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ABSTRACT

The Kabachnik—Fields condensation was extended) ssoondary phosphine oxides, such as
dibenzylphosphine oxide and bis(4-methylphenyl)phase oxide as the P-reactant in
reaction with formaldehyde and different primaryiaes. Besides the-aminophosphine
oxides, the corresponding bisproductbl,N-bis(phosphinoylmethyl)amines were also
synthesized under appropriate conditions. The bagphinoyl)amines were then converted to
ring platinum complexes after double deoxygenatibhe substituent dependence of the
energetics of the complexation reaction using bmtenP-ligands, and the stereostructure of a
few complexes were evaluated by B3LYP/6-31G(d,g¢utations using the effective core
potential (ECP) basis set (SDD). The crystal stngcof a few ring Pt species was studied by
X-ray analysis. Catalytic activity of the complexeynthesized was investigated in

hydroformylation.
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1. Introduction

a-Aminophosphonates and related derivatives, suclu-aminophosphine oxides are
structural analogues ofamino acids. Due to their versatile bioactivityey have attracted
much attention [1-3].

One of the most convenient and widespread methéats the synthesis of
a-aminophosphonates is the Kabachik—Fields (phobfdraich) reaction which is based on
the condensation of an amine, an aldehyde or kedodea >P(O)H species, such as dialkyl
phosphite or secondary phosphine oxide [4-7]. Ugu#tie reactions are carried out in the
presence of a catalyst and solvent [2,8-13]. Howevewas found that, especially under
solvent-free conditions, there is no need for algst [14,15]. The efficiency could be further
increased by the application of the microwave (M@¢hnique [16—19].

There are only a few examples in the literaturetfi® synthesis ofi-aminophosphine
oxides. Petrov and co-workers synthesized (phenglamethyl)-dibenzylphosphine oxide
the condensation of aniline, paraformaldehyde amheshylphosphine oxide [20]. The
reaction was carried out at 150 °C for 9 h andyib&l was 73%. The (phenylaminomethyl)-
dibenzylphosphine oxide was also prepared via @anethyl)phosphine oxide [21].
Cherkasov and his research group applied the Kalda€lelds reaction to obtain
(butylaminomethyl)-dig-tolyl)phosphine oxidg22]. The condensation was carried out in
benzene.

As a modification, the double Kabachnik—Fieldsctem was also elaborated starting from
primary amines or amino acid derivatives to makeailalble bis(phosphonomethyl)- or

bis(phosphinoylmethyl)amines [23-29]. The latteregges were also synthesized via a



methylene insertion reaction into a P-N bond foldw by oxidation [30].
Bis(phosphinoylmethyl)amines may be potential bogphine ligands after double
deoxygenation. There are a few examples for sudanibate P-ligands synthesized by the
condensation of amines, paraformaldehyde and dyppleosphine [31-33]. These
bisphosphines were applied successfully in thehggi$ of transition metal complexes [34—
37]. A number of Pt, Ru and Au complexes show S$icamt anticancer activity [38,39]. The
transition metal complexes incorporating P-ligantsy also be used as catalyst in
hydroformylations [40—44].

We have developed a catalyst-free MW-assisted rdetor the synthesis of
N,N-bis(diphenylphosphinoylmethyl)amines that werevested to ring platinum complexes
after double deoxygenation [25-27]. In this paperw N-(phosphinoylmethyl)- andN,N-
bis(phosphinoylmethyl)amines, as well as the rdldielentate P-ligands and ring platinum
complexes are described. The latter complexes wested as catalysts in the

hydroformylation of styrene.

2. Results and discussion
2.1. Synthesis of dibenzyl- and di(p-tolyl)phosplorides

First, the secondary phosphine oxidesiid2) used as P-reagents in the three component
condensations were synthesized by the Grignardtioeaof diethyl phosphite applying
benzyl- orp-tolylmagnesium bromide (Scheme 1). Two equivala&ftthe Grignard reagent
were added to the diethyl ether solution of diegblybsphite at 0 °C, and the mixture was
stirred at 25 °C for 1.5 h. Then, the mixture wgdrblyzed with 10% HCI solution, and the
aqueous phase was extracted with diethyl etheerAdtrrification of the crude product so
obtained by column chromatography, the secondapggitine oxidesl(and2) were obtained

in yields of 84-86%. The dibenzyl- and isomericpeiglyl)phosphine oxide 1 and 2) are



known compounds [45,46]. The above synthesis edbdrby us represents a simple and

attractive approach.
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Scheme 1.

2.2. Microwave-assisted synthesis of (aminometitndjtyl- or di(p-tolyl)phosphine oxides
and N,N-bis(dibenzyl- or di(p-tolyl)phosphinoylmgjamines

In the first approach, the Kabachnik—Fields rescdf primary amines, such agropyl-,
n-butyl-, cyclohexyl-, benzyl-, 4-methoxy-benzylamjnaniline or 4-methoxyaniline was
studied with paraformaldehyde and dibenzylphospbiide (1) at 100 °C for 1 h under MW
conditions (Scheme 2). The condensations wereechott without any catalyst in acetonitrile
as the solvent to overcome the heterogeneity ofr¢hetion mixture. The solvent and the
water formed were removed in vacuum, and the crpmelucts so obtained were passed
through a 1 cm silica layer using ethyl acetatéhaseluent. After evaporating the solvent in
vacuum, the (aminomethyl-)dibenzylphosphine oxi(Bzsg) were obtained in yields of 94—
98% in a pure form.

In the next round, the primary aminesbutyl-, cyclohexyl-, benzyl-amine and aniline)
were reacted with paraformaldehyde ando-tifyl)phosphine oxide 2) in a similar way
described above. After an irradiation of 1 h at 200 the corresponding producth¢d and

4f) were isolated in 94-98% yields.



. o MW

/O 100°C, 1h

Y-NH, + (HCHO), + K
z

?
Y-NH-CH,—PZ,
94-98%
Z = Bn (3), 4-MeCgH, (4)

7 H acetonitrile

Z=Bn (1), 4-MeCgH,4 (2)
Y ="Pr (a), "Bu (b), °Hex (c), Bn (d), 4-MeOCgH,CH, (e), Ph (f), 4-MeOCgH, (g)
Scheme 2.

The double Kabachnik—Fields condensation was migestigated. In these cases, the
primary amines were reacted with two equivalentstité paraformaldehyde and two
equivalents of the dibenzyl-1Y or di(p-tolyl)phosphine oxide 2) under MW conditions
(Scheme 3). The reactions were performed in adeleniat 100 °C for 1 h, without any
catalyst in a similar way, as the condensationsudsed above. Except for the condensation

of aniline, theN,N-bis(phosphinoylmethyl)amine$4-e and6b-d) were obtained in yields of

94-98%.

MW I

Z_ O 100°C, 1h ,CHy-PZ,
Y-NH, + 2(HCHO), + 2 F( — Y-N

H  acetonitrile \C|_|2_|:>Z2

I

Z=Bn (1), 4-MeCgH, (2
n (1), 4-MeCgH, (2) 94-08%

Z = Bn (5), 4-MeCgH, (6)
Y = "Pr (a), "Bu (b), °Hex (¢), Bn (d), 4-MeOCgH,CH, (e), Ph (f)

Scheme 3.

The outcome of the double Kabachnik—Fields reactibaniline, paraformaldehyde and
phosphine oxide4 and2 was somewhat different, as besides the expectgutdaiuct bf or
6f), the mono-adducB( or 4f) and a by-product, hydroxymethylphosphine oxida 8 were
also formed. In the reaction of aniline with twoualents of paraformaldehyde and
dibenzylphosphine oxidel), the product composition was 6% of bisadd&€} {dp (CDCl)
41.3, [M + HJtouna = 578.2381, GH3sNO»P, requires 578.2372}, 63% of monoadduf)(
and 31% of hydroxymethyldibenzylphosphine oxidd {& (CDCk) 44.0,

[M + H] "ound = 261.1048, GH1s0-P requires 261.1039}. Using gifolyl)phosphine oxide



(2) as the P-reagent, 60% of bisprodusf) (& (CDCkL) 27.8, [M + Hltouna= 578.2373,
CseH3sNO,P; requires 578.2372}, 23% of mono derivativé) (and 17% of by-producs] { dp

(CDCl) 31.5, [M + Hfound = 261.1044, GH150,P requires 261.1039} were formed.

Q
HO-CH,~PZ,

Z =Bn (7), 4-MeCgH, (8)

2.3. Utilization of bis(phosphinoylmethyl)aminegascursors for bidentate P-ligands

The bis(phosphinoylmethyl)amineS é&nd 6) were utilized as precursors for bidentate
P-ligands in the synthesis of transition metal clexgs. First, the double deoxygenation of
N,N-bis(phosphinoylmethyl)benzylaminds and 6 was investigated. In our earlier studies
[26,27], the deoxygenation of similll;N-bis(diphenylphosphinoylmethyl)amines was carried
out using phenylsilane in benzene at 80 °C for ¥sddnder these conditions, the
deoxygenations were not complete. Recently, a bettethod was elaborated for the
deoxygenation of phosphine oxides in our researctym According to this, phenylsilane was
used under MW irradiation in the absence of anyestl [47]. This method has now been
applied to the reduction of bis(phosphinoylmethylj@es5 and 6. First, the reduction of
bis(dip-tolyl-phosphinoylmethyl)benzylaminéd was optimized at 120 °C under different
conditions (Scheme 4, Table 1). After a 1 h reactione, the deoxygenation was not
complete, and 27% of phosphine-phosphine o¥ddand 27% of bisphosphingld were
formed (Table 1/Entry 1). Prolonging the irradiatito 2 h, the conversion was almost
complete (95%) (Table 1/Entry 2). The best resas wbtained after 2.5 h (Table 1/Entry 3).
To see the effect of the solvent, the reaction a&ss carried out in toluene. It was found that
the conversion decreased to 87%, and only 74% sgghbisphinelld was formed (Table
1/Entry 4). A comparative thermal experiment wasatarried out, and it was experienced

that after 2.5 h, the reaction mixture containely 80% of bisphosphin&ld (Table 1/Entry



5). The 40% lower conversion of the thermal conagberiment refers to the role of MW

irradiation.
MW or A
X 120 °C, t .. .
_CHy—P(4-MeCgH,), PhSiHs, N, _CH,~P(4-MeCgHy), ,CHy~P(4-MeCgHy)-
Bn—N_ ———  Bn—N_ + Bn—N_ N
CH2—I|3|(4-MeCBH4)2 CH,~P(4-MeCgHy), CH;—P(4-MeCgHa),
o}
6d 9 11d
Scheme 4.
Table 1

Deoxygenation of bis(phosphine oxidig) under different conditions.

Composition (%)

Entry Mode of heating Solvent t (h)

6d 9 11d
1 MW - 1 46 27 27
2 MW - 2 5 15 80
3 MW - 25 0 0 100
4 MW toluene 2.5 13 13 74
5 A - 2.5 40 30 30

Phosphine-phosphine oxi@eand bisphosphingld were identified by‘P NMR ©: 55 (CDCls)
—29.4 and 29.5t1d: 6p (CDCl3) —30.4).
Based on the above experiences, the deoxygerwtlma(phosphine oxide$b-d and6b-

d was carried out at 120 °C for 2.5 h under sofegg-MW-assisted conditions (Scheme 5).

MW
Q 120°C, 2.5 h .
/CHQ_PZZ PhSIH3, N2 /CHZ—PZQ
Y—N_ = Y=N_ ..
CHz—ﬁzz no solvent CH,—PZ,
Z = Bn (5), 4-MeCgH, (6) Z = Bn (10), 4-MeCgH, (11)

Y = "Bu (b), “Hex (c), Bn (d)

Scheme 5.



The air sensitive bisphosphine$0b-d and 11b-d) so formed were reacted further
immediately with dichlorodibenzonitrile platinum tornish the ring platinum(ll) complexes

12b-d and13b-din yields of 52-75%, and in a purity c&. 99% (Scheme 6).

. 25 °C, overnight 4z
Y_N,CHz—PZz Pt(PhCN),Cl,, N, y N/CHz—P\ o)
\CHz—i:;Zz benzene \CHZ—P( 2
Y ="Bu (b), °Hex (c), Bn (d) 7 Z
Z = Bn (10), 4-MeCgH, (11) 52-75%

Z = Bn (12), 4-MeCgH,4 (13)
Scheme 6.

The bis(phosphinomethyl)aminé®d and 11d were also converted to the corresponding
bis(phosphine boranes}4d or 15d) by reaction with an excess of dimethyl sulfideare
(Scheme 7). The complexations were performed imetw at 25 °C. After column
chromatography, the borane complegdsl or 15d were obtained in yields of 60/69%. The
phosphine boranes can be regarded as the precofsties corresponding phosphines, as the
P(lll)-ligand can be liberated from them on treatineith secondary amines in an aromatic

solvent [48].

BH4
25 °C, overnight T 7
Me,S* BH;, N, CHy—P~Z
10d or 11d Bn—N
toluene \CHg—P\—Z
Z
BH;

Z = Bn (14d), 4-MeCgH,4 (15d)
Scheme 7.
All compounds synthesize®4-g 4b-d, 4f, 5a-g 6b-d, 6f, 7, 8, 12b-d, 13b-d, 14d and

15d) were characterized bYP, *C and'H NMR, as well as mass spectral data.



2.4, Theoretical calculations

All computations, energy calculations, geometryirojzations and subsequent frequency
analyses were carried out using B3LYP/6-31G(d,p)XdNP and B3LYP/SDD(MWBG60) for
Pt including effective core potential (ECP) [49-5Hpplying the Gaussian09 program
package (G09) [52]. The method and basis sets aewsen for the characterization of the

compounds in agreement with studies publishedezd8B].

2.4.1. Stability of the Pt-complexes

The geometry around the?Pton is square planar, where the two phosphorusstaind
from one side ircis configuration, while the two chlorines from thepogite side also inis
configuration. The energetics of the complexatiomcpss 16 — 17) are influenced
significantly by Z and moderately by Y. If Z is atkyl type substituent, like benzyl group
(Table 2/Entries 1-7), the electron density on theatom is much larger, resulting
complexation enthalpies of 157—167 kJ Fholvhile aryl substituents (Table 2/Entries 8—11),
decrease the electron density, decreasing the ibefi¢he process by 44-54 kJ mblAs
expected, the 4-Mefl, group (Table 2/Entries 12—-15) has a somewhat poséive effect
on the complexation, as compared to the phenyl. daseording to this study, Y has much
less effect on the complexation process. Here, care also find analogous differences
between the alkyl and aryl type of substituents, the effect is less significanN-alkyl
substituents resulted in somewhat higher compleratnthalpies, while in the case of aryl
groups the enthalpy values were significantly laweismall decrease in the enthalpies may
be observed that may be due to the smaller extefiexability of the N-aryl substituents.
Flexible N-propyl and butyl groups may be accommodated withoy sterical repulsion with
the closer P-benzyl substituents (Table 2/Entriasd 2). However, thB-phenyl substituent

results in a steric repulsion due to its orientattaused by the intensive conjugation with the



nitrogen atom (Table 2/Entry 5). Slightly more niédgmenthalpy values can be observed for
the 4-MeGH,4 and 4-MeOGH, derivatives that may be the consequence of thdemextent

of conjugation in these cases (Table 2/Entries & @n Cyclohexyl and benzyl groups
exhibitedAH values that are close to the value obtained ftbtltyl or propyl groups (Table
2/Entries 3 and 4), however, due to the lower @ytnalues fAAS = —17.0 and —16.7 J mol
K™, as compared to the Bu case), the fix@lis less negative, consequently the driving force
is somewhat less. These entropy deviations cartideuded to the limited flexibility of these
N-functional groups in the course of the complexapoocess.

Table 2

Computed absolute and relative enthalpfH( in kJ mol?), Gibbs free energy
(AG in kJ mot?), and entropy value8in J mol* K™) for the16 — 17 complexation using
B3LYP/6-31G(d,p) for CHNP and B3LYP/SDD(MWBG60) fétt including effective core
potential (ECP)

Z
CH,—PZ,  PhCN_ Cl CH—b, ‘
v \_/ VRN
YN\ + /Pt\ _— YN\ /PtClz + 2 PhCN
CH,—PZ,  PhCN  <CI CH,—PL
(Y4
Z
17
Entry 5 v Absolute values (16— 17)
AH AG AS
1 Bn "Pr -163.7 -187.5 80.0
2 Bn "Bu -166.5 -191.1 82.6
3 Bn ‘Hex -160.9 -180.5 65.6
4 Bn Bn -166.7 -186.3 65.9
5 Bn Ph -157.1 -183.2 87.6
6 Bn 4-MeGHg4 -159.8 -186.3 88.8
7 Bn 4-MeOGH4 -161.0 -189.4 95.4
8 Ph ‘Hex -113.0 -134.4 71.9
9 Ph Ph -112.4 -133.5 70.8
10 Ph 4-MeGH,4 -114.5 -135.6 71.0
11 Ph 4-MeO@GH,4 -114.9 -140.4 85.4
12 4-MeGH4 "Bu -126.7 -144.6 82.8
13 4-MeGH4 ‘Hex -138.3 -155.3 56.9
14 4-MeGH4 Bn -135.1 -157.3 74.3

15 4-MeGH, Ph -131.1 -148.8 59.5




2.4.2. Stereostructure of the ring Pt-complexes

Stereostructures of thé-butyl andN-cyclohexyl P,P-tetrabenzyl ring Pt complexe$2b
and 12¢ respectively), and that of thd-cyclohexyl P,P-tetratolyl derivative 130 were
calculated by the B3LYP/6-31G(d,p) method. The moped structures are shown in Fig. 1,
while selected bond lengths, bond angles and toramgles were collected in Table S1
(Supplementary material). It can be seen clearfy the N-substituent may cause a steric
interaction with the two closer P-benzyl groupse Nabutyl complex 12b) strives to form a
mirror symmetry structure. This is logical, as taculations represent isotropic environment
conditions, thus the ensuing models can hardly ld#fferent “left” or “right” side molecules.
However, theN-cyclohexyl derivative 120 somewhat breaks this symmetry due to the
asymmetrical arrangement. The central six membketdro ring exhibits a distorted chair
conformation in its lowest energy conformer. Notetvy, that a significant structural
difference can be observed betwedtt and 13c The six-membered hetero ring with four
sterically demanding aryl groups on the two phospficatoms 139 adopts a chair-like
conformation. At the same time, the P-benzyl smec{2¢ takes up a half-chair
conformation. The steric hindrance between the Ylegmoups and the N substituent is

significant.



13¢

Fig. 1. Computed lowest energy 3D structure NfN-[bis(dibenzylphosphinomethyl)-
butylamine]dichloroplatinum(II) 12b), N,N-[bis(dibenzylphosphinomethyl)-
cyclohexylamine]dichloroplatinum(ll) 129 and N,N[bis(ditolylphosphinomethyl)-
cyclohexylamine]dichloroplatinum(I1)23¢)
2.5 An X-ray study

The X-ray study on the crystals of the similar-sigmbered Pt complexd®b, 12c and
13c revealed that all these substances crystallizedh wlie DMSO solvent as main
component, and also additionally with other trace®@-solvents as well. Most important is
that the structures give information on the geoynatrd shape of the central P-heterocyclic
ring (Figs. 2-4). Apart from the two C atoms and ttvo P atoms coordinating to the central
Pt atom, the N atom bearing a cyclohexyl omdvutyl group also plays a role. The Pt serves
as a square-planar coordination center for theoRstnd the two Cl atoms. The central ring
is of a distorted half-chair like shape with theabdbm sitting invariably on the flap. This

distortion may also depend on the varying solvemitent of the crystals. The Pt-centred

three-atom P-Pt-P plane portion of the square-plenardination lends certain rigidity to this



shape. A study of similar cationic and zwitteriod(CH,P)»,Pt< six-membered heterocyclic
rings (where X = B, Si or C) revealed a varietytted ring shape, as well as possible pathways
for benzene C—H activation and ligand exchangeqases [54]. Inspection of closely related
crystal structures reveals the similarity of th€ CN,P),Pt< six-membered heterocyclic rings
to each other [55-57], and also to those seengs. -4 (2b, 12c and 13¢). The earlier
described ring Pt complexes incorporate cyclohexghenyl- or trisubstituted phenyl
substituents on the P atom and methyl-, phenyisaphthalic acid groups on the N atom [55-
57]. The corresponding bidentate P-ligands werpareel by a different approach, and were

reacted with dichloro(1,5-cyclooctadiene)platinuiin(l

Fig. 2. Atomic displacement plot ofN,N-[bis(dibenzylphosphinomethyl)-butylamine]-
dichloroplatinum(ll) ¢2b) DMSO 1:1 solvate with atomic numbering



Fig. 3. Atomic displacement plot oN,N-[bis(dibenzylphosphinomethyl)-cyclohexylamine]-
dichloroplatinum(ll) €2¢ with atomic numbering

[

Fig. 4. Atomic displacement plot oN,N-[bis(ditolylphosphinomethyl)- cyclohexylamine]-
dichloroplatinum(ll) ¢3¢ with atomic numbering



A more detailed analysis of the central ring shequaponents revealed that the immediate
coordination environment of the metal ion is suwdt the Pt cation is always offset to nearly
the same extent from the least-squares (LSQ) plainets four ligating atoms d(f.
Supplementary material, Table S2). It is also Vesihat the Pt cations are disposed on the
opposite side of this plane to the tertiary N atercept structuré3c The N atom irl2b and
in 12c appears to be almost equally, by 0.36-0.41 A distam the LSQ plane of the two ClI
and two P atoms, while ib3¢ the N atom is on the same side as the Pt and fessldistant.
Fig. S1 (Supplementary material) shows the diffeeebhetween the conformations of these
more or less half-chair form heterocyclic rings. the hetero ring shapes are similarlb
and12c, only one of them is compared against the hetefimcyiog of 13c The side view
shows that these heterocyclic rings have visibifecent ring shapes.

As is apparent from Fig. S2 (Supplementary md)egamparing the least-squares fit of
the six atoms of the hetero ring of the theoretinablel of12c with that of the experimental
one, both the central ring and the coordinatioruadoPt, and even the spatial position of the
N-cyclohexyl substituent agree rather well. Even edranzyl side wings coincide quite close.

Comparison of the angular values in Table S1 aBdStipplementary material) shows
that bond angle values agree within the usual ogmice criteria. This also applies for the
torsion angles ofl2b and 12¢ indicating that both rings in both models agreellwand
represent closely the flattened half chair-likemisr This is not quite so fak3g as the 6-
membered heterocycle, in this case, shows signifidaviations of the theoreticak. the
experimental model. The solid state structuresadfected by various effects such as the
presence of solvent molecules, the neighbouring hoslecules,and the appearance of
disordered atomic positions at differéati in the studied crystals. The saturated heterocyclic
rings may change their shape easily between the aha half-chair forms, while the pendant

aromatic wings are also able to exert a certaiergxbdf motility. It is also obvious that the



appearance of the-butyl group disorder irL2b, as well as the varying extents of solvent
disorders in the crystals dRc and alsal3c may bear some relevance to the interplay of the
global molecular shapes and their energetics.

A good agreement was observed for the shape oimbtalla-heterocycled2b and 12c
obtained by theoretical calculations and singlestalyX-ray analysis. However, for species
13c, the conformation obtained by the two methods moaetl were significantly different.
This may be the consequence of the different phaké#ise samples investigated. The data
listed in Table S1 (Supplementary material) aratesl to molecules in the gas phase, while
those shown in Table S3 (Supplementary materiathecnot only simply from solid phase

experiments, but even from crystals of associatst éind solvent molecules.

2.6. Hydroformylation of styrene in the presencehef synthesized Pt(ll)-complexd2l§-d,
13b-d)

The ‘pre-formed’ PtGL-type complexed2b-d and 13b-d containing ligand4.0b-d and
11b-d, respectively, were tested as catalyst precuiadie hydroformylation of styrene. The
catalysts formeah situ from 12b-d or 13b-d and tin(ll)chloride were used at 80 bar [syngas;
p(CO) = p(H) = 40 bar]. In addition to the branched and lindammyl regioisomers
(2-arylpropanal ) and 3-arylpropanaB)), respectively), ethylbenzen€) as hydrogenation
by-product was also formed (Scheme 8). The resarksshow in Table 3 and Table S4

(Supplementary material).

CO/H
PhCH=CH, — % PhCH(CHO)CH3 + PhCH,CH,CHO + PhCH,CHs

A B C

Scheme 8.



In order to achieve catalytic systems of goodqrenfince, tin(ll)chloride has to be used in
twofold excess. The addition of only one equivaleintin(ll)chloride resulted in a catalyst of
negligible activity both at 40 °C and 100 °C reactitemperature. The key lies in
N-coordination to tinj.e., the tertiary nitrogen is coordinated to tin(H)aride, and therefore,
no formation of trichlorostannato ligand, resultimgcatalytically active Pt(ligand)CI(Sné}l
complex, can be observed in the presence of onwadent of tin(ll)chloride only (Table
3/Entries 3,4; 5,6). The deleterious effect ofréidey nitrogen, embedded either in the ligand
or used as an amine additive in the catalytic systeas been reported [58,59]. The ‘second’
equivalent of tin(ll)chloride is inserted into Pt-Bond forming the Pt-Snglmoiety which
can be considered as a precondition of the catahgiivity. It is worth noting that using a
higher Sn to Pt ratioe(g 5/1), the catalytic activity could not be incredsor in some cases
even lower conversions were obtained (Table 3/En®i 7 or 15, 18).

The two types of complexeise., the bis(dibenzylphosphino) derivativdb-d) with the
more basic phosphorus(lll) donor atoms and the Ipasic bis(di(p-tolylphosphino)
derivatives {3b-d) differ substantially in catalytic activity. Theabic bis(trialkylphosphine)-
type ligands 12b-12d) form complexes of lower activity (compare for tensce Table
3/Entries 6 and 15, as well as 9 and 20).

The formation of the aldehydesA (and B) was preferred in all cases. Higher
chemoselectivities (up to 88%) were obtained at elowtemperature. Typically,
chemoselectivities fall in the range of 70-80% @®IC. For instance, the use of compliSc
as a catalyst precursor resulted in 88% and 73-@léémoselectivities at 4 and 100C,
respectively (Table 3/Entries 14 and 15-17).

The temperature has a pronounced effect also gioseectivity. The formation of

branched aldehydeA] predominated in all cases, however, much higkgroselectivities



towards isomeA were obtained at 4TC (typically about 80%, Table 3/Entries 1, 4, 8) 1

than at 100C (typically about 60%, see for instance Tablen®fiés 15-17 or 20, 21).

Table 3
The hydroformylation of styrene in the presenceathlysts formedn situ from precursors
12b-d or 13b-d and tin(ll) chlorid€’

Entry Complex Temp. (°C) Pt/Sn R.time (h) Conv. (%) R(%) Ry (%)

1 12b 40 1:2 24 6 73 82
2 12b 100 1:2 3 32 72 65
3 12c 40 11 24 <1 n.d. n.d.
4 12c 40 1:2 24 18 82 76
5 12c 100 11 3 1 n.d. n.d.
6 12c 100 1:2 3 50 74 61
7 12c 100 1:5 3 46 79 62
8 12d 40 1:2 24 21 81 79
9 12d 100 1:2 3 52 70 65
10 13b 40 1:2 24 31 87 75
11 13b 100 1:2 3 42 75 64
12 13b 100 1:2 6 85 72 63
13 13b 100 1:2 8 98 75 63
14 13c 40 1:2 24 13 88 78
15 13c 100 1:2 3 55 73 62
16 13c 100 1:2 6 98 74 63
17 13c 100 1:5 3 47 76 65
18 13d 40 1:2 24 22 88 76
19 13d 40 1:2 72 72 87 76
20 13d 100 1:2 2 79 74 61
21 13d 100 1:2 3 98 79 56

A: 2-phenylpropanaB: 3-phenylpropanalC: ethylbenzene.

#Reaction conditions: Pt/styrene = 1/200, p(CO) EpE 40 bar, 1 mmol of styrene, solvent:
5 mL of toluene. (n.d.= not determined)

b Chemoselectivity towards aldehydes, B). [(moles of A + moles of B)/(moles ofA +
moles ofB + moles ofC) x 100].

° Regioselectivity towards branched aldehydg. (moles ofA/(moles ofA + moles ofB) x
100].

In  summary, eleven new a-aminophosphine oxides and eight new
N,N-bis(phosphinoylmethyl)amines were synthesizedheyKabachnik-Fields reaction. The

latter species were utilized in the preparationriofy platinum complexes after double



deoxygenation. The dependence of the enthalpy afdime complexation of the bidentate P-
ligands on the nature of thi-substituents, and the structure of the Pt compglexas
calculated using B3LYP/6-31G(d,p) for CHNP and BR/SDD(MWBG60) for Pt including
effective core potential (ECP). Besides this, thestal structures of three Pt complexes were
solved by X-ray investigation. The complexes weestdd as novel catalyst in the

hydroformylation of styrene.

Experimental
General (instruments)

The 3P, *C, 'H NMR spectra were taken in CDCéolution on a Bruker AV-300 or
DRX-500 spectrometer operating at 121.5, 75.5 add & 202.4, 125.7 and 500 MHz,
respectively. Chemical shifts are downfield relatte 85% HPO, and TMS. The couplings
are given in Hz. Mass spectrometric measurements performed using a Q-TOF Premier
mass spectrometer in positive electrospray mode arnshimadzu LCMS-ITTOF mass
spectrometer. The reactions were carried out i0Ga\W CEM Discover focused microwave

reactor equipped with a pressure controller apglg®-80 W under isothermal conditions.

General procedure for the preparation of dibenayld di(p-tolyl)phosphine oxides

The Grignard reagent formed from 0.97 g (40.0 mneblmagnesium and 40 mmol of
alkyl or aryl halide (benzyl bromide: 4.8 mL, 4-brotoluene: 6.8 g) in 50 mL of diethyl
ether was added dropwise to 1.7 mL (13.0 mmol)iethgl phosphite in 10 mL of diethyl
ether at 0 °C. The resulting mixture was stirre@&afC for 1.5 hours. Then, the mixture was
hydrolyzed with 10 mL of water and 50 mL of 10% Hgelution, and the aqueous phase was
extracted with 2x60 mL of diethyl ether. The conddrorganic phases were dried {8&).

Evaporation of the solvent left a residue that wasfied by column chromatography using



silica gel, 1% methanol in dichloromethane as tuerd to give productd and2 as white

crystals.

Dibenzylphosphine oxidd)(
Yield: 84%; white crystals; mp.: 109-110 °C, 5]} 106—-107 °C*'P NMR (CDC}) 8p

(CDCls) 36.2,5 (CDCL) [45] 35.5; [M+HT ouna = 231.0937, €&H1cOP requires 231.0933,

Di(p-tolyl)phosphine oxide?)
Yield: 86%; white crystals; mp.: 98—-99 °C, mp. ][485-96 °C;*P NMR (CDC}) &p

(CDCl) 20.7,8p (CDCl) [46] 21.2: [M+HT' ound = 231.0920, ©&H160P requires 231.0933.

General procedure for the synthesis of (aminomiygnzyl- or di(p-tolyl)phosphine oxides
A mixture of 0.85 mmol aminen{propylamine: 0.07 mLn-butylamine: 0.08 mL,
cyclohexylamine: 0.10 mL, benzylamine: 0.09 mL, dthoxybenzylamine: 0.11 mL, aniline:
0.08 mL or 4-methoxyaniline: 0.11 g), 0.026 g (0.8#nol) of paraformaldehyde, and
0.85 mmol of the secondary phosphine oxide (dibmogphine oxide: 0.20 g or
di(p-tolyl)phosphine oxide: 0.20 g) and 1.5 mL of ac#de was heated at 100 °C in a
closed vial in a CEM Discover Microwave reactor ipged with a pressure controller for 1 h.
The acetonitrile and the water formed were remowed/acuum. The crude product so
obtained was passed through a 1 cm silica gel lag#ig ethyl acetate. After evaporation of
the solvent, the products34-g 4b-d and 4f) were obtained as crystals. The following

products were thus prepared:



(Propylaminomethyl)dibenzylphosphine ox{da)

Yield: 96% (0.25 g) of compouri8k as whitecrystals. Mp: 80-82 °C'P NMR (CDC})
8 44.0;*C NMR (CDC}) 6 11.6 (CH), 22.9 (CHCH,), 34.3 (d,'Jcp = 60.0, P(O)CH), 45.2
(d, 3ep = 79.2,NHCH,P), 53.7 (d3Jcp = 14.4, CHCH,CH,NH), 126.9 (d,Jcp = 2.8, Q),
128.8 (d,Jcp = 2.4, G), 129.7 (d3Jcp = 5.1, G), 131.9 (d%Jcp = 7.0, G); *H NMR (CDCE)
§ 0.90 (t,dun = 7.4, 3H, CH), 1.41-1.50 (m, 2H, C#€H,), 1.65 (s, 1H, NH), 2.54 (G =
7.1, 2H, CHCH,CH2NH), 2.73 (d,*Jpy = 7.8, 2H, NHE1,P), 3.10-3.25 (m, 4H, P(O)GH

7.23-7.35 (m, 10H, ArH): [M+H]ouna = 302.1676, GH-sNOP requires 302.1668.

(Butylaminomethyl)dibenzylphosphine ox{de)

Yield: 97% (0.26 g) of compour®b as slightly yellowcrystals. Mp: 75-76 °CP NMR
(CDCly) & 44.6;°C NMR (CDCE) & 13.7 (CH), 20.0 (CHCH,), 31.6 (CHCH,CH,), 34.1
(d, Nep = 60.0, P(O)CH), 45.0 (d, JJep = 79.1, NHCH,P), 51.3 (d,3Jcp = 14.3,
CHs(CH,),CH;NH), 126.7 (dJcp = 2.8, G), 128.5 (dJcp = 2.4, G), 129.5 (d3Jcp=5.1, G),
131.7 (d2Jcp = 7.1, G); *H NMR (CDCk) 6 0.90 (t,Jun = 7.2, 3H, CH)), 1.25-1.48 (m, 4H,
CHsCH;CHy), 1.47 (s, 1H, NH), 2.56 (flsn = 6.6, 2H, CH(CH,),CH.NH), 2.74 (d,"Jpn =
7.7, 2H, NH®,P), 3.07-3.28 (m, 4H, P(O)GH 7.23-7.36 (m, 10H, ArH); [M+H}oung =

316.1832, GH,7/NOP requires 316.1825.

(Cyclohexylaminomethyl)dibenzylphosphine ox8ig

Yield: 95% (0.28 g) of compoun@c as whitecrystals. Mp: 125-126 °C3*'P NMR
(CDCly) & 44.4;C NMR (CDCk) & 24.8 (G), 26.0 (G), 33.2 (G), 34.3 (d,"Jcp = 60.1,
P(O)CH), 42.5 (d,XJcp = 79.5,NHCH,P), 58.5 (d3Jcp = 13.7, G), 126.9 (dJcp = 2.9, G),
128.8 (dJep= 2.4, G), 129.7 (d3Jcp= 5.1, G, 132.0 (d2Jcp = 7.0, G); *H NMR (CDCk)

5 0.95-1.10 (M, 2H, $la), 1.11-1.29 (M, 3H, Hlax,CaHax), 1.53-1.63 (M, 2H, Bleq),



1.64-1.75 (M, 3H, §eq, CsHeq), 1.81 (s, 1H, NH), 2.22-2.34 (m, 1H;H), 2.75 (d,Jpp =
8.3, 2H, NHG,P), 3.17 (pt,*Jur =14.8, 4H, P(O)Ch), 7.22-7.36 (m, 10H, ArH);

[M+H] "toung = 342.1989, @H-oNOP requires 342.1981.

(Benzylaminomethyl)dibenzylphosphine oxXith

Yield: 98% (0.29 g) of compoundd as whitecrystals. Mp: 119-121 °CP NMR
(CDCl) & 43.8;*C NMR (CDCE) & 34.3 (d,"Jcp = 60.2, P(O)CH), 44.4 (d,*Jcp = 78.9,
NHCH,P), 55.5 (d3Jcp = 15.2, CHINH), 126.9 (dJcp = 2.8, G), 127.3 (G), 128.4 (dJcp =
2.5, G), 128.79 (Q)*, 128.82 (G)*, 129.7 (d,3Jcp = 5.1, G), 131.8 (d,Jep = 7.1, G),
139.2 (G), *may be reversedH NMR (CDCk) & 1.82 (s, 1H, NH), 2.74 (dJup =7.8, 2H,
NHCH.P), 3.15 (pt,'Jup =14.7, 4H, P(O)Ch), 3.75 (s, 2H, ENH), 7.19-7.32 (m, 15H,

ArH); [M+H] *tounda = 350.1677, &H2sNOP requires 350.1668.

(4-Methoxybenzylaminomethyl)dibenzylphosphine d8e)e

Yield: 95% (0.31 g) of compour@kas whitecrystals. Mp: 103—-105"P NMR (CDC}) &
43.9;3C NMR (CDCE) & 34.3 (d,"Jcp = 60.2, P(O)CH), 44.2 (d,"Jcp = 79.1,NHCH,P),
54.9 (d,*Jcp = 15.4, CHNH), 55.3 (OCH), 113.8 (G), 126.9 (dJcp = 2.8, G), 128.8 (dJcp
= 2.3, G), 129.6 (d3Jep = 4.6, G), 129.7 (G), 131.3 (G), 131.8 (d2Jcp = 7.0, G'), 158.9
(Cs); *H NMR (CDCk) & 1.73 (s, 1H, NH), 2.72 (dJp = 7.8, 2H, NH®&,P), 3.14 (pt!Jyp =
14.4, 4H, P(O)CH), 3.69 (s, 2H, E;NH), 3.81 (s, 3H, OCH), 6.86 (dJun =8.4, 2H, GH),

7.17-7.32 (m, 12H, ArH); [M+Hlouna = 380,1782, gH,,NO,P requires 380,1774.

(Phenylaminomethyl)dibenzylphosphine oX[gf¢
Yield: 94% (0.27 g) of compoungf as whitecrystals. Mp: 159-161 °C; Mp[30]: 158-

159; 3P NMR (CDC}) & 42.9;°C NMR (CDC}) & 34.7 (d,"Jcp = 60.4, P(O)CH), 39.9 (d,



LJep = 75.1,NHCH,P), 113.5 (@), 118.8 (G), 127.2 (dJcp = 2.9, G), 129.0 (dJcp = 2.4,
Cs), 129.3 (G), 129.7 (d3Jep=5.2, G), 131.3 (d2Jcp= 7.1, G)), 147.6 (d3Jcp = 10.6, G);
'H NMR (CDCk) & 2.17 (s, 1H, NH), 3.33-3.14 (m, 6H, @H6.57 (d,Jun = 7.8, 2H, GH),
6.78 (t, Jun = 7.0, 1H, GH), 7.18 (t,Jun = 8.0, 2H, GH), 7.23-7.38 (m, 10H, ArH);

[M+H] "tound = 336.1516, @H»sNOP requires 336.1512.

(4-Methoxyanilinomethyl)dibenzylphosphine oxXi8ig

Yield: 95% (0.29 g) of compoun8g as slightly yellowcrystals. Mp: 141-143 °C'pP
NMR (CDCk) & 43.0;*C NMR (CDC}) & 34.6 (d,*Jcp = 60.4, P(O)CH), 40.9 (d,"Jcp =
75.7, NHCH,P), 55.7 (OCH), 114.8 (Q)*, 114.9 (G)*, 127.2 (d,Jcp = 2.9, G, 129.0 (d,
Jop= 2.4, G), 129.7 (d3Jcp = 5.2, G), 131.4 (d2Jcp =7.1, G'), 141.7 (d3Jcp = 11.4, G),
153.0 (G), *may be reversedH NMR (CDCk) § 2.00 (s, 1H, NH), 3.13-3.33 (m, 6H, @H
3.75 (s, 3H, OCH), 6.54 (d, 2HJun = 8.7, GH)*, 6.78 (d, 2H,Jun = 8.8, GH)*, 7.22-7.38

(m, 10H, ArH), *may be reversed; [M+Hjung = 366,1615, gH,sNO,P requires 366,1617.

(Butylaminomethyl)di(p-tolyl)phosphine oxi(tn)

Yield: 96% (0.26g) of compoundb as slightly yellow oil.*'P NMR (CDC}) § 29.7;
8[32] (CsDg) 42.0;°C NMR (CDCE) & 13.9 CH3sCH,), 20.2 (CHCH,), 21.5 (GCHs) 31.7
(CHsCH,CHy), 49.5 (d,%Jcp = 80.5, P(O)CH), 51.4 (d,*Jcp = 13.4, CH(CHy),CHoNH),
128.9 (d,%3cp = 99.9, G), 129.3 (d2Jcp = 12.0, G), 131.1 (d3Jcp = 9.5, G), 142.2 (dJcp =
2.7, C); '"H NMR (CDCk) & 0.87 (t, Jun = 7.2, 3H, GIsCH), 1.22-1.35 (m, 2H,
CH3CH2CH;), 1.37-1.49 (m, 2H, C#€H,CH,), 1.45 (s, 1H, NH), 2.40 (s, 6H4CHs), 2.67
(t, Jun = 7.0, 2H, CH(CH,),CH,NH), 3.43 (d,"Jup = 8.0, 2H, NHE,P), 7.27 (d3Jup = 5.6,
4H, GH), 7.68 (dd2Jnp = 11.1,Jup = 8.1, 4H, GH); [M+H] touna = 316.1828, GH,;NOP

requires 316.1825.



(Cyclohexylaminomethyl)di(p-tolyl)phosphine ox{de)

Yield: 98% (0.28 g) of compountt as slightly yellow oil>'P NMR (CDC}) § 29.6;*°C
NMR (CDCk) & 21.5 (CH), 22.5 (G), 26.7 (G), 31.6 (G), 49.5 (d,"Jcp = 80.5, P(O)CH),
51.7 (d,3Jcp = 13.3, G), 128.9 (dNJcp = 99.9, G), 129.2 (d2Jcp = 12.0, G, 131.1 (dJcp
= 9.6, G), 142.2 (d,Jep = 2.7, G); *H NMR (CDCh) & 0.83-0.89 (m, 3H, Flax,CsHax),
1.19-1.30 (M, 5H, $Hax, CaHeq, CsHeg), 1.37—1.49 (M, 2H, leq), 1.75 (s, 1H, NH), 2.39
(s, 6H, CH), 2.66 (t,°J4p = 7.1, 1H, GH), 3.43 (d,"Jup = 7.8, 2H, NHE,P), 7.22-7.31 (m,
14H, G), 7.67 (d,%up = 11.1,J4p = 8.1, 4H, GH); [M+H] toung = 342.1987, GH2dNOP

requires 342.1981.

(Benzylaminomethyl)di(p-tolyl)phosphine ox{dd)

Yield: 95% (0.28 g) of compoundd as slightly yellow crystals. Mp: 115-117 °&p
NMR (CDCL) & 29.9;°C NMR (CDCE) & 21.5 (GCHs), 48.3 (d,"Jcp = 81.2, P(O)CH),
55.1 (d,"Jcp = 14.3,CH.NHCH,P), 127.1 (G), 128.2 (G), 128.3 (G), 128.8 (d.'Jcp = 100.4,
Cr), 129.3 (d2Jcp = 12.0, G), 131.1 (d3Jcp= 9.6, G'), 139.2 (G), 142.3 (dJcp= 2.8, G);
'H NMR (CDCk) & 2.00 (s, 1H, NH), 2.40 (s, 6H, GH 3.39 (d.*Jup =8.0, 2H, NHE,P),
3.87 (s, 2H, E,NH), 7.22-7.34 (m, 9H, ArH, &), 7.65 (dd,2Jup = 11.1,J4p = 8.1, 4H,

CoH); [M+H] "toung = 350.1669, &H-sNOP requires 350.1668.

(Phenylaminomethyl)di(p-tolyl)phosphine ox{dé)

Yield: 94% (0.27 g) of compoundf as yellowcrystals. Mp: 139-141 °C*P NMR
(CDCl) & 30.1;**C NMR (CDCE) 6 21.6 (CH), 43.9 (d,"Jcp = 78.8, P(O)CH), 113.4 (G),
118.5 (G), 127.9 (dNcp = 102.8, G), 129.2 (G) 129.5 (d2Jcp = 12.3, G), 131.1 (d3Jcp =

9.9, G), 142.9 (dJcp = 2.8, G), 147.7 (d3Jcp = 11.2, G); *H NMR (CDCh) & 2.39 (s, 6H,



CHs), 3.88 (d,Jpn = 9.0, 2H, P(O)Ch), 3.99 (s, 1H, NH), 6.65 (dun = 8.3, 2H, GH), 6.74
(t, Iy = 7.1, 1H, GH), 7.16 (t,Ju = 7.7, 2H, GH), 7.24-7.31 (m, 4H, £H), 7.66 (dd2Jp

=11.4,04p = 8.0, 4H, GH); [M+H] “found = 336.1507, gH>3NOP requires 336.1512.

General procedure for the synthesis of N,N-bisaitye or di-p-tolylphosphinoylmethyl)amines
A mixture of 0.85 mmol aminen{propylamine: 0.07 mLn-butylamine: 0.08 mL,
cyclohexylamine: 0.10 mL, benzylamine: 0.09 mL, dthoxybenzylamine: 0.11 mL, aniline:
0.08 mL or 4-methoxyaniline: 0.11 g), 0.05 g (1.iaM) of paraformaldehyde, and 1.7 mmol
of the secondary phosphine oxide (dibenzylphosphbiide: 0.40 g or dg-tolyl)phosphine
oxide: 0.40 g) and 2.5 mL of acetonitrile was hdaté 100 °C in a closed vial in a CEM
Discover Microwave reactor equipped with a pressarroller for 1 h. The acetonitrile and
the water formed were removed in vacuum. The cprdducts were passed through a 1 cm
silica gel layer using ethyl acetate. After evapioraof the solvent, the productSa-e and

6b-d) were obtained as crystals. The following prodwatse thus prepared:

N,N-Bis(dibenzylphosphinoylmethyl)propylamiba) (

Yield: 95% (0.44 g) of compounBa as whitecrystals. Mp: 183-185 °C*P NMR
(CDCl) & 40.4;3C NMR (CDCk) & 11.6 (CH), 19.8 (CHCH,), 35.5 (d,*Jcp = 60.0,
P(O)CH), 53.5 (dd,"Jcp = 87.9,%Jcp = 7.9, NCHP), 60.6 (d.*Jcp = 6.1, CHCH,CH.N),
126.8 (dJcp = 2.6, G), 128.7 (dJcp= 2.0, G), 129.8 (d3Jcp= 5.3, G), 131.8 (d2Jcp = 7.3,
C1); *H NMR (CDCh) & 0.89 (t,Juy = 7.2, 3H, CH), 1.28-1.44 (m, 2H, Ci€H,), 2.73 (t,
Jun =7.2, 2H, CHCH,CH,), 2.94 (d,"Jup = 7.4, 4H, NCHP), 3.02-3.30 (m, 8H, P(O)GH

7.18-7.39 (m, 20H, ArH); [M+H}oung = 544.2523, gxH40NO,P, requires 544.2529.



N,N-Bis(dibenzylphosphinoylmethyl)butylamiBb)

Yield: 96% (0.45 g) of compounfb as whitecrystals. Mp: 174-176 °CiP NMR
(CDCl) & 40.5;*C NMR (CDCE) & 14.0 CHsCH,), 20.2 (CHCH,), 28.9 (CHCH,CH)),
35.5 (d,"Jcp = 60.1, P(O)CH), 53.4 (dd . Jcp = 87.9,%Jcp = 7.1, NCHP), 58.5 (d3Jcp = 6.1,
CH3(CHy)2CHN), 126.8 (dJcp = 2.5, G), 128.7 (dJcp = 1.8, G), 129.8 (d3Jcp= 5.2, G),
131.8 (d,2Jcp = 7.3, G); *H NMR (CDCk) & 0.88 (t,Jun = 6.0, 3H, CH), 1.21-1.32 (m, 4H,
CH3sCHy), 2.73 (t,duy =7.1, 2H, CHCH,CH.N), 2.91 (d,*Jup = 4.4, 4H, NCHP), 3.02-3.27
(m, 8H, P(O)CH), 7.19-7.33 (m, 20H, ArH); [M+H]oung = 558.2701, gH39NO»P, requires
558.2691.

N,N-Bis(dibenzylphosphinoylmethyl)cyclohexylam&og (

Yield: 95% (0.47 g) of compounfic as whitecrystals. Mp: 205-207 °C3'P NMR
(CDCly) & 40.3;*C NMR (CDCk) & 25.6 (G), 26.1 (G), 28.2 (G), 35.4 (d,*Jcp = 60.3,
P(O)CH), 50.1 (dd*Jcp = 91.0,%Jcp = 7.6, NCHP), 61.9 (t3Jcp = 10.7,Cy), 126.7 (dJcp =
2.5, C), 128.6 (d,Jcp = 2.1, G), 129.8 (d,2Jcp = 5.2, G), 132.0 (d,Jcp = 7.3, G); H
NMR (CDCl) & 0.84-1.33 (m, 5H, fax, CaHax,CsHax), 1.55-1.77 (M, 5H, fEleq, CaHeq,
CsHeq), 2.92 (d,"Jup = 4.7, 4H, NCHP), 2.99-3.32 (m, 9H, €, P(O)CH), 7.19-7.33 (m,

20H, ArH); [M+H] tound = 584.2835, gsH4sNO,P, requires 584.2842.

N,N-Bis(dibenzylphosphinoylmethyl)benzylambd) (

Yield: 97% (0.49 g) of compoungd as slightly yellowcrystals. Mp: 175-177 °C'P
NMR (CDCh) & 40.4;*3C NMR (CDCE) & 35.3 (d,"Jcp = 60.4, P(O)CH), 52.5 (dd,"Jcp =
87.5,%Jcp = 6.9, NCHP), 63.6 (t,°Jcp = 6.3,CHN), 126.7 (d,Jcp = 2.6, G), 127.6 (G),
128.4 (G), 128.6 (dJcp= 2.1, G), 129.7 (d3Jcp= 5.1, G), 130.1 (GQ), 131.7 (d2Jcp = 7.3,

Cr), 137.5 (G); *H NMR (CDCh) 6 2.92 (d, 4H e = 4.5, NCHP), 3.05 (pt, 8HJup =



14,8, P(O)CH)), 3.88 (s, 2H, CbN), 7.08—7.15 (m, 5H, ArH), 7.18-7.34 (m, 20H, Ay’H

[M+H] "toung = 592.2535, gH4NO»P, requires 592.2529.

N,N-Bis(dibenzylphosphinoylmethyl)-4-methoxybemnziyla &e)

Yield: 94% (0.50 g) of compounBle as whitecrystals. Mp: 128-130 °C*'P NMR
(CDCly) & 40.5;C NMR (CDCk) & 35.4 (d,"Jcp = 60.3, P(O)CH), 52.3 (dd,*Jcp = 88.0,
3Jep = 7.5, NCHP), 55.2 (OCH), 62.3 (t,%Jcp = 6.7, CHN), 113.8 (G), 126.7 (dJcp = 2.4,
Cs), 128.6 (dJcp = 1.9, G), 129.6 (G), 129.8 (d3Jcp = 5.2, G), 131.3 (G), 131.8 (dJcp
=7.3,G), 159.1 (G); *H NMR (CDCk) § 2.91 (d, 4H1Jupe =3.8, NCHP), 3.06 (pt, 8HJp
=14.0, P(O)CHj), 3.80 (s, 2H, CbkN), 3.81 (s, 3H, OCH), 6.82 (dJun =8.1, 2H, GH), 7.09-

7.29 (m, 22H, ArH); [M+HJtoung = 622.2648, GaH4,NO3P, requires 622.2640.

N,N-Bis(di-p-tolylphosphinoylmethyl)butylamiréi)

Yield: 98% (0.46 g) of compourgb as slightly yellow oil 3P NMR (CDC}) § 29.5;*%C
NMR (CDCk) & 13.9 CHsCH,), 19.9 (CHCH,), 21.4 (GCHa3), 28.5 (CHCH,CH,), 55.9
(dd, YJcp = 85.1,3Jcp = 7.7, NCHP), 58.3 (t*Jcp = 6.9, CH(CH,)-,CH,N), 128.9 (d2Jcp =
11.8, G), 129.2 (d,%Jcp = 99.9, G), 131.1 (d,*Jep = 9.5, G), 141.7 (d,Jcp = 2.8, G); *H
NMR (CDCh) 6 0.73 (t,dun = 7.2, 3H, G15CHy), 0.95-1.09 (m, 2H, C}H,), 1.16-1.29 (m,
2H, CHCH2CH,), 2.32 (s, 12H, §CHs), 2.93 (t,Jun =7.1, 2H, CHCH,CH,CH;N), 3.62 (d,
YJup = 5.5, 4H, NCHP), 7.12 (d3J4p = 7.8, 8H, GH), 7.59 (dd2Jup = 11.0,Jup = 8.1, 8H,

CzH); [|V|+H] +found = 558.2680, g4H4,NO-P; requires 558.2685.

N,N-Bis(di-p-tolylphosphinoylmethyl)cyclohexylam{fe)
Yield: 95% (0.47 g) of compourgt as slightly yellow oil *}P NMR (CDC}) 6 30.2;*°C

NMR (CDCk) & 21.5 (CH), 24.6 (G), 25.6 (G), 27.7 (G), 51.8 (dd}Jcp = 87.2,%3cp = 8.0,



NCH,P), 61.7 (t3Jcp = 5.9,Cy), 128.9 (dJcp = 12.0, G), 129.1 (dJcp = 99.9, G), 131.2
(d, 3Jcp = 9.4, G), 141.6 (d,Jecp = 2.8, G); 'H NMR (CDCkL) & 0.88-1.07 (m, 3H,
C4Hax,CaHax), 1.20-1.35 (M, 3H, £lax), 1.58-1.77 (M, 5H, fFleq, CaHeq, CsHeq), 2.34 (S,
12H CH), 3.42 (t,%34p = 11.5, 1H, GH), 3.69 (d,*Jup = 6.5, 4H, NCHP), 7.14 (d3J4p = 6.2,
8H, CzH), 7.62 (dd2J4p = 10.8,J4p = 8.1, 8H, GH); [M+H] " ouna = 584.2836, GH4NOP;

requires 584.2842.

N,N-Bis(di-p-tolylphosphinoylmethyl)benzylami6d)(

Yield: 94% (0.47 g) of compourt as slightly yellowoil. 3P NMR (CDC}) § 30.2;**C
NMR (CDCk) & 21.5 (CH), 55.1 (dd,*Jcp = 85.0,3)cp = 7.7, NCHP), 63.1 (t3Jcp = 7.5,
CH.N), 127.1 (G), 127.9 (G), 128.9 (d3Jcp = 100.7, G), 129.0 (d2Jcp = 12.1, G, 129.8
(Cs), 131.1 (d2Jcp = 9.5, G), 137.7 (G), 141.7 (dJcp = 2.8, G); *H NMR (CDCk)  2.35
(s, 12H, CH), 3.67 (d, 4HJ4p = 6.2, NCHP), 4.08 (s, 2H, CkN), 6.88 (d, 2HJun = 7.0,
CH), 7.07-7.28 (m, 11H, 4H, GH, CsH), 7.50 (dd,’Jyp = 11.0,J4p = 8.1, 8H, GH);

[M+H] "toung = 592.2522, GH4NOP» requires 592.2529.

General procedure for the synthesis of ring platncomplexes

To 0.20 mmol of the bis(>P(O)CG}amine5 or 6 (5b or 6b: 0.11 g,5c or 6¢. 0.11 g or5d
or 6d: 0.12 g)was added 0.15 mL (1.20 mmol) of phenylsilane umieogen. The mixture
was stirred at 120 °C in a vial in a CEM Discoveicidwave reactor equipped with a
pressure controller for 2.5 h. Then the mixture widsted by the addition of 1 mL of
degassed benzene. To the solution of phosdbed or 11b-d so obtained was added 0.10 g
(0.21 mmol) of dichlorodibenzonitrile platinum atiee mixture stirred at 25 °C for overnight.
The solid crystallized from the mixture was sepedldty filtration to afford complet2b-d or

13b-d after washing with pentane—acetone (8:2) and dryin



[Bis(dibenzylphosphinomethyl)butylamine-dichlordjplam(ll) (12b)

Yield: 75% (0.12 g) of compouriRb as whitepowder.>'P NMR (d-DMSO)S —4.6 {Jp.p;
= 3400);*C NMR (CDC}) & 13.7 CH3CH,), 20.3 (CHCH,), 30.0 (d,*Jcp = 37.3, PCH),
30.5 (CHCH,CHy), 52.0 (dd}Jcp = 68.8,2Jcp = 5.6, NCHP), 61.6 (CH(CH,),CH,N), 126.5
(Cs), 128.2 (G), 129.9 (G), 132.9 (d%Jcp = 7.3, G); *H NMR (CDCh) & 0.82-0.92 (m, 3H,
CHs), 1.11-1.26 (m, 4H, C¥€H,, CH;CHyCH,), 2.16 (s,2H, CHCH,CH,CH:N), 2.44 (s,
4H, NCHP), 3.01-3.14 and 3.51-3.64 (m, 8H, RLH.15-7.35 (m, 20H, ArH); [M—

Cl]"found = 754.2061, gzH4:NP-CIPt requires 754.2051.

[Bis(dibenzylphosphinomethyl)cyclohexylamine]dicbpdatinum(ll) (12c)

Yield: 58% (0.09 g) of compourit2cas whitepowder.>'P NMR (CDC}) & 6.1 (Jp.p =
3404);C NMR (CDCE) § 25.2 (G), 25.3 (G), 26.9 (G), 31.0 (d,*Jcp = 35.7, PCH), 56.2
(dd, YJcp = 73.8,%Jcp = 4.9, NCHP), 67.2 (bsC,), 126.5 (G), 128.2 (G), 129.9 (G), 133.1
(C1); '"H NMR (CDCk) & 0.90-1.13 (m, 5H, £Hax, CsHax,CaHax), 1.23-1.32 (m, 2H,
CoHeq), 1.49-1.56 and 1.65-1.73 (M, 3HHey, CaHeq), 1.71 (s, 1H, @H), 2.58 (s, 4H,
NCH,P), 3.03-3.14 and 3.53-3.64 (m, 8H, BH.15-7.38 (m, 20H, ArH); [M—Cllung =

780.2217, GgH43NP,CIPt requires 780.2207.

[Bis(dibenzylphosphinomethyl)benzylamine]dichloadplum(ll) (12d)

Yield: 69% (0.11 g) of compouriRd as whitepowder.>'P NMR (d-DMSO)S —5.2 {Jp.p;
= 3404);**C NMR (CDCE) & 30.7 (d,"Jcp = 35.9, PCH), 46.8 (dd,*Jcp = 55.2,33cp = 3.2,
NCH,P), 65.4 (t2Jcp = 10.9,CH.N), 126.6 (G), 127.9 (G), 128.4 (G), 129.4 (G), 129.7

(C»), 130.3 (G), 133.3 (G), 135.5 (G); *H NMR (CDCk) 5 2.96-3.06 (m, 2H, CiN),



3.29-3.51 (m, 12H, NC#P, PCH), 7.05-7.24 (m, 16H) and 7.33—7.48 (m, 9H) (ArkfH;

[M—CI] *found = 788.1910, gZH1gNP.CIPt requires 788.1894.

[Bis(di-p-tolylphosphinomethyl)butylamine]dichlordapinum(ll) (13b)

Yield: 74% (0.12 g) of compounti3b as slightly yellowpowder.*'P NMR (CDC}) &
—9.6 (Jp.pt= 3408);**C NMR (CDCE) & 13.8 CH3sCH,), 20.1 (CHCHy), 21.4 (GCHs), 29.2
(CHsCH,CH,), 56.6 (dd, “Jcp = 61.6, 3Jcp = 5.0, NCHP), 62.8 (t,%Jcp = 11.4,
CHs3(CH,)2CH,N), 125.1 (dd ep = 72.6,3)cp = 5.3, G), 129.05 (d2Jcp = 5.8), 129.10 (d,
2Jep = 5.7) (G), 133.68 (d,%Jcp = 4.9), 133.72 (d3Jcp = 4.9 (Q), 141.6 (G); 'H NMR
(CDCl) 6 0.78 (t,Jun = 7.3, 3H, ®3CHy), 1.01-1.10 (m, 2H, C¥H,), 1.25-1.32 (m, 2H,
CHsCH,CH,), 2.38 (s, 12H, @CHs), 2.51 (t,*Jun =7.0, 2H, CHCH,CH,CH,N), 3.31 (d,*Jue
= 2.6, 4H, NCHP), 7.20 (d3J4p = 7.2, 8H, GH), 7.70 (ddJup = 10.9,J4p = 8.1, 8H, GH);

[M—=CI] *found = 754.2038, gyH4:NP.CIPt requires 754.2030.

[Bis(di-p-tolylphosphinomethyl)cyclohexylamine]dmtoplatinum(ll) (3c)

Yield: 59% (0.09 g) of compourtBcas whitepowder.**P NMR (CDC}) & —11.7 {Jp.pt
= 3448);*C NMR (CDC}) 6 21.4 (CH), 25.7 (G), 27.9 (G), 29.2 (G), 54.4 (dd,*Jcp =
62.5,%Jcp = 5.6, NCHP), 69.0 (t,3Jcp = 9.5,Cy), 125.1 (dd,}Jep = 71.7,%3cp = 4.6, G)),
129.01 (d2Jcp = 5.8), 129.05 (fJcp = 5.7) (G), 133.78 (d3Jcp = 4.8), 133.82 (d®Jcp = 4.9
(Cs), 141.6 (dJcp = 2.8, G); *H NMR (CDCk) & 0.92-1.17 (m, 5H, ax, CaHax,CaHax),
1.49-1.76 (M, 5H, eq, CaHeq, CsHeq), 2.17 (s, 1H, €H), 2.39 (s, 12H Ch), 3.38 (d,"Jup
= 2.5, 4H, NCHP), 7.20 (d3J4p = 7.1, 8H, GH), 7.72 (dd?Jup = 11.0,Jup = 8.1, 8H, GH);

[M—CI] *found = 780.2193, gsH43NP-CIPt requires 780.2186.



[Bis(di-p-tolylphosphinomethyl)benzylamine]dichlptatinum(ll) (13d)

Yield: 52% (0.09 g) of compounti3d as slightly yellowpowder.*'P NMR (CDC}) &
9.4 {Jpp = 3406);°C NMR (CDCE) 6 21.4 (CH), 55.7 (dd,"Jcp = 53.4,%)cp = 2.0,
NCH,P), 67.3 (t3Jcp = 11.9,CH,N), 124.6 (ddJcp= 73.5,°Jcp = 6.2, G'), 128.0 (G), 128.6
(C,), 129.04 (d2Jcp = 5.8), 129.08 (d%Jep = 5.7) (G), 129.6 (G), 133.68 (d2Jcp = 5.0),
133.72 (d3Jcp = 5.0 (G), 135.2 (G), 141.6 (G); *H NMR (CDCk) & 2.27 (s, 12H, C#),
3.19-3.29 (m, 4HNCH,P), 3.46 (s, 2H, CHN), 6.83 (d, 2HJun = 7.0, GH), 7.04 (d, 8H,
3 = 7.1, GH), 7.07-7.11 (m, 3H, 1, CH), 7.44-7.52 (m, 8H, &H); [M=CI]"iouna =
788.1880, G/H3gNP,CIPt requires 788.1873.

General procedure for the synthesis of bis(dibenzayt di-p-tolylphosphinomethyl)-
benzylamine-borane complexes

To 0.12 g (0.20 mmol) of the bis(>P(0)g@benzylaming5d or 6d) was added 0.15 mL
(2.20 mmol) of phenylsilane under nitrogen. The tomig was stirred at 120 °C in a vial in a
CEM Discover Microwave reactor equipped with a puge controller for 2.5 h.

Then, the mixture was diluted by the addition ohll of degassed toluene. To the solution of
phosphinelOd or 11d so obtained was added 0.40 mL of 2M THF solutibrBH3- SMe,
(0.80 mmol), and the mixture was stirred at 25 8Cdvernight. After this, 3 mL of water was
added dropwise and contents of the flask wereestifor 10 minutes. The precipitated boric
acid was removed by filtration and the organic ghass dried (N&O,). The residue
obtained after evaporation of the volatile compaserwas purified by column

chromatography (silica gel, 3% methanol in dichioedthane) to give borane complgxd or

150).



Bis(dibenzylphosphinomethyl)benzylamine-borane tx(jp4d)

Yield: 74% (0.09 g) of compount¥d as slightly yellowoil. *'B NMR (CDCk) & -34.6;
3p NMR (CDC}) & 12.1;*C NMR (CDCE) & 31.1 (d,"Jcp = 29.3, PCH), 50.9 (dd,*Jcp =
41.3,%Jcp = 5.3, NCHP), 61.6 (t,%Jcp = 4.5,CH;N), 127.0 (d,Jcp = 2.6, G), 127.7 (G),
128.51 (dJcp = 2.2, G), 128.52 (G)*, 129.8 (G)*, 129.9 (d,*Jcp = 4.1, G), 131.9 (dJcp
= 5.4, G), 137.3 (G), *may be reversedH NMR (CDCk) & 0.35-1.30 (m, 6H, B}, 2.88—
3.04 (m, 12H, NChP and PCH), 3.77 (s, 2H, CpN), 7.07-7.12 (m, 5H, ArH), 7.20-7.35

(m, 20H, Ar'H); [M+H] foung = 588.3333, gH46B2NP, requires 588.3328.

Bis(di-p-tolylphosphinomethyl)benzylamine-boranmptex (5d)

Yield: 69% (0.08 g) of compountbd as slightly yellowoil. *'B NMR (CDCk) & -34.8;
3P NMR (CDC}) 8 9.3;°C NMR (CDCb) & 21.4 (CH), 53.2 (dd,*Jcp = 40.0,%Jcp = 3.6,
NCH,P), 60.9 (t3Jcp = 4.0,CH,N), 125.3 (d}Jep = 54.9, G), 127.1 (G), 127.9 (G)*, 129.2
(Ca)*, 129.4 (d,cp = 10.0, G), 132.5 (d3Jcp = 8.9, G), 137.5 (G), 141.4 (dJcp = 2.2,
Cx), *may be reversedH NMR (CDCk) & 0.80-1.45 (m, 6H, BJ, 2.36 (s, 12H, CH}, 3.83
(s, 4H, NCHP), 3.90 (s, 2H, ChN), 6.88 (d, 2HJun = 7.1, GH), 7.09-7.20 (m, 11H, £H,
CsH, CH), 7.42-7.48 (m, 8H, £H); [M+H]*ouna = 588.3333, GH4eB:NP, requires

588.3328.

Calculation on the Pt-complexes

All computations were carried out with the Gaus8f program package (G09) [52],
using convergence criteria of 3.0 x404.5 x 10%, 1.2 x 10°® and 1.8 x 1T, for the
gradients of the root mean square (RMS) Force, Mawmi Force, RMS displacement and
maximum displacement vectors, respectively. Contjmurts were carried out using B3LYP/6-

31G(d,p) for CHNP and B3LYP/SDD(MWBG60) for Pt inding effective core potential



(ECP) [49-51]. The vibrational frequencies were pated at the same levels of theory, in
order to properly confirm all structures as resydiat minima on their potential energy

hypersurfaces (PESs). Thermodynamic functidnsl, G and S were computed at 298.15 K.

SCXRD measurements

General procedures: Crystals were mounted on & dglases. Cell parameters were
determined by least-squares from the respectitmgetngles as quoted. Intensity data were
collected on a high flux Bruker D8 Venture diffranteter at 100K(2) Kmonochromatized
Mo-Ka radiation,A = 0.71069 A) at 100K(2) and a mix efand¢ scans forl2b, 12c and
13c Multi-scan absorption corrections were appliedht® data. Initial structure models were
obtained by direct methods [60,61] and subsequéfarehce syntheses. Anisotropic full-
matrix least-squares refinement ocnvere applied [60,61] for all non-hydrogen atomeespt
some isotropic treated disordered atomic sitesthadnodels were refined to convergence.
Hydrogen atomic positions were calculated from amsiligeometries. Hydrogen atoms were
included in structure factor calculations but thvegre not refined. H atoms were kept riding
on their anchor atoms, with isotropic displacemeartameters of these hydrogen atoms were
approximated from the U(eq) value of the atom tacWwithey were bonded to.

12b: Space group was determined as monoch#gc (No. 14), witha = 9.6517(3)b =
24.1859(7),c = 15.9487(5) [A] ang¥ = 100.738(19. Final R indices [I > &(I)] are R =
0.0211,wR = 0.0424. Hydrogen atomic positions were calcdldtem assumed geometries.
The maximum and minimum residual electron densithiebe final difference maps are 1.05
and —0.60 e.& and are acceptable due to disorder imtHeutyl chain.

12c Space group was determined as monoch#dc (No. 14), witha = 9.7858(3)pb =
15.9750(5),c = 25.1121(9) [A] ang¥ = 98.130(1Y . Final R indices [I > &(l)] are R, =

0.0420,wR? = 0.0934. Hydrogen atomic positions were calcdldtem assumed geometries.



The maximum and minimum residual electron densitiethe final difference maps are 5.7
and —4.6 e. A’ and are acceptable due to extensive solvent disord

13c It was clear from the first data collection thaese crystals suffer from serious
twinning. Thus data were recollected and the twim tlerived. Space group was determined
as monoclinidP2;/c (No. 14), witha = 19.090(3)b = 10.9159(17)¢ = 20.821(3) [A] an¢h =
103.651(5). Final R indices [I > &(I)] are R, = 0.0508,wR¢ = 0.1163. Hydrogen atomic
positions were calculated from assumed geometffies. maximum and minimum residual
electron densities in the final difference maps28eand —1.1 e R and are acceptable due to
extensive solvent disorder.

All further calculations and drawings were doneusyng PLATON [62] and SCHAKAL
[63]. Crystal structure data are deposited with @anbridge Crystallographic Data Centre
under CCDC 1414765, 1414766 and 1416216 and caabtaned free of charge upon

application to CCDC.

Hydroformylation experiments

In a typical experiment, a solution of Piigand) (2b-d or 13b-d), 0.005 mmol)and
tin(ll) chloride (1.9 mg; 0.01 mmol) in toluene (BL) containing styrene (0.115 mL, 1.0
mmol) was transferred under argon into a 100 minkgss steel autoclave. The reaction
vessel was pressurized to 80 bar total pressuréHLO 1:1) and placed in an oil bath of
constant temperature. The mixture was stirred @itihhagnetic stirrer for the given reaction
time. The pressure was monitored throughout theticea After cooling and venting of the

autoclave, the pale yellow solution was removedianmdediately analyzed by GC.
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Resear ch Highlights

New a-aminophosphine oxides and N,N-bis(phosphinoylmethyl)amines were prepared
by efficient microwave-assisted K abachnik-Fields reactions.

The bis(phosphinoyl)amines, precursors for bidentate P-ligands were then converted
to the corresponding borane and ring platinum complexes after double deoxygenation.

Stereostructure of a few Pt complexes was evaluated by quantum chemical
calculations. Complexation enthal pies were determined.

The crystal structure of a few ring Pt species was studied by X-ray analysis. The
factors controlling the conformation were evaluated.

The Pt complexes were tested as novel catalyst in the hydroformylation of styrene.





