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Abstract: Heteroleptic copper(l) complexes combining
phenanthroline derivatives (NN) and chelating bis-phosphine
ligands (PP) are an important class of luminescent materials for
various  applications. While thermodynamically stable,
[Cu(NN)(PP)]* derivatives are also kinetically unstable. As a
result, a dynamic ligand exchange reaction is often observed in
solution leading to a dynamic mixture of heteroleptic and
homoleptic complexes. In order to prevent the formation of the
homoleptic species, macrocyclic phenanthroline ligands have
been used for the preparation of [Cu(NN)(PP)]* pseudo-
rotaxanes. The topological constraint resulting from the
macrocyclic structure of the NN ligand drives the thermodynamic
equilibrium toward the exclusive formation of the heteroleptic
complex as long as the macrocycle is large and flexible enough
to allow the threading of the PP ligand. In contrast, when the
threading is prevented by steric constraints, unprecedented
copper(l) complexes with a trigonal coordination geometry are
obtained. These results are summarized in the present concept
article.

Introduction

In recent years, there has been a revival of interest in the field of
luminescent copper(l) complexes.'#l On one hand, such
compounds are perfectly suited for the preparation of light
emitting devices® and dye sensitized solar cells.®l When
compared to the heavy metal complexes typically used in these
technologies, coordination compounds prepared from copper
represent an interesting alternative with less concerns about
toxicity and environmental impact.['* On the other hand, the
recent interest in photochemistry by organic chemists has also
contributed to popularize copper(l) photosensitizers.! In this
context, heteroleptic copper(l) complexes combining diimine
aromatic ligands (NN) such as phenanthroline derivatives and
bis-phosphine (PP) ligands have focused particular attention.5
Analogous systems prepared from NN ligands and phosphines
(PR3) have been widely explored in relation to photo-induced
electron transfer long ago.['>'% The coordination of the different
ligands around the copper(l) cation is however particularly
difficult to control owing to the kinetic instability of
[Cu(NN)(PRs)2]* derivatives leading to ligand dissociation in
solution. The use of chelating bis-phosphine ligands has been
introduced by McMillin and co-workers in 2002.%! Importantly,
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the stability of the resulting [Cu(NN)(PP)]* derivatives is
significantly improved when compared to analogous compounds
prepared from PR3 ligands. Moreover, some members of the
[Cu(NN)(PP)]* family have shown remarkably high emission
quantum vyields from their long-lived metal-to-ligand charge
transfer (MLCT) exited states.™®! These initial observations are
at the origin of significant research efforts related to the
photophysical properties of [Cu(NN)(PP)]* derivatives and their
applications'"l As part of this research, we have carried out
detailed investigations on the dynamic coordination behavior of
NN and PP ligands around the copper(l) cation.'! A deep
understanding of the structural parameters influencing the
stability of [Cu(NN)(PP)]* derivatives is indeed essential for the
proper design of stable luminescent materials. In solution, the
control of the heteroleptic coordination scenario is difficult and
an equilibrium between the heteroleptic - [Cu(NN)(PP)]* - and
the homoleptic - [Cu(NN)2]* and [Cu(PP)2]* - complexes is often
observed. In order to drive the thermodynamic equilibrium
toward the desired heteroleptic complex, we have applied a
synthetic strategy based on topological constrains by using
macrocyclic phenanthroline derivatives.l'>8 Stable heteroleptic
copper(l)-complexed pseudo-rotaxanes have been thus
obtained when the macrocyle is large and flexible enough to
allow the threading of the diphenylphosphino groups of the PP
ligands.['*'"l In contrast, the complexation scenario is completely
different when the macrocyclic NN ligand prevents the threading
of the PP ligand. In this case, the additional steric constraint
drives the coordination equilibrium toward the formation of
unprecedented copper(l) complexes with a trigonal coordination
geometry.l'®l These results are summarized in the present
concept article with special emphasis on the coordination
chemistry aspects.

Stability of heteroleptic [Cu(NN)(PP)]*
complexes

In order to understand the structural parameters influencing the
stability of [Cu(NN)(PP)]* derivatives, a series of chelating PP
ligands (dppe, dpp, dppb and POP) have been combined with
various phenanthroline derivatives.['l The preparation of the
complexes from 2,9-unsubstituted-1,10-phenanthroline ligands
has been investigated first (Scheme 1). Treatment of phen or
Bphen (1 equiv.) with the appropriate PP ligand (dppe, dppp,
dppb or POP, 1 equiv.) and [Cu(CH3CN)sBFs (1 equiv.)
provided the corresponding [Cu(NN)(PP)]|BF4 derivatives. 'H and
3P NMR analysis of the crude reaction mixtures revealed the
formation of a single complex in all the cases and the expected
heteroleptic complexes have been isolated in a pure form by
recrystallization. Importantly, detailed 'H and 3'P NMR
investigations revealed that all the [Cu(phen)(PP)]BFs and
[Cu(Bphen)(PP)]BF4+ derivatives are stable compounds in
dichloromethane or acetonitrile solutions and no traces of
homoleptic complexes could be detected.
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Scheme 1. Preparation of [Cu(NN)(PP)]* complexes. Inset: structure of the
NN and PP ligands.

In a second series of experiments, 2,9-substituted-
phenanthroline derivatives (dmp, dpep or dpp) have been used
as NN ligands to prepare the corresponding [Cu(NN)(PP)]*
derivatives (Figure 1). Treatment of dmp, dpep or dpp with an
equimolar mixture of the appropriate PP ligand and
[Cu(CH3sCN)4]BF4 gave a dynamic mixture of different complexes,
namely [Cu(NN)(PP)]BFs, [Cu(NN)2]BFs+ and [Cu(PP)2]BF4
(Figure 1).'Y The percentage of [Cu(NN)(PP)]BFis indicated in
Figure 1B for all the ligands combinations. All the dmp-
containing heteroleptic complexes have been obtained pure by
recrystallization.['*  [Cu(dmp)(dppe)]BFs, [Cu(dmp)(dppp)]BFs,
and [Cu(dmp)(dppb)]BF4 are perfectly stable in the solid state.
However, dynamic ligand exchange is systematically observed
as soon as the compounds are dissolved leading to an
equilibration between the heteroleptic and the homoleptic
complexes. In a coordinating solvent such as CHsCN, the
equilibrium is reached in less than a minute and the final
heteroleptic’lhomoleptic ratio is the same as the one observed
for the corresponding crude mixture. In contrast, in a non-
coordinating solvent such as CH:Cl,, the ligand exchange
reaction is rather slow and a few hours are needed to reach the
equilibrium. It is therefore possible to investigate the
photophysical properties of such heteroleptic complexes out of
equilibrium by using freshly prepared CHzCl> solutions.['™] In the
case of dppe, dppp and dppb, the homoleptic [Cu(PP)2]BF4
complexes are all tetracoordinated (Figure 1D).['*?] As a result,
all the ligands and metal binding sites are utilized to generate
coordinatively saturated complexes whatever the
[Cu(NN)(PP)]BF4/[Cu(NN)2]BF4/[Cu(PP)2]BF4 ratio in solution.
The dynamic equilibrium is therefore only governed by the
relative thermodynamic stability of the different possible
complexes. On one hand, the exceptionally high thermodynamic
stability of [Cu(NN)2]BFs derivatives obtained from 2,9-
substituted-phenanthrolines (log £ = 10-12)?" tends to drive the
equilibrium toward the formation of the homoleptic complexes.
On the other hand, differences in the P-Cu-P chelate bite-angle
modulates the negative steric effects leading to the
destabilization of [Cu(dmp)(PP)]* or [Cu(dpep)(PP)]*, thus

explaining the difference in behavior for the various PP ligands.
On the other hand, the thermodynamic equilibrium is displaced
toward the homoleptic complexes when going from dmp to dpep.
By increasing the size of the 2,9-substituents on the
phenanthroline subunit, negative steric effects become more
important and the heteroleptic complexes are further
destabilized. Ultimately, the formation of heteroleptic complexes
is almost totally prevented when the NN ligand is substituted
with large groups. This is the case of dpp for which only
homoleptic complexes are obtained whatever the PP ligands.
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Figure 1. (A) Dynamic ligand exchange observed in solution, the relative
proportion of the heteroleptic - [Cu(NN)(PP)]* - and the homoleptic -
[Cu(NN)2]* and [Cu(PP)2]* - complexes is highly dependant on the nature of the
ligands. (B) Proportion of heteroleptic complex at the thermodynamic
equilibrium in CH2Cl2 at 25°C, identical values are observed in CH3CN at 25°C.
(C) Structure of the 2,9-substituted phenanthroline ligands. (D) Structure of the
[Cu(PP)2]* derivatives.

For [Cu(dmp)(POP)]BF4, and [Cu(dpep)(POP)]BF4, ligand
exchange reactions took place to a minor extent and only traces
of the homoleptic species could be detected in solution. The
remarkable stability of the POP-containing heteroleptic
complexes results, at least in part, from the favorable orientation



of the diphenylphosphino subunits limiting steric hindrance.®®'
The thermodynamic equilibrium is also influenced by the
peculiar structure of [Cu(POP)2]*. The copper(l) cation is actually
too small to accommodate two POP ligands in a tetrahedral
coordination geometry.l'*22 Only one POP subunit is chelating
the metal, while the second one is acting as a monodentate
ligand (Figure 2D). With its trigonal coordination geometry,
[Cu(POP)2]* is a coordinatively frustrated metal-ligand assembly.
As a result, [Cu(POP)]* substantially destabilizes the
homoleptic coordination scenario and its unsaturated copper(l)
cation counterbalances the exceptionally high thermodynamic
stability of [Cu(NN)2]J*. In other words, the reduced
thermodynamic stability of [Cu(POP)2]* contributes to displace
the equilibrium toward the formation of [Cu(NN)(POP)]*.

This detailed investigation revealed that [Cu(NN)(PP)]*
complexes are stable in solution as long as they incorporate 2,9-
unsubstituted phenanthroline ligands. By contrast, heteroleptic
complexes obtained from 2,9-substituted phenanthrolines are
only stable in the solid state but a dynamic ligand exchange
reaction is systematically observed in solution. The presence of
bulky substituents at the 2 and 9 positions of the phenanthroline
subunit is however critical for the photophysical properties of
[Cu(NN)(PP)]* derivatives.>"l This is clearly illustrated by the
emission quantum yields (®) determined in deaerated CH2Cl2
solutions at 25°C for [Cu(NN)(POP)]* derivatives (@ = 0.18% for
[Cu(phen)(POP)]*, 15% for [Cu(dmp)(POP)]* and 26% for
[Cu(dpep)(POP)]*).%°1 These experimental observations are
rationalized by the influence of the 2 and 9 substituents of the
phenanthroline ligand on the geometric distortions that occur
upon light excitation. In the MLCT excited state, the metal center
changes its formal oxidation state from copper(l) to copper(ll)
and tends to adopt a more flattened coordination geometry that
favors non-radiative deactivation processes involving binding of
solvent molecules or counteranions to generate
pentacoordinated exciplex species.I"”l This effect is limited by
bulky substituents at the 2 and 9 positions of the phenanthroline
moiety thus explaining the difference in emission quantum yields
when going from [Cu(phen)(POP)]* to [Cu(dmp)(POP)]* or
[Cu(dpep)(POP)]*. It is therefore essential to develop new
strategies to further stabilize [Cu(NN)(PP)]* complexes prepared
from NN ligands bearing bulky substituents at the o positions of
the coordinating N atoms to generate stable compounds with
high emission quantum yields.

Topological constraints to stabilize
[Cu(NN)(PP)]' complexes

A very efficient strategy to control the coordination of two distinct
ligands around a copper(l) cation is based on the combination of
a macrocyclic chelating ligand (L) with an acyclic chelating one
(L) (Figure 2).2%24 Topological constraints resulting from the
macrocyclic nature of L prevent the formation of the homoleptic
complex assembling two L ligands around a tetracoordinated
copper(l) cation ([Cu(L)2]'). As a result, formation of the
homoleptic complex [Cu(L’)2]* would generate a frustrated metal
ligand assembly for the macrocyclic ligand, which is highly

unfavorable from a thermodynamic point of view. In contrast, all
the ligands and metal binding sites are utilized when the
heteroleptic complex [Cu(L)(L")]* is formed. The perfect match
between the number of ligands and the coordination number of
the copper(l) cation generates only coordinatively saturated
copper(l) complexes. According to the maximum site occupancy
principle,?+?% the heteroleptic complexation scenario is largely
more favorable. As a result, the dynamic coordination
equilibrium is totally displaced in favor of the formation of
[Cu(L)(L)]"
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Figure 2. Control of the thermodynamic heteroleptic complexation scenario
based on topological constraints. Starting from an equimolar mixture of a
macrocyclic chelating ligand L (pale blue), an acyclic chelating ligand L’ (blue)
and a copper(l) cation (orange), the formation of heteroleptic complex
[Cu(L)(L")]* is favoured as all the ligands are utilized to generate coordinatively
saturated copper(l) complexes. Formation of the homoleptic complex [Cu(L’)2]*
is disfavoured as it would generate a frustrated metal ligand assembly for the
other ligand.

The strategy based on topological constraints initially developed
by Sauvage and co-workers has been widely exploited to
generate pseudo-rotaxane building blocks allowing the synthesis
of sophisticated mechanically interlocked molecules and
molecular machines.? We have recently shown that this
principle is also perfectly suited to stabilize heteroleptic
complexes prepared from various PP ligands and macrocyclic
phenanthroline derivatives.['>'"] The preparation of the copper(l)
pseudo-rotaxanes is depicted in Scheme 2. Macrocyclic
phenanthroline ligands with ring sizes ranging from 30 to 42
atoms have been used as starting materials. [Cu(CH3CN)4]BF4
(1 equiv.) and the appropriate PP ligand (1 equiv.) have been
successively added to a solution of the macrocyclic NN ligand (1
equiv.). The copper(l) complexed pseudo-rotaxanes have then
been obtained pure by recrystallization. Their structure has been
confirmed by electrospray mass spectrometry as well as by their
H, 3C and 3'P NMR spectra. Typical examples of X-ray crystal
structures of copper(l) complexed pseudo-rotaxanes are shown
in Figure 3. These heteroleptic complexes are remarkably stable
in solution and no detectable ligand exchange reactions could
be observed. When compared to the [Cu(NN)(PP)]* complexes
prepared from the corresponding acyclic NN ligands (dmp or
dpep, see Figure 2), the results obtained with the macrocyclic



phenanthrolines are dramatically different, particularly when
dppe or dppp have been used as the PP ligand. This
observation clearly highlights the influence of the macrocyclic
structure of the NN ligand on the stability of the heteroleptic
[Cu(NN)(PP)]* complexes.

1) Cu(CHZCN),BF,

® —

2) PPh,
PPh,

PP

m30, m37 or m42
[Cu(m30)(PP)]BF, (PP = dppe or POP)

[Cu(m37)(PP)]BF,4 (PP = dppe, dppp or POP)
[Cu(m42)(PP)IBF, (PP = POP)

Scheme 2. Preparation of copper(l) pseudo-rotaxanes from macrocyclic
phenanthrolines and PP ligands. Inset: structure of m30, m37 and m42 (the
number correspond to the ring size of the macrocycle).

structures  of
[Cu(m30)(POP)]BF4 (B). The counteranion is omitted for clarity (Cu: dark
orange, P: orange, H: white, N: blue, C: pale blue for the PP ligand and gray
for macrocyclic NN ligand). Adapted from Ref. 16.

Figure 3. X-ray crystal [Cu(m30)(dppe)]BF4+ (A) and

In the case of [Cu(m30)(POP)]*, detailed NMR investigations
further supported by computational studies revealed particularly
original dynamic molecular motions resulting from the
folding/unfolding of the m30 macrocycle.['® The chain of the m30
ligand is flexible enough to allow a fast dynamic exchange
between different conformers in solution (Figure 4). The Coav
symmetrical conformer (T1) in which the POP ligand is fully

threaded through the macrocycle is destabilized by steric
congestion due to the presence of the large phenyloxyphenyl
bridging unit of the POP ligand within the cavity of macrocycle
m30. Indeed, the macrocycle preferentially adopts a folded
conformation (conformer T2) in order to minimize steric
congestion as observed in the solid state (Figure 3B). These
particular conformers in equilibrium have been named
topomers!'® by analogy to the dynamics of protein conformations
in which a topomeric set of structures is obtainable through local
backbone folding transformations.?]

(A)

Figure 4. (A) Potential energy diagram proposed to explain the dynamic
conformational  exchange between the  different topomers  of
[Cu(m30)(POP)]BF4 deduced from variable temperature NMR studies. (B) In
the case of [Cu(m30)(dppe)]BF4, the C2v symmetrical topomer (T3) is largely
preferred and the partially threated one (T4 and its enantiomer en-T4) could
not be detected. 3'P NMR spectra (CD2Clz, 162 MHz) of [Cu(m30)(POP)]BF4
(C) and [Cu(m30)(dppe)]BF4 (D) recorded at different temperature. Adapted
from Ref. 16.

At -40°C, the dynamic exchange between the different topomers,
i.e. topomerization, is slower than the NMR timescale and
diagnostic signals corresponding to both topomers are detected
in the 3'P NMR spectrum (Figure 4C). The most stable topomer
(T2) is largely major in solution under these conditions. The free
energy of activation AG* for the exchange between T1 and T2 is
quite low (12 kcal/mol) and fast dynamic interconversion is
observed at room temperature. In this way, each of the four
peripheral phenyl rings of the POP ligand is alternatively located
outside or inside the cavity of macrocycle m30, and the
exchange takes place through the less energetically favored
conformer T1. It can be noted that conformer T2 is chiral and the
dynamic folding/unfolding of m30 is responsible for a dynamic



racemization, i.e. fast exchange between T2 and en-T2 (Figure
4A).

Variable temperature NMR studies were also carried out with
[Cu(m30)(dppe)]*. As shown in Figure 4B, the Czy symmetrical
conformer (T3) is this time largely preferred. Folded topomer T4
could not be detected in the 3P NMR spectra recorded at low
temperature (Figure 4D). These observations are consistent with
the conformation adopted by [Cu(m30)(dppe)]* in the solid state,
the two PPh2 moieties being effectively located at opposite sides
of the mean plane of the m30 macrocycle (Figure 3A). When
compared to POP, the bridging unit of dppe is smaller and does
not generate particular steric congestion. There is a clear energy
penalty for the folding of m30, the fact that topomer T2 is
favored shows that steric congestions must be relatively
important for [Cu(m30)(POP)]* to almost totally displace the
dynamic conformational equilibrium towards the partially
threaded situation (T2). Despite increased ring sizes, a similar
conformational equilibrium has been also observed for
[Cu(m37)(POP)]* and [Cu(m42)(POP)]*. In both cases, the
dynamic conformational equilibrium is in favor of a Ci-
symmetrical conformer but the AG* values estimated from the
NMR data are decreased (m37: 9.3 kcal/mol, and m42: 8.6
kcal/mol).[""]

Combining topological and steric constraints

Incorporation of the phenanthroline chelating unit in a
macrocyclic structure is an efficient strategy to stabilize
[Cu(NN)(PP)]BF4 derivatives as long as the macrocycle is large
and flexible enough to allow the threading of the bulky PPh2
subunits of the PP ligand. The complexation scenario is however
totally different when threading of the PP ligand is not possible
anymore. This is the case when a more rigid macrocycle (M30)
is used as the starting material (Scheme 3).'8!

[Cu(M30)(POP)]BFs+ was prepared by reaction of M30 with
[Cu(CH3sCN)4]BF4 and POP. Crystals suitable for X-ray crystal
structure analysis were obtained and the structure of
[Cu(M30)(POP)]BFs+ is shown in Figure 5. As observed for
[Cu(m30)(POP)]BF4 (Figure 3B), the POP ligand is only partially
threaded through the macrocyclic ligand. M30 adopts a basket-
type conformation to accommodate one phenyl moiety of the
POP subunit, all the other aromatic subunits of the POP ligand
being located on one side of the mean plane of the M30
macrocycle. The POP ligand is a chelating ligand by nature and
the system is forced to adopt a sterically congested structure
with a highly distorted tetrahedral coordination geometry around
the copper(l) cation (Figure 5B). The rigid 2,9-diphenyl-1,10-
phenanthroline subunit of M30 prevents the folding of the
macrocyclic ligand allowing to properly coordinate the copper(l)
cation as observed in the case of [Cu(m30)(POP)]BF4 (Figure 2).
As a result, [Cu(M30)(POP)]BF4 is not a very stable compound.
Slow decomposition was effectively observed both in solution
and in the solid state. It is also worth mentioning that any
attempts to force the threading of the PPh2 moiety through the
30-membered ring of M30 by refluxing solutions of
[Cu(M30)(POP)]BF4 in high boiling point solvents failed to

generate a Ca-symmetrical pseudo-rotaxane. Obviously, the
PPh2 subunits of POP are too bulky to pass through the M30
macrocycle during the coordination process and the POP ligand
is unable to adapt his behavior to this additional steric constraint.
By contrast, dppp undergoes both steric and topological
constraints,?®l and adopts a non-chelating coordination mode to
generate [Cu2(M30)2(p-dppp)](BFa4)2 (Scheme 3).
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Scheme 3. Preparation of heteroleptic copper(l) complexes from M30 and
phosphine ligands.

»’

\‘,«1

Figure 5. (A) X-ray crystal structure of [Cu(M30)(POP)]BF4. The counteranion
is omitted for clarity (Cu: dark orange, P: orange, H: white, N: blue, C: pale
blue for the PP ligand and gray for macrocyclic NN ligand). (B) Details of the
coordination sphere around the copper(l) cation showing that the Cu(1) atom
is located 0.737 A over the mean plane of the phenanthroline moiety, selected
bond distances: Cu(1)-P(1): 2.265(2), Cu(1)-P(2): 2.394(3) A. Adapted from
Ref. 18.

Indeed, the most efficient way for the system to fulfill the
maximum occupancy principle is to adopt a dynamic heteroleptic
complexation scenario in which the copper(l) cations are in a
trigonal coordination geometry. In this way, all the ligands are
coordinated and all the metals are utilized to form trigonal
complexes. When the reaction is performed under stoichiometric



conditions, a perfect match between the coordination number of
the copper(l) cations and the number of ligands allows the
formation of [Cu2(M30)2(u-dppp)](BF4)2 in a quantitative yield.
The ability of M30 to generate stable trigonal copper(l)
complexes was further confirmed by the quantitative formation of
[Cu(M30)(PPh3)]BF4 starting from an equimolar mixture of M30,
PPhs and [Cu(CH3CN)4]BF4 (Scheme 3). It is worth highlighting
that the addition of PPhs (1 equiv.) to a solution of
[Cu(M30)(PPh3)]BF4 led to a dynamic mixture of copper(l)
complexes together with uncomplexed M30. Steric effects
clearly prevents the formation of the tetracoordinated copper(l)
complex [Cu(M30)(PPhs)2]BF4. The structure of the M30 ligand
including a rigid 2,9-diphenyl-1,10-phenanthroline moiety is
actually critical for the stabilization of trigonal copper(l)
complexes such as [Cu(M30)(PPhs)]BFs and [Cu2(M30)(u-
dppp)](BF4)2. These heteroleptic complexes with unprecedented
structural features® are stable both in solution and in the solid
state, the copper(l) cations being well protected by the presence
of the phenyl subunits of both the P ligand and the M30. The
trigonal coordination also prevents negative steric congestion
leading to the destabilization of the system as observed in the
case of [Cu(M30)(POP)]BFa4.

Conclusion

Macrocyclic phenanthroline derivatives are ideal ligands for the
preparation of stable [Cu(NN)(PP)]* complexes. By preventing
the formation of homoleptic bis-phenanthroline complexes,
topological constraints are at the origin of a perfect control of the
heteroleptic coordination scenario. The electronic properties of
the  copper(l)-complexed pseudo-rotaxanes  constructed
following this principle have not been discussed in the present
concept article mainly focused on the coordination chemistry
aspects. It must be however mentioned here that the pseudo-
rotaxane structure positively impacts the excited-state properties
of [Cu(NN)(PP)]* complexes and enhances their stability in light
emitting devices.['! This design principle has been therefore
already successfully used to generate stable copper(l)
complexes for optoelectronic applications. On the other hand,
combining topological and steric constraints allowed us to
stabilize unprecedented tricoordinated heteroleptic copper(l)
complexes. Investigations of the electronic properties of the first
members of this family already revealed an interesting potential
for optoelectronic applications.l'®! Overall, appropriate ligand
design is critical for the preparation of stable copper(l)
photosensitizers and the construction principles described
herein provides important guidelines for future developments in
the field of luminescent copper(l) complexes.
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