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Cationic palladium(l)—acetylacetonate complexes
bearing pyridinyl imine ligands as catalysts for the hydroamination
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Acetylacetonate palladium(ir) complexes bearing pyridinyl
imine ligands [Pd(acac)(L)]BF, were synthesized via nitrile
displacement in [Pd(acac)(MeCN),]BF, by the bidentate
ligands L of type 2-C;H,N-CH=N—(CH,),OMe or
2-CsH4,N-CH=N-Ar. The structures of complexes were
analyzed by X-ray diffractometry, NMR, and DFT. The
complexes catalyze hydroamination of phenylacetylene with
aniline to give the Markovnikov imine product as well as
polymerization of norbornene.
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This paper is dedicated to Academician Irina Petrovna Beletskaya on the occasion of her anniversary — the outstanding
Russian organic chemist, whose contributions have vastly enriched the application and theory
of transition metal catalysis in organic synthesis.

Among metal-based catalysts, complexes with Schiff base
ligands belong to a very important group because of their
multifunctionality and versatility. Particular attention has been
directed toward nitrogen-donor late transition metal complexes
as a result of Brookhart’s report on Pd" and Ni'" diimine catalyst
systems™-2 for polymerization of olefins. Later, the discovery,
made by Brookhart and Gibson, that iron and cobalt complexes
bearing bis(imino) pyridine ligands are also effective catalyst for
converting olefins to high molecular weight polymers®- led to
the development of a number of nitrogen-donor ligands
belonging to the family of iminopyridines.

Having a long-standing interest in cationic acetylacetonate
palladium complexes,>12 we have prepared herein imino
pyridine-chelated complexes of the form [Pd(acac)(N*N")][BF,]
1-5 (Scheme 1). Their structural features and aspects of their
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Scheme 1 Reagents and conditions: i, MgSO,, Et,0O, room temperature,
4 h; ii, [Pd(acac)(MeCN),]BF,, CH,CIl,, room temperature, 3 h.
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application as precatalyst for the addition polymerization of
norbornene and hydroamination of phenylacetylene with aniline
were also studied. Reactions of equimolar amounts of ligands
L1-L5 with bis(acetonitrile)(acetylacetonate)palladium(ir)
tetrafluoroborate in dichloromethane led to complexes 1-5 as
yellow solids in high yields. New compounds 1, 2, 4, and 5 were
fully characterized by NMR spectroscopy, ESI-MS, and
elemental analysis (see Online Supplementary Materials).
Known®® compound 3 was prepared herein in a more facile
synthetic route in less steps without usage of toxic thalium salts.

Generally, the 6 values in 'H and 13C NMR spectra of
complexes 1-5 are consistent with NMR data for the ligands
or for the corresponding transitions metal complexes.3-2° On
moving from ligands L1-L5 to complexes 1-5, the most affected
protons are H* and H® from pyridine ring whose signals would
shift downfield by 0.47-0.64 ppm upon coordination to Pd (see
Online Supplementary Materials, Table S1). In contrast to
dichloride analogues'®2* where the 6-positioned proton signals
are shifted upfield upon complexation, the chemical shifts for H®
in ligands L1-L5 vs. cationic acetylacetonate complexes 1-5 are
essentially close. Interesting structural feature reported for the
imino pyridine palladium complexes is hindered rotation of the
aryl substituent of the imino nitrogen atom.16.18.21 Consequently,
the doublet from the isopropyl group of the free ligand at
0 =1.17 ppm? has been split into two doublets in the case of
complex 5, which may be explained by the blocking effect of the
acetylacetonate ligand. Despite the fact that DFT calculations
data (on the BP86/def2-TZVPp,/def2-SVPc o level, see
Figure S56) for cations of 1 or 2 suggest the presence of two
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isomers (one with the OMe group located close to the axial
position of the coordination polyhedron), only one isomer has
been detected by NMR.

NOE relationships found in the {*H-'H} NOESY spectra
(see example sketched on Figure S45), as well as two-
dimensional C-H hetero-correlations have allowed full
assignment of H and *C{*H}-NMR signals for complexes 1-5
(see Figures S3-S44). The lower symmetry of the pyridinyl
imine ligands causes the nonequivalence of the two methyl
groups in acetylacetonate fragment. The distinctive proton signal
resonances at, for example, 2.22 (1), 2.20 (5) and 2.26 (1),
1.72 (5) ppm (the last shielded by aromatic ring current) from
Me-group of acac ligand were observed in the 'H NMR spectra
(see Online Supplementary Materials, Table S1). In addition, the
13C{'H} NMR spectra revealed the appearance of diagnostic
carbon peaks of acac for carbonyl and methyl groups, which
were split by the adjacent pyridinyl moiety of the ligands. As an
example, in the 3C{*H} NMR spectrum of 4 carbonyl groups
appear at 188.38 and 187.65 ppm, and methyl groups resonate at
25.69, 26.23 ppm in the trans- and cis-position with regard to the
N atom of pyridine ring, respectively (Figures S29, S32, S45).

The >N NMR spectra were recorded for complexes 1-5 and
ligands L1, L2 by {*H,’5N}-HMBC experiments on the natural
abundance of the °N isotope (see Online Supplementary
Materials, >N NMR data were not previously reported!#1519 for
the ligands L1 and L2). The chemical shifts in the complexes
were assigned mainly through the cross peaks with the resonances
of the ligand protons. >N NMR experiments (Table S2) clearly
prove that the nitrogen donor atoms of 1-5 are coordinating. In
all cases coordination of the nitrogen atoms resulted in an upfield
shift A(O complex—Oligand) OF the >N NMR signals in the range of
—-83t0 —100 ppm. It is known that the coordination-induced shift
of a nitrogen atom in palladium complexes is mainly dependent
on the c-donor capacities of a ligand that is in a trans position,2223
For example, values of ca. —90 ppm have been observed for
weakly c-donating ligands (e.g., a chloride atom).?*

Single crystals of complexes 3 and 5 suitable for X-ray
crystallography (Figure 1)" were obtained by diffusion of Et,0
vapour into solutions of the complexes in 1,2-dichloroethane.
Despite attempts of crystallization, the quality of crystals of 4
was not sufficient to avoid the disorder of the [BF,]~ anions
(Figure S56, Tables S6 and S7). Complexes 3 and 5 contain a
four-coordinate palladium(1r) centre with a non-coordinating
[BF,]™ anion. The asymmetric unit of 3 contains two independent
molecular entities, whereas only one molecule is found in the
asymmetric unit of complex 5. The overall geometry around

T Crystal data for 3. C;4H,;N,0,Pd, BF,, 502.59 g mol-!, orthorhombic,
space group C222;, a=11.476(10), b =29.30(3) and ¢ = 25.25(2) A,
V=8490(13) A3, Z=16, T=293(2)K, p(MoKa)=0.925mm?,
Oeaie =1.573gcm=3, 24321 reflections measured, 12329 unique
(Riy = 0.0574). The final R, =0.0520, wR,=0.1060 [I >20(1)] and
R;=0.1250, wR,=0.1383 (all data), GooF =0.991. Largest diff.
peak/hole 0.56/-0.53 e A3,

Crystal data for 5. Cy3H,N,0,Pd, BF,, 558.69 g mol-t, monoclinic,
space group P21/n, a=8.679(4), b =16.948(9) and ¢ =17.691(9) A,
B =103.378(15)°, V = 2532(2) A3, Z=4, T=293(2) K,
U(MoKar) = 0.784 mm, d.,. = 1.466 g cm™3, 76229 reflections measured,
7445 unique (R, =0.0534). The final R,=0.0379, wR,=0.1013
[I>20(1)] and R, =0.0547, wR,=0.1117 (all data), GooF =1.038.
Largest diff. peak/hole 0.70/-0.51 e A3,

Data were collected on a Bruker D8 Venture Photon 100 CMOS
diffractometer with MoK, radiation (A = 0.71073 A) using the ¢ and ®
scans technique.

CCDC 2162440 and 2162442 contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
http://www.ccdc.cam.ac.uk.
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Figure 1 ORTEP plot of (a) compound 3 and (b) compound 5 with atoms
represented by thermal vibration ellipsoids of 25% probability. Selected
bond distances (A) and angles (°) for the cations in 3: Pd(1)-N(1) = 2.000(5),
Pd(1)-N(2) =2.007(5), Pd(1)-O(1) =1.976(4), Pd(1)-O(2) = 1.959(5),
Pd(2)-N(3) = 1.983(5), Pd(2)-N(4) =2.007(5), Pd(2)-O(3) = 1.964(5),
Pd(2)-0O(4) = 1.966(4), £N(1)-Pd(1)-N(2) = 81.0(2), £0(2)-Pd(1)-O(1) =
=94.2(2), «N(3)-Pd(2)-N(4) =80.7(2), £0O(3)-Pd(2)-O(4)=93.5(2);
in5:Pd(1)-N(1) = 1.995(2), Pd(1)-N(2) = 1.993(2), Pd(1)-O(1) = 1.972(2),
Pd(1)-0(2) = 1.956(2), N(2)-Pd(1)-N(1) = 80.91(8), £0(2)-Pd(1)-O(1) =
=94.12(8).

Pd in the complexes is approximately square planar, with
the  distortion arising from the relatively small
N; —Pd-N; 1 bite angle (ca. 81°). The angles between the mean
plane defined by the imino aromatic ring with respect to the
coordination plane of the palladium atom (defined by the atoms
N;, N;., and Pd) fall in the range of 71 to 83°. Because of this
orientation, the free space in the coordination sphere around
palladium is partly controlled by the imino aryl substituents.”
Another common structural feature between the palladium
complexes is length of imino double bond. Relative to other
bonds in the imino bridge, the C=N bond in compounds of this
study is the shortest ([1.264(8), 1.278(7)] and 1.278(3) A, for 3
and 5, respectively). To gain more insight into the structure of the
cationic species, we performed DFT (BP86) calculations for the
cations of 3 and 5 in gas phase, hence, free from the influence of
crystal packing or intermolecular interactions. Within the limits
of the basis set employed, the optimized geometries were good
representation of the structures obtained from the crystallographic
studies. DFT calculations showed maximum Mayer bond
orders for the C=N bond indicating low imino double bond
delocalization (e.g., 1.5991 and 1.5746 for cations of 3 and 5,
respectively; in ligands (cis/trans) L3 and L5, the Mayer bond
orders of ca. 1.80—1.84 were calculated).

The average Pd-N bond lengths in complexes 3 and 5 of
1.999 and 1.994 A are close to those of previously reported for
cationic palladium() acetylacetonate complex!® (2.009 A), but
slightly shorter when compared to chloride analogues with
(Pd-N),,, bond length of 2.024 A.1621 The palladium atom is
situated in the coordination plane N;-N;,;—0;—0;,; (0.021
and 0.002 A above the calculated plane in 3 and 5).
The 0;-Pd;~0;. angle is in the range of 93.5 to 94.2°, which is
the normal bite angle for acetylacetonate palladium
complexes.’®13 In complexes 3 and 5 the Pd-O bond distance
trans to nitrogen atom of imine group is slightly longer than the
other one [I(Pd(1)-O(1)) =1.972(2) vs. I(Pd(1)-0(2)) =
=1.956(2) A]. Analysis of the bond lengths and angles of [BF,]-
ion (Tables S4 and S5) showed distortion of the idealized
tetrahedral geometry. In addition, short contacts between the
fluorine atoms of [BF,]™ and the hydrogens of the imine moiety
(F--~-H-C=N, 2.3 A) are observed in the crystallographic packing
of 3 and 5, thus presumably forming weak C—H:--F hydrogen
bonds.

Polynorbornene (PNB) has received considerable attention
due to its dielectric and mechanical properties for technical
application as an interlevel dielectric in microelectronics
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Table 1 Polymerization of norbornene (NB) catalyzed by complexes 1-5.2

Yield of

Entry Complex T/°C t/min Solvent PNB (%) TONP A

1 1 25 240 CH.Cl, 66.1 3300 77.8
2 2 25 240 CH.Cl, 815 4070 95.9
3 3 25 240 CH,CI, 6.8 340 8.0
4 4 25 240 CH,CI, 23.6 1180 27.9
5 5 25 240 CH.Cl, 4.8 240 5.6
6 2 10 10 CI(CH,),CI 2.8 140 79.4
7 2 25 10 CI(CHy),Cl 76 380 214.8
8 2 50 10 CI(CH,),Cl 33.6 1680 946.4
9 2 75 10 CI(CH,),Cl 65.8 3290 1853.7
10 2 100 10 CI(CH,),Cl 80.6 4030 22715

2Conditions: BF3 OEt, (50 equiv.), Nyg =23 mmol, Neympiex = 4.6 pmol,
[NB],/[Pd], = 5000, Vo =9 ml. °TON in (mol NB) (mol Pd)™. cAverage
activity of the catalyst in (gyg) * 1073 (molpg h)™L.

applications.?>-28 A variety of palladium complexes have been
found active for the polymerization of norbornene,?28 but the
applications of imino pyridine-chelated palladium complexes in
this reaction are rare.?12526.28 Cationic palladium complexes 1-5
were screened for their ability to polymerize norbornene (NB,
Scheme 2). The complexes were activated with BFj OEt,.
Preliminary experiments showed that neither 1-5 nor BF;-OEt,
could catalyze the polymerization. It is known that B-diketonate
Pd-complexes activated with BF3 OEt, have shown promising
results for polymerization of NB and its derivates.122526.28
The polymerization activities for 1-5 cover the range
from 5.6x10% gppg (Mol Pd)1h-t  (Table1, entry5) to
2.2x 1068 (mol Pd)~! h-1 (entry 10) which can be classified as low
to high.25 Table 1 shows that norbornene polymerization runs
with complexes 3-5 are significantly slower than the runs with 1
and 2. This can be attributed to the steric factors when the bulky
aryl substituent in 3-5 being almost perpendicular with respect
to the mean coordination plane would hinder the norbornene
coordination and thus would slow the NB-insertion rate.
Previously, it has been shown that NB-coordination step is rate-
determining for NB polymerization with cationic palladium
complexes bearing amino pyridine ligands.?° The most active
complex 2 was chosen as the precatalyst for the study of the
polymerization in detail (Figure S58), when the monomer
conversion reached 71% at 240 min. The pseudo-first-order plot
was linear, and TOF, = 12.4 min~* was calculated. As results a
linear relation between activity and the initial molar ratio of NB
to 2 of up to [NB]y/[Pd], of 7500 was found (Figure S59).
Variation of the ratio between BF;OEt, and 2 showed
considerable effect on the catalytic activities (Figure S61). When
the [NB]/[Pd] ratio was increased, the catalytic ability of 2 first
increased rapidly and then increases smoothly. It was found that
the activity of 2 increased with the temperature raising from 25
to 100 °C (see Table 1, entries 6-10). The highest activity was
found at 100 °C indicating that the active species were stable at
high temperature. Molecular weights of the obtained polymers
could not be determined by gel permeation chromatography due
to insolubility of the products in organic solvents including
1,2,4-trichlorobenzene. Insolubility of addition PNBs is
frequently observed. The origin of this insolubility is not clear,
one possibility may be chain cross-linking due to partial cationic
polymerization or tacticity.® IR (KBr disk) analysis of PNB
(Figure S63) showed no absorbance in the 1600-1670 cm™

range, indicating that polymerization occurred via a vinyl
addition pathway.3!

One of the most attractive strategies for the preparation
of amines is the catalytic hydroamination of unsaturated
compounds. Numerous catalysts have been developed to promote
the intermolecular catalytic hydroamination of terminal
acetylenes,32 whereas palladium catalysts among them are rare
enough.33-3% In most cases these catalysts operate at elevated
temperatures and require acidic additives. Although palladium
complexes with bidentate imino pyridine ligands have been
applied for alkene oligo- and polymerization,1520-2140 alkoxy-
carbonylation,'7#1 and synthesis of polyketones,® we were
unable to find reports of their application as catalyst for
hydroamination alkynes.

To further investigate the catalytic activity of 1-5, the
intermolecular hydroamination of phenylacetylene (PA) with
aniline (AN) was examined (Scheme 3, Table 2). The reactions
were performed under solvent-free conditions with a slight
excess of aniline with respect to PA, i.e. the same reaction
conditions previously applied with one of the most productive
(TON = 550) palladium catalyst bearing Anthraphos ligands.38
In our experiments all complexes generated active catalysts
showing a remarkable effect of the pyridinyl imine ligand on the
productivity and chemoselectivity. In all cases, the Markovnikov
product, N-(1-phenylethylidene)benzenamine 6, was obtained
exclusively. Complexes 1 and 2 were the least productive, while
the highest value of TON = 295 was obtained with 5 (see Table 2,
entry 5). Also, catalysts 3 and 4 which were tested under the
same reaction conditions, afforded a slightly lower productivity.
Next, the precatalysts were studied under different reaction
conditions. In the case of 4, at 70 °C higher productivity was
obtained (TON =225, chemoselectivity of 45%; entry 9)
compared to the results at higher temperatures (Table S8). When
PA was added in a threefold excess with respect to aniline, the
product yields were more synthetically useful (see Table 2,
entry 12). But in the case of complexes 1 and 2, yields and
selectivity were low. Most hydroamination catalysts (including
state-of-the-art-type) also promote oligomerization of alkynes,
so the yields are mostly calculated based on the N—H nucleophile

s N—Ph
— _ i 4
Ph—= + Ph—NH; — - Ph4<
Me
6
Scheme 3

Table 2 Hydroamination of phenylacetylene with aniline catalyzed by
complexes 1-5.

Conversion  Yield Selectivity TON¢

Entry2 Pd T/°C t/h

Of PA (%)  of 6° (%) (%)°
1 1 25 168 50 16 32 85
2 2 25 168 47 13 28 70
3 3 25 168 92 54 59 285
4 4 25 168 92 53 58 280
5 5 25 168 89 56 63 295
6 1 70 15 49 12 24 65
7 2 70 15 55 14 25 75
8 3 70 15 9O7 42 43 225
9 4 70 15 94 42 45 225
10 5 70 15 9% 43 45 230
11 5 70 3 74 29 39 155
12¢ 5 70 3 43 79 46 258
aconditions:  0.086mol% of Pd, [PA],/[AN],/[Pd], = 530/630/1,

Npg = 8.6 umol, Vo = 1.0 ml. °GC yield measured with benzene as internal
standard. ¢Chemoselectivity = ng(npa)™. 4In units of (mol of 6)(mol of
Pd)™L. ¢ [PA],/[AN],/[Pd], = 1300/325/1, 0.062 mol% of Pd.
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as the alkyne is added in excess.3?> We also observed
oligomerization of the alkyne as the side reaction. The oligomers
precipitated in acidified MeOH as yellow or brown solids.
Therefore, the growth in chemoselectivity from 1 to 5 is
reasonably ascribed to the increasing steric bulk in the
coordination sphere of the metal and preventing PA coordination,
which is in agreement with the NB polymerization (see above).
In addition, complexes 1 and 2 initiate phenylacetylene
oligomerization in neat monomer (Table S9). Intriguingly,
complexes 3-5 gave oligomers only in the presence of aniline.

To explain the effect of the ligand nature on the productivity
and chemoselectivity, the propagation and termination steps of
the catalytic cycle will be considered. Two potential mechanisms
known?2 for palladium catalysts are outlined in Figure S68 (see
Online Supplementary Materials). Path A involves activation of
the C-C multiple bond by =-coordination of a Lewis-acidic
metal complex, followed by nucleophilic addition of the
N-nucleophile. Subsequent protolytic cleavage of the metal-
carbon bond provides the enamine product, which dissociates
from the coordination sphere of the metal. The resulting enamine
isomerizes to the corresponding imine. On the other hand, an
amine activation pathway cannot be excluded. Path B involves
initial formation of a metal—nitrogen bond, followed by insertion
of the alkyne into the M—N bond. Despite the mechanism in Path
B is rather tentative, it seems to be preferable, since explains the
formation of phenylacetylene oligomers only in the presence of
aniline.

In conclusion, we have synthesized four new cationic
acetylacetonate palladium complexes [Pd(acac)(L)][BF,] (L is
bidentate pyridinyl imine ligand). The catalytic potential of the
complexes was demonstrated in the addition polymerization of
norbornene and intermolecular hydroamination of phenyl-
acetylene with aniline. Though the present research was limited
to the study of the reactions mentioned above, we believe these
novel precatalysts may have a broad potential for a variety of
other catalytic applications.
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