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The demand for enantiopure chemicals, for example, natural
products, pharmaceuticals, or materials, has been increasing
rapidly for years, and the global market is continually
expanding.!!l In the field of asymmetric catalysis, transition-
metal catalysts using chiral ligands represent one of the most
effective and versatile approaches.”’ However, the develop-
ment of highly efficient catalysts is often an unpredictable,
challenging, and time-consuming process. Accordingly, every
method that shortens this laborious procedure or allows an
assessment of selectivity contributions is highly valued. In this
context, rational models were developed to predict asymme-
try in resulting products, for example, Cram’s rule and the
Felkin-Anh model,”) and quadrant models.*”) Furthermore,
combinatorial libraries provide empirical strategies for ligand
selection.®! With regard to temperature optimization, the
isoinversion principle provides a general model for reactions
with two or more selectivity steps.”) At present, the rational
models have to address more complex issues because of the
importance of noncovalent interligand interactions in organ-
ometallic complexes.'” Even weak m-m interactions were
found to influence complex structures,"'?! for example, a cis
coordination of the ligands was found for a bis(phosphonite)
Pt complex and a bis(phosphoramidite) Pd complex; this
coordination was explained by weak intermolecular interac-
tions.[114

In a recent study, we reported a temperature-dependent
interconversion, which was potentially caused by interligand
interactions, of various phosphoramidite copper complexes.['”!
This result raised the question of whether there is a fast and
easy way to predict ligand-driven changes of the active
catalysts, either by interconversion or by aggregation phe-
nomena. However, to the best of our knowledge, no simple
and general procedure has been presented to date that
reliably predicts temperature-dependent changes of transi-
tion-metal catalyst sizes. Such a prediction would allow a fast
determination of the temperature range applicable to the
desired catalytic reaction.
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Herein, we present the first aggregation study of selected
phosphoramidite ligands and their transition-metal com-
plexes. The aggregation trends of the ligands, the complexes
of which can catalyze highly enantioselective reactions, reveal
that an easy and fast DOSY screening of the free ligands
allows a prediction of the aggregation trends of their
transition-metal complexes, even without knowledge about
their structures. In addition, the applicability limits of this
method are discussed and the type of interligand interactions
is addressed.

Chiral phosphoramidites have emerged as one of the
privileged ligand structures, with increasing applications in
various asymmetric catalytic reactions with excellent enan-
tioselectivies.'"? Therefore, 1 and 2 (Scheme 1), which show
high selectivities in catalysis, were chosen as model systems
that represent the well-known binaphthol- and biphenol-
based ligand families.***! In addition, the ligand 3, which
shows a lower selectivity, was used to investigate the influence
of reduced bulkiness and lack of rotational processes on the
aggregation trends. The effects of different transition metals,
complex stoichiometries, and geometries were investigated on

the complexes [{CuLX};], [CuL;X], [{CuLX},], [PdL,CL],
[Pd3,CL,], and [Ir(cod)LCl] (Scheme 1).
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Scheme 1. Phosphoramidite ligands and transition-metal complexes
investigated in terms of aggregation trends (Tc=2-thiophene-carboxyl-
ate; cod =1,5-cyclooctadiene).
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Firstly, temperature-dependent '"H DOSY NMR spectra
of the free ligands were measured, and viscosity- and temper-
ature-corrected diffusion coefficients were calculated to gain
an insight into the aggregation between the pure ligands. The
resulting normalized aggregation curves are presented in
Figure 1a. All three phosphoramidite ligands are monomeric
at 270 K and form aggregates below a certain temperature
threshold with averaged aggregation numbers up to 2. The
individual progression of the aggregation curves differ from
each other with respect to the threshold temperatures and the

a) 22
I
20 L 1
2
187 3
=
g 16
£
=
E 144
c
S
S 1.2
@
=)
210t
180 190 200 210 220 230 240 250 260 270
TIK —>
b) 25
A [{Cu1Cl}]
® [{Cu1Br}s)
20 *[{Cu1Tc))
# [Pd1,Cl]
a [Ir(cod)1Cl]

aggregation number n —>»
o

05 + ' ' ' ' ' ' ' ' Il
180 190 200 210 220 230 240 250 260 270
TIK —>
c) 30
T 25 4 [{Cu2Cl}]
= ® [{Cu2Br};)
820 * [{Cu2Tc})
< s [Pd2;Cly]
= 15 ® [Ir(cod)2CI]
S
b
210
o
o
® 054 ' : ' : : : ' : '
180 190 200 210 220 230 240 250 260 270
TIK —>
d
) A 4 [{Cu3Cly]
6.5 ® [{Cu3Br};)
+ [{Cu3Tck]
55 + [Cu3sCl]
» [Cu34Br]
4.5 ® [Cu3,Tg]
® [Ir(cod)3ClI]
s [Pd3,Cl]

aggregation number n —>
[
(4]

o
o

190

-

- [
[ B3 T
] -—0—’9—+--/

Figure 1. Temperature-dependent aggregation of a) free ligands 1-3
and b-d) their complexes in CD,Cl, (0.02m), based on #/T-corrected
diffusion coefficients. 7 =viscosity.
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subsequent slopes. The smallest ligand 3 shows the highest
temperature threshold of 230 K but the lowest slope. In
contrast, ligands 1 and 2, which afford high enantioselectiv-
ities, are both sterically more demanding, have more rota-
tional degrees of freedom, and do not aggregate until 210 K.
Below this temperature, both ligands show pronounced
aggregation trends, with 2 reaching higher aggregation
numbers than 1.

The aggregation trends of the transition-metal complexes
of 1 and 2 were subsequently investigated (Figure 1b,c).
Stable chemical shifts and intensity distributions in the
corresponding *'P NMR spectra exclude temperature-depen-
dent interconversion of different complexes species, as
previously shown for [Cu,L;X,] complexes (L =2, X =1).°
Thus, all the presented curves result from aggregation of the
complexes.”! All complexes are essentially monomeric at
temperatures above 210 K. Between 210 K and 200 K, kinks
are observed in all aggregation curves, and complexes with 2
show slightly higher aggregation numbers at low temper-
atures than those with 1. A comparison of the data in
Figure 1a—c shows that the aggregation behavior of the
transition-metal complexes closely reflects the aggregation
trend of the corresponding free ligands. Only the aggregation
starting point shifts by up to 10 K to lower temperatures and
slight aggregation of some complexes occur above 210 K. This
close similarity indicates that the aggregation behavior of
complexes with 1 and 2 is dominated by the ligand properties.
Variations in the transition metal and the complex geometry,
and even the presence of additional ligands with comparably
low aggregation tendencies (such as cod) have only marginal
effects.

For complexes with ligands such as 1 and 2, ligand-
dominated aggregation might be plausible because of the
effective steric shielding from the ligands. However, for
considerably smaller ligands with reduced aggregation trends,
other phenomena may also contribute to the changes in the
complex volume that occur with decreasing temperature.
Therefore, the limits of applicability for the transfer of
aggregation trends from free ligands to their transition-metal
complexes were tested on 3. Previous synthetic and structural
studies of 3 showed that its reduced bulkiness allows
crystallization of otherwise inaccessible complexes,””” favors
the formation of complexes with higher ligand/transition
metal ratios™ and provides only moderate ee values com-
pared to 1 and 2! Consistent with these features of 3,
aggregation curves similar to those of the free ligand with a
kink at 230 K were observed (Figure 1d), as well as aggrega-
tion curves with higher aggregation numbers arising from
oligomerization (orange), with a continuous aggregation
indicating a salt-mediated polymerization (dark red), and
with low-temperature shifts of the kink (green and gray).
These results hint at entropic contributions or intracomplex
saturation (for details see the Supporting Information). The
presented data show that the aggregation trends of all
investigated transition-metal complexes with the highly
stereoselective ligands follow nearly exactly the aggregation
of the free ligands, whereas such an aggregation prediction is
limited for small and moderately selective ligands that are not
suitable for asymmetric catalysis.
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We recently described the interconversion of an active
catalytic species [Cu,L;X,] into [Cu,L,X,] (L=2, X=1I),
which resulted in reduced ee values."" Interestingly, the
reported temperature threshold of this interconversion is in
agreement with the aggregation kinks described in Fig-
ure 1a,c, thus suggesting similar interligand interactions for
intra- and intermolecular processes, and opening up a new
screening possibility at a very early stage of the catalyst
development. An easy and fast DOSY screening of the
aggregation properties of sterically demanding ligands that
afford high enantioselectivities allows a prediction of the
aggregation trends of their transition-metal complexes.

In addition, the mechanism behind the described aggre-
gation phenomena was addressed. Titration studies of 1 and 2
with chlorobenzene showed gradual disaggregation of both
ligands.”>>! This phenomenon suggests that T interactions
between the ligands play an important role in the aggregation
process. Thus, the contributions of the biphenyl or binaphthyl
moiety to the m—m interactions were analyzed and compared
to those of the phenyl rings on the N substituent. A
comparison of the aggregation trends of 1-3 (Figure 1a)
showed that the lack of the phenyl groups on the amine
moiety of 3 results in a minor slope because only the
binaphthyl group contributes to m—m interactions. In addition,
3 achieves significantly lower aggregation numbers than 2 at
180 K, thus indicating that one biphenyl and two phenyl
groups can form more favorable m—m interactions at low
temperatures than the rigid binaphthyl group, despite similar
aromatic sizes. Furthermore, the larger aggregation slopes of
1 and 2 in combination with the low-temperature shift of the
aggregation threshold suggest that rotational processes of, or
within, the N[CH(CHj;)Ph], group have to slow down before
the phenyl groups can contribute significantly to the aggre-
gation. In this context, the rate constants of the rotational
movements that affect the phenyl ring can be used to estimate
the involvement of the phenyl groups in m—n or CH-n
interactions.’” For this purpose, rotations around the N—C
bond were investigated because two separate methine signals
were detected at 180 K; these signals can be used to analyze
the rotational process by dynamic NMR through spectra
simulation and Eyring plots (see Figure 2 and the Supporting
Information).

The Eyring plots of 1 and 2 (Figure 3) show two straight
lines with pronounced kinks at 220 K and 230 K, respectively
(gray bars), thus indicating the presence of two different
mechanisms that are dominant at high and low temperatures.
In the high-temperature region, small AH" values in combi-
nation with large negative AS™ values indicate crowded
transition states, which are typical for inversion processes on
nitrogen atoms (for details see the Supporting Informa-
tion).’*2% At low temperatures, the thermodynamic param-
eters reveal that only the rotational process remains (for
details see the Supporting Information). The corresponding
rate constants (see table in Figure 3) show that the rotational
process in 2 nearly stops at low temperatures, whereas the rate
constants of 1 are significantly higher. This result shows that
the n—mt or CH-m interactions between the phenyl groups and
the biphenyl moiety in 2 are essentially stronger than those
between the phenyl groups and the binaphthyl moiety in 1. In
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Figure 2. Methine sections from the experimental and simulated
"H NMR spectra of ligand 2 at 280 K and 180 K.
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Figure 3. Eyring plots of free ligands 1 and 2 as well as complex
[{Cu2Cl};]. The table shows the corresponding rate constants k based
on simulated '"H NMR spectra.

addition, the lower rotational movements in 2 seem to
support the intermolecular interactions, as reflected in the
slightly higher aggregation slope of 2. Furthermore, the strong
interaction between the phenyl groups and the biphenyl
backbone in 2 corroborates the hypothesis of induced
atropisomerism, which was used to explain the high enantio-
selectivities afforded by this ligand®' and was recently
reported for thodium complexes.””

In contrast to the free ligand 2, no inversion occurred and
only rotational processes were detected for the complex
[{Cu2Cl};]. These results are in agreement with slightly
reduced P—N bond lengths found in crystal structures,””
and which might also be caused by the more crowded
transition state of the inversion. However, a comparison of
the rotational processes in 2 and [{Cu2Cl};] shows rate
constants of the same order of magnitude for both systems,
thus implying that the rotational degrees of freedom of the
N substituents in 2 are not considerably affected upon
complexation. This result may explain the similarity of the
aggregation trends of 2 and [{Cu2Cl};] and moreover may give
a hint at the general structural properties of so-called
priviliged ligands that can be used with several transition
metals and in various reactions.

In summary, the first self-aggregation studies of phos-
phoramidites and their transition-metal complexes are
reported, and insights into the aggregation mechanism are

Angew. Chem. Int. Ed. 2010, 49, 27942797


http://www.angewandte.org

presented. For complexes with large ligands, the aggregation
of the transition-metal complexes directly follows the aggre-
gation behavior of the corresponding free ligands. In contrast,
for complexes with small ligands, phenomena other than
ligand-dominated aggregation can occur. Disaggregation
studies, the interpretation of the aggregation curves, and
dynamic NMR analyses of the internal dynamic within the
ligands revealed that rotational processes define the starting
temperature of aggregation and allow insights into the
different contributions of the aromatic systems to aggrega-
tion. Interestingly, complexation only marginally affects the
rotational processes within the ligands. This observation may
explain the similar aggregation trends observed and the
success of phosphoramidite ligands as privileged ligands in a
broad range of transition-metal catalysts.

These results now open up a new screening possibility for
a faster temperature optimization in the development of
transition-metal catalysts. For sterically demanding phosphor-
amidite ligands, which are suited for asymmetric catalysis, an
easy and fast DOSY screening of the free ligand allows a
reliable prediction of the temperature-dependent aggregation
behavior of its transition-metal complexes. Even the contri-
bution of different transition metals, complex stoichiometries,
complex geometries, and additional ligands with low aggre-
gation tendencies do not affect the predictability of aggrega-
tion. The independence of this method from the structural
knowledge of the catalytically active species makes this
screening method very valuable for catalyst optimization,
even in the early development stage. The presented method
for aggregation screening by DOSY measurements may be
expanded to other ligand families and can be used for solvent
optimization in terms of solvent-dependent aggregation
phenomena. For any desired catalytic system, two DOSY
screenings, one of the free ligand and one of the complex, can
be used to validate the applicability of this method. Further
work is planned to corroborate this hypothesis.
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