwitterionic intermediates
failed, no reaction between complexes 2, 4, or 5 and aniline
(other than ligand exchange for 2 and aniline self-exchange for
4) taking place under conditions suitable to NMR monitoring,
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Scheme 2. Revised Initial Part of the PtBr,-Catalyzed Ethylene Hydroamination Mechanism*®
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which suggests either a high relative energy for these zwitte-
rionic complexes or a high nucleophilic addition barrier.*® Since
the identity of the proposed intermediates after nucleophilic
addition could not be verified experimentally, we have returned
to the computational method to elucidate the remaining mecha-
nistic details of this catalytic cycle. The above-mentioned
computational investigation using complex [PtCI(PHa),]" as a
model for the catalyst and NH; for the amine® cannot be
extrapolated to the Brunet catalytic system, because the nature
of the amine (in particularly its basicity) plays a determining
role in the nucleophilic addition energetics and because the
Brunet system was shown to be activated by excess bromide,
which would be incompatible with the presence of electronicaly
unsaturated cationic species, and to be poisoned by the presence
of 2 equiv of a phosphine ligand.?*® Therefore, our compu-
tational investigation was accomplished on the rea catalytic
system. As mentioned above, the PtX,/X~ system was found
most active for X = Br. Therefore, the calculations are restricted
to this halide. An investigation of how the energetics of the
catalytic cycle is affected by the nature of X is planned for the
near future.

2. Computational Details

All geometry optimizations were carried out by the DFT
approach with the Gaussian03 suite of programs™ using the B3LYP
functional .>>~>" In spite of a few problems pointed out for this
functional 8 it was selected because it remains one of the most
popular functionals used in transition metal computational chem-
istry. One of the apparent problems is an overestimation of spin
polarization, but all molecules described in this work are diamag-
netic with the paramagnetic excited states expected at much higher
energy; thus, the RHF description is appropriate. All atoms except
Pt were described by the standard 6-31+G* basis set, which
includes both polarization and diffuse functions that are necessary
to allow angular and radia flexibility to the highly anionic systems.
The Pt atom was described by the LANL2TZ(f) basis, which isan
uncontracted version of LANL2DZ and includes an f polarization

(53) Chu, N. C. Hydroamination Intermoléculaire des Liaisons Multiples
Carbone-Carbone Dans les Solvants loniques Effet Activant de
n-Bu,yPBr. Ph.D. Thesis, Université Paul Sabatier, Toulouse, 2005.

(54) Frisch, M. J; et d. Gaussian 03, Revision C.02; Gaussian, Inc.:
Wallingford CT, 2004.

(55) Becke, A. D. J. Chem. Phys. 1993, 98, 5648-5652.

(56) Leeg, C. T.; Yang, W. T.; Parr, R. G. Phys. Rev. B 1988, 37, 785—
789.

(57) Miehlich, B.; Savin, A.; Stoll, H.; Preuss, H. Chem. Phys. Lett. 1989,
157, 200-206.

(58) Zhao, Y.; Truhlar, D. G. Acc. Chem. Res. 2008, 41, 157-167.

function and an ECP.%® The geometry optimizations were carried
out on isolated molecules in the gas phase. Frequency calculations
were carried out for al optimized geometries in order to verify
their nature aslocal minima, for the calculation of thermodynamic
parameters at 298.15 K and at 423.15 K under the ideal gas and
harmonic approximations, and for the identification of all transition
states (one imaginary frequency). Solvent effects were introduced
by means of C-PCM®%¢* single-point cal culations on the gas-phase
optimized geometries in aniline (¢ = 6.89), which was considered
to best approximate the reaction solvent. Among various continuum
solvent models, the C-PCM was selected because of its generaly
better performance,®>~%* even though there remains an inherent
error when working with charged species.® The solvent cavity was
created by a series of overlapping spheres by the default UAO model
(or SPHEREONH for the delocalized proton atoms), and al
standard settings as implemented in Gaussian03 were used for the
C-PCM calculations. The reaction free-energy changes in solution
were corrected for the change of standard state from the gas phase
(1 atm) to solution (1 M).®®> The approach of optimizing the
geometries in the gas phase and then keeping the geometry frozen
for the C-PCM calculation was preferred because of the known
convergence problems of the geometry optimization in the presence
of the C-PCM, especially for molecules containing weak interaction
(i.e., hydrogen bonds). The size of the present computational
investigation (~ 240 optimizations) imposed a too heavy burden
under the more rigorous approach. The impact of the approximation
was estimated by comparing the two approaches for two test cases
(see details in the Supporting Information); C-PCM optimizations
gave dightly lower free energies (~2 kca mol™) and dightly
shorter (~0.03 A) hydrogen bonds, whereas the covalent bonds
changed by <0.01 A.

3. Results

As is well appreciated, the appropriate description of the
reaction energetics for a catalytic reaction must consider solvent
effects.®® The present study makes use of the C-PCM
approach®®* in aniline, which is both the substrate and the
medium of the catalyzed transformation. When charged species
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are involved in solvents of low permittivity, ion pairing may
also tune the potential energy surface. A recent study of this
platinum system (notably reactions that involve compounds 1,
2 and 3) has explicitly addressed the effect of the countercation
in the calculations of reaction energetics, aswell as the adequacy
of different approaches for handling the free energy of solvation
when placing the gas-phase optimized molecule into the solvent
cage.®” Indeed, upon going from the gas phase to the solution
phase the translational and rotational contributions to the
partition function are partialy quenched, aswell asthe PV term
which relates energy and enthalpy. No universal agreement
exists on the best thermodynamic correction of the computed
electronic energy to yield the free energy of solutesin condensed
media. The inclusion of the countercation introduced significant
ion pairing effects in the order dianion > monoanion. Relative
changes for ligand exchange reactions, however, were smaller,
especially when the reaction under consideration did not involve
doubly charged species. Both effects of introducing the coun-
terion on one side and completely neglecting the gas-phase
entropy term on the other side introduced relative changes of
up to afew kcal mol ™~ for the reaction energetics. As apossible
result of compensation of errors, the best match with the
experimental results was obtained when applying the full gas-
phase thermodynamic correction (AGP™ = AGges + AAGgyy
where AGgys IS the free energy change of the reaction in the
gas phase and AGg,, is the free energy of solvation for each
compound), without the inclusion of the countercation. This
approach will therefore be applied aso to the present investiga-
tion. Since the reaction pathway that will be explored involves
exclusively singly charged and neutral species, and on the basis
of the relatively good agreement found in our previous
investigations,**®” the computed free energies reported in this
contribution for intermediates and transition states provide at
least an indication of the preferred pathway of the catalytic cycle,
although a quantitative estimation of accuracy is not possible.

All computed systems are labeled with Roman numerals.
Views of all the optimized geometries are given in the
Supporting Information (Figure S1), although the most relevant
structures will aso be shown within the main text. For
complexes corresponding to the isolated compounds (1—6), the
numbers correspond; for instance, the [PtBr4]?~ ion of compound
1 is given label 1, the [PtBrs(C;H,)]~ ion of compound 2 is
labeled as 11, etc. All geometry optimizations were carried out
without any simplification (all atoms were treated quantum
mechanically). The thermal corrections were carried out at the
standard 298.15 K temperature and at 423.15 K (temperature
used for the catalytic runs).?*2° As the temperature dependence
is generdly very small, only the standard values will be
discussed while those at 423.15 K will be shown in parentheses
inal figures. A full list of the electronic energies and the thermal
and solvation corrections is available as Supporting Information
(Table S1). All reported AG®"™ values are given relative to
[PtBry]?, I, taking into account the values of all species that
are added to or subtracted from the system. Because all species
calculated during this study have a smaller negative charge than
the reference compound (either —1 or neutral) and because more
highly charged species are better solvated than less highly
charged ones, all solution relative free energy values are less
negative (or more positive) than the corresponding gas-phase
relative free energy values. We have also calculated the relative
energy of compound trans-PtBr,(PhNH,), (VI1”), which was not
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syn-attack

anti-attack

Figure 1. Possible pathways for the nucleophilic attack of the coordinated
olefinin Il (a) and aview of the LUMO (Ay, E = 0.0433 hartree) for I1.

considered in the previous contributions.*® It was found as more
stable than the cis isomer VI by ca. 8 kcal/mol, but still less
stable than Il by ca 4 kcal/mol. Thus, 11 is still predicted as
the lowest free energy species in solution and the presumed
catalytic resting state.

3.1. Nucleophilic Addition of Aniline to Coordinated Ole-
fin. As stated in the Introduction (Scheme 2), systems 1, 1V,
V, VII, and V111 are all likely candidates for the nucleophilic
addition step of the olefin activation mechanism of the catalytic
cycle. As illustrated in Figure 1 through the example of the
LUMO of complex |1, the nucleophilic addition to a coordinated
olefin could be imagined to occur either intermolecularly
via direct addition (anti, pathway 1, or syn, pathway 2) or
intramolecularly through preliminary coordination (pathway 3,
leading either to a4- or a 5-coordinated intermediate). Pathway
1 is the ubiquitous pathway for nucleophilic addition to
coordinated olefins,® but evidence for a syn attack with
preliminary metal coordination through a 5-coordinate inter-
mediate (pathway 3) has been presented for the OH™ addition
to related Pd systems®™® 7 and evidence for the existence of
5-coordinate PtCl,(CoH.,) (py)2 also exists.”™ Both geometric’™ "3
and steric factors™ in the substrate, as well as the nucleophile
nature,” have been proposed to steer the pathway one way or
the other. The possibility of a direct syn addition (pathway 2)
is not systematically considered.**> We wished to probe all
possible pathways in our case. Note that this step is common
to the catalytic cycle of the Wacker process.”®

All attempts to optimize the putative 18-electron complexes
[PtBr3(CoHa)(PhNH,)] ~ or trans-[PtBro(C,H4)(PhNH,),] by suit-
ably placing the aniline at bonding distance to the Pt atom along
the z direction of the square plane of systems |l and IV were
unsuccessful, ways leading to hydrogen-bonded (N—H---Br)
adducts (see Figure S2 in the Supporting Information). Com-
parative studies of the direct anti (1) and syn (2) additions were
only carried out for systems |1 and 'V through appropriate scans
of the C—N distance (Figure S3, Supporting Information). For
compound V, which aready contains aniline within the coor-
dination sphere, an intramolecular syn addition (following
pathway 3 of Figure 1) was compared with the intermolecular
anti attack (Figure $S4, Supporting Information). Since the
minimized parameter is the gas-phase electronic energy, with
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Figure 2. AG®™M in kcal mol~* at 298.15 K (and at 423.15 K in parentheses) for the reagents, products and highest points along the aniline nucleophilic

addition to coordinated ethylene in systems 11, 1V, V, VII, and VIII. Optimized

the entropic and solvation effects varying aong the reaction
coordinate, a fully optimized transition-state structure does not
necessarily corresponds to the maximum along the solution free
energy curve. Indeed, the highest solution free energy for the
intermolecular pathways corresponds to a much longer C—N
distances (earlier transition state) relative to the gas phase,
because of the relatively good stabilization by solvation of the
zwitterionic character that develops along the addition coordi-
nate. For each system, the highest point along the AG*™M curve
is lower for the anti attack (valuesin kcal mol™%): for I1, 11.1
(anti) and 19.9 (syn); for 1V, 8.1 (anti) and 19.9 (syn); and for
V, 13.9 (anti) and 45.5 for the intramolecular syn addition. A
related computational study of the nucleophilic attack of gold-
coordinated 1,3-dienes by N-based nucleophiles also shows the
absence of coordination and a more facile direct anti addition.>*
The addition coordinate for systems VII and VIII wastherefore
investigated only for the anti attack (Figure S5, Supporting
Information).

The results of the anti nucleophilic additions are summarized
graphicaly in Figure 2. The relative barrier heights correlate
with the C—C bond lengths in the starting olefin complex*®
(greater barriers are associated to longer C—C bonds), in
agreement with the notion that a longer C—C bond reflects a
greater degree of sz back-bonding and thus higher electron
density on the C,H, ligand, disfavoring the attack. Upon
considering the different relative stabilities of the starting
complexes, the nucleophilic addition occurs more easily in the
order Il <V < IV < VIII < VII.

Full geometry optimization beyond the addition barrier led
in each case to a stable zwitterionic intermediate, shown in
Figure 2. These systems show an interesting variety of intramo-
lecular H-bonding patterns, where the ammonium protons
interact mainly with the Pt atom or a Br atom or both or none.
In a few cases, different minima could be optimized for the
same molecule. More details are given in the Supporting
Information (Scheme S1 and relevant structural parameters in
Table S2, Supporting Information). It is relevant to mention
here that the only crystalographicaly characterized complex having

geometries are also shown for the reagents and products.

iPENH, € %

ok Ly X

‘-‘ -‘"1;

P -

4.6(93) 1707 5.6(103)
(-2.4 (0.6)] o [-1.5(1.6)]

XIII-PhNHS, (a) XIII-PhNH, (b}

Figure 3. Optimized geometries and AG®™M in kcal mol~* at 298.15 K
(and at 423.15 K in parentheses) for systems X111 -PhNH, (a and b). The
values in brackets correspond to AG®"™M,, (see text).

this stoichiometry, trans-PtCl(Et,NH)(CH,CH,NHEL,),”” exhibitsan
intramolecular N—H-++Cl interaction (N++-Cl = 320 A; H aoms
were not directly located).

It may be argued that the gas-phase optimized structures are
not relevant for the behavior in solution, because the ammonium
N—H protons could establish stronger H-bonds with aniline
molecules in the medium. To shine more light on this problem
we have performed additional calculations taking the particular
case of complex XI11. Starting from the optimized isomer X1117,
addition of an aniline molecule next to each of the two N—H
protons led to systems XI11+-PhNH, (a and b, see Figure 3).
These complexes are ~7 kcal/mol higher than XII1” on the
AGCP™ gcale. However, they are 12.2 and 10.8 kcal/mol more
stable, respectively, on the AEgs scale. Full entropy neglect in
the AESPM scale (AEgs + AAGgyy) also gives greater stability
for the aniline adducts (by 3.9 and 2.4 kcal/mol, respectively),
but this approximation is also unjustified. As noted above, the
correct handling of the entropy for accurate calculation of
equilibrium positions is one of the outstanding challenges for
computational chemistry.

Note that the calculation of the relative energy value from
the reference system |, as outlined in eq 1, involves a different
number of molecules on each side. Solvation entropy could play
amajor rolein this equilibrium because of the different number
of trandational and rotational degrees of freedom. In an attempt

(77) Benedetti, E.; De Renzi, A.; Paiaro, G.; Panunzi, A.; Pedone, C. Gazz.
Chim. Ital. 1972, 102, 744-754.

J. AM. CHEM. SOC. = VOL. 132, NO. 39, 2010 13803



ARTICLES

Dub and Poli

to better handle the entropy problem we reduced the number
of independent species on the left-hand side of the equation by
considering the H-bonded aniline---aniline dimer (eq 2). The
resulting free energy change, called AG*P™,, predicts a greater
stability for X111+PhNH, (a) relative to X111” by only 0.7 kcal
mol 1, whereas XII1-PhNH, (b) is destabilized by 0.2 kcal/
mol. In conclusion, when H-bonding with solvent moleculesis
taken into account, the energetic balance does not seem strongly
in favor of intermolecular H-bonding. Note a so that the solvent
adducts maintain the stronger Br--+H interaction originally
present in X111”, whereas the weaker Pt---H interaction islost.
Thus, the structure and the stability in solution appear to be
affected by the interactions with the solvent molecules.

[PtBr,]*~ + 2C,H, + 2PhNH, — [PtBr,(C,H,) x

(C,H,N(Ph)H,+ =+ NH,PH)] + 2Br~ 1)
IXI11 - PhNH,

[PtBr ]2~ + 2C,H, + PhNH,+++ PhNH, — [PtBr,(C,H,) x

(CHN(Ph)H,+NH,PH)] + 2Br~
IXI11 - PhNH,
)

3.2. N—H Activation. The aniline N—H oxidative addition
to anyone of complexes | —VIII could constitute the initial step
of a catalytic cycle operating through the amine activation
mechanism. It is mentioned that oxidative addition of unacti-
vated N—H bonds to Pt°L , is thermodynamically unfavorable’™
and hence it may be expected as even less favorable for a Pt"
system, but computational studies of the amine activation
pathway on Pt'' complexes do not seem to be available. Hence,
we have investigated the energetics of this process. This process
was only investigated for complexes| and 11, leading to systems
XIV—=XIX.

Complex cis-[PtBryH(NHPh)]2~, X1V, results from N—H
oxidative addition to |. No isomeric variant is possible except
for the trans structure, which is not accessible by direct
oxidative addition. Oxidative addition to Il affords mer-
[PtBr3(C,Hy)(H)(NHPh)]~, for which three orientations are
possible: N—H addition across the Br—Pt—(C,H,) axis of |1
with the ligand ending up trans to C,H, being either NHPh (XV)
or H (XV”), and N—H oxidative addition across the Br—Pt—Br
axis of 11, yielding isomer XVI. All these isomers are ap-
proximately isoenergic and highly disfavored, with a much
higher free energy than the highest point of the energy profile
for the olefin activation pathway (vide infra).

Loss of a bromide ligand from complex X1V may occur to
afford a 5-coordinate [PtBrsH(NHPh)]~ complex, XVII, which
may aso be obtained by N—H oxidative addition to the 14-e
complex [PtBrs]~. The relative free energy of XVII is lower
(27.8 kcal mol~Y) than that of X1V, but still too high to make
this pathway competitive (vide infra). Dissociation of abromide
ligand from the three isomeric complexes XV, XV’, and XVI
yields three [PtBry(C,Hs)H(NHPh)] geometric isomers,
XVII=XIX, which are again highly energetic. In conclusion,
all these calculated models lie too high in energy, showing that
the aniline N—H oxidative addition to Pt" is thermodynamically
unfavorable and casting serious doubts on the likelihood of an
aniline activation mechanism for this catalytic system.

(78) Cowan, R. L.; Trogler, W. C. Organometallics 1987, 6, 2451-2453.
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Scheme 3. Different Geometrical Arrangement Found for the
[Pt—CH,CH,NHPh] Moiety
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3.3. Further Transformations of the Zwitterionic Complexes.
As mentioned in the introduction, Pt'' zwitterionic complexes
resulting from the nucleophilic addition of basic amines to
coordinated olefins have previously been described.””7~8
These complexes appear to be stable toward the 5-H elimination
process,*#! whereas analogous Pd" systems may undergo this
transformation leading to oxidative amination products instead
of hydroamination.>** Theintramolecular N—H+++X (X = Pt
or Br) hydrogen bonding observed in the optimized geometries
of systems | X—XI11 could set the stage for an intramolecular
proton transfer (see Scheme 3) that may constitute the first step
of the pathway leading from the zwitterionic intermediate to
product release. The N—H---Pt bond (A) could generate a
Pt"V—hydride complex by proton transfer to the Pt atom (B),
whereas the N—H---Br bond (C) could promote HBr elimina-
tion as PhNH,*Br~, leading to chelation of the CH,CH,NHPh
ligand to generate a platinaazacyclobutane derivative (D),
although the latter could also occur in two steps, promoted by
an external base. Examples of this process were reported for
derivatives of type cis-PtCly(CoHy)(Y) (Y = PR3, py, NHa,
am, DMSO0),2486788 ptCl(PyPyr)(C,H4)®° and [PtCl(alk-
ene)(tmeda)] *.°° Chelation of the deprotonated alkyl ligand
in B would also afford a platinacyclic derivative E, though

(79) Kaplan, P. D.; Schmidt, P.; Orchin, M. J. Am. Chem. Soc. 1968, 90,
4175-4176.

(80) Panunzi, A.; De Renzi, A.; Palumbo, R.; Paiaro, G. J. Am. Chem.
Soc. 1969, 91, 3879-3883.

(81) Hallings, D.; Green, M.; Claridge, D. V. J. Organomet. Chem. 1973,
54, 399-402.

(82) Pesa, F.; Orchin, M. J. Organomet. Chem. 1976, 108, 135-138.

(83) Al-Najjar, I. M.; Green, M. J. Chem. Soc., Chem. Commun. 1977,
926-927.

(84) Sarhan, J. K. K.; Green, M.; Al-Ngjar, . M. J. Chem. Soc., Dalton
Trans. 1984, 771-777.

(85) Pryadun, R.; Sukumaran, D.; Bogadi, R.; Atwood, J. D. J. Am. Chem.
Soc. 2004, 126, 12414-12420.

(86) DeRenzi, A.; Di Blasio, B.; Morelli, G.; Vitagliano, A. Inorg. Chim.
Acta 1982, 63, 233-241.

(87) Green, M.; Sarhan, J. K. K.; Alnajar, I. M. J. Chem. Soc., Dalton
Trans. 1981, 1565-1571.

(88) Green, M.; Sarhan, J. K. K.; Al-Ngjjar, I. M. Organometallics 1984,
3, 520-524.

(89) Mchee, J. L.; Tilley, T. D. Organometallics 2010, 29, 184-192.

(90) Lorusso, G.; Barone, C. R.; Di Masi, N. G.; Pecifico, C.; Maresca,
L.; Natile, G. Eur. J. Inorg. Chem. 2007, 2144-2150.
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Figure 4. Optimized geometries and AG®P™ in kcal mol~* at 298.15 K
(and at 423.15 K in parentheses) for the lowest-energy 5-coordinate
Pt(IV)—hydride complex XX and for the transition state TS(IX—XX)
leading to it.

this is a Pt"V derivative, which is related to D by a formal
oxidative addition of HBr. There is at least one litera-
ture precedent of the interconversion between a N—H---Pt
zwitterionic complex of type A, PtBr(«k>-C,N-CsH,CHNMe; ?)-
(k*-C-CeH4CH,NHMe, 2), and a 6-coordinated Pt'V—hydride
complex of type E, Pt(H)Br(«x?-C,N-CsH,CHNMe, 2),.%
Systems B and D may also be generated by the alternative
intermolecular deprotonation of A or C by aniline to generate
F followed by reprotonation or Br~ displacement. Both deriva-
tives of type D?3899279% gnd F?189%5 have been proposed in
the literature as catalytic intermediates for the hydroamination
reaction, but their possible role in the olefin activation mech-
anism has not been firmly established.

The ultimate liberation of the hydroamination product can
then be envisaged through a C—H reductive elimination from
B or E, or by direct protonolysis of the Pt—C bond in the
dangling alky! derivatives (e.g., A/C, B or F) or metallacycles
(e.g., D or E). However, adirect intramolecular proton transfer
from the ammonium function in A or C to the carbon atom,
possibly assisted by an additional external aniline molecule in
a proton shuttle mechanism, may aso be operationa, as
predicted by the model investigation of the NH3 addition to C,H,
catalyzed by [PtCI(PH3),] "3 The rest of this section will explore
all these possibilities.

3.3.1. Intramolecular Proton Transfer to Pt: Formation of
PtIV—H Intermediates. Because of the Pt---H interaction,
systems | X and X seem perfectly set up for transferring a proton
from N to Pt, with formal oxidation to Pt'"V, but system XI,
X1, and XI11” must also be considered. Indeed, moving the
H-bonded hydrogen atom from N to Pt in I X yielded XX as a
stable minimum with a square pyramidal geometry where a new
H-bond has developed between the residual N—H bond of the
axia CH,CH,NHPh ligand and an equatorial Br ligand (H---Br
=259 A), see Figure 4. The Br ligand that was originally trans
to the akyl chain in I X has moved trans to the H ligand in
XX. The AG®P™ value of this structure is 9.5 kcal mol~* vs
3.5 kcal mol~? for the precursor 1X. This is the most stable

(91) Wehmanooyevaar, |I. C. M.; Grove, D. M.; Devaal, P.; Dedieu, A.;
Van Koten, G. Inorg. Chem. 1992, 31, 5484-5493.

(92) Seul, J. M.; Park, S. J. Chem. Soc., Dalton Trans. 2002, 1153-1158.

(93) Utsunomiya, M.; Kuwano, R.; Kawatsura, M.; Hartwig, J. F. J. Am.
Chem. Soc. 2003, 125, 5608-5609.

(94) Bender, C. F.; Widenhoefer, R. A. J. Am. Chem. Soc. 2005, 127,
1070-1071.

(95) Qian, H.; Widenhoefer, R. A. Org. Lett. 2005, 7, 2635-2638.

5-coordinate Pt"Y—H complex found in our studies. Starting from
X and XI, the higher energy 16-electron Pt'"V—H complexes
XXI, XXI1, and XXII” were obtained as detailed in the
Supporting Information, whereas we were not able to obtain
any new Pt'V—H local minimum starting from the stoichiom-
etries of XI1 and XII1’. Note that, among all the zwitterionic
complexes, | X displays the most electron-rich Pt atom and is
thus the most susceptible one to transfer a proton to the metal
center and generate a Pt'"V—hydride complex, as previoudy
predicted.®®

Optimization of the transition state for this process gave
geometry TS(IX—XX), Figure 4, where the H atom is ap-
proximately midway between the two local minima and its
Mulliken charge (0.28) is also midway between the more proton-
like value of 0.44 in IX and the more hydride-like value of
0.11 in XX. The structure shows only one imaginary frequency
(397i cm™Y) corresponding to the H atom movement from N to
Pt. On the energy scale, TS(I X —XX) is barely higher (~1 kca
mol 1) than I X, which is less stable than XX, whereas AG-M
increasesin the order 1X (3.5) < TS(IX—XX) (8.7) < XX (9.5),
suggesting that the real transition-state geometry is closer to
that of XX and that the rearrangement is very facile.

Since systems XX—XXII are formally 5-coordinate Pt
complexes, a reasonable question is whether they may be
stabilized by addition of one of the several available ligands
(Br~, PhNH,, C;H,) or by chelation of the aminoakyl ligand
to yield 18-electron octahedral products (E in Scheme 3). This
question was probed for the most stabilized of the above-
described hydride systems, namely XX. Three systems were
constructed by adding ligands Br~, PhNH,, and C;H, to the
empty position trans to the CH,CH,NHPh to yield systems
XXI, XX1V, XV, respectively. The possible generation of
platina(lV)azacyclobutane derivates from XX —XXI1 will be
analyzed later in a separate section. All geometries of
XX1T=XXV optimized smoothly, see Figure 5. An dterna
tive orientation for the ethylene ligand (XXIV’: paralel to the
Br—Pt—Br axis rather than to the H—Pt—Br axis) resulted in a
higher AG®"™ value. Two isomeric possibilities for the aniline
addition product, XXV’ and XXV”, were aso optimized, the
most stable arrangement XXV’ featuring a trans disposition of
the aniline and hydride ligands. All these 6-coordinate adducts
are in fact more stable than the 5-coordinate precursor on
the energy scale, but most are higher on the AG®™™ scale.
Only XXV’ is dlightly stabilized. This suggests that the
coordinatively unsaturated Pt'"V—H complex XX is a viable
catalytic intermediate.

3.3.2. Intramolecular Proton Transfer to Br: Formation
of Pt" ¢-HBr Intermediates. Although it is generally proposed
that platina(ll)azacyclobutane derivatives form by intermolecul ar
N—H deprotonation of zwitterionic complexes (pathway A (or
C) — F — D in Scheme 3),3487:8990.96-9% \ye wished to also
explore the energetics of a possible intramolecular proton
transfer to a Br atom as a preliminary step for the HBr
elimination process. We have considered this pathway starting
only from XI1/X1” and XI11/X111”, which feature the strongest
N—H---Br interactions. Attempts to move the proton from
N—H---Br to N---H—Br did not lead to a stable minimum,

(96) Al-Najjar, I. M.; Green, M.; Kerrison, S. J. S.; Sadler, P. J. J. Chem.
Soc., Chem. Commun. 1979, 311-312.

(97) De Renzi, A.; Panunzi, A.; Vitagliano, A. Gazz. Chim. Ital. 1978,
108, 45-50.

(98) Alngjjar, I. M.; Green, M.; Sarhan, J. K. K.; Ismail, I. M.; Sadler,
P. J. Inorg. Chim. Acta 1980, 44, L187-1188.
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Figure 5. Optimized geometries and AG®™™ in kcal mol~* at 298.15 K (and at 423.15 K in parentheses) for 6-coordinate Pt'Y—hydride complexes.
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Figure 6. Optimized geometries and relative AG"™™ in kcal mol ™! at
298.15K (and at 423.15 K in parentheses) for the lowest-energy aminoethyl
complex, XXXII, and for the stationary points along the deprotonation of
X111 by aniline. The values in brackets correspond to AGSPM ., (see text).

converging back to the zwitterionic intermediate. Stable minima
were found only when the H atom was placed on the opposite
side of the Br ligand, facing the second Br ligands, XXV from
XI (H—Br: 1.46 A; Pt---H = 2.87 A; Pt-+-Br = 2.96 A) and
XXVII from XI or XI” (H—Br: 1.50 A; Pt:-+H = 2.70 A;
Pt---Br = 2.91 A). Both structures are characterized by an
additional intramolecular H-bond, Br---H—N for XXVI and
N---H—N for XXVII. The high energy of these species
compared to that of other pathways (vide infra) makes them
unlikely candidates as catalytic intermediates.

3.3.3. Deprotonation of the Zwitterionic Complexes. The
—CH,—CH,—N™H,Ph ligand in the zwitterionic systems
IX—=XIII (Figure 2) could also undergo intermolecular depro-
tonation by excess aniline (pathway A (or C) — F in Scheme
3) to yield a derivative containing the 2-aminoethyl moi-
ety, Pt—CH,CH,NHPh.*® Proton remova from 1X led to
[PtBrs(CH,CH,NHPH)]2~, XXVII1, the trans- and cis-aniline
systems X (or Xanti) and XI (or XI") led to trans- and cis-
[PtBry(PhNH,)(CH,CH,NHPh)] ~, XX1X and XXX, and finally
the trans- and cis-ethylene systems X1 (or Xllanti) and X111
(or XI11”) led to trans- and cis-[PtBr,(C,H,)(CH,CH,NHPh)] ~,
XXXI and XXXI1. The most stable derivativeis XXXI1, shown
in Figure 6. The dianionic derivative XXVIII has a very high
energy (29.8 kcal mol™1), whereas the others (XXIX—XXXI)
have intermediate energies (18—22 kcal mol~%). A comparison
between the energies of the o-(HBr) derivatives and the
Pt—CH,CH,NHPh complexes suggests that the direct intermo-

(99) Balacco, G.; Natile, G. J. Chem. Soc., Dalton Trans. 1990, 3021—
3024.
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lecular deprotonation of Pt—CH,CH,NH,Ph by anilineis more
favorable than transfer to the bromide ligand, though still less
favorable than transfer to platinum.

The deprotonation pathway was analyzed more in detail
only for the most stable complex. This involves the initial
formation of a hydrogen-bonded adduct between XI11 and
aniline to give X111 -PhNH,(A) (see above, Figure 3), then
proton transfer via T S(X111—=XXXI1) leading to an H-bonded
adduct between XXX11 and anilinium, XXXI11+PhNH;" (see
Figure 6). As for the above-described TS(IX—XX), the
transition state TS(X111—=XXXI1) is higher in energy with
respect to both reactant and product on the energy scale but
actually lower than the final product on the AG®"M scale.
On going to the AG®P™M_, scale (see egs 1 and 2), the
situation does not change, TS(XI11—=XXXII) remaining lower
than XXXI1+-PhNHs;" (Figure 6). Note that, although the
formation of XI11+PhNH,(A) from the two free components
costs a great deal on the AG*P™™ scale, the formation of
XXXI1+PhNH3" from XXXIl and PhNH3;" actually corre-
sponds to a stabilization. This is probably because the weak
N—H---Br interaction in XXXII (the free amine is not a
strong acid) is replaced by much stronger N—H---Br and
N—H--+N interactions (the anilinium ion is a much stronger
acid).

3.3.4. Formation of Chelated Aminoalkyl Pt Complexes.
There are two possible types of platinacycles. The first typeis
4-coordinate platina(ll)cycles that can be generated by coordina-
tion of the dangling amine function in the deprotonated systems
(XXVIT=XXXI1) with replacement of a bromide ligand (F
— D in Scheme 3). The second type is 18-electron platina(lV)-
cycles that can be obtained by chelation of the dangling
aminoakyl ligand in the 16-electron Pt'V—H complexes
(XX—=XXI1), corresponding to process B — E in Scheme 3.
The latter can also be obtained by protonation of the platina(ll)-
cyclic complexes D followed by bromide addition (forma HBr
oxidative addition), D — E in Scheme 3.

A detailed andlysis of these processes is described in the
Supporting Information. In summary, bromide displacement
from the deprotonated systems XXVII1—=XXXII yields the
platina(ll)cyclic derivatives XXX111—=XXXV with moderately
high energy (14.9—22.4 kcal mol™t). The most stable among
these Pt'' metallacyclic complexes, XXXV’, has AG®™M of 14.9
kcal mol™, just a bit higher than that of its precursor XXXII.
The relatively low energy of these complexes alows them to
be considered for the moment as potential catalytic intermedi-
ates. Note that the thermodynamics of this process should be
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Figure 7. Optimized geometries and relative AG®™™ in kcal mol™?* at
298.15 K (and at 423.15 K in parentheses) for the lowest-energy platina-
(IV)cyclic derivatives XXXVI and XLIII.

favored by stronger bases, rationalizing well the formation of
the stable platinacyclic derivatives mentioned above.

Concerning the formation of platina(lV)cycles, chelation of
the dangling aminoalkyl function —CH,CH,NHPh in XX leads
to the anionic complexes [PtHBr3(«k?C,N-CH,CH,NHPh)]~
(XXXVI=XXXVII, four isomers), whereas the same pro-
cess starting from XXI and XXI1 (or XXII") leads to the
neutral complexes [PtHBr,(PhNH,)(x2C,N-CH,CH,NHPh)]
(XXXVIHT—=XLIV, 12 isomers). The energy of these systems
is relatively low on the AG®™™™ scale, unless H and the two
most strongly trans directing ligands H and alkyl are unfavorably
located trans to each other (i.e., XXXVII, XXXIX, XLI, and
XL1"). The thermodynamic balance is favorable for formation
of these complexes both with respect to the corresponding
systems of type B and D in Scheme 3, justifying their
consideration as potential catalytic intermediates. The lowest
AGEPM derivatives are XXXV for the anionic system (9.4 kcal
mol~1) and XLIII for the neutral systems (11.0 kcal mol™3).
Their geometry is shown in Figure 7. Additional systems may
also be derived by forma HBr oxidative addition to the ethylene-
dibromo isomers XXXV and XXXV’ (corresponding Pt'V—H
aminoalkyl complexes could not be optimized for this stoichi-
ometry, vide supra). The nearly isoenergetic diastereomeric pairs
XLV/XLV” and XLVI/XLVI" were generated in this fashion.
These are less stabilized (17—19 kcal mol™Y) relative to the
corresponding Pt platinacyclic complexes than the other
platina(lV)cyclic complexes, since they contain the sr-acceptor
ligand C,H,4, which is more compatible with Pt"', whereas PtV
prefers harder donor ligands.

Since the addition of the monodentate ligands Br~, PhNH,,
and C,H, to 5-coordinate Pt'V —hydride complexes was generally
found unfavorable (e.g., see Figure 5), a reasonable question is
whether the 6-coordinate Pt complexes XXXIV—=XLIV may
gain stability by loss of one of these ligands to produce
5-coordinate derivatives. This possibility was probed only for
the most stable Pt'V platinacyclic compounds XXXVI and
XLII, aswell as XXXVIII. In particular, it may be predicted
that the most easily lost ligand is located trans to one of the
two strongly trans-directing ligands, namely, H and the alkyl
substituent. This procedure generated three new systems, a
neutral [PtHBr,(x%C,N-CH,CH,NHPh)] complex XLVII and
two isomeric cationic complexes, [PtHBr(PhNH,)(«?C,N-
CH,CH,NHPh)]H XLVIII and IL (details in Supporting Infor-
mation). The generation of neutral XLVII is much less
unfavorable than the formation of the cationic derivatives
XXXVIII and XLIII, but the most stable PtV platinacyclic
system remains the anionic 6-coordinate XX XVI. This situation
parallels that of the noncyclic Pt'V—H systems (see Figure 5),
although it is quantitatively more in favor of the 6-coordinate
system. System XXV’ (Figure 5) remains the most stable
6-coordinate Pt'"V—H complex, though only marginaly with
respect to XXXVI (8.0 vs 9.6 kcal mol™1), and system XX

157 g LW
/.?l\.
221
TS(XX-L)

19.1 21.1)

7.9 (9.3)

-13.3 (-11.0)

Figure 8. Optimized geometries and relative AG®"™ in kcal mol™* at
298.15 K (and at 423.15 K in parentheses) for relevant structures along the
C—H reductive elimination from XX.

(Figure 4) remains the most stable 5-coordinate Pt'V—H
complex. These will be the systems worth considering for the
product liberation step (vide infra).

3.4. The Rate-Determining Step. Reductive C—H dimination
from Pt"V—H aminoalkyl systems (B or E in Scheme 3) would
produce the hydroamination product and regenerate Pt'" inter-
mediates. For instance, system XX would lead to 3-coordinate
[PtBrs]~, which can however be stabilized by the PhNHEt
reductive elimination product, whereas XXV’ would lead to
[PtBrs(PhNH2)]~, 111, and XXXVI would generate the related
complex [PtBrs(PhNHEt)]”. However, the hydroamination
product may also be liberated by C-protonation of the ami-
noakyl ligand in systems of type A/C or F in Scheme 3. The
proton source may be external (the anilinium ion, which is the
strongest available acid in the aniline-rich medium) or internal
(the ammonium function of the zwitterionic derivatives).

3.4.1. Reductive Elimination of PhNHEt from Pt'V—H
Intermediates. This step was first explored, starting from the
most accessible 5-coordinate Pt'V—hydride system XX. The
reaction coordinate led to a square-planar Pt ¢ complex L
where the PhEtNH product remains bonded to Pt through aC—H
bond through transition state TS(XX—L), see Figure 8 (for a
more detailed scan of this coordinate, see Supporting Informa-
tion Figure S6). The Pt-bonded C—H bond in L is slightly
lengthened by the electronic interaction with the metal (1.12 A
vs 1.09 A for the other two C—H bonds of the CH5 group) and
shows a red-shifted vc_y vibration (2723 cm™, cf. 3161 (va)
and 3111 (vs) cm™ for the CH, group.

Interestingly, the N—H--+Br hydrogen bond is retained
throughout the reductive elimination coordinate, the H+-+Br
distance remaining confined in the narrow 2.516—2.630 A range.
The optimized transition state, TS(XX—L) (756i cm™2), has
essentialy the same geometry (duc = 1.57 A, dpyy = 1.57 A,
dme = 2.21 A, ZCPtBr, = 160.4°) and AG®"M value as the
AGE™M maximum along the C—H reductive elimination scan
(Supporting Information Figure S6), contrary to the intermo-
lecular scans examined above for which the AG®™™M is offset
relative to the E maximum. This is because no major charge
redistribution, thus no large entropic effect by solvation, occurs
along this reaction coordinate. The o complex L may rear-
range to a much more stable isomeric N-bonded form,
[PtBrs(NHPhEt)]~ (LI, Figure 8), which still features the
intramolecular N—H+++Br interaction (H+++Br = 2.475 A;
Pt—N—H = 96.3°). However, the coordination position occupied
by the C—H ¢ bond in L may also be taken directly by a new
molecule of ethylene, to liberate the hydroamination product
PhNHEt and regenerate the catalyst resting state I1. This takes
the system down to a AG®™™ value of —22.7 kca mol ™ at
298.15 K and —20.8 kcal mol~! at 423.15 K (the calculated
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TS(XXV) TS(XXV?) TS(XXXVI)
32.2 (34.1) 28.3 (32.1) 23.4(26.3)
[21.3 (23.4)]

Figure 9. Optimized geometry of the reductive elimination transition states
from systems XXV, XXV’, and XXXV, with relative AG®™M in kcal mol~*
at 298.15 K (and at 423.15 K in parentheses). The values in brackets
correspond to AGSPM ., (see text).

thermodynamic gain of the hydroamination reaction is —8.0 and
—6.3 kcal mol~! at 298.15 and 423.15 K, respectively).

A scan of the reductive elimination pathway starting from
the anionic 6-coordinated complexes XXV and XXV’ were
found to be associated to a stiff increase of AG®™M, leading to
transition states TS(XXV) and TS(XXV’), respectively (see
Figure 9), featuring a dramatically weakened bond to the ligand
transto H (Br for XXV, Pt---Br = 2.83 A; PhNH, for XXV’,
Pt++-NH,Ph=4.19 A). The TS(XXV) system appears to evolve
toward a [PtBr,(PhNHy)(172-HCH,CH,NHPh)] and a separated
Br~ ion, whereas the TS(XXV") corresponds very closely to
the geometry of TS(XX—L) with an H-bonded aniline molecule
(cf. Figures 8 and 9). The energies of these transition states are
much greater than that of TS(XX—L) on the AG*™M scale.
The energy of TS(XXV’) seems too high, considering that it is
essentially an H-bonded adduct of TS(XX—L) with aniline.
However, correction of this term for H-bonding in the aniline-
starting material (AG“"™M, scal€e) bring this energy much closer
to, though still higher than, that of TS(XX—L). In a similar
fashion, the reductive elimination coordinate from complex
XXXVI leads to a severe weakening of the Pt—Br bond trans
to H, transforming the system to a square-planar o complex
where the PhEtNH product remains bonded to Pt through aC—H
bond. The maximum along this coordinate (C+++H = 1.7 A),
also shown in Figure 9, has a relative AG®"™ of 23.4 kcal
mol~, ~4.0 kcal/mol higher than the reductive elimination
transition state from XX. The energy profiles of the two
processes involving the isomeric systems XX and XXXVI are
compared in Figure S7 (Supporting Information). Given these
results, the elimination process from the other 6-coordinate
systems shown in Figure 5 was not further investigated.

3.4.2. Protonolysis of the Alkyl Ligand. It is possible to
envisage four different ways to accomplish this process, two
inter- and two intramolecular as depicted in Scheme 4. Pathway
al requires prior deprotonation of the zwitterionic intermediate,
followed by C-protonation of the resulting aminoakyl ligand.
The direct protonolysis of the zwitterionic intermediate by
anilinium (pathway a2) should be |ess favorable than al because
of the Coulombic bias of the ammonium charge. Therefore, only
pathway al has been considered in the calculations. Pathway
bl isadirect intramolecular transfer of the anilinium proton to
the alkyl carbon atom. Finally, the intramolecular proton shuttle
pathway b2, which isavariant of b1 and also a concerted version
of the two-step al pathway, was proposed as the lowest-energy
pathway from the model investigation of the addition of NH3
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Scheme 4. Possible Pathways for Pt—C Bond Protonolysis
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to C,H, catalyzed by [PtCI(PH5),]*.3 Pathway al did not |lead
to any low-energy pathway for the release of the hydroamination
product on the free energy scale. Therefore, a detailed account
of our work on this pathway is presented in the Supporting
Information. The lowest energy transition states for the proton
transfer from PhNH;™ to XXXII (the lowest AGEP™M systems
among all the deprotonated zwitterions) or XX1X, leading to
Cis-PtBry(C,H,)(PhNHEL) and trans-PtBr,(PhNH,)(PhNHEL)
products where the PhNHEt ligand is coordinated as a o-
C—H complex, are shown in Figure 10 (TS(LII’—LIII) and
TS(LIV—LYV), respectively).

Pathway bl was explored for complex 1X. This choice is
justified by the fact that thisis the most electron-rich zwitterion,
leading to the lowest-energy 5-coordinate Pt'V—H system by
proton transfer to Pt. It may be argued that direct proton transfer
to the adjacent alkyl C atomis regulated by the same electronic
effects and should therefore also be easiest for the most electron-
rich system. Proton transfer leads to system L, namely the same
o-complex that was previously shown to result from reductive
elimination via the hydride intermediate XX. A STQN cal-
culation between complexes IX and L converged to the
same transition state of the reductive elimination pathway,
TS(XX~—L). Hence, this pathway does not exist as such, at least
for this specific system. Indeed, the optimized TS(XX—L) has
only one imaginary frequency (first-order saddle point) and an
IRC calculation leads to the XX and L local minima.

Finaly, pathway b2 was checked for the lowest-energy
zwitterionic intermediate X111, but aso from the related system
XI. Transition states were located for both systems (the latter,
TS(LVI—LVII), is shown in Figure 10, full details are given
in the Supporting Information), but the energy values are once
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TS (LIP-LIII) TS (LIV-LV) TS(LVI-LVII)
34.4 34.0 37.6 (39.5)
[27.3] [27.0] [30.1 (31.0]

Figure 10. Relevant geometries of transition states along C-protonation pathways, with their relative AG®PM in kcal mol ™ at 298.15 K (and at 423.15 K

in parentheses). The values in brackets correspond to AGSP™M,.

again prohibitively high (>10 kcal mol~* greater) in comparison
to the reductive elimination pathway from the Pt'V—H inter-
mediate XX.

Note that the three transition states shown in Figure 10 are
actually less disfavored than TS(XX—L) on the electronic
energy scale, the AESP™ relative to the resting state 11 being
(inkcal mol™): 0.0for TS(LII’—LI11), —1.1for TS(LIV—LV),
2.0 for TS(LVI—=LVII), vs 3.7 for TS(XX—L). However, al
these proton transfer pathways require the intervention of a
second species (PANH3t or PANH,) with an inevitable additional
entropic penalty. Even if the condensed phase entropic contribu-
tion is partially quenched and the calculation of AG*™M as
carried out in the present contribution certainly overestimates
it, the margin in favor of TS(XX—L) appears too large to be
accounted for by this approximation. Indeed, treatment of the
solution free energy according to the AG®™M, approach, as
already detailed above in section 3.3.1, which equalizes the
number of species involved on each side of the chemical
equation, yields the values shown in brackets in Figure 10, still
higher than that of TS(XX—L). Therefore, these proton shuttle
pathways do not appear to be competitive, at least for the present
system, contrary to the conclusion made for the NH3 addition
to C,H, catalyzed by [PtCI(PH3),] *.? Note, however, that the
latter study was based only on the electronic energy without
consideration of the entropic contribution.

4. Discussion

At the chosen level of theory, the computational investigation
of the PtBr,/Br~-catalyzed aniline addition to ethylene rules out
an amine activation pathway and validates the ol€fin activation
pathway. In agreement with previous arguments that were based
on the catalytic studies and with recent solution equilibrium
studies, the calculations indicate complex [PtBra(C,Hg)]~ (I1)
as the most stable species under catalytic conditions (catalyst
resting state). Many other Pt'' complexes accessible by ligand-
exchange equilibria(l and I11 =V111), some of which have been
isolated and characterized,*® are off-loop equilibrium species
located at relatively low energies. The lowest-energy pathway
of the catalytic cycle starting from the resting state and ending
at the same point on the subsequent cycle is summarized in
Figure 11.

The productive cycle starts with the aniline nucleophilic
addition to the anti face of the ethylene ligand in I1. Although
the addition barrier for any of the Pt''—C,H,; complexesis lower
than the rate-determining step of the overall cycle (cf. Figure
2) and the resulting products (notably Xanti and XIlanti) will
be present as off-loop species, only the zwitterionic complex

[PtBr3(CH,CH,NH,Ph)]~, 1X, leads to the product release
channel. In agreement with a previous proposal,%® the aniline
addition to [PtBry(C,H,)(PhNH,)] is actualy easier, although
only for the trans-isomer 1V, leading to X, whereas the cis-
isomer V leads to a higher barrier. The lowest addition barrier
is in fact that to trans-PtBry(C,H,), (VII) leading to XII.
However, al these alternative zwitterionic intermediates, even
though more stable than I X, do not lead to the liberation of the
hydroamination product by lower-energy pathways and can only
proceed by transforming back to 1X by ligand-exchange
processes. In our previous contribution®® we have failed to
experimentally observe the zwitterionic complexes resulting
from PhNH, addition to ethylene in the isolated complexes 2,
4, and 5. The calculated energy differences between the addition
products and the starting compounds (18.2 kcal mol~ for II,
8.8 kcal mol~* for 1V, and 9.7 kcal mol~* for V, Figure 2) do
not alow a sufficient equilibrium population of the zwitterionic
complexes to be present for detection, in qualitative agree-
ment with the experiment. Note also the previously reported
failure to observe an addition compound when trans
[Pt(C,H.)(Et,NH)CI,] was reacted with aniline, 2! contrary to
Et,NH.8* The experimental observation of zwitterionic products
for Pt'" appears limited to amines of sufficient basicity (pKy> 5
for the conjugate ammonium ion).

The catalytic cycle continues with transfer of the ammonium
protonin | X to the Pt center, to produce a 5-coordinate Pt'"V—H
complex, [Pt(H)Brs(CH,CH,NHPh)]~, XX. This equilibrates
with a number of 18-electron ligand adducts, of which the most
stableisthe aniline adduct, [Pt(H)Brz(PhNH,)(CH,CH,NHPh)] ~,
XXV’, with a mer arrangement of the three Br~ ligands and
with the aniline ligand trans to H (see Figure 5). Most of these
saturated derivatives are in fact less stable than the unsaturated
XX precursor on the AG®™™ scale, which is not surprising
because two ligands with a strong trans labilizing effect are
present (the hydride and the ammonium-bearing akyl chain).
In addition, the bromide ligands may provide a certain degree
of stabilization of electronic unsaturation through sr donation.*®
Examples of stable 5-coordinate d® complexes are indeed
quite common for Rh'"" and Ir'"" complexes, such as M(H)-
Cl(pincer) (M = Rh,*017103 |(1047197y or M(H),CI(L), (M =

(100) Caulton, K. G. New J. Chem. 1994, 18, 25-41.

(101) Crocker, C.; Errington, R. J.; Mcdonad, W. S.; Odell, K. J.; Shaw,
B. L.; Goodfellow, R. J. Chem. Commun. 1979, 498-499.

(102) Nemeh, S.; Jensen, C.; Binamira-Soriaga, E.; Kaska, W. C. Orga-
nometallics 1983, 2, 1442-1447.

(103) Salem, H.; Shimon, L. J. W.; Leitus, G.; Weiner, L.; Milstein, D.
Organometallics 2008, 27, 2293-2299.
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Figure 11. Lowest-energy pathway for PtBr,/Br~-catalyzed addition of aniline to ethylene. Values are AG™™ relative to | in kcal mol~* at 298.15 K (and

at 423.15 K in parentheses).

Rh,108:109 | 110.110 "t at |east one example also exists for
Pt', e.g. PtBr(CHs),(acac).**? All the saturated ligand adducts
(XXI11—=XXV) arelocated at lower energy than the barrier of
the rate-determining step and are therefore additional off-loop
species. Other 5-coordinate Pt"Y—H complexes, accessible from
the other zwitterionic intermediates (e.g., XXI—=XXII, Figure
4) are located at higher energy and do not provide suitable
pathways for product liberation.

Several other off-loop species (at lower energy than the rate-
determining barrier but not directly involved in the minimum-
energy pathway of the catalytic cycle) are selected square-planar
Pt"" complexes obtained by deprotonation of selected zwitterionic
complexes (XXX, XXXI, and XXXII, Figure 6), square-planar
Pt'" complexes with a platinaazacyclobutane ring derived from
the latter by substitution of a bromide ligand with the dangling
amine function of the aminoaky! ligand (XXXI 1 —=XXXV), and
PtV—H complexes with a platinaazacyclobutane ring (either
6-coordinated, XXXVI1—XLVI, or 5-coordinated, e.g. XL VI1).
Metallaazacyclobutane complexes of Pt were indeed obtained
by deprotonation of zwitterionic products resulting from the
addition of basic aminesto coordinated ethylene or other olefins

(104) Errington, R. J.; Mcdonald, W. S.; Shaw, B. L. J. Chem. Soc., Dalton
Trans. 1982, 1829-1835.

(105) Crocker, C.; Empsdll, H. D.; Errington, R. J.; Hyde, E. M.; Mcdonald,
W. S,; Markham, R.; Norton, M. C.; Shaw, B. L.; Weeks, B. J. Chem.
Soc., Dalton Trans. 1982, 1217-1224.

(106) Grimm, J. C.; Nachtigal, C.; Mack, H. G.; Kaska, W. C.; Mayer,
H. A. Inorg. Chem. Commun. 2000, 3, 511-514.

(107) Gottker-Schnetmann, I.; White, P.; Brookhart, M. J. Am. Chem. Soc.
2004, 126, 1804-1811.

(208) Harlow, R. L.; Thorn, D. L.; Baker, R. T.; Jones, N. L. Inorg. Chem.
1992, 31, 993-997.

(109) Butler, D. C. D.; Bruce, D. W.; Lightfoot, P.; Cole-Hamilton, D. J.
Can. J. Chem. 2001, 79, 472-478.

(110) Dahlenburg, L.; Yardimcioglu, A. J. Organomet. Chem. 1985, 291,
371-386.

(111) Albinati, A.; et a. J. Am. Chem. Soc. 1993, 115, 7300-7312.

(112) Vanderze, J. J.; Kennard, C. H. L. Z. Kristallogr. 1974, 139, 157—
158.
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(process A (or C) — F — D in Scheme 3),2*® some of them
being crystallographically characterized.®®8%° Our study con-
firms the accessibility of these derivatives under appropriate
experimental conditions but shows that they are only off-loop
species and not catalytic intermediates (none of these complexes
leads to product liberation by a low-energy pathway), at least
for the aniline addition to ethylene with this PtBr,/Br~ catalytic
system.

Of the two possible ways to liberate the hydroamination
product, namely reductive elimination from a PtV hydrido-
aminoalkyl derivative and protonolysis of a Pt aminoalky!
derivative, the first one seems preferred for this catalytic cycle.
The lowest-energy pathway, shown in Figure 11, involves
elimination from complex XX, with the rate-determining
transition state TS(XX—L) located 33.8 kcal mol~* higher than
the resting state on the AG“"™ scale at 298.15 K (35.6 kcal
mol~* at 423.15 K). This value appears in reasonable agreement
with the experimental evidence. Although a detailed kinetic and
temperature-dependent study was not carried out (this would
be hampered by the observed catalyst deactivation process at
the high temperatures required by the reaction)®*** an upper
estimate of the activation barrier can be calculated from the
observed initial TOF of 37 h™! at 150 °C,?* namely 28.9 kcal/
mol. The disagreement is not too large and the discrepancy may
be attributed to the approximations involved (nature of func-
tional, solvent model, proper treatment of solvation entropy,
neglect of ion pair interactions, etc.). The reductive elimination
pathway from 6-coordinate hydrido-aminoakyl Pt derivatives
involves the concerted dissociation of the ligand located trans
to H, leading to a much greater barrier for systems where this
ligand is Br~ (XXV and XXXVI) because of the charge
separation. However, even when this ligand is the less strongly
bonded and neutral PhNH,, (XXV’), the transition state
[TS(XXV")] has a greater energy. It is thus clear that reductive

(113) Dub, P. A.; Rodriguez-Zubiri, M.; Baudequin, C.; Poli, R. Green
Chem. 2010, 1392-1396.
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Scheme 5. Competition between the Pt and C Atoms in the Pt—C Bond for Proton Capture

elimination is more favorable from the 5-coordinate XX than
from the more stable 6-coordinate complexes. It isindeed known
that reductive elimination in octahedral d® systems s facilitated
by a preliminary ligand dissociation to yield a 16-electron
5-coordinate intermediate, with examples known for Rh'!' *4
|rIII’28 and also Pt'V.115'116

A direct protonolysis of the Pt'"-bonded aminoalky! ligand,
either intermolecular by anilinium or intramolecular by the
ammonium function in the zwitterionic intermediate, does not
lead to a lower-energy pathway for product liberation. The
lowest pathway corresponds to the reductive elimination from
the zwitterion I X through the hydride XX and transition state
TS(XX—L). Hence, the electron density of the Pt—C bond in
this system favors transfer of the proton to the Pt atom, to yield
a well-defined PtV —H local minimum, rather than directly to
the C atom to directly yield the o-complex L, which is aso the
product of the reductive elimination, in a single step. The
introduction of an additional aniline molecule to assist this
proton transfer through a shuttle mechanism does not ater this
preference for proton transfer to the metal site. Note that the
direct pathway of proton transfer to the aminoalkyl C atom,
assisted by an extra molecule of free amine, was found to be
the preferred pathway for the model study of the NH3 addition
to C,H, catalyzed by [PtCI(PHs),]".*? The difference between
the two pathways is expected to depend on the polarity of the
Pt—C bond in the zwitterionic intermediate, which should rather
be in favor of the C atom if the coordination sphere is less
electron-donating, especialy if the complex is positively
charged, and more in favor of the Pt atom with more electron-
donating ligands, especialy if the complex is negatively charged.
In the end, however, the product is the same, a o-complex with
the hydroamination product bonded to the catalytic metal
through a C—H bond (Scheme 5). Even when the proton transfer
proceeds directly from the N to the C atom, is it somewhat
assisted by the Pt atom with a significant Pt---H interaction at
the transition-state level %

The catalytic cycle is completed by liberation of the hy-
droamination product PhNHEt from the o-complex L. A
possible first event is rearrangement of the PhNHEt ligand to
yield a N-bonded isomer LI, which is significantly more stable.
Binding of PhEtNH in L1 is less favorable than binding of
PhNH, in 11 (—=5.3 vs —10.7 kcal/mal), probably for steric
reasons. However, coordination of ethylene is even more
favorable, in agreement with experimental equilibrium studies.*®
Hence, the «?-C,H-bonded PhNHEt ligand may be directly
replaced by a new ethylene molecule to regenerate the resting

(114) Milstein, D. J. Am. Chem. Soc. 1982, 104, 5227-5228.

(115) Crumpton, D. M.; Goldberg, K. I. J. Am. Chem. Soc. 2000, 122,
962-963.

(116) Crumpton-Bregel, D. M.; Goldberg, K. I. J. Am. Chem. Soc. 2003,
125, 9442-9456.
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state |1 and start a new cycle. According to this result and
contrary to an earlier suggestion,® the formation of the
hydroamination product should not lead to catalyst poisoning.
Rather, as confirmed by more recent studies, the observed
reduction of activity is attributable to catalyst deactivation by
reduction to the metallic state.**

5. Conclusions

We have reported in this paper a comprehensive investigation
of the full catalytic cycle for the N—H addition of aniline to
ethylene (hydroamination) catalyzed by the PtBro/Br~ system.
It is the first theoretical investigation that addresses the real
catalytic system, with the electronic effect of the amine
substituent and real nature of the transition metal complex being
included in the calculation. The study confirms the genera
proposition that the olefin activation mechanism is preferred
over the amine activation mechanism for this metal, since the
N—H oxidative addition process yields Pt'V(H)(amido) inter-
mediates that are found too high in energy. The mechanism
essentialy follows the same basic steps illustrated by the
previous investigations by Senn et a. on the model NH3 addition
to C,H,4 catalyzed by [PtCI(PH3)5] ™, with the important differ-
ence that the key proton transfer from the zwitterionic inter-
mediate ~[Pt'"]—CH,CH,NHRR'" to the C atom does not
proceed directly, with or without the assistance by a free
amine molecule (proton shuttle), but rather through the Pt
atom and through an additional intermediate, a 5-coordinated
[Pt"V](H)(CH,CH.NRR)] system which further proceeds by
reductive elimination.

The study has also explored aternative processes that may
occur on the zwitterionic intermediate, leading to products such
as platinacyclic derivatives, both for Pt and Pt", that have
indeed been experimentally observed under certain circum-
stances (amine basicity, ligand coordination sphere). These are
found to be related to the hydroamination catalytic cycle as off-
loop species but do not directly lead to liberation of the
hydroamination product. The study, however, has not addressed
one important point of the hydroamination reaction, namely
catalyst deactivation by reduction to Pt°. Indeed, it has been
shown that anilines may act as reducing agents toward platinum
complexes. ™" Further, al known zwitterionic complexes of type
~“PtCH,CH,NHR, ", generated in situ from Pt'X,(C,Hg)L (X =
halogen) and basic amines NHR,, are unstable and slowly
decompose upon standing, in some cases with Pt° formation.*18
Such decomposition may also be triggered by N—H deproto-
nation, since the free amine can then promote A-hydride

(117) Rudyi, R. I.; Solomentseva, A. |.; Cherkashina, N. V.; Evstaf’eva,
O. N.; Sayn, Y. V.; Moiseev, I. I. Koord. Khim. 1976, 2, 499-506.

(118) Al-Ngjjar, I. M.; Green, M. J. Chem. Soc., Dalton Trans. 1979, 1651~
1656.
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elimination to generate Pt—iminium complexes,®® in addition
to the other pathways explored in this contribution. Indeed, the
observed “promoting” effect of added strong acids could be
explained by retardation of catalyst decomposition, rather than
by the increase of the turnover frequency. Reduction to Pt° has
always been observed in the experimental studies carried out
with this particular catalytic system®242549113 gngd finding
conditions that would prevent this decomposition is a major
challenge for improving this catalytic system. Our experimental
studies are continuing in this direction.

Other useful information that emerges from the current
theoretical investigation is the identification of the dormant
species, the [PtBrs(C,H,)]~ system 11, and the transition state
of the reductive elimination, TS(XX—L). We are now in a
position to zoom into these two key structures of the potential
energy surface, since the free energy difference between them
determines the TOF and, hence, the catalytic activity, by probing
the effect of structural variations (e.g., nature of the halogen,
amine substituents), guiding us toward the conception of more
efficient catalytic processes.
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