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“You can't do anything other than let it happen. You just let it evolve.
You don't do anything yourself.
All you do is make sure that nothing disturbs this wonderful creation in any way.
You are extremely active and at the same time extremely passive.

You don't do anything; you just let it evolve.”

Sergiu Celibidache
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Chapter 1

General Introduction

PHOTOPHYSICAL AND CATALYTIC PROPERTIES OF ZN (SALPHEN)

BASED COMPLEXES AND MATERIALS

Schiff bases have long been successfully employed
as ligands in combination with various metals to
give catalysts capable of realizing a variety of
synthetic transformations. The most widely known
“salen” ligand has been extensively researched.
Recently, there has been increased interest in m-
conjugated salens known as “salphen” ligands as
a result of the differences in reactivity of their
complexes in catalytic applications compared with
the salen analogues. Salphen complexes may also
display interesting photophysical and
supramolecular properties different from salen
systems as a result of their m-conjugation; a
review of recent developments is given herein

together with the focal points of this thesis.

Parts of this chapter have been published in an adapted form: C. J. Whiteoak, G. Salassa, A. W.

Kleij, Chem. Soc. Rev. 2012, 41, 622.

1.1 Metallosalphen complexes

Salen ligands are rather planar tetradentate, N,O,-coordinating ligand systems which are

obtained from the condensation reaction of readily available diamine and (substituted)

salicylaldehyde precursors.!""” The most widely utilized salen based catalyst system is

undoubtedly the manganese(Ill) complex of the salen ligand bearing a chiral cyclo-

hexyl bridging fragment known as Jacobsen’s epoxidation catalyst, but other chiral

salen systems based on diamino-substituted scaffolds have also been proven to be

attractive for a range of catalytic applications (Figure 1). Salen ligated metal complexes
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combine typical advantages such as ease of variation in steric and electronic features,?!

and the use of modular strategies that enable manipulation of different fragments of the
ligand systems.'! Metal-derived salen complexes are versatile and they have proven to
be effective catalysts for many asymmetric conversions including (ep)oxidations,!"!
epoxide ring-opening reactions'® and stereo-selective polymerizations.”’ Analogous
multinuclear metallosalens have also received a great deal of attention since in a number
of cases interesting cooperative effects have been observed that can increase overall
kinetics of a process and its selectivity.! Non-chiral salen complexes have received
much less attention since their application potential in (homogeneous) catalysis has
been considered limited. For instance, phenyl-bridged salen ligands (i.e., “salphens” or
“salophens”, Figure 1) and related structures have been neglected for a long time despite
the fact that they provide particular advantages over their salen analogues; they
represent m-conjugated ligand systems with tunable photophysical properties, and are
more cost-effective than the corresponding (chiral) salen ligands. For these reasons,
such salphen systems have excellent potential as building blocks in material science
amongst other applications.”” It should also be noted that the rigid geometry around the
metal center that is dictated by the salphen ligand can be used to manipulate properties
such as the Lewis acid character of the metal and therefore can be effectively applied to

increase the reactivity of the resulting complex.

—\ ;:;
—N N= —N N= —N N=
R14C§:OH Hob—& R14C§:OH Ho:@—& R14C§:OH Ho:@—&
R Ra Ry Ra Ry Ra

Jacobsen'’s ligand

Ph Ph Q
_N/_<N_ =N N=
R14C§:OH Hoi%;>—R1 R14C§:OH Hoi%;>—R1
Ry R, Ry Rz

salphen

Figure 1. Structures of the most commonly used salen systems and the family of salphen ligands.
In blue are highlighted the different bridging groups.
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1.2 Synthesis of salphen ligands and complexes

The most common way to synthesize salphen ligands is the simple combination of two
equivalents of a (substituted) salicylaldehyde with one equivalent of 1,2-
phenylenediamine. The scope for producing salphen ligands with various substitutions
is wide given that many differently substituted salicylaldehydes and 1,2-
phenylenediamines are readily available. The ability to significantly alter the nature of
the phenyl group of the ligand backbone gives further potential to vary the intrinsic
properties of the salphen scaffold. Metal complexes of salphen ligands are commonly
prepared by the simple reaction of the ligand with a metal acetate salt, although
variations are known with other anions. The standard combination of two equivalents of
salicylaldehyde with 1,2-phenylenediamine gives rise to symmetrical salphen structures.
Non-symmetrical ligands would offer further amplified opportunities for tuning of steric
and electronic properties and therefore with regard to ligand synthesis, the most recent
developments have been in the area of non-symmetrical ligand synthesis."”’ Although
mono-imine precursors bearing electron donating groups for non-symmetrical salphen
ligands can easily be synthesized,!" those containing electron withdrawing groups are
synthetically highly challenging."* Kleij and co-workers have recently developed a
simple, metal-templated procedure for the synthesis of non-symmetrical salphen
scaffolds (Scheme 1) with various substitution patterns. In this procedure the initial
chelated metal (a Zn(II) ion) plays an important role; due to its high Lewis acidity it
provokes, in the presence of OH™ nucleophiles, a selective hydrolysis leading to
synthetically useful mono-imine phenolate salts that are easily converted into non-
symmetrical (chiral) mono- and bis-metallosalphen products."*! This approach was
recently also extended to bis-salphen derivatives,!'"¥ and the formal desymmetrization of
the coordination environment of the salphen units in bis-salphen scaffolds could also be
readily accomplished.

It is also possible to synthesize more complicated ligand systems bearing the salphen
moiety. Bis-salphen ligands can for instance be synthesized through the condensation of
commercially available 3,3'-diaminobenzidene with four equivalents of a (substituted)
salicylaldehyde. By analogy to the mono-salphen ligands, these bis-salphen ligands can

be easily desymmetrized in each N,O, unit through prior formation of bis-imine/amine
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intermediates. Subsequent condensation with a different salicylaldehyde and metalation
then yields bimetallic salphen complexes with non-symmetrical salphen pockets

(Scheme 2).

X = electron-withdrawing group

R Kleij (2010) R

X X Kleij (2011)

=N___N= =N NH, =N___N=
Zn € (Zn,
X o o X X o @ X oo z
NBu,
X X X X Y

Scheme 1. Synthesis of non-symmetrical mono- and bis-salphen ligands.

NTTON=

Further to this work, Kleij and co-workers have also recently reported a method to
synthesize several hetero-bimetallic salphen structures which are of great interest due to
the incorporation of two different metal centers within the same molecule. In this
work the bimetallic salphen structure is synthesized by a stepwise
condensation/metalation sequence of 3,3’-diaminobenzidene using metal templation to
afford selectively the hetero-bimetallic salphen complex (Scheme 2). It is also possible
to synthesize larger macrocyclic ligand systems containing salphen units, of which the
most prominent examples are shown in Figure 2. Nabeshima and co-workers reacted
2,3-dihydroxybenzene-1,4-dicarbaldehyde with 1,2-phenylenediamine to give the

desired tri-salphen macrocycle (denoted as a [3+3] condensation product, Figure 2) in
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good yield after prolonged stirring.'>'® More recently, MacLachlan and co-workers

(18]

reported on the formation of various types of #i-!"" tetra-" and hexa-salphen

macrocyclic architectures (Figure 2).[""!
Kleij (2008
X X ij (2008) < 2
X o_0 X X o__0 z
Zn S Zn
N, 7N
NN HN  NH, =N N=
RS
=N, _N= HN  NH, =N___N=
Zn Zn
X (0] (0] X X o o Z
X X u X Y
X l
Kleij (2009) X

Scheme 2. Synthesis of non-symmetrical (hetero)bimetallic salphen complexes derived from the
3,3’-diaminobenzidene scaffold.

Interestingly, in the case of the tetra-salphen macrocyclic systems, a stepwise approach
was applied and the significant difference in stability between aldimines and ketimines
(highlighted in Figure 2) was exploited to construct isomeric macrocyclic structures.
This approach is indeed powerful as it allows for access and fine-tuning of these
macrocycles, and depending on the directional properties of the building blocks,
macrocyclic structures of different dimensions may be simply accessed. More recently,
a fetra-salphen macrocycle communicated by Kleij and co-workers (see Chapter 2),*"
was constructed in a single step thereby providing a system with the salphen
coordination pockets orientated “outwards” as opposed to the “inward” nature of the

salphen units of the macrocyclic structures presented in Figure 2. The examples of
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multi/macrocyclic salphen structures reported in Schemes 1 and 2 and Figure 2 clearly
show that the field of multi-salphen scaffold synthesis has tremendously matured over

the last few years.

Nabeshima (2001) MacLachlan (2008)
<;§:OH Hon E ;
[3+3] [2+2]

@
ﬂ%
T? &
L,

Figure 2. Macrocyclic systems comprising multi-salphen llgand scaffolds. Note the highlighted
section in the [2+2] tetra-salphen macrocycle corresponding to ketimine/aldimine units.

1.3 Catalysis with salphen based complexes

Whilst chiral salen ligands (with the chiral information in the bridging fragment) have a
proven track record as ligands for complexes in catalysis applications, salphen ligands
have only been scarcely used to date. There exist, however, cases where chiral salen

ligands are not easily accessible or have proven to be ineffective as mediators for
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specific conversions. Here focus is given to those reported cases where the actual
M(salphen) unit is involved in the catalytic event rather than being a spectator. Indeed,
many groups have reported significant differences between activities of salen catalysts
and their salphen analogues in various catalytic reactions. In this section we will give a
few examples of contributions involving metal salphen complexes as catalysts for a
diverse range of chemical conversions.

Manganese Schiff base complexes have long been investigated as homogeneous
catalysts for a variety of (ep)oxidation reactions inspired by the successful and seminal
work of Jacobsen and co-workers in the early 1990’s.*"! Recent developments with
Mn(I1T) Schiff base systems used as oxidation catalysts or antioxidants'®* have included
the application of Mn(salphen) complexes, and many of these studies have focused on
complexes which have been tethered to various supports demonstrating catalysis of
reactions which are seemingly not possible in an absolute homogeneous state. Quite
often, the immobilization leads to an increased catalyst stability and therefore longevity
of the active species, and also enables catalyst recycling.

Mirkhani and co-workers have studied Mn(salen) and Mn(salphen) mediated
oxidation of diphenyl sulfide using sodium periodate as the terminal oxidant. The
Mn(salphen) complex yields a mixture of sulfoxide and sulfone (4:1 ratio) in 100%
conversion under mild conditions.” This is in strong contrast to the analogous
Mn(salen) complex which only led to yields of 18% (ratio sulfoxide/sulfone = 2:1). This
Mn(salphen) catalytic system was also successfully applied towards a variety of other
sulfides and also furnished 100% yields. Another application of Mn(salphen) complexes
in oxidation catalysis has been reported by Nasr-Esfahani and co-workers.** In this
work it has been reported that Mn(salphen)s yield improved catalysts for oxidation of
Hantzch 1,4-dihydropyridines with tetrabutylammonium peroxomonosulfate as the
terminal oxidant, compared with the salen analogue (95% versus 24% yield). There
have been reports of several supported Mn(salphen) complexes employed for catalysis
applications. Chitosan-supported Mn(salphen) complexes have been prepared and
characterised by Xia and co-workers.””) The complexes were studied as catalysts for
oxidation of cyclohexene using oxygen as the terminal oxidant under solvent free

conditions. The work shows that the complexes coordinate to the amino groups of the
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chitosan support and under mild conditions (343 K, ambient oxygen pressure) are
capable of catalyzing the reaction (11.0 x 10* turnover numbers) which is more efficient
compared with an equivalent unsupported catalyst which yielded much lower activity
(0.25 x 10" turnover numbers). Further work on supported hydroxyl-functionalized
Mn(salphen) catalysts by Savavati-Niasari and co-workers using multi-wall carbon
nanotubes (MWNTSs) as supports has shown their ability to oxidize para-xylene.* The
supported catalysts were demonstrated to be recyclable unlike the unsupported catalyst
under neat conditions: the latter was only active in the first cycle, and due to
decomposition during the catalysis it became inactive in further cycles. Rhenium cluster
supported Mn(salphen) complexes have also been reported and were shown to be active
in catalysis of epoxidations of a wide range of olefins and the nature of the active
species was also probed.”””! It has been demonstrated in this work that the nature of the
active species is controlled by many factors, including an interesting substrate
concentration effect.

Highly selective catalysts for oxidation of benzyl alcohol to benzaldehyde based on
Cr(salphen) complexes using hydrogen peroxide as oxidant have been reported by Wu
and co-workers.” The catalytic activity of the sodium salts of Cr(salphen) complexes
have been compared with the same complexes intercalated on a Mg—Al layered-double
hydroxide (LDH). The homogeneous catalytic system yielded a mixture of
benzaldehyde (77.5%), benzoic acid (15.6%) and benzyl benzoate (6.9%), compared
with the sole conversion to benzaldehyde achieved by the LDH supported catalyst. The
LDH-bound system also gave better overall yields (66%) compared to the
homogeneous system (29%). When compared to the corresponding salen catalyst, the
salphen catalyst was also found to give a much better catalytic performance.

Di-iron(III) p-oxo bridged salphen complexes have been shown to be capable of
selective oxidation of a variety of alkanes using m-CPBA as the terminal oxidant.*”!
However, these conversions are only possible if the salphen ligand contains bulky
groups on the phenolate moiety. If the phenolate moiety is unsubstituted the complex
was found to be catalytically inactive. Conte and co-workers have demonstrated that

V(salphen) catalysts are capable of catalyzing the epoxidation of alkenes and also the
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sulfoxidation of thioethers using hydrogen peroxide as the oxidant in combination with
microwave activation in ionic liquids."*”

Investigations using metallosalphen complexes as catalysts for various
polymerization reactions have also been reported by several groups. Darensbourg and
co-workers have shown that Al- and Sn(salphen) complexes are able to catalyze the
ring-opening polymerization of trimethylene carbonate and that the Al(salphen) based
catalyst gives higher turnover frequencies (TOF = 72) compared with the corresponding
salen analogue (TOF = 60).°” Work by Sugimoto and co-workers has shown that
Al(salphen) complexes are able to co-polymerize carbon dioxide and epoxides in the
presence of an ammonium salt.*?! It was found that, upon comparison with the
Al(salen) complexes, the polymer produced using Al(salphen) catalysts gave higher M,
values (2,900 versus 1,400 respectively) and that the cyclic carbonate (i.e., monomer

formation) was enhanced in the cases where the catalyst was an Al(salphen) complex.

The Rieger group recently reported an interesting bis-Cr(salphen) complex tethered

by a diarylether linker (Figure 3)."
A tBu Rieger (2010) {Bu
tBu | | tBu
O_ N 0 O\HVO 0 N_O
B O e
O N N O
tBu ! n=13o0r4 l tBu
tBu tBu
B o] /LL\/ﬂ\ }r C
0 g o 0
;- SIS
Cr-cat n h

P o,

Figure 3. A bis-Cr(salphen) complex linked by a diarylether spacer (A) active in polymerization
catalysis (B). (C) The proposed bimetallic mode of activation.

These flexible bimetallic systems were successfully employed as catalysts for -

butyrolactone polymerization®* and CO./propylene oxide (PO) copolymerization,””!
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showing that upon comparison with mononuclear Cr(salphen)s, the bimetallic catalysts
give rise to much higher activities (per Cr(III) ion) and average molecular weights (#4,,)
in the lactone polymerization reaction. In the CO,/PO polymerization reaction, higher
rates were particularly observed when the concentration of the catalyst was lowered.
The improved catalytic behaviour in both polymerization reactions was associated with
a bimetallic reaction pathway, and consequently a cooperative effect was proposed for
the bis-Cr(salphen) complexes.!”! The same group has also published work showing that
achiral Cr(salphen) complexes are highly active catalysts for the ring-opening
polymerization of B-butyrolactone.

Co(salphen) complexes have been used to catalyze the carbonylation of aniline to
N,N'’-diphenyl urea.*® The publication shows that the Co(salphen) complex is more
active than its salen analogue and the authors suggest that the most likely reason for this
enhanced activity is that the salphen ligand is conjugated and therefore reduces the
decomposition of the complexes to the Co(Ill) oxide, which is a known catalyst
deactivation route.

Atwood and co-workers have used Al(salphen) bromides to dealkylate
organophosphates.’” The results from this work also show that depending upon the
substrate, the Al(salphen) shows markedly different behaviour compared with its salen
analogue. When catalyzing the dealkylation of trimethyl phosphate the Al(salen) system
shows the best activity, but when tributyl phosphate was trialled the Al(salphen)
complex was found to be the most active catalyst. When using triethyl phosphate, no
discrimination between the two types of catalyst was observed. These differences may
be a result of the different steric environments formed around the metal centre by the
two different types of ligand.

The synthesis of a sophisticated salphen-based catalyst was reported by the group of
Rebek (Figure 4). This contribution constitutes a biomimetic approach towards the
acetylation of choline using a resorcinarene-supported Zn(salphen) complex.” In this
salphen structure, the bridging phenyl group is an integrated part of the resorcinarene
support. The Lewis acidity of the Zn(II) ion is exploited for binding of acetic anhydride
whereas choline forms a host-guest complex. The two reagents are thus brought in close

proximity to afford a more efficient process and this was indeed observed upon
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comparing the reaction rates of the unsupported Zn(salphen), the cavitand only and the

Zn(salphen)/cavitand ensemble.

A tBu tBu B
H
O\ tBu O O 0
N—Zn-O "
\ P
N« 1N
0} tBu
-HOAc
OAc
/N\
R |
R R

Cc 04

(6]
o
Zn(salphen) unit | Zn Zn---0
OH - HOAC \ ;
—
N

»ll@i

cavitand
Figure 4. A biomimetic cavitand structure comprising a Zn(salphen) catalyst unit (A) active in
the acetylation of choline (B). (C) The proposed cooperative catalysis mode.
Kleij and co-workers recently reported on the use of Zn(salphen) complexes as Lewis
acid activators in the synthesis of cyclic carbonates from terminal epoxides and carbon
dioxide under particular mild conditions (Figure 5, see Chapter 5 for an exhaustive
study on the reaction mechanism)."*” Interestingly, other Zn(salen) complexes
containing ligands having chiral bridging fragments were found to be poor catalysts for
this conversion, and the results are explained by the much higher Lewis acidity of the
Zn(II) ion in the salphen complexes compared with the corresponding salen systems. "’
The Lewis acid behaviour of the Zn(II) ion is a result of the geometry enforced on the
complex by the planar ligand system and is a prerequisite for efficient cycloaddition of
CO, to these epoxides. In the absence of Zn(salphen) catalyst, no conversion was
observed. Although initially reasonably mild conditions were employed for the

cycloaddition of CO, to epoxides (45°C, pCO, = 10 bar, DCM), at a later stage a
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significant improvement of the reaction conditions within the context of sustainability
was reported, and it was also shown that various cyclic carbonate structures can be
accessed under virtually ambient and green conditions (25°C, pCO, = 2 bar, methylethyl
ketone (MEK) as solvent)."*"! Thus, these Zn(salphen) complexes may now be regarded
as (industrially) attractive catalyst systems that are able to convert CO, under very mild
conditions; in principle this should open new possibilities for incorporation of CO, into

[4

. . 2 © g 43 .
other organic structures among which are oxetanes,'**! azidirenes* and molecules with

acidic C—H fragments.*"

X X
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Figure 5. Zn(salphen) catalysts for organic carbonate formation under mild reaction conditions.

1.4 Photophysical materials

The exploitation of the photophysical properties of Schiff base complexes in the field of
functional materials is still a relatively unexplored area of research. One of the first
examples in this field was reported by Liu and co-workers, who synthesized a novel
blue light-emitting diode (LED) utilizing the electroluminescent properties of a
Zn(salen) complex."*”! Following this, conjugated polymers containing Zn(II) and Ni(II)
Schiff base complexes have also been reported to have organic LED applications.***”
Further to the salen examples, Che and co-workers have reported the application of
Pt(salen) and Pt(salphen) complexes in high-performance organic LED’s (Figure
6A).*" In this study, they prepared compounds which exhibit an intense emission in the

range of 541-649 nm in acetonitrile, with emission quantum yields of up to 0.27. The

authors showed that complexes bearing the salphen scaffold, when employed as a

12



UNIVERSITAT ROVIRA I VIRGILI

SUPRAMOLECULAR, PHOTOPHYSICAL AND CATALYTIC PROPERTIES OF ZN (SALPHEN) BASED COMPLEXES AND MATERIALS
Giovanni Salassa

Diposit Legal: T. 1430-2013 General Introduction

dopant material for yellow—red organic LED’s, have a good device efficiency of 31
cd-A™" and a device lifetime of 77,000 h at 500 cd-m™. This is considerably higher than
observed for the corresponding salen analogue.
A B
Che (2010) Chan (2009)

rotation

_N\ /N_
) <:§ Pt C 1 @N N/
R O (0] R _ N
o- Pt NS Py o
o 0
=H, C(CHs); R2=H,F

0 rotation

C
Pb(1l) binding
LQ Pt O |
Pb2+
— Pb
z-x stacking | @ Pt @ |

Figure 6. (A) Pt(salphen) complexes for use in high-performance organic LED’s. (B) Bis-
Pt(salphen) complexes as sensors for lead(II) cations. (C) Mode of action upon binding of Pb(II)
cations in the interior of the structure presented at (B).

The presence of an aryl bridging group in the salen ligand opens up new possibilities for
the design and application of these n-conjugated systems as photo-responsive materials.
In this respect, multinuclear salphen derivatives designed for sensing of various
substrates have been reported recently. For example, Chan and co-workers have
described an axially rotating bis-Pt(salphen) complex which displays colorimetric and
luminescent responses to metal ions (Figure 6B and C).") In particular, the ability of
this bis-Pt(salphen) complex to detect Pb(II) by phosphorescence techniques is
fascinating since relatively few systems are able to effectively sense this cation. The
coordination of the Pb(II) ion causes a rotation along the molecular axis and

consequently disrupts the offset m-stacked contacts within the bis-Pt(salphen) moiety.
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The associated m-stacked emission is therefore transformed by Pb(II) into a blue-shifted
‘monomer-like’ emission from non-interacting Pt(salphen) units. The same authors also
reported on phosphorescent conjugated polymers consisting of alternating para-
phenyleneethynylene, and ‘para-’ or ‘meta-type’ Pt(salphen) luminophoric units which
are potentially useful in metal ion sensing."””

Other multinuclear salphen systems incorporating Zn(Il) have been shown to give a
colorimetric response in the presence of N-donor systems based on substituted

(iso)quinolines (Figure 7).°" The detection is based on the equilibrium between the

complexed and demetalated ligand system under partially aqueous conditions.

LOW <« coordinative strength of (iso)quinoline — HIGH

---------

+Zn%*, (iso)quinoline
-
-_— =
- Zn?*, (iso)quinoline

tBu tBu
tBuQOH Hop—mu
| 1
tBudOH Ho:@—tsu
tBu tBu

Figure 7. A bis-salphen chromophore for discrimination between (iso)quinolines.

This equilibrium is affected by the presence of N-heterocycles in the medium; these
donor ligands are able to stabilize the metalated species shifting the equilibrium to the
bis-Zn(Il) complex. The extent to which the donor ligand can stabilize the Zn(II) ion is
expressed in the observed color change which is less pronounced if the N-ligand
contains sterically demanding groups in close proximity to the N—atom. If no suitable
ligand is present, the equilibrium fully shifts to the side of the demetalated species. This
responsive system could be useful for discriminating between rather similarly sized

molecules which only differ in steric diversity near the binding site. A similar protocol
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has been reported for a series of anions, where protic systems were able to demetalate
the bis-Zn(salphen) chromophore whereas other anions formed simply coordination
complexes.”

Studies involving highly m-conjugated salphen systems have also been reported by
Houjou and co-workers. This work presents a study of interesting homo- and hetero-
multinuclear (Zn/Ni) complexes with fully m-conjugated salphen ligands using 2,6-
dihydroxynaphtalene-1,5-dicarbaldehyde and 1,2-phenylenediamine as building blocks
(Figure 8).°*** These compounds offer the possibility to understand the effects of an
extended m-conjugated system on the absorption properties of salphen complexes.
Comparison of the spectroscopic features of these trinuclear complexes with those of
analogous dinuclear complexes revealed that the absorption spectra of the trinuclear
complexes are composed of a salphen centered absorption band at 400 nm and a

naphthalene-centered absorption band around 500-600 nm.
RO OR RO OR
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Figure 8. Hetero-multinuclear Ni/Zn complexes used to investigate the properties of fully =-
conjugated bis- and tris-salphen systems.

This observation suggests that the electron density of the m-conjugated system is
actually more localized, forming several compartments, each of which independently

undergoes electronic excitation. Further analysis of the calculated molecular orbitals
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reveals that the N,O, metal coordination site effectively breaks the electronic
communication by disrupting the m-conjugation, even though the site is bridged by an
1,2-phenylene linkage. These results may demand reconsideration of the molecular
design of n-conjugated metallo-polysalen/-salphens; the presence of metal ions may be
a useful tool for tuning the degree of m-conjugation as the presence of Zn or Ni ions
have been shown to significantly affect the electronic transitions.

Beside the examples mentioned above, U(salphen) complexes have been shown to
have unusual photophysical properties, although at this stage further studies are

probably required to understand their full potential.”>”!

1.5 Functional supramolecules

Whereas most metal salphen complexes form simple monomeric complexes, it is
interesting to note one example where this is not the case. Kleij and co-workers have
extensively studied the complexation of Zn(II) ions by salphen ligands. The salphen
ligand is a rigid ligand system that imposes an unusual square planar geometry around
the Zn(II) ion leaving a vacant, axial coordination site; isolation of such a unique, four-
coordinate square planar complex was recently achieved® and is only possible if there
is sufficient steric bulk present near the donor atom of the phenoxide group. If this steric

bulk is insufficient then a dimeric species is observed (Figure 9).

Figure 9. Line drawings of a Zn(salphen) complexes (A) and its X-ray crystal structure (B)
showing its dimeric nature.

The vacant axial coordination site can thus be potentially used to form interactions with

suitable donor ligands or to provide self-assembled structures.”” In particular self-
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assembled molecules that provide 1D nanostructures can be an important tool for
developing nanoscale technologies and nanomaterials.

MacLachlan and co-workers reported the first examples of nanofiber formation
promoted by Zn---O interactions (i.e., Zn(salphen) dimer formation) between individual
salphen complexes.”® They presented a new family of salphen complexes with
peripheral linear and branched alkoxy groups (Figure 10A). These complexes are able
to form gels and 1D nanofibrils in methanol and in aromatic solvents, such as benzene,
toluene and ortho-xylene. The transmission electron microscopy (TEM) images
illustrated that the obtained fibers are only tens of nanometers in diameter but extend
several microns in length (Figure 10B). The authors initially thought that this fiber
morphology was due to the hydrophobic alkoxy substituents on the salphen complexes

leading the complexes to aggregate in methanol.

Figure 10. (A) Zn(salphen) complex with peripheral alkoxy groups and (B) TEM micrograph
when casted from MeOH. (C) PM3 optimized structure of a helical Zn(salphen) oligomer based
on Zn-O interactions.
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This hypothesis was adjusted upon examination of systems that comprise of hydrophilic
glucose and galactose substituents, which showed that the formation of nanofibrils on
the TEM grid still occurred. Based on this result, the assumption that the 1D assembly is
formed by weak interactions such as H-bonding or n-n stacking was subsequently ruled
out, and by comparison with the self-assembly behaviour of a series of model
compounds, the most likely mode of self-assembly is provided by coordinative Zn—-O
interactions (i.e. Zn(salphen) dimerization). A computed mode for the self-assembly of
these systems is provided in Figure 10C and was separately supported by mass
spectrometry analyses.

The self-dimerization of mononuclear Zn(salphen)s was recently also visualized at
the single-molecule level using Scanning Tunneling Microscopy (STM) techniques
(Figure 11).5” These studies provided further unique insight in the stability of these
interactions in both the solid-state and solution phase. It turned out that these long-tail
Zn(salphen)s showed predominant and unusual bilayer formation on the graphite
surface; the self-assembled species was easily disrupted by addition of pyridine donors,

giving exclusively mononuclear, pyridine-ligated Zn(salphen)s that assembled as typical

monolayers.
=N__N=
n
Ci2Has o 0 ~C12Hos

Figure 11. Scanning tunneling microscopic (STM) analysis of self-assembling Zn(salphen)
complexes. Note the highlighted region in the STM image corresponding to the three aromatic
groups in the Zn complex.

The ability of the Zn(Il) ion, when located in a salphen scaffold, to allow for axial
coordination by (external) N—donors, makes such complexes very versatile building

blocks in supramolecular chemistry. A recent example was described by Reek and co-

18



UNIVERSITAT ROVIRA I VIRGILI

SUPRAMOLECULAR, PHOTOPHYSICAL AND CATALYTIC PROPERTIES OF ZN (SALPHEN) BASED COMPLEXES AND MATERIALS
Giovanni Salassa

Diposit Legal: T. 1430-2013 General Introduction

workers (Figure 12)t0

where the assembly of supramolecular boxes and coordination
polymers based on a rigid bis-Zn(salphen) complex in combination with various ditopic
nitrogen ligands was studied. The use of the bis-Zn(salphen) complex in combination
with small ditopic nitrogen ligands leads to coordination polymers both in solution and
in the solid state. However, using longer ditopic N-ligands, the authors observed the
selective formation of supramolecular boxes that align in the solid state forming porous
materials. The size of the pores can easily be modified by changing the length of the
dinitrogen spacer giving access to tunable structures with a number of interesting
applications in the field of metal organic frameworks (MOFs). More recent work from
the same group has also resulted in (supramolecular) templated catalysis brought about
by the bis-salphen scaffold providing an efficient tool for the asymmetric
hydroformylation of styrene.!*"! Alternatively, Zn(salphen) building blocks may also be
exploited as “steric bulk”. Upon combination with suitably modified ligand systems

having additional donor fragments that can coordinate to the Zn(Il) ions, allows

formation of partially encapsulated supramolecular catalysts that show improved Pd-
[62]

catalysis in the copolymerization of CO and 4-tert-butyl-styrene.

Figure 12. Formation of supramolecular box structures and their solid-state arrangement into
porous materials
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Within the field of supramolecular chemistry, Kleij and co-workers have presented a
biphenol-based bis-Zn(salphen) complex (Figure 13).1! This complex is in equilibrium
between two chiral conformations that interconvert by axial rotation, and form strong
host—guest complexes with carboxylic acids. One of the chiral conformations could be
effectively induced at ambient temperature and micromolar concentrations, by addition
of a chiral acid; no further derivatization of the substrate was required. This transfer of
chiral information through supramolecular interactions (chirogenesis) is an appealing
field of science inspired by the many examples observed in natural systems (i.e. DNA
and proteins). Chirogenesis has also been widely studied for the development of smart,
artificial and biomimetic materials. In this synthetic case (Figure 13), the bis-salphen

system may be a good candidate for the determination of the absolute configuration of

%)
O@N\
Oz ‘_O.\\O@

/N/
<

chiral carboxylic acid derivatives.

(S)-Conformer (R)-Conformer
(P)-Helicity (M)-Helicity

Figure 13. Top: schematic view on the interconversion of the two possible conformations of a
bis-Zn(salphen) host molecule. Below: conformational lock induced by a chiral carboxylic acid in
the bis-Zn(salphen) host, the pictures represent X-ray crystal structures.

20



UNIVERSITAT ROVIRA I VIRGILI

SUPRAMOLECULAR, PHOTOPHYSICAL AND CATALYTIC PROPERTIES OF ZN (SALPHEN) BASED COMPLEXES AND MATERIALS
Giovanni Salassa

Diposit Legal: T. 1430-2013 General Introduction

Large multidentate salphen macrocycles have attracted a lot of interest in the last ten
years, since Nabeshima’s inaugural macrocyle was presented.'*! In general an “[X+Y]
macrocycle” may be easily synthesized by condensation of X diamine monomers with
Y dialdehyde monomers of opposite geometry, giving a single macrocyclic Schiff base
as the thermodynamic product. Succesful examples of these approaches have been
highlighted in Figure 2. These macromolecules show great shape-persistency and are
very attractive for a variety of applications. One of the most utilized macrocycle so far
is the [3+3] macrocyclic system, which comprises of three salphen units arranged to
give a crown ether-like interior. Treatment of this macrocyclic ligand with an excess of
various metal acetate leads to the formation of metal cluster complexes with different

nuclearities (Figure 14).14

M, Nabeshima (2007) Mg

et @ . R Qﬁ@

%:% Qﬁm QOH Ho%:%/wo;\c 0 ”‘

Co OAc),

@@ @@

Figure 14. Various multinuclear (cluster) complexes based on a tri-salphen macrocycle.

As another example, using Cd(OAc),, a heptacadmium cluster was also successfully

isolated (Figure 15),! and these metallocavitand complexes adopt a bowl-shaped
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structure induced by metal coordination. With this system, interesting host-guest
chemistry was observed, where the metallocavitands are able to dimerize yielding
supramolecular capsules with vacant coordination and H-bonding sites able to

encapsulate one or two molecules of DMF.

Q Cd- <l cd o
fl—l =/
}vo /‘ 04
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Figure 15. A cadmium(Il) cluster complex capable of host-guest interactions. On the right, the
encapsulation of DMF molecules is clearly noted in the X-ray structure of the supramolecular
system.

1.6 Aim and outline

Salphen-based complexes and materials have been shown to produce properties
different from the well-known salen family of structures. Obviously, both the
conjugation and the rigidity of the salphen backbone are important structural features
that dictate the molecular properties. The recent achievements made in various research
fields including homogeneous catalysis and photo- and supramolecular chemistry are a
clear testament of the significant potential of these salphen scaffolds. Salphen ligands
are also easily synthesised and tuneable, and offer a convenient alternative to
synthetically more challenging ligands such as porphyrins, while maintaining similar
functionality. Salphen systems therefore may offer amplified opportunities not only as
powerful catalysts but also as molecular building blocks. Zn(salphen) building blocks
have already demonstrated to be highly useful in supramolecular chemistry and
nanotechnology, but their application as catalysts remains to date limited. Beside all the

advantageous properties already mentioned, limited information is available about the
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31320 61 the electrochemical properties

effect of the conjugation in the salphen scaffold!
of ligated redox-active metals. Furthermore, extended m-systems comprising multiple
electronically connected salphen units may be useful for electronic modulation and can
allow for selective access to mixed-valence species. The study of these additional
properties is still in its infancy,° but further development thereof may give a boost
toward the design of new, functional materials. It is clear that the salphen scaffold (and
related conjugated multi-salphen structures) have recently emerged as powerful,
complementary systems with excellent building block potential. Further to that,
Zn(salphen)s have proven to have easily tuneable properties allowing amplification of
their application potential.

The aim of the work described in this thesis is: /) to further advance the self-
assembly properties of multinuclear Zn(salphen) complexes, 2) to study the potential of
salphen and related ligands in the formation of new photoactive materials, and 3) to
understand the potential and limitations of Zn(salphen)s in catalysis, particularly in the
ring-expansion addition of CO, to epoxides. Connected to these objectives, the first two
chapters (2 and 3) present detailed studies on the self-assembly of different multinuclear
Zn(salphen)s focusing on the type and the strength of the interactions involved. These
are followed (Chapter 4) by application of a new salphen-like scaffold in “small
molecule Organic Solar Cells” (smOSC), and a study focusing on the catalytic role of
Zn(salphen) catalysts in the formation of organic carbonates derived from CO, and
epoxides (Chapter 5).

Chapter 2 describes the synthesis and characterization of a tetra-Zn(salphen)
macrocycle using a metal template approach. The macrocyclic Zn complex shows
strong self-assembly mediated by the formation of Zn(salphen) dimer units held
together via p,-phenoxo interactions. The self-assembly mode for tefra-Zn(salphen)
macrocycle was investigated in detail by comparison of UV-Vis and fluorescence
titrations with mononuclear and dinuclear Zn(salphen) model compounds.

Chapter 3 represents a study on the extremely strong self-assembly of a bis-
Zn(salphen) complex both in solution as well as at a solid-liquid interface. The self-
assembly behavior was investigated in detail by scanning tunneling microscopy (STM),

competitive UV-Vis and fluorescence titrations, dynamic light scattering (DLS) and
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transmission electron microscopy (TEM). DFT analysis carried out for the bis-
Zn(salphen) shows that an unusual binding mode is operative, and also rationalizes the
very high stability of the self-assembled structures provoked by oligomeric (Zn—-0),
coordination motifs within the (oligomeric) assembly.

Chapter 4 reports the synthesis and photophysical properties of novel Zn(salphen)
complexes containing a “phenazine” backbone. This new backbone increases the m-
conjugation within the ligand scaffold and as a result influences the intensity and the
position of the absorption maximum in the UV-Vis spectrum of the complexes. After
examination of their photophysical properties (including DFT analysis), these
Zn(salphenazine) derivatives were successfully applied in the preparation of Organic
Solar Cell devices (smOSC).

Chapter 5 reports a detailed DFT study of the reaction mechanism of the ring-
expansion addition of CO, to epoxides catalyzed by a binary catalyst comprising a
Zn(salphen) complex and NBu,X (X = Br, I). The catalytic reaction has been studied in
detail describing the three main steps involved: the epoxide ring-opening, the CO,
insertion step and a final ring-closure to afford the five-membered cyclic carbonate
products. The ring-opening step of the process was examined and the preference for
opening at the methylene (Cg) or methine carbon (C,) was established. Also the CO,
insertion and the ring-closing steps have been explored for six differently substituted
epoxides and proved to be significantly more challenging compared with the ring-
opening step. The combined results have helped to explain earlier experimental

observations and catalyst limitations.
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Chapter 2

Self-Assembly of a Macrocyclic

Complex

PHOTOPHYSICAL AND CATALYTIC PROPERTIES OF ZN (SALPHEN)

BASED COMPLEXES AND MATERIALS

Schiff Base

A metal template approach affords in high yield
and  purity, a tetranuclear  Zn(salphen)
macrocycle (3) which shows strong self-assembly
mediated by the formation of Zn(salphen) dimer
units held together via pr-phenoxo interactions.
The self-assembly mode for 3 was investigated in
detail by comparison of UV-Vis and fluorescence
titration data recorded for 3 and respective
mononuclear Zn(salphen) and dinuclear bis-
Zn(salphen) model compounds. UV-Vis dilution
experiments carried out using 3 and its tetra-
Pd(salphen) analogue (4), as well as comparative
TEM studies involving the same tetranuclear
macrocycles further support a strong assembly

behavior of 3.

The work described in this chapter has been published: G. Salasssa, A. M. Castilla, A. W. Kleij,

Dalton Trans. 2010, 40, 5236.

2.1 Introduction

Schiff base macrocycles!'! have attracted great interest due to their potential in fields

such as catalysis,’” host-guest chemistry”®! and magnetic materials.!”! Their preparation

may be challenging, although template synthesis”®! has been shown to be a successful

strategy that allows for selective formation of Schiff base macrocycles and related

structures.*” In the absence of a template agent, undesired imine hydrolysis and/or

scrambling reactions may take place which complicates product isolation and
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purification. We envisioned that a metal template approach towards salphen
macrocycles™ could be effectively achieved by combination of the appropriate building
blocks giving rise to new metallo-macrocyclic structures (Scheme 1). Furthermore, if
successful this would create opportunities for simple fine-tuning of these systems
through variation of the peripheral groups of these building blocks, and amplify their
electronic properties potentially useful in catalytic and sensoring applications.””’ Herein
is described the formation of a new macrocyclic Schiff base complex containing four
Zn(salphen) units that shows strong self-assembly compared with a number of reference
compounds; the self-assembly is mediated by the formation of intermolecular -
phenoxy bridges between adjacent Zn(salphen) units. The presence of multiple

101 apnd

Zn(salphen) fragments within the macrocyclic framework results in multivalency
consequently stronger association behaviour as supported by various titration
experiments. Full disruption of the macromolecular aggregation causes a strong
hyperchromic effect which, to the best of our knowledge, has not been observed to this

extend with other related (macrocyclic) systems. '

2.2 Synthesis of tetra-M(salphen) macrocycles

The multinuclear Zn(salphen)s used in this study were synthesized using
Zn(OAc), 2H,0 as templating agent. The fetra-Zn(salphen) macrocycle 3 was prepared
through a one-pot combination of a previously reported di-imine based on the 3,3'-
diaminobenzidine scaffold 1'%, a dialdehyde precursor 2" and Zn(OAc),-2H,O (see
Experimental section, Scheme 1). This procedure affords 3 in a high isolated yield
(88%) and purity by a single filtration of the reaction mixture.''*! It should be noted that
in the absence of the Zn salt, mainly the starting materials were recovered, emphasizing
the templating role of the metal reagent. The Zn>" ions in 3 can be readily replaced by

Pd*" ions by means of transmetalation,

and this furnishes the tetra-Pd(salphen)
macrocycle 4 (Scheme 1). Further, reaction of precursor 1 with salicylaldehyde 5
affords the nonsymmetrical bis-Zn(salphen) 6, also in high yield and purity. In addition
the same one-pot reaction strategy has been applied in the synthesis of bis-Zn(salphen)
9 by the combination of previously reported mono-imine 7, dialdehyde 2 and

Zn(OAc), 2H,0 (see Experimental section, Scheme 2).
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2.3 Structural information of zetra-Zn(salphen) macrocycle (3)

It was not possible to obtain structural information for macrocyclic compounds 3 and 4
by single crystal X-ray diffraction studies; therefore we investigated the 3D structure of
3 (as its tetra-pyridine adduct) by density functional theory (DFT, Figure 1, for further
details see experimental section). The optimized structure adopts a bent conformation
reminiscent of cyclobutane mediated by the two biphenyl units, and some degree of
flexibility is present that permits self-assembly.

The bond distances and angles (see Table 3 in the experimental section) of the N,0O,
pocket are in good agreement with those previously reported for the molecular structure
of a related mononuclear Zn(salphen) complex.'”’ Furthermore, the Zn—N,, distances
(2.2 A) are also similar to those reported for the molecular structure of the mononuclear

pyridine-ligated Zn(salphen)s.!'®!

Figure 1. DFT calculated structure for 3-(py),; top and side view, respectively.

2.4 Self-assembly behaviour of zetra-Zn(salphen) macrocycle (3)

2.4.1 '"H NMR studies

The first indication that 3 shows self-assembly behaviour was revealed during '"H NMR
spectroscopy studies. The "H NMR spectrum of 3 (DMSO-d;) shows the presence of a
single, symmetrical species with two diagnostic imine-H resonances and two singlet
peaks for the connecting aryl fragments with a correct relative signal integration. 'H
NMR analysis was also attempted in non-coordinating media such as CDCl;. Limited
solubility of 3 in pure CDCl; did not allow for a "H NMR spectrum to be obtained but
when 3 is dissolved in a mixture of CDCI3/THF-d4(80:20), broadened resonance
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patterns are observed. Increasing the percentage of coordinating THF-d;, the signals in
the "H NMR spectrum sharpened to a single pattern as in the case of DMSO-d; (Figure
2). This phenomenon suggests that 3 is able to self-aggregate.

100% THF-d,

tBu tBu tBu tBu
ji/g/ H,+ Hy
| H
oty )
\ Cc ] | o
\N—Zl‘l ~0 O~Zn\_\# A eseeeseemesrprsneeeerene] —./LJ'»V a
a |
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R T L
J ()
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= Zn ~0 (ol Zn~ N
7 \
Kgio )
tBu tBu 3 tBu tBu

Figure 2. '"H NMR spectra (aromatic region 6.5-9.0 ppm) of macrocycle 3 using different solvent
mixtures.

T T T T T
9.0 85 80 15 70 [ppm]

From the "H NMR studies described above and further solubility tests using a variety of
solvents, it is clear that macrocycle 3 has modest solubility in relatively nonpolar
solvents such as toluene, CH,Cl, and CHCIl; but shows much higher solubility in
coordinating media including DMSO, THF and pyridine. This axial coordination ability
for related Zn(salphen) structures!'” has been well documented in the literature and 3 is
presumed to exist as a monomeric tetra-solvate in these latter solvents, but seems to be

aggregated under relatively nonpolar conditions.

2.4.2 UV-Vis studies

The assembly behaviour of 3 under apolar conditions was then studied in detail by UV-
Vis and fluorescence spectroscopy and compared against reference compounds 6, 8, 10
and 11 (Figure 3-4). Since Zn(salphen) complexes have a strong tendency to form
dimeric structures under relative non-polar conditions,®™'"! the UV-Vis behaviour
(toluene) was examined in the absence and presence of an excess of axially coordinating
pyridine. Figure 3 shows the UV-Vis traces of macrocycle 3 and complexes 10 and 11,

the dotted lines represent the traces after pyridine addition.
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Figure 3. UV-Vis comparison between 3, 10 and 11. All spectra recorded in toluene at 4 x 10° M

normalized [Zn(salphen)] units; added pyridine in each case amounts to 6.2 x

10 mol.

Interestingly, the UV-Vis spectra of complexes 10 and 11 in the absence/presence of a

large excess of pyridine are rather similar, whereas for 3 a remarkable, three-fold

increase in absorption (hypercromic effect) is noted under these conditions. It should be

noted that complexes 10 and 11 have large /Bu groups at both the 3- and 3’-positions of

the salphen ligand which is known to (largely) inhibit the dimerization behaviour (see

Chapter 1, section 1.5)." The UV-Vis features of 3 were also compared with the

spectra obtained for 6, 8 and 9 (Figure 4) as these be considered substructures of the

macrocyclic complex. Complexes 3, 6, 8 and 9 are all assumed to be able to form

dimeric Zn(salphen) stacks via p,-phenoxo bridging.'” For 3 this self-association
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behaviour is stronger than for 6, 8 and 9 since there exist more possibilities for

intermolecular dimer formation (i.e., multivalency can occur).
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% ; % (0]
\ O\
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Figure 4. UV-Vis comparison between 3, 6, 8 and 9. All spectra were recorded in pre-dried
toluene at 4 x 10 M normalized [Zn(salphen)] units; added pyridine in each case amounts to 6.2
x 107 mol.

This hypothesis was investigated in detail by competitive titrations with pyridine,
thereby assessing the amount of pyridine needed to fully break up equimolar amounts of
the assembled structures based on 8, 6 and 3. A comparison was made for tetranuclear
3, dinuclear 6 and mononuclear 8 and the inflection points (i.e., the point where the
increase in absorption due to coordination by the pyridine starts to level off and full
deaggregation occurs) in the titration curves determined. The results of these titration
experiments are reported in Figure 5, and Table 1. Interestingly, nearly full

deaggregation of mononuclear complex 8 is achieved with 10 equivalents of pyridine in
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accordance with previously reported works.”™” In this work a similar Zn(salphen)
complex was described that exhibits very strong self-dimerization with a Kgpe, of 3.2 %
10® M and only 10-15 eq. of pyridine were needed to fully disrupt the aggregated state.
However, upon comparison, the inflection points observed in the titrations of dinuclear
6 (Table 1, at 75 equiv) and tetranuclear 3 (Table 1, at 250 equiv) it is clear that an
increasing amount of pyridine is needed to fully convert these assembled species into
monomeric, pyridine-ligated complexes. If these numbers are normalized with respect
to the number of Zn(salphen) units present in each molecule, then for 8, 6 and 3 a total
of 10, 38 and 63 equivalents of pyridine respectively are required per Zn(salphen) unit
to achieve full deaggregation (Table 1).

This increasing amount of pyridine required to disrupt all Zn(salphen) dimer units
supports that the molecular assembly process is dictated by the number of Zn(salphen)
units (i.e., multivalent binding process)."” The same observations are done when 8, 6
and 3 were investigated by fluorescence spectroscopy (Figure 6); at similar molar
concentrations (1.5 x 10° M, toluene), for 3 the highest amount of pyridine was

required to reach a maximum fluorescence emission at A = 547 nm.

Table 1. UV-Vis titration data for complexes 3, 7 and 9 in toluene at 1 x 10> M using pyridine as

titrant
Complex Zn centres P? Eq. py at 4 pax Eq. py at IP/Zn°®
8 1 10 15 10
6 2 75 100 38
3 4 250 750 63
* P inflection point; extrapolated manually. ° Extrapolated manually A, = maximum

absorption. © Amount of pyridine needed per Zn centre to reach IP.
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Figure 5. UV-Vis titrations with mononuclear 8 (top), dinuclear 6 (middle) and tetranuclear 3
(bottom) in toluene at equimolar concentrations (1 x 10 M) using pyridine as the titrant. The
insets show an enlarged portion of initial part of these curves. The inflection points are marked

with an arrow.
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Figure 6. Fluorescence titration spectra using mononuclear 8 (A), dinuclear 6 (B) and tetranuclear
3(C)at 1.5 x 10° M in toluene. For Figure 6A amount of pyridine added: 0, 0.03, 0.13, 0.43, 1.3
and 2.8 equiv, respectively; emission maximum located at A = 534 nm. For Figure 6B amount of
pyridine added: 0, 12, 20, 30, 59, 112, 209, 320 and 458 equiv, respectively; emission maximum
located at A = 545 nm. For Figure 6C amount of pyridine added: 0, 15, 34, 61, 113, 227, 402, 606
and 830 equiv, respectively; emission maximum located at A = 547 nm.

2.4.3 Hyperchromic effects

As described in section 2.4.2, the disruption of a Zn(salphen) dimeric unit, resulting
from the addition of a pyridine ligand, causes a hyperchromic effect (increase of A¢) in
the visible region between 350 nm and 600 nm. Such change in the extinction
coefficient is reminiscent of the disruption of double strand DNA into single strand
DNA."" In order to understand this phenomenon in more detail, DFT calculations on
complex 8 and its corresponding dimer were performed since they are less
computationally demanding than 3, 6 and 9. Initially, both the dimeric (8), and pyridine-
ligated (8+py) structures were optimized using DFT at the B3P86 level of theory. Then,
excited states were calculated by time-dependent DFT (TD-DFT) and the influence of

the solvent (toluene) was considered using the method CPCM (see experimental
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section). Figure 7 shows experimental (left) and calculated (right) UV-Vis traces for
(8), and (8+py). Calculated UV-Vis spectra are in good agreement with those obtained
experimentally, although a blue shift of around 25 nm was observed. Analysis of the
absorption response relative to the deaggregation of the dimeric species reveals an
increase in intensity for the band at 384 nm (calculated 369 nm) and a red shift to 417
nm (calculated 392 nm).

Examination of TD-DFT singlet-singlet transitions (calculated by TD-DFT)
responsible for the lowest-energy absorption band (shoulder included) allows to explain
the occurrence of the hyperchromic effect observed experimentally (Table 2). In
particular, for (8),, twelve transitions are spread over 101 nm (from 463 nm to 357 nm)
and among them only five are allowed (oscillator strength f'# 0). On the contrary, in the
case of (8+py) the active transitions (which are five as well) are distributed only over 60

nm (from 436 nm to 376 nm), resulting in a narrower and more intense absorption band.

3_
2.5x10 A
8
2.0x10° 2 0x10° oe
= 3
E 1.5x10° 7"145x103—
T , 5
= 1.0x10°4 T 1.0x10°
w =
5.0x10° 5 0x10°
0.0 y . - T 0.0 . . ; :
300 350 400 450 500 300 350 400 450 500
Wavelength (nm) Wavelength (nm)

Figure 7. Experimental (left) and simulated (right) UV-Vis spectra of complex 7 in toluene: the
dashed lines represent the traces after addition of pyridine.
The main transition (at 369 nm) in (8), has a n-n* character with no contribution from
the metal; furthermore no electron density exchange between the two monomeric units
is observed (see Table 4 in the Experimental section). For (8+py), the main transition at
392 nm is an intra-ligand charge transfer with a contribution of the coordinated pyridine
ligand. Such change in character corresponds to a shift from 369 nm to 392 nm in line
with the experimentally obtained red shift (Figure 7).

Taking into account what has previously been described and considering the number
of Zn(salphen) fragments in 8 (1), 6 (2), 9 (2) and macrocyclic 3 (4) it is clear that the

tetra-Zn(salphen) species 3 is likely to provoke the largest hyperchromic effect since the
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probability of dimer formation, and thus extended aggregation, is higher. Indeed, the
UV-Vis as well as fluorescence titration data (Figure 3, 4 and 6) shows that the

hyperchromic effect follows the order 3 >> 6 or 9 >> 8.

Table 2. Selected calculated singlet excited-state transitions for complex 7 in toluene.
Complex Transition Energy* f’ Major contributions®

1 462 0 HOMO—LUMO (86%)
(8), 2 458 0,10 H-1-LUMO (78%),
3 452 0,02 HOMO—L+1 (78%)
i 4 450 0 H-1-L+1 (88%),
o 5 406 0 HOMO—LA2 (49%)
= ox0 L 6 403 0,40 HOMO—-LA+3 (44%)
f 7 388 0 H-1-L+2 (48%),
= e 8 388 0 H-1-L+3 (52%),
| ‘ 9 369 0,44 H-2—LUMO (86%)
0-0360 350 400 450 500 550 ség'o 10 368 0 H-2—L+1 (49%)
Waveionght () 11 362 0 H-3—LUMO (56%)
12 357 0.26 H-3—L+1(90%)
(8°py)
0.5
" 1 436 0,17 HOMO—LUMO (91%)
] 2 409 0,07 HOMO—L+1 (56%)
5 i 3 392 0,25 H-1-LUMO (43%),
g 5 o2 4 385 0,08 HOMO—L+2 (78%)
- H ’ ‘ ‘ i 5 376 0,16 H-1—L+1 (85%)
Da' 'séol |4uu| a0 50 50 0

Wavelenghit (nm)

3 Related transitions energy values in nm. ° The oscillator strength values (shown also as vertical
bars in the images). © Major contributions of the orbital relatively at the transition.
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2.4.4 Mass spectrometry studies

To further support the proposed Zn(salphen) assembly behaviour, mass spectrometry
studies for 3 (CH,Cl,, MALDI+),[22] and dilution experiments were carried out with
both tetra-Zn(salphen) and tetra-Pd(salphen) macrocycles 3 and 4 in both the absence
and the presence of pyridine. Figure 8 shows the mass spectrum of 3; although the mass
spectrum has low quality as a result of the very low solubility of 3 under apolar
conditions it further suggests the formation of higher-order, aggregated species [3],. It
particularly shows patterns in those mass regions where the dimer, trimer and tetramer
of 3 are expected. It should be noted that these oligomers were not observed in the case
of tetra-Pd(salphen) macrocycle 4 and that a more accurate mass analysis of 3 under
apolar conditions is complicated by the fact that only very small amounts of the

oligomeric components can be dissolved in the applied solvent.

Observed:

18085

tBu tBu tBu tBu | e0as
18045 | i
\(Pi jigg/ 7‘ | Calculated:
i ™1 T s
,Zn/ T i

0\2 | X
N - s 1 @/’Q il "
N = é/% 0

B0 | 6500 7000 | 7500
miz

Figure 8. MALDI(+)-TOF mass spectrum of 3 (pyrene matrix) showing the molecular ion (top)
with the calculated isotopic pattern, and below the higher mass region. [3] represents a
monomeric unit of 3.

2.4.5 Dilution experiments

The results of dilution experiments (Figure 9) show for this concentration regime a
virtually dilution-independent ¢ for tetra-Pd(salphen) 4 which supports the presence of a
single species. Only in the case of the tetra-Zn(salphen) macrocycle the presence of
pyridine provokes a significant change in ¢ that is ascribed to the disruption of the

dimeric Zn(salphen) units in 3 and formation of monomeric pyridine ligated tetra-
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Zn(salphen). For the tetra- tetra-Pd(salphen) macrocycle virtually no change is
observed upon addition of the pyridine, and probably intermolecular n—n stacking plays
a minor role in the self-assembly observed for 3. This is in line with the fact that 4
contains coordinatively saturated metal centers that do not bind axial ligands, and
cannot therefore form dimeric structures as observed in the Zn(salphen) examples. The
spectroscopic behaviour of 3 emphasizes the unique ability of the Zn(salphen)

fragments in 3 to form dimeric structures and thus provide a very strong self-assembly

pathway.!'”)
tBu tBu tBu tBu 6.0 1zn],
o o 5.5 [Zn], + py
[Pd],
\N@/ © O@N/ [P, *
C 9
g ® .

ex10* M1 em™)

3.5+
3.0

/N@o o@ NS
tBu tBu tBu tBu 25

3:M=2n 700 05 10 15 20 25 30 35 40
M, /10°

Figure 9. UV-Vis dilution experiments (g, CHCly) carried out for 3 (1 =334 nm) and 4 (1 =354
nm) in the absence/presence of pyridine (200 equiv). [My] concentration of the tetrametallic
macrocycles.

2.4.6 TEM analysis

The self-assembly behaviour of tefra-Zn(salphen) macrocycle 3 and fetra-Pd(salphen)
macrocycle 4 was also investigated and compared in the solid state using transmission
electron microscopy (TEM, Figure 10). The TEM micrographs show distinct behaviour
of 3 and 4. Whereas for 3 defined triangular-shaped particles are observed (A-B, from
CHCI;) of around 20 nm, for 4 less defined aggregates are noted (G-H, from CHCl; ).
This difference can be ascribed to the different metal ions in the macrocycle, as
observed in solution (c¢f., Figure 9). The influence of the solvent polarity and the
presence of pyridine during the drop-casting procedure were also examined (Figures C—

F). The presence of pyridine during the deposition of the sample does not seem to have
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a large effect (C-D). This can be ascribed to the loss of some pyridine upon drop-
casting the sample which favors the re-aggregation of the system. When 3 was
dropcasted from a coordinating solvent such as THF (F), a significant effect was noted
on the particle size (smaller) and aggregation behaviour (fewer aggregated particles).
On the contrary, dropcasting from toluene (E) supports the view of strong association of

3 in non-coordinating media and formation of larger particles.

A B

[200nm | 0 [ sonm |

Figure 10. TEM micrographs of 3 (figures A-F) and 4 (figures G-H).

2.5 Conclusions

In summary, an effective route towards a new type of macrocyclic Schiff base complex
3 that shows strong self-assembly behaviour through formation of multiple,
intermolecular Zn(salphen) dimers has been presented. The switch in aggregation for 3
upon changing solvent polarity or addition of dimer-disrupting donor ligands causes a
strong hyperchromic effect which may be a useful instrument for designing responsive

materials for detection of molecules that are able to coordinate to the Zn ions of 3.
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Alternatively, since complexes 3 and 4 largely represent shape-persistent molecules, the
use of suitable (chiral) diimine reagents (cf., 1 in Scheme 1) and metal ions could pave
the way to metallomacrocycles for application in homogeneous catalysis where their
relatively large size may be exploited to separate the catalysts from the

product/substrate stream by nanofiltration membranes.

2.6 Experimental section

General methods and materials

All starting materials were purchased from commercial sources and used without further
purification. Compounds 10,1'7% 11,1752 g1 apnd the monoimine based on 3,5-di-fert-
butylsalicylaldehyde and o-phenylenediamine!®*! were prepared using reported methods.
Elemental analyses were performed at the Unidad de Analisis Elemental from the University of
Santiago de Compostela (Spain). All NMR measurements were carried out on a Bruker-400 MHz
spectrometer at ambient temperature unless stated otherwise, and chemicals shifts are given in
ppm vs. TMS. Mass spectrometric data was obtained from the Research Support unit of the ICIQ
and MALDI-TOF experiments were carried out with pyrene as matrix. UV-Vis spectra were
recorded on a Shimadzu UV-1800 spectrophotometer. Transmission electron microscopy (TEM)
was performed with a JEOL 1011 microscope operated at 100 keV. All TEM micrographs were
collected using a Megaview III camera. Sample solutions were prepared and drop-casted on a

copper grid cover by FORMVAR carbon film.

DFT calculations

All calculations were performed with the Gaussian 03 (G03) program package!>’

employing the
DFT method with Becke’s three parameter hybrid functional® and Perdew’s 86 gradient
corrected correlation functional (B3P86).*77 The LanL2DZ basis set’®® and effective core

potential were used for the Zn atom, and the split-valence 6-31G* basis set™

was applied for all
other atoms. Geometry optimizations of complexes 3 and 7 were performed without any
constraint, and the nature of all stationary points was confirmed by normal-mode analysis. Non-
equilibrium TDDFTP? calculations produced singlet excited states, using the conductor like
polarizable continuum model method (CPCM)*" with toluene as solvent. Thirty-two singlet
excited states were determined starting from 3 optimized geometry. Electronic distributions and
localizations of the singlet excited states were visualized using the electron density difference
maps (EDDMs).*? GaussSum 1.050%% was used for singlet EDDMs calculations and for

simulation of the electronic spectrum.
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Table 3. Selected distances and angles for 3-(py), from DFT optimized geometry.
Top view of 3 Inset of a Zn(salphen) unit of 3°

Distances (A) Angles (deg)

N1-Zn-O1 = 88.4°
NI1-Zn-N2=77.2°

Znl-Zn2 = 8.407
Znl-Zn3 =11.683

Znl1-N3 =2.195 01-Zn-02 = 98.7°
Zn1-0O1 =1.983 01-Zn-N3 =100.1°
Znl-N1=2.155

N1-Zn-N3 =101.1°
Dihedral Angles (deg)
C1-C2-C3-C4=32.9°

 Note that the substitution of the macrocyclic compound in the Figures is omitted for clarity
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Table 4. Electron density difference maps (EDDMs)® of the most probable transitions.
(8), complex

Transition 6 Transition 9

Energy = 3,0709 eV (403 nm) Energy = 3,3539 ¢V (369 nm)
/"=0,40 ; H-1-L+2 (37%), HOMO—L+3 (44%) © f=0,44 ; H-2—-LUMO (86%)
(8°py) complex
Transition 1 Transition 3

Energy = 2,8406 eV (436 nm) Energy = 3,1557 ¢V (392 nm)
f=0,17 ; HOMO—LUMO (91%) f=0,25; H-1-LUMO (43%)

% The electron density migrates from the violet-coloured lobes to the blue-coloured ones. ° The
oscillator strength values. © Major contributions of the orbital relatively at the transition.

Synthesis
tetra-Zn(salphen) complex (3): A solution of 4,6- g,

tBu tBu tBu
dihydroxy-1,3-benzene-dicarboxaldehyde 2 (16.96 mg, 0.102 \qo Ojéj/
\N/@/ ° O@N/

mmol) in MeOH (10 mL) was added to a solution of diimine ¢
1 (60 mg, 0.0928 mmol) in CHCl; (20 ml). Then a solution O
of Zn(OAc),2H,0 (42.8 mg, 0.195 mmol) in MeOH (5 mL) O

. . . NZ SN
was added. The clear orange reactlc.)n mixture was stirred at A , D@C .
60°C for 18 h. Hereafter, the volatiles were evaporated and { 1) o 1
the solid triturated with MeOH. The precipitate was filtered tBu Bu Bu tBu

off and dried to yield macrocycle 3 (73.2 mg, 0.040 mmol, 88%). Complex 3 was recrystallized
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from CHCL/MeOH. 'H NMR (400 MHz, DMSO-d,): 6 = 9.27 (s, 4H; CH=N), 9.01 (s, 4H;
CH=N), 8.32 (s, 4H; ArH), 7.98 (d, *J = 8.8 Hz, 4H; ArH), 7.89 (s, 4H; ArH), 7.80 (d, *J = 8.2
Hz, 4H; ArH), 7.34 (s, 4H; ArH), 7.26 (s, 4H; ArH), 5.84 (s, 2H; ArH), 1.52 (s, 36H; C(CH,)s),
1.30 (s, 36H; C(CH,);) ppm; *C{'H} NMR (100 MHz; DMF-d,): § = 178.03, 172.23, 164.09,
163.34, 161.76, 142.04, 141.65, 140.84, 134.65, 130.62, 129.80, 125.58, 119.77, 117.78, 116.44,
114.55, 111.71, 36.31, 31.95, 30.27 ppm; MS (MALDI-TOF+, pyrene) m/z = 1806.4 (M") (calcd.
1806.5); UV-Vis (¢ = 0.18 mg in 10 mL, toluene): Ay (6) =331 nm (46213 mol*m*-cm™), 4 (&)
= 467 nm (32899 mol''m’cm?'); elemental analysis  caled. (%)  for

C100H04NgOgZny- CHCI;-4H,0: C 60.69, H 5.70, N 5.61; found: C 60.77, H 5.58, N 5.57.

tetra-Pd(salphen) complex (4): A solution of 3 (19.5 mg,

tBu tBu tBu tBu
0.0108 mmol) and Pd(OAc), (9.93 mg, 0.044 mmol) in THF o o
(15 mL) was stirred for 20 h at r.t. The solvent was removed \NQO OQN/
N _N
in vacuo and the residue was triturated with MeOH (20 mL) O O

and filtered to give a red-brown solid. Yield: 19.5 mg (0.0099

mmol, 92%). 'H NMR (400 MHz, DMSO-d; + O Né@f” O
pyridine/butylamine as additives): 5 = 9.13 (s, 4H; CH=N), é}?" °%]N&
8.96 (s, 4H; CH=N), 8.63 (m, J not resolved, Pyr-H), 8.48 (s, By By By By
4H; ArH), 8.38 (d, 3] =8.5 Hz, 4H; ArH), 7.96 (m, J not resolved; Pyr-H), 7.90 (s, 2H; ArH), 7.77
(d, 3J = 8.0 Hz, 4H; ArH), 7.62 (m, J not resolved, Pyr-H), 7.57 (s, 4H; ArH), 7.44 (s, 4H; ArH),
5.84 (s, 2H; ArH). MS (MALDI-TOF+, pyrene): m/z = 1971.4 (M+H)" (calcd 1971.4), 1928.4 (M
— C3Hg)" (caled. 1928.4); HRMS (MALDI+) caled. for [CigoH;04NsOsPds]™: 1968.4111; found:
1968.3750; UV-Vis (¢ = 0.19 mg in 8 mL, toluene): Ay (&) = 355 nm (101333 mol'-m*-em™), 2
(&) =481 nm (74416 mol™-m*-cm™), A (&) = 516 nm (59660 mol™'-m*-cm™).

bis-Zn(salphen) complex (6): To a solution of diimine 1 (63.4 mg, 0.098 ® tBu
mmol) in CHCl; (20 mL) was first added a solution of salicylaldehyde 5 \EEEC; 5
(264 mg, 0.216 mmol) in MeOH (10 mL). Then a solution of \Nﬁ
Zn(OAc),2H,0 (49.4 mg, 0.225 mmol) in MeOH (5 mL) was added and a O

color change occurs from yellow to orange. The reaction mixture was O -
stirred at rt for 18 h. The desired compound was isolated by filtration and /N~z,;;©
dried in vacuo to yield an orange solid (75.3 mg, 0.076 mmol, 85%). 'H °

NMR (400 MHz, DMSO-d,): § = 9.22 (s, 2H; CH=N), 9.04 (s, 2H; CH=N),

8.29 (s, 2H; ArH), 8.02 (d, >J = 8.9 Hz, 2H; ArH), 7.87 (dd, >°J = 8.9, *J = 1.4 Hz, 2H; ArH), 7.50

tBu tBu
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(dd, 3J = 8.0, *J = 1.6 Hz, 2H; ArH), 7.34 (d, *J = 2.5 Hz, 2H; ArH), 7.27 (d, *J = 2.4 Hz, 2H;
ArH), 7.24 (d, *J = 7.6 Hz, 2H; ArH), 6.69 (d, °J = 8.6 Hz, 2H; ArH), 6.55 (t, >J = 7.3 Hz, 2H;
ArH), 1.51 (s, 18H; C(CH,);), 1.30 (s, 18H; C(CHs);) ppm; *C{'H} NMR (100 MHz, DMSO-
dy): 0 =172.24, 170.53, 163.26, 163.04, 140.72, 139.60, 139.50, 137.74, 136.21, 134.20, 133.38,
129.57, 128.55, 125.65, 123.45, 119.63, 118.30, 116.89, 114.44, 112.86, 35.17, 33.56, 31.35,
29.65 ppm; MS (MALDI-TOF+, pyrene): m/z = 981.3 (M + H)" (calcd. 981.3), 967.3 (M + H
—CH;)" (calcd. 967.3); UV-Vis (¢ = 0.18 mg in 8 mL, toluene): A,y (§) = 324 nm (47369 mol’
Lm*em™), 4 (&) = 421 nm (34594 mol-m*-cm™), 1 (&) = 483 nm (34999 mol'-m*cm™);
elemental analysis calcd. (%) for Cs¢HsgN4O4Zn,-3H,0: C 64.93, H 6.23, N 5.41; found: C 65.18,
H 5.95,N 5.34.

bis-Zn(salphen) complex (9): A mixture of 2-[(2- tBu
aminophenyl)imino]methyl]-4,6-bis(1,1-dimethylethyl)- \(EE j%j/
phenol*? (94.6 mg, 0.29 mmol), 4,6-dihydroxy-1,3- N/Z" @y
benzenedicarboxaldehyde 2 (24.2 mg, 0.14 mmol) and \©
Zn(OAc),2H,0 (70.03 mg, 0.30 mmol) was stirred in MeOH (35 mL) for 24 h at rt. A yellow
solid was isolated by filtration (69.5 mg, 0.077 mmol, 55%). '"H NMR (400 MHz, DMSO-dj): ¢ =
8.94 (s, 2H; CH=N), 8.80 (s, 2H; CH=N), 7.84 (dd, *J = 7.5 Hz, *J = 2.0 Hz, 2H; ArH), 7.78 (dd,
3J=17.6,*7=2.0 Hz, 2H; ArH), 7.63 (s, 1H; ArH), 7.32 (m, 4H; ArH), 7.21 (s, 2H; ArH), 5.75 (s,
1H; ArH), 1.50 (s, 18H; C(CHs);), 1.29 (s, 18H; C(CH;);) ppm; *C{'H} NMR (100 MHz,
DMSO-dy): 6 =176.17, 170.31, 163.21, 159.78, 149.78, 140.60, 139.84, 139.52, 133.20, 129.51,
128.29, 126.63, 126.28, 118.22, 116.30, 115.59, 114.55, 110.40, 35.16, 33.53, 31.35, 29.64 ppm.
MS (MALDI-TOF+, pyrene): m/z = 1810.6 (2M") (calcd 1810.5), 906.3 (M+H)" (calcd 906.3),
889.3 (M — CH;") (calcd. 889.3); UV-Vis (¢ = 0.18 mg in 8 mL, toluene): A (&) = 326 nm (9320
mol™ m*-em™), A (€) = 436 nm (9480 mol™'-m*-cm™), A (&) = 484 nm (9360 mol-m*-cm™);
elemental analysis calcd. (%) for CsoHs4N4O4Zn,-H,0: C 65.01; H 6.11, N 6.07; found: C 64.76,
H 5.83,N 5.89.
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Chapter 3

Extremely Strong Self-Assembly

PHOTOPHYSICAL AND CATALYTIC PROPERTIES OF ZN (SALPHEN)

BASED COMPLEXES AND MATERIALS

of a bis-

Zn(Salphen) Complex Visualized at the Single-

Molecule Level

A bis-Zn(salphen) structure shows extremely
strong self-assembly both in solution as well as
at the solid-liquid interface as evidenced by
scanning  tunneling  microscopy  (STM),
competitive UV-Vis and fluorescence titrations,
dynamic light scattering (DLS) and transmission
electron microscopy (TEM). DFT analysis on the
bis-Zn(salphen) rationalizes the most probable
binding mode of the self-assembled structures
provoked by unusual oligomeric (Zn-0),
coordination motifs within the assembly. The
high stability of the multinuclear structure
therefore  holds great promise for the
development of stable self-assembled monolayers

with potential for new opto-electronic materials.

The work described in this chapter has been published: G. Salassa, M. J. J. Coenen, S. J.
Wezenberg, B. L. M. Hendriksen, S. Speller, J. A. A. W. Elemans, A. W. Kleij, J. Am. Chem.

Soc. 2012, 134, 7186.

3.1 Introduction

Supramolecular aggregation or polymerization'!! is a vibrant area of research providing

materials that are interesting for nano-fabrication,”” self-healing,"”! and electronic®

]

applications. The use of non-covalent interactions in these polymers allows generally

for a reversible assembly process, which is influenced by external stimuli such as
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temperature, solvent polarity and additives. Whereas hydrogen bonding has been
extensively used for supramolecular oligo- and polymerization of organic monomers,!
metal-coordination driven self-assembly has also been demonstrated to be extremely
useful in this area, especially for m-conjugated molecules such as porphyrin-based
architectures.) The formation of highly stable self-assembled monolayers (SAMs)
based on m-conjugated systems is particularly attractive in the development of
functional patterned surfaces for electronic applications.”! Crucial in these types of
materials are the alignment of the molecular components and the overall stability of the
system, a combination that is very difficult to control.

In a previous work from Kleij and co-workers, the self-assembly of mono-nuclear
metallosalphen complexes (8 and 9; see Scheme 1) has been described at the solid-
liquid interface.” Whereas coordinatively saturated Ni-centered complexes exclusively
organize into monolayers, their Zn analogues give unusual bilayers. This is the result of
strong dimerization made possible by z,-phenoxo bridging (see Figure 1A) giving rise

to two intermolecular Zn—O coordinative bonds."®

Y X
R—<C:j%:OK:IO R
N o
Q =N__ N=
R O [0} R
=N N=
@ Me Me
R O (¢} R
Y X
1. R=Cy3Hos Y=X=Me; M =2Zn 8.R=C12H25;M=Zr|
2. R =CyHps Y =X =Me; M= Ni 9. R=CypHz5; M=Ni
3.R=H;Y=X=Me;M=2n 10.R=H,M=2Zn
4 R=H;Y=X=allyl; M=2Zn
5. R=H;Y =NO,, X=CF3 M=2Zn
6. R=H; Y =NO,, X=allyl, M=2Zn
7.R=H;Y=X=1tBu;M=2n

Scheme 1. bis-M(salphen)s 1-7 and mononuclear analogues 8-10.

Furthermore, it has been demonstrated that the addition of small amounts of
competitively binding pyridine (py) easily disrupts the Zn(salphen) dimer (Figure 1A).

It has been previously observed that a higher nuclearity (i.e., more Zn(salphen) units per
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molecule) results in an up to six-fold increase in the overall stability of the formed
assemblies (see Chapter 2)."”) Herein, we report on the unique self-assembly behavior of
bis-Zn(salphen) molecules 1 and 3-6 (Scheme 1) into extremely stable oligomeric stacks
both in the solution phase as well as at the solid-liquid interface. The aggregation of
these dinuclear compounds was investigated by scanning tunneling microscopy (STM),
competitive UV-Vis and fluorescence titrations, dynamic light scattering (DLS) and
transmission electron microscopy (TEM). Molecular modeling and density functional
theory (DFT) analysis have additionally been used to elucidate the most likely
coordination mode, which points towards the presence of single Zn—O interactions,
where each metal center in the aggregated species is axially coordinated by an oxygen

donor from an adjacent bis-Zn(salphen) complex.

A
o) I — ;
\N%,?/o O/N ©
‘ : N X « |
B C

Figure 1. (A) Schematic representation of the equilibrium between dimeric and pyridine-ligated
complex 8. (B) STM topography of a self-assembled layer of 8 at the HOPG-TCB (higly oriented
pyrolytic graphite - trichlorobenzene) interface; locations of dimeric structure (D), a monomeric
structure (M) and vacancy (V) are indicated. (C) STM image of the interface between graphite
and a solution of 8 and pyridine in 1-phenyloctane; some molecules are drawn in yellow
schematically.
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3.2 Synthesis of Ci;-functionalized bis-M(salphen) complexes

The synthesis of the bis-M(salphen) complexes having long alkyl chains in their 5- and
5’-positions is outlined in Scheme 2. These alkyl tails are generally required for
efficient adsorption of the molecules on a graphite surface during the STM experiment.
The salicylaldehyde precursor A was prepared via a Duff formylation of the
commercially available 4-dodecyl-o-cresol using hexamethylenetetramine (HMTA) in
acetic acid. The presence of substituents in one ortho- and the para-position of the
phenol is fundamental in this reaction, resulting from the potential for addition of more
than one aldehyde group. Subsequent reaction of A with 1,2,4,5-tetraaminobenzene
tetrahydrochloride in EtOH resulted in the formation of a precipitate of B, which was
isolated by filtration (85% yield). Metalation of ligand precursor B was performed using
Zn(0OAc), in a mixture of CHCl3/MeOH and pyridine. The latter was needed to keep the

intermediate(s) and product dissolved throughout the entire reaction time.

OH HMTA OH HoN - NH,
Me H2304 Me CHO
E— 4 + ‘4HCI
Acetic Acid
C1oHas reflux CiaHas HoN NH»
A
EtOH

Me Me Me Me
C12H25‘C%:OH HOpCQst C12H25—C%:0@0:§3—C12H25
=N N= =N N=

Zn(OAC), 2H,0
—_—
CHCl,

—N  N= M‘;S’H —N__ N=
d %} d@%}
Me Me Me Me

B

1. M=2Zn

Ni(OAC),-2H,0 l THF/py

2:M=Ni
Scheme 2. Synthesis of C,,-functionalized bis-M(salphen) complexes 1 and 2.
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After solvent evaporation followed by trituration with MeOH, the bis-Zn(salphen)
complex 1 was obtained in excellent yield (89%) and elemental analysis indicated that
the final product is free of pyridine.!"" If the analogous Ni-centered complex is prepared
in the same way, however, a mixture of products is isolated since the Ni-complex does
not bind axial ligands and hence the rather insoluble mono-metalated species
precipitates before full metalation can occur. Bis-Ni(salphen) 2 was therefore prepared

in an alternative way involving transmetalation!'"

of compound 1 using Ni(OAc), in a
mixture of THF and pyridine. Subsequent concentration of the solution and trituration
of the crude reaction mixture in MeOH gave complex 2 in good yield (81%). Both these
bis-M(salphen) complexes were found to be highly insoluble, which is most probably
due to strong aggregation. This is supported by the increase in solubility of 1 in the
presence of solvents that can coordinate to the Zn-center (i.e. DMSO, THF, pyridine).
The bis-Zn(salphen) complexes 3-7'% and mononuclear 8-10* (Scheme 1) were

prepared using reported methods (see Experimental section for details).

3.3 STM studies on bis-M(salphen)

The aggregation behavior of dinuclear bis-Zn(salphen) 1 and bis-Ni(salphen) 2 was first
studied at the single-molecule level using STM (Figures 2-4). Experiments were carried
out in which the bis-M(salphen) complexes 1 and 2 were self-assembled at the interface
of highly oriented pyrolytic graphite (HOPG) and 1,2,4-trichlorobenzene (TCB). In
separate experiments, a droplet of a solution of each of the compounds was brought
onto a piece of freshly cleaved graphite, and subsequently topography images were
recorded by immersing the STM tip in this droplet. STM images of the monolayer of 2
reveal that the molecules are adsorbed with their extended conjugated surfaces parallel
to the graphite surface (Figure 2A).

The unit cell was determined with @ = (2.1 £ 0.2) nm, b = (3.0 £ 0.2) nm, and o =
(80 £ 4)°. Whilst the conjugated parts of the molecule, which appear bright in the STM
image, are submolecularly resolved, the alkyl chains are only partly resolved and
situated in the dark regions between the cores of 2. The square appearance of the bright

parts clearly show the internal structure of the bis-salphen moieties. A molecular model
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of the proposed organization of 2 at the surface, based on the unit cell parameters, is

shown in Figure 2B.

Figure 2. (A) STM topography image of a monolayer of bis-Ni(salphen) complex 2 at the
HOPG/TCB interface, Vi;,s = =550 mV, iy = 16 pA, concentration 2 ~ 107 M; the unit cell is
indicated in red. (B) Proposed organization of the molecules of 2 in the monolayer, in which one
of the molecules is colored blue for clarity. The conjugated parts of the molecule, which appear
bright in the STM image, are submolecularly resolved, and the square shapes of these bright parts
clearly show the internal structure of 2.

In stark contrast to the molecules of 2, those of bis-Zn(salphen) 1 were found to self-
assemble exclusively with their extended conjugated surfaces perpendicular to the
HOPG-TCB interface (i.e., an edge-on orientation). In the STM images (Figure 3 and
Figure 4), extended domains of long lamellar arrays (stacks) of molecules of 1 are
visible, which are directed along one of the HOPG symmetry directions. In these arrays,
the bright salphen cores are rotated under an angle of + 60° with respect to the lamellar
direction, and this rotation is reversed in every other lamella. Both the direction of the
arrays and the specific rotation of the salphen planes indicate a significant interaction of
the molecules with the underlying graphite lattice. The alkyl tails reside in the dark
areas in the STM images and are not well-resolved. Only very occasionally a defect in
the form of missing molecules was observed. The unit cell contains two molecules of 1
(Figure 3B). Its parameters have been determined by co-imaging the monolayer together
with the underlying graphite lattice, and are a = (0.87 + 0.04) nm, b = (6.4 + 0.1) nm,

and o = (87.9 £ 0.9)°. The difference in coordination behavior between the penta-

coordinate Zn centers in 1 and the coordinatively saturated, tetra-coordinate Ni centers
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in 2 is clearly reflected in the self-assembly at the surface. The observed stacking
behavior of the edge-on-oriented molecules of 1 is not only in complete contrast with
the 2D self-assembly of the bis-Ni(salphen) 2, but also with that of previously
investigated mononuclear Zn(salphen) complexes, which were found to adsorb

exclusively with their aromatic planes face-on at the solid-liquid interface.!”’ Previous

STM studies revealed that stacks of cyclic zinc porphyrin oligomers are also arranged
1.1

edge-on at the solid/liquid interface in a similar close-packed arrangement as

Figure 3. (A) STM topography image overviewing a monolayer of bis-Zn(salphen) complex 1 at
the HOPG-TCB interface. Vi = —366 mV, i = 7 pA; [1] ~ 10 M. (B) STM topography image
of a monolayer of 1 at the interface of HOPG and TCB/THF 95:5 (v/v); Viias = =750 mV, iz = 19
pA; some molecular models of 1 are superimposed (alkyl chains have been omitted and the
orientation of the aromatic cores is tentatively proposed); in red the unit cell is depicted and the
blue arrows indicate the <1 —1 0 0 > symmetry vectors of the underlying graphite surface.

59



UNIVERSITAT ROVIRA I VIRGILI

SUPRAMOLECULAR, PHOTOPHYSICAL AND CATALYTIC PROPERTIES OF ZN (SALPHEN) BASED COMPLEXES AND MATERIALS
Giovanni Salassa

DipOSit Leg@]m,;?61~3430—2013

These stacks could be readily dissociated by adding ~ 10 equivalents of pyridine or 4,4'-
bipyridine derivatives, which acted as disruptive axial ligands for the zinc centers. To
investigate the stability of the stacked structures of 1, STM experiments were carried
out in which droplets of solutions containing potential axial ligands for the Zn centers
were added in situ to the solid/liquid interface. Neither the addition of TCB solutions
containing a 100—fold excess of 4,4'-bipyridine (Figure 4), nor the addition of 5% (v/v)
of THF (an oxygen-donating axial ligand for 1) to the TCB solvent (Figure 2B) resulted
in any visible dissociation of the stacks with STM or a detectable change in the unit cell
parameters. This might be a result of the rigidity of the stacks adsorbed on the surface,
which would inhibit penetration of the axial ligands between the individual molecules

of 1 due to steric reasons.

Me Me
C12H25‘Q:0@0:©*C12H25
=N =
C12H25‘d0@0b012%5
Me 1 Me

Figure 4. STM topography image (120 x 120 nm?) of a monolayer of 1 obtained after adding a
droplet of TCB solution containing 100 equiv of 4,4'-bipyridine to the HOPG surface. Vy;,s = —
429 mV, i = 12 pA.

However, when the solutions of 1 and axial ligand were premixed before self-assembly
at the surface, identical stacks were observed. Thus, the total inertness towards the
addition of axial ligands indicates extremely high stability of these stacks. Moreover, a
remarkable feature is displayed in Figure 2A where many domains of self-assembled
stacks of 1 are accompanied by relatively stable patches of non-ordered surface areas.

This observation indicates the presence of many nucleation sites at the surface and
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suggests the absence of lower-order aggregates of 1 (such as dimers) in the solution

phase.

3.4 Solution-phase behaviour of bis-Zn(salphen) (1)

To investigate whether the stacks of 1 also exist in the absence of a potentially
stabilizing surface, dynamic light scattering (DLS) studies were carried out (Figure SA-
B). Particles in the range of 60—100 nm were observed for a 1.1 x 10> M dispersion of
1 in dry toluene; this is in line with the size of particles observed when a dried sample

of the solution was analyzed by TEM (Figure 50).

Ci2Has v CioHzs L W A A N an | ae

Intensity (%)

20

C1oHas o ©° Ci2H2s

0.1 1 10 100 1000
Me 1 Me Size (r.nm)

Intensity (%)

0.1 1 10 100 1000

Size (r.nm)
200 nm

Figure 5. (A) Dynamic light scattering analysis of 1 (1.1 x 10 M in dry toluene: 0.16 mg/10
mL). (B) Dynamic light scattering analysis of a mixture 1 (1.1 x 10° M in dry toluene) and
pyridine (1.33 mL). (C) Transmission electron microscopic analysis of 1.

The addition of a very large amount of competitively binding pyridine (5 x 10° equiv) to
the analyte solution reduced the observed size to below the DLS detection limit (Figure

5B), indicating the complete disruption of the aggregated state. These results hence

indicate that the presence of a potentially stabilizing effect of a graphite surface is not a
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decisive element, as highly stable aggregates are also formed when bis-Zn(salphen)

complex 1 is dispersed in dry toluene.

3.5 Spectroscopic studies on bis-Zn(salphen) (1)

The dissociation of the aggregated state induced by competitive pyridine binding was
then monitored in detail by UV-Vis and fluorescence spectroscopy. Addition of
pyridine to a solution of 1 in toluene resulted in a very large increase in intensity of the
UV-Vis absorption maximum around A = 502 nm (Figure 6A) and also of the
fluorescence emission at 4 = 560 nm (Figure 6B). Similar spectroscopic behavior,
although far less pronounced, has been reported for related aggregate—to—monomer
transitions (see Chapter 2).' In the case of Zn(salphen) 8, 10 equivalents of titrant
were sufficient to disrupt the aggregated structure (Figure 10 in the Experimental
section). For 1 complete de-aggregation could only be realized using a very high
amount of 400,000 equivalents of pyridine (Figure 6A), thus its self-assembled state is
significantly more stable compared to that of 8. In order to estimate the stability of these
stacked species in solution, the titration data were analysed by fitting to a binding model

using Specfit/32!"! as described below.
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Figure 6. Pyridine titration of 1 followed by UV-Vis (A, [1] = 0.9 x 10~ M in toluene) and
fluorescence (B, [1] = 8.8 x 107" M in toluene) spectroscopy.

A representative binding constant between a bis-Zn(salphen) complex and pyridine
having a 1:2 stoichiometry was derived from a titration of pyridine to tetra-tert-butyl-
substituted bis-Zn(salphen) complex 7 (Scheme 3). For this complex, aggregation via

Zn—0 coordination is minimized due to the steric bulk in the 3 and 3'-positions of the
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salphen ligand scaffold and hence, the Zn-centers are fully accessible for pyridine
coordination.™'® Upon addition of pyridine, the absorption maximum at A = 520 nm
decreased and a new maximum appeared at 4 = 498 nm (Figure 7A). These spectral
changes are completely different than those observed for complexes 1 and 3-6 without
bulky fert-butyl groups in the ortho-positions and this is attributed to the absence of

oligomeric species.

®
tBu tBu tBu ~ tBu

N
o_. 0O Oo_| O
_ /Zn\ B N B /Zn\ B
N N ‘ N N
~
N ; Z
=N__ _N= =N__ N=
/Zn\ /Zn\
(0] (0] (@) (0]
N
tBu tBu tBu~ ‘tBu
X
7 7-(py)2

@ = pyridine
K, = 2aK,, :
S ooy

IR e

= bis-Zn(ll)salphen

/7 & /
K21=aKm:\\ /<M=Km/z

Scheme 3. Schematic representation of the species involved in the equilibria of binding pyridine
to 7. The overall binding constants K;; and K,; and stepwise constant K;,_,,; are shown and
related to K, (microscopic binding constant), & (cooperativity factor) and statistical correction
factors.

Furthermore, clear inflection points are observed after the addition of one and two
equivalents of the pyridine corresponding to formation of both the 1:1 and 1:2
complexes. The data was analyzed considering three independent colored species (i.e.,

the “free” bis-Zn(salphen), the 1:1 and 1:2 adducts; see Scheme 3) and this yielded an
overall stability constant (K5,) for the 7-(py), complex of 5.81 x 10" M (see Table 1
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for Ky, K1_»1 and the corrected microscopic constants and Figure 7D for simulated

concentration profiles).
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Figure 7. (A) Spectral changes of complex 7 upon the addition of pyridine carried out in toluene
at [7]=0.95 x 10~° M, and (B) the corresponding titration curves and data fits at 1 =498 and 520
nm. (C) simulated spectra and (D) simulated concentration profiles for this titration at the
specified equilibrium constants.

Table 1. Macroscopic and microscopic binding constants for the binding of pyridine to 7.
KiM)  Kuen M) Ky M) KM KM a’

8.79 x 10° 6.61 x 10° 5.81 x 10" 4.40 x 10° 1.32 x 10° 3.0

YK = Kn/2. ° Ky = 2K1100 = 2Ka1/Ky, Sa = Ky/K;; this observation of cooperativity suggests
that, although bulky groups are present in the 3- and 3'-position of the ligand scaffold, a weak
intermolecular interaction is present between the bis-Zn(salphen) complexes, which is broken up
after binding of the first pyridine ligand.

The pyridine titration data for C,,-containing bis-Zn(salphen) complex 1 was analyzed
considering the binding model shown in Scheme 4, which includes three coloured
species (the “free” monomeric bis-Zn(salphen), the 1:2 adduct and the oligomer

designated n-mer). The presence of a 1:1 py-1 complex is less likely since the binding of
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a second pyridine ligand is facilitated by binding of the first ligand, which decreases the
intermolecular interaction between the bis-Zn(salphen) complexes. To further reduce
the number of variables, the value of K;; (5.81 x 10" M’z; see above) was fixed and the
absorption spectra of all species were introduced as known spectra.!'”? The titration data

were fitted separately for n = 2—6 (Figure 8 and Table 2).I"*]

»
tBu tBu tBu N/ tBu
CioHas o, .0 Ci2Has Ci2Has 0} 0 Ci2Has
/Zn\ N /Zn\
—N N= ‘ —N N=
~
; i N ; 2
=N__N= =N__N=
/Zn\ / n\
CiaHzs o O Ci2Hzs Ci2Hzs o] O Ci2Hzs
tBu tBu tBuiNJ tBu
N
— —n
(M 1-(py)2

©=pyridine
@ K 21=_ai<m2 : i
s =2

= bis-Zn(ll)salphen /
Kn = (Kn~n+1)n-1‘\ @ Anﬂz‘]

~—

‘n
Scheme 4. Involved species in the titration of pyridine to bis-Zn(salphen) complex 1. K, is the
stability constant of the oligomer or n-mer, K5, that of the 2:1 complex and K., is the stepwise
constant.
From Figure 8 it can be clearly seen that fitting the data to a model for dimer formation
(n = 2, Figure 8B) does not give a good fit. Significantly better fits are obtained when
higher order assemblies are taken into account with an optimum around the
tetramer/pentamer species (n = 4, 5; Figure 8D-E). At higher n-values the quality of the
binding model is reduced, because more intermediate species are excluded (for the

hexamer for example all intermediates with n < 6, n # 1 are excluded in the data fit).["™
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Figure 8. (a) Spectral changes of complex 1 upon the addition of pyridine carried out in toluene
at [1]1= 0.9 x 10 M and (b-f) the corresponding titration curves and data fits at A = 502 nm for »
=2-6.

This may result in the poorer data fit for the hexameric assembly. When isodesmic

behaviour is assumed, the following equations (I and II) can be considered:

M; + M =M+ (I)
Knoner = [Mat/[Ma][M] = (K)'"™ " (1)
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From this data we can extrapolate that every addition of monomer to a previously
formed oligomer has a remarkably high association constant in the order of about 10%°
M. These oligomers most likely cluster in solution to give the larger particles observed

by DLS and TEM.

Table 2. Stability constants for the n-mers based on the competitive pyridine titration of 1.

n 2 3 4 5 6
K, M ™) 223 x10% 5.98 x 10* 1.85 x 10% 6.11 x 10% 2.11 x10”
Error (%) +0.087 +0.044 +0.034 +0.034 +0.037

To exclude that the long alkyl chains in the 5- and 5'-positions of the salphen scaffold
are the primary cause of aggregation, the same titrations for related mononuclear 10 and
dinuclear complexes 3-6 (Scheme 1) were performed. Interestingly, the comparison
between 1 and 3-6 gives similar results (Figures 11 in Experimental section). In the case
of complexes 3-6, between 75,000—400,000 equivalents of pyridine were needed to
induce full de-aggregation. The size of the substituents in the 3- and 3'-positions of the
salphen ligand, on the other hand, proved to be more influential. When bulky ferz-butyl
groups are introduced no observable aggregation is noted (see compound 7, Figure 7).
This, together with the fact that no stacks are observed with STM analysis for complex
2,1 clearly points to the conclusion that Zn—O interactions are the primary cause of this

extremely strong aggregation.

3.6 Modeling and DFT studies on bis-Zn(salphen) (1)

It has been well established that mono-Zn(salphen) complexes may dimerize via two -
phenoxy interactions leading to the formation of a stable dimeric Zn,O, core unit
(Figure 1A).* In order to elucidate the nature of the most likely involved coordination
motifs in the self-assembled state of (1),, DFT minimization of the pentamer (n = 5) of
1 was performed at the level of B3LYP/6-31G* using Gaussian 09 (G09) program
package!*”! (Figure 9). In the case of the bis-Zn(salphen)complexes (cf., 1 and 3-6) the
same coordination mode (i.e., formation of dimeric Zn,O, units) as observed for mono-
Zn(salphen) complexes is clearly not feasible as it leads to a heavily distorted Zn,0O,

unit and an unfavourable geometry around the Zn centers.
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Figure 9. DFT-minimized structure for the pentameric assembly based on 1 (long tails not
included): (A) Ball and stick representation of pentameric 1, in the red inset an enlargement of the
(Zn—0), oligomeric/polymeric chains; (B) and (C) represent space filling models from different
angles.

The most efficient coordination mode involves axial coordination by a phenolate
O-atom of adjacent molecule forming a ladder-type structure (Figure 9, see also the
STM analysis of 1; Figure 3B). As single Zn-O interactions are prevailing, the
formation of larger stacks of molecules leads to electronically more stabilized Zn
centers and presumably highly stable (Zn—O), oligomeric/polymeric chains. In this
arrangement the length of the calculated Zn—O intermolecular coordinative bonds of
2.12-2.15 A support the possibility of having strong coordinative interactions between
the individual bis-salphen scaffolds. This preferred coordination motif in assembled (1),

has been rarely observed.!*!)
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3.7 Conclusions

In summary, the reported series of bis-Zn(salphen) complexes (1 and 3-6) show
unusually strong self-assembly behaviour through connecting coordination motifs that
are fundamentally different from those found for self-assembled mononuclear
Zn(salphen)s. All the analytical data support a very strong and rare self-assembly
behaviour and the STM imaging represents the first example of visualizing such
behaviour at the single molecule level. Since Zn(salphen)s are readily available and
easy to modulate synthons, their utilization gives new opportunities for the controlled
fabrication of nanostructured materials driven by a tuneable self-assembly process.
These versatile structures are potentially useful in the creation of novel electronic and

advanced opto-electronic materials.

3.8 Experimental section

General methods and materials

Complexes 4-7 and 8-10 were prepared using reported methods.®®!?**2! The precursor 5-dodecyl-
2-hydroxy-3-methylbenzaldehyde was prepared following a previously described procedure.!’
All other chemicals were commercial products and were used as received. "H NMR and *C{'H}
NMR spectra were recorded on Bruker Avance 400 Ultrashield NMR spectrometers at 297 K.
Chemical shifts are reported in ppm relative to tetramethylsilane (5 = 0 ppm) as an internal
standard. Mass analyses were carried out by the Mass Spectrometry Unit at the Institute of
Chemical Research of Catalonia (ICIQ), Spain. Elemental analyses were determined by the
Elemental Analysis Unit of the University of Santiago de Compostela, Spain. UV-Vis spectra
were recorded on a Shimadzu UV-1800 spectrophotometer. Transmission electron microscopy
(TEM) was performed with a JEOL 1011 microscope operated at 100 keV. All TEM micrographs
were collected using a Megaview III camera. Sample solutions were prepared and drop-casted on
a copper grid cover by FORMVAR carbon film. Dynamic Light Scattering (DLS) measurements
were performed with 1 in pre-dried toluene in order to determine the aggregate size. A 1.1 x 107
M mixture (0,161 mg / 10 ml) of 1 was prepared, which was decanted overnight. Afterward 1 ml
of the supernatant was transferred into a glass cuvet and measured at 20°C. A second solution was
prepared taking 3 ml of the 1.1 x 10~ M solution of 1 and to this was added 1 x 10° equiv of
pyridine. Also this solution was decanted overnight before measuring. For the light scattering
measurements a Zetasizer Nano Zs (Malvern Instruments Ltd.) with a 532 nm ‘green’ laser was

used.
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DFT calculations

All calculations were performed with the Gaussian 09 (G09) program package!”

[23]

employing the
DFT method with Becke's three parameter hybrid functional'™' and Lee—Yang—Parr’s gradient-
corrected correlation functional (B3LYP).?Y The LanL2DZ basis set™ and effective core
potential were used for the Zn atom, and the split-valence 6-31G* basis set ** was applied for all
other atoms. Geometry optimizations of the complexes were performed without any constraint,

and the nature of all stationary points was confirmed by normal-mode analysis.

Scanning Tunneling Microscopy (STM)

STM was performed in the constant current mode using a home-built STM setup.?” Tips were
mechanically cut from 0.5 mm diameter Pt;glry, wire and freshly cleaved ZYB-grade HOPG
(NT-MDT) was used as a substrate. Solvents were used as received. All measurements were
performed at solid/liquid interfaces created by the application of a droplet of the solution under
investigation between the tip and the substrate. The piezo element of the STM was calibrated in
situ by lowering the bias voltage to 100 mV and raising the tunneling current to 50 pA, which
allowed imaging of the HOPG surface underneath the molecules. The raw STM data were

processed only by the application of a background flattening routine.

Competitive titrations for compounds 8-10

5-50 L aliquots of a pyridine solution in dry toluene ([py] =4 x 10 M for 8; 5 x 10 M for 10)
were added stepwise to 2 mL of a solution of the guest in dry toluene with [8] = 0.97 x 10> M or
[10] = 4.16 x 10° M in a 1 cm quartz cuvette. After each addition a UV-Vis spectrum was
acquired. In the case of 9, a solution of [9] = 1 x 10™ M in toluene has been titrated with a
pyridine solution [py] = 4 x 107 M. Below, the observed “changes” at two different wavelengths
are shown. We attempted to use bis-Ni(salphen) complex 2 in titration experiments with pyridine
but the complex proved to be virtually insoluble. Therefore, we used 9 instead to show the
marked difference in self-assembly between the Ni en Zn complexes. The titration of 9 confirms
that here no M—O coordinative interactions occur as the Ni(I[) centres are coordinatively

saturated.
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Figure 10. UV-Vis titration curves for complexes 8-10.
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Competitive titration experiments for compounds 3-6

NOTE: all complexes have limited solubility, and in order to start with a clear analyte solution, to

all samples an initial amount of 1000 equiv of pyridine was added. Afterwards, 5-50 pL aliquots

of pure pyridine were added stepwise to 2 mL of a solution of the guest (complexes 3-6) in dry

toluene ([3]=1.13 x 10 M; [4] = 1.00 x 10 M; [5]=1.03 x 10° M; [6]=1.06 x 10° M) ina |

cm quartz cuvet. After each addition a UV-Vis spectrum was acquired.
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Figure 11. UV-vis titration curves for complexes 3-6.
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Synthesis

Free-base bis-salphen (B): 1,2,4,5-Tetraaminobenzene

tetrahydrochloride (22 mg, 0.08 mmol), dispersed in 2 mL e e

EtOH, was added to a stirred solution of 5-dodecyl-2-hydroxy- C12H25Q0H HO;Q—CQH%
3-methylbenzaldehyde (99 mg, 0.33 mmol) in 2 mL EtOH. N<:§

The solution was stirred for 16 h and the yellow precipitate N e

was filtered off, washed with EtOH, and air-dried. Yield: 84 . Q;DH HO:%}CQH%
mg (0.07 mmol, 85%). 'H NMR (400 MHz, CDCl5): § = 12.90 Me Mé

(s, 4H; OH), 8.69 (s, 4H; CHN), 7.11 (br, 4H; Ar-H), 7.09 (s, 2H; Ar-H), 7.07 (br, 4H; Ar-H),
2.53 (t, *J = 7.6 Hz, 8H; Ar-CH,), 2.28 (s, 12H; Ar-CH3), 1.63-1.19 (m, 80H; CH,), 0.88 (t, *J =
6.72 Hz, 12H; CH;) ppm; “C{'H} NMR (100 MHz, CDCl;): § = 164.4 (C=N), 157.9 (C-0),
141.7, 135.3, 133.0, 129.6, 126.3, 118.3, 122.0 (Ar-C), 35.1, 32.1, 31.9 (CH,), 31.1 (CH;), 29.8
(4), 29.7, 29.5, 29.4, 22.8 (CH,), 15.7, 14.3 (CH;) ppm; MALDI(+): m/z = 1284.1 (M+H)";
elemental analysis calcd. (%) for CggH;30N4O4°1.5H,0: C 78.79, H 10.23, N 4.27; found: C 78.78,
H 11.15, N 4.46.

bis-Zn(salphen) complex (1): The free-base ligand B (40 Ve Ve

mg, 0.031 mmol) was dissolved in 100 mL CHCI;/ 50 mL Coathe QO\ o p Ciahs
MeOH/ 3 mL pyridine and to the yellow suspension was _N/Z"\N_

added, whilst stirring, 21 mg (0.096 mmol) Zn(OAc), H,O. Q

The red solution was stirred for 16 h, concentrated and N N=
redispersed in MeOH. The red precipitate was filtered off, C12H254C§:O’2n\0j%37cw25
washed vigorously with MeOH, and air-dried. Yield: 39 mg Me Mé

(0.028 mmol, 89%). 'H NMR (400 MHz, 10% d;-pyridine/CDCly): 6 = 8.78 (s, 4H; CHN), 7.75
(s, 2H; Ar-H), 7.11 (s, 4H; Ar-H), 6.94 (s, 4H; Ar-H), 2.49 (4, 3J=17.52 Hz, 8H; Ar-CHy), 2.35 (s,
12H; Ar-CH3), 1.60 (m, 8H; CH,), 1.38-1.17 (m, 72H; CH,), 0.87 (t, *J = 6.46 Hz, 12H; CH,)
ppm; poor solubility for *C NMR measurement; MALDI(+): m/z = 1406.9 (M)"; elemental

analysis calcd. (%) for CggH 26N404Zn,°3H,0: C 70.52, H 9.08, N 3.83; found: C 70.08, H 8.98,
N 3.78.
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bis-Ni(salphen) complex (2): Bis-Zn(salphen) 1 (15 mg, Ve Ve

0.011 mmol) was dissolved in 50 mL THF/ 10 mL pyridine. Cothe Qo o :@7012"'25
Then Ni(OAc),"4H,0 (9 mg, 0.036 mmol) was added and the _N@N_

brown solution was stirred for 16 h, after which the solution Q

was concentrated. The residue was redispersed in MeOH, N N

filtered off, washed with MeOH and air-dried to obtain a dark szst‘doﬁowaszs
brown solid. Yield: 12 mg (0.0086 mmol, 81%). 'H NMR Me Me

(400 MHz, ds-pyridine, T =400 K): 6 = 7.76 (s, 4H; Ar-H), 6.86 (s, 4H; Ar-H), 2.65 (s, 12H; Ar-
CH;), 2.59 (t, *J = 7.30 Hz, 8H; Ar-CH,), 1.68 (br, 8H; CH,), 1.57-1.22 (m, 64H; CH,), 0.96 (br,
20H; CH, and CH;) ppm, 2 x Ar-H hidden under solvent signal; too insoluble for a BC NMR

measurement; MALDI(+): m/z = 1394.8 (M)", 1338.8 (M—(CH,);CH,)"; elemental analysis calcd.
(%) for CggH 26N4Ni,044H,0: C 70.30, H 9.19, N 3.81; found: C 70.26, H 8.65, N 4.07.

bis-Zn(salphen) complex (3): To a solution of 1,2,4,5-tetra-aminobenzene Vo Vo
tetrahydrochloride (306.2 mg, 1.08 mmol) and Zn(OAc),-2H,0 (1.20 g, Q:O\ 0 :)53
5.47 mmol) in 120 mL THF/ 30 mL MeOH was added a solution of 3- _N/Z“\N_
methyl-salicylaldehyde (810.0 mg, 5.95 mmol) in MeOH (20 mL). The Q
reaction mixture was stirred for 4 h and then filtered giving a first fraction —N__ N=

of product (red solid, 282.5 mg). After 3 days, the mother liquor was again do’zn\ob
filtered to give a second fraction of product (344.0 mg). Total yield: 626.5 Me M€

mg (0.850 mmol, 79%). 'H NMR (400 MHz, DMSO-d,): § = 9.13 (s, 4H, CH=N), 8.30 (s, 2H,
ArH), 7.33 (d, °J = 7.3 Hz, 4H, ArH), 7.23 (d, °J = 6.8 Hz, 4H, ArH), 6.49 (t, °J = 7.4 Hz, 4H,
ArH), 2.22 (s, 12H, CHs). *C{'H} (100 MHz, DMSO-d; + 20% DMF-d;): § = 171.34, 162.83,
138.95, 134.06, 133.85, 130.63, 118.51, 112.55, 103.92, 16.78. MS (MALDI+, dctb): m/z =737.1
(M + H)" (calcd. 737.1). A sample for elemental analyses was prepared by crystallization from
pyridine. Anal. calcd. for C33H;30N4O4Zn;, 3py-2.5H,0: C 59.94, H 4.68, N 8.13; found: C 59.88,
H4.24, N 8.52.
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Chapter 4

Photophysical Properties of Zn(Salphenazine)
Complexes and their Application in Small Molecule
Solar Cells

A new family of salphen based complexes, viz.

Zn(salphenazine)s, has been prepared and is
characterized by a larger m-surface compared to
standard ~ Zn-based  salphen complexes. The
photophysical properties of these Zn(salphenazine)s
have been studied in detail using UV-Vis and
fluorescence spectroscopy, and further investigated
by computational methods. The first application of a
Zn(phenazine) complex in a small molecule organic

solar cell (smOSC) is presented showing the

potential of salphenazine systems in this area.

The work described in this chapter is in preparation: G. Salassa, J. W. Ryan, E. C. Escudero-
Adan, E. Palomares, A. W. Kleij, to be submitted.

4.1 Introduction

Organic photovoltaics (OPVs) or organic solar cells (OSCs) have recently attracted
considerable attention as renewable energy sources. These types of solar cells are
characterized by a donor-acceptor bulk heterojunction and at this interface electrostatic
forces are generated. "' When the donor material absorbs a photon, an excited state is
created and confined into the molecules of the material. The excited state can be
regarded as an “electron-hole” pair (exciton) bound together by electrostatic
interactions. In the photovoltaic cell, excitons are broken up by the effective fields

created at the heterojunction with the consequent transmission of the electron from the
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excited state of the donor to the excited state of the acceptor molecule. The separated
electron moves to the positive electrode and the hole to the negative one, with this
process thus generating a current. The first examples of OSCs were employing polymer-
based materials™? as donor and were mixed with fullerenes playing the role of acceptors.
These types of devices dominated the field until 2007, after which solar cells based on
solution-processable small molecules have also demonstrated to give interesting results
(i.e. power conversion efficiency (PCE) over 7%).*) Small molecules have rapidly
evolved as alternatives in this field due to numerous advantages: their straightforward
(modular) synthesis and purification, less batch-to-batch variation properties and their
intrinsic monodispersity. In the exploration of novel suitable small molecule donors,
various systems have been examined including oligoacenes,” oligothiophenes, boron

[7] 1 [9] [10]

dipyrromethenes, diketopyrrolopyrroles,™

(1]

phthalocyanines, merocyanines,

squaraines!' ! and porphyrins.'?! These latter structures (porphyrins) have shown to have
highly interesting photophysical properties due to their unique macrocyclic and
conjugated arrangement. Also, considering the fine-tuning of these properties there is a
vast amount of literature that shows that a wide range of substituted porphyrins can be
accessed with easy variations possible at the meso positions of the scaffold. The
presence of a metal ion may also be useful to further tune the photophysical behaviour,
and additionally the Zn(II) family of porphyrins has been frequently used for the
creation of supramolecular structures displaying unusual photochemical features.!'”

The application of Schiff base complexes in photovoltaics has been very limited to
date,""*! even though Schiff base ligands, and more particularly salen systems, are easily
prepared and structurally modified; this intrinsic feature has been demonstrated to be
useful in the development and optimization of metal catalysts for highly enantio-
selective organic transformations.!"”) Nonetheless, in the last few years an increasing

(161 and new

interest has been noted in the photophysical properties of salphen ligands
interesting applications in field of photo-functional materials have appeared.l'” Che and
co-workers reported the application of Pt(salphen) complexes in high-performance
OLEDs, and they have shown the potential of the m-conjugation in these salphens.!'"¥ In
this study, we present the synthesis and a detailed study of the photophysical properties

of a (relatively) new type of Zn(salphen) complex having a phenazine moiety in the
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backbone (i.e., a salphenazine complex).!"” This alternative salen scaffold with a more

extensive n-conjugated structure compared to typical salphen ligands is shown herein to

be an attractive candidate for the development of new sm(O)SC.

& -

7\
N N N N
Zn(OAC)2'2H20
B —
DMSO/MeOH N N
HoN A NH, — o
R o o R
+
R Ro
OHC
1. Ry=1Bu; Ry, =1Bu
HO R1 2.R1=F;R2=F
3.R1=C|;R2=C|
R2 4.R1=Br;R2=Br
5. R»] =H;R2=tBU
B 6.R;=H;R,=allyl
7.R1=H;R2=Br

Scheme 1. Synthesis of salphenazine complexes 1-7 from precursors A and B.

4.2 Synthesis of Zn(salphenazine) complexes

Zn(salphenazine) complexes 1-7 have been synthesized through a one pot reaction
between 2,3-diaminophenazine A, substituted salicylaldehydes B and Zn(OAc),-2H,0
as templating agent (see Experimental section and Scheme 1). Since 2,3-
diaminophenazine A is relatively insoluble in a wide range of solvents, the reaction was
performed in a minimum amount of DMSO at 100°C. This approach allows maintaining
all the reagents and intermediates in solution while the product mostly precipitates after
a few hours (in some cases addition of MeOH is needed to obtain the precipitate).
Subsequent filtration gave salphenazine complexes 1-7 in good yield (60-73%) and
purity; in the case of 1 and 5, however, the isolated yields were lower (10%) as a result
of their higher solubility in MeOH. With the aim of preparing a Zn complex with a
more extensive m-conjugated structure, the synthesis of complex 8 (Scheme 2) has been

successfully achieved by applying the synthetic strategy described above using two
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equivalents of 2-hydroxy-1-naphthaldehyde. Furthermore, by using a previously

[20]

reported methodology™ an octanuclear, Zng cluster complex 9 characterized by the

presence of four salphenazine scaffolds has also been prepared (23% yield) using 2,3-

dihydroxy-benzaldehyde, 2,3-diaminophenazine B and Zn(OAc),2H,0 (Scheme 2).

CHO
&
NN Zn(OAC),2H,0 —N__N=
mon o )
Q DMSO/MeOH O o o Q

H,N  NH, 8

OH =N___N=
Zn(OAc),-2H,0 Zn\
n C)22H3 4
_— o\ /o

HoN NH, DMSO/MeOH O/Zn ~g

Scheme 2. Synthesis of salphenazine complex 8 and the salphenazine cluster complex 9 from
precursor A.

4.3 Structural analysis of Zn(salphenazine)s
Single crystals suitable for X-ray analysis were obtained by dissolving complex 1 and 5
in hot DMSO (Figure 1). Similar to previously reported X-ray structures of Zn(salphen)

complexes,?!

the Zn ion is slightly tilted from the N,O, binding pocket of the salphen
ligand. The axial coordination site in both structures is occupied by a solvent molecule
(DMSO) due to the high Lewis acidity of Zn(salphen)s. In order to get more structural
information for the structure of complex 9, its DFT-minimized structure was computed
(see the Experimental Section) using previously reported X-ray structures of similar
Zn(salphen) clusters as a starting point.*”! The computed structure (Figure 2) shows the
assembly of four salphenazine units positioned in a pseudo tetrahedral structure with

every vertex ending with a phenazine moiety: the latter are thus outward.
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Figure 1. Displacement ellipsoid plots at 50% probability level of complex 1 and 5. Selected
bond lengths and angles for 1: N(1)-Zn(1)= 2.0928 A, N(2)-Zn(1) = 2.0537 A, O(1)-Zn(1) =
1.9788 A, O(2)-Zn(1) = 1.9570 A, Zn(1)-O(1D) = 2.0862 A, O(2)-Zn(1)-N(1) = 153.48°, O(1)-
Zn(1)-N(1) = 89.13°, 0(2)-Zn(1)-0(1D) = 103.47°; for 5: N(1)-Zn(1)=2.0717 A, N(4)-Zn(1) =
2.0765 A, O(1)-Zn(1) = 1.9554 A, O(2)-Zn(1) = 1.9807 A, Zn(1)-0(3) = 2.0658 A, O(2)-
Zn(1)-N(4) = 158.04°, O(2)-Zn(1)-N(4) = 88.22°, O(1)-Zn(1)-0O(3) = 102.45°.

Figure 2. DFT calculated structure for 9-(H,0),, the orange and the purple spheres represent the
Zn ions respectively inside the N,O, and the O4 coordination pockets. In the blue square an
enlargement of Zng cluster is shown; in the green square an enlargement of a salphenazine unit is
given.
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Four of the in total eight Zn ions are situated in the N,O, pockets (represented in orange
in Figure 2) having an axial H,O ligand associated. The other four “internal” Zn ions
(represented in purple in Figure 3) are surrounded by five O-atom donors, two of which
belong to the same salphenazine unit and the other three form p,-phenoxo bridges

between two Zn ions of adjacent salphenazine units.

4.4 Photophysical properties of Zn(salphenazine)s

Typical Zn(salphen)s are generally characterized by two absorption bands in their UV-
Vis spectra (200-600 nm region), a first one around 400 nm and a second one around

300 nm (i.e., black trace of compound 10 in Figure 3).
—N

- N=
Zn
tBu o o tBu 7\
tBu tBu
11

—N___ N= —N__ N=
Zn Zn\
/
tBu o o tBu tBu o o tBu

300 400 500 600 700
Wavelength (nm)

Figure 3. UV-Vis comparison between Zn(salphen) derivative 10, Zn(salpyr) complex 11 and
Zn(salphenazine) 1 in THF at a concentration of 1x10™ M.
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These two bands are influenced by the substituents present in the salphen scaffold;
especially the role of the phenyl ring in backbone of the salphen ligand is important.
When the latter is substituted with a pyridine ring (designated as “salpyr” complex 11),
for example, an increase in the extinction coefficient & occurs combined with a slight
red-shift (see red trace in Figure 3). Inspired by this characteristic change in the UV-
Vis, a further modification of the backbone motif was realized and a phenazine scaffold
was then selected for its presence in many natural dyes.””! As shown in Figure 3, the
phenazine contribution to the electronic properties of complex 1 results in a red-shift of

100 nm and a 50% increase of the ¢ of the lower energy band compared to salphen

complex 10.
A
Q 4x10° -
7\
N N _ 3x10*
'e
(]
T 2x10°1
s
=N_-._N= S
Zn\ 1x10*
) i
tBu O O tBu
tBu tBu 01 T - .
1 300 400 500 600 700
Wavelength (nm)
5x10° ~110
4x10* 18
3
T 3x10°4 16 &
§ g
L 2x10*- 14 8
=3 )
@ 3
1x10* 1 12
0

T T T T T T 0
200 300 400 500 600 700 800 900
Wavelength (nm)

Figure 4. (A) Comparison between absorption spectra of 1 in different solvents at a concentration
of 1x10 M. (B) Absorption and emission spectra of 1 in dry THF at 1.76 x 10™ M.
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A detailed study toward the photophysical properties of Zn(salphenazine) complexes
has been carried out using Zn(salphenazine) 1 as model compound due to its higher
solubility compared to 2-9. Furthermore, the presence of four tert-butyl groups highly
reduces the possibility of formation of dimeric species, which can affect the absorption
and emission properties (see Chapter 2.4.3). The UV-Vis spectra of 1 slightly changes
upon variation of the solvent (Figure 4A), and this suggest that the type of electronic
transitions that are involved have m-n* rather than charge transfer (CT) character.

Figure 4B shows the UV-Vis absorption and emission spectra of 1 in THF, which
provides the highest & value among all the solvents tested. In the absorption spectra five
main bands are observed, two in the visible region (4 = 384 nm and A = 516 nm) and
three in the near-UV (Apax = 231 nm, Ay = 257 nm and A, = 328 nm). Upon
excitation of the lowest energy band (4 = 516 nm), an intense emission band at 4 = 624
nm is observed.

Comparing all the UV-Vis spectra of complexes 1-9, the role of the substituents in
the salphenazine ligand has been evaluated. In the case of tetra-substituted 1, the two
bands in the visible region are at slightly lower energy (A4 = 15 nm) compared to ones
from the di-substituted complex 5 (Figure 5A). The two additional tert-butyl groups in
the 5- and 5'-positions of the salphenazine scaffold bring about an additional positive
inductive effect that would destabilize more the m ground state in 1. Halogens are
controversial substituents, since they produce a negative inducting effect and a positive
resonance effect. As suggested by TD-DFT calculations (see section 4.5) the resonance
effect seems to have a stronger influence on the salphenazine scaffold causing a
destabilization of the n* exited states. This results in a blue-shift of around 31 nm for
2—-4 (Figure 5B). Complexes 5-7, due to the presence of only two substituents (3- and
3’-position in the ligand backbone), are less influenced by the electron-donating and
electron-withdrawing groups but show similar effects (see Figure 12 in the
Experimental section).

In order to obtain systems with increased absorbance towards the near IR, two
modified synthetic strategies were applied (see 4.2). The preparation of a
Zn(salphenazine) complex with a more extended m-conjugated system compared to

salphenazine complex 1 (i.e, Zn(salphenazine) 8) was carried out; instead of having two
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substituted phenyl rings (derived from the salicylaldehyde precursor), complex 8 is

characterized by the presence of two naphthyl groups.

R o o

Ro R

1.Ry=1Bu; R, =1Bu
5.R1=H;R2=tBU

R2 R2
1. R =1Bu; R, =tBu
2.Ry=F;R,=F
3.Ry=Cl;R,=Cl
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Figure 5. UV-Vis comparisons: (A) between di-substituted 5 and tetra-substituted 1; (B)
comparison between tetra-substituted complexes 1-4. All UV-Vis spectra were recorded in THF

at

a concentration of 1x10™ M.

The enhancement of the m-conjugation, however, results only in a small improvement of

the absorption properties (Figure 6); a slight red-shift of 8 nm was observed while

maintaining a similar value of ¢ compared to complex 1. This suggests that simple

extension of the mw-conjugation (change from phenyl to naphthyl side groups) does not

substantially improve the photophysical properties required for an effective application

thereof in OSC. Thus, in order to obtain good smOSC candidates the attention should

better focus on Zn(salen)s with heteroaryl bridging groups such as present in
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Zn(salphenazines) as also heterocyclic synthons have shown interesting results in

heterojunction solar cells.*”

N N N N
—N_ . _N= —N_. _N= =N__ N=
tBu 0 (6] tBu O 0 (6] Q O\ /O
tBu tBu = o/zn\o —4
1 8 9
1x10° 7
—38
8x10* —9
—1
T “ ]
g 6x10
[$]
L
S 4x10*
w
2x10* 1
O T T T U 1
300 400 500 600 700

Wavelength (nm)

Figure 6. UV-Vis comparison between Zn(salphenazine) complexes 1, 8 and 9 in THF at a
concentration of 1 x 10 M.
A second synthetic strategy was considered in order to interconnect multiple
chromophores; this was successfully achieved in the preparation of the octanuclear Zn-
cluster 9 incorporating four Zn(salphenazine) units. As shown in Figure 6, the
absorption spectra of 9, in comparison with 1, is characterized by a 70% increase of the
¢ value for the band in the range of the visible. However, the absorption maximum
located at 413 nm (100 nm towards the blue with respect to complex 1) does not make
complex 9 suitable for OSC.

As mentioned in the introduction (section 4.1), porphyrins and their metal

complexes have demonstrated to be good candidates in the preparation of devices for
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DSC and OSC. Therefore, a comparison between the newly developed Zn(salphenazine)
systems and a Zn(porphyrin) would be useful. In Figure 7 the comparison between
Zn(salphenazine) complex 1 and Zn(porphyrin) complex 12 is reported. Porphyrin 12
shows a typical Soret band (424 nm) with a £ value of an order of magnitude higher
than 1. On the contrary, complex 1 has an absorption spectrum that covers a wider range
of accessible wavelengths. These photophysical properties combined with the easy
synthesis/functionalization demonstrate that the salphenazine scaffold could be a

potential alternative to porphyrins and its derivatives.

6x10° -

Me Me 5x10° A —12

S s S T

8x10*

|
I\
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€ (M_1 cm_1)
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O S O
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Figure 7. UV-Vis comparison between salphenazine complex 1 and porphyrin 12 in THF at a
concentration of 1 x 10~ M.

4.5 TD-DFT analysis of Zn(salphenazine)s

TD-DFT was employed for calculating 80 singlet excited states starting from the gas-
phase optimized geometry of 1 and 3 with a THF molecule coordinated in the axial
position. Experimental and theoretical absorption spectra of complex 1 and 3 in THF are
reported in Figure 8 together with the electron density difference maps (EDDMs)"** of
the major electronic transitions of the lowest energy band. The solvent effect was taken
into account with the CPCM method.

A very good agreement between the experimental and simulated UV-Vis spectra has
been observed for 1; the three bands shown in the experimental spectrum are blue-

shifted only by 5 nm in the DFT calculated UV-Vis trace. Despite this good agreement,
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TD-DFT significantly the extinction coefficient of the two highest energy bands. The
lowest energy band is formed by two electronic transitions: the first one at 534 nm (2.32
eV) with small oscillator strength (0.035) and the second one at 511 nm (2.43 eV) with
oscillator strength of 0.54. Both transitions are shown to have a -n* character with no
contribution from the metal center, in particular the electron density migrates from the
two salicylaldehyde moieties towards the salphenazine backbone as represented in the

EDDM of the major transition 2 (Figure 8A, right).

4
A sxio; 7 — 1 (simulated - Mog) ] €
- 1 (experimental)
40.8
6x10* -
‘T"‘ 13 2 10.6
§ 4x10°{ 14 )
T Mk = 10.4
=3
W 4/
2x10 1oz
ol ’ \| [ ) N 0.0 Transition 2
300 400 500 600 Energy =2.43 eV (511 nm)

Wavelength (nm) f= 0.54 ; H-1-LUMO (97%)

; ~11.0
——— 3 (simulated - M06)
B 6x10*4 - - - 3 (experimetal)
10.8
. 7 2 ~
T 4x10" 410.6
e D,
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| J 1 0.
11
< 2a0t{ 13
w B
10.2
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300 400 500 600 Energy =2.64 eV (467 nm)
Wavelength (nm) f: 0.64 ; H-1-LUMO (96%)

Figure 8. Calculated (blue and green lines) and experimental (black dotted lines) absorption
spectra of 1 (A) and 3 (B) in THF. The excited states are shown as vertical bars and the transition
2 of 1 (A) and 3 (B) is represented with electron density difference maps on the right (EDDMs,
the electron density migrates from the violet to the blue lobes). Energy values, oscillator strength
values and major orbital contributions are reported below the EDDMs.

The other two bands at higher energy (389 nm and 326 nm, respectively) are also based

on m-n* transitions (see EDDMs of transition 7, 13 and 14 in Table 2, Experimental
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section), and this is in line with the observations done in the UV-Vis experiments in
different solvents (see Figure 4A).

In the case of Zn(salphenazine) complex 3 the computed spectrum is in reasonable
agreement with the experimental one, and a blue-shift of 15 nm of the lowest energy
band is now observed. Through analysis of the type of transition involved in the UV-Vis
spectrum of 3, similar n-n* excited states were found as observed for Zn(salphenazine)
complex 1 (EDDMs in Figure 8B, see also Tables 2 and 3 in the Experimental section).
In order to understand the 44 nm blue-shift of the lowest energy band caused by the
substitution of the four fert-butyl groups in 1 with four CI atoms present in 3, frontier
molecular orbital (FMO) analysis has been carried out. Figure 9 shows that the CI
substituents significantly destabilize the lowest unoccupied molecular orbital (LUMO)
in 3 and also cause a slight destabilization of the H-1. This behavior may be ascribed to
the resonance effect of the ion pairs of the chlorine atoms which destabilize the frontier
MO donating more electron density. The latter results in the enhancement of the energy
difference between H-1 and LUMO of 3 and thus a relative shift towards the blue of the

lowest energy band compared with complex 1.

3.8-
LUMO
< 30
2
>
S
S 27-
LlJ -
2 0007
8
& -0.04-
-0.08-

Figure 9. Relative energy diagram of the frontier molecular orbitals for 1 and 3. The zero is set
on the HOMO energy. Note that the Cl-atoms in complex 3 are shown in light green.
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4.6 Thermal stability of Zn(salphenazine)s

The thermal stability of Zn(salphenazine) complexes 1-7 has been examined by
thermogravimetric analysis (TGA) under a nitrogen atmosphere (Table 1). All
complexes show high thermal stability, the decomposition temperature ranges from
410°C (4) to 520°C (2). Comparing the di-substituted complexes 5 and 7 with the tetra-
substituted 1 and 4, a higher thermal stability for the di-substituted systems was
observed. In the case of complexes 1-4 (tetra-substituted ones), replacing the R; and R,
substituent from Br to tBu, Cl or F leads to a significant increase in the decomposition
temperature (Tq) from 410°C to 520°C. No glass transition temperature (T,) was

observed in the differential scanning calorimetric experiments (DSC) done for 1-7.

Table 1. Thermal degradation (Ty) for complexes 1-7
Complex 1 2 3 4 5 6 7

T4 (°C) 470° 520° 480° 410°  440°  480° 440°

4.7 Preparation of a smOSC device based on Zn(salphenazine) 1
Zn(salphenazine) 1 shows to have the highest solubility among all the compounds
reported herein and has relative good thermal stability (see section 4.6). At the same
time, the photophysical properties of 1 display optimal characteristics to be donors in
the production of relatively efficient smOSC and therefore this complex was selected
for the preparation of a photovoltaic device.

One of the most important requisites for the correct operation of an OSC and the
production of a photocurrent is the establishment of an adequate energy gap between the
LUMO of the donor (i.e, salphenazine complex 1) and the acceptor (C¢y) LUMO. The
photogenerated electron—hole pair (exciton) is bound by a Coulombic force, which is of
the order of 0.3 eV."*’! In order to successfully separate the charges, the general process
requires excitons to travel to the donor—acceptor interface where the difference in donor
and acceptor LUMO levels must exceed the Coulombic attraction force (AEypo > 0.3
eV). Energy values of the HOMO and LUMO for complex 1 have thus been calculated
using differential pulse voltammetry (DPV), and absorption and emission spectroscopy.

DVP of 1 was recorded in degassed acetonitrile (ACN) with 0.1 M tetrabutylammonium

92



UNIVERSITAT ROVIRA I VIRGILI

SUPRAMOLECULAR, PHOTOPHYSICAL AND CATALYTIC PROPERTIES OF ZN (SALPHEN) BASED COMPLEXES AND MATERIALS
Giovanni Salassa

Diposit Legal: T. 1430-2013 Photophysical Properties of Zn(Salphenazine) Complex

hexafluorophosphate (TBAP) as supporting electrolyte and all the potentials were
referenced to the ferrocenyl-ferrocene (F,/F.) couple. Two reversible, anodic waves
(confirmed by cyclic voltammetry, see Experimental section) with E® at 0.852 V and
1.01 V were observed; both of them are attributed to the oxidation of the salphenazine

ligand (Figure 10A).
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Figure 10. (A) Differential pulse voltammetry for 1 vs F.'/F, recorded in degassed ACN. (B)
Normalized absorption (blue) and emission (light blue) spectra in ACN.
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To determine the energy level of the HOMO, the following formulae® was used:

Enomo=—(1.4 £0.1) x (qVey) — (4.6 + 0.08) eV 1)

where V¢y corresponds to E®* of complex 1. The HOMO level of 1 was estimated to be
—5.27eV.

From the intersection point between the normalized absorption and emission curves
it is possible to extract the energy gap between HOMO and LUMO and consequently
obtain the LUMO energy value of complex 1. Figure 10B shows that the intersection
point is at 560 nm, which corresponds to 2.21 eV (in good agreement with the DFT
calculated value, see section 4.5) and the LUMO level is —3.05 eV. By comparison with
the LUMO value of Cgy, —3.5 eV,m] an OSC device based on complex 1 would display
an acceptable AE; yyo between donor and acceptor.

The devices were fabricated by spin coating of a 1 mg/ml solution of
Zn(salphenazine) 1 directly onto UV/O; treated indium tin oxide (ITO) (2000 rpm, 1
min, ~ 13 nm thick),” followed by the evaporation of Cq (40 nm), BCP (10 nm), and
Al (100 nm), with devices having an active area of 0.09 cm’. The device has been
studied under standard conditions (A.M 1.5 G solar spectrum, 100 mW cm™), and the
current-voltage curve (J-V curve) relative to the 1:Cqy device is reported in Figure 11.

The power conversion efficiency (PCE) is calculated using the following formula:

PCE=VOCX]SCXFF @)
Pin
where, V¢ is the open-circuit voltage, Jsc is the current density at a short-circuit, FF is
the fill factor (measure of squareness of curve in the fourth quadrant of the J-V curve)
and Py, is the incident power of the lamp. At the standard conditions the device has an
efficiency of 0.35% (PCE), which is not competitive compared to known systems,” %!
nonetheless it demonstrates the potential of this new class of compound. In particular,
the Voc of the device was 0.65 V, which is suitable and allows for improvement by

modification of the HOMO level of donor 1. On the contrary the fill factor was small
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due to the insufficient uniformity in the morphology of the donor layer. In order to
improve the FF a direct evaporation of 1 could be a good strategy compared with
solution-process approaches. The current density Jsc was also low; the reason for this
behavior is the modest extinction coefficient £ value of 1. A possible strategy would be
the production of devices with a thicker donor layer (higher absorption) but due to
transport issues (low FF value) a correct charge migration to the electrodes would not
be feasible. Thus a better design at the molecular level is need to reduce the overlap
between donor and acceptor (extend m-conjugation) and to increase the & value of the
donor molecules.

An approach to improve the photocurrent and the relative efficiency of the device

(123 \which maximises the interfacial

would be using a bulk heterojunction architecture
area between donor and acceptor (investigation is currently underway in this respect). A
possible advantage of Zn(salphen) complexes in this regard is their ability to self-

assemble creating well-ordered large domains which could easily mix with an acceptor
[29]
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Figure 11. J-V curve for the devices comprising of ITO/1/Cg/BCP/Al.

4.8 Conclusions

In summary, a new class of Zn(II) Schiff base complexes incorporating a phenazine unit
in the backbone has been developed. Salphenazine complexes show interesting

photophysical properties compared to typical salen and salphen complexes while
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remaining easily synthesized and tunable. From the experimental and theoretical UV-
Vis data the absorption bands have been assigned to m-n* transitions which are directly
influenced by the type of substituents present in the salphenazine scaffold. Therefore, by
a judicious choice of these groups, it is possible to obtain systems with desired
photophysical properties.

Zn(salphenazine) complexes have also shown to have potential application in
smOSCs due to their high stability and adequate electronic properties against the
acceptor Cg. Even though the efficiency of the device is not competitive yet,
Zn(salphenazine)s show the synthetic potential for significant improvement based on

the modular construction of these photo-active complexes.

4.9 Experimental section

General methods and materials

All chemicals were commercial available and were used as received. '"H NMR and “C{'H} NMR
spectra were recorded on Bruker Avance 400 MHz Ultrashield NMR spectrometers at 297 K.
Chemical shifts are reported in ppm relative to tetramethylsilane (6 = 0 ppm) as an internal
standard. Mass analyses were carried out by the Mass Spectrometry Unit at the Institute of
Chemical Research of Catalonia (ICIQ), Spain. X-ray analyses were also performed at ICIQ by
the X-ray crystallographic unit. Elemental analyses were determined by the Elemental Analysis
Unit of the University of Santiago de Compostela, Spain. UV-Vis spectra were acquired on a
Shimadzu UV-1800 spectrophotometer. Fluorescence spectroscopy was performed on an
AMINCO Bowman series 2 luminescence spectrometer. Acetonitrile, N,N-dimethylformamide,
tetrahydrofuran and toluene used for UV-Vis and the DPV experiment were dried by using a

solvent purification system (SPS) from Innovative Technology.

DFT calculations

All calculations were performed with the Gaussian 09 (G09) program package!”

employing the
DFT method with Becke's three parameter hybrid functional® and Lee—Yang—Parr’s gradient-
corrected correlation functional (B3LYP).’¥ The LanL2DZ basis set’®” and effective core
potential were used for the Zn atom, and the split-valence 6-311G** basis set ** was applied for
all other atoms. Geometry optimizations of the complexes were performed without any constraint,

and the nature of all stationary points was confirmed by normal-mode analysis. Non-equilibrium

TDDFT®! calculations produced singlet excited states employing the DFT method with the
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hybrid functional of Truhlar and Zhao (M06),® using the conductor like polarizable continuum
model method (CPCM)?*” with THF as solvent. Eighty singlet excited states were determined
starting from optimized geometries of 1 and 3. Electronic distributions and localizations of the
singlet excited states were visualized using the electron density difference maps (EDDMs).*®
GaussSum 2.25P was used for singlet EDDMs calculations and for simulation of the electronic

spectrum.

Differential Pulse Voltammetry

Differential pulse voltammetry (DPV) experiments were carried out using a CH Instruments 660c
Electrochemical Workstation, with a standard three-electrode setup utilizing a Pt disc working
electrode, Pt wire working eclectrode and SCE reference electrode. A 0.1 M solution of

tetrabutylammonium phosphate in DMSO was used as the background electrolyte.

Q 5x10*
7\

N N 4x10°
T 3x10°1
=N_._N= 5§
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g o S 210"
w
R1 R 1x10* 1
5.Ry=1Bu
6. Ry = allyl 0 , , , ,
7.Ry=Br 200 300 400 500 600

Wavelength (nm)

Figure 12. UV-Vis comparisons: between di-substituted 5-7. All UV-Vis spectra were recorded

in THF at a concentration of 1x107> M.
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Table 2. Selected calculated singlet excited-state transitions for 1°THF in THF.

Transition 2 Transition 7

Energy =2.43 eV (511 nm) Energy =3.18 eV (389 nm)
£=0.54 ; H-1-LUMO (97%) £=0.92 ; H-3—-LUMO (69%)
Transition 13 Transition 14

Energy =3.79 eV (327 nm) Energy =3.94 eV (315 nm)
f=0.48 ; H-2—>L+1 (75%) f=0.36; H-3>L+1 (75%)

Top: calculated (blue line) and experimental (black line) absorption spectra of 1 in THF. The
excited states are shown as vertical bars. Bottom: selected transition represented with electron
density maps (EDDMs, the electron density migrates from the violet to the blue lobes). Energy

values, oscillator strength values and major orbital contributions are reported below the EDDMs.

Device fabrication

Devices were prepared on ITO substrates (5 ohm/square, Psiotech Ltd. U.K.). The substrates were
cleaned by sonicating in acetone and 2-propanol, followed by 20 min exposure to UV/O;. Thin
films of the Zn(salphenazine) 1 donor were prepared by spin-coating a 1 mg/ml solution in CHCl,
of the respective donor and filtered using a 0.2 mm cellulose acetate membrane. The spin-coating

conditions employed were 2000 rpm/minute. Subsequently, the films were allowed to dry for 30
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min under ambient conditions before transferring them to a nitrogen rich glove box, where they
were annealed at a temperature of 100°C for 15 min in an attempt to remove any residual water.
Finally the substrates were placed in the evaporator where the Cgy (40 nm, MER Corp., 99.9%),
bathocuproine BCP (8 nm, Sigma Aldrich), and Al (100 nm, Sigma Aldrich) were deposited at a
base pressure of 1 x 10 mbar. Device J-V curves were recorded using a 150 W solar simulator
(Abet Technologies) at 1 sun conditions (AM 1.5, 100 mW/cm?). Incident to photon current
efficiency (IPCE) studies were carried out using a home-built system utilizing a 150 W Oriel

Xenon lamp as the light source.

Synthesis

Zn(salphenazine) complex (1): 2,3-diaminophenazine (103

mg, 0.49 mmol) was dissolved in DMSO (2 mL) and the

mixture was heated to 95°C in order to dissolve the reagent. Q

While stirring, to the heated solution was added a methanol NN

solution (2 mL) of 3,5-tert-butyl-2-hydroxybenzaldehyde (230 Q

mg, 0.75 mmol) and a methanol solution (1 mL) of _N\Zn/N_
Zn(OAc),"H,0 (88 mg, 0.40 mmol). The solution was stirred  tBu o o tBu
overnight at 95 °C, subsequently cooled to room temperature tBu tBu

and the precipitate which formed was filtered off, washed with methanol and dried under vacuum
to yield a dark brown powder (44 mg, 12 %). 'H NMR (400 MHz, DMSO-dq): § = 9.41 (s, 2H;
CH=N), 8.64 (s, 2H; Ar-H), 8.20-8.18 (m, 2H; Ar-H), 7.93-7.87 (m, 2H; Ar-H), 7.41 (d, 2H, *Jyy
= 2.7 Hz; Ar-H), 7.39 (d, 2H, 4Jun = 2.7 Hz; Ar-H), 1.51 (s, 9H; ¢Bu), 1.32 (s, 9H; Bu); Due to
the low solubility of 1 a proper >*C NMR analysis was not possible; MALDI(+): m/z = 704.5 [M]"
(caled. 704.31); UV-Vis (c = 0.25 mg in 20 mL, THF): A, (€) = 231 nm (43107 mol"-m*-cm™),
Amax (€) = 257 nm (42508 mol ™ 'm*-cm™), Aae (6) = 328 nm (37445 mol™''m*-cm™), A (&) = 384
nm (28709 mol™m*-cm™), A (&) = 516 nm (34357 mol " m*-cm™"); elemental analysis calcd. (%)
for C4HssN40,Zn2MeOH: C 68.60, H 7.33, N 7.27; found: C 68.82, H 7.27, N 7.55. The
presence of MeOH was also supported by 'H NMR of the microanalysis sample.
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Zn(salphenazine) complex (2): This compound was prepared in
;/ \2

a similar manner to complex 1 using 2,3-diaminophenazine (108

mg, 0.51 mmol), 3,5-difluorosalicylaldehyde (162 mg, 1.03 NN

mmol) and Zn(OAc),"H,0 (116 mg, 0.53 mmol). After cooling to Q

room temperature the complex was precipitated by further _N‘Zn/N_
addition of methanol to yield a red powder (185 mg, 66 %). 'H F~C§:O/ \O:%DfF
NMR (400 MHz, DMSO-dg): 6 =9.37 (s, 2H; CH=N), 8.66 (s, F F

2H; Ar-H), 8.25-8.23 (m, 2H; Ar-H), 7.98-7.96 (m, 2H; Ar-H), 7.40-7.34 (m, 2H; Ar-H), 7.27-
7.24 (m, 2H; Ar-H); '°F NMR (400 MHz, DMSO-d): 6 = -129.96 (d,2F, *Jyr = 11.4 Hz; Ar-F), -
130.66 (dd, 2F, *Jyr = 8.8 Hz, *Jyr = 8.8 Hz; Ar-F); Due to the low solubility of 2 a proper '*C
NMR analysis was not possible; MALDI(+): m/z = 552.1 [M]" (caled. 552.02), 1108.2 [2M]"
(caled. 1108.3); UV-Vis (¢ = 0.25 mg in 20 mL, THF): Ay (€) = 277 nm (74112 mol"-m*-cm™),
Amax (8) = 365 nm (15685 mol™"m*-cm™), Ay (6) = 483 nm (22177 mol m*-cm™); elemental
analysis calcd. (%) for C,H;,F4N40,Zn"MeOH2/3DMSO: C 52.37, H 2.82, N 9.05, S 3.45;
found: C 52.29, H 2.94, N 8.90, S 3.47. The presence of DMSO and MeOH in the microanalysis
sample was also supported by '"H NMR.

Zn(salphenazine) complex (3): This compound was prepared

in a similar manner to complex 1 using 2,3-diaminophenazine Q

(93.4 mg, 0.44 mmol), 3,5-dichlorosalicylaldehyde (178 mg, NN

0.93 mmol) and Zn(OAc), H,O (109 mg, 0.5 mmol). After Q

cooling to room temperature the complex was precipitated by —N\Zn/N—
addition of extra methanol to yield an orange powder (200 mg, CI‘C§:O/ \O:%DfCI
73 %). "H NMR (400 MHz, DMSO-dq): § = 9.34 (s, 2H; CH=N) cl cl

8.64 (s, 2H; Ar-H), 8.25-8.23 (m, 2H; Ar-H), 7.98-7.95 (m, 2H; Ar-H), 7.64 (d, 2H, “Juyy = 2.9
Hz; Ar-H), 7.62 (d, 2H, *Ji; = 2.9 Hz; Ar-H); Complex 3 was too insoluble for a proper °C
NMR analysis; MALDI(+): m/z = 617.8 [M]" (calcd. 617.9), 1237.6 [2M]" (calcd. 1237.79); UV-
Vis (¢ = 0.25 mg in 20 mL, THF): Ay (&) = 256 nm (45424 mol ™ m*-cm™), Apax (6) = 316 nm
(31863 mol™'\m’-ecm™), Ay (8) = 366 nm (20328 mol'*m*-cm™), 4 (&) = 484 nm (30383 mol’
Lm*-em™); elemental analysis caled. (%) for CsHysN40,Zn"H,O-DMSO: C 46.99, H 2.82, N
7.83; found: C 46.40, H 2.27, N 7.50. The presence of DMSO in the microanalysis sample was
also supported by "H NMR analysis.
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Zn(salphenazine) complex (4): This compound was prepared
in a similar manner to 1 using 2,3-diaminophenazine (107 mg, Q
0.51 mmol), 3,5-dibromosalicylaldehyde (285 mg, 1.02 mmol) NN
and Zn(OAc),"H,0O (132 mg, 0.60 mmol). After cooling to room Q
temperature the complex was precipitated by addition of extra —N~Zn/N—
methanol to yield a dark orange powder (295 mg, 73 %). '"H  Br 0" o Br
NMR (400 MHz, DMSO-dg): 0 = 9.32 (s, 2H; CH=N), 8.63 (s, Br Br

2H; Ar-H), 8.25-8.22 (m, 2H; Ar-H), 7.97-7.95 (m, 2H; Ar-H), 7.84 (d, 2H, *Jiy; = 2.5 Hz; Ar-H),
7.62 (d, 2H, *Jiy = 2.5 Hz; Ar-H); Complex 4 was too insoluble for a proper *C NMR analysis;
MALDI(+): m/z = 797.8 [M]" (caled. 797.69), 1595.4 [2M]" (calcd. 1595.38); UV-Vis (¢ = 0.25
mg in 20 mL, THF): A (€) = 233 nm (47110 mol™m’*-cm™), Ay (€) = 256 nm (61100 mol"
Lm*em™), Apax (8) = 317 nm (37110 molm*-cm™), A (&) = 368 nm (24770 mol" m*-cm™), 4
(&) = 485 nm (34220 mol'm*cm™); elemental analysis calcd. (%) for Cy6H,BryN4O,Zn: C
39.16, H 1.52, N 7.03; found: C 39.19, H 1.74, N 6.93.

Zn(salphenazine) complex (5): This compound was prepared in a

similar manner to complex 1 using 2,3-diaminophenazine (108 mg, 0.51 Q
mmol), 3-tert-butyl-2-hydroxybenzaldehyde (183 mg, 1.03 mmol) and NN
Zn(OAc),H,O0 (114 mg, 0.52 mmol). After cooling to room

temperature the complex was precipitated by further addition of —N\anN—
methanol to yield a dark brown powder (62 mg, 20 %). 'H NMR (400 o o
MHz, DMSO-dy): 6 =9.35 (s, 2H; CH=N), 8.61 (s, 2H; Ar-H), 8.22- tBu tBu

8.20 (m, 2H; Ar-H), 7.94-7.92 (m, 2H; Ar-H), 7.42 (dd, 2H, *Jiyy = 7.8 Hz,Jyy = 1.7 Hz; Ar-H),
7.30 (dd, 2H, *Jyy = 7.8 Hz,*Jyy = 1.7 Hz; Ar-H), 6.52 (dd, 2H, *Jigy = 7.8, *Jgn = 7.8 Hz, Ar-H),
1.49 (s, 9H; fBu); Complex 5 was too insoluble for a proper '*C NMR analysis; MALDI(+): m/z =
592.3 [M]" (caled. 592.18); UV-Vis (¢ = 0.22 mg in 20 mL, THF): A, (&) = 228 nm (32067
mol™ m?-em™), Apax (6) =255 nm (36994 mol™ ' m*-em™), Ay (6) = 326 nm (33442 mol*m* cm
Y, A (&) = 375 nm (26488 mol''m*-cm™), 1 (&) = 501 nm (36820 mol!'m*-cm™); elemental
analysis calcd. (%) for C34H3,N,0,Zn"2DMSO-H,0: C 64.10, H 5.54, N 8.79; found: C 64.07, H
5.56, N 8.78. The presence of DMSO in the microanalysis sample was also supported by 'H
NMR.
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Zn(salphenazine) complex (6): This compound was prepared in a

similar manner to complex 1 using 2,3-diaminophenazine (146 mg, 0.69 Q
mmol), 3-allyl-salicylaldehyde (236 mg, 1.46 mmol) and N N
Zn(OAc);H,O (156 mg, 0.71 mmol). After cooling to room Q
temperature the complex was precipitated by addition of methanol to —N\Zn/N—
yield a reddish brown powder (233 mg, 60 %). "H NMR (500 MHz, o o
DMSO-dg): 6 =9.28 (s, 2H; CH=N), 8.56 (s, 2H; Ar-H), 8.22-8.19 (m,

2H; Ar-H), 7.94-7.91 (m, 2H; Ar-H), 7.42 (dd, 2H, *Ji; = 8.0 Hz, Jyy = \ /

1.7 Hz; Ar-H), 7.23 (dd, 2H, *Jiy = 7.0 Hz,*Jiy; = 1.8 Hz; Ar-H), 6.52 (dd, 2H, *Jyyy = 7.0, *Jygyy =
8.0 Hz, Ar-H), 6.22-6.14 (m, 2H; Allyl-H), 5.18-5.13 (m, 2H; Allyl-H), 5.03-5.01 (m, 2H; Allyl-
H), 3.44 (d, 4H, *J;y = 6.8 Hz; CH,); Complex 6 was too insoluble for a proper *C NMR
analysis; MALDI(+): m/z = 560.1 [M]" (calcd. 560.12), 1124.2 [2M]" (caled. 1124.23); UV-Vis (c
=0.25 mg in 20 mL, THF): Ay (€) = 224 nm (36150 mol"-m*-cm™), Ay (€) = 255 nm (44000
mol™ m*-em™), Apax (€) =322 nm (31584 mol"-m*-cm™), A (¢) =371 nm (23811 mol"-m’-cm™),
A (&) =491 nm (32830 mol-m*-cm™); elemental analysis calcd. (%) for C3,H,4N,0,Zn"2H,0: C
64.27, H4.72, N 9.37; found: C 64.87, H4.73, N 9.40.

Zn(salphenazine) complex (7): This compound was prepared in a

similar manner to complex 1 using 2,3-diaminophenazine (107 mg, 0.51 Q
mmol), 3-bromo-salicylaldehyde (215 mg, 1.07 mmol) and NN
Zn(0OAc),"H,O (132 mg, 0.60 mmol). After cooling to room temperature

the complex was precipitated by further addition of methanol to yield a —N~Zn/N—
orange powder (146 mg, 45 %). 'H NMR (400 MHz, DMSO-dy): 6 = o o
9.36 (s, 2H; CH=N), 8.66 (s, 2H; Ar-H), 8.25-8.22 (m, 2H; Ar-H), 7.97- Br Br

7.95 (m, 2H; Ar-H), 7.75 (dd, 2H, *Jyy = 7.6 Hz,*Jyy = 1.8 Hz; Ar-H), 7.61 (dd, 2H, *Jyyy = 7.6
Hz,"Jyn = 1.8 Hz; Ar-H), 6.53 (dd, 2H, *Jiy = 7.6, *Jyn = 7.6 Hz, Ar-H); Complex 7 was too
insoluble for a proper *C NMR analysis; MALDI(+): m/z = 639.9 [M]" (calcd. 639.87), 1279.8
[2M]" (caled. 1279.75); UV-Vis (¢ = 0.25 mg in 20 mL, THF): A (€) = 234 nm (34887 mol’
Lm?-em™), Ay (6) = 253 nm (42152 mol™ m*-cm™), Ay (6) = 321 nm (33094 mol™'-m*-cm™), 4
(&) = 367 nm (24573 mol™" m*cm™), 1 (&) = 482 nm (33632 mol'-m*-cm™); elemental analysis
caled. (%) for Co6H4Br,N40,Zn"H,0: C 47.49, H 2.45, N 8.52; found: C 47.59, H 2.36, N 8.22.
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Zn(salphenazine) complex (8): This compound was prepared Q
in a similar manner to complex 1 using 2,3-diaminophenazine 7N\

(109 mg, 0.52 mmol), 2-hydroxy-1-naphthaldehyde (187 mg,

1.04 mmol) and Zn(OAc),"H,O (119 mg, 0.54 mmol). After

cooling to room temperature the precipitate which formed, was C _N;Zn;N_ O
filtered off and washed with methanol to yield a brown powder Q ° 0 Q
(164 mg, 54 %). "H NMR (500 MHz, DMSO-dq): 6 = 10.05 (s, 2H; Ar-H), 8.76 (s, 2H; CH=N),
8.64 (d, 2H, *Jyyy = 8.5 Hz; CH,), 8.24-8.22 (m, 2H; Ar-H), 7.94-7.92 (m, 2H; Ar-H), 7.88 (d, 2H,
3Jun = 9.3 Hz; CH,), 7.74 (d, 2H, *Jyy = 7.9 Hz,"Jiyy = 1.1 Hz; Ar-H), 7.54 (dd, 2H, *Jyyy = 7.9
Hz,*Jyn = 1.2 Hz; Ar-H), 7.30 (dd, 2H, *Jigy = 7.4, *Ji = 1.1 Hz, Ar-H), 7.02 (d, 2H, *Jyz = 9.1
Hz; CH,); Complex 8 was too insoluble for a proper *C NMR analysis; MALDI(+): m/z = 580.3
[M]" (caled. 580.09); UV-Vis (¢ = 0.20 mg in 20 mL, THF): 1., (§) = 248 nm (56802 mol’
Lm? em™), e (6) =322 nm (18520 mol™'m*-em™), Ay (€) = 356 nm (14414 mol*m*-cm™), 4
(&) = 428 nm (23622 mol'm*-cm™), 1 (&) = 522 nm (33424 mol''m*-cm™); elemental analysis
calcd. (%) for C34H,0N40,Zn"H,0-2DMSO: C 65.34, H 3.71, N 9.01; found: C 65.61, H 3.73, N
9.48. The presence of DMSO in the microanalysis sample was supported by 'H NMR.

Zn(salphenazine) complex (9): 2,3-diaminophenazine (90 mg,
0.42 mmol) was dissolved in DMSO (1.5 mL) and the mixture was Q

. . . .. N N
heated to 100°C in order to dissolve the reagent. While stirring, to

the heated solution was added a DMSO solution (1 mL) of 2,3- Q
dihydroxy-benzaldehyde (130 mg, 0.94 mmol) and a methanol _N\Z N=
n
solution (I mL) of Zn(OAc),"H,O (193 mg, 0.87 mmol). The 0; ;O
o—4"—¢

reaction mixture was stirred for 2 h at 100°C, and subsequently

cooled to room temperature. A further amount of methanol was 4

added and the precipitate which formed was filtered off. The solid that was obtained was
recrystallized from hot DMF to yield a brown powder (59 mg, 23 %). '"H NMR (400 MHz,
DMSO-ds): 6 =9.50 (s, 4H; CH=N), 0 = 9.10 (s, 4H; CH=N), 8.87 (s, 4H; Ar-H), 8.62 (s, 4H; Ar-
H), 8.27-8.24 (m, 8H; Ar-H), 8.10-7.94 (m, 8H; Ar-H), 6.97 (d, 4H, *Juy = 7.3 Hz; Ar-H), 6.68
(d, 4H, *Jyy = 7.7 Hz; Ar-H), 6.59-6.55 (m, 8H; Ar-H), 6.43 (d, 4H, *Jy; = 7.6 Hz; Ar-H), 6.02-
5.96 (m, 4H; Ar-H); Complex 9 was too insoluble for a proper *C NMR analysis; MALDI(+):
m/z =2308.1 [M]" (calcd. 2308.83).; UV-Vis (¢ = 0.65 mg in 20 mL, THF): Ay, (¢) = 413 nm
(94263 mol ! m*-cm™); elemental analysis caled. (%) for C04Hs6N16016Zng 3py-4H,0: C 54.59,
H 3.04, N 10.17; found: C 55.01, H 3.62, N 10.11. The presence of pyridine in the microanalysis
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sample was supported by 'H NMR.
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Chapter 5

PHOTOPHYSICAL AND CATALYTIC PROPERTIES OF ZN (SALPHEN)

BASED COMPLEXES AND MATERIALS

A DFT Study on the Mechanism for the Ring-
Expansion Addition Reaction of CO, to Epoxides

Catalyzed by Zn(salphen) Complexes

The reaction mechanism for the Zn(salphen)/NBu,X
(X = Br, 1) mediated ring-expansion addition of
CO, to a series of epoxides, affording cyclic
carbonate products has been investigated in detail
using DFT. The ring-opening step of the process
was examined and the preference for opening at the
methylene (Cp or methine carbon (C,) was
established.  Furthermore, calculations were
performed to clarify the reasons for the lethargic
behaviour of internal epoxides in the presence of
the binary catalyst. Also the CO,; insertion and the
ring-closing steps have been explored for six
differently substituted epoxides and these proved to
be significantly more challenging compared with

the ring-opening step.

The work described in this chapter has been published: F. Castro-Gomez, G. Salassa, A. W. Kleij,

C. Bo, Chem. Eur. J. 2013, 19, 6289.

5.1 Introduction

The growing concerns about climate change and the need to find suitable alternatives

for our depleting fossil fuel based feedstocks have resulted in extensive research to find

new renewable carbon sources. Carbon dioxide (CO,) may indeed be considered an

abundant and renewable carbon source. In light of this, it has become a popular building
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block from a sustainability point of view!'! and can thus be seen as an interesting
starting point for the synthesis of various organic molecules."”) One reaction that utilizes
CO, as a carbon source and which is currently attracting a great deal of interest is the
atom-efficient ring-expansion addition of CO, to epoxides, resulting in useful cyclic
carbonate products (Scheme 1).*! The conventional industrial way of organic carbonate
formation uses phosgene as a (toxic) reagent and results in hazardous waste streams."*!
Therefore, new and greener methodologies able to mediate this transformation have
become increasingly interesting. Cyclic carbonates are employed as polar aprotic
solvents and electrolytes in rechargeable batteries, intermediates for organic
polycarbonate synthesis, and in the production of pharmaceuticals and fine
chemicals.!"!

The ring-expansion addition reaction has been widely studied and can be catalyzed
by a variety of catalyst types such as quaternary amonium salts,' alkali metal halides,"”
jonic liquids,”® functional polymers® and transition metal complexes.'"” However,
there are still disadvantages to overcome upon using these catalyst systems such as low
catalyst reactivity/stability, use of high pressures and/or temperatures, high catalyst
loadings required for efficient turnover, toxicity issues, cost effectiveness and
availability of the catalyst system, or a combination of these features. Hence, it is
crucial to know how the performance of any given catalyst can be improved, and

mechanistic understanding provides a means to unravel the obstacles associated with the

observation of low reactivity and/or selectivity.

O

o) CO, L

Ry R, Cat Nu \

Scheme 1. The ring-expansion addition reaction of CO, with epoxides generating five-membered
cyclic carbonates using a Lewis acidic metal catalyst (Cat) and a co-catalyst (Nu; nucleophile).

To date, a limited series of theoretical studies on the mechanism for the catalytic ring-

expansion addition of CO, to epoxides have been reported involving either

[11] [13]

heterobimetallic Ru-Mn complexes!'"), ionic liquids,"? N-heterocylic carbenes

[14] [16]

polyoxometalates,!'¥ polyphenolic compounds!'” or carboxylate-tagged biopolymers.
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Zhang and co-workers!'” thoroughly elucidated the mechanism of conversion of
ethylene oxide with CO, catalyzed by quaternary ammonium salts. In these studies, they
obtained structural and energetic information concerning each step of the catalytic cycle
and also evaluated the effect of the N-alkyl chain length and the type of anion. In

addition, Han and co-workers'®

studied in detail the KI catalyzed ring-expansion
addition of CO, to propylene oxide, and also investigated the (co)catalytic role of
glycerol and propylene glycol.

A B
Zn

O

= A A A

Me
® T
Me

tBu

\Zn 0 0 0

o0 MeA A/ APh

tBu tBu 4 5 6

Scheme 2. (A) Schematic drawing of the Zn(salphen) catalyst; (B) substrates 1-6 used in this
investigation.

Kleij and co-workers recently reported on the use of Zn(salphen) complexes (Scheme
2A) in conjunction with NBuyl as efficient binary catalysts for the formation of cyclic
carbonates under mild reaction conditions (pCO, = 2-10 bar; T = 25-45°C)."") From
these previous studies it has become clear that terminal epoxides are conveniently
converted into their carbonates in high yield, whereas the same binary catalyst system
proved to be rather ineffective for the conversion of internal and more sterically
congested substrates. At a later stage, Kleij and co-workers found that more efficient
catalysis of these latter substrates can be achieved when working under solvent-free,
supercritical CO, conditions,”™ giving highly improved conversion levels in much
shorter time frames. As reported extensively in literature, there are a variety of well-

211 and halide salts which

defined binary catalytic systems based on metallosalens
provide efficient CO,/epoxide ring-expansion addition catalysts under mild reaction

conditions. Thus, the metallosalen family of catalysts could be regarded as privileged
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systems in the context of (cyclic) organic carbonate formation. Though various
mechanistic proposals have been put forward throughout the years and in some cases
even verified by experimental data,’*?! there is surprisingly limited information available
regarding the major obstacles associated with the use of relatively more challenging
substrates including those based on sterically congested oxiranes and internal epoxides.

This in combination with our previous findings''*")

using Zn(salphen)s as catalyst
systems prompted us to investigate these challenging conversions in more detail using
computational methods. Herein, a detailed DFT study on the mechanism of the ring-
expansion addition reaction with a series of epoxides (Scheme 2B, compounds 1-6)
catalyzed by the binary system Zn(salphen)/NBu,X (X = Br, I) is reported. We have
calculated the full energy profiles for various substrates and particularly focused on
those aspects that help to explain the lower reactivities found for the more challenging

substrates, providing new insights that are potentially useful for the development of

more powerful catalyst systems.

5.2 The uncatalyzed ring-expansion addition
Ring-expansion addition of CO, to propylene oxide 1 can be achieved through a single
step, leading to the formation of propylene carbonate (PC). The reaction in the absence
of catalyst proceeds via nucleophilic attack from an oxygen atom of CO, on the a
carbon (most substituted carbon) or the 3 carbon (least substituted carbon) atom of 1.
The two calculated reaction pathways are shown in Figure 1, together with the
optimized structures of the two transition states (TS). The unique imaginary vibrational
frequencies of TS-o and TS-f correspond to the simultaneous breaking of the C,—O or
Cp—O bond of the epoxide and the simultaneous formation of two new C-O bonds
which originate from the insertion of CO,.

High energy barriers of 48.6 (o pathway) and 53.7 kcal:mol” (B pathway) are
involved to form the cyclic carbonate product. The a pathway is favoured by 5.1
kcal-mol” compared to P pathway. Previous DFT calculations reported by Zhang and

[12a]

co-workers showed somewhat higher energy barriers of 53.4 kcal'mol” for

a pathway and 58.1 kcal-mol™ for the B pathway. Similar to the work from Zhang, Han
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and co-workers!"® reported energy barriers of 55.3 and 61.4 kcal-mol” for the o and

B pathways, respectively.

A 3 o

Relative Potential Energy (kcal mol™)

C1-01 = 2.269 C1-01 = 2.401
C1-02 = 1.988 C1-02 = 2.081
C2-02=1757 C2-02=1.733
wo o pathway
— B pathway
0.0
1+CO, IC
-0.9 PC

-14.0

Figure 1. Potential energy profile for the uncatalyzed ring-expansion addition of CO, with
propylene oxide 1 to give propylene carbonate (PC). IC stands for initial complex formation.
Note that potential energy is here used to make a comparison possible with the literature data.

5.3 The Zn(salphen) catalyzed ring-expansion addition

Similar to the uncatalyzed reaction, the ring-expansion addition reaction of CO, to
propylene oxide 1 catalyzed by the Zn(salphen) complex of Scheme 2 can involve two
possible reaction pathways. The relative free energy profile of the o and B pathways are
depicted in Figure 2, where the sum of energies of the isolated reactants (1 + CO,) and
Zn(salphen) was set to zero. The initial step is the coordination of the epoxide to the
Zn(salphen) complex forming an initial complex (IC) followed by a concerted
ring—opening and CO, insertion step. For both pathways the only transition state relates

to the simultaneous stretching/breaking of the C,—O or Cg—O bond of the epoxide, and
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the bending of the CO, molecule leading to the formation of two new C—O bonds. Once
the coordinated cyclic carbonate is formed (FC) it is released from the Zn(salphen)
complex allowing for further epoxide turnover. The calculated barriers for the
exothermic reaction show that the o pathway is favored by 15.2 kcal-mol™ compared to
the B pathway. The relative potential energy barrier for the Zn(salphen) catalyzed ring-
expansion addition (Figure 2, energy values in brackets) is reduced by 19.9 kcal-mol™
compared to the uncatalyzed reaction likely as a result of the formation of a
Zn(salphen)/epoxide complex polarizing the C—O bond of the substrate and thus playing

an important role in its activation.

Relative Free Energy (kcal mol™)

. 0/(:\
+ cat g [-5.0] @)
[-6.7]
0.0 ic FC o~
‘ w0 pathway
— B pathway
-5.0
cat = Zn(salphen) [-14.0]

Figure 2. Free energy profile for the Zn(salphen) catalyzed ring-expansion addition of CO, to
propylene oxide 1; the relative potential energy values are reported in brackets. IC stands for
initial complex formation; FC stands for the final complex having the carbonate product
coordinated.
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5.4 The Zn(salphen)/NBugyl catalyzed ring-expansion addition

In the previous discussion, the investigation of the uncatalyzed and the Zn(salphen)
catalyzed mechanisms highlight that the ring-opening step is initiated by CO, leading to
the direct formation of the cyclic carbonate. The high energy barriers found for this
ring-opening process suggest that these reactions can thus only occur under harsh
reaction conditions, i.e. high temperatures and/or pressures. As reported extensively in

the literature,[m

generally a binary catalytic system is needed in order to obtain good
conversions/yields under mild reaction conditions. The binary catalytic system usually
combine a Lewis acid and a suitable nucleophile (most often a halide) that make the
ring-opening procedure less energetically demanding and the subsequent CO, insertion
easier. It should be noted that the nucleophiles themselves are able to catalyze the CO,
addition to epoxides.*'>'"'® The most relevant result to the present study is the KI

catalyzed ring—opening of propylene oxide reported by Han!'™

showing gas phase
barriers in the range 36.3-37.6 kcal-mol™" depending on the reaction pathway. Kleij and
co-workers found a fairly similar barrier (38.9 kcal-mol) when using NBu,l as
catalyst.®® Thus, halide nucleophiles are able to significantly lower the transition state
related to ring—opening of the epoxide (cf., values reported for the uncatalyzed reaction
in Figure 1).

Zn(salphen) complexes have recently been shown to efficiently catalyze the ring-
expansion addition reaction under mild reaction conditions, using quaternary
ammonium halide salts as nucleophiles.!'>*” Next we evaluated computationally the
effect of combining both the Zn(salphen) as well as halide nucleophile (NBu,X; X = Br,
I) in the DFT analysis. Upon evaluation of this binary system the potential for two
different catalytic pathways (o or 3 attack on the epoxide) was identified similar to the
uncatalyzed and Zn(salphen) catalyzed ring-expansion addition reaction (Figures 1 and
2). DFT calculations were performed in the first instance on the simplest substrate,
propylene oxide 1. It should be noted that for the envisioned mechanisms we have only
considered penta-coordinated rather than hexa-coodinated reaction intermediates. Hexa-
coordinated species have been frequently observed and proposed for other metallosalen
catalysts comprising of AL Mn,* Co0,"**! and Cr?® metal ions, and in some of these

cases (preliminary) mechanistic work has revealed that bimetallic pathways lead to
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more efficient catalytic processes. However, in the case of Zn(salphen)s, hexa-
coordination is an extremely rare phenomenon and is only observed in condensed solid

(28] and others'®” have clearly demonstrated that penta-

phases.””! Furthermore, we
coordination in Zn(salphen)s is highly favoured both in the solid state as well as in
solution phases as supported by crystallographic evidence, UV-Vis titration data, Job
plot analyses and fitting 1:1 complex—ligand binding models using multivariate data
analysis.”"! Therefore, the consideration of penta-coordination in the Zn(salphen) case
seems to give a reasonable starting point in the mechanisms discussed below.

The resulting energy profiles”' of the o and B pathways are shown in Figures 3 with
schematic representations of the involved intermediates and transitions states; in both
cases the first step involves the coordination of 1 (IC) to the Zn(salphen) which, as
mentioned before, polarizes the C—O epoxide bond thereby facilitating the ring-opening
step. It should be noted that the higher free energy for IC compared with the separate
components is mainly due to an entropic cost for bringing together the Zn(salphen) and
the epoxide. The C—O bond polarization is supported by charge analysis of the carbon
atoms of the epoxide revealing that both C, and Cg become more electron-deficient
(Table 2 in the Experimental section) compared with a non-coordinated epoxide. After
initial coordination of the epoxide to the Zn(salphen) complex (cf., IC), the ring-
opening step occurs via nucleophilic attack of the iodide. The first transition state (TS1)
is characterized by the breaking of C,3—O bond and the simultaneous formation of a
Cqp—1 bond as confirmed by the unique imaginary frequency for the attack at C, and for
Cp (Figure 4). In the case of B pathway, the epoxide ring-opening is energetically more
favourable by almost 2 kcal-mol™ compared with the o. pathway. In the subsequent step,
a molecule of CO, reacts with the negatively charged oxygen atom (insertion) of the
intermediate Int-1 leading to the formation of linear carbonate Int-2. The second
transition state TS2 involves the formation of new C—O and Zn—O bonds that involve
the CO, molecule as shown in the relative imaginary frequencies at 58.3i cm’ for the
o pathway and 51.7; cm™ for the B route (Figure 4). In the pathway related to the
attack, this step is rate—determining with an energy value of 34.4 kcal-mol™, in the o

pathway this step has an energy of 30.9 kcal-mol™ and is thus more facile.
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Figure 3. Free energy profile for the ring-expansion addition of CO, to propylene oxide 1
catalyzed by Zn(salphen)/NBuyl considering the a and 3 pathway. IC stands for initial complex
formation; FC stands for the final complex having the carbonate product coordinated.

117



UNIVERSITAT ROVIRA I VIRGILI

SUPRAMOLECULAR, PHOTOPHYSICAL AND CATALYTIC PROPERTIES OF ZN (SALPHEN) BASED COMPLEXES AND MATERIALS
Giovanni Salassa

Diposit Leg@]/f([me' 3430-2013

The reason for this difference between the two pathways has mainly a steric origin; the
position of the methyl group in the B pathway is closer to the O—atom of the epoxide
making the insertion of CO, more difficult (see Figure 4). The linear carbonate
intermediate Int-2 undergoes an intramolecular ring—closing with the concomitant
release of the iodide nucleophile and formation of the FC. In this latter step the carbon
atom bound to the iodide binds to the nearest oxygen atom forming a new C—O bond; at
the same time, the iodide bond elongates until it breaks (Figure 4). The ring—closing
step is found to be the rate—determining step in the o pathway with an energy of 35.4
kcal-mol™. Similar to the CO, insertion step, the methyl group on the C, makes the
ring—closing step more difficult in the o pathway, whereas in the B pathway the
intermediate linear carbonate is in a more suitable conformation for the ring—closing
event. Once formed, the cyclic carbonate is released from the Zn(salphen) complex
allowing further epoxide turnover. The overall reaction is exergonic with a release of
5.0 kcal'mol™. The synergistic effect of the binary Zn(salphen)/NBuyl catalyst system
makes the synthesis of the cyclic carbonate much more accessible. In particular, the
high Lewis acidity of the Zn(salphen) complex™* strongly reduces the energy barrier
for the ring-opening step through a polarization of the epoxide carbon atoms (48.6
kcal-mol™ for the uncatalyzed reaction to 7.03 kcal-mol” for the binary catalyst; both
energy values refer to potential energy, see the Experimental section), allowing the
nucleophile to attack more easily. As shown in the energetic profiles in Figures 3 there
are some important differences between the a and B pathway using propylene oxide 1
as substrate. First, in the ring-opening step, in contrast with the non-catalyzed reaction,
the attack at the 3 carbon is favoured. Second, the rate-determining steps of the o and 3
pathways are at different points during the catalytic cycle; the ring-closing step in the
o pathway and the CO, insertion step in the B pathway. This is a consequence of the
different position in which the methyl substituent is located during the two possible

pathways.
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TS1-a TS1-B

Zn-0= 2.04;C1-0 =1.85; Zn-0= 2.05;C1-0 = 1.45;
C2-0=144;C2-1=15 C2-0=179;C2-1=295
-300.7i cm™’ -307.8i cm™’
TS2-a TS2-B

Zn-01= 2.76;Zn-03 = 2.09; Zn-01= 2.85;Zn-03= 2.07;
C-01=1.22;C-02=1.23; C-01=1.22;C-02=1.22;
C-03=143 C-03=145
-58.3i cm™! -51.7i cm™!
TS3-a

Zn-01= 2.07;C- 02 = 2.05; Zn-01= 2.05;C-02=2.11;
C-1=2.96 C-1=262
-239.4j cm™’ -247 .3i cm™’

Figure 4. Optimized structures for the transition states TS1-TS3 for both the o and f pathway
together with the most relevant calculated distances (in A) and value of the negative (imaginary)
vibrational frequencies using propylene oxide 1 as substrate.
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5.5 Ring-closing mechanism

As already shown in Figures 3, the ring-closing step involves the formation of a new
C-0 bond in both pathways, but when considering the linear intermediate Int-2 there
are two possible routes leading to the cyclic carbonate product through either O—atom
of the carbonate (Figure 5a, Ol and O2). In order to establish which ring-closing
mechanism is more preferred, the energy profiles for both possible intramolecular
nucleophilic pathways were calculated. It can be seen in Figure 5a that when ring-
closing occurs via the non-coordinating O-atom O2 (RC1) only one step is required
evolving through TS3 giving the final intermediate FC. When the nucleophilic attack is
made by O1 (i.e., through pathway RC2), a multi-step mechanism would be operative
going first through TS3” that after skeletal rearrangement affords Int-3 followed by
ring-closing in TS4 giving FC’. The distinction between complexes FC and FC’ is a

consequence of which O—atom (O1 or O2) takes part in the ring closing step.

B
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Figure 5. (A) Two possible ring-closing pathways (RC1 and RC2) for the intermediate Int-2
involving different O—atoms of the carbonate fragment (O1 and O2) in the formation of propylene
carbonate. (B) Free energy profile for the ring-closing step in the o pathway for the conversion of
propylene oxide 1 catalyzed by the binary Zn(salphen)/NBuy,l catalyst.
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The comparison between the two pathways indicates that RC1 is favoured over RC2 as
a result of the fewer steps required and also the lower energy requirement for the rate-
determining step (35.4 kcal-mol” for RC1 compared to 37.9 kcal-mol” for RC2). The
energy profiles for the two possible ring-closing events in the o pathway are shown in
Figure 5b and similar behaviour is observed for the [ pathway (see Figure 9 in the

Experimental section).

5.6 The Zn(salphen)/NBuyBr catalyzed ring-expansion addition

From our initial results"*

we observed that NBuyl proved to be a better co-catalyst than
NBuyBr giving higher conversion levels when using 1,2-epoxyhexane as substrate.
Therefore, the effect of using bromide as the nucleophile instead of iodide was
evaluated for both the o and 3 pathway during the ring-expansion addition of CO, to
propylene oxide 1. The first two entries of Table 1 show that the o pathway is less
energetically demanding compared to B pathway and the rate-determining step in the
latter is, as calculated for the same pathway using iodide as nucleophile (Figure 3), the
CO, insertion step (36.5 kcal'mol™). In the ring-opening step, bromide favours the
nucleophilic attack at the p carbon by 2.6 kcal-mol™ compared with the o-carbon. When
comparing both nucleophiles in the 3 pathway, the use of bromide (19.6 keal-mol™)
thus lowers the barrier for the ring-opening (TS1) of propylene oxide compared to
iodide (22.4 kcal-mol™) but higher barriers are found for the other two steps, i.e. TS2
and TS3. Thus, these results are in line with the experimental data obtained for the
binary catalyst Zn(salphen)/NBuyX (X = Br, I) showing generally somewhat higher
activity when iodide is used as nucleophile, and in particular in the conversion of
terminal epoxides through the B pathway that shows less dependency on the steric
requirements of the catalyst.!'**"!

5.7 Effect of epoxide substituent

So far focus has been on the ring-expansion addition of CO, using propylene oxide 1 as
substrate. In order to study the influence of the steric bulk/substitution pattern in the

epoxide, further substrates 2-6 (Scheme 2) were considered. When the steric bulk of the

C, substituent is increased (methyl — isopropyl — ferz-butyl), the barriers related to the
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transition states TS1-TS3 significantly increase and thus reveal that conversion of more

sterically encumbered substrates is more difficult in line with our previous experimental

findings using Zn(salphen)s as catalysts.!"**")

Table 1. Calculated free energy values for the three transition states in the ring-expansion
addition of CO, to epoxides 1-6 at 25°C.*

. TS1' TS2"! TS3!
Substrate!™ Nucleophile . . .
[kcal-mol™'] [kcal-mol™'] [kcal-mol™']
la Br 222 33.5 33.9
o 1 1B Br 19.6 36.5 32.0
L\Me la I 24.3 30.9 35.4
1B I 224 34.4 31.5
20 I 26.9 312 33.7
o 2
Npy 28 I 23.1 384 34.5
3a I 31.0 41.1 412
O 3
. 3B I 25.8 444 36.3
o 4
4 I 29.5 38.5 40.0
Me Me
5 50 I 20.0 35.1 322
0
AN 58 I 23.5 37.1 35.7
60, I 26.0 36.0 36.3
O 6
g, 6B I 275 429 40.0
TS1 TS2 TS3
el £ R © £ R |¢ | £ R 1 £ R | £
SO (e o | ke e T || oY
6 o % | Rog o=¢ £-0
| | o 0 o | | o7
o Zn’
Zn S 2 Zn Zn
a B a B a B

* Transition states: TS1 refers to the ring-opening of the epoxide, TS2 to the CO, insertion step
and TS3 to the energetically most favoured ring-closing pathway. ® The o and B designations
relate to their respective pathways. ¢ The energies indicate a system in which the CO, pressure is
10 bar as previously used.”)
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Furthermore, for the ring-opening of the epoxides 1-3 a clear increase in the difference
in energy for TS1 can be noted when comparing the o and B pathway in the series
1-52—3 (Figure 6), and overall the 3 pathway becomes more favourable. Similar to the
calculated mechanism of 1 (Figures 3) we observe that with epoxides 2 and 3 the rate-
limiting step does not change and remains the CO, insertion for the B pathway and the

ring-closing step for the o pathway.
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Figure 6. Free energy difference between o pathway and 3 pathway in the ring-opening step for
epoxides 1,2 and 3

As an example of an internal epoxide, the reaction mechanism of trans-2,3-epoxybutane
4 has also been calculated as, experimentally, 4 has been shown to be a significantly

less reactive substrate!!”!

and as a result it was necessary to employ much harsher
reaction conditions (i.e., higher temperatures and pressures) for successful conversion
compared with terminal epoxides.”” As reported in Table 1, all the transition states of 4
have a relatively high energy compared with propylene oxide 1, and thus the presence
of two methyl substituents creates significant steric hindrance in the epoxide to raise the
energy barriers for all three steps. These barriers could be overcome by using
supercritical CO, (conditions used: 80°C, pCO, = 80 bar) as reaction medium*”
allowing for good conversion of 4 using Zn(salphen)/NBu,Br as a binary catalyst. From

the computational data presented thus far, it seems reasonable to assume that for
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epoxide substrates 1-4 steric effects are dominant and electronic effects play a less
important role. Whereas most terminal epoxides are easily converted into their
respective cyclic carbonates, in general substrates 5 and 6 (Scheme 2) are slightly more
sluggish and show lower conversion levels with various catalyst systems. Therefore,
also the conversion of these substrates with the binary Zn(salphen)/NBuyl catalyst was
investigated in detail using DFT calculations (Table 1). In the case of 2-vinyloxirane 5
(Scheme 2), the presence of the vinyl functionality makes the ring-opening step more
favourable on C, unlike the clear preference for Cy observed with epoxides 1-3. This is
a result of a larger stabilization of TS1 through delocalization of the charge in the linear
alkoxide through the vinyl fragment; this is likely also the case in Int-1 making the
coordinated alkoxide less nucleophilic. In line with the lower reactivity is the higher
barrier found for the CO, insertion step (TS2, 35.1 kcal'mol™) compared to 30.9
kcal'mol™ using 1 as substrate. Figure 7a shows the difference in the first transition
states TS1 for both pathways using epoxide 5. In the o pathway the four carbon atoms
are lying in the same plane allowing for m-conjugation and consequently higher
stabilization of the system. In contrast with the trend seen for substrates 1-3, for S the a
pathway is more favourable compared with the § pathway and the CO, insertion step is
rate-limiting.

For styrene oxide 6 (Figure 7b) the presence of the phenyl substituent also favours
the o pathway, and in particular the transition state TS2 related to the CO, insertion step
is markedly lower (36.0 kcal-mol") compared to the p pathway (42.6 kcal-mol™) but
again higher than observed with propylene oxide 1 (33.5 kcal-mol™). In the first
transition state TS1 similar to 5 a planar conformation allows the aromatic ring to
stabilize the charge in the coordinated alkoxide. In the transition state describing the
ring-closing step again the inductive effect of the phenyl group is responsible for
stabilization of the charge resulting from the release of iodide. Experimental data with

the binary Zn(salphen)/NBuyl catalyst system!'”

are fully in line with these
computational findings for substrates 5 and 6 and have shown that these latter epoxides
have lower conversion levels compared to other terminal epoxides such as propylene
oxide 1. For 6 both TS2 (CO, insertion) and TS3 (ring-closing step) have similar (rate-

determining) barriers of around 36 kcal-mol'. The preference for ring-opening at C,, in
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both 5 as well as 6 (i.e., the methine carbon) follows the observations from
Darensbourg, Lu and co-workers who studied the Co"-salen catalysed formation of
polycarbonates based on CO, and epichlorohydrin®*! or styrene carbonate;** in these
cases a higher preference for the o pathway in these epoxides with electron-

withdrawing groups was noted compared to propylene oxide 1.

A 5

TS1-a TS1-B

Zn-0= 2.07;C1-0=1.75; Zn-0= 2.06;C1-0 = 1.45;
C2-0=1.44;C2-1=3.19 C2-0=1.77;C2-1=2.97
-245.9i cm™ -321.8icm™
TS1-a _TS1-B

Zn-0= 2.09;C1-0=1.73; Zn-0= 2.06; C1-0 = 1.46;
C2-0=145;C2-1=3.28 C2-0=1.77;C2-1=295
-253.6i cm™ -314.1icm™

Figure 7. Optimized structures of TS1 in o and 3 pathways for epoxides (A) 5 and (B) 6 together
with the most relevant calculated bond distances (in A), and value of the negative (imaginary)
vibrational frequencies.
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The DFT analyses suggest that for catalyst improvement, and specifically for those
substrates that are sterically more demanding such as internal epoxides, metallosalen
systems having a planar coordination environment cannot be effective mediators under
mild reaction conditions. In order to create more space to facilitate both the sterically
demanding CO, insertion and ring-closing steps (which have shown to be more
challenging than the ring-opening of the epoxide, see Table 1) other ligand geometries
(Figure 8) should be considered such as metal complexes comprising of a trigonal
bipyrimidal (TBP) coordination environment. Recent work from Kleij and co-workers
concentrating on Fe-based amino triphenolate complexes ****! with these NO;-
chelating ligands in combination with an external ligand such as pyridine, THF or an
epoxide (Figure 8) provide a TBP coordination arrangement; these complexes have
indeed proven to be more effective catalyst systems with lower metal loadings (0.1-0.5
mol% Fe versus 2.5 mol% Zn) and able to convert internal epoxides and oxetanes.
Furthermore, whereas the Zn(salphen) complexes were hardly effective for conversion
of internal epoxides except when using very high pressures and elevated temperatures
(i.e., using sc-CO, as medium),*” these Fe-amino trisphenolate complexes (using 0.5
mol% Fe) showed good conversion levels and yields for several internal epoxides using
much lower pressures (pCO, = 10 bar) and similar temperatures (80°C). Thus, the
presence of less donor atoms in the plane of the metal centre (O;) compared to the
family of metallosalens (N,O,) seems to be beneficial in the creation of more powerful
catalyst systems for the formation of cyclic carbonates and possibly also for the

synthesis of polycarbonates.

R
- Pe
(0]
_N;Zn;N_ oéo —
(0] | O - /
N

L S

"N,O," L = pyr, THF, epoxide "O5"

Figure 8. Schematic representation and comparison of the coordination geometry in the plane of
the metal centres in Zn(salphen) complexes and Fe-based amino triphenolates.
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5.8 Conclusions

The mechanism for the ring-expansion addition of CO, to epoxides catalyzed by the
binary Zn(salphen)/NBu,X (X = Br, I) catalyst system has been investigated and
elucidated in detail by DFT methods. Computational studies clearly explain the reasons
why the ring-expansion addition of CO, to the benchmark substrate propylene oxide 1
proceeds in a much easier way in presence of Zn(salphen)/NBuyl compared to the
uncatalyzed or Zn(salphen) catalyzed route. More importantly, this work has also
revealed a number of interesting and important observations that may help to design
better and more broadly applicable catalysts for organic carbonate formation.

For alkyl-substituted terminal epoxides 1-4 the reaction is predominantly controlled
by steric factors, whereas for the vinyloxirane 5 and styrene oxide 6 electronic factors
are more dominant. For substrates 1-3 ring-opening at the unsubstituted carbon atom (3
pathway) is favored and this preference becomes more pronounced upon increasing the
steric bulk at C,. In general the B pathway is favored and the rate-limiting step for these
substrates is the CO, insertion step in the coordinated linear alkoxide complex. In
contrast to 1-3, for substrates 5 and 6 the o pathway is favored with the CO, insertion
step also being rate-determining. The current results also explain why internal epoxides
such as frans-2,3-epoxybutane 4 are more sluggish as all the involved calculated
transition states (TS1-TS3) are significantly higher compared to those computed for
propylene oxide 1. In summary, we believe that this comprehensive study based on the
ring-expansion addition of CO, to various epoxides gives useful insights in the
limitations of a very important family of catalysts (metallosalens)*! and provides a
deeper understanding of this well-known CO, fixation reaction. Based on recent
promising findings with other types of binary catalyst systems (amino trisphenolate
complexes)* having different coordination environments around the active metal
center, the development of more active/selective catalysts for organic carbonate

synthesis from epoxides and carbon dioxide should be feasible.
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5.9 Experimental section

DFT calculations

All calculations were carried out by using the Amsterdam Density Functional (ADF v2010.01)
package.*®! DFT-based methods was employed at the generalized-gradient-approximation (GGA)
level, with the Becke exchange™” and the Perdew correlation®® functionals (BP86). A triple-&
plus polarization Slater basis set was used on all atoms. Relativistic corrections were introduced
by scalar-relativistic zero-order regular approximation (ZORA).**) Full geometry optimizations
were performed without constraints, and the nature of the stationary points in the potential energy
hypersurface, were characterized either as minima or transition states by means of harmonic
vibrational frequencies analysis. In order to match with the experimental conditions reported

[19]

previously,' " standard corrections to Gibbs free energy were evaluated at 298 K and pressure of

10 bar, according to the expression of an ideal gas Gy (p) = Gy + RT In %.[40] Solvent effects

were introduced by using the continuous solvent model COSMO.™!!

Mulliken populations for epoxides 1-6

Table 2. Calculated Mulliken populations for free and epoxides 1-6 coordinating to Zn(salphen).

Substrate® Epoxide® Epoxide-Zn(salphen)

1C, 0.4731 0.5162

o1
L\Me 1C, 0.5016 0.5303
2¢, 0.5162 0.5660

o 2
N pr 2¢, 0.4963 0.5297
3C, 0.5501 0.6002

o 3
. 3¢ 0.4889 0.5254
4c, 0.4771 0.4600

o 4

Ve Me 4C, 0.4776 0.5135
5C, 0.4442 0.4779

o 5
AN 5Cg 0.4928 0.5401
6C, 0.4032 0.4334

o 8
e 6C; 0.4851 0.5311

* The o and B designations relate to their respective carbon atoms. ® Mulliken population in electronic charge.
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Energy profiles for ring-closing mechanism in §§ pathway for 1.
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Figure 9. (A) Two possible ring-closing pathways (RC1 and RC2) for the intermediate Int-1
involving different O—atoms of the carbonate fragment (O1 and O2) in the formation of propylene
carbonate. (B) Free energy profile for the ring-closing step in the  pathway for the conversion of
propylene oxide 1 catalyzed by the binary Zn(salphen)/NBuyl catalyst.
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PHOTOPHYSICAL AND CATALYTIC PROPERTIES OF ZN (SALPHEN)

Energy profiles for propylene oxide (1).
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Figure 10. The potential energy profiles for epoxide 1 including the AG of solvation (in red). The
relative free energy profiles for epoxide 1 including the AG of solvation (in green at 1 bar and in

blue at 10 bar).
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Summary

“Salen” ligands are relatively planar tetradentate, N,O,-coordinating ligand systems
which are obtained by the condensation reaction of readily available diamine and
(substituted) salicylaldehyde precursors. Metallosalen complexes combine a number of
advantages such as ease of variation in steric and electronic features, and the use of
modular strategies that enable manipulation of different fragments of the ligand
systems. Metal-derived salen complexes are versatile and they have proven to be
effective catalysts for many asymmetric conversions including (ep)oxidations, epoxide
ring-opening reactions and stereo-selective polymerizations. Lately, phenyl-bridged
salen ligands (designated as “salphens” or “salophens”, Scheme 1) and related structures
have started to raise the attention of the scientific community due to their particular
advantages over their salen analogues; they represent m-conjugated ligand systems with
tuneable photophysical properties, and are more cost-effective than the corresponding
(chiral) salen ligands. For these reasons, such salphen systems have excellent potential
as building blocks in material science amongst other applications.

Salphen
R9 R’IO

=CO
Rz—%i::E;:QB éQi:i::j}—R7

N,0O, metal binding pocket

Scheme 1. Schematic drawing of a salphen ligand showing the N,O, metal binding pocket and
the various possibilities for substitution thereof.

It should also be noted that the rigid geometry around the metal centre, dictated by the
salphen ligand, can be used to manipulate properties such as the Lewis acid character of
the metal and therefore it can be effectively applied to increase the reactivity, substrate

binding properties and self-assembly behaviour of the resulting complex. Thus, the
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work reported in this thesis has principally focused on the study of novel self-assembly
features and patterns, and on the development of other new application of Zn(salphen)
complexes.

The first two chapters (2 and 3) present detailed studies on the self-assembly of
different multinuclear Zn(salphen)s focusing on the type and the strength of the
interactions involved. In Chapter 2 the synthesis and characterization of a tetra-
Zn(salphen) macrocycle using a metal template approach is described. The macrocyclic
Zn complex shows strong self-assembly in comparison to a number of reference/model
compounds. The self-assembly process is mediated by the formation of intermolecular
dimeric Zn(salphen) units that are held together via u,-phenoxo bridges (Scheme 2).
Competitive UV-Vis/fluorescence titration experiments suggest that a molecular
increase of the number of Zn(salphen) units is responsible for the formation of more
stable supramolecular aggregates, and de-aggregation is accompanied by a strong
hyperchromic effect. The strong self-assembly behaviour of the tetra-Zn(salphen)
macrocycle was further supported by NMR, mass spectrometry and transmission

electron microscopy (TEM) studies.
tBu tBu j%j/
N,Zn O\Zn

e A
R

N~ Zn ~0 o Zn
0 O . .
Zn(salphen) dimer formation
tBu tBu tBu tBu

Scheme 2. On the left, line drawing of the fetra-Zn(salphen) macrocycle; on the right, a dimeric
self-assembled Zn(salphen) complex showing the involved Zn—O coordinative bonds.

Chapter 3 represents a study on the extremely strong self-assembly of a bis-
Zn(salphen) complex both in solution as well as at a solid-liquid interface. The bis-

Zn(salphen) molecules are shown to self-organize into extremely stable, edge-on
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orientated oligomeric aggregates (Figure 1), which could not be dissociated by addition
of (small amounts of) donating ligands. This behaviour at the liquid-solid interface has
demonstrated to be in excellent agreement with solution studies: competitive UV-Vis
and fluorescence titrations, dynamic light scattering (DLS) and transmission electron
microscopy (TEM) experiments are also in line with a highly increased stability for the
assembled state of these bis-Zn(salphen)s. DFT analysis carried out for the bis-
Zn(salphen) shows that an unusual binding mode is operative, and also rationalizes the
very high stability of the self-assembled structures provoked by oligomeric (Zn—-0),
coordination motifs within the (oligomeric) assembly. This coordination mode is
strikingly different when compared with mononuclear Zn(salphen) analogues that form
dimeric structures having a typical Zn,O, central unit (Scheme 2 on the right). The high
stability of the multinuclear structure therefore holds great promise for the development
of stable self-assembled monolayers (SAMs) with potential for new opto-electronic

materials.

Figure 1. On the left, line drawing of the bis-Zn(salphen) complexes. In the central part, section
of the STM image of an oligomeric aggregate; on the right, the most likely self-assembly mode of
a pentameric assembly showing the (Zn-O), oligomeric chains between the individual bis-
Zn(salphen) units (DFT optimization).

Chapter 4 reports the synthesis of a new class of Zn(II) Schiff base complex
incorporating a phenazine unit in the backbone and is designated as “Zn(salphenazine)”.
These Zn(salphenazine) complexes show interesting photophysical properties compared
to typical salen and salphen complexes while remaining easily synthesized and tuneable.
From the experimental and theoretical UV-Vis data, the absorption bands have been

assigned to m-m* transitions which are directly influenced by the type of substituents
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present in the salphenazine scaffold (Figure 2). Therefore, by a judicious choice of these
groups, it is possible to obtain systems with desired photophysical properties.
Zn(salphenazine) complexes have also shown to have potential application in small
molecule Organic Solar Cells (smOSCs) due to their high stability and adequate
electronic properties against the acceptor Cqo. Even though the efficiency of the device
is not competitive yet, Zn(salphenazine)s show the synthetic potential for significant

improvement based on the modular construction of these photo-active complexes.

R o o

R Rz

Figure 2. Schematic drawing of a Zn(salphenazine) complex (on the left) and a selected n-m*
transition represented with electron density difference map EDDM (on the right).

o Cat=

o) co, L
A — o0 0
R R, Cat, NBuyX ) (

1 ? (X=I,B?) Q

R4 R,

=N___ N=
1. Ri=H;Rx=Me Zn
2.Ry=H; Ry=iPr o o
3.R1=H;R2=tBU
4. R; =Me; R, =Me Bu tBu
5. Ry =H; Ry = Allyl
6. Ry =H; Ry=Ph

Scheme 3. The ring-expansion addition of CO, to epoxides (substrates 1-6 used in this
investigation) generating five-membered cyclic carbonates using a binary catalyst composed of a
Zn(salphen) component (cf., Cat) and NBu,X (X =1, Br).

Chapter 5 reports a detailed DFT study of the reaction mechanism of the ring-
expansion addition of CO, to epoxides catalyzed by a binary catalyst comprising a

Zn(salphen) complex and co-catalytic NBu,X (X = Br, I). The catalytic reaction has
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been studied in detail describing the three main steps involved: the epoxide ring-
opening, the CO, insertion step and a final ring-closure step to afford the five-
membered cyclic carbonate products. The ring-opening step of the process was
examined and the preference for opening at the methylene (Cg) or methine carbon (C,,)
was established. Also, the CO, insertion and the ring-closing steps have been explored
for six differently substituted epoxides and proved to be significantly more challenging
compared with the ring-opening step. The combined results have helped to explain
earlier experimental observations and catalyst limitations, and are useful for improved

catalyst design and development.
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