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For some decades bidentate ligands have prevailed in the field
of transition-metal catalysis.!"! The superiority of bidentate
ligands over monodentates was explained by the higher
conformational rigidity of the ligands and their stronger
coordination to the metal.'® However, in the last few years
monodentate ligands have experienced a revival, and more-
over interest in rational ligand design has grown tremen-
dously:” Monodentate ligands have been developed which
are able to self-assemble in the coordination sphere of the
metal center through weak ligand-ligand interactions, such as
hydrogen bonding ¢ and metal-bridged coordinative bon-
ding.”"7 However, the use of weak interligand interactions
based on CH-n and m-rm interactions for rational ligand
design is still very challenging.?!

Various experimental and theoretical approaches have
been devised to investigate and quantify noncovalent inter-
actions such as hydrogen bonding and ni—x stacking and their
dependency on solvent properties.’! The “double-mutant
cycles” developed by Fersht et al. have become a powerful
thermodynamic tool for the experimental quantification of
single noncovalent interactions in proteins and in host—guest
model systems./*! In addition the “molecular torsion balance”
developed by Wilcox and co-workers®! has been applied to
quantify CH-n interactions and aromatic interactions in
organic molecules.***’ However, no method has been pre-
sented to measure the contribution of noncovalent ligand-
ligand interactions within transition-metal complexes to date.
For guest-host systems binding constants are typically used
for the quantification of noncovalent interactions. However,
in the case of metal complexes the binding constant reflects
not only noncovalent interactions, but primarily metal-ligand
binding based on electronic properties such as the o-donor/n-
acceptor properties of the ligands. Therefore, for the mea-
surement of pure ligand-ligand interactions, covalent and
noncovalent contributions to the binding constant must be
separated. In addition, possible changes in the electronic and
electrostatic properties must be considered, that is, changes in
the stereoelectronic properties of the metal-ligand bond and
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of the electrostatic contributions of the dipoles due to

reorientation within the ligands upon cis—trans isomerization.

To the best of our knowledge, it was previously not possible to

separate and quantify the contributions of noncovalent

interactions (e.g. CH-m and m—m interactions) from stereo-
electronic properties and electrostatic interactions in transi-
tion-metal complexes.

In this study we present the first method for the
quantification of noncovalent ligand-ligand interactions in
transition-metal complexes separated from stereoelectronic
and electrostatic effects. Based on the formation trends of
different phosphoramidite palladium complexes the free
energy difference AAG caused by the formation of additional
attractive CH-—mt interactions was determined. Moreover,
'"H'H NOESY measurements and 'H chemical shift changes
Ad were used to gain insight into the complex structures and
their interaction patterns to establish the reliability of our
method.

The basic method presented in this study for measuring
noncovalent interactions in transition-metal complexes is not
restricted to special ligands or transition metals. Therefore,
first the general principle of the supramolecular balance for
transition-metal complexes is explained in complexes with the
stoichiometry ML,X,, (M = transition metal, L = chiral ligand,
X =achiral ligand; for a schematic illustration see Figure 1):
a) Three chiral ligands, A, A* (enantiomer of A), and B, are

chosen. For each ligand combination A/B and A*/B an

equilibrium between two homocomplexes—ML,X, and

ML',X,—and one heterocomplex MLL'X,, is formed. In

the case of slow-exchange kinetics on the NMR timescale,

the free energy AG® of the heterocomplex formation can
be determined from the complex integrals according to

AG° = —RTInK for both equilibria.

b) Provided that no intermolecular interactions exist
between the complexes, the selection of two enantiomeric
ligands (A, A*) and one enantiopure ligand (B) allows for
the energetic linkage of the two equilibria. For both ligand
combinations homocomplex MB,X, is identical, while
homocomplexes MA,X, and MA*,X, are enantiomeric
(AG =0). As a result, the free energy difference between
the two systems (AAG = AG°(A/B)—AG°(A*/B)) directly
reflects the energy difference between the two hetero-
complexes M(A)(B)X, and M(A*)(B)X,.

So far this method can be applied without restrictions on
the structure of the ligands or the transition-metal complexes.
However, the resulting AAG encompasses energetic differ-
ences caused by both stereoelectronic and electrostatic
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Figure 1. The principle of the supramolecular balance for transition-
metal complexes: Two equilibria between homo- and heterocomplexes
are linked energetically by combining one enantiopure ligand B (green)
with two enantiomeric ligands A and A* (blue). Stereoelectronic and
electrostatic properties are represented by pink (e,, ex) and yellow (eg)
quadrants, noncovalent interligand interactions (s) by dashed lines.
Since identical or enantiomeric homocomplexes are formed, the free
energy difference AAG between the two equilibria directly provides the
free energy difference between the two heterocomplexes. When the
heterocomplexes have identical stereoelectronic and electrostatic prop-
erties (¢(A/B) =e(A*/B)), the AAG value directly reflects the difference
in the noncovalent supramolecular interactions s(A/B) and s(A*/B).

properties e (o-donor/m-acceptor properties, electrostatic

interactions of the dipoles) and supramolecular interactions

s within one heterocomplex compared to those in the other. In

order to measure pure supramolecular interactions, the

electronic contributions must be eliminated. Therefore,

¢) ligands and transition-metal complexes are selected which
provide identical stereoelectronic and electrostatic effects
e but different supramolecular interactions s in the two
heterocomplexes (e(A/B)=e(A*/B); s(A/B)#s(A*/B)).
As a result, the free energy difference between the two
complex equilibria provides exclusively the energetic
difference of supramolecular interactions in both hetero-
complexes (AAG = AG°(s(A/B)—s(A*/B)).

By definition two enantiomeric ligands A and A* possess
identical chemical properties in an achiral environment also
including stereoelectronic properties such as the o-donot/n-
acceptor character in metal complexes. However, in a chiral
environment enantiomers can generally be discriminated by
the formation of different interactions. In metal complexes
such a chiral environment can be created easily by a simple
combination with another chiral ligand, for example, ligand B.
Thus, supramolecular ligand-ligand interactions in the dia-
stereomeric complexes M(A)(B)X, and M(A*)(B)X, are
expected to differ in strength. In order to make use of both of
these fundamental properties of enantiomeric ligands for the
separation of electronic and supramolecular interactions in
metal complexes the electronic properties of A and A* must
stay identical within both diastereomeric complexes
M(A)(B)X, and M(A*)(B)X,. That means complexes with
clearly defined coordination sites and with identical general
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structures must be formed. In addition, the orientation of the
dipoles has to be retained within M(A)(B)X, and
M(A*)(B)X, so that the two complexes have identical
electrostatic properties.

Compared to the classical “molecular torsion balance”
originally developed by Wilcox,P! where the consideration of
solvation effects®™® is extremely important, our supramolec-
ular balance for transition-metal complexes is quite insensi-
tive to changes in the solvent interactions. Since similar
(enantiomeric) ligands are being exchanged and mainly
interligand interactions are modified in these equilibria,
different solvation properties of the complexes within one
solvent are likely to be minimized or even cancelled by virtue
of the thermodynamic cycle employed. The application of
different solvents can of course affect the absolute strength of
the interactions, for example through the dielectric constant.

This method was tested on Pd" complexes using combi-
nations of the well-known phosphoramidite ligands
(SuRoR)-1M (S.,5)-2%, and (R.R.)-2®! (see Figure 2b),
which find broad application in many asymmetric catalytic

a)

Pd(cod)Cl, CD2Ch RT
+1+2 -cod

1
(Sa,Rc,Re)-1 (Re,Rc)-2 (Sc.Sc)-2
B A A*

Pd1,Cl, + Pd2,Cl, + Pd(1)(2)Cl,

Figure 2. Model system: a) General synthesis of the hetero- and
homocomplexes and b) structures of phosphoramidite ligand 1 and
the enantiomeric ligands 2 and 2* used in this study.

reactions.””! Moreover, we could already observe a general
affinity of these phosphoramidites to form noncovalent
interligand interactions in Cu complexes!'”! and in aggregation
studies of these ligands and their Cu, Pd, and Ir complexes.[“]
In these three ligands, all heteroatoms encompassing the
dipoles are located in a very small and structurally rigid inner
sphere (O,PN moieties, see Figure 2b). In addition, all three
ligands feature extensive nonpolar outer spheres allowing for
the formation of different CH-n and n—n interligand
interactions. The chiral centers are located in two amine
side chains with high rotational flexibility, which is neither
affected by complexation nor by aggregation.'!! Thus, the
chiral centers involved in supramolecular interligand inter-
actions are flexibly connected to the inner sphere (see
Figure 2b and Figure 1). This allows for different orientations
of the chiral parts of 2, 2%, and 1 without inducing torsional
strains on the inner sphere, that is, without affecting the
electrostatic and electronic properties of 2 and 2* in their
heterocomplexes with 1. Provided that identical general
complex structures are formed, these structural properties
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allow for the formation of transition-metal complexes with
a different strength of supramolecular interactions s(2/1) and
s(2*/1), without affecting the electrostatic properties in the
inner spheres of 2, 2%, and 1. Thus, the electronic properties
e(2/1) and e(2*/1) of Pd(2)(1)Cl, and Pd(2*)(1)Cl, can be
presumed to be identical.

The retention of the general complex structure upon
ligand variation was investigated by a small screening of
phosphoramidite Pd complexes using four different ligand
combinations." After complex synthesis for each ligand
combination one heterocomplex PdLL'Cl, and two homo-
complexes PdL,Cl, and PdL,Cl, are formed. %/pp scalar
coupling constants between 1150 and 1180 Hz for all hetero-
complexes verified the exclusive formation of trans com-
plexes, which completely, but slowly convert into cis com-
plexes with appropriate “/pp coupling constants between 95
and 105 Hz."™® This isomerization to the thermodynamically
controlled cis complexes!'?! is evident in the P NMR spectra
of the ligand combinations 1/2 and 1/2* in Figure 3. In

a) b)
trans Pa(1 )(\"’{C'z Pd2*,Clx Pd(1)(2)Cl,
Pd1 ZMdZQCIZ -
Pd(1)(2)Cl, Pd(1)(24)Cl,

Pd1,Cl, Pd2*,Cl
/'
\ oo [ ?1209\ o
cis Iﬂ ;\ N\ﬂ A M
v

L} T T T T T T T T T T T T
122 118 114 110 118 114 110
<— 5 /ppm <— 5 /ppm

Figure 3. trans—cis isomerization of palladium complexes: *'P spectra
in CD,Cl, at 300 K of a) Pd(1)(2)Cl, and b) Pd(1)(2*)Cl, and corre-
sponding homocomplexes (colored) in exclusive trans configuration
(top) and after complete conversion into cis complexes (bottom).

addition, the interaction pattern is extremely similar within all
cis complexes Pd(L)(L")Cl, and closely resembles that in the
known crystal structure!"! of cis-Pd2*,Cl, (see below and the
Supporting Information). Therefore, in the following all
structural details will be discussed on modifications of this
crystal structure (e.g. mirror image and/or extensions of
aromatic systems, see Figure 4a).

The extremely high structural similarity of the complexes
is best demonstrated by the comparison of the 'H NMR
spectra of the homocomplexes cis-Pd1,Cl, and cis-Pd2,Cl,
with that of the heterocomplex cis-Pd(1)(2)Cl, (Figure 4b).
For each homocomplex only one set of signals is detected for
both ligands due to their high complex symmetry. The 'H
spectrum of the heterocomplex Pd(1)(2)Cl,, which contains
also both homocomplexes, is almost an addition of the spectra
of the corresponding homocomplexes reflecting the high
structural similarity. In addition, a change from the homo- to
the heterocomplex with retention of the complex structure
just exchanges the interacting biaryl groups for both CH and
CH; in the interligand interactions (see inter(1—2) and
inter(2—1)). Exactly this structural exchange is reflected by
the chemical shift changes observed in the 'H spectra of the
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Figure 4. Retention of the complex structure upon ligand variation:

a) Inter- and intraligand interactions in cis-Pd2,Cl,, cis-Pd(1) (2)Cl,, and
cis-Pd1,Cl, presented on structural models derived from the crystal
structure of ¢is-Pd2%,Cl,. b) The extreme similarity of the 'H spectra of
cis-Pd(1) (2)Cl, and the homocomplexes PdL,Cl, (L=1, and 2) indicates
the close retention of the general complex structure and of the
interaction pattern (600 MHz, CD,Cl,, 300 K).

three complexes. There the methine and methyl signals of
ligand 1 and 2 in the heterocomplex change places relative to
the analogous signals of the corresponding homocomplexes
(see signals a and b and dotted lines in Figure 4b; for further
details see the Supporting Information).

This close retention of the general complex structure
confirms that the electronic properties are not affected by the
formation of supramolecular interactions. Therefore, in the
next step the free energy contribution of different non-
covalent interactions was measured with the double-equilib-
rium approach shown in Figure 1. Using ligand combinations
1/2 and 1/2* the simulations and integrations of the *'P spectra
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indeed revealed different homocomplex/heterocomplex
ratios (see Figure 3 and the Supporting Information). For
the ligand combination 1/2* we observed a ratio of 1.0:0.9:4.5
for the two cis homocomplexes and the cis heterocomplex,
whereas for ligand combination 1/2 the homocomplex/heter-
ocomplex ratio approximates the statistical distribution of
1.0:1.1:2.1. According to the formulas described above the
free energy difference between the two heterocomplexes cis-
Pd(1)(2*)Cl, and cis-Pd(1)(2)Cl, can now be calculated:
AAG = AG(s(2%/1)—s(2/1)) = —4.82 kJmol~!  (for detailed
calculations see the Supporting Information). This value
directly describes the stabilization of cis-Pd(1)(2*)Cl, relative
to cis-Pd(1)(2)Cl, caused by additional noncovalent supra-
molecular interactions.

Next '"H'H NOESY spectra and 'H chemical shift changes
AO were used to gain insight into the differences in the
noncovalent interactions in the two heterocomplexes. The
tube representation of cis-Pd(1)(2)Cl, (see Figure 5a) reveals

a) Pd(1)(2)Cl, l - b) inter(2—1)

c) inter(2*—1)

Figure 5. Interligand interactions of cis-Pd(1) (2)Cl, versus those of cis-
Pd(1)(2*)Cl,: a) Molecular electrostatic potential surfaces of cis-
Pd(1)(2)Cl, (IsoVal: —0.4) calculated at the B3LYP/LACVP level of
theory (positive regions blue (> 250 k) mol "), negative regions red

(< —250 kJmol™)). A large flat interaction area composed of CH, CH;,
and phenyl groups (see arrows) with the positive charge maximum on
CH characterizes the interligand contacts; b,c) details of the interli-
gand interactions inter(2—1) and inter(2*—1) with experimental NOE
contacts show an exchange of the CH; and the phenyl group.

that one amine moiety composed of CH, CH;, and phenyl
group forms a large, nearly planar surface which can interact
with the biaryl group of the second ligand through CH-m and
n—m interactions. Within this contact area a maximum in the
molecular electrostatic potential surface indicates that the
CH group possesses the highest proton-donating ability (blue
in Figure 5a), that is, the greatest stabilizing effect for CH-nt
interactions.

The main difference between ligands 2 and 2* lies in the
configuration of their amine moiety, which can be seen as
a mutual exchange of the CH; and the phenyl group. Indeed,
'H'H NOESY spectra and 'H chemical shift changes indicate
that in the interligand interactions inter(2—1) the CH; group
of 2 is exchanged by the phenyl group and vice versa to give
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inter(2*—1) (see Figure 5b,c and details in the Supporting
Information) under retention of the general complex struc-
ture. This mutual exchange causes a replacement of two
strong m—m interactions in cis-Pd(1)(2)Cl, by two strong
CH;-r interactions in cis-Pd(1)(2*)Cl,, and, moreover, a sub-
stitution of two weak CH;—m interactions by two weak m—m
interactions. In addition, in inter(2*—1) the CH- interaction
between the CH and the naphthol group is slightly reduced.
Of course in a system with such multiple interactions of
functional groups, the experimentally determined AAG value
cannot be used directly to measure a single functional group
interaction. However, the structural investigations show that
two phenyl groups are effectively replaced by two CHj;
groups, which in a very rough approximation could be
addressed as two additional CH-mxt interactions. Thus, the
calculated AAG value of —4.8 kImol ! is of the right order of
magnitude for the structural changes discussed above,¢¢
confirming the applicability of our method. In addition, the
formation of large flat interligand interaction areas in both
complexes (see Figure 5) suggests that this energy difference
should be regarded as a modulation of these extended quasi-
planar binding interfaces. Further investigations of structural
and formation trends of phosphoramidite palladium com-
plexes show that these modulations in extended quasi-planar
CH-n and m—r interaction interfaces might be the refined
stereoselection mode that make the phopshoramidites a priv-
ileged class of ligands.l”

In summary, we have presented a method to determine
experimentally and quantitatively the contribution of non-
covalent interactions within transition-metal complexes. In
this general approach the AAG value of two complex
equilibria is used as a measure for the deviating noncovalent
interactions within the two heterocomplexes. The two equi-
libria are energetically linked by the combination of one
enantiopure ligand with two enantiomeric ligands, leading to
identical or enantiomeric homocomplexes. This allows for the
separation of supramolecular interactions from stereoelec-
tronic and electrostatic properties provided that the general
complex structure is retained. Since this method uses deviat-
ing intracomplex interactions within two heterocomplexes,
solvation effects of the interacting functional groups are of
minor importance. The applicability of this approach was
proven with phosphoramidite palladium complexes. The
mutual exchange of the CH; and the phenyl groups from
one ligand to its enantiomer is directly reflected in the NMR
data. The experimentally determined AAG value is of the
right order of magnitude for the observed changes in the
interaction pattern. This example proves for the first time that
the catalytically highly important class of phosphoramidite
ligands show a pseudo-bidentate character in solution and
that modulations in the extended planar CH-n and m—n
interaction interfaces cause significant energetic differences.
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