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n'- and n3-Allylpalladium(IT) Complexes Bearing Potentially Tridentate
Ligands: Synthesis, Solution Dynamics, and Crystal Structures
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The potentially tridentate ligands 2,2:6',2"-terpyridine
(terpy) and  2,6-bis(diphenylphosphanylmethyl)pyridine
(PNP) have been used to prepare novel palladium-allyl com-
plexes of general formula [(terpy)Pd(CH,CHCRR')|(BF,) [R =
R'=H (1); R= H, R'=Me (2); R=R'=Me (3)] and
[(PNP)Pd(CH,CHCRR')|(BF,) [R=R'=H (4); R=H, R"=Me
(5); R=R’"=Me (6)], which were characterized by elemental
analysis, IR spectroscopy, and '3C, 3'P and variable-temper-
ature 'H NMR spectroscopy. The low-temperature 'H NMR
spectra show that the configuration of the complexes in solu-
tion depends strongly on the nature of the ligand. The terpy
complexes 1-3 are n3-allyl species, where terpy is dihapto
and one pyridine ring remains uncoordinated, whereas the

PNP complexes 4-6 occur as n'-allyl compounds with a tri-
hapto PNP ligand. All complexes are fluxional through n3-n?
exchange processes. Energy barriers of 47.5-48.6 kJ-mol™!
(243-262 K) are reported for the interconversion of terminal
allylic protons (complexes 2-4). AG* is higher (71.1 kJ-mol™
at 350 K) for the interconversion of the methyl groups in com-
plex 6. A lower-barrier oscillatory mechanism involving terpy
(AG* = 43.9 kJ-mol™ at 231 K) is also involved in complex 1.
The X-ray structures of complexes [(n3-terpy)Pd(n'-
CsHy)|(BF,) (3a) and [(n3-PNP)Pd(n'-C4H;)|(BF,) (5a) are re-
ported; the structure of 3a corresponds to a species that is not
observed in solution.

Introduction

Palladium—allyl complexes have been much studied in
the last thirty years, and have recently attracted even more
attention because of their importance as intermediates in
palladium-catalyzed allylic substitution (e.g. alkylation) re-
actions. Attack of the nucleophile on a cationic palladium
n3-allyl complex is at present conventionally accepted as the
crucial step in the catalytic cycle.'! One major goal in allylic
alkylation catalysis is to achieve regio-, stereo- or enantiose-
lectivity, especially by modifying the nature of the spectator
ligand. Up to now, few examples have been reported con-
cerning the use of potentially meridional tridentate ligands
in palladium allyl chemistry®® ! or in palladium-catalyzed
allylic alkylation.’>®! This type of ligand is prone to stabilize
a n'-allyl palladium complex, which was proposed in some
cases as another possible intermediate in allylic substitu-
tion.[”]
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We have lately been interested in the use of potentially
tridentate ligands, such as the mixed-P,N-donor ligand 2,6-
(diphenylphosphanylmethyl)pyridine (PNP) and its derivat-
ives, in coordination chemistry and catalysis.[! We have also
reported preliminary results in palladium allyl chemistry
with 2,2':6’ 2"-terpyridine (terpy).[! Therefore we decided
to investigate the influence of the nature of the tridentate
ligand and the allyl ligand on the structure of the corres-
ponding complex.

We report here the synthesis and complete characteriza-
tion, especially by X-ray diffraction analysis and variable-
temperature NMR spectroscopy, of palladium allyl com-
plexes bearing the terpy and PNP ligands.

Results and Discussion

The complexes 1—6 were prepared in good chemical
yields (73—92%) by abstraction of CI~ from the corres-
ponding chloride-bridged allylpalladium dimers with a sil-
ver salt, followed by coordination of palladium(II) with the
appropriate ligand (Table 1). They were obtained as air-

Table 1. Synthesized palladium  complexes [(ligand)-
Pd(CH,CHCRR')](BF,)

Complex Ligand R R’
1 terpy H H
2 terpy H Me
3 terpy Me Me
4 PNP H H

5 PNP H Me
6 PNP Me Me
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stable, yellow to red powders, which were soluble in dichlor-
omethane or acetonitrile. If we assume that these palladium
complexes are square planar, we can consider that they can
adopt five possible configurations (Scheme 1). It is the pur-
pose of our study to determine which configuration is ad-
opted by each complex in solution and/or in the solid state.
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Scheme 1. Potential isomeric forms of complexes 1—6

Variable-Temperature "H NMR Spectroscopy

The room-temperature 'H NMR spectra of most of the
synthesized complexes show some broad resonances, which
is a hint that they are fluxional. Variable-temperature NMR
analysis indicates that this is actually the case for all of
them. It was necessary to record the spectra at low temper-
ature (184—200 K) in order to detect the frozen species, ex-
cept for complex 6. Selected 'H signals and H-H or H-P
coupling constants of complexes 1—6 at low temperature
and high or room temperature are given in Table 2 and
Table 3.

The low-temperature '"H NMR spectra of complexes 1,
2, and 3 display eleven terpy signals and five signals be-
longing to the allylic moiety. This pattern is characteristic of
n3-allylpalladium complexes with an unsymmetrical terpy
ligand, of which only two nitrogen atoms coordinate to the
metal center, viz. under the form ¢ or d (Scheme 1). A thor-
ough analysis shows that the actual configuration is c,
which is also the less sterically constrained one (Scheme 2;

Table 2. 'TH NMR spectroscopic data for the terpy ligand in complexes 1—3

Complex T [K] H¥YH!' [l H3/HY HO/H!'® H7/H" H!'/H!'? H!!
1 298 8.81 7.63 8.13 (m) 8.13 (m) 8.24 (d, 7.3) 8.35 (t, 7.9)
(dt, 5.1, 1.3°€ly  (ddd, 5.1, 7.1, 2.O[b]7)
188 8.76 (m) 7.56 (app t, 5.9, H'7)  7.96 (m, H'®) 7.81 (d, 6.3, H'S) 7.96 (m, H'Z) 8.32 (app t, 7.9)
7.66 (app t, 6.1, H) 8.22 (app t, 7.6, H®) 8.40 (m, H’) 8.40 (m, H'?)
2 298 8.75 (d, 4.3) 7.66 (app t, 6.1) 8.13 (app t. 7.5) 8.18 (d, 8) 8.27 (d, 7.8 8.34 (t, 7.8)
191 856(d, 54, H) 7.55(app )63, H) 7.4 (app £, 7.8, H!%) 7.85 (br, H'Y) 801 (d, 7.2 H'?) 8.31 (app ¢, 7.8)
8.75 (d. 4.6, H'8) 7.73 (app t, 6.3, H) 8.23 (app t. 7.9, H®) 8.36 (d, 8.6, H") 8.40 (d. 8.3, H'%)
3 298 872(d.48)  7.69(ddd, 5.3, 6.9, 1.4")) 815 (m) 8.15 (m) 8.26 (d. 7.8) 8.34 (t, 7.8)
200 8.54(d. 4.8, HY) 7.56 (app t, 6.0, H'")  7.96 (app t, 7.1, H'®) 7.85 (br, H')  8.01 (d. 7.8, le) 8.30 (app t, 7.8)
8.78 (d, 4.3, H'S) 7.76 (app t, 6.3, H’) 824 (app t. 7.6, H%) 8.37 (d, 8.6, H") 839 (d. 8.3, H'?)

2] Chemical shift data (ppm) of spectra recorded in CD,Cl, on a 300 MHz (1) or a 400 MHz (2, 3) spectrometer. For the adopted
numbering scheme, see Scheme 2. Multiplicity: d = doublet, t = triplet, m = multlplet br = broad signal, app = apparent. Numbers in

parentheses are coupling constants (Hz) (*Jyy unless otherw1se stated). — 1 4T — 5 .
Table 3. "H NMR spectroscopic data for the allyl ligands in complexes 1—6
Complex T [K] H2al H! R, R’
1 298 5.55 (quintuplet, 9.8) 3.14 (d, 9.6)
188 5.47 (app tt, 12.6, 6.8) 2.13 (d, 6.3, H™) 3.35 (d, 12.3, H3
2.51 (d. 12.2, Hei) 4.06 (d, 6.3, H3)
2 336[b] 5.36 (app q, 10.0) 2.83 (d, 9.1) 1.20 (d, 6.2, Me)
4.01 (dq, 10.8, 6.0, H?)
191t 5.16 (d app t, 7.0, 12.3) 2.11 (br, Ho7)ldl 1.40 (d, 5.9, Me)
2.30 (br, Henldl 3.86 (br, H?)
3 298l 5.08 (t, 10.4) 2.51 (d, 10.2) 1.58 (s), 1.22 (s)
20011 4.98 (dd, 13.1, 7.5) 2.15(d, 6.4, H"™) 1.53 (s), 1.14 (s)
2.57 (d, 13.1, Heh)
4 325l 5.67 (quintuplet t, 11.0, 1.3[7) 3.55(d, 10.2)
184 5.63 (ddt, 16.3, 9.8, 8.8) 2.62 (dt, 8.4, 5.3[) 4.18 (d, 16.4, H3)
] 4.28 (d, [g] H%tmm)
5 325l 5.29 (dttq™, 14.3, 8.4, 1.5M, 1,5(0) 2.72 (dt, 8.6, 5.11M) 1.12 (d, 5.5, Me
] 4.83 (dq, 14.0, 5.5, H?)
2204 5.22 (dt, 14.7, 8.2) 2.62 (dt, 7.8, 5.5IM) 1.13 (d, 5.1, Me
4.63 (dq, 14.7, 6.0, H?)
6 298l 5.04 (t, 9.0) 2.70 (dt, 8.6, 4.4110) 1.13 (s), 0.96 (s)

(2l Chemical shift data (ppm) of spectra recorded in CD,Cl, on a 300 MHz spectrometer unless otherwise stated. For the adopted
numbering scheme, see Scheme 2. Multlphclty d = doublet, t = triplet, ¢ = quadruplet, br = broad s1%nal app = apparent. Numbers

in parentheses are coupling constants (Hz) (*Jyy unless otherwise stated). — [® Solvent CD;CN. — Recorded at 400 MHz. —
Sharper signals at 210 K indicate J = ca. 11 Hz for H”" and J = ca. 6 Hz for H*". — [l Solvent CDCl;. — 1 J;n — [& Overlap Wlth
the H7 signal. — [ apparent dt sextuplet. — I 4Jgy. — 01 Major species.
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vide infra). No traces of other isomeric compounds (espe-
cially a) were detected at any temperature.
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Scheme 2. Complexes present in solution according to low-temper-
ature NMR spectroscopic data

The assignment of all signals could be made with the help
of proton-decoupling experiments and/or NOE and scalar-
coupling cross-peaks in 2D-ROESY NMR experiments. In
fact, the aromatic pattern presents close similarities con-
cerning both multiplicities and chemical shifts to the spec-
tra of other bidentate terpy metal complexes analyzed in
detail in the literature (Table 2, Figure 1).'%!] The aro-
matic signals of complexes 1—3 generally appear at the
same chemical shift within *=0.02 ppm at 190—200 K
(Table 2). However, two protons do not follow this trend;
the chemical shift of H* and, to a lesser extent, of H> are
affected by the nature of the substituents R and R’. For
instance, H* is shielded by 0.22 ppm and H? is deshielded
by 0.1 ppm when one changes from 1 (R = R’ = H) to 3
(R = R’ = Me). This can be explained by their proximity
to the R and R’ groups.

)

{ppm)

Figure 1. 400 MHz '"H NMR spectra (aromatic region) of [(ter-
py)Pd(CH,CHCMe,)](BF,) (3) in CD,Cl, in the range 200—300 K;
see Scheme 2 for hydrogen labelling
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At 188 K, the H!“* and H' signals of 1 appear
broadened; this is probably the result of a fluxional process
with a very low energy barrier, i.e. the restricted rotation of
the dangling pyridine. In comparison, both analogous
frozen rotamers could be clearly observed by low-temper-
ature NMR  spectroscopy in the (n>-terpy)PtIMe; com-
plex, 191 where the rotation is more hindered than in com-
plex 1. The H' and H'’ signals of complexes 2 and 3 un-
dergo the same broadening when the temperature is de-
creased (see Figure 1 and Figure 2); furthermore, the H'
protons are shielded by the pendant pyridine (5 =
2.11—2.57) as they are in complex 1.l These observations
allow us to rule out the form d in favor of form ¢ for the
terpy complexes (Scheme 1). In the case of complex 2, the
value of the H2-H? coupling constant (12.3 Hz) infers that
the methyl group is in the syn position, which is common
in n3-allyl palladium complexes.!'?]

With an increase in temperature, most of the NMR sig-
nals of complexes 1—3 broaden, then sharpen to give sim-
plified spectra at or above ambient temperature. We observe
the coalescence of pairs of aromatic signals H¥/H'$, H/H!7,
Hé/H'®, H7/H", and H'°/H'? characteristic of the exchange
between the uncoordinating and the coordinating lateral
pyridines of terpy (Table 2, Figure 1). The corresponding
energy barriers were estimated from the coalescence of the
clearly distinguishable H> and H'? with the help of the Eyr-
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Figure 2. 400 MHz 'H NMR spectra (allylic region) of [(ter-
py)Pd(CH,CHCMe,)](BF,) (3) in CD-Cl, in the range 200—300 K;
see Scheme 2 for hydrogen labelling
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ing equation (see Experimental Section), and are given in
Table 4.

Table 4. Variable-temperature 'H NMR spectroscopic data and cal-
culated activation free enthalpies for fluxional processes in com-
plexes 1—4 and 6

Complex Av[Hz] T.[K] AG*[kJ'mol~'] Interchanging
groupst
1 29 210 43.5 H3/HY
251 231 43.9 Hlantijy3anii
2l 72 243 48.8 H3/HY
78 243 48.6 Hl,\'yn/Hlanti
30 81 243 48.6 H3/HY
166 250 48.5 Hlsvn/H lanti
4 807! 262 47.5 H/(H3¢is 4 H3trans)
6l 78 350 71.1 Me<s/Me's

[ For the adopted numbering scheme, see Scheme 2. — I Spectra
recorded in CD,Cl, at 300 MHz. — [ Spectra recorded in CD,Cl,
at 400 MHz. — [ Spectra recorded in CD,Cl, at 500 MHz. — [
Difference between the average chemical shift of H3¢ and H37%,
and the chemical shift of H'. — [ Spectra recorded in [Dg]DMSO
at 400 MHz.

The four signals corresponding to the terminal allylic
protons of complex 1 coalesce into one doublet with an
average coupling constant of 9.6 Hz.’l A close examination
of the NMR spectra on raising the temperature first shows
a coalescence of the H'"” and H3%" signals and another
coalescence of the H'* and H3*"" signals, related to a fast
chemical exchange between both ends of the allyl moiety.
This leads to two very large superimposed signals, which
then sharpen into a doublet through a slower syn-anti
chemical exchange. From the coalescence of both H** sig-
nals, a AG* value of 43.9 kJ'mol~! can be estimated for the
first exchange; this infers that it is concerted with the ex-
change of the terpy hydrogens (43.5 kJ-mol~'; see Table 4).
This is explained by the oscillatory or “tick-tock™ twist
fluxional motion (Scheme 3), which was introduced by Or-
rell et al. for similar terpy metallic complexes!!®!!l and has
been the object of thorough studies and discussions.['*] In
the second process, the syn and anti protons exchange
through a classical n3-n'-n? mechanism,['®! where the inter-
mediate is probably the form a (Scheme 4).

Scheme 3

2526
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Scheme 4

A phase-sensitive 2D NMR ROESY spectrum of 1 re-
corded at 200 K confirms our analysis (Figure 3). Strong
H'»/H3" and H'@"/H3@" exchange positive cross-peaks
are displayed, whereas H*"/H“"" exchange cross-peaks are
not observed, perhaps because they are hidden under the
geminal H>»"/H** NOE cross-peaks of the opposite sign.
Thus the syn/anti exchanges must be slower than the syn/
syn and antilanti exchanges, otherwise the corresponding
cross-peaks would probably have appeared on the ROESY
spectrum in spite of the NOE effect.

L

® |(ppm)
- 2.4

S — — ;
(ppm) 4.8 4.0 3.2 2.4

Figure 3. Section of the 'H phase-sensitive ROESY spectrum of
[(terpy)Pd(CH,CHCH,)](BF,) 1 (CD,Cl,, 200 K, 500 MHz), show-

ing exchange cross peaks and NOE (darkened) cross peaks within
the allyl signals

In the spectra of complexes 2 and 3, the two upfield H'"
and H'“" signals coalesce into a doublet with an average
coupling constant; the H? signal changes from a doublet of
doublets to a triplet (Figure 2). This syn/anti interconver-
sion also takes place through the mechanism given in
Scheme 4 and the corresponding energy barriers agree with
the values calculated for the terpy signals (Table 4). These
barriers are roughly the same for both complexes (ca.

Eur. J. Inorg. Chem. 2000, 2523—2532
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48.6 kJ-mol™!). This is not surprising if we consider that
the number of substituents on the C? allylic carbon does
not modify the steric hindrance in the intermediate involved
in the fluxional process (Scheme 2). It ensues that the en-
ergy barrier of the syn/anti exchange in 1 is very likely to
be approximately the same, and thus superior to the “tick-
tock™ barrier.

The methyl signal of 2 also undergoes some modifica-
tions over this temperature range: it broadens and sharpens
several times, and this is an indication of additional flux-
ional processes. We believe that there are equilibria between
the major isomer ¢ (Me syn) and minor ones: isomer ¢ (Me
anti ) (via the intermediate b) and/or isomer d (through the
“tick-tock” mechanism) (Scheme 1). Yet the small methyl
signals corresponding to these minor isomers could not be
clearly distinguished in the NMR spectra. On the contrary,
the methyl signals of 3 do not undergo any modification up
to 340 K.

The 'H NMR pattern of the PNP ligand in complexes
4—6 does not vary with temperature and is indicative of a
tridentate coordinating mode. Apart from the aromatic sig-
nals, the methylene signal appears as a virtual triplet at 6 =
4.3—4.7 (depending on the solvent and the temperature)
with a |2Jgp + *Jup | value of approximately 9 Hz. Such
virtual triplets are commonly observed in the same region
for other PNP palladium complexes in which the phos-
phorus atoms are mutually trans.[14-13:16]

In contrast to the terpy complexes, the allyl ligand in the
frozen complexes 4—6 is ' (form a; see Scheme 1) accord-
ing to their low-temperature (4,5) or room-temperature (6)
NMR spectroscopic data (Table 3, Figure 4). The NMR

TK

s
i
I

JM@

255

207

solvent

184

e
Ao

5.5 5.0 4.5 4.0 3.5 3.0 25
(ppm)
Figure 4. 300 MHz 'H NMR spectra (allylic region) of
[(PNP)Pd(CH,CHCH,)](BF,;) (4) (range 188—255K: solvent

CD,Cl,; range 298—325 K: solvent CDCls); see Scheme 2 for hy-
drogen labelling
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spectra display four signals for the allyl ligand at the ex-
pected chemical shifts that one would expect by comparison
with other n'-allyl palladium complexes reported in the lit-
erature.’:!7-181 The value of the H?-H? coupling constant
(14.7 Hz) in complex 5 at 220 K indicates that the C—C
double bond is in the thermodynamically preferred trans
form. However, we detect a small methyl doublet at 6 =
0.83 at that temperature which probably belongs to the cis
isomer (ca. 10% according to the signal integration).

When the temperature is increased from 184 K to 325 K,
the three allyl signals H!, H3“* and H3"** of complex 4
coalesce into a doublet at & = 3.55 (Figure 4). This results
from a n'-n3-n! fluxional process, with an energy barrier of
47.5 kJ'mol~! comparable to the ones estimated for the
terpy complexes (Table 4). In complex 5, the coalescence of
the two methyl signals (7. = 281 K) reveals that the trans
and cis isomers are in equilibrium. The energy barrier cal-
culated for the trans to cis transformation following the
Shanan-Atidi  and  Bar-Eli  method"®  reaches
60.8 kJ-mol~!. We note that at high temperatures, the H>-
H? coupling constant is not significantly modified (ca
14 Hz, see Table 3), which suggests that the cis form is still
minor. The methyl groups of complex 6 also exchange to
give rise to a singlet at 6 = 1.07 in [Dg]DMSO at high tem-
perature; the coalescence temperature and the energy bar-
rier are then higher (350 K and 71.1 kJ-mol ™!, respectively).
We propose that n3-allyl complexes and the n'-allyl form b
are involved as intermediates in the chemical exchanges of
both complexes (see the mechanism depicted in Scheme 5).
The progression of the energy barriers from 4 to 5 and 6
reflects the increasing steric hindrance within the interme-
diates of the fluxional processes, owing to the proximity of
the methyl group(s) and the coordination sphere.

~ 1

NS

N
thP\Pld/Pth n3-allyl
intermediate \
+
| ~
R R |
S
N
R, R'=H, Me PhyP— |, —PPh,
R
R’ |
1
+ n -allyl
7 1

[ intermediate

\Il\I /

PhyP~— ) —PPhy 1 -allyl
intermediate
R’ R
Scheme 5
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Table 5. '*C{'H} NMR spectroscopic data for the complexes 1—6

Complex Mel#! c'/c? C2 CHCB C3CYT + CT/CS + CloC? CS/C'6 C8/CM + Co/C'3 cH
1 63.7 1184 152.1 124.6,125.3, 126.7 139.4 1572, 158.3 141.8
2 17.1 61.3 (C"), 81.6 (C?) — B 1523 125.8, 126.2, 127.6 140.5 157.5, 158.3 1425
3 26.122.0 58.1 (CY), 93.5 (C?) 1121 1502 124.8,125.2, 126.8 139.5 157.3, 158.0 141.8
1\/[e Cl CZ C3 C4 CS C6 C7 CS C‘) CIO Cll
4 — o) 142.8 — M 1415 123.8(9) 159.5 44.6 27) 1292 1343 130.5 1329
@) (12 (10)
5 1814 1814 136.0 1214 1415 123.8 (9) 159.4 447 (28) 129.5 134.4 130.5 1329
@3)  (13) (10)
6 17.9 (cis) 16.1 131.5 1335 1414 123.7(8) 159.2 447 (28) 129.7 134.3 1304 1328
26.2 (trans) @3)  (13) (10)

[2l Chemical shift data (ppm) of spectra recorded at 298 K at a 50 MHz frequency (unless otherwise stated) in CD,Cl, (1, 3) or CD;CN
(2, 4—6). For the adopted numberin% ]scheme, see Scheme 2. Numbers in parentheses are coupling constants |Jcp + Jep/| (Hz) for virtual

triplets. — ! Signal not detected. —

13C and 3'P NMR Spectroscopy

In general, the proton-decoupled *'P and '*C NMR spec-
tra recorded at room temperature are in agreement with the
room-temperature 'H NMR spectra, i.e. that of dynamic
species (except for 6). The 3'P NMR spectra of complexes
4—6 exhibit singlets at 6 = 26.0, 25.2, and 25.1, respectively.
These values are close to that found by Vasapollo and co-
workers for (PNP)PdCI, (6 = 24.35), and are therefore con-
sistent with the form a.l'®) The room-temperature '3C NMR
spectroscopic data are given in Table 5. The rapidly exchan-
ging C! and C3 nuclei of 1 show a common signal at § =
63.7. The chemical shifts for 1, 2, and 3 are typical of palla-
dium n?3-allyl complexes with nitrogen-donor ligands.[?’! In
contrast, the vinylic carbons of the n'-allyl complexes 4—6
are deshielded (8§ = 121.4—142.8), whereas the C' signal
(6 = 16.1—-18) is typical of a metal-bonded carbon
atom.Bl'71 We can probably not detect the C!/C? signal of
4 because the corresponding temperature of coalescence is
very close to room temperature. Besides, the values found
for the '3C chemical shifts of the PNP ligand are consistent
with the assignment proposed by Taube et al.l'”]

Solid-State Analysis

We have previously reported the X-ray structures of the
isomeric [(m3-terpy)Pd(n'-C3Hs)|" and [(n>-terpy)Pd(n?’-
C;3Hs)]" cations.”! Single crystals of 3 and 5 suitable for
X-ray diffraction analysis were obtained under a nitrogen
atmosphere from dichloromethane solutions by vapor-
phase diffusion of diethyl ether (3) or pentane (5). Their
solid-state structures are depicted in Figure 5 and Figure 6,
respectively, and selected bond lengths and angles are given
in Table 6 and Table 7. They crystallize as monocationic,
square-planar palladium complexes and separate noncoor-
dinating anions, and appear as the forms 3a and Sa, where
the terpy or PNP ligand is tridentate and the allyl ligand
monohapto. On the contrary, we note that the X-ray struc-
ture of the complex [(SNS)Pd(CH,CHCMe,)]" (SNS =
2,6-bis(dimethylthiomethyl)pyridine), resolved by Canovese
et al., reveals a m3-allyl complex with a noncoordinating
sulfur.al We observe a striking resemblance between the
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structures of [(n*-terpy)Pd(n'-CsHs)]* and 3a, which are
nearly mirror images of each other, except for the C19 and
C20 atoms of 3a. The bond lengths and bond angles within
the (terpy)Pd fragment are of the same order of magnitude,
as well as the Pd—C16 bond length.

C138

Cc20

Figure 5. ORTEP drawing of 3a showing 50% probability thermal
ellipsoids and the atom-numbering scheme; hydrogen atoms and
the BF,~ anion are omitted for clarity

Two structures of 5a are drawn in Figure 6; as long as
crystallographic disorder is observed in the allyl ligand, the
vinylic carbons C33 and C34 occupy two positions each.
However, in both cases the allyl is in the trans configura-
tion, which is also the case in the major isomer detected in
solution by NMR spectroscopy (vide supra). The dihedral
angles P1-Pd—C32—-C33 and P1-Pd—-C32—-C33' are
—115.5° and -—79.8°, respectively. Furthermore, the
N—-Pd—P1 and N—Pd—P2 bond angles are smaller than
90° [81.41(6)° and 81.61(6)°, respectively], owing to the con-
strained five-membered metallacycles. The palladium, nitro-
gen and phosphorus atoms are all nearly coplanar, with de-
viations of less than 0.04 A. In general, the bond lengths
and angles related to PNP and Pd compare well with the
data reported for complexes [(PNP)Pd(PEt;)](BF,),['"* and
[(PNP)Pd(styrene)](BF,),,l'> except for the Pd—N bond
length which is longer [2.137(2) A vs. 2.107(4) and 2.058(4)

Eur. J. Inorg. Chem. 2000, 2523—2532



n!- and n3-Allylpalladium(II) Complexes Bearing Potentially Tridentate Ligands

Figure 6. ORTEP drawings of both forms of 5a showing 50% prob-
ability thermal ellipsoids and the atom-numbering scheme, the oc-
cupancy ratios for (C33, C34) and (C33’, C34’) being 50%/50%;
hydrogen atoms and the BF,™ anion are omitted for clarity

Table 6. Selected bond lengths [A] and bond angles [°] for 3a

Pd—N1 2.083(4) C16—-C17 1.43009)
Pd—N2 2.017(4) C17-CI8 1.366(9)
Pd—N3 2.076(4) C18—C19 1.49(1)

Pd—Cl16 2.054(6) C18—C20 1.44(1)

NI-Pd—N2 78.6(2) Pd—N2-C6 118.8(3)
NI1-Pd—N3 158.1(2) Pd—N2—-C10 118.2(4)
NI-Pd—Cl6 102.1(2) Pd—N3-Cl1 112.9(3)
N2—-Pd—N3 79.5(2) Pd—N3—Cl5 127.8(4)
N2-Pd—C16 178.2(2) Pd—C16-C17 108.2(4)
N3-Pd—Cl6 99.8(2) C16—-C17—CI8 131.7(7)
Pd—N1-Cl 128.9(4) C17-C18—C19 123.0(7)
Pd—N1-C5 113.7(3) C17-C18—C20 120.5(7)

A] because of the strong trans influence of the n'-allyl li-
gand.?!]

The bonds lengths and bond angles of the n'-allyl frag-
ments of 3a and 5a are comparable to other examples of
transition metal n!-allyl complexes.l?? The
palladium—carbon bond lengths (2.036—2.075 A) agree
with the moderate trans influence of pyridine.>’! We also
note that the angle between the plane defined by the three
allylic carbons and the coordination plane (mean plane de-
fined by the four coordinating atoms) is roughly the same
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Table 7. Selected bond lengths [A] and bond angles [°] for 5a
Pd—P1 2.3017(7) C32-C33’ 1.53(1)
Pd—P2 2.2894(7) C33-C34 1.49(1)
Pd—N 2.137(2) C34-C35 1.49(1)
Pd—C32 2.075(4) C35-C34’ 1.43(1)
C32—-C33 1.425(8) C33'-C34' 1.32(1)
P1—-Pd—P2 162.76(3) Pd—P1-C25 97.57(4)
P1-Pd—N 81.41(6) Pd—P2-C31 98.20(3)
P1-Pd—C32 99.5(1) Pd—C32-C33 109.8(1)
P2—-Pd—N 81.61(6) Pd—C32—-C33’ 106.8(2)
P2—Pd—C32 97.4(1) C32-C33-C34 117.3(7)
N—-Pd—-C32 179.0(1) C33-C34-C35 121.0(8)
Pd—N-C26 119.26(8) C32-C33'—-C34' 128.7(9)
Pd—N-C30 120.07(8) C35-C34'-C33' 121.4(9)

for both complexes [3a:
109.1(3)°].

Finally, a distinct medium-intensity vc—c band can be
detected at approximately 1630 cm™! in the IR spectra of
both dimethylallyl complexes (3: 1629 cm™'; 6: 1634 cm ™),
which is characteristic of an n!-allyl complex.!'7¢2# This is
consistent with the results depicted above for 6 from NMR
analysis, and for 3 from X-ray diffraction studies. In addi-
tion, two bands are observed at 1599 and 1565 cm™! in the
spectra of complexes 4—6; this confirms that the nitrogen
atom of PNP actually coordinates with the palladium atom
in the solid state.[*’]

109.6(6)°; Sa: 111.9(2)° and

Conclusion

According to low-temperature NMR spectra, the com-
plexes 1—3 are 1>-terpy, n’-allyl complexes (form ¢) and the
complexes 4—6 13-PNP, n'-allyl complexes (form a). In no
case were both forms detected together in solution (al-
though a solution of [(terpy)Pd(CsHs)]* led to monocrys-
tals of each formP!). In comparison, Werner et al. have re-
ported that the two isomers [(n°-Cp)Pd(n'-C5Hs)] and [(n!-
Cp)Pd(n3-C5Hs)] coexist in solution.['8 On the basis of the
six complexes studied here, the existence of one form or the
other depends solely on the nature of the ancillary, poten-
tially tridentate ligand. In contrast, whether the allyl ligand
bears two, one or no methyl groups makes no difference for
a given ancillary ligand.

Vrieze et al. found that [(terpy)Pd(allyl)]* adopts form a
when the allyl bears an acetyl group in the 2 position,?
and that it is also the case for the (PNN)Pd(allyl) cationic
complex.[*PI3¢l The latter can be compared with our PNP
complexes 4—6, where both phosphanyl groups also show
a good coordinating ability towards palladium. The pres-
ence of the form c¢ is rather unexpected for our terpy com-
plexes because of the rigidity of this ligand.% Indeed, the
steric constraints within [(n>-terpy)Pd(n3-C;Hs)]" are im-
portant,! as indicated by various data taken from the X-
ray diffraction study; thus steric factors do not seem to play
a major role in the predominance of one isomeric form or
another.

All complexes proved to be fluxional, as indicated by
variable-temperature NMR experiments, either through a
“tick-tock” mechanism or through the n3-allyl/m!-allyl
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mechanism, which is well-known in palladium allyl chem-
istry. The latter reflects the competition between one donor
atom of the tridentate ligand and the allylic C=C double
bond to coordination to the palladium center. In our com-
plexes, the energy barriers associated with H®"/H ex-
changes are lower than 50 kJ-mol~!, whereas it has gener-
ally been found to be higher for allyl palladium complexes
bearing mono- or bidentate ligands.?”! This is probably the
effect of the tridentate nature of the ligand.

We note that only the n3-allyl forms 1¢ and 3¢ could be
seen in solution at 200 K, whereas the corresponding n'!-
allyl isomers 1a and 3a were only intermediates involved in
the fluxional processes. However, those intermediates can
indeed be isolated in the solid state, as shown by their X-
ray structures.

Experimental Section

General Remarks: All experiments were carried out under a nitro-
gen or argon atmosphere, using a vacuum line or Vacuum Atmo-
spheres glovebox equipped with Dri-Train HE-493 inert gas puri-
fier. Pentane and diethyl ether were distilled with sodium and
benzophenone, and dichloromethane with calcium hydride under
nitrogen immediately before use. Bis[(n3-allyl)chloropalladium],i?%!
bis[(n?-1-methylallyl)chloropalladium],?®!  bis[(n3-1,1-dimethylal-
lyl)chloropalladium],?® and 2,6-bis(diphenylphosphanylmethyl)py-
ridinel?’! were prepared as described in the literature. 2,2':6',2"-ter-
pyridine was purchased from Aldrich and used as received. — The
NMR spectra were obtained at room temperature (unless otherwise
indicated) on Bruker spectrometers, at a concentration of ca 0.02
M. 'H NMR spectra were recorded at 300.16 MHz (AC-300 instru-
ment), 400.13 MHz (AM-400) or 500.13 MHz (ARX-500) and ref-
erenced to SiMey. *C NMR{'H} (broadband decoupled) spectra
were recorded at 50.32 MHz (AC-200) or 75.48 MHz (AC-300) and
referenced to SiMey. *'P{'H} (broadband decoupled) spectra were
recorded at 121.51 MHz (AC-300) and referenced to 85% aqueous
H;PO,. The assignments given are supported by irradiations or 2D
NMR analysis, and/or were in agreement with ref.>”! For variable-
temperature spectra, the probe temperature was controlled (=1 K)
by a B-VT 2000 unit calibrated with a methanol (low-temperature)
or ethylene glycol (high-temperature) NMR tube. The AG* values
were calculated with the Eyring equation* AG* = RT, (22.96 +
InT./Av) [J'mol~'] where T, (K) is the temperature of coalescence
of two given signals and Av (Hz) is the difference in their chemical
shifts at low exchange temperature; the error is estimated to be
+0.4 kJ'mol~'. The 'H phase-sensitive 2D-ROESY spectrum/>']
was recorded on the ARX-500 spectrometer using a mixing time
of 0.3 s. — FT-IR spectra were recorded on a Perkin—Elmer 1600
Series spectrometer on KBr pellets. — FAB MS spectra and ele-
mental analyses were carried out by the respective facilities at the
Centre de Recherche de Chimie, Université Louis Pasteur, Stras-
bourg.

Preparation of Complexes 1—6. Typical Procedure: To a solution
of [Pd(n3-C5H5)CI], (100 mg, 0.273 mmol) in CH,Cl, (10 mL) was
added dropwise under nitrogen and in the dark a solution of
AgBF, (2.1 equiv.) in CH,Cl, (2 mL). The resulting suspension was
stirred at room temperature for 15 min, then filtered through celite.
A solution of terpy (2.1 equiv.) in CH,Cl, (2 mL) was added to the
filtrate, after which the solution turned from yellow to orange.
After stirring at room temperature for 15 min, the solution was
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evaporated to dryness and the resulting complex 1 recrystallized
from CH,Cl,/diethyl ether as an air-stable solid.

The other complexes were prepared in a similar manner starting
from the corresponding allylpalladium chloride dimer (100 mg), re-
placing terpy with PNP (4—6, in which case the color changed from
yellow to red upon addition of the ligand) and CH,Cl, with
CH;CN (2, 4, 5).

[(terpy)Pd(CH,CHCH,)](BF,4) (1): Orange crystals; yield 232 mg
(91%). — CgH 4BF4N5Pd (467.55): calcd. C 46.24, H 3.45, N 8.99,
found C 46.45, H 3.23, N 9.07. — MS (FAB™", NBA matrix); m/z
(%): 380.0 (100) [M* — BF,4], 339.0 (54) [M" — BF, — C;3Hs],
234.1 (61) terpy [M™* + 1].

[(terpy)Pd(CH,CHCHCH3)|(BF4) (2): Orange crystals; yield
225 mg (92%). — C;9H sBF4N;3;Pd-1.3CH,Cl, (591.99): caled. C
41.19, H 3.51, N 7.10, found C 41.42, H 3.43, N 6.96.

[(terpy)Pd(CH,CHC(CH;),)|(BF,) (3): Red crystals; yield 172 mg
(73%). — CyoH0BF4N3Pd (495.61): calcd. C 48.47, H 4.07, N 8.48,
found C 48.71, H 3.90, N 8.40.

[(PNP)Pd(CH,CHCH,)|(BF,) (4): Orange crystals; yield 333 mg
(86%). — C;34H3,BF,NP,Pd (709.79): caled. C 57.53, H 4.54, N
1.97, P 8.73, found C 56.35, H 4.50, N 2.07, P 8.54. — 3P{'H}
NMR (CD;CN, 298K) & = 26.0 (s). — 'H NMR (300 MHz,
CDCls, 325K) & = 4.45 (virtual t, |2Jyp + *Jup| = 9.3 Hz, 4 H,
H7), 7.4—7.8 (m, 23 H, H*°™); allyl ligand signals: see Table 3.

[(PNP)Pd(CH,CHCHCH3)|(BF,) (5): Yellow-orange crystals; yield
290 mg (79%). — C;sH3,BF,NP,Pd (723.82): caled. C 58.08, H
4.73, N 1.94, found C 57.87, H 4.77, N 2.15. — 3'P{'H} NMR
(CDsCN, 298 K) & = 25.2 (s). — 'H NMR (300 MHz, CDCl;,
325K) & = 4.43 (virtual t, |>Jgp + *Jup| = 9.3 Hz, 4 H, H), 7.4—
8.0 (m, 23H, H*°™); allyl ligand signals: see Table 3.

[(PNP)Pd(CH,CHC(CH;),)I(BF4) (6): Orange crystals; yield
287 mg (82%). — C;3sH3sBF4NP,Pd (737.85): caled. C 58.60, H
4.92, N 1.90, found C 59.14, H 4.70, N 1.77. — MS (FAB*, NBA
matrix); m/z (%): 650.1 (100) [M* — BF,], 581.1 (81) [M* — BF,
— CsHy), 504.0 (12) [M"™ — BF, — CsHy — Ph]. — 3'P{'H} NMR
([Dg]DMSO, 298 K) & = 25.1 (s). — 'H NMR (300 MHz, CDCl;,
298 K) & = 4.55 (virtual t, [2Jup + “Jup| =9.2Hz, 4H, H’),
7.4—17.8 (m, 23 H, H*™™); allyl ligand signals: see Table 3.

Collection of the X-ray Data and Structure Determination for 3a and
5a: For compound 3a, a Philips PW100/16 diffractometer was used
with Cu-K, graphite monochromated radiation (A = 1.5418 A).
For compound 5a, the data were collected on a Nonius CAD4
or MACHS3 diffractometer using Mo-K,, graphite monochromated
radiation (A = 0.7107 A). The structures were solved by direct
methods and refined against |F|. Hydrogen atoms were introduced
as fixed contributors. Absorption corrections were derived from psi
scans of 7 reflections. For all computations, the Nonius OpenMoleN
packagel®! was used. The crystal and refinement data are
summarized in Table 8. The C32, C33, C33’, C34, C34', and C35
atoms of 5a were refined isotropically. Crystallographic data (exclud-
ing structure factors) for the structures reported in this paper have
been deposited with the Cambridge Crystallographic Data Centre as
supplementary publication no. CCDC-140659 (3a) and -140660 (5a).
Copies of the data can be obtained free of charge on application to
CCDC, 12 Union Road, Cambridge CB2 1EZ, UK [Fax: (internat.)
+ 44-1223/336-033; E-mail: deposit@ccdc.cam.ac.uk).
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Table 8. Crystal and refinement data for 3a and 5a

Compound 3a Sa

Formula ConzoBN3F4Pd C35H34BNF4P2Pd

Mol wt 495.6 723.8

Color red yellow

Crystal system monoclinic triclinic

a(A) 15.680(4) 9.763(2)

b (A) 17.430(4) 10.532(3)

¢ (A) 7.077(3) 17.085(5)

a (deg) 97.03(2)

B (deg) 90.42(2) 104.26(2)

v (dgeg) 101.55(2)

V (AY) 1934.1 1640.7

VA 4 2

Dy (g cm™3) 1.70 1.465

Wavelength (A) 1.54184 0.7107

p(em™1) 81.82 7.001

Space group P12/n1 P-1

Diffractometer Philips PW1100/16 Nonius Mach3

Crystal dimensions (mm) 0.30 X 0.30 X 0.25 0.40 X 0.35 X 0.35

Temperature (K) 173 293

Radiation Cu-Ka, graphite Mo-Kua, graphite
monochromated monochromated

Mode 0/20 0/20

Scan speed (deg s~ 1) 0.020 variable

Scan width (deg) 0.80 + 0.14 tan 6 0.81 + 0.34 tan 0

Octants *h+k+1 +h*xk=*1

0 min/max (deg) 3/54 2/30

No. of data collected 2645 10391

No. of data with I>3c(1) 2056 6616

No. of variables 262 385

Abs min/max 0.83/1.45 0.95/1.00

R (F) 0.041 0.041

R, (F) 0.059 0.062

Largest peak jn final 0.628 0.872

difference (e A7)

GOF 1.187 1.194
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