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Objectives. The first allylpalladium complex was synthesized and characterized 60 years ago
at the Department of Physical Chemistry of M.V. Lomonosov Moscow State University of Fine
Chemical Technology (MITHT). This discovery was an important stage in the development of a
new direction in chemistry — metal complex catalysis, which subsequently led to understanding
the strategy for studying the mechanisms of catalysts action, and gave a powerful impetus to the
study of intermediates of catalytic reactions. The key stage in many catalytic processes involving
transition metal complexes is the oxidative addition stage. The study’s aim was the quantum
chemical modeling of the oxidative addition stage of allylic carboxylates to the Ni(O) and Pd(0)
complexes.

Methods. Quantum chemical calculations were carried out under the Kohn-Sham method for
the density functional theory using the PBE exchange-correlation functional and all-electron L11
basis set.

Results. As a result of theoretical study, we showed that the oxidative addition of allyl acetate
to the triisopropylphosphite complex of nickel(0) and allyl formate to the triphenylphosphine
complex of palladium(0) can proceed along two routes. In the first of them, in the coordinated
breaking of the C-O bond and the formation of the metal-O bond, the same oxygen atom is
involved, thus forming a three-center transition state. In the second route, the restructuring of
relations is carried out in a five-center transition state. The chelating effect in the five-centered
transition state of the second route reduces the reaction’s activation barrier by 12.7 kcal/mol
for allyl acetate and the nickel(0) triisopropylphosphite complex Ni(P(O'Pr),), and by 9.9 kcal/mol
for allyl formate and the palladium(0) triphenylphosphine complex Pd(PPh,). The presence of the
second triphenylphosphine ligand in Pd(PPh,), reduces the activation barrier by only 2.6 kcal/mol.
Conclusions. The quantum chemical modeling performed allowed us to determine the preference
for the oxidative addition of allyl carboxylates to the Ni(O) and Pd(0) complexes through a five-center
transition state. The reaction’s activation barriers through the “classical” three-center interaction
are 9.9-12.7 kcal/mol higher, and the chelating effect is more noticeable for the Ni complex.
The presence in the coordination sphere of several bulky ligands, such as triphenylphosphine,
practically eliminates the chelating effect in the oxidative addition of allyl carboxylates.
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IMenu. Ilepsulii aNUNBHBLI KOMNEKC naiadus 6buUl CUHMe3Upo8aH u oxapakmepusosar 60 niem
Ha3ao Ha kagedpe pusuueckoil xumuu MUTXT umeru M.B. AomoHocoga. Omo omKpsblimue s18u-
Jl0Cb 8O KHEUUUUM IMANOM PA3BUMUS HO8020 HANPABNEHUS 8 XUMUU — MEMATIOKOMNIEKCHO20
Kamaausa, npueeso K NOHUMAHUI cmpameaull UyueHust MexaHu3mos oelicmseus Kamaiusa-
mopog, 0an0 MOWLHbBLUL UMNYJLC UCC/IE008AHUI0 UHMEPMEedUuamo8 Kamaiumuueckux peaKyuil.
Kniwouegoii cmadueli MHO2UX KAMANIUMUUECKUX NPOYECCo8 C yuacmuem KOMNIeKco8 NepexooHblX
MEemansios a8asemest cmaodust OKUCUMeNbHo20 npucoeduHeHusl. Llensto pabomel S68UN0CL K8AH-
MOo8O-XUMUUECKOEe MOO0EAUPOB8AHUE CMAOUU OKUCTUMESTbHO20 NPUCOEOUHEeHUSL ANUAUKAPOOKCU-
snamos Kk komnaexcam Ni(O) u Pd(0).

Memoouwtl. Kearmogo-xumuueckue pacuemsl npogedeibl 8 pamkax memoda Kona-Illama meopuu
PYHKYUOHANA NIIOMHOCMU C UCNON6308AHUEM 0OMEHHO-KOPPENSIUUOHHO020 hyHKYuoHaa PBE u
nosHoanekmpoHHozo 6asuca L11.

Pesynemamet. B pe3ynbmame meopemuueckozo UCCAe008AHUSL Mbl NOKA3AIU, UMO OKUCAU-
mesibHoe npucoeduHeHUe AAUNAYemama K mpuuzonponungocgpumuomy Kkomnaexcy Hurxens(0)
u aungopmuama K mpugeHungocghuHogomy kKomnnexcy nannaous(0) moxem npomexkamo
no 0sym mapuwpymam. B nepgom us Hux, 8 coanacosarHHom paspuige C—O-cessu u popmuposa-
Huu cesasu memaan—0 yuacmeayem 00UH U MOm JKe amom KUciopooa, makum oobpa3om popmu-
pyemcest mpexyeHmposoe nepexooHoe cocmosiHue. Bo emopom mapupyme nepecmpoiika cesizeti
ocyujecmenisiemest 8 NAMUUEHMPOBOM NEPexoOHOM coCmosHuU. Xenamupyrowuil sgpgpexm 8
NAMUYEHMpPO8OM NepPexooOHOM COCMOSIHUU 8MOPO20 MAPUWPYMA YMeHbULaem aKmueayUoOHHbL
bapvep pearxyuu Ha 12.7 kkan/mons 015 aniuiayemama U mpuu3onponuigpocgummHozo Kom-
nnekca Hurens(0) Ni(P(OiPr),), u na 9.9 kKkan/mone 0as annungopmuama u mpugerungocgu-
Hogoz0 komnaekca naanaous(0) Pd(PPh,). Hanuuue 8mopozo mpugeHuigpochuHogozo u2anoa 8
Pd(PPh,), ymeHnbuiaem aKmueayuoHHblil 6apbep mosvko Ha 2.6 KKal/ MoNb.

BarxnroueHue. IIpogederHHoe KBAHMOBO-XUMUUECKOE MO0eNUPO8AHUE NO38OAUN0 Oonpedenumo
npeonoumMumenbHOCMs NPOMeKAaHUS PeaKyui OKUCIUMENbHO20 NPUCOEOUHEHUS ANUNKAPOOK-
cunamoeg Kk komnnexcam Ni(O) u Pd(0) uepes namuyeHmpogoe nepexooHoe cocmosiHue. Akmusa-
UUOHHBLE bapbepbl peaKyuu, npomexarouwell uepes (Kiaccuueckoe» mpexyeHmposoe 8aaumooeti-
cmsue, svlue Ha 9.9-12.7 kran/mone, npuuem Oas Ni-Komniekca xenamupyrowuil sgpgpexm
oxassleaemes bosee samemHoim. Hanuuue 8 KoOpOUHAUUOHHOU cghepe HecKoAbKux 06 bemHblx
NURAHO08, MAKUX KAK MPUpEHUNPOCHUH, npaKmuuecKu HU8eaIUupyem Xeaamupyrowuii ag-
hexm 8 oKucaumesbHOM NPUCOEOUHEHUU ATUNKAPOOKCUNAMOS.

Knroueevle cnoea: a/IU/IbHblE KOMNJEKCbl, HUKelb, na./l./la()ufl, orKuc/iumeJsteHoe npucoeduHeHue,
MexXaHu3Im pearKyuu, memoo quH.K?lJ,U.OHaJla nJiomHocmu, K8AHMOBO-XxumudecKue pacuemeol.

Jna yumuposanus: Eruazapsu K.T., [llamcues P.C., ®nux B.P. KBanToBo-XxumMmuueckoe MCCIeI0BaHUE PEAKIIMH OKHUCIIH-
TEJILHOTO MpHUCOeTMHEH M aiutniakapookcunaros kK komruiekcam Ni(0) u Pd(0). Toukue xumuueckue mexuonoeuu. 2019;14(6):56-65.
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Introduction

The outgoing year 2019 has been a landmark for
all chemists, not only because of the 150th anniversary
of the opening of D.I. Mendeleev’s Periodic Law.
This year marks three more anniversary dates. This
is the 125th birthday of Academician Yakov Kivovich
Syrkin, an outstanding physical chemist and one of
the founders of quantum chemistry in Russia, who
made a huge contribution to the development of the
theory of the structure of molecules and the nature
of chemical bonds. His student, an outstanding
technologist and catalysis specialist, academician
Ilya losifovich Moiseev, turned 90 years old this
year. The third anniversary is directly related to the
names of Y.K. Syrkin and I.I. Moiseev. Sixty years
ago at the Department of Physical Chemistry of
M.V. Lomonosov Moscow State University of Fine
Chemical Technology (MITHT) they synthesized and

LM + A— B =—=|L M’

characterized the first allyl complex of palladium
[1]. This discovery was an important stage in the
development of a new direction in chemistry — metal
complex catalysis, leading to an understanding of
the strategy for studying the mechanisms of catalyst
actions, and provided a powerful impetus to the study
of intermediates of catalytic reactions. In addition,
the presence of electron density delocalization in allyl
fragments was a brilliant confirmation of resonance
theory, actively supported and followed by Y.K. Syrkin.

The key stage in many catalytic processes
involving transition metal complexes is the oxidative
addition stage [2—7]. Oxidative addition can be
represented as the addition of substrate AB to a metal
complex in such a way that the formal oxidation state
and the coordination number of the resulting complex
increase by 2 (Scheme 1). The reverse reaction may
be considered as a stage of reductive elimination.

A A
| — LM
: AN
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N

Scheme 1. Oxidative addition of AB molecule to L M complex (L - ligand, M — metal).

Due to the fact that in the stage of oxidative addition, the
formal oxidation state of the metal increases by two, ligands
that increase the electron density in the metal center will
contribute to lowering the activation barrier and increasing the
rate of the process. At the same time, bulky ligands, which
create steric hindrances in the metal center, contribute to a
decrease in the rate of oxidative addition due to an increase
in the activation barrier, since they hinder the increase in the
coordination number. It is assumed that the reacting system
passes through a three-center transition state (Scheme 1).

HZC\(:SR H2|C|3

Experimental studies of such reactions have been
carried out since the middle of the 20th century. Of
particular interest are the stages in which the C—O bond
undergoes breaking. In the works of Yamamoto et al. the
interaction of nickel [8] and palladium complexes [9, 10]
with allyl carboxylates, allyl ethers and allyl alcohols was
studied. Because of this interaction and the breaking of
the C—O bond, an 1’ allyl complex is formed. Based on
spectral data, a reaction mechanism has been proposed,
which is shown in Scheme 2.

R = COH, COCHs3, CgHs, CHo,CH=CH>

Scheme 2. Hypothetical mechanism of the oxidative addition of allyl containing compounds to the nickel complex (0).

Scheme 2 shows that the C—O bond cleavage in
the Ni(n*-C,H,OR)L complex initiates the n>—'-
rearrangement of the allyl fragment. As a result of the
n'-n?-isomerization of the allyl fragment during the
next stage, an n-allyl complex of Ni(II) is formed.

The reaction proceeds in a similar manner on Pd(0)
complexes. The interaction of allyl carboxylates
with nickel and palladium complexes is an important
stage in the mechanism of allylation of norbornadiene
[11-14].
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With the development of calculation methods, it
became possible to theoretically explain the process’s
mechanism, revealing the structural and energy
characteristics of short-lived intermediates. Therefore, it
seems relevant to apply the methods of modern quantum
chemistry in the study of the oxidative addition for allyl
carboxylates to transition metal complexes. This study’s
aim was a quantum chemical modeling of the oxidative
addition of allyl acetate to the triisopropylphosphite complex
of nickel(0) and allyl formate to the triphenylphosphine
complex of palladium(0). The modeling of these stages
is also important to understand the mechanism of
the allylation of norbornadiene catalyzed by systems
based on Ni(C,H,),/P(OiPr)3/m-xylene [13, 14] and
Pd,(OAc),/PPh,/ acetonitrile [11].

Materials and Methods

Quantum chemical calculations were performed
in the “Priroda” program [15] using the Kohn—Sham
method for the density functional theory via the PBE
exchange-correlation functional [16] and the all-
electron L11 basis set [17]. The contraction schemes
for orbital basis sets are given in Table 1. In view
of the importance of taking into account relativistic
effects for palladium, the calculations of palladium
complexes were carried out in scalar-relativistic
approximation. This calculation technique was earlier
used successfully to model reactions involving nickel
and palladium complexes [18-20]. The influence
of the solvent was taken into account within the
framework of the polarized continuum model (PCM).
For the nickel-containing system, the medium’s
dielectric constant was taken to be 2.35 (m-xylene
solvent), and for the palladium-containing system —
36 (acetonitrile).

Geometry optimization was carried out without
restrictions on the symmetry of the molecule. The
type of critical points on the potential energy surface
(minima or saddle points) was determined based
on analytically calculated second derivatives of
energy with regard to all coordinates. To verify the
evolutionary relationship of the transition states
found with local minima, a procedure to calculate the
intrinsic reaction coordinate (IRC) was performed.

Results and Discussion

The results of this study showed that the oxidative
addition stage of allyl carboxylates to nickel and palladium
complexes can proceed along two possible routes, presented
in Scheme 3. The main difference between them is the
structure of the transition state. If the same oxygen atom is
involved in the coordinated breaking of the C—O bond and
the formation of the O-M bond, then Route 1 is realized
through a three-center transition state.

Table 1. Orbital contraction schemes in L11 basis set

Basis sets (contracted/uncontracted)
Element L11

Pd [26s23p16d5f]/{7s6p4d1f}

Ni [19s15p11d5€])/{6s5p3d1f}

P [14s11p6d])/{5s4p2d}

o [10s7p3d]/{4s3pld}

C [10s7p3d]/{4s3pld}

H [6s2p]/{2slp}

LM

Scheme 3. Two possible routes for the oxidative addition
of the allyl carboxylate to the transition metal complex.

If different oxygen atoms participate in the
breaking of the C—O bond and the formation of the
O—M bond, then Route 2 is implemented. In this case,
the reacting system passes through a transition state in
which five atoms participate in the coordinated stage:
C-0-C-O-M. From the standpoint of the balance of
bond energy, the more atoms involved in a concerted
elementary act during the breaking of old and the
formation of new bonds, the lower the activation
barrier should be. Thus, the five-center interaction
should contribute to lowering the activation
barrier. However, in order to the entropy factor in
the formation of the transition state of a complex
structure was taken into account, conclusions about
the preference of a particular route must be made
based on the calculation of the Gibbs energy.

We note that at the stage of coordination of the
allyl carboxylate molecule, a structure is possible in
which the terminal oxygen atom of the carboxylate
fragment bonds to the metal atom (Fig. 1). The
resulting structure has structural prerequisites to
achieve a five-center transition state and the
occurrence of a chelating effect.
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Oxidative addition of allyl acetate to the
nickel(0) triisopropyl phosphite complex. Acomplex
of the compositionNi(P(O'Pr),), was chosen as the
initial one. Since the process of oxidative addition
increases the number of ligands by 2, we simulated
the substitution stage of one phosphite ligand for allyl
carboxylate with the formation of structures Ni_R1 and
Ni_R2 (Scheme 4). The optimized structures of the
reagents Ni_R1 and Ni_R2, the transition states Ni_TS1
and Ni_TS2 and the products Ni_P1 and Ni_P2 of
allyl acetate oxidative addition to Ni(P(O'Pr),), stage
are presented in Fig. 2.

(OiPr)sP\/P(O’Pr)3

,, Ni_R1
Ni[P(OPr)sls ; (0.8)
(0.0)  "P(OPr)s
(P FOPM:

Ni_R2
(2.6)

Fig. 1. Structure of the intermediate formed along Route 2,
where M —Ni, Pd; L — PPh,, P(O'Pr),; R — H; CH,.

: P(OPr)s . j
(OIPF):;P j P(OPr)3
OPr)sP

(OPr)4 "V )

B —— O N| - '//

)LM \\‘\{
Ni_TS1 Ni_P1
(23.0) (-1.9)

— 1 #

Ni_TS2
(12.1)

Scheme 4. Coordination and oxidative addition stages of allyl acetate (AA) to the Ni(P(O'Pr),), involving
three- and five-center interactions. The values of AG , are given in kcal/mol.

Fig. 2. Optimized structures of reagents (R), transition states (TS), and products (P) of the oxidation addition stage
of C,H,OCOCH, to the Ni(P(O'Pr),),. Interatomic distances are given in A.
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According to the calculations, despite the
appearance of an additional Ni—O interaction, the Gibbs
energy of the Ni_R2 complex is 1.8 kcal/mol higher
than the energy of the Ni_R1 complex. In this case, the
formation of the three-centered transition state Ni_TS1
upon breaking the C—O bond is characterized by a
higher activation Gibbs energy (A*G,,, = 22.2 kcal/mol)
compared with the five-centered transition state Ni_TS2
(A*G,,, = 9.5 kcal/mol). Figure 2 shows that the length
of the formed Ni—O bond in the structure of Ni_TS2 is
noticeably shorter than that of Ni_TS1. Therefore, the
chelating effect in the transition state of Ni_TS2 favors
the occurrence of oxidative addition.

Oxidative addition of allyl formate to the
palladium(0) triphenylphosphine complex. To study
the effect of the number of ligands on the activation
parameters of the oxidative addition stage, quantum
chemical modeling of the oxidative addition of allyl
formate to the Pd(PPh,) was carried out for n =1 and 2.

Pd(PPhz)2
(0.0)

I |\ )

(9.3)
Pd_R2

According to our calculations, the reaction mechanism
(Schemes 5 and 6) is similar to the Ni-containing system.

A comparison of the energy parameters of 4 routes
(Schemes 5 and 6) showed that from the point of view
of thermodynamics, the replacement of one phosphine
ligand with allyl formate is not beneficial, since it leads
to an increase in energy by 4.4—5.8 kcal/mol. However,
from the point of view of kinetics, it is obvious that
the oxidative addition of allyl acetate can proceed only
to the coordination-unsaturated complex Pd(PPh,). In
this case, as in the case with the nickel complex, the
formation of a five-center transition state (Pd_TS2) leads
to a significant reduction in the activation barrier (by
10.5 kcal/mol) compared to a three-center interaction
(Pd_TS1). The optimized structures of the reagents
Pd_R1 and Pd_R2, the transition states Pd_TS1 and
Pd_TS2 and the products Pd_P1 and Pd_P2 of the
reaction of the oxidative addition of allyl formate to the
Pd(PPh,) complex are presented in Fig. 3.

-
PhsR

o PhsR

-2.6)
(26.6) (
Pd_TS1 Pd_P1
£
Pth\
PhaP,
Pd AN
O/ ‘Il\\\ Pd--" ,/
H— Y L o N
O__-— 1
H
(16.1) (-2.0)
Pd_TS2 Pd_P2

Scheme 5. Coordination and oxidative addition stages of allyl formate (AF) to the Pd(PPh,) involving
three- and five-center interactions. The values of AG,, are given in kcal/mol.

Phsp_  PPhs

Pd(PPhs),
(0.0)

Pd_R2'
(4.9)

Scheme 6. Coordination and oxidative addition stages of allyl formate (AF) to the Pd(PPh,), involving
three- and five-center interactions. The values of AG , are given in kcal/mol.
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Fig. 3. Optimized structures of reagents (R), transition states (TS), and products (P) of the oxidation addition stage
of C,H,OCOH to the Pd(PPh,). Interatomic distances are given in A.

Table 2. Energy and structural parameters for the three- (M_TS1) and five-center transition states (M_TS2) of the
oxidative addition stage of allyl acetate to the Ni(0) and allyl formate to the Pd(0)

AE?, kcal/mol AG?,,,, kcal/mol AG#ZQS,PCM’ kcal/mol R(M-0), A v¥ cm’!
Ni_TS1 25.2 22.2 22.3 2.28 260.9
Ni_TS2 14.1 9.5 9.3 2.02 195.2
Pd_TS1 19.5 16.7 14.1 2.54 254.8
Pd_TS2 6.7 6.8 6.1 2.20 249.0
Pd_TS1’ 25.0 22.5 18.4 291 141.4
Pd_TS2" 23.4 19.1 19.3 2.31 255.5

* imaginary frequency

Table 2 presents the energy, spectral, and structural
characteristics of the three-center (M_TS1) and five-
center (M_TS2) transition states of the oxidative addition
stage of allyl acetate to the Ni(0) complex and allyl
formate to the Pd(0) complex. The calculation results
confirm the experimental facts about a decrease in the
rate of oxidative addition in the presence of bulky ligands
in the coordination sphere of the metal that create steric
hindrances. Even the presence of a five-center interaction
in the diphosphine transition state does not lead to a
noticeable decrease in the activation barrier (Pd_TS2"
and Pd_TS1’, Scheme 6). The energy gained from the
chelating effect is only 2.6 kcal/mol.

The inclusion of nonspecific solvation in the calculation
of the Gibbs activation energy (Table 2, AG”,,; ) leads
to an insignificant correction in the results of the gas-
phase calculation in the case of a nickel-containing system
in m-xylene medium (~0.2 kcal/mol). The polarity of
acetonitrile and the significant dipole moment of the
three-center transition state of Pd_TS1" (6.9 D) lead
to the greatest solvent effect for the oxidative addition
stage of allyl formate to the Pd_R1" diphosphine complex
(AG" o — AG7 5 oy = 4.1 keal/mol). Therefore, the
chelating effect has a noticeable effect in coordination-
unsaturated complexes and is almost imperceptible in

coordination-saturated diphosphine complexes of Pd (0).
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Conclusions

The quantum chemical modeling performed made
it possible to determine the preferability of the oxidative
addition of allyl carboxylates to the Ni(0) and Pd(0)
complexes through a five-center transition state. The
reaction’s activation barriers through the “classical”
three-center interaction are 8.0-13.0 kcal/mol higher,
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