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Abstract

Comparisons of the reactivities of neutral and cationic alkyl- and aryl-palladium and platinum complexes revealed that the creation of
a vacant site adjacent to the alkyl or aryl ligand bound to the palladium center causes marked enhancement in the reactivities of these
Group 10 metal alkyls and aryls toward S-hydrogen elimination, and olefin or CO insertion. The implications of the results on the
fundamental processes of the transition metal alkyls and aryls with the mechanisms of palladium-catalyzed organic synthesis such as
arylation of olefins and carbonylation of aryl halides are discussed. Comparisons of the reactivities of the neutral and cationic ruthenium
hydrides also indicated enhancement in reactivity of the neutral hydride complex by its conversion to a cationic complex.
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1. Introduction

The chemistry of transition metal alkyls has devel-
oped remarkably in the past 30 years. When 1 first
began work in the field, the known examples of the
isolated transition metal alkyls were quite limited [1,2].
A possible reason suggested for the scarcity of transi-
tion metal alkyls was that B-hydrogen elimination pro-
vides a route for the further decomposition. (Eq. (1)).

It was thus considered that blocking of the B-hydro-
gen elimination pathway by using alkyls without S-hy-
drogens or alkyls not amenable to the pB-hydrogen
elimination on steric grounds might allow isolation of
stable transition metal alkyls and some stable transition
metal alkyls without the pB-hydrogens were, in fact,
isolated and shown to be thermally stable. The role of
supporting ligands such as tertiary phosphines and
amines was considered to to block access to the site for
interaction of B-hydrogen with the metal center [3].
However, transition metal alkyls can decompose through
mechanisms other than B-elimination, such as reductive
elimination and a-hydrogen elimination. For the di-
alkyls of the late transition metals in particular, reduc-
tive elimination provides an important mode of decom-
position, involving with concomitant C~C bond forma-
tion that finds many applications in organic synthesis.
As I discussed in an earlier ‘“‘centenary’’ issue of this
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journal [1], even for simple metal dialkyls of Group 10
elements, the thermolysis pathway varies with the na-
ture of the metal, the alkyl, and the supporting ligands.
Typical thermolysis routes are summarized in Scheme
1. It can be seen that the decomposition routes vary
considerably. Platinum alkyls with SB-hydrogens break
down in most cases by the pB-hydrogen elimination
route following ligand dissociation from the square
planar complex to give a T-shaped intermediate [4,5].
Nickel alkyls containing a bipyridine ligand undergo
reductive elimination in the presence of a 7r-acid such
as maleic anhydride through a penta-coordinate interme-
diate, the reductive elimination being accelerated by the
acid [6]. Palladium dialkyls exhibit intermediate behav-
ior, both the reductive elimination and gB-hydrogen
elimination being observed for palladium diethyls, de-
pending upon whether the configuration of the complex
cis or trans, and can take place with or without ligand
dissociation [7,8]. In contrast to the attention given to
the Group 10 metal dialkyls, studies of the thermolysis
pathways for the corresponding metal monoalkyls have
been very limited [9] except in the case of platinum. In
our studies of the reactions of Group 10 metal alkoxides
and thiolates we prepared some ethylmetal alkoxide-
and thiolate complexes having trimethylphosphine lig-
ands [10); we found that palladium monoalkyls having
B-hydrogens could be stabilized by the presence of
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Scheme 1. Thermolysis pathways of dialkyls of Group 10 metals.

basic and compact ligands that dissociate less readily
than the other less basic and more bulky tertiary phos-
phine ligands.

2. Chemistry of neutral and cationic monoorganopal-
ladium complexes

2.1. Monoethylpalladium complexes

Our success in isolating stable monoethylpalladium
complexes containing trimethylphosphine ligands to-
gether with electronegative ligands such as halides and
carboxylates provides us with the opportunity to exam-
ine the thermolysis behavior of these simple monoethyl-
palladium complexes [11]. A series of monoethylpalla-
dium complexes coordinated with various electro-
negative ligands, namely trans-[PdE{(X)(PMe,),] (1),
where X =OPh, O,CCH,, 0,CCH,Cl, 0,CCHCI,,
0,CcCcCl;, 0,CCH,CH=CH,, SPh, SCOCH,, Cl, Br
or I, were prepared by protonolysis of trans-
PdEt,(PMe,), (2) with HX (Eq. (2)) or by metathesis of
the monoethylpalladium acetate complex (1a) (Eq. (3)).

The monoethylpalladium complexes with PMe, lig-
ands are moderately stable thermally but are readily
thermolyzed on warming the solutions. The ethylpalla-

PMe; solvent
Bt—Pd—X

X = carboxylate, Cl \\

-PMe;
D e ee— o

-— Et——Pd—solvent
M Me,

N C\/H ‘N‘\C,——I:i / lli
AL—M .C*‘]\I'l Cmuum (1

A

dium acetate complex 1a generates ethylene, acetic acid
and palladium black on thermolysis in dichloromethane
(Eq. 4)).

A kinetic study involving monitoring of the disap-
pearance of the ethylpalladium-complex by NMR spec-
troscopy and the release of ethylene by gas chromatog-
raphy showed that the disappearance of the ethylpalla-
dium-complex is first order with respect to the concen-
tration of the complex and that the thermolysis is hin-
dered by addition acetate anion to the system. The
results are in agreement with the mechanism shown in
Scheme 2.

The thermolysis scheme comprises two routes. One
is a minor direct route, and the other a major indirect
route involving the generation of a cationic ethylpalla-
dium intermediate by dissociation of the acetate ligand.
The B-hydrogen elimination takes place cleanly from
the ethylpalladium complex to liberate ethylene, without
any dissociation of the PMe, ligand. Use of the nondis-
sociating PMe, ligand made this and subsequent studies
straightforward. The hydridopalladium acetate produced
by the B-hydrogen elimination process may release
acetic acid by reductive elimination.

When the protic acid HX produced in the thermolysis
is more strongly acidic than acetic acid, subsequent
attack of the HX (X = chloroacetates, thiolate, thioac-
etate, and halides) or of the HPd(X)L, on the remaining
ethylpalladium complex takes place to generate ethane
after the loss of ethylene (Eq. (5)). Thus a 1:1 mixture
of ethylene and ethane is produced in a single B-hydro-
gen elimination process.

An inhibiting effect of added X™ anion on thermoly-
sis of the ethylpalladium complexes was observed with
all these complexes. The results point to a dissociative
process leading to intermediate formation of the sol-
vent-coordinated cationic ethylpalladium complex. In
the light of the negative entropy values observed by
formation of the cationic complex the process shown in

+

X #  Ethylene + HX + Pd
major path

/

direct minor path

Scheme 2.
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Scheme 3 is proposed, involving solvent assistance to
the departure of the X ligand from the palladium center
to generate the solvent-coordinated ionic species
(Scheme 3).

At the beginning of the study we did not predict the
involvement of a dissociative process in the B-hydrogen
elimination, but in hindsight its occurrence should not
have been too surprising. In fact Romeo and coworkers
had reported a halide dissociative process for cis—trans
isomerization [12], and quite recently dissociation of the
halide ligand in the B-hydrogen elimination process
from the corresponding ethylplatinum halide complexes
bearing triethylphosphine ligands was reported [13].

The recognition of the involvement of the cationic
ethylpalladium complex in the thermolysis of the neu-
tral ethyl palladium complexes, trans-PdE{(X)XPMe,),,
prompted us to prepare the cationic ethylpalladium
complex by removing the halide ligand from trans-

Solvent
&e; PM

40 °C, CHyClz

[ —

Et\ /PMe;
Pd 1/2 Ethylene + 1/2 Ethane (5)

+ 1/2 PdX,(PMe3);

+

El PM
\ /M
P BF,-
Me3P solvent

(6)

B M g,
/
Me;P Na - AgCl

3

PdE(X)(PMe,), (1b) with a silver salt. Removal of the
bromide ligand from trans-PdBr(EtPMe,), did indeed
give the thermally unstable complex trans-[PdEt-
(solventf(PMe,), IBE, (3), retention of the trans config-
uration being confirmed by NMR spectroscopy [14]
(Eq. (6)).

The cationic ethylpalladium complex 3 decomposes
even at —30°C in CD,Cl, solution to release ethylene.

2.2. Behavior of monophenylpalladium complexes rele-
vant to Heck olefin arylation reactions

Prompted by the finding that the neutral monoethyl-
palladium complexes form by dissociation of the elec-
tronegative ligand, ionic monoethylpalladium com-
plexes that are much more reactive than the correspond-
ing parent, neutral palladium complexes, we began a
comparison of the reactivities of the neutral and ionic
monophenylpalladium complexes [15]. The palladium-
catalyzed Heck-type arylation of olefins with aryl halides
is considered to involve the following elementary pro-
cesses: (a) oxidative addition of an aryl halide to a
Pd(0) complex to give an arylpalladium halide species;
(b) insertion of the olefin into the aryl—palladium bond

PMe; +
R—Pd—X — R——/Pd::_‘ solven ———— R—/Pd—solvent e
Mep” Me;P Mesp
Scheme 3.
F, PM *
. PMe; )
M Ph—Pd—py | BFs
-AgBr Me;P”

. PMe, .PMe 5
Cl—Pd™PMe, PhMgBr Ph—Pdl B = —]
al THF,20°C  MeP”

4

-AgBr

AgBF, solvent
_—_’
MesP

.
'_.~PMC3 -
Ph—Pd™—solvent JBF4

Scheme 4.
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to give an alkylpalladium species; (¢) B-hydrogen elim-
ination from the alkylpalladium species to yield a hydri-
dopalladium halide species; and (d) removal of the
hydrogen halide by a base to regenerate the Pd(0)
species that carries the catalytic cycle. However, the
detailed mechanisms of the -hydrogen elimination and
the subsequent processes have not been clarified. Re-
cently, addition of silver salts to the olefin arylation
systems was found to enhance the rate and selectivity of
the catalyzed process [16]. It has also been noted that
the use of aryl and alkenyl triflates in combination with
a Pd(0) catalyst facilitates the Heck reaction [17] [18].
These observations suggest the involvement of cationic
organopalladium complexes in the catalytic cycle of the
Heck reactions. We thus prepared neutral and cationic
phenylpalladium complexes 4—6 by the routes shown in
Scheme 4 and compared their reactivities toward olefins.

Removal of the bromide ligand from the neutral
trans-phenylpalladium bromide complex 4 bearing two
trimethylphosphine ligands by use of one equivalent of
AgBF, in the presence and absence of pyridine yielded
the pyridine- and solvent-coordinated cationic phenyl-
palladium complexes, 5 and 6, respectively. The reac-
tions of these neutral and cationic phenylpalladium
complexes with olefins such as styrene, 1-hexene,
methyl acrylate and methylvinylketone, cleanly gave the
corresponding phenylated olefins. The reactions were of
first order with respect to the phenylpalladium complex.
The reactivity toward methyl acrylate decreases in the
order 6 > 5 > 4, indicating that the cationic phenylpal-
ladium complex is more reactive than the neutral one
and that the pyridine-coordinated complex 5§ is less
reactive than the complex 6 bearing a more weakly
coordinating solvent such as acetone or dichloromethane.

A kinetic study of the reaction with methyl acrylate
showed that addition of pyridine strongly inhibits the
reaction with the olefin. The result can be accommo-
dated by the mechanism shown in Scheme 5.

In the reaction of the cationic pyridine-coordinated
phenylpalladium complex 5 with methyl acrylate, the
dissociation of the coordinated pyridine from 5 to give
the solvent-coordinated complex 6 is rate determining.
This step is followed by interaction of 6 with the olefin,
insertion of the olefin into the phenylpalladium bond in
6 and the subsequent S-hydrogen abstraction to produce
methyl cinnamate. We also carried out a kinetic study
of the reaction of the independently prepared cationic,
solvent-coordinated phenylpalladium complex 6 with
methyl acrylate, and the results can be explained in
terms of the mechanism shown in Scheme 6.

The results can be accounted for by applying the
steady state approximation to an intermediate complex
A that is formed from 6 and then reacts with the olefin
to give the phenylated olefin. It is reasonable to assume
that the intermediate A is a cationic, cis-phenylpal-
ladium complex that has a vacant site adjacent to the
phenyl ligand to accommodate the incoming olefin. In
the subsequent step the olefin is inserted into the
phenyl—palladium bond in a concerted manner and sub-
sequent B-hydrogen elimination releases methyl cinna-
mate.

In the case of organopalladium complexes containing
monotertiary phosphine ligands we have not been able
to detect a cis-organopalladium complex having the
vacant site next to the organic ligand. In contrast, for
neutral organoplatinum complexes such cis forms are
commonplace. However, no cationic organoplatinum
complexes with monodentate tertiary phosphines that

.. PMe;3 o k, ks COMe
Ph—Pd=—solvent BF, =—m—m———— A »
Me;P ks R X /

6
R = CO,Et, Ph
insertion
B-elimination

wPMey T
A possible structure for A is: Ph—Pd—PMe; [BF,
solven

Scheme 6.
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have cis configuration have been reported to our knowl-
edge, despite the abundance of the corresponding com-
plexes with frans configurations [19]. We found that
removal of the chloride ligand from the cis-mono-
organoplatinum chloride 7, bearing two trimethylphos-
phine ligands, with AgBF, at —50°C in acetone gave
the cationic acetone-coordinated cis-methyl and
phenylplatinum complexes 8 (Eq. (7)) [20]. When the
acetone solution of the cis-methylplatinum complex 8
was warmed from —50 to 0°C the cis complex readily
isomerized to the frans form 9 (Eq. (8)):

R /PMel + R\ /PMe; *
P BF, 0% P BFy
/N e VA
acetone’ PMe; Me4P acetone (8)
8 9

Although the isomerization of the organoplatinum
complex proceeds from the cis to the thermodynami-
cally more stable trans form, it is not unreasonable to
assume a reverse isomerization, from the stable trans
form to the less stable and reactive cis form, for the
corresponding organopalladium complex, to give a tran-
sient species A that can accommodate the olefin at the
position cis to the phenyl ligand as in Scheme 6.

These results indicate that creation of a vacant site
adjacent to the alkyl or aryl ligand is important to
facilitate further reactions such as B-hydrogen elimina-
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tion or olefin insertion into the phenyl-palladium bond.
The vacant site can be generated by self-dissociation of
the electronegative ligand or by removal of a halide
ligand by a silver ion [21].

2.3. CO and isocyanide insertion into Pd—alkyl or
Pd—aryl bond in neutral and cationic monoorganopal-
ladium complexes

After finding that the marked rate enhancement in
the B-hydrogen abstraction and olefin insertion pro-
cesses involving monoorganopalladium complexes is
due to generation of a cationic organopalladium com-
plex from the neutral one, we decided to find out
whether the insertion of CO into a carbon-palladium
bond is also promoted by creation of a cationic complex
[14]. A range of monoorganopalladium halide com-
plexes (10a—10f) were prepared, along with their
cationic counterparts (11) and (12) obtained by removal
of the halide ligands from the neutral monoorganopalla-
dium halide complexes by AgBF, (Scheme 7).

All the neutral and cationic organopalladium com-
plexes reacted readily with carbon monoxide at 1 atm.
pressure in acetone at low temperatures to give the
corresponding acetylpalladium complexes 13 and 14, as
identified by NMR spectroscopy (Scheme 8).

No decarbonylation of the acetylpalladium com-
plexes was observed at —30°C. Coordination of the CO
ligand trans to the acetyl ligand in 14 was confirmed by
an use of “CO [22]. Both reactions of the neutral and
the cationic complexes toward CO were of pseudo-first
order. The rate constant for CO insertion into the cationic
methylpalladium complex 11 was found to be higher by
a factor of 10* than that for reaction of the neutral
methylpalladium complex 10a to form 13. The rate of
CO insertion into the methylpalladium complexes 12a
and 12b bearing the chelating ditertiary phosphines

Phy Me,
Me PMe Et PMe Ph -Tol PMq P: P
N N \Pd/"M"3 N M"'\Pd/ M"'\Pd/
N \.
Me;P/ Cl MegP/ \Cl MeJP/ Br Me3P/ \l Cl/ \p Cl/ \p
Phy Me,
10a 10b 10¢ 10d 10e 10f
(PdMe(Cl)(dppe))  (PdMe(Cl)(dmpe))
+ R'2 +
R PM 2
AgBF, (1 eq) N At i Me / .
PAR(X)L, Pd BF,” or Pd BF,
-AgX N ( AN
10 acetone, -30 °C MesP © ¢ P

R = Me 11a, Et 11b, Ph 11¢, p-Tol 11d

11

R
12
R'=Ph 12a, Me 12b

Scheme 7.
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dppe and dmpe, was more than three times as fast than
that into the trans methylpalladium complex bearing
PMe, ligands (11).

The rate of CO insertion into the cationic trans-
methylpalladium complex (11) depended on the solvent
used. The rate fall with increase in the coordinating
ability of the solvent in the order CH,CN < Me,CO <
CH,Cl,, suggesting that stronger coordination of the
solvent molecule retards the CO insertion.

Benzyl isocyanide or tert-butyl isocyanide, an analog
of CO, coordinates with the cationic trans-methylpal-
ladium complex 11 bearing two PMe, ligands to give
benzyl isocyanide-coordinated complexes 15 when 11 is
treated with one equivalent of the isocyanide. Treatment
of 15 with a further equivalent of the isocyanide in
acetone at room temperature gives the isocyanide-coor-
dinated cationic complex 16 in which are molecules of
the isocyanide has been inserted into the methyl—pal-
ladium bond of 15. Insertion of CO into the
isocyanide-coordinated methylpalladium complex 15

A. Yamamoto / Journal of Organometallic Chemistry 500 (1995) 337-348

AgBF,
+ -30 °C, acetone
Me, PMe, ~ Ag(PMe; BF,
{ pd, } BE, [MePd(PMe)'BF, &)
Mesp” (s) PMe; (1 eq)

-30 °C, acetone
11

also takes place at —30°C, to give the isocyanide-coor-
dinated acetylpalladium complex 17 (Scheme 9).

These results seemed to indicate that the cationic
organopalladium complexes were generally more reac-
tive than the neutral ones. However, a detailed study of
the reactivities of the trans-methylpalladium complexes
bearing two PMe, ligands revealed that the benzyl
isocyanide-coordinated methylpalladium cation 15 was
less reactive than the neutral methylpalladium chloride
complex 10a toward CO insertion. The result seems to
indicate that the ability of a ligand coordinated to the
metal center to block the incoming substrate such as CO
is more important than whether the methylpalladium
complex is neutral or cationic.

The above-mentioned comparisons were made using
tertiary phosphine ligands such as trimethylphosphine or
chelating phospines that show less tendency to dissoci-
ate from palladium in solution. When the PMe, ligands
were replaced by less coordinating PPh,Me ligands, the
reactivity towards CO insertion was increased.

Although the halide ligand in monoorganopalladium
halide complexes can be cleanly removed with an
equivalent of AgBF, to afford the cationic trans-meth-
ylpalladium complex 11, a further PMe, ligand can be
removed from 11 by treating it with an excess of AgBF,
(Eq. (9)) [23].

The rate of CO insertion into the methyl-Pd bond in
11a was increased by a factor of 4 upon removal of one
of the PMe, ligands in 10a by use of an excess of the

R +
RNC (1 l
H;C\ /PMe3 (leq) H;C\ PMe; RNC (1 leq) N
o gp, - R=Bn By o pp,- R=BnBu_ HiC—C PMes | pE,"
N\ 4 20 o0 4 L.t / !
Me;P (s) 30°C~re. Me;P/ \CNR acetone /Pd\
acetone Me; P CNR
11 15
16
CO(1 atm)
-30 °C
acetone
.
//O
H3C—C\ /PMe; X
Pd BF,

7 “enr

M53P

17

Scheme 9.
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PMe; CO (10 atm) R® O PMe
4 U - a 1 -
\ LCly, 1.t PMe,
(10)
R'=H R*=Me X=C 19

R'=H R*=H X=Br
R'=Ph R’-H  X=Br

silver salt. The result suggests that the availability of the
coordination site cis to the methyl ligand is important
for occurrence of the insertion reaction of the methyl-
palladium complex.

2.4. QOlefin insertion into an acyl-Pd bond

In contrast to the extensive studies of CO insertion
into the alkyl—palladium bond and olefin insertion into
the phenyl—palladium bond, there are few examples of
olefin insertion into the acyl-Pd bond. The process is
important for understanding the mechanism of the olefin
and CO copolymerization [24] as well as for expanding
the scope of processes involving the CO and the olefins
in association with palladium catalysts. In keeping with
results reported by Sen [25], Elsevier [26] and Brookhart
[27] and their coworkers, we found that creation of a
cationic acylpalladium species enhanced the reactivity
of the acylpalladium complex toward olefin insertion
and the penultimate carbonyl group is bound to the
cationic palladium center to be stabilized after the olefin
insertion [28].

2.5. CO insertion into the allyl-Pd bond

For development of catalytic systems involving tran-
sition metal complexes for incorporating CO into vari-
ous organic compounds it is desirable to have available
various elementary processes involving CO insertion
into transition metal-carbon bonds. As noted above,
CO insertions into the alkyl-Pd and aryl-Pd are estab-
lished processes. In contrast, there have been only
limited reports of CO insertions into allyl-palladium
bonds. We previously reported that the CO insertion can
take place under appropriate conditions depending on
the nature of the allylic moiety and on the number and
nature of the tertiary phosphine ligands attached to
palladium, (Eq. (10)) [29]). The square planar cationic
m-allylpalladium complex 18 bearing two PMe, ligands
and a halide anion undergoes CO insertion at room

, Ph,P
—<—Pd >/ + 2 j
Ph,P

CO (30 atm)

" acetone,T. t.
24h

0
R o. H co R "
Z o A~Con (12)
\I'(I/\/ 8 Pd cat. jk‘/\/
CO (80 atm)
0.8 mol% PdCl,(PPh
A o e, DEmoRPOGER, )\/”\I(NEW (13)
2eq) mF zs °C
Me;P\Pd | MeOC_~p. MeOzC\/\ PMes
THF or ether /Pd\ (14)
Me,P Ph 30~5°C Mesp”  Br

temperature to give the alkenoylpalladium complex 19.
In our experience, use of strongly coordinating ligands
such as PMe, is favorable for CO insertion. Use of the
more weakly coordinating ligand PMePh, does not lead
to complete CO insertion even under pressure, and the
resulting acylpalladium complex readily undergoes de-
carbonylation at room temperature to be regenerate the
mr-allylpalladium complex 18. Use of the chelating lig-
and dppe also favors the CO insertion (Eq. (11)). Addi-
tion of dppe to the chloride-bridged 2-methylallylpal-
ladium(II) complex followed by treatment with CO at
room temperature in acetone gives the CO-inserted
alkenoylpalladium complex 20 in a good yield [30]. The
alkenoyl complex 20 is also susceptible to decarbonyla-
tion when the chloride ligand is removed by treatment
with silver ion.

Among the halide ligands, those that dissociate less
readily seem to be more suitable for permitting CO
insertion into the Pd-allyl bond. This may be related to
the reluctance of the halide ligand to dissociate from the
palladium center to create a vacant site for the reverse
decarbonylation from the alkenoylcomplex as we dis-
cussed for the monoorganopalladium halide complexes
in Section 2.3. Indeed, if the halide ligand is removed
by treatment of the alkenoylpalladium halide complex
19 with a silver ion the decarbonylation of the alkenoyl
complex 19 to regenerate 18 takes place immediately.

Knowing the feasibility of CO insertion into the
allyl-Pd bond we have been able to develop two novel
carbonylation processes [31]. One involves the conver-

)\/m P
20

(1)
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CO,Me
COMe
MC;P\Pd Br Y PMe;
Me, P/ —uPh THF or ether /Pd\ (15)
-40 °C Me;P Br

22

sion of allylic formates into B,y-unsaturated acids (Eq.
(12)) and the other involves double carbonylation of
allylic chlorides with CO and secondary amine to give a
B,y-unsaturated a-ketoamide (Eq. (13)).

Mechanistically, both processes proceed by the CO
insertion into intermediate allylpalladium complexes to
give alkenoylpalladium complexes. In the process in-
volving the allylic formates, oxidative addition of allylic
formates gives allylpalladium formate complexes. The
following CO insertion and the subsequent reductive
elimination of the alkenoyl and the formate ligands
releases the mixed acid anhydrides, which are further
decarbonylated to give the B,y-unsaturated carboxylic
acids. In the latter process the catalytic cycle consists
of: (a) oxidative addition of the allylic chlorides to form
an allyl-palladium chloride; (b) CO insertion into the
allyl-Pd bond to give an alkenonylpalladium chloride
complex; (c) dissociation of the chloride ligand to give
a cationic alkenoylpalladium species with a site for the
CO coordination; (d) nucleophilic attack of the amine
on the CO ligand coordinated to the cationic palladium
center to give the carbamoyl ligand; and (e) reductive
elimination of the alkenoyl and carbamoyl ligands to
liberate a-keto amide. Generation of a vacant site for
coordination of CO to the electrophilic cationic palla-
dium center seems to be crucial for occurrence of the
double carbonylation [32].

These results indicate that generation of a coordina-
tion site for a particular reaction plays an important role
in determining the course of the reaction. Unstable
monoorganopalladium complexes can be stabilized by
blocking the site for a decomposition pathway such as
B-hydrogen elimination, whereas creation of a site for
coordination of an unsaturated substrate such as olefin,
CO, and alkyl isocyanide facilitates the substrate coor-
dination and the subsequent insertion reactions.

AgBF,

(leq) ,PMeJ *
21 P BF,
acetone-ds | Mg =0 PMe,
-50 °C

23
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RuH(OPh)(PMe,),
28

RuH,(PMe3)q + HOR; Z=———=——= [RuH;(PMe;),JOR;
25 27
-H, (19)
——— RuH(ORp}(PMe,),

29

2.6. Synthesis and properties of other functionalized
alkylpalladium complexes

Blocking the site for B-hydrogen elimination by us-
ing the basic and compact PMe, ligands enabled prepa-
ration of other alkylpalladium complexes with B-hydro-
gens [33). Thus treatment of Pd(PMe,),(styrene), which
is coordinatively unsaturated and very reactive towards
oxidative addition, with methyl «- and B-bromopro-
pionates yielded linear and branched methoxycarbonyl-
substituted ethylpalladium bromide complexes 21 and
22 (Egs. (14) and (15)).

Removal of the bromide ligand from 21 by treatment
with AgBF, gives a cationic SB-methoxycarbonylethyl-
palladium complex 23, in which the carbonyl group is
bound to the palladium center [34,35]. The cationic
alkylpalladium complex 23 is much more reactive to-
wards CO insertion than the neutral bromide complex
22, and affords the acylpalladium complex 24 even at
low temperatures [33].

In contrast to phenylpalladium complexes, which
undergo olefin insertion and the succeeding S-hydrogen
elimination to liberate the phenylated olefins [15], the
corresponding phenylplatinum complexes are only
weakly reactive towards olefins. Neutral phenylplat-
inum halide compexes with PMe, ligands do not react

0 +

co
(1 atm) MeOZC/\)k /PMCJ BE,

Pd (16)
Me,p” o
24



A. Yamamoto / Journal of Organometallic Chemistry 500 (1995) 337-348 345

with methyl acrylate or methylvinylketone, and only
after removal of the halide ligand to give the cationic
phenylplatinum complex and with use of higher temper-
atures, does reaction occur with these olefins, as shown
in Eq. (17).

3. Comparison of neutral and cationic hydridoruthe-
nium complexes

Recognition of the enhancement of the reactivity of
alkyltransition metal complexes by generating cationic
complexes from neutral ones prompted us to find out
whether similar enhancement in reactivity would be
observed on conversion of a neutral transition metal
hydride into a cationic species. In an earlier program
(prior to my move from Tokyo Institute of Technology
to Waseda University), concerned with the synthesis
and properties of hydridoruthenium alkoxide and ary-
loxide type compexes [36,37] we observed indications
of participation of intermediate cationic hydridoruthe-
nium complexes following treatment of the neutral
RuH,(PR ), with acidic alcohols and phenols, as de-
picted in Egs. (18) and (19):

The reactions of phenol and hexafluoropropan-2-ol
(R;OH) with RuH,(PMe,),, 25, were shown to involve
initial formation of cationic species [RuH ;(PMe,), JOPh
(26) and [RuH,(PMe,),]OR; (27) and subsequent loss
of H, to give the monohydridoruthenium phenoxide of
alkoxide complexes cis-[RuH(OPhXPMe,),], 28, and
cis-[RuH(OR ( )(PMe,), ], 29. We also observed that the
phenoxide and the fluoroalkoxide ligands tend to disso-
ciate in solution to give a cationic hydridoruthenium
complex.

After my move to Waseda University I was able to
set up a small group to continue my study on the
properties of alkyl- and hydrido-transition metal com-
plexes. When post-doctoral fellow, Dr. Thomas Rap-
pert, arrived from Professor H. Wemer’s group in Ger-
many, we decided to see whether a reactivity enhance-
ment similar to that we had observed with the
organopalladium complexes would be found also for
ruthenium complexes. Again, in the case of a rutheni-
umhydride complex used of the trimethylphosphine lig-
and allowed us to obtain clear-cut results [38].

Treatment of cis-RuH,(PMe,), in ether with NH ,PF,
or NH,BPh, at room temperature under NH, gave
almost quantitatively the ammonia-coordinated cationic
hydridoruthenium complex cis-{[RuH(NH,)(PMe,), X
(X = PF, or BPh,) (30 in Scheme 10). When the reac-
tion was carried out in acetonitrile, the acetonitrile-coor-
dinated cationic hydridoruthenium complex cis-
[RuH(NCCH ;)(PMe,), X, 31, was obtained. The NH,
ligand in 30 can be readily displaced by acetonitrile to
give 31, and treatment of 30 with hydride-donating
reagents such as NaH regenerates the starting neutral
cis-dihydride complex 25 (Scheme 10).

NaH
THF, r.t. I
L | PFg
NH;, Et,0 Lo | /H
Ri
1.5h,rt. L/I ~NH;,
H, !
30
I
L}~ H
Ru + NH4PF, —
> s 4PFg
L
25 | PFg
L =PMe; CH4CN L\I/H
—_— u
30 min, r.t L”| “NCCH;,
-Ha, -NH; L
31
Scheme 10.

The monohydride complex 30 can also be converted by
NaBH, into the neutral dihydride complex 25 through
the intermediate hydride-bridged complex RuH(z?*
BH, XPMe,),, which reacts further with added PMe, to
give 28.

On treatment of the neutral dihydride complex 25
with two equivalent of NH,PF, in acetone or acetoni-
trile the two hydrido ligands in the neutral complex are
protonated to give the dicationic complexes cis-
[Ru(NH,),(PMe,), PF;), and cis-[Ru(NCCH,),-
(PMe;),KPE,), (Scheme 11).

The ammonia-coordinated cationic monohydrido
complex 30 does not undergo exchange with ethylene
and PhC=CPh but reacts readily with phenylacetylene
in acetone at room temperature to give the the cationic
alkynylruthenium complex cis-[Ru(C=CPh)(NH,)-
(PMe,), ]PE,, 32, along with styrene. The reaction prob-
ably proceeds by insertion of the phenylacetylene into
the Ru—H bond in 30 to give a styrylruthenium com-
plex, which reacts with a further equivalent of phenyl-
acetylene to give the alkynyl complex 32. The ammonia
ligand coordinated to ruthenium in 30 and 32 can be
readily displaced by CO to give the CO-coordinated
complexes 33 and 34 (Scheme 12). No CO insertion

L —| [PFg);

(CHy),CO L. | _~NH;
RS
15 min, .. L7 NHy
'HZ L
[
Ll _H
RO + 2NHPF, —
L7~ ¢
L
25 L |n>F512
L=PMe; CHiCN L\IL ~NecHs
15 min, r.t. L7| “NCCH;
-Hy, -NH; L
Scheme 11.
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PFg pn | PFs
L L c°
L[ 2 HC=CPh L \RI/C/
U,
L’i “NH,3 § L7 ! “NH,
CH,=CHPh
30 32
co co
NH, -NH,

L C
L. | H Lo | /Cz
JRu_ U
L7 ]"co 130
L L
33 L = PMe; 34
Scheme 12.
Ph
L J_H LY <
SR, + 2HC=CPh R
L1 H N LRy
L L
25 CH,=CHPh
L =PMe, 2 HC=CPh
CHy=CHPh
Ph
e
1‘ /L L. ] Cc*
Ph—C"=C—lﬁu—EC—Ph -— _Ru
) Ll S

Ph
35

Scheme 13.

into the ruthenium—alkynyl bond was observed even on
heating 32 under 50 atm of CO at 60°C.

In contrast to the ready reaction of the cationic
hydridoruthenium complex 30 with phenylacetylene, the
reactivity of the neutral dihydride complex 25 toward
phenylacetylene was very much lower, and heating was
necessary to initiate the reaction with alkynes. The
reaction of 25 with phenylacetylene to give the
bisalkynyl complex, trans-{[Ru(C=CPh),(PMe,),], 35,
Eq. (20), was shown to proceed as shown in Scheme
13.The cationic monohydridoruthenium complexes 30
and 32 showed catalytic activity in the dimerization of
phenylacetylene to give the enyne (Z)-1,4-diphenylbe-
ten-3-yne at room temperature or above. The catalytic
activity in the alkyne dimerization was lower in the
presence of CO and ammonia, suggesting that genera-
tion of a vacant site for coordination of the substrate is
required for the catalysis. In contrast, the neutral dihy-
dridoruthenium complex 25 reacted with phenylacety-

L

L.I_H acetone Il‘,L

L’Rlu"H + HC=CR R—C=C-Ru-C=C—R
L 60°C,2h 4 Il. (20)
25 35

L = PMe, R =Ph, §iMe;, CO,Me

L. I['H acetone L. II‘,H -

L,R’u\H + NHPFg + NH, L’qu‘N=c'
L -30°C, 30 min LH Ny (21)
25 36

L =PMe;

lene only at elevated temperatures to give the catalyti-
cally inactive trans-dialkynyl complex 35. A mecha-
nism that accounts for the dimerization of phenylacety-
lene in the presence of the cationic hydridoruthenium
complex 30 or 32 has been suggested [38].

An increase in the reactivity of the hydridotransition
metal complexes by conversion from a neutral into a
cationic complex was observed for formation of the
imine-coordinated complex 36 in the reaction of the
neutral dihydride complex 25 under an atmosphere of
ammonia in acetone at —30°C, Eq. (21):

When a solution of the neutral dihydride complex 25
was treated with NH,PF; in acetone at —60°C under
H,, hydrogenation of the imine was observed and an
amine-coordinated complex cis-[RuH(H,NCHMe,)-
(PMe,), JPF,, 37, was obtained in a good yield [39].
Similarly, the reaction of 25 with NH,PF, and ben-
zophenone at —60 to —10°C yielded cis-[RuH-
(NH=CPh, J(PMe,), ]PF,. Possible reaction pathways
leading to the imine- and amine-coordinated, cationic
hydridoruthenium complexes are shown in Scheme 14.

In view of our earlier observation of formation of
cationic [RuH,L,]X type complexes in the reactions of
25 with protic reagents, generation of the cationic com-
plex A in Scheme 14 seems probable. The complex may
lose H, readily to provide a site for coordination of
NH, to yield 30. Acetone will also coordinate to the
coordinatively unsaturated cationic complex, and the

| PFq

{ |
H L. H
r — =
L I NH NH,PFs L~ I S NH
L acetone 3
L
25 - NHy +NH, 30
-H,
[LRuH,JPF, ——= [L4RuH]PF¢
+H,;

L H L ’ H
~p g
Ry e <+ Ru M
L~ | n— M L~ | Nl ©
N T\ acetone N=C{,
L Hy e H 60°C,3h L gy Me
3?7 3%

Scheme 14. (L = PMe,).
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reactivity of the coordinated acetone towards ammonia
may be raised to allow the formation of imine-coordi-
nated complex. When a reactive [RuH,L, ]-type com-
plex, in which n*-H, coordination may be involved,
reacts with the coordinated imine hydrogenation of the
imine to amine takes place. Once formed, the imine-co-
ordinated complex 36 is inactive towards hydrogenation
to give the amine-coordinated complex 37. The synthe-
sis and characterization of the imine- and amine-coordi-
nated complexes may be relevant to the mechanism of
reductive amination of ketones [40] [41] and of other
ruthenium-promoted processes.

4. Concluding remarks

Comparison of the reactivities of the neutral and
cationic monoorganopalladium complexes revealed the
much higher reactivities of the latter towards B-hydro-
gen abstraction, and insertion of olefin, CO or iso-
cyanide into Pd—C bonds. Even in aprotic solvents the
electronegative ligands were found to dissociate to pro-
vide a site for further reactions. The most important
consequence of the formation of the cationic organopal-
ladium and ruthenium complexes is the creation of a
vacant site at which reaction can occur. Generation of a
cationic species is also thought to assist coordination of
a nucleophilic substrate and to facilitate the ensuing
reactions. The present study complements that of the
mechanisms of reactions in Kaminsky—Brintzinger type
polymerization of olefins initiated by Group 4 transition
metal alkyls. Recent results on the mechanism of olefin
polymerization support the view that creation of a
cationic site suitable for olefin coordination and the
succeeding insertion reactions enhances the activity of
these Group 4 transition metal alkyls in the polymeriza-
tion [42].
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