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Introduction

Palladium(0) complexes with dienes and trienes have been
well characterized.[1] In addition, the advantages offered by
the binding abilities of olefins to palladium(0) have been ex-
ploited; for example, [Pd2(dba)4] and [Pd2(dba)3]·solvent are
commercial sources of palladium(0) and are useful as cata-
lysts or precatalysts in many chemical transformations. Sev-
eral structural studies have reported on palladium com-
plexes with alkenes that can exist as mixtures of isomers.[2]

Among them, only those described by Pçrschke and co-
workers[2a] and those concerning [Pd2(dba)3]

[2b] have no li-
gands other than olefins (Figure 1). This stereoiso-
merism is more apparent if the complex olefin–
palladium(0) is represented as palladacyclopropane.
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Figure 1. Palladium(0) complexes with olefins. For complex 1, see refer-
ence [2a]; for complex 2, see reference [2b].
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As well as having an interesting structure, these complexes
are also involved in several catalytic processes.[2d,3]

Some of us have previously described the preparation of
15-membered triolefinic macrocycles 3[4] and their com-
plexes with silver(i), platinum(0), and in particular,
palladium(0) 4 (Figure 2).[4,5] Moreover, complexes 4 have
been used as recoverable catalysts in Suzuki-type cross-cou-
plings,[4a,d,f,g,6] telomerization of butadiene with methanol,[7]

hydroarylation of alkynes in ionic liquids,[8] and the Mizoro-
ki–Heck reaction.[9]

The structure of palladium complexes 4 has intrigued us
since their serendipitous discovery.[10] As an example, signifi-
cant 13C and 1H NMR spectroscopy data for 4 a are summar-
ized in Figure 2. The two olefinic CH groups that are locat-
ed on opposite sides of one nitrogen atom in the ring (CHa

in Figure 2) give the same signals at d=83.7 and 2.80 ppm.
This also applies to the second set of olefinic CH groups
(CHb in Figure 2), which are directly linked to the previous
pair, and absorb at d=79.3 and 4.10 ppm. The CH groups of
the third pair (CHc in Figure 2) are magnetically equivalent
and give only one signal at d= 79.2 and 3.85 ppm. This pat-
tern was maintained for all the palladium(0) and platinum-
(0) complexes studied that featured three identical aryl
groups.[4f,g] These results indicated that the C3 axis in the
free macrocycle 3 a disappeared and that a new type of sym-
metry was present. Thus, NMR spectroscopic studies sug-
gested that this phenomenon was applicable to many other
macrocyclic complexes, and, in addition, X-ray diffraction
analysis again revealed loss of the C3 axis.[5,6]

This raised the possibility of isomers in 4, in which Ar1 =

Ar2¼6 Ar3, depending on whether the symmetry element can
be maintained or whether it is broken by the different aryl
substitutions. By addressing this problem,[5] we found for
compound 4 b a set of nine signals of equal intensity at d=

77.6–88.4 ppm for the olefinic carbon atoms, confirming the
existence of different isomers.

Based on the chirality introduced in an olefin upon coor-
dination to a metal,[11] we present here a complete structural
analysis of compounds 4 (4 c, 4 d), including those macrocy-
cles with three different substituents (4 e).

Results and Discussion

The general structure of all possible stereoisomers, resulting
from coordination of the metal center to the two olefin
faces of each double bond in the macrocycle, is depicted in
Figure 3. Because the six olefinic carbon atoms become ster-
eogenic upon coordination of the double bonds to the
palladium(0),[11] the whole complex is chiral. Theoretically,
64 stereoisomers should be possible because there are six
asymmetric carbon atoms; however, because all three
double bonds are trans, the stereochemistry of one of the
double-bond carbon atoms determines the stereochemistry
of its partner, with the result that only three independent
asymmetric centers can be considered. Therefore, only eight
possible stereoisomers are feasible and these are grouped
into four pairs of enantiomers (A1/A2, A3/A4, A5/A6, and
A7/A8 in Figure 3), in which each pair exhibits identical
NMR spectroscopic properties.

The incorporation of the palladium nucleus into these tri-
olefinic macrocyles introduces a high rigidity to the overall
structure. This is confirmed by the absence of substantial
chemical shift or line-shape variations, the absence of chemi-
cal exchange cross-peaks in NOESY spectra for a wide
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cles triolef�nics de tipus (E,E,E)-1,6,11-tris(arilsulfonil)-
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Figure 2. Structure of macrocyclic ligands 3 and their palladium com-
plexes 4. Data from preliminary NMR spectroscopy studies on the com-
plexes 4 a and 4 b are also shown.
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range of temperatures, and the well-defined chemical shifts
shown for the diastereotopic methylene protons. These ob-
servations do not support a process that exchanges the
olefin face coordinated to palladium, even though several
palladium(0) complexes with fluxional behavior have been
described.[2]

The conversion between stereoisomers would imply the
semirotation of a double bond, with an intermediate confor-
mation in which the palladium atom lies just in the p-bond
symmetry plane. To obtain a minimal estimation for such a
barrier, the complex Pd–C2H4 was studied. Table 1 gives the
energies calculated for different rotation angles with respect
to the equilibrium conformation. Thus, 908 represents the
maximal energy conformation, in which the palladium atom
is coplanar to the ethylene molecule.

The rotational barrier for the Pd–C2H4 complex is calcu-
lated to be 27.45 kcal mol�1, which is an inferior limit for the
energy required for the interconversion of stereoisomers.
Thus, such interconversion is energetically unfavorable.

The structure of these complexes can be regarded as alter-
nated and fusioned three- and six-membered rings, in which
the palladium belongs to all of these rings. Due to the trans

configuration of the original double bond and, therefore, the
corresponding three-membered ring, two different distribu-
tions should be possible: one with an energetically favoura-
ble chair–chair–twist (cct) conformation, and the other with
an unfavourable twist–twist–twist (ttt) conformation
(Figure 4), which has not been detected experimentally (see
below).

Calculations designed to enable modeling of this complex
[12] were performed on the simplified systems B and C, as ex-
perimental values of the energy required to change the con-
formations from B to C were not available. Density func-
tional theory (DFT) calculations provided estimates of free
energy differences, from which the conformational energies
could be determined. The sum of the electronic and thermal
free energies for each conformation revealed that structure
B was 10.04 kcal mol�1 more stable than C. This difference is
sufficient to indicate that only B would be detected experi-
mentally, and because it is unlikely that the difference in
free energies of the substituted structures would be less than
that of these simplified ones, this conclusion should also be
valid for the substituted species.

The substitution pattern at the nitrogen position in the
ligand moiety defines the equivalence and, therefore, the
symmetry of the various potential isomers. Thus, in the case
of different substituents, different stereoisomers with differ-
ent symmetry elements are possible (Table 2).

The nature of the palladium-containing three-membered
ring is confirmed by the upfield proton and carbon chemical
shift observed of the pseudo-olefinic centers (around d=

2.75–4 and 78–83 ppm, respectively). The rigidity of the pal-
ladium-containing six-membered rings is high enough to

Figure 3. Stereoisomers for palladium(0) complexes 4 displayed as pairs
of enantiomers.

Table 1. Energies calculated for different rotation angles with respect to
the equilibrium conformation in Pd–C2H4.

Rotation Energy UB+HF�LYP Energy excess Energy excess
angle [8][a] [Hartrees/particle] [Hartrees/particle] [kcal mol�1]

0 �205.3322946 0.00000000 0.00
15 �205.3249226 0.00737208 4.62
30 �205.3138673 0.01842731 11.56
45 �205.3021246 0.030170065 18.93
60 �205.2931904 0.039104217 24.54
75 �205.2893293 0.042965336 26.96
90 �205.2885465 0.043748125 27.45

[a] To obtain an estimate of the barrier of rotation of palladium around a
double bond, the simple system Pd–C2H4 was taken. Geometries were
minimized at B3 LYP/LanL2DZ level by forcing the rotation angle to be
0, 15, 30, 45, 60, 75, and 908, with respect to the equilibrium conforma-
tion.

Figure 4. Simplified model structures for cct (B) and ttt (C) conforma-
tions.
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avoid fluxional behavior and to permit easy differentiation
between axial and equatorial protons. The overall cct con-
formation is confirmed by the presence of downfield olefinic
resonances at d=82–83 ppm (d=2.80 ppm for proton), be-
longing to the twist conformation, and two similar upfield
resonances at around d= 78–79 ppm (d=4.10 and 3.9 ppm
for protons), belonging to the chair conformations. This is
also corroborated by the chemical shifts of the methylene
groups, for which clear differentiation is observed between
axial (d=1.5–1.6 ppm) and equatorial (d= 4.6–4.65 ppm) po-
sitions (d=48–49 ppm for carbon) in the case of the chair
conformation, whereas resonances at d= 3.05–3.07 and 4.5–
4.7 ppm (d= 45 ppm for carbon) in the corresponding pseu-
doaxial and equatorial positions, respectively, are observed

in the twist conformation (Figure 5). The trans stereochemis-
try in the palladacyclopropane ring is also confirmed by the
large (11–12.5 Hz) proton–proton coupling constant be-
tween the pseudo-olefinic protons.

As a general trend, we observed that the region d= 78–
83 ppm in the conventional 13C NMR spectra (Figure 6) is
the most useful in analysis of these compounds, because the
high degree of overlapping in the 1H NMR spectra
(Figure 7) or in other regions of the 13C NMR spectra makes
further analysis difficult. Complete 1H and 13C NMR chemi-
cal shift assignments are only possible by recording two-di-
mensional homonuclear and heteronuclear correlation spec-
tra (Figure 8), with accurate high resolution and good
signal-to-noise ratios, achieved by recording band-selective
experiments and processing using linear prediction. In this
way it was possible, for example, to distinguish between and
to assign the poorly dispersed carbon resonances that
appear in the interesting d=78–83 ppm region.

In the case of Ar1 =Ar2 = Ar3 (4 c in Figure 2), the com-
pound consists of a pair of spectroscopically identical enan-
tiomers with C2 symmetry. This is confirmed in the

13C NMR spectrum (spectrum A, Figure 6) by the presence
of one separate resonance at d= 82.5 ppm (twist conforma-
tion; 1H NMR: d=2.72 ppm) and two close upfield resonan-
ces at d=78.0 and 78.3 ppm (chair conformation; 1H NMR:
d= 3.65 and 3.88 ppm, respectively) of the same intensity. In
the 1H NMR spectrum (spectrum A in Figure 7), a total of
12 signals was expected. These are, however, only partially
resolved. The ttt isomer with D3 symmetry that should give
rise to one olefinic 13C NMR signal is clearly not present in
solution.

For Ar1 =Ar2¼6 Ar3 (4 d in Figure 2), the NMR spectra are
more complex. A1 and A4, as well as A2 and A3, have
become identical and represent the enantiomers of the same
molecule that does not have any symmetry element, where-
as the enantiomers A5/A6 have maintained their C2 symme-
try. The former isomer contributes six signals for olefinic
carbon atoms (all 24 protons are inequivalent), and the
latter furnishes three. In fact, a total of nine olefinic carbon
resonances is found experimentally (spectrum B in
Figure 6). The equal intensity of all signals indicates that the

Table 2. Symmetry elements of the different stereoisomers of Figure 3 as
a function of the substitution pattern.

Stereoisomers Ar1 = Ar2 =Ar3 Ar1 =Ar2¼6 Ar3 Ar1¼6 Ar2¼6 Ar3

A1/A2 C2 axis[a] none[b] none
A3/A4 C2 axis[a] none[b] none
A5/A6 C2 axis[a] C2 axis none
A7/A8[c] C3 axis+3C2 axes C2 axis none

[a] A1, A4, and A6 are the same molecule. [b] A1 and A4 are the same
molecule. [c] Never observed experimentally.

Figure 5. Averaged 1H and 13C NMR chemical shifts for palladium-com-
plexed macrocycles showing the cct conformation. The carbon chemical
shifts are shown in italics.

Figure 6. Expanded region of the 13C NMR spectra (125.6 MHz) of A)
4c, B) 4d, and C) 4e.

Figure 7. Aliphatic region of the 1H NMR spectra (500 MHz) of A) 4c,
B) 4 d, and C) 4 e.
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asymmetric isomer is present at twice the concentration of
the C2-symmetric isomer.[13]

For Ar1¼6 Ar2¼6 Ar3 (4 e in Figure 2), all three cct stereo-
isomers are present in equal proportions and, because they
lack a symmetry element, each stereoisomer contributes six
signals of equal intensity for olefinic carbon atoms. In prac-
tice, only 16 of the expected 18 signals are detected because
two signals are degenerate (spectrum C in Figure 6 and the
expanded d=77–78 ppm region of spectrum C in Figure 8).
In none of the cases were signals attributable to the hypo-
thetical ttt isomers detected.

In Table 3, 1H and 13C NMR
chemical shifts are given for
ring signals of the experimen-
tally observed stereoisomers of
the palladium(0) complexes 4 c,
4 d, and 4 e.

Crystal structures : The crystal
structures of the macrocyclic li-
gands 3 c, 3 d, and 3 e and their
corresponding palladium com-
plexes 4 c, 4 d, and 4 e were de-
termined by performing single-
crystal X-ray diffraction analy-
sis. The molecular structure and
the adopted numbering scheme
are presented in Figure 9. Crys-
tal data are listed in Tables 4
and 5, and selected bond
lengths are given in Table 6.

The macrocyclic ligands 3 c,
3 d, and 3 e show a folded struc-
ture, with the planes of the
three double bonds oriented
randomly in different direc-

tions. In all three complexes 4 c, 4 d, and 4 e, the olefinic
trans double bonds are coordinated to the palladium atom
in a trigonal planar coordination geometry. The main devia-
tions of the palladium atom from the plane defined by the
central points of the three olefinic bonds (main plane) are
0.0033 � for 4 c, 0.0009 � for 4 d and 0.0023 � for 4 e. By
considering the standard deviations, the distances from the
three double bonds to the palladium atom are identical for
each compound.

As a result of the attractive interactions with the palladi-
um atom, the planarity of the sp2-hybridized carbon atoms

Figure 8. Expanded region of the 1H–13C HSQC correlation spectra (500 MHz) of A) 4 c, B) 4d, and C) 4e.

Table 3. 1H and 13C NMR spectroscopy data for complexes 4 c, 4 d, and 4e.

Positions[a] 4c 4 d 4 e
A1/A2[b] A1/A2[c] A5/A6[b,d] A1/A2[e] A3/A4[f] A5/A6[g]

1H NMR 13C NMR 1H NMR 13C NMR 1H NMR 13C NMR 1H NMR 13C NMR 1H NMR 13C NMR 1H NMR 13C NMR

b 4.61, 2.29 45.13 4.78, 3.07 45.11 4.64, 3.02 45.09 4.77, 3.05 45.00 4.63, 3.00 45.01 4.76, 3.04 45.08
c 2.72, – 82.54 2.78, – 82.6 2.77, – 82.91 2.763, – 82.34 2.750, – 82.83 2.752, – 82.26
d 3.88, – 78.31 3.97, – 78.34 3.97, – 78.56 3.935, – 78.04 3.932, – 78.25 3.905, – 78.61
e 4.49, 1.56 49.36 4.61, 1.64 49.41 4.61, 1.64 49.41 4.60, 1.62 49.33 4.60, 1.62 49.33 4.49, 1.58 49.23
g 4.49, 1.60 48.14 4.63, 1.70 48.18 4.63, 1.70 48.18 4.63, 1.67 48.10 4.63, 1.67 48.10 4.51, 1.62 47.99
h 3.65, – 78.02 3.73, – 78.26 3.73, – 78.16 3.707, – 78.04 3.703, – 77.84 3.689, – 78.32
i 3.71, – 78.44 3.695, – 78.39 3.698, – 78.20 3.689, – 77.95
j 4.52, 1.65 48.08 4.51, 1.63 47.99 4.63, 1.67 48.10 4.63, 1.67 48.10
l 4.50, 1.59 49.32 4.49, 1.58 49.23 4.60, 1.62 49.33 4.60, 1.62 49.33
m 3.93, – 78.69 3.905, – 78.54 3.945, – 78.51 3.944, – 78.29
n 2.78, – 82.55 2.756, – 82.58 2.750, – 82.88 2.756, – 82.46
o 4.78, 3.07 45.11 4.76, 3.04 45.11 4.63, 3.00 45.01 4.76, 3.06 45.08

[a] Lettering is depicted in Figure 5, taking as a reference the conformation of the six-membered rings. [b] Symmetric isomers, the values missing can be
obtained by operating a C2 symmetry. [c] This pair of enantiomers have a (ferrocenyl)sulfonyl unit on nitrogen k, and two (4-methylphenyl)sulfonyl units
on nitrogens a and f. [d] This pair of enantiomers have a (ferrocenyl)sulfonyl unit on nitrogen a, and two equivalent (4-methylphenyl)sulfonyl units on ni-
trogens f and k. [e] This pair of enantiomers have a (4-methylphenyl)sulfonyl unit on nitrogen a, a (4-vinylphenyl)sulfonyl unit on nitrogen f, and a (fer-
rocenyl)sulfonyl unit on nitrogen k. [f] This pair of enantiomers have a (ferrocenyl)sulfonyl unit on nitrogen a, a (4-methylphenyl)sulfonyl unit on nitro-
gen f, and a (4-vinylphenyl)sulfonyl unit on nitrogen k. [g] This pair of enantiomers have a (4-vinylphenyl)sulfonyl unit on nitrogen a, a (ferrocenyl)sul-
fonyl unit on nitrogen f, and a (4-methylphenyl)sulfonyl unit on nitrogen k.
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observed in the free ligands 3 c, 3 d, and 3 e, is lost in the cor-
responding complexes. Therefore, the olefinic substituents
of the structures 4 c, 4 d, and 4 e are bent away from the pal-
ladium center by, on average, approximately 178. The C�C
bond lengths in the olefins are also elongated by an average
of 0.055 � upon coordination.

After complexation, the double bonds in 4 c, 4 d, and 4 e
have fixed orientations with the palladium–alkene bond that
are approximately perpendicular to the plane of the olefin.
The three palladacyclopropane rings in these complexes
create a three-paddled helix centered at the metal atom.
Each of these three-membered rings is rotated through the
palladium–alkene bond by approximately 208 with respect
to the plane defined by the palladium atom and the central
point of each olefin. The direction of this rotation cannot be
inverted because it would imply an olefin face exchange
and, consequently, breaking of the palladium–alkene coordi-
nation.

In the case of 4 c (Ar1 = Ar2 =Ar3), according to Table 2,
only two different pairs of enantiomers are possible (A1/A2
and A7/A8). Complex 4 c crystallizes in a chiral space group

in which one of the double bonds is disordered in two in-
verted positions in a 60:40 ratio. The two disordered posi-
tions correspond to the two different faces of the olefin co-
ordinated to the palladium(0) atom. Both enantiomers A1
and A2 are obtained by selecting each one of the two disor-
dered positions of the double bond, thus both compounds
crystallize in the same crystal. Therefore, interchange of the
disordered double bonds does not significantly modify the
external morphology of the molecule. The chirality of the
crystal is not derived from the palladacyclopropane rings,
but from the asymmetrically fixed positions of the ferrocene
substituents in the solid state. The C2 symmetry detected in
solution by using NMR spectroscopy is broken in the solid
state by the fixed positions of the nitrogen substituents.

Compound 4 d crystallizes from dichloromethane as the
main solvent, forming three different polymorphs/pseudopo-
lymorphs 4 d i, 4 d ii, and 4 d iii. These three crystal structures
are centrosymmetric and differ in the orientation of the aryl
substituents and, for 4 d iii, in the number of solvent mole-
cules in the crystal cell. Three different pairs of enantiomers
are expected for 4 d (Ar1 = Ar2¼6 Ar3), and only two of them

Figure 9. Ortep plots (50 %) obtained from the X-ray crystallographic structural analyses of 3c, 3 d, 3 e, 4c, 4d i, and 4 e.
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are detected by means of NMR spectroscopy (A1/A2 and
A5/A6). As in the former case (4 c), structures 4 d i and 4 d ii
crystallized so that one of the double bonds was disordered

in two inverted positions with a
50:50 ratio for 4d i and a 61:39
ratio for 4d ii. In both cases, the
disordered butene chain is situ-
ated next to Ar3 (ferrocenyl).
By selecting each one of the
two disordered positions, the
enantiomeric pair A1/A2 or
A5/A6 is obtained. The struc-
ture 4 d iii has no disorder at
the double bond and it corre-
sponds only to the enantiomeric
pair A5/A6.

Only one centrosymmetrical
crystalline form could be de-
tected for compound 4 e by
using dichloromethane as the
crystallizing solvent. With Ar1¼6
Ar2¼6 Ar3, there are three dif-
ferent pairs of favorable iso-
mers (A1/A2, A3/A4, and A5/
A6). Compound 4 e crystallizes
with two disordered double
bonds. The first one located be-
tween Ar1 (p-methylphenyl)
and Ar2 (ferrocenyl) refines to

a 50:50 ratio. The second disordered double bond located
between Ar2 (ferrocenyl) and Ar3 (p-vinylphenyl) refines to
a 90:10 ratio. By considering the refining ratios for both dis-

Table 4. Crystal data for compounds 3 c, 3d, and 3e.

Compound 3c 3d 3e

formula C42H45Fe3N3O6S3 C36H41FeN3O6S3 C37H41FeN3O6S3

Mr 951.54 763.75 775.76
crystal size [mm3] 4.0	 4.0 	 0.4 2.0	 1.0 	 0.5 0.04 	 0.08 	 0.10
crystal color yellow yellow yellow
T [K] 153(2) 153(2) 153(2)
crystal system monoclinic triclinic triclinic
space group P21/c (no. 14) P1̄ (no. 2) P1̄ (no. 2)
a [�] 27.3192(7) 11.4559(3) 11.6184(3)
b [�] 11.7145(3) 11.5887(3) 12.2852(3)
c [�] 12.5458(3) 15.5168(4) 13.2667(4)
a [8] 90 98.4770(10) 97.1460(10)
b [8] 99.4090(10) 111.2890(10) 98.1250(10)
g [8] 90 105.5290(10) 106.3160(10)
V [�3] 3961.03(17) 1779.38(8) 1772.07(8)
Z 4 2 2
1 [g cm�3] 1.596 1.425 1.454
m [mm�1] 1.296 0.650 0.654
qmax [8] 31.50 31.55 31.52
reflns. measured 57045 27172 27356
unique reflns. 12564 [Rint =0.0517] 10921 [Rint =0.0492] 10898 [Rint =0.0572]
absorption correction SADABS (Bruker) SADABS (Bruker) SADABS (Bruker)
transmission min/max 0.5590/1.0000 0.4635/1.0000 0.6976/1.0000
parameters 586 599 452
R1/wR2 [I>2s(I)] 0.0403/0.0993 0.0450/0.1136 0.0478/0.1336
R1/wR2 [all data] 0.0574/0.1097 0.0535/0.1185 0.0604/0.1410
goodness-of-fit (F2) 1.027 1.058 1.069
largest diff. peak/hole [e��3] 1.587/�1.587 0.557/�0.651 1.554/�0.851

Table 5. Crystal data for compounds 4 c, 4d, and 4e.

Compound 4 c 4d i 4d ii 4d iii 4e

formula C42H45Fe3N3O6PdS3·
2CH2Cl2·H2O

C36H41FeN3O6PdS3·
CH2Cl2

C36H41FeN3O6PdS3·
CH2Cl2

C36H41FeN3O6PdS3·
2.5CH2Cl2

C37H41FeN3O6PdS3·
CH2Cl2

Mr 1245.81 955.07 955.07 1082.46 663.80
crystal size [mm3] 0.4 	 0.2	 0.2 0.2	 0.2	 0.2 0.5	 0.2 	 0.1 0.3	 0.3 	 0.2 0.5	 0.3 	 0.3
crystal color yellow yellow yellow yellow yellow
T [K] 153(2) 153(2) 153(2) 153(2) 153(2)
crystal system orthorhombic triclinic orthorhombic monoclinic triclinic
space group P212121 (no. 19) P1̄ (no. 2) Pbca (no. 61) P1̄ (no. 2) P1̄ (no. 2)
a [�] 12.7092(3) 11.5144(3) 11.7532(4) 12.3845(2) 11.5284(3)
b [�] 14.1875(3) 12.6773(3) 24.6364(9) 13.1334(3) 12.8895(3)
c [�] 26.1318(6) 15.8112(4) 26.4924(10) 14.4093(3) 15.7731(4)
a [8] 90 93.5060(10) 90 94.040(1) 93.9930(10)
b [8] 90 105.4730(10) 90 105.666(1) 105.4510(10)
g [8] 90 115.0380(10) 90 103.240(1) 115.1160(10)
V [�3] 4711.87(18) 1974.86(9) 7671.0(5) 2174.64(8) 2000.17(9)
Z 4 2 8 2 2
1 [g cm�3] 1.756 1.606 1.645 1.653 1.606
m [mm�1] 1.695 1.165 1.200 1.247 1.152
qmax [8] 31.51 31.50 31.54 31.50 31.50
reflns. measured 67 564 29527 104 002 32618 30638
unique reflns. 14 948 [Rint =0.0701] 11932 [Rint =0.0616] 12509 [Rint =0.1025] 13318 [Rint =0.0438] 12256 [Rint =0.0606]
absorption correction SADABS (Bruker) SADABS (Bruker) SADABS (Bruker) SADABS (Bruker) SADABS (Bruker)
transmission min/max 0.5890/1.0000 0.6995/1.0000 0.6916/1.0000 0.6507/1.0000 0.5849/1.0000
parameters 675 512 517 617 581
Flack parameters 0.004(15) – – –
R1/wR2 [I>2s(I)] 0.0520/0.1052 0.0491/0.1157 0.0465/0.0969 0.0556/0.1479 0.0498/0.1287
R1/wR2 [all data] 0.0622/0.1094 0.0676/0.1232 0.0822/0.1125 0.0618/0.1551 0.0647/0.1392
goodness-of-fit (F2) 1.113 1.054 1.018 1.082 1.030
peak/hole [e��3] 0.900/�1.533 1.052/�1.640 0.737/�1.057 1.476/�1.743 0.909/�1.369
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ordered double bonds, 45 % of the molecules belong to the
enantiomeric pair A1/A2, 45 % belong to the enantiomeric
pair A3/A4, and 10 % belong to enantiomeric pairs A5/A6
and/or A7/A8 (Figure 10). In light of the NMR spectroscopy
data obtained, we hypothesize that the unfavorable ttt con-
formation is not formed, and that this 10 % corresponds to
the more favorable cct enantiomeric pair A5/A6.

Conclusion

The palladium complexes of the triolefinic macrocycles
(E,E,E)-1,6,11-tris(arylsulfonyl)-1,6,11-triazacyclopentadeca-
3,8,13-trienes, featuring from three identical to three differ-
ent aryl groups, exhibit a peculiar spectroscopic behavior.
This behavior is intimately linked to the stereochemical
complexity of the complexes. In turn, the stereochemical
complexity stems from the different isomers that can be
formed by complexation of the metal to one or other face of
each of the three olefins involved. The palladacyclopropane

formulation of the palladium–
olefin interaction offers a clear
picture of the stereogenicity of
the olefin carbon atoms that
are complexed to the metal.
The various potential isomers
have been determined in the
solid state and in solution by
performing X-ray diffraction
and NMR spectroscopy studies,
respectively. Calculations dem-
onstrated that some theoretical-

ly possible isomers are too high in energy to exist, and that
interconversions between existing isomers require transition
barriers that are too great. Therefore, such dynamic process-
es do not occur, as confirmed by NMR spectroscopy data.

Experimental Section

NMR spectroscopy: High field 1H and 13C NMR analyses were conducted
at the Servei de Ressonancia Magnetica Nuclear, Universitat Aut�noma
de Barcelona by using an AVANCE 500 BRUKER spectrometer for
CDCl3 solutions. Characterization of the compounds was performed by
using typical gradient-enhanced 2D experiments, such as COSY, NOESY,
HSQC, HSQC-TOCSY, and HMBC, recorded under routine conditions.
For high-demand applications, band-selective 2D HSQC and HSQC-
TOCSY experiments were carried out by applying a semiselective 1808
pulse using a REBURP shape, instead of the conventional hard 13C 1808
pulse during the carbon evolution period. The selective pulse of 3 ms was
implemented in a gradient spin-echo period to avoid the carbon evolu-
tion period during its application, and thus, achieves effective refocusing
over the desired bandwith. In these experiments, 256 increments with 8
scans were applied for each t1 value, and the spectral width was reduced
in both dimensions to include only the resonances of interest. Data were
finally processed by applying zero-filling and linear prediction to achieve
full separation of all resonances.

Crystal structure determination

Preparation of crystals : Yellow crystals of 3 c, 3 d, 3 e, 4e, 4d i, 4d ii, 4d iii,
and 4e were grown by the slow evaporation of dichloromethane/ethyla-
cetate/hexane (1:1:1) solution under room temperature conditions. The
crystals to be measured were prepared under inert conditions and im-
mersed in perfluoropolyether as protecting oil for manipulation.
CCDC 252093–252100 contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Data collection : Measurements were taken by using a Siemens P4 diffrac-
tometer equipped with a SMART-CCD-1000 area detector, a MACS-
cience rotating anode with MoKa radiation, a graphite monochromator,
and a Siemens LT2 low-temperature device (T =�120 8C). Full-sphere
data collection was used with w and f scans. Programs used: data collec-
tion, Smart version 5.060 (Bruker AXS, 1999); data reduction, Saint+

version 6.02 (Bruker AXS, 1999); absorption correction, SADABS (Bru-
ker AXS, 1999).

Structure solution and refinement : SHELXTL version 5.10 (Sheldrick,
1998) was used.[14]

Synthesis of macrocyclic derivatives 3 and their palladium(0) complexes
4 : Compounds 3c,[4d,f] 3d,[4d,f, 9] 4a,[4a,f, 5, 8] 4b,[4f,5] 4 c,[4d,f] and 4d[4d,f, 9] were
prepared according to previously reported methods. Macrocycle 3 e and
palladium(0) complex 4 e were synthesized by using modifications of the
methods used for compounds 3 and 4, respectively. Preparation and ana-
lytical data for 3 e and 4 e are available as Supporting Information.

Table 6. Selected bond lengths [�] for compounds 3c, 3 d, 3 e, 4c, 4d i, 4d ii, 4d iii, and 4e. Average lengths
[�] for bonds between disordered atoms are written in italics.

3 c 3d 3e 4 c 4d i 4 d ii 4d iii 4e

C2�C3 1.320(3) 1.313(2) 1.321(3) 1.395(5) 1.381(4) 1.375(4) 1.393(4) 1.379(4)
C6�C7 1.326(3) 1.320(2) 1.313(3) 1.379(6) 1.376(4) 1.378(4) 1.385(4) 1.363(4)
C10�C11 1.325(3) 1.323(2) 1.311(3) 1.37(2) 1.38(2) 1.39(2) 1.384(4) 1.38(3)
Pd1�C2 – – – 2.192(4) 2.201(3) 2.196(3) 2.188(3) 2.200(3)
Pd1�C3 – – – 2.196(4) 2.206(3) 2.198(3) 2.199(3) 2.208(3)
Pd1�C6 – – – 2.206(4) 2.186(3) 2.197(3) 2.200(3) 2.17(2)
Pd1�C7 – – – 2.210(4) 2.181(3) 2.191(3) 2.203(3) 2.23(5)
Pd1�C10 – – – 2.214(12) 2.190(7) 2.20(4) 2.196(3) 2.196(10)
Pd1�C11 – – – 2.23(5) 2.192(15) 2.196(6) 2.165(3) 2.198(9)

Figure 10. Distribution of stereoisomers in 4 e.
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