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Abstract

Compound trans-PtBr2(C2H4)(NHEt2) (1) has been synthesized by EtoNH addition to
K[PtBrs(C2H.)] and structurally characterized. Its isomer cis-PtBr2(C2Hs)(NHEt.) (3) has
been obtained from 1 by photolytic dissociation of ethylene, generating the dinuclear
trans-[PtBro(NHEt,)]. intermediate (2), followed by thermal re-addition of C2H4, but only
in low yields. The addition of further EtoNH to 1 in either dichloromethane or acetone
yields the zwitterionic complex trans-PtOBro(NHEt)(CH2CH:N®MHEL,) (4) within the
time of mixing in an equilibrated process, which shifts toward the product at lower
temperatures (AH® = -6.8 £ 0.5 kcal/mol, AS°® =-14.0+2.0 e.u., from a variable temperature
IR study). *H NMR shows that free Et,NH exchanges rapidly with H-bonded amine in a
4-NHEt; adduct, slowly with the coordinated Et2NH in 1, and not at all (on the NMR time
scale) with Pt-NHEt, or —CHCH:N™HEt, in 4. No evidence was obtained for
deprotonation of 4 to yield an aminoethyl derivative trans-[PtBra(NHEt2)(CH2CH2NEt)]
(5), except as an intermediate in the averaging of the diasteretopic methylene protons of
the CH.CH2N™HETt, ligand of 4 in the higher polarity acetone solvent. Computational
work by DFT attributes this phenomenon to more facile ion pair dissociation of 5-EtaNH,*,
obtained from 4-Et:NH, facilitating inversion at the N atom. Complex 4 is the sole
observable product initially but slow decomposition occurs in both solvents, though in
different ways, without observable generation of NEts. Addition of TfOH to equilibrated
solutions of 4, 1 and excess Et:NH leads to partial protonolysis to yield NEts but also
regenerates 1 through a shift of the equilibrium via protonation of free Et,NH. The DFT
calculations reveal also a more favourable coordination (stronger Pt-N bond) of EtoNH
relative to PhNH; to the Pt" center, but the barriers of the nucleophilic additions of Et,NH
to the C2H4 ligand in 1 and of PhNH> to trans-PtBr2(C2H4)(PhNH>) (1a) are predicted to be

essentially identical for the two systems.
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Introduction

A number of contributions have appeared in recent years on the intermolecular
hydroamination of non-activated olefins catalysed by Pt-based systems [1-8]. The first step
in these transformations is believed to be the nucleophilic addition of the amine to the
coordinated olefin in a Pt" derivative to afford a zwitterionic complex LsPt®)-CH,-CH,-
N®HR, [5, 9]. A recent computational study of the addition of aniline to ethylene
catalyzed by PtBr2/Br- was found to involve the resting state complex [PtBr3(C2H.)] and a
variety of off-loop species also containing a Pt"-coordinated ethylene ligand [10]. The
amine addition reaction has been very well studied experimentally for basic amines and
PtClI; derivatives such as trans-PtClz(olefin)(am) or cis-PtCl2(C2H4)(Y) (Y = PR3, py, NHs,
am, DMSO; am = amine) [11-15] (Scheme 1) and monochloride complexes such as
[PtCl(alkene)(tmeda)]* [16] or PtCI(PyPyr)(C2Ha4) [17], but no evidence of addition was
found when the amine is not sufficient basic (pKa < 5 for the conjugate ammonium ion). It
has also been shown that basic amines add reversibly and exothermically to coordinated
ethylene [15], but the system may slowly lead to irreversible transformations at room
temperature, occasionally accompanied by the formation of Pt° [18]. For instance, the
zwitterionic complexes resulting from the nucleophilic addition to the above mentioned
cis-PtCl2(CoH4)(Y) may lead to the formation of platinaazacycles [13] or other ligand
substitution processes, see Scheme 1 [13, 16], whereas only decomposition was observed
for the trans-PtCl2(C2Hg4)(am) isomer [19]. The cis/trans isomerisation is usually a slow

process for these complexes [11, 20].



ol

am-H,C-H,C—Pt—am

am|

Cl Cl
| am ® [E) m \
H—»Pt—CI am-H,C-H,C—Pt—ClI am-H,C-H,C—Pt—ClI
| -am | -ClI [
Y Y Y
am
Y = PR3, py, NH3, am, Me,SO -am -H*
e O
cl cl cl Pt—Cl
| am ©) [S) |
‘ —Pt—am am-H,C-H,C—Pt—am Y
| am |
Cl Cl
Scheme 1

It is notable that no Pt-catalyzed hydroamination is reported for amines that lead to
experimentally observable nucleophilic addition to Pt-coordinated ethylene, whereas no
nucleophilic addition products are experimentally observable for amines that give catalytic
hydroamination. Moreover, the turnover number for the PtBr2/Br-catalyzed
hydroamination of CoHs4 by ArNH: is inversely proportional to the amine basicity (for
instance, 22 for Ar = 4-MeOCsH4 with a pKj for the conjugated acid of 5.34 and 110 for
Ar = 2-CICgH4 with a pKa of 2.65) [1].

We have recently reported experimental and theoretical studies on the
hydroamination of ethylene by aniline [7, 8, 10, 21]. The catalytic system consisting of
PtX2/X" shows the best activity for X = Br. The reaction between complexes trans or cis-
PtBro(C2Hs)(PhNH2) and PhNH: (pKa = 4.63) does not give observable nucleophilic
addition products at temperatures up to 68°C. The present paper reports the investigation of
model stoichiometric processes involving the more basic amine EtzNH (pKa of conjugated
acid = 11.02) and the PtBr2/Br catalytic system. We will compare the reactivity of
complexes trans-PtBrz(C2H4)(HNEt2) (1) and trans-PtBr2(C2Ha)(PhNH>) (1a) towards an
excess of the corresponding amine, in an effort to understand the role of the amine basicity

and the presence of added acids to the hydroamination catalytic activity.

Experimental part



General. All solvents were of HPLC grade and were used as received. HNEt
(Fluka) was distilled and kept under argon in the dark. K[PtCl3(C2H4)]-H20 (Aldrich) was
used as received. Ethylene (purity > 99.5%) was purchased from Air Liquide.

Instrumentation. NMR investigations were carried out on Bruker DPX300 (and
AV400) spectrometers operating at 300.1 (400.1) MHz (*H), 75.47 (100.6) MHz (*3C) and
64.5 MHz (***Pt). Low-temperature NMR investigations were carried out on a Bruker
AV500 spectrometer, operating at 500.3 (*H) and 125.8 MHz (*3C) and 107.2 MHz (**°Pt),
respectively. The spectra were calibrated with the residual solvent resonance relative to
TMS (*H, ®C) and NazPtCls (**°Pt). The NMR studies were performed either in air or
under argon, showing no difference. IR spectra were recorded on a Perkin-Elmer Spectrum
100 FTIR spectrometer for neat compounds (4000-600 cm™; 2 cm™ resolution) and on a
Nicolet FTIR spectrometer for solutions in CaF> cells. A Carl Zeiss Jena cryostat was used
for variable temperature measurements; the accuracy of the experimental temperature
adjustment was +1 K. Elemental analyses were performed by the Microanalytical Service
of the Laboratoire de Chimie de Coordination. Other characterization data (NMR in other
solvents, UV-visible, IR) are given in the Supporting Information.

Synthesis of trans-PtBr2(C2H4)(HNEt2), 1. An aqueous solution (16 mL) of Zeise’s
salt (500 mg, 1.36 mmol) and KBr (8 g, 50 equiv) was stirred under an ethene flush
overnight at room temperature. An EtcNH (140 pL, 1.36 mmol) solution in EtOH (4 ml)
was then added dropwise, yielding a yellow precipitate. After stirring for 1 h at room
temperature, the yellow precipitate was filtered, washed with water, dried in vacuo,
redissolved in dichloromethane, filtered and again dried in vacuo (467 mg, 75 %). The
compound was stored in the dark at low temperature under argon. Elem. anal. % Calcd. for
CeH1sBroNPt: C, 15.80; H, 3.32; N, 3.07. % Found: C, 15.87; H, 3.28; N, 3.07. IR (neat,
cm™): 3198 (N-H), 1518 (3(C2Has) + v(C2Ha)), 1249 (v(C2Ha) + 3(C2Ha)). NMR (acetone-

ds): 1H (300.13 MHz, §): 5.62 (br with Pt satellites, 1H, NH, 2Jp.n ca. 90 Hz), 4.68 (s with



Pt satellites, 2Ju.pt = 60 Hz, 4H, C2H4), 3.35 (m, 2H, HNCHy>), 3.13 (m, 2H, HNCH_), 1.52
(t, 3Ju-n = 7 Hz, 6H, HN(CH2CHs),). BC{*H} (75.5 MHz, §): 70.7 (s with Pt satellites, Jc-
pt = 153 Hz, CzH4), 50.0 (s with Pt satellites, HNCH2, Jc.pt = 14 Hz), 14.0 (s with Pt
satellites, HN(CH2CHzs)2, YJc-pt = 8 Hz). 19°Pt (64.5 MHz, §): -3456 (br tr, 1Jpen = 218 Hz).
For the NMR properties in other solvents, see SlI.

Synthesis of trans-Pt2Bra(HNEt2)2, 2. Compound 1 (150 mg, 0.175 mmol) was
dissolved in a mixture of CHCIs (ca. 300 ul) and petroleum ether (1.2 ml). The solution
was irradiated with UV-light. After 18 h the colorless solution was decanted off from
formed red-orange precipitate, which was then washed with pentane and dried in vacuo
(132 mg, 94%). Elem. anal. % calc. for CgH22BrsN2Pt, C, 11.22; H, 2.59; N, 3.27. %
Found: C, 12.03; H, 2.63; N, 3.26. IR (neat, cm™): 3183 (N-H). NMR (acetone-ds): 'H
(300.13 MHz, 8): 5.04 (br, 2H, NH, 2Ju.pt = 60 Hz), 2.78 (m, 4H, HNCH?), 2.50 (m, 8H,
HNCHz, “Ju-pt = 62 Hz), 1.65 (t, 3Jun = 7 Hz, 12H, HN(CH2CHa)2); *C{*H} (75.5 MHz,
5): 68.2 (s with Pt satellites, *Jc-pt = 153 Hz, C2Ha4), 50.0 (s with Pt satellites, HNCH2, 1Jc.pt
= 13 Hz), 13.5 (s with Pt satellites, HN(CH2CHa)2, 1Jc-pt = 8 Hz). 1®°Pt (64.5 MHz, 5): -
2210 (br).

Preparation of cis-PtBr2(C2H4)(HNEt2), 3. Compound 2 (100 mg) was suspended
in CHCIs (4 mL) and hexane (4 ml) and the mixture was treated with an ethylene stream in
the dark. After 18 h, the *H NMR spectrum showed only small changes relative to the
starting material. After 4 days a small amount of grey precipitate had formed while the
colour of solution was slightly green. The precipitate was filtered off, washed with CHCl3
and dried (16 mg, 15 %). Elem. anal. % calc. for CeH1sBraNPt: C, 15.80; H, 3.32; N, 3.07.
% Found: C, 16.95; H, 3.18; N, 2.83. IR (neat, cm™): 3164 (N-H). NMR (acetone-ds): *H
(300.13 MHz, §): 4.50 (br, 4H, CzHa), 3.76 (1H, NH, 2Jup = 60 Hz) 3.30 (m, 2H,
HNCHS>), 2.80 (m, 2H, HNCHz, “Ju.pt = 62 Hz), 1.43 (t, 3Jun = 7 Hz, 6H, HN(CH2CHa),).

BC{H} (75.5 MHz, §): 68.2 (s with Pt satellites, Jc.pt = 185 Hz, C2H4), 50.0 (s with Pt



satellites, HNCH2, YJc.pt = 15 Hz), 13.5 (s with Pt satellites, HN(CH2CHz)2, Jc.pt = 8 Hz).
19pt (64.5 MHz, §): -3059 (br tr, J = 213 Hz). The compound slowly decomposes in
solution with the formation of black particles.

Computational details. All geometry optimizations were carried out on isolated
molecules in the gas phase by the DFT approach with the Gaussian03 suite of programs
[22] using the B3LYP functional [23-25]. All molecules described in this work are
diamagnetic with the paramagnetic excited states expected at much higher energy, thus the
typical problem of the overestimation of spin polarization shown by hybrid functionals
[26] does not negatively affect our calculations. All atoms except Pt were described by the
standard 6-31+G™* basis set, which includes both polarization and diffuse functions that are
necessary to allow angular and radial flexibility to the highly anionic systems. The Pt atom
was described by the LANL2TZ(f) basis, which is an uncontracted version of LANL2DZ
and includes an f polarization function and an ECP [27]. Frequency calculations were
carried out for all optimized geometries in order to verify their nature as local minima, for
the calculation of thermodynamic parameters at 298.15 K under the ideal gas and harmonic
approximations, and for the identification of all transition states (one imaginary
frequency). Solvent effects were introduced by means of C-PCM [28, 29] single point
calculations on the gas-phase optimized geometries in dichloromethane (¢ = 8.93) and
acetone (¢ = 20.49). Among various continuum solvent models, the C-PCM was selected
because of its generally better performance [30-32], even though there remains an inherent
error when working with charged species [30]. The solvent cavity was created by a series
of overlapping spheres by the default UAO model and all standard settings as implemented
in Gaussian03 were used for the C-PCM calculations. The reaction free energy changes in
solution were corrected for the change of standard state from the gas phase (1 atm) to

solution (1 M) [33].



X-ray crystallography. A single crystal of each compound was mounted under inert
perfluoropolyether at the tip of a glass fibre and cooled in the cryostream of an Oxford-
Diffraction XCALIBUR CCD diffractometer. Data were collected using the
monochromatic MoKa radiation (A= 0.71073). The structures were solved by direct
methods (SIR97) [34] and refined by least-squares procedures on F? using SHELXL-97
[35]. All H atoms attached to carbon were introduced in idealised positions and treated as
riding on their parent atoms in the calculations except for the H attached to the ethylene
group which were refined using restraints. The drawing of the molecules was realised with
the help of ORTEP3 [36]. Crystal data and refinement parameters are collected in Table 1,
while relevant bond distances and angles are given in Table 2. Crystallographic data
(excluding structure factors) have been deposited with the Cambridge Crystallographic
Data Centre as supplementary publication no. CCDC 784685 & 784686. Copies of the data

can be obtained free of charge on application to the Director, CCDC, 12 Union Road,

Cambridge CB2 1EZ, UK (fax: (+44) 1223-336-033; e-mail: deposit@ccdc.cam.ac.uk).

Table 1. Crystal data and structure refinement for compounds 1 and 2.

Identification code 1 2
Empirical formula CeH15BroNPt CgH22BraN2Pt2
Formula weight 456.10 856.10
Temperature,K 180(2) 180(2)
Crystal system Monoclinic Monoclinic
Space group P 2i/n P 2:/n

a, A 11.0458(4) 7.1779(3)
b, A 8.7461(3) 11.6622(4)
c, A 11.5095(4) 10.3715(4)
a,° 90 90.0

B,° 102.881(4) 100.113(2)
7,° 90 90.0

vV, A3 1083.92(7) 854.71(6)
z 4 2

Dcalc, Mg/m3 2.795 3.326


mailto:deposit@ccdc.cam.ac.uk)

p, mm-1

F(000)

Crystal size, mm3

0 °, range

Reflections collected
Unique reflections [Rint]
Obsd reflections [1 > 25(1)]
Completness

Absorption correction
Tmin/Tmax

parameters

GOF on F2

R1, wR2 [I>25(1)]

R1, wR2 (all data)
Apmin, Apmax (e A7)

20.259 25.680

824 760
0.25x0.23x0.18  0.38x0.32x0.26
2.90 to 28.28 3.37t030.0
9325 11378

2683 [0.0380] 2489 [0.0683]
100.0 2215
0.25x0.23x0.18 99.5
Multi-scan Multi-scan
0.231/1/0 0.28744/1.0
108 76

0.979 1.005

0.0257, 0.0557
0.0346, 0.0574
-1.970, 2.066

0.0292, 0.0728
0.0348, 0.0761
-3.060, 1.883

Table 2. Relevant bond lengths [A] and angles [°] for compounds 1 and 2.

Compound 1

Distances

Pt(1)-N(1) 2.089(4) Pt(1)-C(1) 2.146(6)
Pt(1)-Br(1) 2.4191(5) Pt(1)-C(2) 2.158(5)
Pt(1)-Br(2) 2.4201(6) C(1)-C(2) 1.356(9)
Angles

N(1)-Pt(1)-C(1) 156.9(2) C(2)-Pt(1)-Br(1) 91.26(17)
N(1)-Pt(1)-C(2) 166.3(2) N(1)-Pt(1)-Br(2) 90.66(11)
C(2)-Pt(2)-C(2) 36.7(2) C(1)-Pt(1)-Br(2) 90.69(17)
N(1)-Pt(1)-Br(1) 87.60(11) C(2)-Pt(1)-Br(2) 89.88(17)
C(1)-Pt(1)-Br(1) 91.83(17) Br(1)-Pt(1)-Br(2) 177.088(19)
Compound 2

Distances

Pt(1)-N(1) 2.055(4) Pt(1)-Br(1) 2.4316(5)
Pt(1)-Br(2) 2.4082(6) Pt(1)-Br(1)#1 2.4479(5)
Angles

N(1)-Pt(1)-Br(2) 92.76(12) Br(2)-Pt(1)-Br(1)#1  91.004(18)
N(1)-Pt(1)-Br(1) 90.02(12) Br(1)-Pt(1)-Br(1)#1  86.233(17)
Br(2)-Pt(1)-Br(1) 177.016(17) Pt(1)-Br(1)-Pt(1)#1  93.767(17)
N(1)-Pt(1)-Br(1)#1 176.19(12)

Symmetry transformations used to generate equivalent atoms: #1 -x,-y,-z+1
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Results and Discussion

(a) Synthesis and characterisation of the starting materials.
The synthetic work is summarized in Scheme 2. Complex trans-PtBr2(C2Ha)(HNEL,)
(1) was synthesized in 75% yield starting from Zeise’s salt by adapting the methodology

previously described for the preparation of related complex trans-PtBrz2(C2Hs)(PhNHz2), 1a

[7].

KBr Et,NH Bro., . H irrad.
K[PtCI3(CoHa)l | —— = | K[PtBrs(CoHy)] | ——> ' ppl D ——
Zeise's salt Chojnacki's salt EtzHN/ Br
1
irrad. Br-.,,, , \“,Br \‘.vNHEtz CzH4 Br-.,,, pp Br
— Pt Pt
ELHN”  “Br™ Br EtL,HN" \H
Scheme 2

The trans square planar coordination geometry of 1 was confirmed by a single
crystal X-ray structural study, see Figure 1, which reveals a short contact between the N-H
proton and one of the Br atoms (Br1---H-N1 = 2.71 A). The solution *H NMR spectrum is
consistent with the solid state geometry, with two independent resonances as complex
multiplets at & 3.36 and 3.13 for the diastereotopic methylene protons. One pair of these
protons also shows 1*°Pt satellites (J = 66 Hz, see Figure S1). The equivalent CH3 protons
show a complex signal the shape of which approaches a first-order binomial triplet at &
1.53 (500 MHz, Figure S1), while it is more complex at 300 MHz (Figure S2). The broad

amine NH proton (5 ca. 5.6) also shows coupling with the Pt nucleus (ca. 90 Hz).
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Figure 1. An ORTEP view of the molecular structure of trans-PtBr2(C2Hs)(NHEL), 1.
The thermal ellipsoids are drawn at the 50% probability level.

The *°Pt{*H} NMR resonance of 1 is peculiar, see Figure 2. It shows as a 1:1:1
triplet, the shape of which is distorted to yield approximate relative heights of 1:1.7:1 at
64.2 MHz and 1:1.25:1 at 107.2 MHz (J = 218 Hz). The observed coupling, which is
attributed to the quadrupolar **N atom (I = 1), is not usually observed in the %Pt NMR
spectrum of platinum amine compounds [37], but the resonance shape and relative signal
intensities are well understood [38]. Other rare examples of this phenomenon have been
reported for the ammonia complexes [Pt(NH3)4]?*, [cis-Pt(NH3)2(H20)2]?* [39] and

K[Pt(NH3)Cls] [40].

@)

(b)

| 3445 3450 3455 3460 -3465 §
Figure 2.  1Pt{*H} NMR of 1 in acetone-ds at 107.2 MHz (a) and 64.2 MHz (b).
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While the synthesis of 1 is relatively straightforward, that of its cis isomer 3 is more
problematic. The same methodology adopted for the preparation of cis-
PtBro(C2oHs)(PhNH2) [7] (ethylene addition to the aminetribromoplatinate precursor)
cannot be applied here because the product cannot be kinetically stabilized by precipitation
and thus led again to the thermodynamically preferred 1 as a sole product under these
conditions. An alternative synthetic pathway, described for a related CI-NHMe> complex
[13, 41], involves the irradiation of trans-PtCl,(C2Hs)(HNMe2) to afford trans-
Pt2Cla(HNMez)2, from which cis-PtCl2(C2H4)(HNMey) is obtained by addition of ethylene.
This procedure indeed led to the formation of the desired complex 3, although less
efficiently because the ethylene addition to the intermediate dinuclear complex 2 is
extremely slow (more than 4 days vs. 2-4 h for the Cl analogue). The intermediate 2 was
also obtained more slowly than the CI-NHMe; analogue under the same conditions (18 vs.

12 h). The molecular structure of complex 2 was also obtained, see Figure 3.

Figure 3. An ORTEP view of the molecular structure of trans-[PtBro(NHEt2)]2, 2. The
thermal ellipsoids are drawn at the 50% probability level. Symmetry code: (i) —

X, -y, 1-z.
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Like complex 1, complex 3 also shows %Pt-*N coupling (}J = 213 Hz) in the
195pt{*H} spectrum. It does not show, on the other hand, %Pt satellites for the broad CoHa
ligand resonance in the *H NMR spectrum. Since the yield of 3 is very small, we shall only
concentrate on the reaction between HNEt, and the trans isomer 1 for the model study of
the nucleophilic attack to coordinated ethylene, relevant to the Pt-catalyzed ethylene

hydroamination mechanism.

(b) Reaction between trans-PtBr2(C2H4)(HNEt2) and HNEt: in dichloromethane.

The addition of NHEt, to 1 in CD,Cl, at 298 K was followed by *H, *C{*H} and
19pt{*H} NMR, giving evidence for the equilibrated formation, within time of mixing, of
the zwitterionic complex trans-PtOBro(NHEt)(CH2CH.N®HEt,) (4), according to
Scheme 3. At long reaction times (2-3 days), the deposition of black particles (presumably
Pt% occurred, but the solution was relatively stable over the first few hours for a full NMR
investigation to be carried out. Only the spectra run in CD.Cl> under argon are shown in

the figures and discussed in detail; similar results were also obtained in CDCls or in air.

@

+ Et
I/NHEtz YN —H—NHEt,
oo A W g o] e o [
N N Pt
Et,HN Br _NHEt, EtHN Br CNHEL  ELHNT B
1 4 4-HNEt,
Scheme 3

The transformation of 1 to 4 is indicated by the decrease of the *H NMR CzH4
resonance at 6 4.77 in favour of the two methylene triplet resonances of the ethylene chain
in the CH2CH2N™HE, ligand at ca. & 2.86 (Ju-pt = 32 Hz) and 2.09 (Ju-pt = 94 Hz), see
Figure S3. Integration of the residual C2H4 resonance of 1 demonstrates its persistence

14



even in the presence of amine excess (up to at least 3 equiv). Simultaneously, the added
amine in the same ligand shows two methylene multiplet resonances at & 3.37 and 3.21 for
the diastereotopic protons. The coordinated amine equally shows a new pair of multiplet
resonances for the diastereotopic methylene protons at 6 ca. 3.08 and ca. 2.79 and the
methyl triplet at 6 1.40 (overlapping with the resonance of the ammonium group), while
the NH proton is shifted to 6 ca. 7.9 with observable Pt satellites (Jrt-H = ca. 90 Hz). The
NH protons of the CH,CH2N®™HEL, ligand and of the excess free NHEt,, on the other
hand, are not visible, probably because they are broadened beyond detection. On the other
hand, all these NH protons must be exchanging rather slowly (the N atom inversion is very
slow), as suggested by the observation of separate resonances for the diastereotopic
methylene protons. As will be shown in the next section, the behaviour in acetone-ds is

different. The full assignment of the resonances of 4 is shown in Figure 4.
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500 MHz

F+J N\
J=32 Hz acetone-dg

J
=l ak g

300 MHz

m CD,Cl,
D E B A
e e oM

ppm 3.50 3.00 2.50 2.00 1.50 1.00

Figure 4. Selected region of the *H NMR spectra for compound 4 in the presence of 2
equiv NHEt; at 298 K, with resonance assignments. The resonances at o ca. 2.6

(quartet) and 1.1 (triplet) are due to excess NHEt,. The asterisk for the spectra

in acetone-dg indicates the solvent resonance.

The aliphatic proton resonances of the free NHEt, are broad when small amounts are
present; they sharpen and shift to approach the pure NHEt> values in the presence of larger
amounts. The resonances of the coordinated NHEt, and CH2CH,N™HEt; ligands in 4 do
not show any unusual broadening as a function of the NHEt./Pt excess, indicating that

these ligands are not involved in any rapid dynamic process on the NMR time scale. The
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coordinated NHEt, resonances in residual 1, on the other hand, slightly broaden but do not
significantly shift in the presence of free NHEt> (see Figure S3), suggesting a slow NHEt
self-exchange process (close to the slow exchange limit in NMR) for compound 1. This is
much slower than for the related complex trans-PtBr2(C2Hs)(PhNHy), for which a single
resonance for coordinated and free PhNH, was observed (fast exchange limit in NMR) [7].
Therefore, the shift and broadening of the free Et2NH resonances cannot be caused by any
chemical exchange within compounds 1 and 4. We propose that it results from a rapid
exchange between the excess free and H-bonded amine in a 4-HNEt, adduct, see Scheme
3. The formation of H-bonded interactions by amines coordinated to platinum complexes
is precedented.[42-44]

The conversion of 1 to 4 is accompanied by the generation of a major resonance at &
-3565 in the '®Pt{*H} NMR spectrum (Figure S4) and resonances at & -13.6 (}Jc-pt = 667
Hz) and 60.7 (2Jc.pt = 36 Hz) for the o and B C atoms of the CH2CH2N®HEt, ligand in the
BC{*H} NMR spectrum (Figure S5). The NHEt, 3C resonances of residual 1 are
broadened by free NHEt,, whereas those of the same ligand in 4 remain sharp, confirming
the 'H NMR evidence for the amine exchange dynamics. Time evolution of these spectra
shows the formation of decomposition products more clearly than the *H spectrum, given
the reduced number of resonances and their greater spread.

The amine addition reaction was also monitored by IR spectroscopy. Compound 1
exhibits a vnn band at 3227 cm™ (¢ = 100 M™cm™) for the coordinated Et,NH ligand in
CH2Cl>. Upon addition of an increasing amount of EtaNH this band decreases in favor of a
new band at 3248 cm? (¢ = 37 Mem™), which is attributed to the NHEt. ligand of
compound 4 (see Figure S6). The shift of this band to higher frequency on going from 1 to
4 is in agreement with predictions based on DFT calculations (vide infra). A variable
temperature study on the solution containing 1 equiv of NHEt> (Figure S7) shows an

equilibrium shift toward 4 upon cooling, evidencing exothermicity for the amine addition
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process. Quantitative analysis of the acquired data indicated a 1:1 reaction stoichiometry
(Figure S8) with thermodynamic parameters AH® = -6.8 = 0.5 kcal/mol and AS° = -14.0 +
2.0 e.u. (Figure S9). These values correspond to Kazes k = 80 M and AGaes k = -2.6
kcal/mol. A related parameter for the addition of HNEt; to trans-PtClo(C2oHs)(HNEt?),
investigated by NMR spectroscopy in chloroform, gave values of Kagsk = 12 M (AG2es k
=-1.5 kcal/mol) [19].

Analysis of the spectra below 3000 cm™ (Figure S10) did not reveal bands that could
be clearly attributable to the ammonium NH vibration, but showed the disappearance of the
bands of 1 (at 1326, 1218 cm™) and Et,NH (1327, 1184, 1140, 1125 cm™) and the
appearance of several new bands attributed to 4 (at 1395, 1354, 1342, 1206, 1089, 1026
cm?) and assigned to numerous deformational N-H vibrations of the Et;NH
and -CHCH2N™HEt, ligands, mixed with CH deformations. Notably, these bands
increase in a similar manner both upon the EtoNH excess increase and upon temperature
decrease. There was no indication of new species generated by a higher amine excess, in
agreement with the NMR results described above.

The absence of observable bands due to the ammonium NH vibration may result
from strong intra- and intermolecular associations in 4 and 4-NHEt,, respectively. As
generally appreciated, H-bonding has the effect of broadening the N-H vibration and
shifting it toward lower frequency. In order to further confirm this hypothesis, an IR
investigation in CH2Cl, was also carried out for the protonation of EtsN by CF;COOQOH,
yielding EtsNH* as a model of the putative — CH,CH.N®HEt; unit in 4 (Figure S11). It did
not reveal a van band attributable to EtsNH*, although the formation of ionic species is
evident from the presence of the CFsCOO" anion v¥oco band at 1673 cm™ [45]. Hence, this
experiment justifies the lack of observation of a spectroscopic signature for the ammonium

ion of 4 in the IR spectrum.
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(c) Reaction between trans-PtBr2(C2H4)(HNEt2) and HNEt: in acetone.

The same experiment described above was also carried out in acetone. The reason for
this choice is that acetone is more polar than dichloromethane (¢ = 20.49 vs. 8.93 for
CHCI>) and may therefore favour the formation of charge-separated species, for instance
deprotonation of the zwitterion 4 by excess NHEt> to yield a negatively charged
aminoethyl Pt" complex and Et,NH,*. The results of the NMR and IR investigations were
very similar to those described above in dichloromethane within the first few hours from
mixing, again in agreement with the transformations outlined in Scheme 3. Identical results
were also observed working under an argon atmosphere or in air. The relevant results of
the *H, %Pt{*H} and *C{*H} monitoring are shown in Figures S12-14. An interesting
difference concerns the dynamic behaviour. As clearly shown in Figure 4, the
diastereotropic methylene protons of the ammonium ethyl groups are collapsed into a
single quartet resonance in this solvent. This phenomenon is attributed to a faster
deprotonation/amine inversion/reprotonation via the 4-NHEt; intermediate, which is
favoured by the higher dielectric constant of the acetone medium. This point will be
addressed again in the computational part below. The *H NMR spectra show the same
shifting of the excess free NHEt> resonances, confirming rapid 4/4-NHEt, exchange, and
the broadening of the coordinated NHEt, resonance in residual 1, indicating slow self-
exchange, as also observed in CD,Cl; (vide supra).

The immediate, selective and equilibrated formation of compound 4 in acetone-de
was again confirmed by the **Pt{*H} and *C{*H} NMR monitoring. The former shows a
singlet resonance at & -3550 while the latter reveals the characteristic Pt-C(a)-C(p)
resonances with Pt satellites at § -14.7 ({cpt = 667 Hz) and & 59.5 (“Jc-prt = 36 Hz),
respectively (Figures S13 and S14). These chemical shifts correspond closely to those
observed in CD,Cl, (vide supra). The decomposition occurred at a faster rate in acetone

and led to different products relative to dichloromethane. The investigation of the nature of
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these decomposition products was not further pursued. The deposition of black solid
occurred in both solvents after a few days and no formation of NEts was observed during
the decomposition.

Addition of the strong acid CFsSOzH to a partially decomposed solution did not
eliminate the resonances of the decomposition products (as monitored by 3C{*H} NMR),
indicating that these are not produced by equilibrium processes involving the
deprotonation of the zwitterion ammonium function by the excess EtNH. In a separate
experiment, excess acid was added immediately to a solution of 4 generated in situ from 1
and 5 equiv of EtoNH. The resonances of 4 disappeared, accompanied by the reappearance
of the resonances of compound 1. This can be easily explained by the equilibrated nature
of the nucleophilic amine addition to 1 to yield 4 (Scheme 3). In a separate experiment,
two equivalent solutions of 1 in acetone-de were treated, one with 6 equiv of EtoNH, the
other one with 8 equiv of EtoNH and then immediately with 2 equiv of TfOH (aiming at
the in situ generation of 6 equiv of Et2NH and 2 equiv of EtzNH2"). The underlying idea
was to verify whether the presence of the conjugate acid would retard the decomposition of
4, thus helping to rationalize the greater catalytic activity of PtBro/Br in the ethylene
hydroamination by aniline when a small amount of a strong acid was added. The results
(shown in the supplemental figures S15 and S16) reveal that the evolution of compound 4
is essentially the same in both cases. However, an important difference is observed
immediately: a new set of resonances (a triplet and a quartet) for an ethyl derivative is seen
in the spectrum following the addition of TfOH. A spiking test confirmed the identity of
this compound as EtsN (0.38 equiv relative to Pt, according to integration), as well as its
absence in the experiment run without acid. Thus, it seems that the Pt-C bond protonolysis
and the protonation of the excess amine by TfOH are competitive, even though the amine
is present in much larger amount (8 equiv per Pt complex). After this initial burst of

protonolysis, no additional EtsN is generated (its relative amount remains constant) while
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the residual 4 further decomposes, as it does in the absence of conjugate acid. This shows
also that EtaNH2", once formed, is not sufficiently acidic to induce the release of EtsN from
4 or from any of the complexes generated by the decomposition of 4.

As mentioned above, earlier reports have already shown the stoichiometric liberation
of the hydroamination products from zwitterionic compounds [46-48], although these
studies were carried out, to the best of our knowledge, on isolated compounds and under
conditions where the equilibration with the starting olefin complex is not established
(addition of a mineral solution of the strong acid to the isolated solid under heterogeneous
conditions). Our observations on the protonation of the equilibrated solution show that,
although the free amine is protonated, shifting the equilibrium back toward the olefin
complex, protonation of the alkyl ligand leading to the hydroamination product also
occurs, indicating that this process is faster than the equilibration between 1 and 4 (and
even competitive with the protonation of the excess free NHEL).

The IR monitoring of the amine addition in acetone yields a spectral picture in the
VNH region qualitatively identical to that in dichloromethane (Figure S17), except that the
vnr(1) band shows widening (Aviz = 25 cm? in acetone vs. only 10 cm? in
dichloromethane) and low frequency asymmetry. This is probably due to the specific
solvation effects (NH---O=CMe: interaction). A quantitative analysis gives Ko k = 135
M7 (AGzes k = -2.9 kcal/mol) for the nucleophilic addition equilibrium constant, slightly
higher than the value in dichloromethane. Careful examination of all spectral changes
(including down to 1000 cm™) does not show any evidence for the presence of other
species; however, the bands are wide and a large portion of the spectra is masked by the

solvent absorptions.

(d) Computational investigation.
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In a previous contribution [7] we have shown that the reaction of trans-
PtBr2(C2H4)(PhNH2) (1a) with PhNH2 does not yield an observable zwitterionic product
up to ca. 68°C, the only observable process being a self-exchange of free and coordinated
aniline molecules. In combination with a computational investigation [10], the lack of
observation of the nucleophilic addition product was attributed to its high relative energy.
On the other hand, we have shown in this contribution that the reaction between 1 and
HNEt, gives observable equilibrium amounts of the zwitterionic product 4 and its H-
bonded derivative 4-NHEt> (Scheme 3). Hence, the reaction free energy associated to the
nucleophilic amine addition must be smaller in this case. We have carried out a full QM
DFT study on the conversion of 1 to 4 using the same computational level and
approximations previously reported for the corresponding aniline system [10], without
molecular simplification and with inclusion of the solvent effects through the C-PCM
model, the only difference being the nature of the solvent (dichloromethane, € = 8.93, or
acetone, € = 20.49) in the present study). It was shown for the aniline system that the most
favourable nucleophilic addition pathway involves the amine attack to the olefin anti face
relative to the metal, thus we restricted our calculations to this pathway also for the NHEt,

addition. Figure 5 summarizes the comparative results for the two systems.

TS(1-4)

[PtBr5(CoH,)I ’
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Figure 5. AG“P“M in kcal mol™ at 298.15 K and views of the optimized geometries for the
reagents, products and highest points along the amine nucleophilic addition
pathway for compounds 1 and 1la, starting from the common precursor

[PtBrs(C2H4)]".

The numbering scheme used for the PhNH: system is the same as for the NHEt.
system with an added “a” suffix. All reported energies corresponds to AGSPM = AGgas +
AAGsolv (AGgas is the free energy change of the reaction in the gas phase and AGson IS the
free energy of solvation for each compound), which was found to provide the best
qualitative agreement with the experimental results, in spite of the inevitable uncertainty
associated with the calculation of the solvation entropy [21]. The AG®"“M values are given
relative to the common precursor [PtBrs(CzH4)]", taking into account the values of all
species that are added to or subtracted from the system. This ion was indeed shown to be
thermodynamically more stable than 1a by NMR investigations in CD2Cl, solution and
computational work indicated that it is the resting state of the PtBr./Br-catalyzed ethylene
hydroamination by aniline [10].

The first notable observation from Figure 5 is that NHEt, binds the metal atom more
strongly than PhNH>, since the relative energy of 1 is 0.8 kcal/mol below that of
[PtBr3(C2H4)]” and 4.2 kcal/mol below that of la. This result correlates at least
qualitatively with the greater lability of the coordinated aniline, which undergoes self-
exchange with free ligand in complex la considerably faster than the NHEt, ligand in
complex 1 (vide supra). The second interesting observation is that the nucleophilic
addition barrier is essentially identical for both amines (20.1 kcal/mol for 1a to 4a and 20.3
kcal/mol for 1 to 4). The starting complexes have practically identical calculated C=C
distances (1.398 A for 1 and 1.396 A for 1a), indicating an essentially identical degree of

n-back donation. The two transition states have also very similar geometries (C---N
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distance of ca. 2.0 A in both cases for the incipient bond) and charge distributions
(Mulliken charges of -0.176 and -0.177 for the C atom in TS(la-4a) and TS(1-4),
respectively). The optimized zwitterionic structures are nearly identical, except for the
presence of an intramolecular NH---Br bond in 4 and its absence in 4a. Both complexes are
calculated as less stable than the precursor olefin complex, but the difference between 4
and 1 is 6.3 kcal/mol while that between 4a and 1a is greater, 9.5 kcal/mol. The calculated
free energy difference for the conversion of 1 to 4 is too large to be compatible with the
observation of equilibrium between these two compounds. The computational error, given
the amount of approximations related to the solvent model, inaccurate estimation of the
solvation entropy, neglect of the counterion, in addition to the usual error related to the
accuracy of the DFT method, are believed to be responsible for the discrepancy. However,
the energy difference changes in the right direction on going from the aniline to the NHEt
system. The calculated reaction enthalpy, including the solvation effects, is -4.9 kcal/mol,
in rather good agreement with the experimentally determined value from the IR study (vide
supra).

The optimized structure of the zwitterions 4 shows, like that previously reported for
4a, an anti conformation for the CH2CHz chain linking the Pt atom and the ammonium
function. We have also optimized an isomeric structure where the ammonium function
establishes an intramolecular H-bond with the metal center (4°, see Figure 5). Interest in
this calculation stemmed from the fact that the analogue 4a’ for the PhNH> system was
shown to be an intermediate for the hydroamination catalysis, delivering a proton to the Pt
center in one of the key steps of the catalytic cycle. Like for the PhNH2 system, this
intramolecular H-bonded isomer is found less stable than the non bonded version in terms
of AGEPM although marginally favored in terms of AHS"M (-0.7 kcal/mol), indicating
that the enthalpic advantage of the H-bond does not compensate the increased steric

tension and the increased ordering associated with the eclipsed conformation of the carbon
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chain. An additional calculation was also carried out on the intermolecular H-bonded
adduct 4-NHEt,. This adduct is calculated as less stable on the free energy scale by 8.6
kcal/mole in dichloromethane (Figure 6), but more stable by -3.7 kcal/mol in terms of AH®
PCM_ Hence, the hypothesis of the formation of equilibrium amounts of 4-NHEt, to

rationalize the NMR behaviour of the excess free NHEt, appears justified.

21.6
(9.8)
——  CPCM (CH,Cl,)
X ,,,__::f:" A 154 CPCM (acetone)
N 4&_}{" /,,,;:I" ' be (3.6) &
h6.3 /,:::’)/ Y p )( X
(—49), . 4 : ) P
— e of M.
5.3 —
(-5.9) e

4 + NHET, 4NHET, 5:NH,Et,* 5+ NH,Et,*
Figure 6. AGEPM (and AH®PM in parentheses) in kcal mol? at 298.15 K relative to

complex 1 and views of the optimized geometries for the proton transfer from 4

to NHEt, in dichloromethane and in acetone.

We have also calculated the energy cost for transferring a proton from the ammonium
function of 4 to the H-bonded amine, leading from 4-NHEt; to the aminoalkyl complex
[(NHEt2)Br2Pt(CH.CH2NEt,)], 5, H-bonded with the corresponding counterion EtoNH",
and for the subsequent charge-separated ions. Since this process, proposed as responsible
for the equilibration of the methylene diastereotopic protons of the ammonium moiety,
occurs at different rates in CD2Cl, and acetone-des (Figure 4), the calculations were carried
out with the C-PCM in both solvents. The results, also reported in Figure 6, show that the

proton transfer process is endoergic and requires approximately the same energy in both

25



solvents. On the other hand, the separation of the charged species in the 5-NH:Et>"
product is quite solvent-dependent, being slightly endoergic in dichloromethane and
exoergic in acetone. When considering that the entropic part of the free energy is partially
quenched in solution, the last step (charge separation) becomes the rate determining step.
Thus, the more polar acetone solvent indeed seems to promote the easier equilibration of
the diastereotopic methylene protons of the ammonium function via faster deprotonation
and reprotonation after inversion of the pyramidal N atom.

Finally, we have also attempted to optimize a structure obtained by intramolecular
proton transfer from the ammonium function to the Pt atom, namely a Pt"' hydrido
complex of formula [Pt(H)Bro(NHEt2)(CH.CH2NEt,)]. A related complex was shown to be
implicated as a catalytic intermediate in the ethylene hydroamination by aniline [10].
However, contrary to the aniline system a stable minimum for this complex was not
obtained, leading back to the geometry of the zwitterion 4 instead, which may be
rationalized by the greater basicity of the aminoalkyl ligand for the EtNH system.

The frequency calculations have helped with the assignment of the IR spectral
changes upon NHEt, nucleophilic addition. The results are shown in the supplemental
Table S1. The calculated values of the vnu frequencies are ca. 200 cm™ higher than the
experimental values, but the blue shift of +29 cm™ for the coordinated NHEt, on going
from 1 to 4 corresponds closely to the experimentally observed shift of +21 cm™.
According to the computation prediction, the vnn frequency and intensity of the free
ammonium function in 4 are similar to those of the coordinated NHEt, ligand, but the
absorption greatly red-shifts and increases in intensity when the group is H-bonded in an
intra- or intermolecular fashion. Since no absorptions are experimentally observed in the
predicted regions of the IR spectrum, although the intermolecular bonding interaction is

suggested by the NMR data, we suspect that the compound is indeed mostly present as H-
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bonded adduct 4-NHEt,, the vnu absorption of which is not visible given the expected

broadening and the overlap with other absorptions.

Conclusions

The present study aimed at better understanding the PtBr./Br- catalytic system, which
is rather efficient for the hydroamination of ethylene [1, 7] and higher olefins [4, 5] by
low-basicity amines [6], but is limited by catalyst decomposition with formation of
inactive metallic platinum [1, 8]. Greater activity was previously reported under anhydrous
conditions in the presence of a small amount of a strong acid as co-catalyst [1]. On the
basis of literature reports, the stability of Pt'(C2H4) complexes in the presence of amines
seems dependent on deprotonation processes for the zwitterionic product of amine addition
to the coordinated olefin to yield aminoalkyl ligands, which then may evolve in a number
of ways and often lead to the deposition of metallic Pt [13, 16, 18]. Therefore, the role of
the acid may well be that of protecting the zwitterionic intermediate against equilibrium
deprotonation and subsequent decomposition.

With this concept in mind, we have investigated the addition of an amine of high
basicity, NHEt, capable of yielding observable amounts of the zwitterionic product, and
used two different solvents of different polarity (dichloromethane and acetone). The choice
of acetone, not frequently used in this type of investigation, was indeed guided by the
consideration that its greater dielectric constant should favour the transfer of a proton to the
excess of external NHEt, and thus trigger faster decomposition. Indeed, the DFT
calculations support the notion that deprotonation of the zwitterionic derivative 4 should
occur more easily in acetone. Indeed, the compound decomposes faster in this solvent. No
direct evidence for the formation of an aminoalkyl complex was obtained in our study. The

most relevant result, suggesting an easier deprotonation in acetone, is a faster dynamic
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process equalizing the resonances of diastereotopic methylene protons for the ammonium
function. Catalytic hydroamination, on the other hand, apparently needs intramolecular
proton transfer from the ammonium function of the zwitterion to the Pt atom or directly to
the Pt-bonded C atom [5, 10]. Hence, conditions limiting deprotonation should lead to
greater catalyst stability and hence increase the turnover number. This proposition is now

subject to further testing in catalytic intermolecular hydroamination.
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