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Enhancing Electrophilic Alkene Activation by Increasing the Positive Net
Charge in Transition-Metal Complexes and Application in Homogeneous
Catalysis

Christine Hahn*!?!

4 N

Abstract: Among a large variety of fine-tuning parame-
ters for homogeneous catalysts the net charge of transi-
tion-metal complexes appear to be an interesting factor
that considerably affects activation of substrates and
catalytic activity in general. The electrophilicity of coor-
dinated alkenes in transition-metal complexes can be
strongly enhanced by increasing the positive net charge,
resulting in strong carbocationic properties. Theoretical
and experimental studies have shown that the alkene in
cationic complexes is kinetically and thermodynamically
more activated towards nucleophilic addition than in
neutral complexes. The concept of increasing the posi-
tive complex charge is thought to be useful for the de-
velopment of new catalysts for reactions in which al-
kenes or other unsaturated substrates are involved.

Keywords: alkene activation - carbocations - chelating
Kligands - homogeneous catalysis - transition metals J
Introduction

The development of new types of catalysts for organic reac-
tions is a very important field of chemical research, because
of the increasing demand for rational organic synthesis
under mild conditions, high yields in space and time, and
high selectivity; in particular, the economic and environ-
mental benign performance of the catalyst is one of the
main goals of green chemistry. Different approaches are
being undertaken to find highly efficient catalysts, in partic-
ular for new reaction types and organic transformations,
for example, in order to shorten multiple step reaction se-
quences. A common approach in homogeneous catalysis is
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the creation of new ligand structures® in combination with
an appropriate transition-metal center. Furthermore suitable
activators, additives, and the reaction medium are also im-
portant factors that may affect catalytic activities. In any
case fine tuning of electronic and steric properties of cata-
lyst complexes, detailed understanding of their structure—
reactivity relationship, and principles of substrate activation
are key issues for the improvement of catalytic efficiency for
a given reaction.

Among the large variety of possible fine-tuning parame-
ters the charge of the complex appears an interesting aspect
that has yet to be elucidated in detail. In this paper the con-
cept of enhancement of the electrophilic alkene activation
by increasing the positive net charge in transition-metal
complexes is described. A case study of dicationic palladi-
um(mP and platinum(1)!* alkene complexes and their reac-
tivity towards weakly basic nucleophiles will be discussed. A
new catalytic pathway for C—C bond formation, which has
arisen from those reactivity studies,”’ exhibits a nice exam-
ple for the benefit of this concept for the development of
new homogeneous catalysts.

Enhancing Catalytic Activity by Increasing the
Positive Net Charge in Transition-Metal
Complexes

Cationic complexes of transition metals in higher oxidation
states (+1, +2, or higher) of type I [Eq. (1)] display electro-
philic properties and can be generated by substitution of an
anionic ligand by a neutral one. A common method is
halide abstraction by an appropriate reagent (e.g., AgY or
Me,SiY) that provides at the same time a non- (or weakly)
coordinating counterion Y.

[MLX] + L' + AgY — [MLL]*Y~ (I) + AgX (1)

Due to the charge separation, the electronic properties,
such as orbital energies and the distribution of electronic
density, can be significantly changed. By increasing the posi-
tive charge of the complex, the electrophilicity (Lewis acidi-
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ty) of the metal center is expected to be enhanced. This con-
siderably affects the activation of substrates and, hence,
lowers the activation barriers of further transformation
steps; overall it may affect the whole energy profile of a cat-
alytic reaction path.

In fact it has been found for several types of reactions
that the catalytic activity is enhanced on going from neutral
to cationic catalyst complexes; some representative exam-
ples are given in Table 1. For the hydrogenation of unsatu-
rated compounds cationic thodium(1)”! and iridium(1)® com-
plexes [ML,S,]X (L,=phosphane; S=CH;OH, cod; X=
BF,, PF,) show an activity by about two orders of magnitude
higher than that of neutral complexes [MCI(PPhj;);].

Table 1. Enhanced catalytic activity by cationic catalyst complexes.

C. Hahn
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Scheme 1. The addition of nucleophiles to alkene complexes.
RO™, AcO", or aliphatic amines to the coordinated C=C
double bond is well known and understood in mechanistic

details, whereas less basic neu-
tral nucleophiles are less well

Reaction type Neutral catalyst

Cationic catalyst complex

studied. The addition of protic
nucleophiles HZ (e.g., HOR,

Factor of Ref.
enhancement

alkene hydrogenation [RhCI(PPhs);] [RhL,(CH;0H),|BF,
L,=Ph,P(CH,),PPh,
L,=Ph,P(CH,),PPh,

[IrC1(PPhs);] [Ir(cod)(PMePh,),|PF4

alkene metathesis [Ru(=CHMe)Cl,(L,)]
L, =rBu,PCH,PBu,

1,3-butadiene polymerization [{Ni(C;H;)Cl},]

L,=fBu,PCH,P/Bu,
[Ni(CoHy)]Y

Y =PFj, SbF, B(C6H3(CF3)2)4

[{Ru(=CHMe)CI(L,)},](SO,CF3),

7] HNR,) is of particular interest,

A similar effect was reported by Hofmann’! for the
ruthenium-catalyzed alkene metathesis. A cationic ruthe-
nium—carbene complex was generated by halide abstraction
from the corresponding neutral complex. The turnover fre-
quency of the ring-opening metathetic polymerization
(ROMP) of norbonene showed a considerable increase from
60 h~! for the neutral to 8400 h™' for the cationic complex
(cf. Table 1).

Furthermore it was found, that cationic complexes of late
transition metals of the general formula
[M(NN)(CH;)L]BArF (M =Pd, Ni; NN = a-diimine, BArF =
[3,5-(CF;),CsH;],B ™) are highly active alkene polymerization
catalysts, since they provide electrophilic metal centers that
allow a rapid alkene insertion.'’”> Notable are, for instance,
nickel(m) allyl complexes as catalysts for polymerization of
1,3-butadiene; these display a remarkably higher activity
when they are cationic, see Table 1.1

Structural modifications of the ligands of course also
affect very sensitively the catalytic activity, for instance the
variation of the chelate ring size,”"'>*¥ but in general a ten-
dency of enhanced catalytic activity by increased positive
complex charge can be noted for several reactions in which
alkenes as substrates are involved.

Nucleophilic Addition to Alkenes Coordinated in
Transition-Metal Complexes

The nucleophilic addition to alkene transition-metal com-
plexes II is an important organometallic reaction type, from
which a number of possibilities arises for functionalization
of hydrocarbons, see Scheme 1.1 The stoichiometric addi-
tion of anionic and strongly basic nucleophiles like R7,
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2% 10! because C—Z bond formation
1x107 exhibits an important step in
1X1Oj 8] the general mechanism which
1.4x10? [9] .
may be proposed for catalytic
12x10° (1] hydrofunctionalization of al-
kenes, as shown in Scheme 2.1
This is a highly valuable reac-
tion type due to its 100% atom
economy.
% M] |
/C:C\ + HZ — H*(lif(‘:*Z
N4
M—| + HZ M_—(}:—C:;—ZH
w5 v
N/
3 |
AN D
e L
[ ] v
H—C—cCc—2z

Scheme 2. Proposed mechanism for the hydrofunctionalization of al-
kenes.!"’)

This general mechanism in Scheme 2 was originally pro-
posed for the rhodium(i)-catalyzed hydroamination of al-
kenes;['¥ it is also assumed that palladium(m)!'”! and platin-
um(m™ complexes catalyze the reaction according to this
pathway by alkene activation.'”) The cationic rhodium()-
ethylene complex 1 was the first catalyst for the addition of
aliphatic amines to ethylene, at room temperature and at-

PPh, |

| ch,

>:O—Rh—H PF,
| cH,
PPh,

1
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mospheric  pressure.”)  The neutral Rh' complex
[{Rh(C,H,),Cl},] used by Coulson catalyzed the same reac-
tion, but only at elevated temperatures (180°C).?! The
model complexes 2ab®? were prepared in order to trace
the proposed mechanism, but no indication for nucleophilic
addition of secondary amines to the coordinated alkene was
noted under ambient conditions, see Equation (2).

i]DPhZ Ik

7 CHR
N—Rh—|  BF; + HNMe, = )
= | cH,
PPh,
R=H 2a PPR, T
R=Ph 2b a
N_R[’h—NHMeZ BF, + CH,=CHR
PPh,
3

Alkene complexes of palladium(i)®! and platinum (i)
are known to be very susceptible for addition of amines and
other nucleophiles; this has been widely investigated by sev-
eral research groups,”?**! see Equations (3) and (4).

Me,HN- &
Py
cl Cl | Cl
I\ SN S Me,NH A /
/Pd /Pd\ —_— 9 /Pd\ 3)
cl \CI j o] NHMe,
4 5
HHz .
Cl Cl CH,CH,NHEt,
\ CH \ 4
Pt 2 4+ Et,NH — Pt (4)
/ /N
Cl PPh, Cl PPh,
7

An important fact which has been revealed experimental-
ly by Natile and co-workers is that cationic platinum(i)
alkene complexes [e.g. 8, Eq. (5)] undergo nucleophilic addi-
tion more readily in comparison to anionic or neutral com-
plexes, and the addition products (such as 9) display a
higher stability.”**} A simple explanation is that neutral
alkene complexes form anionic or zwitterionic addition
products IIT and IV (cf. Scheme 1, or 5 and 7) in which the
M—C o bond can not be stabilized due to the formal nega-
tive charge remaining at the metal center. In anionic com-
plexes this would destabilize the product even more. On the

\N/ Cl_l
N )
/Pt\ﬁ’HZ ClO; + EtLNH —_—
N
V2N N2 *
CH N N (5)
8 [ ANV i}
Pt Cclo;
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other hand it is reasonable to expect that the higher the pos-
itive charge on the complex the higher the stability of the o-
alkyl complex.

While a number of monocationic palladium(m)®” and plat-
inum(1)®Y alkene complexes are known, there are only very
few examples of dicationic alkene complexes of Pd" and Pt"
described for which the effect of enhanced reactivity was in-
vestigated experimentally. Pietropaolo et al. reported that
dicationic cyclooctadiene complexes 10a,b added methanol
at the C=C double bond even in the absence of any auxili-
ary base, see Equation (6).*4

7 "
SN
) N/M\j 2PF, 4 CHOH oo
|
M=Pd' 10a G N (6)
M=p¢ 10b XN
M PF,
PNy
\ |
11a,b

Not only is the thermodynamic stability of the addition
product influenced by the complex charge, also the activa-
tion barrier of the nucleophilic attack is strongly affected.
Sakaki et al. investigated the nucleophilic attack of ammo-
nia to ethylene Pd" complexes by ab initio MO calculations,
see Figure 1.%) While for the anionic and neutral complexes
12 and 13 no transition state could be identified (in terms of
strong destabilization of these systems), the calculations for
the cationic complexes 14 and 15 came to a relatively low
activation barrier of around 30 kJ mol™".

H NH; 12 [PdF,(CH,=CH,)] ~
lf H\é e s z } destabilization

L'-Pd— || 13 [PdF,(NH,XCH,=CH,)]

N
H

L', L*=F, NH,, PH,

14 [PAF(NH,),(CH,=CH,)]" AE¥=33KkJ - mol”

H

15 [PAF(PH,),(CH,=CH,)] AET=25kJ - mol”

Figure 1. Results from theoretical studies on the nucleophilic attack.

Further theoretical studies by Senn et al. on the catalytic
reaction mechanism of the hydroamination of ethylene with
Group 9 and 10 d® metals have shown quite similar trends,
see Scheme 3. Going, for example, from the neutral rho-

| |
T T‘:Hz + NH,

Hp—Rh—]| = —— H,p—Rh—CH,CH,NH,
| cH,
PH, PH, AE*= 147 kJ mol
16 17 AE = 83kJ mol”
cl cl
| . GH 4 NH, .
H,p—Pd—| ——= Hp—Pd—CH,CH,NH,
| cH,
PH, PH, AET= 17 kJ mol
18 19 AE = -55 kJ mol”

Scheme 3. Results from a part of the theoretical studies on the mecha-
nism of alkene hydroamination.*!
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dium(1) complex 16 to the isostructural and isoelectronic cat-
ionic palladium(m) complex 18 (i.e., the increase of the nu-
clear charge of the central metal atom by one unit) the acti-
vation energy AE™ for the nucleophilic addition drops sig-
nificantly from 147 to 17 kJmol ™.

The Dewar—Chatt—Duncanson Model of the
Metal-Alkene Bond

The Dewar—Chatt-Duncanson model®* provides a general
description for the metal-alkene bond and reasonably ex-
plains the principle of the electrophilic alkene activation.
The strength of o donation and & back-donation depends on
the specific o-acidic and w-basic properties of the transition-
metal atom M. Considering the complex charge as a varia-
ble parameter for a constant metal center M, the electronic
properties of the coordinated alkene should, in principle, be
tunable between two extreme cases as shown in Figure 2.

o QD

M | U -
-

N </ 7o
LUMO  HOMO HOMO  LUMO
o doenation n back-donation

[amgm'c I | neuwtral I carr'omcl

\ < increasing ™~ /" decreasing b
” = back-daenation i ” n back-donation  + *{|:|’
e sz — -
/C\ A A

... /C"’
metalacyclopropane I | metal-stabilized
carbocation
Vi Vil f \

Figure 2. The Dewar—Chatt-Duncanson model™*! and considerations on
complex charge.

In the case of a highly negative net charge the extreme of
metallacyclopropane VI could be approached. Due to the
relatively high electronic density at the metal center the =
back-donation is so strong that the double-bond character of
the coordinated alkene is considerably reduced, and the
alkene undergoes formal oxidative addition to the metal
center. On the other hand by increasing the positive charge
of the metal complex the m back-donation can be strongly
decreased, and thus the coordinated alkene becomes more
electrophilic and enhanced in its reactivity toward donor
molecules. In this extreme case the coordinated alkene can
be seen as a metal-stabilized carbocation™ (VII) by slipping
from an 1’ to n' coordination mode (especially when a nu-
cleophile approaches).” The fractional charge at the carbo-
cation would increase with increasing positive charge at the
metal center. It should be noted, that the “slipping” of the
coordinated alkene should be seen as a dynamic process by
which the carbocationic property is more or less averaged

5892
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on both olefinic carbon atoms, depending essentially on fur-
ther substituents at the alkene (see discussion below).

In fact carbocationic reactivity has been proposed to be
involved for reactions like enyne, diene cyclization, skeleton
rearrangements,””! and alkene oligomerization/polymeriza-
tion***#?] catalyzed by cationic transition-metal complexes.
However, highly positively charged alkene complexes are
very unstable. Due to the strongly reduced m back-donation
the metal-alkene bond is correspondingly weakened, and
their isolation or detection is very difficult and only possible
in a narrow range of conditions. Chelating ligands play an
important role in stabilization of the coordination sphere of
the highly electrophilic metal center, as for instance in the
case of the dicationic cyclooctadiene Pd" and Pt" complexes
10a,bP [Eq. (6)].

Synthesis and Characterization of New Dicationic
Monoalkene Complexes of Palladium(1)) and
Platinum(m)

The synthesis of dicationic monoalkene complexes of palla-
dium(m) and platinum(i) was recently successful with the
use of 2,6-bis(diphenylphosphanylmethyl)pyridine (PNP) as
a stabilizing tridentate co-ligand.*! Halide abstraction from
[M(PNP)X]X (20, 21: M=Pd, Pt; X=Cl, I) with two equi-
valents of AgBF, in the presence of an excess of the alkene
gave the respective alkene complexes 22 and 23 in high
yields, see Scheme 4. They are stable enough as solids and

Tphz CHR=CHR' exc.
CH,CI.
7 N—M—X X+ 2AgBF, =2
— -2 AgX
PPh, .
M=Pd" X=Cl 20 Tth F;]
- I -
M=Pt'X=1 21 4 \N,M_ﬁ 2 BF;
= CHR'
PPh,
M = Pd" 22 yield: 85-90%
M =Pt

S ( ( i "’ ( j
zb Zb 40

Scheme 4.

in solution, and could be characterized by NMR spectrosco-
py and X-ray crystal structure analysis. These complexes are
the first examples of dicationic monoalkene complexes that
have been isolated.

The *C NMR shift is a useful parameter for the character-
ization of the metal-alkene bond.”™”) Upon coordination of
an alkene to a transition metal a certain upfield shift Ad of

e BCNMR signal, relative to that of the free alkene, is
generally observed. The extent of the upfield shift gives an

www.chemeurj.org Chem. Eur. J. 2004, 10, 5888 —5899
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estimate of the electronic density around the olefinic carbon
nuclei. The chemical shifts of the coordinated ethylene in
isostructural PNP complexes 2a, 22a, and 23a are depicted
in Figure 3. The signal of the coordinated ethylene is shifted
upfield to much lesser extent for the dicationic Pd" and Pt"
complexes 22a and 23a"* (A= —34 and —45 ppm) relative
to that of the monocationic Rh' complex 2aP? (Ad=
—64 ppm). This is consistent with the reduced electronic
density due to the weaker it back-donation.

AS-64
(659)

A8 -45
(578)

A8-35
(588)

CH2=CH2
6123

T T T T T T T T
120 110 100 90 80 70 60 50
8/ ppm

Figure 3. ®C NMR shift of the coordinated ethylene in 2a, 22a, and 23a,
Ad= 5coord—(5free-

The influence of the increasing positive charge of the
complex on the coordination of monosubstituted alkenes
CH,=CHR is particularly notable. In Figure 4 the C NMR
data of isostructural styrene complexes are compared. While
in the monocationic Rh' complex 2bP for both olefinic
carbon atoms (=CH, and =CHPh) roughly the same AJ is
observed (AAO~2 ppm), in the dicationic complexes 22d
and 23d a significant difference of the upfield shifts (AAO ~
20 ppm) can be noted. It is assumed that with lower degree
of the m Dback-donation the difference AAd=
AS(CH,)—AS(CHR) increases® indicating a higher polari-
zation of the C=C double bond. Since in the dicationic com-
plexes the signal for the =CHR carbon atom is shifted much
less upfield than that for the =CH,, the lower electronic
density can be supposed to be at the substituted carbon
atom. Or in other words the fractional positive charge, that

PPh,
J N_FL; (|3|HPh
| o, A8-59 8561
ah PPh, (576) (551)
PPh, ’
/ \N_Ptz‘ ﬁHPh
| Cn, [Ad -27 I A8 -46
23d PPh (6108) (666)
PPh, ’
AN ﬁHPh
= | cn, |A6-15 |A‘6-35
22d \—PPph, (8120) 677)
PhCH=CH, _CH CH
|5135 [5112

T T T T T T T T T T T
150 140 130 120 110 100 90 80 70 60 50
&/ ppm

Figure 4. ®C NMR shift of the coordinated styrene in 2b, 22d, and 23d,
Ad= 6conrd76free'

is, the incipient carbocation, seems to be localized more at
the substituted olefinic carbon atom, which is therefore sup-
posed to be preferably attacked by the nucleophile.

This polarization effect on the C=C double bond in the di-
cationic complexes can be also explained by the different
strength of interaction of the two carbon atoms =CH, and
=CHR with the central metal atom. While the two coupling
constants Jg;, in the monocationic rhodium(1) styrene com-
plex 2b are rather similar (cf. Table 2), for the isostructural
dicationic platinum(i) complex 23d J.p(CHPh) is signifi-
cantly smaller than Jcp(CH,). The lower value of
Jep(CHR) relative to Jep(CH,), also observed for other
alkene complexes [Pt(PNP)(CH,=CHR)][BF,], (23b,c: R=
Me, Et),[¥ indicates a reduced interaction for Pt—CHR than
Pt—CH,.

In addition, the C—C bond length of the coordinated
alkene is thought to be diagnostic for the strength of the
M-—alkene bond. It has been widely discussed particularly
for those alkene complexes in which the double-bond char-
acter is weakened due to the relatively strong m back-dona-
tion. In these cases the C—C distance is somehow length-
ened relative to the free alkene,*! and the structures tend
more or less to the metallacyclopropane type. For the ex-
treme opposite structural type, that is, the masked carbo-
cation, the dicationic Pt"-ethylene and Pd"-styrene com-
plexes 23a and 22d, respectively, are so far precedents
which could be characterized by X-ray crystal structure

Table 2. Selected *C NMR, X-ray, and Raman data of the coordinated alkene in PNP complexes.>#2245:47]

[M(PNP)(CH,=CHR)|[BF,], Jem(CHy) Jeam(CHR) M-CH, M-CHR c=C Raman »(C=C)
[Hz] [Hz] [A] [A] [A] [em™']

[Rh(PNP)(CH,=CH,)|BF, 2a - - 2.142(6) 2.157(6) 1.351(11) 1514

[Rh(PNP)(CH,=CHPh)|BF, 2b 122 114 2.144(5) 2.201(4) 1.383(7) 1516

[PA(PNP)(CH,=CH,)][BF.], 22a 1530

[PA(PNP)(CH,=CHPh)|[BF,], 22d 2.165(7) 2.273(7) 1.292(10) 1528

[Pt(PNP)(CH,=CH,)|[BF,], 23a 116 2.180(6) 2.181(8) 1.359(10)

[Pt(PNP)(CH,=CHMe)|[BF,], 23b 138 108

[Pt(PNP)(CH,=CHE)][BF,], 23¢ 131 113

[Pt(PNP)(CH,=CHPh)|[BF,], 23d 137 81

Chem. Eur. J. 2004, 10, 5888 —5899
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analysis.**! In the Pt'ethylene complex 23a, however, no
particular influence of the twofold positive charge on the
C—C bond length could be noted; it is practically the same
as that observed in the monocationic Rh'-ethylene complex
22 (see Table 2) and also very similar to that in the anion-
ic Zeise’s salt [PtCly(CH,=CH,)]~ (1.37 A).*’ However, in
the Pd'styrene complex 22d* the C—C distance is signifi-
cantly shorter than in the isostructrural Rh' complex 2b,*
and is no longer than the C=C double bond in the free sty-
rene. For palladium(1) a stronger influence of the increasing
positive net charge is observed than for platinum(i).
Furthermore, comparing the different M—C distances in
the styrene complexes 22d and 2b, the Pd—CHPh bond is
0.108 A longer than the Pd—CH, bond, while in the Rh!
complex a much less pronounced prolongation by 0.057 A is
observed (see Table 2). The structural data of these com-
plexes are quite in accordance with the Jy.- coupling con-
stants observed respectively for the Pt"— and Rh'-styrene
complexes 23d and 2b (see above) and support the general
picture of the incipient slipping of the alkene from 1’ to n'!
coordination mode (cf. VIII and IX in Figure 5). These con-

CHR _-iCHR
M| — w7/
CH, CH,
vill X

Figure 5. The incipient “slipping” from n? to ' coordination mode.

siderations illustrate the overall enhancement of alkene acti-
vation in dicationic complexes, in which the structure of the
transition state of the nucleophilic attack is approached (cf.
Scheme 1, the overall transformation II—III/IV is 1> —n").

Micro Raman measurements of the v(C=C) stretching fre-
quencies were found to be higher for the Pd" complexes
22a.,d than for the isostructural Rh' complexes 2a,b, provid-
ing further evidence for the overall weakening of the metal-
alkene bond in the dicationic complexes in comparison with
the monocationic alkene complexes.[*”)

Reaction Studies of Dicationic Alkene Complexes
of Palladium () and Platinum (i)

The reactions of the dicationic Pd" and Pt" complexes have
been investigated toward different protic O and N donor nu-
cleophiles as shown in Scheme 5.5 It was found that addi-
tion of very weakly basic nucleophiles such as MeOH, H,0,
and aromatic amines (cf. pK, (H,Z%), Scheme 5) proceed
readily at room temperature. Proton abstraction from the in-
termediates [M(PNP)(CHRCHR'ZH)]** 24-37 by NaHCO,
as auxiliary base drove the equilibrium quantitatively to the
[B-functionalized alkyl complexes [M(PNP)(CHRCHR'Z)]*
38-51, which are very stable compounds as solids and in so-
lution. The unusually high stability of the Pd"—o-alkyl com-
plexes 38-45 is remarkable; they are very resistant towards
p-hydrogen elimination due to the strong stabilizing influ-
ence of the PNP chelate ligand, with the phenyl groups in
the ligand periphery. Detailed 'H NMR studies could be
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PPh,  |* PPh, I

7 | eHR  +Hz
N-M—|  2BF, ——
c

7 | -
N—M—CHRCHR'ZH 2 BF,

= | HR'
PPh, PPh,
22,23 24-37
+ NaHCO,
HZ pK, Pd Pt - H,0/C0,
CH,OH 22 24,38 32,46 - NaBF,
H,0 174 25,39 33,47 N
PPh
0-CIC;H,NH, 2.64 26,40 34,48 ‘ z —|
m-CIC¢H,NH, 352 27,41 7 N—M—CHRCHRZ BF,
PhNH, 46 28,42 3549 \—( |
p-MeCgH,NH, 5.08 29,43 36,50 PPh,
p-MeOCH,NH, | 5.36 30,44 37,51 38-51
Me,NH 10.77 31,45

Scheme 5. Addition of different nucleophiles.

performed directly in solution to follow the nucleophilic ad-
dition and have been carried out for the first time for palla-
dium(m) complexes. The palladium(m)-alkene complexes 22
reacted with an excess of H,O or CH;OH without any auxil-
iary base immediately under nucleophilic addition and parti-
al alkene substitution (cf. formation of 38, 39 vs 52, 53 in
Scheme 6). These two competitive reactions are fast and re-

[PA(PNP)CHR=CHR)* + HOR"

a N

ov

[Pd(PNP)(HOR")]"* + CHR=CHR' [PA(PNP)CHRCHR'OR")]" + H*

R2=H 52 38, 39
R?=CH, 53
CHR=CHR' | K,, [39/53] (in CD,0D)
CH,=CH, 8x 10"
CH,=CHMe 5x10?
(ZMeCH=CHMe| 1x10°

(E)-MeCH=CHMe| <3x 10*
CH,=CHPh -

Scheme 6. Overall equilibrium system with O-donor nucleophiles.

versible; this was proven by a 'H magnetization transfer ex-
periment and by reverse reaction studies.”! For the reaction
of the dicationic palladium(m)-alkene complexes 22 with
methanol (CD;OD), overall equilibrium constants were de-
termined which reflect the relative stabilities between the
methanol complex and the deprotonated addition product
[M(PNP)(CHRCHR'Z)]. A value K,,=0.8 was found for
C,H,, and the overall equilibrium constants decrease for al-
kenes CHR=CHR' with larger substituents R/R’; this means
the substitution becomes more competitive. In contrast the
isostructural platinum(m) alkene complexes 23a-d reacted
immediately at room temperature with an excess of water or
methanol resulting in complete nucleophilic addition. No
substitution was observed, presumably due to the strong ki-
netic inhibition, and thus for the Pt"-alkene complexes the
nucleophilic addition is kinetically favored over the substitu-
tion [Eq. (7)]. In all cases exclusively Markovnikov addition
products 46 and 47 were obtained as suggested by the
BCNMR shifts of the coordinated alkene (see discussion
above).
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[P{(PNP)(CH,—CHR)]?* + HOR' == [P{(PNP)(CH,CHROR")]* + H" (7)
23a-d 46,47 (R'=H, Me)

From these reaction studies a general reaction principle
for alkene complexes and any protic nucleophile HZ can be
derived. There are three reversible thermodynamic individu-
al equilibria: 1) the substitution of the alkene by the nucleo-
phile [Eq. (8)], which shows a strong kinetic inhibition in
the case of M=Pt"; 2) the nucleophilic addition [Eq. (9)];
and 3) the deprotonation equilibrium [Eq. (10)] has to be
taken into consideration when there is more than one equiv-
alent of the nucleophile HZ present in solution, since the
nucleophile itself also works as a Brgnsted base. The equi-
libria in Equations (9) and (10) are closely related and
thought to be associated to the pK, of the H,Z*. It is rea-
sonable to expect that the deprotonated addition product
[(LYM(CHRCHR'Z)]" in Equation (10) is favored due to
enhanced Brgnsted acidity of the highly positive charged
complex.

Koup

[M(L)(ZH)]** + CHR=CHR' s—=
[M(L)(CHR=CHR')]> + ZH

[M(L)(CHR=CHR')>* + ZH s

[M(L)(CHRCHR'ZH)]** 9)

dep

[M(L)(CHRCHR'ZH)** + ZH s

(10)
[M(L)(CHRCHR'Z)|* + ZH;

[M(L)(ZH)>* + CHR=CHR' + ZH e .
[M(L)(CHRCHR'Z)]* + ZH; 1D

The equilibria in Equations (8)—(10) consitiute a well-de-
fined overall equilibrium [Eq. (11)], and a number of impor-
tant conclusions can be drawn. Firstly, higher concentrations
of both alkene and nucleophile shift the overall equilibrium
to favor the addition product; that is, suppressing the alkene
substitution [Eq. (8)] and promoting the nucleophilic addi-
tion [Egs. (9) and (10)]. In addition the irreversible removal
of the proton (e.g., by an auxiliary base) drives the reaction
in Equation (11) to completion. Thus a new carbon-hetero-
atom bond (C—Z) can be formed in quantitative yield, pro-
viding a very interesting and attractive example for the func-
tionalization of hydrocarbons.

Returning to the question of the degree of electrophilic
alkene activation in dicationic complexes, the equilibrium
constant of the nucleophilic addition K,y is sought as a pa-
rameter to give a direct correlation. In order to access a
K,qq value, the deprotonation equilibrium [Eq. (10)], needs
to be strictly excluded. The equilibria in Equations (8) and
(9) give the overall equilibrium in Equation (12), with the
thermodynamic constant defined by K« = K q4/K, €Xpress-
ing the pure ratio of nucleophilic addition and substitution.

[M(PNP)(ZH)[** + CHR=CHR’ -=2

(12)
[M(PNP)(CHRCHR'ZH)**
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Since water and methanol are weakly basic nucleophiles,
which did not afford detectable f-oxonioalkyl species
[M(PNP)(CHRCHR'OHR"]** (24, 25) in the presence of
only one equivalent of HOR", stronger basic nucleophiles
HZ were sought. It was found that '"H NMR investigations
were feasible by using amines (see Scheme 7). The equilibri-

Ksub?

MPNP)Y(L)f —mee CHCH,. -1 [M(PNP)CH,=CH,)}* + R,NH
K 22a, 23a
sub1
+L Ksu/ \Kadd
-R;NH K,
[M(PNPYXR,NH)P" + CH,=CH,  =:===2== [M(PNP)(CH,CH,NHR,)}*
54-56 28, 31,35
R,NH | Pd Pt L = CH,CN, pyridine P
Me;NH | 54 K, = %
PhNH, | 55 56 sub

Scheme 7. Equilibrium studies for determination of K.

um reactions were started from the isolated amine com-
plexes 54-56 (ensuring an exact nucleophile/metal ratio of
1:1) by treating it with an excess of alkene. Mechanistically,
the reaction proceeds through the substitution of the amine
by the alkene, resulting in the m-complexes 22 and 23. The
free amine then externally attacks the coordinated double
bond, forming the B-ammonioalkyl complexes 28, 31, or 35
(Scheme 7). The equilibration of these system was fast for
palladium (<1 h), while in the case of platinum the reaction
was only observed when CH;CN was added to accelerate
the amine/alkene substitution; thus the equilibrium was ach-
ieved within 10 days. In addition, it should be noted that the
alkene complex is the most reactive species in this system
and hence it is not detectable. The K, value was deter-
mined independently by auxiliary substitution equilibria
K and K, by using CH;CN or pyridine (see Scheme 7).

The overall equilibrium constant K,,.=3x10* Lmol™! for
the reaction of the dimethylamine complex 54 with ethylene
was determined, and the substitution constant K, =6x10%
the addition constant K,;;=1.8x10" Lmol™ could be esti-
mated. This shows that the nucleophilic addition of di-
methylamine to the dicationic palladium(i) ethylene com-
plex 22a is a thermodynamically highly favored process.
This is in large contrast to the isostructural monocationic
rhodium(1) complex 2a, for which only the alkene substitu-
tion was the observed under similar conditions [see Eq. (2)].
In the case the reaction of the palladium ethylene complex
22a with the less basic aniline, the nucleophilic addition is
still a highly favored reaction, K,q=2x10°Lmol™" (see
Table 3), while the substitution becomes more competitive.
Interestingly, it was found that ethylene in the platinum(i)
complex 23a is thermodynamically somehow more activated
K,.q=3x10° Lmol™! than in the palladium() complex 22a,
while at the same time the substitution is also thermody-
namically less competitive (see above; Table 3).

Comparable equilibrium studies reported by Green et al.
in 1979 on nucleophilic addition were performed with neu-
tral platinum(ir) alkene complexes such as
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Table 3. Equilibrium constants for the reaction of ethylene complexes with H,NPh (Scheme 7).

ordinated heterodimeric prod-

[M(L,)(CH,—CH,)|"* Ko Koo Koy = Koo Ky Ref. uct by free ethylene.”! Under

[Lmol™] [mol '] atmospheric pressure of ethyl-
[Pd(PNP)(CH,=CH,)** 22a 2x10° 2x10° 1 [3] ene at 20°C and an excess of
[Pt(PNP)(CH,=CH,)** 23a 3%10° 3x10* 10? (4  the internal alkene ([Pt]:[al-
[Pt(H,NPh)(CH,=CH,)Cl,] <0.1 - - (48] kene]=1:300; see Table 4),

[Pt(H,NPh)(CH,=CH,)(CL,)]; the addition of aniline and
other aromatic amines with pK, < 5 was reported to be not
detectable (K,4q<0.1 Lmol™!, see Table 3).*¥! Substitution of
the alkene by the amine were noted with those Pt" com-
plexes to start after 30 min, and in the case of similar neutral
palladium(n)  alkene  complexes trans-[Pd(amine)(al-
kene)(Cl,)], the alkene substitution was found to be irrever-
sible.[*’

In summary, considering the thermodynamic alkene acti-
vation in the dicationic complexes toward nucleophilic addi-
tion, it can be stated that a 2 unit increase in the positive
charge of the complex results in an increase of the thermo-
dynamic equilibrium constant K, by a factor of at least 10.
These experimental data are quite consistent with the calcu-
lated values of the reaction energies A E, which correspond
to the relative thermodynamic stabilities of the individual
species, see Scheme 3.

Discovery of a New Catalytic Pathway for
Hydrovinylation

During the reaction studies it was discovered that internal
alkenes, such as Z-2-butene, 2-methyl-2-butene or 2,3-di-
methyl-2-butene, which are moderately electron-rich, even
added to the platinum(m)-ethylene complex 23a under C—C
bond formation. Successive hydride and alkyl shifts gave
isolable complexes of the corresponding heterodimers 57a—c
[Eq. (13)].F! Notably, a similar reaction was reported by
Rosenblum et al. in which the allylic ligand of [Fe(Cp)-
(CO)4(CH,CH=CH,)] added as a nucleophile to the coordi-
nated ethylene in [Fe(Cp)(CO),(CH,=CH,)].’” However,

PPh CHClyf Pphz _‘2‘
A ||°t—|] qz( CH;NO, N Pt—|
— | R 20°C
PPh, (13)
23a 57a-c

(@R=R=H
(b)R=H,R = Me
(c)R=R'=Me

other examples of a reaction between an alkene complex
and a free alkene giving an isolable complex, to the author’s
knowledge, are not described to date.

Interestingly, complexes of higher substituted alkenes
than ethylene, for example, propene or 1-butene did not
react with the internal alkenes; these prevent side reactions
such as oligomerization. Thus a highly selective catalytic
process could be achieved simply by displacement of the co-
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Table 4. Catalytic hydrovinylation of internal alkenes, [alkene]:[23a]=
300:1, T=20°C, atmospheric pressure ethylene, in CH;NO,."!

Entry Alkene Product Remarks

L

TON=200(4 h)

homodimer 10 %

TON=170(4 h)

5%t

2 >=
N

TON=5(24 h)

turnover numbers (TONs) of 170-200 (4 h) were observed
for 2,3-dimethyl-2-butene and 2-methyl-2-butene. The reac-
tion with Z-2-butene was found to be much slower with
TON=5 (24 h). In the case of 2-methyl-2-butene a homo-
dimer was formed as the only by-product (see discussion
below).

The proposed mechanism for the Pt"-catalyzed hydroviny-
lation is shown in Scheme 8. The “slipping” coordinated eth-
ylene in 58 is nucleophilically attacked by the internal
alkene forming the carbocationic intermediate 59. Subse-
quent alkyl and hydride shift affords the generation of the
terminal C=C double bond via the delocalized carbocationic
intermediate 60. The displacement of the heterodimer by
free ethylene and regeneration of the ethylene complex 23a
is straightforward and thermodynamically favored (K=4+

1.

CH
H\C/ 3 CH
v 3
e e
b CHs IR
/\C\ CH, CH,=CH CH,
2 HET TCg . CH,
PNPPE || ‘ (PNPPE ||
57 CH: 23a CH:
| . FH |
N
CCH,
HE \KR- (PNP)Pt-  CH,
! R N I
(PNP)P- - CH, 58" 'CH,

H,C CH
CH-C—C-R N A

. [ c=—C
(PNP)Pt—CH, R R =

59

Scheme 8. Proposed mechanism for the Pt"-catalyzed hydrovinylation.
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When the reaction was performed with CD,=CD,, in all
cases the product CD,=CD—CD(CH;)C(CH;)RR’ contained
one deuterium atom at the adjacent carbon atom to the
vinyl group; this remained deuterated, supporting the pro-
posed subsequent alkyl and hydride shift. The occurrence of
homodimer can be also rationalized by a proton loss from
the carbocationic intermediate 59. This proton is able to cat-
alyze the homodimerization; however, no other side reac-
tions which carbocations could likely undergo were ob-
served.!

The catalytic heterodimerization/hydrovinylation with
nickel(11) catalyst precursors is a well-established reac-
tion.’"> However, the general features differ considerably
from those of the recently discovered Pt"-catalyzed reaction,
which are compared in Table 5. For the Ni-catalyzed reac-
tion, a cationic nickel hydride species [Ni(H)(L)]*Y" is pro-
posed to be the catalytically active complex, which could
not be directly detected. It is generated in situ by treatment
of allylic Ni"! precursors with phosphane ligands and Lewis
acidic co-activators. In contrast, the dicationic platinum(i1)—
ethylene complex 23a was isolated as a stable compound,
which is well characterized by NMR spectroscopy and X-ray
structure analysis (see above); moreover, it is an intermedi-
ate of the catalytic cycle (see Scheme 8), that is, the metal-
substrate complex. No activators or any pre-equilibria are
necessary, hence the Pt'—ethylene complex can be consid-
ered a single component catalyst.

The mechanism of the [Ni(H)(L)]*-catalyzed reaction dif-
fers considerably from that of Pt". In the case of
[Ni(H)(L)]* the cycle starts with insertion of one alkene
(e.g. styrene) into the Ni—H bond followed by the insertion
of the other alkene (e.g., ethylene) into the Ni—C bond
under C—C bond formation. A B-hydrogen elimination pro-
cess liberates then the heterodimer and regenerates the
nickel hydride species. In the case of the Pt" catalyst, the
C—C bond formation step proceeds by external nucleophilic
addition of the alkene to the highly activated ethylene, and
carbocationic intermediates are involved in the further
transformation steps.

Since the hydrovinylation proceeds by means of consider-
ably different mechanisms, it is expected that also the
scopes of these two types of catalyst are somehow different.
In fact for the nickel(1) catalysts aryl alkenes, 1,3-dienes and
strained alkenes are typical substrates, while with the dicat-
ionic platinum(11) complex internal alkenes were successfully
coupled with ethylene; this type of alkene, to the authors

knowledge, was not applied so far for any catalytic hydrovi-
nylations.

Due to the different mechanistic pathways for the
[Ni(H)(L)]* and Pt" catalysts, the type of occurring side re-
actions are also different. For nickel(11) catalysts often oligo-
merization to higher alkenes and double-bond isomerization
of the product are common problems limiting their selectivi-
ty. These side reactions were not observed with the Pt" cata-
lyst. Although the homodimerization was found to be a side
path, there should be certainly possibilities to suppress it by
further fine-tuning of the catalyst structure and/or the reac-
tion medium and conditions. In summary, the Pt"-catalyzed
hydrovinylation exhibits a high potential as a new alterna-
tive method to the known [Ni(H)(L)]"-catalyzed reaction
with a complementary scope of applications.

Conclusion and Perspectives

In conclusion the electrophilic activation of coordinated al-
kenes can be strongly enhanced by increasing of the positive
net charge as was shown in case study on stable dicationic
Pd"- and Pt"-alkene complexes. The Dewar—Chatt-Dun-
canson model of the metal-alkene bond shows that increas-
ing the positive charge in the complex leads to the increase
in the positive fractional charge on the coordinated C—C
double bond, and hence the carbocationic reactivity is en-
hanced. In fact these theoretical assumptions have been il-
lustrated by spectroscopic and X-ray structural data of the
dicationic Pd"™- and Pt"-alkene complexes. In addition, a re-
markable influence on polarization of C=C double bond in
coordinated monosubstituted alkenes CH,=CHR was noted
with higher positive net charge. This resulted in high regio-
selectivity of the nucleophilic attack.

The reaction studies with the dicationic Pd"- and Pt"-
alkene complexes toward protic nucleophiles revealed a re-
versible thermodynamic overall equilibrium between alkene
substitution and addition at the C=C double bond. Impor-
tant insights into the degree of alkene activation in the di-
cationic complexes were given with the quantitative estima-
tion of the equilibrium constants for the nucleophilic addi-
tion K,q44, which have been shown to be enhanced by several
orders of magnitude compared to that of neutral Pt"-alkene
complexes.

The electrophilic activation of the alkene in the dicationic
complexes is so strong that even moderately electron-rich

Table 5. Comparison of general features of the [Ni(H)(L)]*- and Pt"-catalyzed hydrovinylation.

Feature [Ni(H)(L)]*

[Pt]2+

catalyst formation allylic Ni precursor + Lewis acid activator

in situ formation of [Ni(L)(H)]"; active species not detectable

alkene insertion

jh\ Ph
Ni )\/\Ni

C—C bond formation

substrates
side reactions

aryl alkenes, 1,3-dienes, strained alkenes
product isomerization, oligomerization

[Pt(PNP)(CH,=CH,)][BF,], isolated and characterized
(NMR, X-ray); single component catalyst
nucleophilic addition

N
Pt H [ — Ptz;ﬁ/

internal alkenes
homodimerization
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alkenes can add to the Pt"—ethylene complex. In addition it
has been discovered that an excess of substrates resulted in
a highly selective catalytic hydrovinylation process. The pro-
posed mechanism differs considerably from that suggested
for the well-known [Ni(H)(L)]*-catalyzed reaction. Certain-
ly the asymmetric version of the new Pt"-catalyzed method
would be worthy of further investigations in order to intro-
duce the vinyl group stereoselectively into unsaturated hy-
drocarbons.

It is worth noting that a similar enhancement of electro-
philic reactivity with the carbonyl ligand toward weakly
basic protic nucleophiles was observed with dicationic co-
balt(ui) complexes [Co(Cp)(dppe)(CO)]** reported by Brill
and co-workers.’¥ The concept of enhancement of electro-
philic activation by increase of the positive complex charge
is certainly not limited to alkenes; it can be naturally ex-
tended to any other unsaturated substrates, since the =
back-donation would be more or less strongly decreased in
the metal-substrate bond. There is a high potential of this
concept for the discovery of new catalytic reaction pathways
for C—C or C—hereoatom bond formations®*> as well as
for C—H activation of alkanes, which remains to be further
elucidated.

For the generation of cationic transition-metal complexes
the choice of a suitable counterion Y~ also plays an impor-
tant role. The pK, of the conjugate acid HY and the nucleo-
philic properties of Y~ can be further fine-tuning parameters
for increasing the catalytic activity of a cationic transition-
metal complex.® In fact increasing interest for the develop-
ment of non- or weakly coordinating anions®” in homogene-
ous catalysis exists.”® For instance BArF~ has become very
common counterion for cationic polymerization catalysts.*)
Carboranes (CB;;H¢X;)~™ are among the least coordinating
anions; recently these anions have gained increasing interest
in synthesis of cationic transition-metal complexes,® dis-
playing very weakly nucleophilic properties and the stabili-
zation of carbocations.-*?

The investigation of activation of unsaturated substrates
in transition-metal complexes with positive net charge
higher than 2+ would be quite interesting to explore a new
range of electrophilicity, but at the same time it seems to be
very challenging. Due to certain limits in stability of these
systems, and probable limits in their solubility in organic sol-
vents, some restrictions in spectroscopic characterization
and homogeneous reaction conditions may occur. However,
the application of alternative solvents for these systems,
such as ionic liquids or supercritical CO, could open new
field in development of novel types of superelectrophilic
cationic catalysts.
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