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Several compounds of the general type PAR2(PR3)2, where R = alkyl and (PR3); = monodentate
or chelating alkyl- or arylphosphines, catalyze the addition of aniline to acrylonitrile. Acrolein,
methyl acrylate, and crotonitrile also act as substrates for aniline addition with Pd(CHj).-
(dmpe) catalyst, where dmpe = 1,2-bis(dimethylphosphino)ethane. All the catalysts require 1
equiv of H* cocatalyst, provided as NH;Ph*. The mechanism proposed for catalysis involves
protonolysis of a Pd-R bond to form PdR(PR3);*. This species can bind acrylonitrile and add
NH,R to form PARR/ (PR3);, with R’ = —C(CN)HCH,(NH:R)*, which can be detected in solution
by NMR spectroscopy. The net effect is the regeneration of a new palladium dialkyl complex
and an H* source to continue the catalytic cycle. Catalyst stabilities vary in the order 7, Pd-
(CH3)2(PMes); < 1, PA(CH3)o(dmpe) =~ 2, PA(CHj)o(dppe) < 3, PA[CH,Si(CHj);]lo(dmpe) =~ 4,

1
Pd[CH.Si(CHs)s]2(dppe) < 5, P'd7Me[(t-Buz)P(CH2)2CH(CH2)2P(t-Bu)z]. Complex 5 forms a
catalyst active for hundreds of turnovers with no loss of activity. Catalytic turnover rates at
30 °C increase in the order 3 ~ 2 < 1 <7 < 5. The unexpected high activity of the sterically
hindered catalyst 5 is partly attributed to its crowded binding site. NMR studies show it favors

coordination of acrylonitrile over aniline, in contrast to 1.

Introduction

Alkylamines find use in the production of surfactants,
polyamide fibers, and fertilizers and asspecialty chemicals,
such as solvents. The amine functionality also occurs in
many natural products and medicinal chemicals. Cur-
rently most alkylamines are synthesized by the reaction
between ammonia and an alcohol in the presence of
hydrogen over acidic metal-supported oxide catalysts.!
Since most alcohols are synthesized from simple olefins,?
direct amination of an olefin would be economically
advantageous. Besides its industrial importance, this
reaction would have many applications in organic syn-
thesis. The syntheses of alkyl-substituted amines by the
addition of amines to olefins are mostly favorable ther-
modynamic processes.> Some of these reactions are
exothermic but have equilibrium constants near unity.
When reaction temperatures increase, they become less
favorable. Therefore, it is desirable to catalyze the addition
of amines to olefins under mild reaction conditions.

Attempts at catalytically adding NHj to ethylene over
heterogeneous catalysts date back to 1954. Howk et al.
reported 0.7% conversion to alkylated amine, at temper-
atures of 199-250 °C and pressures of ethylene between
380 and 1000 atm, with metallic sodium.* Other catalysts
include MoOj3 on alumina at 175-300 °C,5 palladium on
alumina at 120 °C,® and zeolite acid catalysis at 400 °C.”
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Most of these studies do not report yields or catalyst
efficiencies.

Homogeneous catalysts for the amination of olefins have
also been explored. Solutions of RhCl; or RuClsxH:0,8
in addition to Zr, Nb, Ta® and alkali-metal amides,!® have
all proved effective for the amination of ethylene by
dialkylamines at reasonably low temperatures (<150 °C)
and pressures. Alkali-metal amides have also shown
activity toward catalyzing the addition of ammonia to
ethylene and propylene, but conversions were drastically
reduced.’’ Several of these relatively simple catalysts
exhibit extreme air and moisture sensitivity. A compre-
hensive review has appeared recently.l!

Advances in the chemistry of late-metal nitrogen
compounds!? has led to the investigation of possible
homogeneous organometallic mediated catalytic pathways
for the amination of olefins. One viable mechanism that
has received attention!®!4 is shown in Scheme I. This
involves oxidative addition of the N-H bond of an amine
to a coordinatively unsaturated metal center to produce
a hydrido amido complex. Insertion of an olefin into the
metal-nitrogen bond generates a hydrido alkyl complex.
Reductive elimination of the hydrido alkylamine product
regenerates the coordinatively unsaturated ML, species.
Eachstep in this proposed catalytic cycle has been observed
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Scheme I. Idealized Cycle for Catalytic Addition of
Amines to Ethylene via the N-H Oxidative Addition
Pathway

ML, HX

H/\/x

X
LM’ NS ML H(X)

M
|
H

X = NH, NHR, NRR'

C;H,

independently. One reaction that appears to proceed by
this mechanism has been reported by Casalnuvo, Cala-
brese, and Milstein.!® Aniline adds to norbornene in the
presence of IrC1(PEt3)2(CoH,)2 and ZnClz inrefluxing THF
for 3 days. This reaction produces a maximum of six
turnovers of product before loss of catalytic activity.

Previously we showed that the reaction between trans-
Pt(H)(NO3)(PEts); and sodium anilide yields ¢trans-PtH-
[N(H)Ph)(PEt3):.14 Olefin insertion into the platinum-
nitrogen bond produces the corresponding platinum
hydrido alkyl, which reductively eliminates alkyl-substi-
tuted amine on heating. The resulting “Pt(PEt;);” metal
species is trapped by excess olefin as a platinum(0) olefin
complex and does not oxidatively add the N-H bond of
excess aniline. Attempts to increase the reactivity by use
of the chelating dmpe (Me;PCH;CH;PMe;) ligand were
unsuccessful.1?

For late transition metals, reports of the oxidative
addition of N-H bonds to a single coordinatively unsat-
urated metal center are rare.!3!6 with the exception of
activated or chelated N-H bonds.!” Reactivity studies
suggest that N-H reductive elimination dominates the
chemistry of the platinum-group hydrido amido com-
plexes.14#1518 The weaker bond strength of the M-N bond
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in comparison to M-O and M-C!® bonds, together with
the bond strength order N~-H > O-H > C-H, suggests
that the amination of olefins with a platinum group metal
bis(phosphine) complex catalyst will be difficult to achieve
by the mechanism shown in Scheme I.15

These considerations led us to explore alternative
pathways for olefin amination. The addition of amines to
coordinated olefins occurs with several late-transition-
metal systems.?’ Binding of alkene to the metal center
sufficiently activates the olefin for nucleophilic attack.?!
This was first reported for platinum by Panunzi et al.,??
who described the addition of amines to cis-PtCls(olefin)-
(PR3) complexes to produce new platinum alkyls. Addition
of amines to solutions containing bis(benzonitrile)palla-
dium(II) chloride and olefin in THF at low temperature
results in the formation of new palladium—-alkyl bonds.2
In both cases, the metal alkyls derive from nucleophilic
attack of amine on coordinated olefin. The inherent
stability of the platinum- and palladium-alkyl bonds
formed impedes their cleavage. Platinum-alkyl bonds in
the former system were cleaved by addition of HCI or
NaBH,. These reactions produce an N-alkylated amine
and a catalytically inactive platinum(trialkylphosphine)
chloro-bridged dimer. Alkylamine product along with
palladium hydrides and palladium metal were recovered
on hydrogenation of the palladium-alkyl systems. The
one report of catalytic amination of olefins by palladium
involves the cyclization of tethered aminoolefins,?* with
benzoquinone as a sacrificial oxidant. Lanthanide-metal
complexes exhibit similar cyclization catalysis,?’ with the
advantage that a sacrificial reagent is not required.

Protonolysis of the metal-alkyl bond with an ammonium
salt acid provides a potential way to make these reactions
catalytic. This approach requires a more electron-rich
metal center. The reaction between PdMez(dmpe) and
[NHRR'R”1[X] (eq 1) provides an example of such
reactivity.?® When X is a noncoordinating anion, such as
[BPh4]-, cleavage of the palladium—carbon bond extrudes
methane and yields cationic palladium amine complexes
of the general formula [PdMe(dmpe) (NRR’R”)1[X]. This
pathway is shown in Scheme II. Protonolysis of a
palladium-alkyl bond by 1 equiv of ammonium salt
produces complex A in step 1. All the steps involved in
the catalytic cycle shown in Scheme IT have good precedent
in the literature,?32426 and this paper explores that catalytic
approach. A similar mechanism has been proposed?’ to
explain the cyclization of aminoolefins catalyzed by PtCl,2-
in acidic solution. This particular catalyst suffered from
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Scheme I1. Proposed Catalytic Cycle for
Nucleophilic Attack of Amine on Coordinated Olefin
Using a Palladium-Alkyl Catalyst
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sluggish kinetics (1-67 days at 60 °C) and low catalytic
turnovers (3 maximum).

Experimental Section

All reactions were performed under a nitrogen atmosphere by
using modified Schlenk and glovebox techniques. Liquids were
transferred by syringe (or cannula). Materials obtained from
commercial sources were used without further purification, except
where noted. Under a nitrogen atmosphere, Et;0, THF, and
CeDs were dried over Na~ or K-benzophenone ketyl. Methylene
chloride was distilled over CaH,. Ammonium salts of the type
[HNRR'R”1[X], where [X] is BPhy, were prepared by the
reaction of NaBPh, with the corresponding hydrido chloride salt
of the amine in HyO. The BF, salts were synthesized by reacting
an amine with HBF +Et;0 in Et;0. A sample of HNPh(CH,-
CH,CN) was purchased from Pfaltz and Bauer. [HoNPh(CH,-
CH,CNI[CI]] was synthesized by reacting HNPh(CH,CH;CN)
with HCl. Acrylonitrile was purified by passing it through a
column of activated alumina, followed by vacuum distillation.
PdMe;(dmpe)® (1), PdMe;(dppe)? (2), Pd(CH2SiMes)2(dmpe)?
(3), [PdMe(dmpe)(NHELt,)1[BF(],% [1,5-bis(di-tert-butylphos-
phino)pentan-3-yl-C,P,P'Imethylpalladium(II)® (5), [1,5-bis(di-
tert-butylphosphino)pentan-3-yl-C,P,P’]palladium(II) tetraflu-
oroborate?® (6), and cis-PdMey(PMe;).?® (7) were prepared
according to known procedures.

All NMR spectra were recorded on a GE QE-300 MHz
spectrometer equipped with a 5-mm broad-band probe. Proton
chemical shifts were referenced to the residual solvent peak in
the observed spectra. The %P{*H} NMR spectra were referenced
to the deuterated lock solvent, which had been previously
referenced to 85% H3PO. All 3'P{{H} chemical shifts were
recorded relative to HsPOy, with downfield shifts being positive.
Gel permeation chromatography used THF solvent and a Waters
Associates chromatograph equipped with a refractive index
detectorand 500 A, 103 A, 104 A, and 10¢ A Ultrastyragel columns.
Both distilled and crude acrylonitrile starting material exhibited
peaks from oligomers with a molecular weight of approximately
240.

Reaction of 1 with Acrylonitrile and [NH,Ph][BPh,] in
CD:Cl;. Complex 1 (10 mg, 0.03 mmol) and [NH;Ph][BPh,]

(28) Tooze, R.; Chiu, K. W.; Wilkinson, G. Polyhedron 1984, 3, 1025.
(29) Seligson, A. L.; Trogler, W. C. Organometallics, preceding paper
in this issue.

Seligson and Trogler

(0.072 g, 0.15 mmol) were loaded in an NMR tube along with
acrylonitrile (0.1 mL, 1.5 mmol) and CD,Cl; (0.4 mL). The
solution was heated at 35 °C for 2 h and then cooled to room
temperature, and 'H and 3'P{!H} NMR spectra were taken.
Besides excess acrylonitrile and a complex alkyl region (from
palladium phosphine complexes in solution), two new resonances
were observed in the !H NMR spectrum. These were identified
by comparison of the spectrum of [H,NPh(CH,CH,CN)][BPh,],
which was synthesized independently. 'H NMR (CD.Cly): §2.62
(t, 3Juu = 7 Hz, 2 H, CH,CN)1, 2.94 (t, 3Jun = 7 Hz, 2H, H,-
PhNCH;). Complex 2 can also be used as a catalyst under the
same conditions.

Reactivity of Other Activated Olefins with 1 and [NH,-
Ph][BPh,]. A general procedure for these reactions involves
loading 1 (10 mg) and [NH3Ph][BPh,] (6 equiv) into an NMR
tube with olefin (50 equiv) and CD;Cl;. Thesolutions were heated
in a constant-temperature bath at 35 °C for 2 h, and cooled, and
!H NMR spectra were taken. Table Ishows that products formed
by the addition of aniline to methyl acrylate, acrolein, and
crotonitrile. Detectable amounts of these products did not form
in the control reactions without palladium catalyst.

cis-Bis((trimethylsilyl)methyl)(bis(diphenylphosphino)-
ethane)palladium(II), cis-Pd(CH;SiMe;):(dppe) (4). To a
suspension of PdCly(dppe) (0.259 g, 0.45 mmol) in Et,0 (20 mL)
was added Me3SiCH,MgCl (2.70 mL, 1.0 M in Et;0), and the
reaction was stirred for 6 h. The solution was cooled t0 0 °C, and
the excess Grignard reagent was hydrolyzed by the dropwise
addition of H,O (5 mL). The organic layer was removed and the
aqueous layer washed with Et:O (3 X 5 mL). The combined
organic extracts were dried over MgSQO, and filtered through
activated charcoal. The solution was reduced to 2 mL, pentane
(1 mL) added, and the solution cooled in the freezer to yield
colorless crystals of 4: 0.283 g (92%); mp 155~165 °C dec; 'H
NMR (C¢Ds) 5 0.30 (s, 18 H, CHy), 1.25 (dd, 4 H, PdCH,), 1.88
(d, 4 H, PCH,), 7.18 and 7.61 (m, 20 H, PC¢Hjs); $'P{!H} NMR
(CeDe) 6 38.58 (s). Anal. Caled for C34HSioP.Pd: C, 60.12; H,
6.83. Found C, 60.06; H, 6.82.

Reaction of 1-5 and 7 with Acrylonitrile, NH;Ph, and
[NHsPh][BPh]in C;D;. Six NMR tubes were loaded with the
palladium complexes 1-5and 7 (0.014 M), [NH;Ph][BPh,] (0.014
M), acrylonitrile (2.80 M), NH.Ph (2.80 M), and (CHj3)3SiOSi-
(CH3); (0.014 M) in C¢Des. The appearance of the product
3-anilinopropionitrile was monitored by !H NMR spectroscopy
for 6 h at 30 °C, by integration of product versus the (CHj)s-
SiOSi(CHy)sinternal standard. Turnover data for these reactions
are plotted in Figure 1 (except for complex 4, which was too slow
to observe under these conditions). The identity of the product
was confirmed by comparison to an authentic sample of 3-
anilinopropionitrile. 'H NMR (C¢Dg): 4 2.24 (t,J =6 Hz, 2 H,
CH,CN), 2.94 (q, J = 6 Hz, 2 H, HPhNCH,), 4.2 (s, (br), 1 H,
NH). (Note: these resonances shift depending on the acidity of
the specific solution.)

Reaction of 1 with [NH,Ph][BPh,] and 20 Equiv of
Acrylonitrile in CD,Cl;. Complex 1 (0.012 g, 0.04 mmol) and
[NH;Ph][BPh,] (0.017 g, 0.04 mmol) were loaded into an NMR
tube and cooled to -78 °C. Acrylonitrile (0.05 mL, 20 equiv) and
CD;Cl; (0.40 mL) were added. The NMR tube was placed in the
probe at—70 °C and warmed up in 10 °C intervals while observing
the *H and 3'P{*H} NMR spectra. At 10 °C new resonances were
observed, which could possibly be an intermediate. 'H NMR
(CD.Cl;, [PdMe(dmpe)(NH,Ph)][BPhy]): & 0.30 (dd, 3 H,
PdCHj3), 0.93 (d(br), 6 H, PCHsy), 1.48 (d, 6 H, PCH3), 1.77 (m,
4 H, PCH,), 6.6-7.6 (m, NC¢H; and BC¢H;). 'H NMR (CD.Cl;,
new resonances): & 2.59 (td, J = 6.5 Hz, J = 3.6 Hz), 3.44 (d, J
= 3.6 Hz), 3.57 (d, J = 3.6 Hz). 3'P{{H} NMR (CD.Cly): 39.1 (d),
21.06 (d), weak new resonances at 32.43 (d), 23.08 (d). Onwarming
the solution to 25 °C, the 'H NMR spectrum of the new resonances
broadened and became more intense, and the weak 3'P{'H} NMR
resonances at 32.43 and 23.08 gained intensity. Product [H,-
NPh(CH;CH;CN)][BPh,] appeared in the 'H NMR spectra after
~0.5 h at this temperature.
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Generation of [Pd(CH:SiMe;)(dmpe)(CH-CHCN) ][ BPh,].
Complex 3 (0.052 g, 0.12 mmol) and AgBPh, (0.051 g, 0.12 mmol)
were placed into a Schlenk flask and kept in the dark. To this
was added acrylonitrile (3 mL), and the solution was stirred for
0.5h. Activated charcoal was added and the solution stirred for
5 min and then filtered to yield a pale yellow solution. Aliquots
of this solution were drawn for NMR analysis. 'H and 3'P{'H}
NMR resonances obtained for this solution were complex and
will be discussed further in the text.

Generation of [Pd(CH,SiMe;)(dmpe)(NH:Ph)][BPh,].
Complex 3 (0.010 g, 0.02 mmol) and [Cp;Fe][PF¢] (0.007 g, 0.02
mmol) were loaded in an NMR tube, and to this was added NHz-
Ph (0.27 mL, 3.0 mmol, 150 equiv) and C¢Ds (0.3 mL). 'H NMR
(CeDg): 60.0(s, 12 H, Si(CHa)4), 0.12 (s, 9 H, SiCH3), 0.2 (dd(br)),
2 H, PACH,), 0.37 (d, 6 H, PCH>), 0.88 (d, 6 H, PCH,). 3'P{'H}
NMR (Cg¢Dg): 6 22.21 (d, 2Jpp = 22 Hz), 37.67 (d, 2Jpp = 22 Hz).

Kinetics and Turnover Data for the Production of
3-Anilinopropionitrile by the Reaction between 5, [NH;-
Ph][BPh,], Acrylonitrile,and NH;Phin C¢Ds. A typical run
was done as follows: A solution of 5 (0.24 mL, 2.1 X 10°* M) in
CeDs (also containing a predetermined amount of hexamethyl-
disiloxane as an integration standard) was added to an NMR
tube containing NH;Ph (0.023 mL), acrylonitrile (0.016 mL),
[NH;Ph]{BPh], (0.10 mL, 5.1 X 10~® M in C¢Ds), and CeDs (0.12
mL). The solution was warmed in the probe to 25 °C, and 'H
NMR spectra were taken at set time intervals. Concentrations
were calculated by integration of product versus the hexameth-
yldisiloxane internal standard.

Reaction of 5 with [NH;Ph][BPh] and 20 Equiv of
Acrylonitrile in C;Ds. Complex 5 (0.003 g, 0.006 mmol) and
[NH;Ph][BPh] (0.003 g, 0.006 mmol) were loaded into an NMR
tube. Addition of acrylonitrile (0.005 mL, 12.5 equiv) and Ce¢Ds
(0.45 mL) yielded a colorless solution. 2'P{'H} NMR (C¢De¢): &
98.4 (s), 91.9 (s), 91.7 (8).

Reaction of 5 with [NH;Ph][BPh,] and 200 Equiv of
Aniline in C¢Ds. Complex 5 (0.003 g, 0.006 mmol) and [NH;-
Ph][BPh] (0.003 g, 0.006 mmol) were loaded into an NMR tube.
Addition of aniline (0.11 mL, 200 equiv) and C¢Ds (0.35 mL)
produced a pale yellow solution. 3'P{!H} NMR (CsDe): 6 82.5 (s
br).

Reaction of 5 with [NHsPh]}[BPh,] in CD;CN. Complex
5 (0.003 g,0.006 mmol) and [NH;Ph][BPh,] (0.003 g, 0.006 mmol)
were loaded into an NMR tube. Addition of CDsCN (0.45 mL)
produced a colorless solution. 3'P{H} NMR (CsDe): 6 92.7 (8).

Reaction of 6 with Acrylonitrile in CD:Cl,. Complex 6
(0.015 g, 0.03 mmol) was loaded into an NMR tube, dissolved in
CD,Cl; (0.45 mL), and cooled to —70 °C in the NMR probe. After
addition of acrylonitrile (1.5 uL, 0.03 mmol), 'H and #*P{{H} NMR
spectra weretaken. 'H NMR (CD.Cly): §1.29 (m br, 36 H, CCHy),
1.62 (m, br), 2.97 (m br, 1 H, PACH), 3.15 (m br), 3.64 (m br),
5.91 (dd, CH), 6.41 (dd, CH,). 3'P{*H} NMR (CD,Cly): § 90.95
(s), 95.42 (s).

Results

Catalytic Amination of Activated Olefins by 1, 2,
3, 4, and 7. Activated olefins should exhibit enhanced
binding to electron-rich metal centers. They also show a
greater tendency toward nucleophilicattack. Acrylonitrile
and aniline were chosen to test whether catalysis by
Scheme 1I is possible, because the weak aniline ligand
might allow the olefin to compete for binding at the metal
center. There is no detectable reaction between acrylo-
nitrile and aniline in the absence of catalyst, under the
identical conditions of the palladium catalyzed reactions
studied here.

The reaction between [NH3Ph][BPh,] and acrylonitrile
in CH,C); at 35 °C, in the presence of catalytic quantities
of 1, yields 3-anilinopropionitrile in its protonated form.
Identification of the product was confirmed by comparing

Organometallics, Vol. 12, No. 3, 1993 747

Chart I. Catalyst Precursors Studied
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Table I. Results of the Addition of Aniline to Activated
Olefins with Catalyst 1

'H NMR resonances

olefin [addition product){BPhy] (CD.ClLy), ppm
methyl acrylate H,PhN(CH;),C(O)OCH; 2. 63 (t 3J = 7 Hz, 2H),
95 (t,3J = 7 Hz, 2H)
acrolein H,PhNCH,CH,C(O)H 2, 77 (t 3J 7 Hz, 2H),
97 (t,%J = 7 Hz, 2H)

H;PhNCH(CH;)CH,CN 1. 45 (d, 3J = 9 Hz, 3H),

2.62 (dd, 3J = 9 Hz, 2H),

3.18 (q, °J = 9 Hz, 1H)
the 'H NMR spectrum of the reaction solution with an
authentic sample. This reaction gave about 10 turnovers
of product per mole of catalyst within a 4.5-h period.
Decomposition of the catalyst was evident at that time by
H and *P{'H} NMR spectroscopy, and no further
reactivity was observed. Several other activated olefins
were used as substrates. Methyl acrylate, acrolein, and
crotonitrile all showed evidence of catalytic behavior
(Table I) in the '!H NMR spectrum, while 2-cyclohexen-
1-one exhibited none. Complex 2 was also an active
catalyst precursor for these reactions. The inherent
insolubility of the [NH;Ph][BPhy] and the rapid decom-
position of catalyst under these conditions limited further
mechanistic studies. With the nonchelating phosphine
catalyst in Pd(CHj3)2[P(CHs)sle, 7, catalytic activity de-
creased after only 3 turnovers (Figure 1, Table II). The
solubility problem with [NH;Ph][BPh,] was eliminated
by using free aniline. Aniline,a weak base, has beenshown
to be a poor ligand in these palladium systems.2¢
[PdMe(dmpe)(NH:Ph)]* is unstable unless excess free
aniline is present in solution. At least 1 equiv of NH;Ph*
must be added with the aniline substrate, since a proton
source is a requisite cocatalyst.

Two other palladium—-alkyl catalyst precursors, Pd(CHy-
SiMes):(dmpe) (3) and Pd(CH:SiMes)o(dppe) (4), made
it easier to monitor the catalysis reactions spectroscopi-
cally. Protonolysis of the palladium-alkyl bond in these
compounds yields TMS. This is a convenient internal
integration standard for the 'TH NMR spectrum. The
presence of the bulkier (trimethylsilyl)methyl ligand cis
to the active coordinationsite in 3 and 4 appears to prolong
the active life of the catalyst, as compared to 1 and 2.
When the solution of 3 is catalytically active, the Pd-
CH,SiMej; resonance and the free TMS signal are present
in comparable amounts. This suggests Pd(CH;SiMe)-

crotonitrile
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Figure 1. Comparison of the number of turnovers of
3-anilinopropionitrile produced per mole of catalyst for
complexes 1, 2, 8, 5, and 7 (0.5%) for the reaction of
acrylonitrile with NHoPh at 30 °C. Complex 4 showed no
appreciable reactivity on this time scale.
(dmpe)(NHoPh)* acts as the catalyst or as a direct
precursor to it.

The one-electron oxidative cleavage of palladium-
carbon bonds® facilitates mechanistic studies of this
system. The reaction between 3 and 1 equiv of AgBPhy
in CD;Cl: generates [Pd(CH;SiMes)(dmpe)] [BPhy], which
is trapped in the presence of acrylonitrile. The 'H and
31P{'H} NMR spectra are complex and broadened. Inthe
31P{'H} NMR spectra two major species form in solution,
although several additional broad resonances appear
between é 30 and 40. Each of the major species exhibits
two distinct *P resonances as expected for a [Pd(CHa-
SiMe;)(dmpe)L.]1* complex. Eachresonanceshowsdoublet
splitting from coupling to a cis phosphorus atom. One
species is assigned to [Pd(CH:SiMe;)(dmpe)-
(NCHC=CH_)1[BPhy], where acrylonitrile binds to pal-
ladium through the nitrile group [§ 41.7 (J = 19 Hz) and
28.1 (J = 19 Hz)]. The two 3'P{'H} resonances for this
species closely resemble those of [Pd(CH;-
SiMes)(dmpe)(NCCHj3)] [BPhy).30 Addition of CH;CN to
the reaction solution generates the acetonitrile complex,
completely displacing the original 3P NMR resonances.
Acetonitrile is therefore a much better ligand than
acrylonitrile. Up to200equivof acrylonitrile can be added
to a solution of [Pd(CH:SiMes)(dmpe)(CH3;CN)]*, and
none of the resonances for the acrylonitrile complex

(30) Seligson, A. L.; Trogler, W. C. J. Am. Chem. Soc 1992, 114, 7085.

Seligson and Trogler

are observed. The complexity in the NMR spectral data
for the acrylonitrile complex appears to be the result of
coordination isomerization. Several NMR resonances
suggest the olefin-coordinated isomer of [Pd(CH;SiMe3)-
(dmpe)(CH;=CHCN)]{BPhy] is the other major isomer
present in solution [3'P (CD.Cl,): & 36.3 (J = 22 Hz) and
26.0 (J = 22 Hz)]. Broad multiplets in the 'TH NMR
spectrum also appear between 2.5 and 3.2 ppm and are
attributed to the olefinic protons of x-bound acrylonitrile.
Known cationic olefin complexes of platinum display
similar resonances in this spectral region.?

The addition of small amounts of aniline to a solution
of the acrylonitrile complexes at —40 °C causes several
new resonances to appear in the 3'P{'H} spectrum. Small
quantities of [Pd(CH;SiMe;3)(dmpe)(NH:Ph)]* could be
identified in the 3'P{'H} NMR spectrum [4 37.9 (J = 22
Hz) and 22.2 (J = 22 Hz)]. The authentic aniline complex
could be generated by adding AgBPh to Pd(CH,-
SiMes)s(dmpe) in CD,Cly with added aniline. Onwarming
the-40°C solution to 0 °C, several new resonances appear.
One possible species present would be a palladium-dialkyl
complex, such as Pd(CH;SiMe3)[CH(CN)CH;NHPh]-
(dmpe). This could be observed more clearly in the 'H
NMR spectrum. The formation of 3-anilinopropionitrile
was observed simultaneously in the 'H NMR spectrum to
establish that the solution is catalytically active. The
monoalkyl cation catalyst can be generated by addition of
1 equiv of [FeCp:][PF¢] to 3 in the presence of excess
aniline. This cleanly produces [Pd(CH:SiMe;z)(dmpe)-
(NH:Ph)}[PF:]. Whenseveral equivalents of acrylonitrile
are added to this solution, 3-anilinopropionitrile is im-
mediately observed to form.

The reaction between 1 and [NH;Ph}[BPhy] with 20
equiv of acrylonitrile at low (-70 °C) temperature and
with warming to 10 °C affords several new resonances in
the 'H NMR spectra. One minor group of proton
resonances (Figure 2) can be attributed to the PdCH-
(CN)CH;NHPh moiety of the aniline addition product
prior toits protolytic cleavage. The diastereotopic protons
b and c appear as two doublets at 3.57 and 3.44 ppm in
the 'H NMR spectrum. A single resonance for proton a
should appear as a complicated multiplet from coupling
to protons b and ¢ and the inequivalent cis and trans
phosphines. A triplet of doublets is observed at 2.59 ppm,
which is assigned to the proton resonance of a. We
emphasize that these were minor components in the
reaction mixture; however, species I is expected to be a

(CHy), M
P €
\ /
Pd \\\CN
P ~ S NHPh
/
(CH,), H 4C-
® H/ Ty

(b) ©)
I

short-lived intermediate in the proposed catalytic cycle.
The 'H NMR spectrum of the platinum complex PtH-
(CH(CN)CH.NHPh)(PEt;),!* displays the diastereotopic
protons as doublets at 3.97 and 3.46 ppm and also exhibits
a multiplet-at 2.46 ppm. These closely resemble the

(31) Deeming, A. J.; Johnson, B. F. G.; Lewis, J. J. Chem. Soc., Dalton
Trans. 1973, 1848,
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Table II. Total Amount of Product vs Time for the Addition of Aniline (2.8 M) to Acrylonitrile (2.8 M) with Various Soluble
(0.014 M) Palladium Catalysts at 30 °C in C¢Dg Solvent
turnovers of product/mol of catalyst
time (h) Pd(CH,SiMe;)2(dmpe) PdMe,(dppe) PdMe;(dmpe) PdMe,(PMes), PdMe[PCsP]
1.00 1.0 0.5 3.0 9 13
2.00 1.5 1.3 6.5 13 20
3.00 1.7 2.1 10.0 15 28
4.00 2.0 33 13.0 15 36
5.00 2.4 4.3 16.0 17 44

i o
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Figure2. 'H NMR spectrum of resonances attributed to the
Pd-CH(CN)CH,(NHPh) moiety obtained from the reaction
between Pd(CH3)(dmpe)(CH;=CHCN)* and aniline.

resonances discussed above for complex I. The structure
of PtH(CH(CN)CH:NHPh)(PEt;); was established crys-
tallographically. The acidic conditions should cleave the
new palladium—carbon bond, which accounts for the
instability of I in solution.

Catalytic Reactions Using 5 as a Precursor. The
decomposition of the palladium dialkyl catalysts at high
turnovers poses a problem for their practical use. The
PdR;L;-based catalysts, where L, is the chelating phos-
phine dmpe or dppe and Ry is CH; or CH:SiMes, are
rendered completely inactive over time, and decomposition
products, such as palladium metal, are visually evident.
The qualitative NMR studies suggested the essential
feature for the catalysts was a stable bis(phosphine)
monoalkyl palladium cation. Building a catalyst with a
very stable PCP backbone of donor ligands, and sterically
protecting the active site from undesired reactivity, might
accomplish this goal. One system that fills the require-
ments is {1,5-bis(di-tert-butylphosphino)pentan-3-yl-
C,P,P'Jmethylpalladium(II) (5).

Catalytic amounts of 5 and [NH3Ph}[BPh,], combined
with aniline and acrylonitrile at room temperature, are
almost completely converted to 3-anilinopropionitrile.
When additional substrate is added to the reaction
solution, more product forms. Theactive catalyst obtained
from 5 is apparently very stable and therefore active for
much longer times than 1-4. By NMR spectroscopy the
reaction appears to be considerably cleaner.

To better understand why complex 5 generates an
improved homogeneous catalyst, identification of inter-
mediate species involved in this process were again pursued
by NMR spectroscopy. The reaction between 1 equiv of
[NH3;Ph][BPh,] and 5, in the presence of excess acry-
lonitrile, displayed three new resonances in the 3'P{'H}

NMR spectra. These are identical to those observed in
the spectrum of an active catalysis solution. To determine
whether one of these resonances corresponds to the aniline
complex, 5 was combined with 1 equiv of [NH3Ph][BPhy]
in the presence of a 200-fold excess of aniline. Thissolution
displayed only a weak and broadened resonance at 82.5
ppm in the 3'P{1H} NMR spectrum, which does not match
any of the resonances in the spectrum of the catalysis
solution. Therefore, if the aniline complex is present
during catalysis, it is present in a very low concentration.
Complex 5 was reacted with 1 equiv of [Cp2Fe])[PF¢] in
CDsCN, and a singlet was observed at 94.2 ppm in the
31P{'H} NMR spectrum. Similarly, 5 was reacted with 1
equiv of [NH3Ph][BPhy] in CDsCN, which shows a singlet
at 92.7 ppm in the 3 P{lH} NMR spectrum. We assign
these shifts to the acetonitrile complex of the {1,5-bis-
(di-tert-butylphosphino)pentan-3-yl-C,P,P'}palladium-
(II) cation. Small chemical shift differences in the 3!P{1H}
NMR spectrum have been observed previously when
changing counterions.? These resonances are of similar
chemical shift to one of the peaks observed in the catalysis
solution. Therefore, it is probable that the nitrile-
coordinated acrylonitrile complex exists as one of the major
species in the catalysis solution.

The addition of 1 equiv of acrylonitrile to 6 in CD,Cl,
at =70 °C results in complete conversion of this complex
into two new species, as observed by 3P{'H} NMR
spectroscopy. The chemical shift of the more intense
resonance at 90.95 ppm is similar to the nitrile-bound
isomer, as discussed above. The second resonance is
further downfield at 95.42 and about one-fourth the
intensity of the former. In the !H NMR spectrum of this
reaction solution the major resonance for the vinyl
acrylonitrile protons shifts downfield 0.2 ppm from its
normal chemical shift. This apparerntly results from nitrile
coordination to palladium, as the major species present.
Two new weak resonances also appear at 3.15 and 3.64
ppm as a complex triplet and doublet, respectively. The
complicated weak coupling could not be resolved due to
the poor signal to noise ratio, because of solubility
limitations at low temperature. Raising the temperature
resulted in broadening of the signals, which would be
expected for a fluxional complex. The chemical shifts of
these resonances are similar to those for other reported
olefin complexes.?! Therefore, we propose this is the 2
olefin-coordinated acrylonitrile complex (acrylonitrile)-
{1,5-bis(di-tert-butylphosphino)pentan-3-yl-C,P,P’}-
palladium(II) tetrafluoroborate. The coupling of the vinyl
protons to the equivalent phosphorus would explain the
additional coupling that was poorly resolved. These
resonances would correspond to the less intense resonance
observed in the 3'P{'H} NMR spectrum. For 5, the major
species evident in the NMR spectra during catalysis are
therefore assigned to the nitrile-bound and x-olefin-bound
acrylonitrile complexes.
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These results differ significantly from the other Pd(II)
catalysts in one respect. The bulky coordination envi-
ronment in 5 selectively blocks binding of aniline, so the
isomeric acrylonitrile complexes form exclusively. Recall
that for Pd(CH:SiMes)(dmpe)* the aniline complex is
stable and cannot be displaced by acrylonitrile to a
detectable degree. The blocking of NH:Ph coordination
in the 5-derived catalyst probably results because conelike
amines do not fit in the binding site as well as the linear
nitrile group or r-bound terminal olefin. The tendency
of ligands to bind so that they minimize in-plane steric
effects with the ¢-Bu groups on the phosphine ligands is
evident in the preceding structural paper. This bias in
favor of acrylonitrile binding over aniline may explain the
unexpected rapid kinetics for the catalytic activity of 5.
Usually reaction rates for bulky phosphine complexes are
sluggish, unless phosphine dissociation occurs in the
mechanism. Phosphine dissociation is unlikely for the
tridentate chelating ligand in 5. The high reactivity of 5
can be attributed to a major shift in the position of the
equilibrium of step 2 in Scheme II toward the olefin
complex.

Reactivity of 1 and 2 with Unactivated Olefins and
[NHRR'R”][X]). Thereaction between Pd(dmpe)Me; (1),
5 equiv of [HNRR'R”][X] {NRR'R” = NHj; NH,Ph,
NHEt;, NH!Pry, NMes, NEt3; and X = BF4}, and 40 equiv
of 1-hexene in methylene chloride or THF under reflux
conditions yields palladium—-amine complex, decomposi-
tion products, free amine, ammonium salt, and unreacted
1-hexene. Similar results were observed with ethylene
and styrene substrates. Attempts to generate cationic

—
olefin complexes PdMe(dmpe)(C:H4)* or Pd[(¢:-Buy)P

(CH,),CH(CH3)sP (t-Bu)2J(C:H4) * by oxidative cleavage
of the Pd—CHj; bond in noncoordinating solvents failed.
Decomposition occurs, as was also observed in the absence
of atrappingligand. Similar exploratory experiments with
5 failed to yield an olefin complex or catalytic activity.
The intrinsic instability of the cationic olefin complexes
with unactivated olefins appears to be the root of the
problem.

Discussion

Thereaction between acrylonitrile and [NH;Ph][BPh,]
with catalytic amounts of cis palladium dialkyls produces
the protonated form of 3-anilinopropionitrile. In the
absence of catalyst, acrylonitrile reacts with aniline by a
Michael addition process only under strongly basic con-
ditions (e.g., refluxing with NaOH). In contrast, the
catalysis described here occurs under nearly neutral
conditions at 30 °C. The activated olefin substrate
apparently facilitates the coordination of the double bond
tothe active site of the metal complex. Substituting aniline
for some of the [NH3;Ph][BPh,] results in longer activity
of the catalyst, shown by the increased number of turnovers
of product. One equivalent of [NH3Ph][BPh,] per mole
of palladium dialkyl is still necessary to initiate catalytic
activity, since the catalytic cycle of Scheme II requires 1
equiv of a proton source. The extended activity observed
with added aniline probably results from the lower acidity
of the solutions. We have observed that the second methyl
group of Pd(CHjs)2(dmpe) can be cleaved with increased
ammonium ion concentrations and reaction times. The
resulting products of this reaction are inactive toward
further catalysis. This may also be a pathway for

Seligson and Trogler

deactivation of the catalysts, since the reduction of acidity
by adding excess aniline prolongs the catalyst life. When
5 is the catalyst precursor, only protonolysis of the single
CHj; group can occur under the same conditions and this
catalyst appears to persist indefinitely at 30 °C.

Two effects need to be considered in assessing the
effectiveness of the homogeneous catalysts studied: sta-
bility and rate. Qualitatively the stabilities parallel the
ease with which the second alkyl group is lost from the
catalyst by protonolysis. Thus, the highly basic metal
center in 7, which contains sterically accessible alkyl
groups, produces a highly active but short-lived catalyst.
Complexes 1 and 2 form catalysts of intermediate stability.
Complexes 3 and 4 contain bulky alkyl groups that
protonate slowly and yield longer lived catalysts. In
complex 5, where the chelating alkyl resists protonation,
the catalyst can convert substrate to product without loss
of activity. We speculate that at least one alkyl group
must remain in the complex throughout the cycle, so an
electron-rich dialkyl can be a reactant in the protonolysis
step 4 of Scheme II.

The relative activities of the catalysts explored in this
study can be compared from plots of their initial rates for
the addition of aniline to acrylonitrile shown in Figure 1.
The extreme instability of catalyst 7 is evident from the
rapid decrease in activity shown in this plot. While Figure
1 provides a useful qualitative comparison, it proved
extremely difficult to perform accurate kinetics studies.
Although the linearity of individual turnover vs time plots
was excellent for most catalysts, the reproducibility was
poor (£80%). This does not appear to result from sample
decomposition but from oligomers present in acrylonitrile.
Gel permeation chromatography of both crude and dis-
tilled acrylonitrile show variable amounts of oligomers
centered around molecular weight 240. As discussed
previously, the key acrylonitrile-palladium complex formed
in Scheme II could be detected by NMR spectroscopy;
however, acrylonitrile is a very weak ligand. We observed
that acetonitrile, an alkyl nitrile, displaces acrylonitrile
completely from the metal center. This suggests that the
nitrile groups in the acrylonitrile oligomer, which contain
alkyl nitrile groups instead of the less basic vinyl nitrile,
compete with acrylonitrile for the metal binding site and
inhibit catalysis. This would be expected to hinder
attempts at rigorous kinetics studies. Nonetheless, the
relative rates of the catalysts under identical conditions
parallel those shown in Figure 1.

The activities of the catalysts follow the order 5 > 7>
1> 2~3 > 4. This can also be rationalized in the context
of Scheme II. For complexes 3 and 4 the bulky (trimeth-
ylsilyl)methyl groups show slow protonolysis, which ap-
pears to be astericeffect. Theslowness of the protonation
step 1 was evident in the NMR spectral changes that
occurred during the reaction. Complex 2 shows a similar
retardation of the protonolysis step, which may be
attributed to both a steric effect of the phenyl substituents
and the reduced electron density at the metal because
dppe is a poorer donor ligand than dmpe. For similar
reasons 4 is less reactive than 3. Although the slow
protonation could only be observed directly for step 1 of
SchemeII, it is reasonable to expect retarded protonation
instep 4 as well. The enhanced reactivity of 1 and 7 makes
sense because of the low steric hindrance and good electron
donor properties of the dmpe and PMe;s ligands.

The unexpected result in this study was the exceptional
activity of 5, which contains the bulky tridentate P-C-P
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donor ligand. Two factors may contribute tothe enhanced
rate. First, the trans geometry places a strong trans-
directing alkyl group from the chelate opposite to the
coordination position where catalysis occurs. Thisshould
speed up rates of substitution and protonation in the
catalytic cycle. Furthermore, the bulky chelate perturbs
the equilibrium of step 2 so that species B in the cycle
predominates over A. Forall the other catalysts examined,
the reverse situation holds. We believe this steric effect
on the equilibrium provides a significant clue for the
development of improved catalysts. It shows that the
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binding selectivity can be altered to favor olefin com-
plexation in the presence of amines. For unactivated olefin
substrates, a change in electron donor properties of the
ligand must occur to permit substrate binding. This offers
a guide for future efforts,
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