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Abstract

Platinum complexes with a methoxy-amino phosplonean ethylene-linked nitrogen-
containing bis(phosphine) ligand have been syrtkdsiand fully characterized by
spectroscopic as well as crystallographic studié first ligand is bound to the metal in a
P,N-bidentate coordination mode and witis geometry, independently of the reaction
temperature. Synthesis of a platinum complex wiia $econd ligand at room temperature,
afforded a mixture comprising 86% of a neutiglcomplex, in which the ligand is bound to
the metal onlyia the two P-donors, and 14% oPaN,P-terdentate ionic complex where the
two P atoms aré&rans to each other. On the other hand, synthesis otdhaplex at 100 °C,
led almost exclusively to the formation of ttis-Pt complex in &,P-bidentate coordination
mode. The complexes were tested as catalysts withoy promoting additive for the
hydrogenation oftrans-cinnamaldehyde under mild reaction conditions atsplayed
selectivity for the formation of cinnamyl alcohdlup to 67%.

Keywords: Platinum complex; PN Ligand; PNP Ligand; Hydrogerg Cinnamaldehyde;
Homogeneous catalysis

1. Introduction

Hydrogenation ofi,-unsaturated aldehydes such as cinnamaldehyde (GAd4B subject
of a much academic and industrial interest for Hymthesis of specialty chemicals.
Hydrogenation of the C=C bond of CALD leads to lmginnamaldehyde (HCALD) used in
the flavouring industry [1] and in the synthesispbfarmaceuticals [2], while hydrogenation
of the C=0 bond produces cinnamyl alcohol (CALHgdisn the manufacture of perfumes
[3]. Selective synthesis of CALH is always diffitub achieve because thermodynamics
favor the hydrogenation of C=C over C=0 by abouk35nol™, and also the kinetics of the
ethylenic double-bond hydrogenation are faster foarthe carbonyl group [4]. In addition,
further hydrogenation of CALH to hydrocinnamyl ahad (HCALH) is much faster than the
hydrogenation of CALD to CALH [5]. Selective hydmgation of the C=0O bond in
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unsaturated aldehydes is therefore a challengisgareh topic and in this area we have
previously reported the first studies concernirg élraluation of porphyrin—metal complexes
[6] as well as Pt/TDPC nanoparticles [7] (TDPC 8 3hiodipropionic acid) as catalysts for
hydrogenation ofrans-cinnamaldehyde. Several unsupported transitiorainfetg. Co, Ru,
Ir) complexes have been used as homogeneous d¢atadysrganic or agueous medium for
the hydrogenation of unsaturated aldehydes, progidan excellent selectivity for the
formation of unsaturated alcohols [8]. Metal cadlli nanocatalysts are also known to
improve C=0 hydrogenation in a homogeneous catadytstem [9]. Heterogeneous platinum
catalysts have been widely used in this reactiahamexcellent selectivity of over 90% for
C=0 hydrogenation has been reported for Pt-supgactgalysts, Pt-nanoparticles or Pt-
nanoclusters [10], as well as for monometallic andiallic Pt-nanoparticles on carbon
nanotubes [11]. According to a review by Gallezud &ichard, selective C=0 hydrogenation
of CALD by unpromoted noble metals as heterogeneataysts follows the order Os > Ir >
Pt > Ru > Rh > Pd, and electronic and steric effetday a crucial role on this selectivity [5].
As is evident from the literature, platinum is st studied of the above metals for this
heterogeneous hydrogenation since it is both ameaand selective catalyst. On the other
hand, for homogeneous hydrogenationagf-unsaturated aldehydes by unsupported metal
complexes, metals such as Co, Ru, Ir were fourte toeneficial for C=0 hydrogenation, and
the role of these metals and of the ligands orcteiy has also been investigated [8]. To our
knowledge, however, unsupported platinum compleax®shomogeneous catalysts for the
hydrogenation ofy,f-unsaturated aldehydes have rarely been reportédhmse that have
been reported show very low selectivity for the rfogeenation of the C=0 bond [12]. Thus,
additional studies are required regarding the figdgatinum complexes in this reaction.
Hybrid chelating ligands which contain at least tefferent chemical functionalities and,
more specifically, hemilabile hybrid ligands witbfsand hard donor atoms (e.g. P, N, O, S),
have received much attention in transition metahbgeneous catalysis [13]. Ligands which
bear phosphorus and nitrogen donors are amongsmts important and widely used
heterodentate ligands for homogeneous catalysysnfastric or otherwise) and can stabilize
intermediate oxidation states or geometries duairggitalytic cycle [13,14]. As a part of our
efforts in this area [15], we have previously répdrthe synthesis of the methoxy-amino
phosphinel [16] and the nitrogen-containing bis(phosphi@dlLl7] (Scheme 1) as efficient
ligands for the Rh-catalyzed hydroformylation ofrehe. We have shown that ligafds
P,N-bound to rhodium and that coordination of the rogyhoxygen to the metal is not
observed [16]. AP,N-bidentate coordination mode for the analogous phio®-amino
alcohol towards rhodium was also found by us [B8],well as recently by Kollar towards
platinum after a reaction time of more than 2 h|[118 contrast to NP2 ligands that contain a
methylene linker between the N- and the P-atomgwdlisfavour simultaneous coordination
of the three donors, with the N-atom remaining wmab[19], ethylene-linked NP2 ligands
such a2 that impart a structural flexibility commonly canate to metal centres inPaN,P-
terdentate fashion. Examples of metal complexeh wihylene-linked NP2 ligands and a
brief discussion of their coordination chemistrye agiven below. TheP,N,P-terdentate
coordination mode has been reported in iron congalday Beller [20], Fairweather and Guan
[21], and Hazari and Neidig [22]. Gray and colleagfound dual coordination modes in"Co
and NI' iodides, in which coordination to nickel is actéewia the three donors, in contrast
to cobalt complexes, where the central N-donor gdlyeremains unbound, with only one
exception where a Co—N interaction was also obse[28]. Hanson reported a terdentate
mode in C8(CH,SiMe;) complexes [24]. Terdentate coordination was abserved in
ruthenium complexes by Beller [25], Holthausen &uhneider [26], and Gusev [27], in
osmium complexes by Gusev [27], in rhenium compexg Schneider [28], and in iridium
di(or tri)hydride complexes by Holthausen and Sdaere[29] and Bianchini [30], while in
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monohydride iridium complexes, the ligand is boutad the metal onlyvia the two
phosphorus atoms [30]. Hii (Mimi) found the fornmatiof P,N,P-bound complexes with Bd
salts, as opposed to RP-bidentate mode with Bd31]. Kollar reported &,P-bidentate
coordination mode in a platinum complex with anylthe-linked NP2 ligand, while nitrogen
is also bound to the metal in DMS@-dr by addition of SnGlor of KI or KCN in the
presence of Snglo the platinum complex [32]. Platinum and othestah complexes with
analogous NP2 ligands have been reported by Tahankt al., including examples of bi-
and more often terdentate coordination modes [@8}. have also shown B,P-bidentate
coordination mode in a Rltomplex with ligand2 at room temperature, while at low
temperatures a Rh—N interaction is also possibi. [h the present work, we report the
synthesis and characterization of platinum com@exéh the above-mentioned ligandls
and 2. The catalytic activity of these complexes towattle hydrogenation ofrans-
cinnamaldehyde was also investigated.

2. Results and discussion
2.1. Synthesis and spectroscopic characterization of platinum complexes

The synthesis of platinum complex@and4 was achieved by treatment of (PhGRICh
with one equivalent of ligand or 2, respectively (Scheme 1). All synthetic procedures
described below were performed 2—4 times to ensepeatability and to establish the
coordination mode in the complexes, which was datexd by spectroscopic techniques as
well as by X-ray studies. ThEI(***Pt3'P) coupling constants in thP NMR spectra of
platinum complexes are diagnostic and it is knohat thetrans P—CI| arrangement gives
130 higher than 3500 Hz, while theans P—P arrangement displayd:p in the range of
2500-3000 Hz [34].

c, Cl
Pt OMe
Me. -~ OMe 4N~
Ph,P N
PPh; (PhCN),PtCl, Me
CH20|2, r.t., 18 h
86%
1 lsame product and similar yield 3: cis-Pt(P,N)
in PhCH3, 100 °C, 3 h
c, Cl
Pt
VAN
Ph,P  PPh,
Method A
CH,Cl, N
rt,18hor3h Fl’h
Ph,P PPh, yield 78-80% 4a: cis-Pt(P.P)
\L J/ cisltrans = 86:14 ’
N (PhCN),PtCl,
' Method B L
Ph
PhCH; Ph +
100°C.3h cl P 2 c-
yield 77% "‘Pt”\\
cisltrans = 99:1 PN
PhyP. N
Ph

4b: trans-Pt(P,N,P)
Scheme 1. Synthesis of platinum complexes.
[Scheme to be reproduced in a single column]



Complex 3 was prepared in an overnight experiment (18 hjoatn temperature using
dichloromethane as a solvent. The same productigasobtained in toluene at 100 °C for 3
h. 'H and *C NMR spectra of3 in CDCk showed that the NMe resonance is shifted
considerably downfield compared to the correspapdasonance in the free ligandd(=
1.09 ppm in théH NMR; Ad = 15.35 ppm in thé’C NMR) providing clear evidence for Pt—
N coordination. On the other hand, the OMe resomasishifted slightly upfield in théH
NMR spectrum and is at the same position in'fl&NMR spectrum compared to the free
ligand, indicating the absence of a Pt—O interactAnalogous chemical shifts for the NMe
and OMe moieties in th&H and*C NMR spectra o3 were also observed in acetong-d
Upon complexation, the four NGBH,O protons become chemically and magnetically
nonequivalent. Indeed, in tHel NMR spectrum oB in CDCk, the signals for these protons
are centered a@t4.78 (1H, NG&,), 3.94 (1H, OEiy), 3.77 (1H, OCi;) and 3.64 (1H, NBy)
corresponding to an AMXZ spin system witlihaay = 54Jam andAvxz = 1Q)xz (See spectra
in SI). The NCH gem coupling constant i8Jay = 12.7 Hz and the OGHgem coupling
constant iz = 10.7 Hz. In acetonesdthese protons appear&#.68 (1H, N&,), 3.85
(1H, NCHM), 3.80 (1H, O(Elx) and 3.72 (1H, Oey) with aAvaym = 4Q0)am andAvxy = Ay,
corresponding to an AMXY spin systefdgy = 12.4 Hz andJxy = 10.5 Hz). Thé'P NMR
spectrum of3 in CDCk or acetoneglshowed a single central signal at 15.48 or 16{#%,p
respectively, flanked by platinum satellites inaia of 1:4:1. The absence of the signal
corresponding to the free ligaddat —13.80 ppm [16] supports the coordination effhatom
to the metal center and the formation of a five-therad chelate ring. The value W
coupling constant (3903 Hz in CDGir 3878 Hz in acetonesdprovides a clear evidence for
the formation of acis-PtCh(1) complex. The above-mentioned coordination mode and
geometry is also supported by the crystal struatfimmplex3 as described below. Positive
ESI-MS of 3 showed bands corresponding exactly to [MX@d [M+Na] (see HRMS in
the experimental section and also in Sl).

Complex4 was prepared at room temperature in 18 h usingatemethane as a solvent
(Method A) or in toluene at 100 °C for 3 h (Mett®d The®'P NMR spectrum o# showed
central signals flanked by platinum satellites imatio of 1:4:1. The absence of the signal
corresponding to the free ligadat —21.22 ppm [17] and the lack of P—P couplingpsut
the coordination of the two equivalent P-atoms latipum. However, thé'P NMR spectra
of the products obtained by each of the above-roeati methods showed a difference,
although the spectra for the products by both ®sdhk were taken in CDCbver several
hours (Figure 1). In CDGJ the *'P NMR spectrum of the product obtained by method A
displayed a central signal at 10.37 ppm withl@ coupling constant equal to 3591 Hz and
also a central signal at 27.49 ppm with 2712 Ha & coupling constant. In accordance to
Hii's (Mimi) observation for Pd complexes with etage-linked NP2 ligands [31], we also
propose an isomerization between the neutig{P,P) and the cationictrans(P,N,P)
configuration as the ligand alternates betweerabd terdentate modes without cleavage of
the Pt—P bonds (Scheme 1). The value of-Jae coupling constant for the upfield resonance
corresponds to ais(P,P) geometry (complexa), in which ligand2 is bound to platinum
only via the two P-atoms. The downfield resonance corredpdm thetrans(P,N,P) isomer
4b, in which N-donor is also coordinated to the mefiatiming two five-membered chelate
rings in cationic species of the formula [(PNP)P§(Cwith chloride as a counterion. Relative
integration of the signals showed that the prodoisture comprises 86% afa and 14% of
4b. The small4 value (1.91Q7! cn? mol™ in CH,Cl,) observed from the conductivity
measurement of the product resulting from methodlefinitely indicates only a partial
isomerization of the neutral platinum complex te ttorresponding ionic form. Analogous
cationic complexes as unique species have preyidiestn reported for palladium [31] and
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nickel complexes [23] of ligand at reflux or at room temperature, respectivelyntBgsis
was also performed at room temperature in a shaggation time (3 h), affording compléx

in a very similar yield with the same molar ratibisomers 4a/4b = 86:14). On the other
hand, thé'P NMR spectrum in CDGlof the product obtained by method B (toluene, AD0

3 h), provided the same resonances and couplingtaais with the percentage of the major
componen#a being 99%. The same isomer ratio (99:1) for theelanethod was also found
in an overnight’P NMR experiment using acetongat DMSO-g as a solvent (see spectra
in Sl), and this observation is in contrast to @ipum complex with another ethylene-linked
NP2 ligand previously reported by Kollar, in whitihe coordination mode changes from a
P,P-bidentate to &,N,P-terdentate fashion in DMSGQ;¢i32]. The multiplet pattern for the
PCH, carbons in thé’C NMR spectrum ofla is characteristic for chemically equivalent but
magnetically nonequivalent nuclei [19b]. NegativeSIMS of 4a showed a band
corresponding exactly to [M+Clfsee HRMS in the experimental section and alsBlnlt

is obvious from the above-mentioned experiments$ tha reaction conditions affect the
isomer ratio, and that a reaction at 100 °C ledui®st exclusively to the formation of the
thermodynamically favouredis-PtCL(2) complex in aP,P-bidentate mode, which is also
supported by the crystal structure of the complesuiting from method B (see below). It
should also be pointed out that the temperatuexetin the isomer ratio dfis opposite to
that observed for a palladium complex with ligaydah which heating of the reaction mixture
leads to [(PNP)Pd(CITI™ as the most thermodynamically stable product [31].

cis(P,P) (4a)
cis/trans = 86:14
trans(P,N,P) (4b)
3591 Hz
2712 Hz ||
cis(P,P) (4a)
cisltrans = 99:1
trans(P,N,P) (4b) 3591 Hz

Figure 1. *'P NMR (121.50 MHz, CDG) spectrum for comple#, synthesized by method A
(top) or B (bottom).

[Fig. to be reproduced in a single column]



2.2. Crystal structures

Crystals of complexes3 and 4a (synthesized by method B) suitable for X-ray
determination were obtained by slow diffusion oéttyl ether through a solution of the
complexes in dichloromethane. The molecular strestwf3 and4a are shown in Figure 2,
and selected bond distances and angles are Iisteabie 1.

cn CI2

Figure 2. Partially labeled plot of the molecular structofe3 (top) andda (bottom).
[Fig. to be reproduced in a single column]

Complex3 consists of a Ption in square planar coordination comprised of titoro
ions in acis-arrangement and the P,N-donor atoms of lighndhe bite angle P-Pt—N is
86.98°. The coordination chromophore PMNGINd the metal ion are coplanar within
experimental error. The five-membered ring in tl®rdination sphere, defined by atoms
Pt(1)-P(1)-C(22)—-C(17)-N(1), is almost planar wattgest deviation 0.13 A for C(22). The
Pt(1)-CI(1) frans to N(1)) bond is ~2.29 A, substantially shorter@@8 A than the Pt(1)-
CI(2) (trans to P(1)) bond of ~2.37 A, in conformity with theans effect series, i.e. ligands
coordinated through P atoms show higtrans influence than those coordinated through N
ones [35]. The longer Pt—Cl bond (~2.37 A) is imemgnent with those observed dis-
dichloro platimum(ll) complexes with PNP ligands iat fall in the range 2.35-2.38 A
[19b,c]. Inspection of the Cambridge Structural dbaise (CSD) revealed only s



dichloro P¥ complexes withP,N-ligands such a$, with unsymmetrical Pt—C| bond distances
in the range 2.27-2.30 and 2.35-2.38 A, respegt[aé]].

Complex4a consists of a Ption in a square planan®l, environment. The bite angle P—
Pt—P is 99.42°. The Pi€l, atoms are almost coplanar with largest deviatic®0 Q& for
CI(2). The twocis-chloro ions are bound with almost equal bonds2a86 A, as expected
from the fact that they ateans to the same type of atoms (P(1) and P(2)), ineageamt with
other PtP,P) complexes [19b,c]. Ligan®@is coordinated through the two phosphorous atoms
forming an eight-membered ring with the participatof the metal ion. The eight-membered
ring, defined by atoms Pt(1), P(1), P(2), N(1) @nel two ethylene groups, is found in the
most stable boat-chair conformation. To the besbwf knowledgeda and complexcis-
[PtCL(PhP-(CH,)s-PPh)] [37] are the only examples of B, square planar complexes
with eight-membered rings in the coordination sphas determined by crystallographic
studies. The Pt—P bond distances are ~2.24 A, ireawpnt with analogous complexes
[19b,c]. The large distance of the nitrogen atoomnfrthe metal ion at ~3.92 A indicates
absence of interaction. The molecular structuredafalso contains one molecule of
dichloromethane.

Tablel
Selected bond distances [A] and angles [3 and4a

3 4a

Distances
Pt(1)-N(1) 2.111(2) Pt(1)-P(1) 2.2352(5)
Pt(1)-P(1) 2.1844(6)  Pt(1)-P(2) 2.2524(5)
Pt(1)—-CI(2) 2.2890(6) Pt(1)-Cl(1) 2.3543(5)
Pt(1)—-ClI(2) 2.3697(6) Pt(1)-ClI(2) 2.3578(5)
Angles

N(1)-Pt(1)-P(1) 86.98(5)  P(1)-Pt(1)-P(2) 99.42(2)
N(1)-Pt(1)-CI(1) 177.57(6) P(1)-Pt(1)-Cl(1) 89.73(2)
P(1)-Pt(1)-CI(1) 91.84(2)  P(2)-Pt(1)-Cl(1) 168.77(2)
N(1)-Pt(1)-CI(2) 92.13(5)  P(1)-Pt(1)-Cl(2) 171.60(2)
P(1)-Pt(1)-CI(2) 179.07(2) P(2)-Pt(1)-Cl(2) 83.35(2)
CI(1)-Pt(1)-CI(2) 89.03(2)  CI(1)-Pt(1)-CI(2) 88.51(2)

[Table to be reproduced in a single column]
2.3. Hydrogenation of cinnamaldehyde

Platinum complexes3 and 4 without any promoting additive such as SpnGlere
evaluated as catalysts in the hydrogenatiorirais-cinnamaldehyde (CALD) which was
chosen as a model compound fai3-unsaturated aldehydes (Scheme 2, Table 2).
Hydrogenations were carried out in acetone or didmhethane as solvent with a
substrate/catalyst molar ratio of 100:1. In ordecampare the obtained selectivity values at a
similar conversion level, selected experiments vpemormed by using a higher Pt loading at
the same concentration (1 mM) and with prolongetttien times. GC—-MS analyses of the



resulting hydrogenation products indicated thatftmmation of decarbonylation by-products
or other side-products was negligible or nonexisteimfortunately, a significant amount of
hydrocinnamyl alcohol (HCALH) was formed in all etpments due to the hydrogenation of
both C=C and C=0 bonds.

Catalysis at 40 °C and 20 bar of hydrogen presbureomplex3 in acetone for 2 h,
afforded 52% conversion with 59% selectivity towardnamyl alcohol (CALH) (entry 1),
while a reaction time of 24 h was sufficient fog@antitative conversion of CALD, but with a
considerable increase in the percentage of HCAlddulting in a lower selectivity for
CALH, and the disappearance of hydrocinnamaldel{(ytf2ALD) (entry 2). On the other
hand, catalysis in dichloromethane under the saaetion conditions, led to 58% conversion
of CALD and 72% selectivity for HCALD as the majamoduct (entry 3), and thus, it is clear
that acetone enhances the reaction rate compaidhioromethane as solvent. A higher Pt
loading (CALD/Pt = 70:1) for a prolonged reactiamé (48 h) in dichloromethane afforded a
high CALD conversion (88%), but the major produa@swHCALH with a selectivity of 74%
(entry 4). The effect of temperature and hydrogeesgure in dichloromethane using a
CALD/Pt ratio of 100:1 and a reaction time of 2dv&s investigated. Reaction at 60 °C under
20 bar of hydrogen pressure did not improve the BAbnversion (58%) but increased the
selectivity for both CALH (from 6 to 46%) and HCALf#rom 22 to 34%) against HCALD
(compare entries 3 and 5). On the other hand, lgghation under a pressure of 50 bar at 40
°C was sufficient for a quantitative conversion ©@ALD, forming a product mixture
comprised of only CALH and HCALH in a ratio of 34.6entry 6).

When complexX prepared by method Bd/4b = 99:1) was used as a catalyst, replacement
of acetone by dichloromethane as a solvent undetichl reaction conditions (40 °C, 20 bar
H,, CALD/Pt = 100:1, 24 h), also decreased CALD cosivm from 86 to 60% but the
CALH selectivity increased from 53 to 66% (compargries 8 and 10). A higher Pt loading
(CALD/Pt = 70:1) for a prolonged reaction time (@Pin acetone afforded 95% conversion
of CALD with 52% selectivity toward CALH (entry 9Hydrogenation in dichloromethane
for 48 h using a CALD/Pt ratio of 70:1 afforded 8086nversion of CALD with 58%
selectivity toward CALH (entry 11). A higher hydmg pressure (50 bar) at the same
temperature (40 °C) in dichloromethane using a C/AltDatio of 100:1 for a reaction time of
24 h increases the CALD conversion from 60 to 82%mpare entries 10 and 12) and for a
similar level of conversion, also increases the EAdelectivity from 58 to 67% (compare
entries 11 and 12), while a higher temperature°®0at the same pressure (50 bar) did not
improve the CALD conversion, as in the case of demp, but only increased the amount of
HCALH, leading to a lower CALH selectivity (compaeatries 12 and 13). Hydrogenation
for 24 h by complexd prepared by method Al&/4b = 86:14) in dichloromethane at 40 °C
and 20 bar of hydrogen pressure using a CALD/Rt cdt100:1, dramatically decreased both
CALD conversion and CALH selectivity compared tarqoex 4 synthesized by method B
(4a/db = 99:1) (compare entries 10 and 14). Catalysisdiyplex4 (4a/4b = 86:14; 40 °C,
20 bar H, CHCI,) for 68 h using a higher platinum loading (CALD/®Pt40:1) gave a
guantitative conversion of CALD, leading to furtherl hydrogenation of HCALD to
HCALH, while the CALH selectivity remained exactlye same (compare entries 14 and 15).

~0
X0 W\ OH
H, HCALD .
CALD < HCALH
Pt cat. (1 mol%) ©/V\OH

CALH
Scheme 2. Hydrogenation of cinnamaldehyde.
[Scheme to be reproduced in a single column]



Table?2
Hydrogenation of cinnamaldehyde catalyzed by platitomplexe$ and4®

Entry Pt Complex Solvent P (barf Time (h) Conv. (%) Selectivity (%)
HCALD CALH HCALH
1 3 acetone 20 2 52 24 59 17
2 3 acetone 20 24 100 - 43 57
3 3 CH)CIl, 20 24 58 72 6 22
4 3 CH)CIl, 20 48 88 9 17 74
5 3 CH.Cl, 20 24 58 20 46 34
6 3 CH)Cl, 50 24 100 - 34 66
7 4 (4a/4b=99:1) acetone 20 2 30 44 36 20
8 4 (4a/4b=99:1) acetone 20 24 86 12 53 35
o 4 (4a/4b=99:1) acetone 20 70 95 6 52 42
10 4 (4a/4b=99:1) CH,Cl, 20 24 60 10 66 24
18° 4 (4a/4b=99:1) CH.Cl, 20 48 80 11 58 31
12 4 (4a/4b=99:1) CHJCIl, 50 24 82 5 67 28
18  4(4a/4b=99:1) CHCl, 50 24 82 11 41 48
14 4 (4a/4b=86:14) CH.Cl, 20 24 37 53 21 26
15° 4 (4a/4b=86:14) CH.Cl, 20 68 100 — 21 79

& Reaction conditions: 1 mM solution of Pt compléxnfL, 6 umol); cinnamaldehyde: 7L
(0.6 mmol); CALD:Pt = 100:1; 40 °C.
P nitial pressure of kat r.t.
¢ CALD:Pt = 70:1.
460 °C.
® CALD:Pt = 40:1.
[Table to be reproduced in a two-column]

As mentioned above, the conversion of CALD is bigim acetone than dichloromethane
as a solvent for both complex8sand4a under identical conditions, and this observat®n i
not surprising as it is known that the catalyti¢ciaty of Pt(ll)-chloro complexes toward
hydrogenation is much greater in acetone than iochébon solvents [38]. At a high
conversion level of over 80%, the selectivity tow&ALH was higher using complefa
compared t@ in both solvents (compare entriess® and 4vs 11). The higher selectivity for
CALH by complex4a compared to compleXwas also observed at a CALD conversion level
of ca. 60% (compare entries 3 and 10). In accoelamthe above-mentioned experimental
results, the type of complex, solvent, temperatun@ pressure all affect the selectivity for the
formation of CALH. The classical mechanism for tyelrogenation of unsaturated aldehydes
by metal complexes involves interaction of the subs with the metal center and also
oxidative addition of hydrogen [8b]. Therefore, explanation for the different selectivities
observed should be based on the mechanism, indeseme to which the higher selectivity
observed in some experiments for the formation ALIE compared to HCALD is probably
attributed to the interaction of CALD with platinupreferentially through the C=0O rather
than the C=C bond. In complexéa and3, platinum is coordinated with the liganth P,P-
and P,N-donors, respectively. The higher CALH delidg observed by comple®a should
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probably be attributed to the lower electronegstiaf P in complexda compared to N in
complex3 resulting in a higher electron density on the metad as a consequence, a lower
probability for the C=C bond hydrogenation with gpest to C=0 hydrogenation, in
accordance to a previous review describing elettrefiects on the heterogeneous selective
hydrogenation ofi,B-unsaturated aldehydes [5]. Perhaps, the largerdnigle in complexda
compared to complex by 12.44° also plays a role in the higher seld@gtifor the formation

of CALH by complex4a. Of course, the reasonable mechanistic considesatnentioned
above are not completely confirmed by the expertaledata presented here, and further
experimental and theoretical studies are requicedHis hydrogenation by using platinum
complexes with a number @&,P- and P,N-ligands, in order to accurately propose more
promising ligands for a higher selectivity towale tC=0O hydrogenation af,3-unsaturated
aldehydes. It should also be mentioned that, asstm Table 2, the higher percentage of the
cationictrans-Pt(P,N,P) complex4b in mixture4 (4a/4b = 86:14) is responsible for the lower
activity and selectivity compared té (4a/4db = 99:1), and perhaps compledb also
decelerates the oxidative addition of hydrogenrduthe catalytic cycle.

3. Conclusions

We have found that a methoxy-amino phosphine tighinds to platinum in &,N-
bidentate coordination mode without any Pt—O irtéoa, forming acis five-membered
chelate complex PtglL) with a P—Pt—N bite angle of 86.98°, and the@®ttrans to N) bond
shorter than the Pt—Cirans to P) bond. The coordination mode and geometthi@tomplex
is independent of the reaction conditions (roomperature or 100 °C). On the other hand,
the coordination chemistry of an ethylene-linkettagen-containing bis(phosphine) ligand
with platinum, is temperature dependent. A mixtafea cis-Pt(P,P) complex and the
isomericP,N,P-terdentate cationic complex where the two P atamedrans to each other
and with two five-membered chelate rings was forraedoom temperature in a molar ratio
of 86:14. Synthesis at 100 °C afforded almost esteily the cis P,P-bidentate eight-
membered chelate complex with a P—-Pt—P bite anfg®.d2°, in contrast to its analogous
palladium complex previously reported, in which tiveg of the reaction mixture leads to the
terdentate cationic complex. The obserfaia-bidentate coordination mode is not common,
as the very high majority of ethylene-linked NPgalds are bound to transition metals in a
P,N,P-terdentate fashion. We also found that after |8gd¢b and isolation of pure products
were achieved, the coordination chemistry in coxgdewas retained at room temperature
despite the choice of solvent (chloroform, acetodiethyl sulfoxide). Evaluation of
complexes without any promoting additive in the fogenation of cinnamaldehyde under
mild reaction conditions showed that using acetasea solvent, the catalytic activity is
higher than using dichloromethane, and that thectielty towards the formation of cinnamyl
alcohol is higher in acetone for this-Pt(P,N) complex, while this selectivity is increased up
to 67% in dichloromethane by the use of thes-Pt(P,P) complex. A significant
contamination of the neutralis-Pt(P,P) complex by the cationi¢rans-Pt(P,N,P) isomer
decreases both activity and selectivity. This stpdyvides interesting information for the
coordination chemistry of old ligands in new platim complexes, and although their
catalytic activity and selectivity are not as higls several other catalysts for the
hydrogenation ofi,B-unsaturated aldehydes, the observed selectivitgifmamyl alcohol of
up to 67% should be considered as the highest g@brted for unsupported platinum
complexes as homogeneous catalysts for this reactio

4. Experimental section
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4.1. General

Ligands 1 [16] and 2 [17] were synthesized as previously described by us
Bis(benzonitrile)dichloroplatinum was prepared bykaown procedure [39]. All other
chemicals were commercially available. All syntleesere carried out under argon with dry
and degassed reagents and solvents. Diethyl etthéene and hexane were distilled over Na,
dichloromethane over CaH and acetone over drierite. Hydrogenation studiese
performed in a stainless steel autoclave (300 mitl) magnetic stirring. NMR spectra were
recorded on a Varian 300 (300.13 MHz, 75.47 MHz &8d.50 MHz for'H, *C{*H} and
31p*H), respectively) or a Varian 600 (599.827 MHz féf). The assignment of protons and
carbons in théH and**C NMR spectra was performed by HSQC NMR spectrandtal
shift values in*H and*C NMR spectra were referenced internally to thedred solvent
resonances, and tHeP spectra were referenced to external 8598Q4 in H,O. Electron
impact gas chromatography — mass spectrometry araied out using a Varian Saturn 2000
with a 30 m x 0.25 mm DB5-MS column; experimentatiadls: initial column temperature 60
°C, initial column hold time 3 min, rate of incré&ag temperature 10 °C / min, final column
temperature 260 °C, column hold time 37 min. HRM8&swletermined by a Thermo
Scientific LTQ Orbitrap Velos (ESI); experimentadtdils for the positive ESI-MS & in
CH.CI/MeOH (5:95) and the negative ESI-MS 4d in CH,Cl,/MeOH (10:90): source
voltage 4 KV, source temperature 100 °C, sheathflgasrate 15, aux gas flow rate 15,
capillary temperature 270 °C. Melting points wereasured on a Bichi melting point
apparatus. Conductivity measurement for complesynthesized by method A was carried
out at 25 °C under argon from a solution of the glem in CHCl, (3.19 mM) on an Orion
(Model 105) instrument = K x x x ¢, K (cell constant) = 1 ¢cm, « (measured specific
conductance) = 6.1S, and ¢ = 3.19 x I®mol x cm>.

4.2.  cis{o-Diphenyl phosphino-[ N-(2-methoxyethyl )-N-methyl] aniline} dichloroplatinum(i1)
©)

A solution of ligandl (35.01 mg, 10Qumol) in dichloromethane (3 mL) was added
dropwise under argon to a solution of (PheLL (47.32 mg, 100pumol) in
dichloromethane (3 mL) at room temperature andestiovernight (18 h). The resulting pale
yellow solution was concentrated under reducedspresto an approximate volume of 0.5
mL. Dry diethyl ether (5 mL) was added to causeipitation of a solid which was collected
after decantation, washed with ether<(20 mL) and then dried under vacuum, yieldig
(52.6 mg, 86%) as a white solid, m.p. (dec.) > KD0As determined by the spectral data, the
same product with a similar yield was also obtaibgd dropwise addition of a solution of
ligand 1 (34.93 mg, 10Qumol) in toluene (3 mL) to a solution of (PhGR)CL (47.22 mg,
100umol) in toluene (3 mL) at 100 °C and stirring asttemperature for 3 h.

'H NMR (600 MHz, CDCJ): § 7.82—7.77 (m, 4H, arom), 7.69—7.67 (m, 1H, arofmj3—
7.61 (m, 1H, arom), 7.56-7.49 (m, 3H, arom), 7.4467(m, 5H, arom), 4.78 (1H,
NCHAHM), 3.94 (1H, O(E'tz), 3.77 (1H, OCHHz) and 3.64 (1H, NCkHM) (NCHchzo,
AMXZ spin system?Jay = 12.7 Hz2Jxz = 10.7 Hz3Jax = 5.0 Hz,2Jaz = 5.0 Hz,*Jux = 6.6
Hz, *Juz = 5.3 Hz), 3.73 (s, 3H, NG} 2.89 (s, 3H, OCH); *H NMR (600 MHz, acetone-
dg): 0 8.13-8.11 (m, 1H, arom), 7.92-7.89 (m, 2H, arom35—7.81 (m, 2H, arom), 7.77—
7.70 (m, 2H, arom), 7.65-7.51 (m, 7H, arom), 4.68,(NCHaHwm), 3.85 (1H, NCHHu),
3.80 (1H, OGixHy) and 3.72 (1H, OCkHy) (NCH,CH,0, AMXY spin system?Jay = 12.4
Hz, 2Jxy = 10.5 Hz3Jax = 4.8 Hz,2Jay = 5.9 Hz,*Jux = 6.3 Hz,2Juy = 6.3 Hz), 3.75 (s, 3H,
NCHs), 2.91 (s, 3H, OCH).
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C{'H} NMR (75.5 MHz, CDC}): 6 159.79 (dJcp = 14.2 Hz, G(NAr), arom), 132.83—
132.73 (m, arom), 132.61 (dgp = 3.4 Hz, arom), 132.12-132.11 (m, arom), 131d)ddp =
2.8 Hz, arom), 130.98 (dcp = 2.9 Hz, arom), 129.96 (s, arom), 129.19 (s, ad8.92 (d,
Jecp = 7.2 Hz, arom), 128.74 (s, arom), 128.15Xsh, = 4.6 Hz, arom), 127.99 (dcp = 4.5
Hz, arom), 127.51 (s, arom), 126.90 (s, arom), @26s, arom), 126.00 (s, arom), 121.45 (d,
Jcp = 10.6 Hz, arom), 70.64 (s, OGH64.56 (s, NCH), 59.03 (s, NCh), 58.91 (s, OCHh);
BC{H} NMR (75.5 MHz, acetone): 6 162.64-162.47 (m, i(NAr), arom), 135.16 (d,
Jep = 2.2 Hz, arom), 134.86 (s, arom), 134.74 J¢h = 3.2 Hz, arom), 134.61 (s, arom),
134.14-134.13 (m, arom), 132.84-132.77 (m, aroB),d3 (d,Jcp = 7.2 Hz, arom), 129.91
(d, Jcp = 1.9 Hz, arom), 129.75 (dcp = 1.8 Hz, arom), 123.98 (dcp = 10.7 Hz, arom),
71.24 (s, OCH), 64.63 (s, NCH), 58.83 (s, NChland OCHj).

3p{*H} NMR (121.5 MHz, CDC}): 6§ 15.48 {Jpip = 3903 Hz):*'P{*H} NMR (121.5 MHz,
acetone-g): J 16.25 {Jpp= 3878 Hz).

HRMS (positive ESI-MS): calcd for GH,4,CINOPPt [M—CI] 579.0932, found 579.0927;
calcd for G,H24Cl,NNaOPPt [M+Na] 637.0513, found 637.0520.

4.3. cis{N,N-Big 2-(diphenyl phosphino)ethyl] phenylamine}dichloroplatinum(l) (4a) and its
ionic trans-Pt(P,N,P) isomer (4b)

Method A: A solution of ligand2 (51.79 mg, 10Qumol) in dichloromethane (3 mL) was
added dropwise under argon to a solution of (PhREIDL (47.19 mg, 100umol) in
dichloromethane (3 mL) at room temperature andestiovernight (18 h). The resulting light
pale yellow solution was concentrated under redymedsure to an approximate volume of
0.5 mL. Dry diethyl ether (5 mL) was added to capsecipitation of a solid which was
collected after decantation, washed with ethex (2 mL) and then dried under vacuum,
yielding 4 (60.9 mg, 78%) as a white solid.(Q* cn? mol™): 1.91.3'P{*H} NMR (121.5
MHz, CDCk): & 27.49 tJpip = 2712 Hz) trans-Pt(P,N,P) (4b); 10.37 {Jpip = 3591 Hz)cis
Pt(P,P) (4a); 4a/4b = 86:14."H and**C NMR spectra showed only very slight differenaes i
the aromatic region compared to those observeth®oproduct synthesized by method B as
given below (see spectra in Sl). A shorter reactiore (3 h) afforded comple in a very
similar yield (80%) with the same isomer ratio (BB: (see spectra in Sl).

Method B: A solution of ligand2 (51.79 mg, 10Qumol) in toluene (5 mL) was added
dropwise under argon to a solution of (Phe@MNTkL (47.23 mg, 10Qumol) in toluene (5 mL)
at 100 °C and stirred at this temperature for f®iming a white solid. After cooling to room
temperature, toluene was removed by vacuum. Dichiethane (10 mL) was added and the
mixture was filtered under argon to remove tracesnsoluble species. The filtrate was
concentrated under reduced pressure to an apprexwvotume of 0.5 mL, and addition of
dry diethyl ether (5 mL) caused the precipitatidnacsolid. The solid was collected after
decantation, washed with etherX2% mL), hexane (5 mL) and dried under vacuum, vigjd
4 (60.0 mg, 77%) as a white solid, m.p. (dec.) > 200
'H NMR (600 MHz, CDCJ): J 7.48-7.45 (m, 8H, arom), 7.33-7.29 (m, 6H, aromi5 (t,
3Jun = 7.3 Hz, 8H, arom), 6.86 @I = 7.3 Hz, 1H, Elpaa(NPh), arom), 6.57 (dJun = 8.1
Hz, 2H, Hano(NPh), arom), 4.18 (dmid, = 23.1 Hz, 4H, CBNCHy), 2.60-2.57 (br m, 4H, 2
x CH,P); *H NMR (300.1 MHz, acetonesi 6 7.61-7.55 (m, 8H, arom), 7.38—7.26 (m, 6H,
arom), 7.20 (t3Jun = 6.9 Hz, 8H, arom), 6.82 )y = 7.3 Hz, 1H, Glpra(NPh), arom),
6.76 (d,*Jun = 8.0 Hz, 2H, Elamo(NPh), arom), 4.17 (dm] = 23.3 Hz, 4H, CbNCH,),
2.81-2.75 (br m, 2 x C#P, obscured with HDOYH NMR (300.1 MHz, DMSO-g): 6 7.54—
7.48 (m, 8H, arom), 7.40-7.35 (m, 6H, arom), 7.279qm, 8H, arom), 6.80 ({Juy = 7.3
Hz, 1H, (Hpara(NPhH), arom), 6.64 (FJun = 8.4 Hz, 2H, Eloine(NPh), arom), 3.94 (dmij =
19.8 Hz, 4H, CENCHy), 2.78-2.72 (br m, 4H, 2 x GR).
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C{'H} NMR (75.5 MHz, CDC}): 6 146.89 (s, Go(NPh), arom), 132.47-132.35 (br m and
virtual triplet, Jcp = 4.8 Hz, arom), 130.62 (s, arom), 129.83 (s, yydm8.17 (virtual triplet,
Jcp = 5.5 Hz, arom), 117.94 (s,p4a(NPh), arom), 112.28 (s,okn(NPh), arom), 51.43 (s,
CH.N), 25.14-24.52 (m, C#P); C{*H} NMR (75.5 MHz, acetoned): J 148.81 (s,
Cipo(NPh), arom), 133.71-133.59 (br m and virtual &iplcp = 4.8 Hz, arom), 131.41 (s,
arom), 130.49 (s, arom), 129.01 (virtual triplétp = 5.5 Hz, arom), 118.70 (S,p&(NPh),
arom), 114.09 (s, &no(NPh), arom), 52.31 (s, GN), 26.22—-25.68 (m, CiP).

3p{*H} NMR (121.5 MHz, CDC)): d 27.20,trans-Pt(P,N,P) (4b); 10.38 {Jpip = 3591 Hz),
cis-Pt(P,P) (4a); **P{*H} NMR (121.5 MHz, acetonegt J 28.12, trans-Pt(P,N,P) (4b);
11.16 {Jpp = 3580 Hz),cis-Pt(P,P) (4a); **P{'H} NMR (121.5 MHz, DMSO-g): § 28.16,
trans-Pt(P,N,P) (4b); 10.11 {Jpp = 3599 Hz)cis-Pt(P,P) (4a); 4a/4b = 99:1 in all solvents.
HRMS (negative ESI-MS): calcd forsgH3zsClsNP,Pt [M+CI]” 817.0796, found 817.0802.

4.4. General experimental procedure for the hydrogenation of cinnamal dehyde

A freshly prepared solution of the metal compl@x»i(4) in acetone or dichloromethane (1
mM, 6 mL, 6umol) and cinnamaldehyde (7&, 0.6 mmol) were transferred under argon to
an oven-dried autoclave, which was then closedsspirezed and depressurized twice with 5
bar of hydrogen, and then pressurized with hydro¢h or 50 bar) and brought to the
appropriate temperature (40 or 60 °C). After stgrfor the appropriate time, the autoclave
was cooled to room temperature and the pressurecaraully released. The solution was
removed, passed through celite and analyzed by G&Zaktl'H NMR. Conversions and
selectivities were determined By NMR spectroscopy based on the relative integnatib
substrate and product peaks (see spectra and tratc'H NMR chemical shifts in Sl).

4.5. X-ray crystallographic study of 3 and 4a

Crystals 0f3 (0.11x 0.23x 0.31 mm) andia (0.12x 0.37x 0.37 mm) were taken from
the mother liguor and immediately cooled to —118 a103 °C, respectively. Diffraction
measurements were made on a Rigaku R-AXIS SPIDERyénPlate diffractometer using
graphite monochromated MooKradiation. Data collectiono¢scans) and processing (cell
refinement, data reduction and Empirical absorptiorrection) were performed using the
CrystalClear program package [40]. Important cti@geaphic data are listed in Table 3. The
structure was solved by direct methods using SHERXSnd refined by full-matrix least-
squares techniques orf With SHELXL-97 [41]. Further experimental crystraphic
details for3: 20max= 54°; reflections collected/unique/used, 422291488, = 0.0293]/4861;
338 parameters refined/¢)max = 0.003; 4p)ma (4p)min = 1.422/-0.431 e/A RLWR2 (for
all data), 0.0184/0.0379. Further experimental tatiggraphic details foda: 20max = 54°;
reflections collected/unique/used, 82170/750%; [R 0.0185]/7505; 527 parameters refined,;
(A16)max = 0.004; hp)mad (4p)min = 0.759/-1.180 e/A RL/WR2 (for all data), 0.0171/0.0405.
All hydrogen atoms were located by difference mapg were refined isotropically or were
introduced at calculated positions as riding ondaohatoms. All non-hydrogen atoms were
refined anisotropically. Plots of the structure evelrawn using the Diamond 3 program
package [42].

Table3
Crystallographic data fd@ and4a

3 4a- CH2C|2
Formula C22H24C|2NOPPt Cg5H350|4N Pzpt
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Fw 615.38 868.47

Space group  P2i/n P2:/n

a (R) 14.6852(3) 13.4966(3)
b (A) 10.6060(2) 14.4529(3)
c(A) 14.7022(3) 17.9852(3)
a(?) 90.0 90.0

B(°) 102.642(1) 101.024(1)
y () 90.0 90.0

Vv (A% 2234.37(8) 3443.54(12)
Z 4 4

T (°C) -113 -103
Radiation Mo Ka Mo Ka
peaca(g cm®)  1.829 1.675
Gle) 6.603 4.504
Reflectlons 4618 7319

with 1>24(1)

R, 0.0167 0.0166
wR2? 0.0374 0.0403

AW = Yo*(Fo’)+(aP)*+bP] and P = [max (Fo’,0)+2F7)/3; Ry = S(|Fo|~Fc|)/Z(|Fo|) andwR, =
{ZIW(F™F) W)} 2.
[Table to be reproduced in a single column]
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Synthesis of a@is-Pt(P,N) complex with a methoxy-amino phosphine ligand.
Complexation of an ethylene-linked NP2 ligand wethis temperature dependent.
At r.t., a mixture of &is-Pt(P,P) and arans-Pt(P,N,P) complex was formed.
Synthesis at 100 °C afforded almost exclusivelycte®t(P,P) complex.
Hydrogenation of cinnamaldehyde with selectivity émnamyl alcohol of up to 67%.



