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Foreword to the French/Nordic special issue on
materials and coordination chemistry

Claude P. Gros ®“ and Abhik Ghosh ®?

4 Institut de Chimie Moléculaire de I'Université de Bourgogne (ICMUB), UMR CNRS
6302, Université de Bourgogne, 9 Avenue Alain Savary, BP 47870, 21078 Dijon Cedex,

France

b Department of Chemistry, UiT - The Arctic University of Norway, Tromse N-9037,

Norway

E-mails: claude.gros@u-bourgogne.fr (C. P. Gros), abhik.ghosh@uit.no (A. Ghosh)

French-Nordic relations have long been char-
acterized by deep mutual admiration, wide-ranging
cultural exchange, and collaboration in the scientific-
technological arena. The nations in question ded-
icate substantial amounts of funds annually to in-
ternational collaboration and to French-Nordic col-
laboration in particular. Both France and the Nordic
countries are home to unique large-scale facilities
such as the ESRF and MAXLAB, historic and leg-
endary universities, as well as world-class research
groups at smaller universities in spectacular set-
tings. The world’s northernmost university UiT—The
Arctic University of Norway at 70° N, home base of
one of the guest editors (in Tromsg), is an example
of the latter. This Special Issue of Comptes Rendus
Chimie celebrates French-Nordic collaboration in
coordination chemistry and materials chemistry
and/or research groups interested or engaged in such
collaboration.

Herein, Piligkos et al. (doi:10.5802/crchim.282)
describe the influence of long aliphatic side chains
on the magnetic properties of tris(salen)-type lan-
thanide (Tb-Tm and Y) complexes.

Cattey and Plasseraud (doi:10.5802/crchim.260)
investigate the reactivity of the hydroxo di-n-

ISSN (electronic): 1878-1543

butyltin-trifluoromethanesulfonato dimer complex
towards 1,10-phenanthroline leading to novel 1,10-
phenanthroline-complexed, mono- and binuclear
organotin(IV) derivatives.

Henrichsen, Bendix, and Weihe (doi:10.5802/
crchim.266) present and interpret the parallel-mode
X-band EPR spectra of the hexaaquamanganese(II)
ion, assisted by the species’ exact Ty (tetrahedral)
crystallographic symmetry.

Abou-Fayssal, Poli, Philippot, Riisager, and
Manoury (doi:10.5802/crchim.301) review polymeric
nanoreactors for catalytic applications, including a
recent nanoreactor used in biphasic catalysis.

Pascal, Zaborova, and Siri (doi:10.5802/crchim.
292) report the synthesis and characterization of
two nickel complexes based on 1,2,4-triamino-5-
nitrobenzene as air-stable aromatic polyamines,
highlighting the importance of intramolecular
hydrogen-bonding interactions and the influence
of the nitro group on the stability of the complexes.

Devillers and coworkers (doi:10.5802/crchim.307)
describe a synthesis of meso-(pyridin-2-ylmethyl)-
porphyrins based on the nucleophilic attack by
(pyridin-2-ylmethyl)lithium on a porphyrin with one
free meso-position.
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Lioret and Decréau (doi:10.5802/crchim.335)
present a proof of concept of a novel approach to
in vivo imaging involving Cherenkov Radiation En-
ergy Transfer (CRET) from '®F-fluorodeoxyglucose to
subphthalocyanine fluorophores.

Using relativistic DFT calculations, Ghosh and
Conradie (do0i:10.5802/crchim.264) shed new light on
gold(Il) porphyrins, rare mononuclear Au(II) species
that were isolated and structurally characterized only
a few years ago. A key feature of these complexes is a
wave deformation of the porphyrin, a reflection of a
noninnocent porphyrin macrocycle.

Also focusing on gold complexes, Orthaber et al.
(doi:10.5802/crchim.328) describe the use of the
semi-rigid  cis-1,2-bis(diphenylphosphino)ethene
ligand, which favors the formation of mononuclear,
as opposed to binuclear, Au(I) complexes.

Finally, guest editors Ghosh and Gros and their
coworkers (doi:10.5802/crchim.299) introduce hyp-
sochlorins, named by analogy with hypsoporphyrins,

which exhibit blue-shifted optical spectra relative to
their normal counterparts.

It is worth mentioning that this special issue is
being published shortly after the 1st Asgard Horizon
French-Norwegian Inorganic and Materials Chem-
istry Symposium, which took place May 30-31, 2024,
in Dijon, France. The second edition of this sympo-
sium will be held in Tromse, Norway, in June, 2025.
Both events were organized under the auspices of
the Institut Frangais de Norvége, whose support we
deeply appreciate.

We are also grateful to the French Académie des
Sciences and to Dr Pierre Braunstein, Editor-in-Chief
of the Comptes Rendus Chimie, as well as to Mr. Julien
Desmarets for his efficient handling of the submit-
ted manuscripts. We trust that this issue will en-
courage many others, from exchange students to se-
nior scientists, to take advantage of the wide-ranging
opportunities afforded by French-Nordic collabora-
tion.
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Derivatives of trigonal lanthanide complexes by
reaction with long aliphatic chain amines

Yiwei Zhou *4, Christian Dirk Buch ®#¢, Steen Hansgaard Hansen “ and Stergios

Piligkos ™ ¢

4 Department of Chemistry, University of Copenhagen, Universitetsparken 5,

DK-2100 Copenhagen @, Denmark
E-mail: piligkos@chem.ku.dk (S. Piligkos)

Abstract. We present the synthesis and characterisation of a novel series of lanthanide com-
plexes bearing long aliphatic chains, obtained by post-functionalisation of LnL (Ln = Tb-Tm and
Y, H3L = tris(((3-formyl-5-methylsalicylidene)amine)ethyl)amine) via Schiff-base reaction with 1-
octadecylamine. Crystal structures show that the first coordination sphere is not radically perturbed
by the post-functionalisation although the trigonal symmetry is lost. Post-derivatisation influences
the static magnetic properties of the Kramers and non-Kramers ions differently, with the non-Kramers
ions most sensitive to derivatisation. The observed differences likely stem from changes in eigenvec-
tor composition as luminescence spectra showed minor modifications of the energy spectra upon

derivatisation.

Keywords. Lanthanide complexes, Aliphatic chains, Magnetic properties, Crystal structure, Crystal

field.

Funding. Novo Nordisk Foundation (Grant agreement no. NNF200C0065610).
Manuscript received 31 May 2023, revised 3 October 2023, accepted 13 December 2023.

1. Introduction

Lanthanide complexes coordinated to organic lig-
ands have attracted significant attention in many dif-
ferent fields due to the special optical, electronic,
and magnetic properties of the lanthanide ions.
These lanthanide-containing complexes exhibit var-
ious applications ranging from luminescent ther-
mometers [1-4], and MRI contrast agents [5-7] for
medical imaging to quantum information process-
ing [8-14], and single molecule magnets (SMMs) [15—
19]. Understanding the electronic structure in lan-
thanide complexes is important for optimising their

#Contributed equally

*Corresponding author

ISSN (electronic): 1878-1543

performance and designing new functional mate-
rials [20]. Lanthanide-containing complexes that
can be modified with various chemical groups to
tune their properties or give new features, such
as functionalisation for deposition on different sur-
faces or solubility in diverse media, offer promis-
ing prospects. It is still challenging to synthesise
lanthanide complexes where the first coordination
sphere remains constant upon post-derivatisation.
Recently, we studied the magnetic properties of
a new family of trigonal lanthanide complexes LnL
(HsL = tris(((3-formyl-5-methylsalicylidene)amine)
ethyl)amine) with Ln ranging from Gd to Lu [21].
These complexes have three pendant carbonyl
groups that are non-coordinating to the lanthanide
ion. Therefore, these carbonyl groups can be used to
react with primary amines via a Schiff-base reaction

https://comptes-rendus.academie-sciences.fr/chimie/
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to form imines. This post-derivatisation conserves
the number and nature of atoms in the first coordi-
nation sphere. We have previously performed studies
focusing on the derivatisation of YbL, for example by
reacting YbL with benzylamine to obtain complexes
suitable for deposition on graphene [21], or by re-
acting YbL with 1-octadecylamine to form new com-
plexes [22] that have potential in making lanthanide-
containing micelles [23-28] and Langmuir-Blodgett
film [29-32].

Herein, we present the synthesis and charac-
terisation of a novel series of lanthanide com-
plexes LnL!8 (H3L18 = tris(((3-(1-octadecylimine)-
5-methylsalicylidene)amine)ethyl)amine) with Ln =
Tb-Tm and Y. We investigate the crystal field splitting
of LnL!® by luminescence measurements and the
static magnetic properties by SQUID magnetome-
try. Additionally, the dynamic magnetic properties
were examined through alternating current SQUID
magnetometry. The results were compared to YbL!3
and (Tb-Tm)L to get an understanding of the im-
pact of the post-derivatisation on the electronic and
magnetic properties of the Ln ions.

2. Experimental
2.1. Materials and physical measurements

All solvents and chemicals used for the syntheses of
the complexes herein were purchased from commer-
cial sources and used as received. All syntheses were
made without any attempt to exclude moisture or
oxygen. No attempt was made to dry any of the sol-
vents used. The Ln(OTf)3-xH, O salts, 2,6-diformyl-p-
cresol (dfmp) and LnL were prepared as described in
literature [21].

Positive-ion mode MALDI mass spectrometry was
performed on a Bruker Solarix XR 7T ESI/MALDI
FT-ICR MS instrument at the Department of Chem-
istry, University of Copenhagen. Infrared (IR) spec-
tra were measured on an Agilent Technologies Cary
630 FTIR spectrometer. Powder X-ray diffraction
(PXRD) was recorded on a BRUKER D8 ADVANCE
powder diffractometer using a Cu K« radiation (A =
1.5418 A) source. 'H NMR was obtained using a
Bruker 500 MHz instrument equipped with a cry-
oprobe. For 'H NMR, calibration was done against
solvent signals from the deuterated solvent. Ele-
mental (C, H, and N) analyses were performed on

a FlashEA 1112 instrument at The Microanalytical
Laboratory at the Department of Chemistry, Univer-
sity of Copenhagen. Direct current (d.c.) and al-
ternating current (a.c.) magnetic susceptibility mea-
surements were recorded using a Quantum-Design
MPMS-XL SQUID magnetometer. The measure-
ments were done on polycrystalline samples im-
mobilised in a small amount of n-hexadecane to
avoid orientation of the sample in the magnetic field.
The magnetic susceptibility measurements were cor-
rected for the diamagnetism of n-hexadecane (186 x
1075 cm®/mol) [33] and of the sample using the ap-
proximation (Msample/2) % 1078 cm®/mol [34]. Lumi-
nescence spectra of polycrystalline samples of TbL!8,
HoL'® and ErL!® were obtaining from a Horiba-
Jobin Yvon Fluorolog fluorimeter equipped with an
InGaAs near-infrared (NIR) detector and a photo-
multiplier detector for the UV/Vis range. Addition-
ally, an Oxford Instruments cryostat was used for the
cryogenic measurements. UV/Vis absorption spec-
troscopy was measured on a Lambda 2 UV/Vis spec-
trometer manufactured by Perkin Elmer. The mea-
surement was performed with a scan rate of 120
nm/min and with a background correction to the
pure solvent.

2.2. Synthesis of LnL'® (H3L'® = Tris(((3-(1-
octadecylimine)-5-methylsalicylidene)
amine)ethyl)amine))

TbL'®,  TbL (0.052 g 0.070 mmol) and 1-
octadecylamine (0.189 g; 0.70 mmol) were dissolved
in a MeOH:CHCl3 1:1 mixture (20 ml). The mixture
was boiled until it became clear. Then the solution
was kept at 50 °C until a yellow precipitate formed.
The solution was left to slowly cool down to room
temperature. The precipitate was washed with MeCN
and diethyl ether.

Yield: 0.076 g (86%). Anal. Calcd for
Cg7H144N703Tb: C, 69.89; H, 9.71; N: 6.56. Found:
C, 69.86; H, 9.82; N: 6.58. MALDI mass spectrum:
1496.07 m/z [TbL'®H]* (Figure S2). IR v(C-H):
2917 cm™, 2849 cm ™!, veon: 1634 cm™!, 1619 cm™!
(Figure S8).

The remaining LnL!® complexes (Ln = Dy-Tm)
and YL!® were synthesised analogously to TbL!3.

DyL!®. Yield: 0.071 g (73%). Anal. Calcd
for C37H144N703Dy2 C, 69.73; H, 9.69; N: 6.54.
Found: C, 69.59; H, 9.76; N: 6.58. MALDI mass
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spectrum: 1499.07 m/z [DyL'®H]" (Figure S3). IR
v(C-H): 2918 cm ™}, 2850 cm™!, v(C=N): 1633 cm™!,
1619 cm™! (Figure S9).

HoL!8. Yield: 0.055 g (62%). Anal. Calcd for
C37H144N703H02 C, 69.61; H, 9.67; N: 6.53. Found:
C, 69.12; H, 9.68; N: 6.59. MALDI mass spec-
trum: 1502.08 m/z [HoL'®H]* (Figure S4). IR v(C-
H): 2919 cm™!, 2851 cm™!, v(C=N): 1634 cm™!,
1619 cm™! (Figure S10).

ErL'3. Yield: 0.069 g (80%). Anal. Calcd for
C37H144N703E1‘2 C, 69.51; H, 9.65; N: 6.52. Found:
C, 69.04; H, 9.76; N: 6.88. MALDI mass spec-
trum: 1504.08 m/z [ErL'®H]" (Figure S5). IR v(C-
H): 2919 cm™!, 2851 cm™!, v(C=N): 1634 cm},
1619 cm™! (Figure S11).

TmL'8.  Yield: 0.064 g (73%). Anal. Calcd
for Cg7H144N703Tm: C, 69.43; H, 9.64; N: 6.51.
Found: C, 68.05; H, 9.45; N: 6.52. MALDI mass
spectrum: 1506.08 m/z [TmL'®H]* (Figure S6). IR
v(C-H): 2918 cm ™}, 2850 cm™!, v(C=N): 1634 cm™!,
1620 cm™! (Figure S12).

YL8  Yield: 0.05 g (56%). Anal. Calcd for
C37H144N703Y2 C, 73.33; H, 10.19; N: 6.88. Found:
C, 72.81; H, 10.29; N: 6.73. MALDI mass spec-
trum: 1426.03 m/z [YL'®H]* (Figure S7). IR v(C-H):
2916 c¢cm™!, 2850 cm™!, v(C=N): 1634 cm!,
1620 cm™! (Figure S13) 'H NMR (500 MHz, CDCl3)
6/ppm8.23 (s,3H), 8.17(s,3H), 7.76 (s, 3H), 7.01 (s, 3
H),4.30 (t,3H, J=13.3Hz),3.40 (d, 3H, J=14.1 Hz),
3.15 (m, 6 H), 3.09 (m, 3 H), 2.84 (d, 3 H, J=12.7 Hz),
2.21 (s, 9 H), 1.26 (m, 96 H), 0.88 (t, 9 H, ] = 6.9 Hz)
(Figure S1).

The complexes diluted in a diamagnetic host
(Gd@YL'3, Dy@YL!'® and Er@LuL!8) were synthe-
sised analogously to TbL!8, but using a 5:95 mixture
of either GdL, DyL or ErL and YL or LuL as the dia-
magnetic host.

Gd@YL!® at 5% dilution. Yield: 0.09 g (62%). Calcd
for C87H144N703Y0.95Gd0.051 C, 73.33; H, 10.19; N,
6.88. Found: C, 72.05; H, 10.13; N, 6.73. The PXRD
was checked for phase purity of the sample (Fig-
ure S22). TR v(C-H): 2917 cm™!, 2850 cm™!, v(C=N):
1633 cm™!, 1619 cm™! (Figure S15).

Dy@YL!8 at 5% dilution. Yield: 0.07 g (47%). Calcd
for C37H144N703Y0,95DY().05Z C, 73.33; H, 10.19; N,
6.88. Found: C, 72.23; H, 10.14; N, 6.51. The PXRD
was checked for phase purity of the sample (Fig-
ure $22). IR v(C-H): 2916 cm™!, 2850 cm™!, v(C=N):
1633 cm™!, 1619 cm™! (Figure S16).

Er@LuL'® at 5% dilution. Yield: 0.07 g (51%).
Calcd for Cg7H144N703Lug 95Erg 05: C, 69.15; H, 9.61;
N, 6.49. Found: C, 68.81; H, 9.64; N, 6.39. The PXRD
was checked for phase purity of the sample (Fig-
ure $22). IR v(C-H): 2917 cm™!, 2850 cm™!, v(C=N):
1634 cm™!, 1620 cm™! (Figure S17).

2.3. Crystal structure determination

Crystals suitable for single-crystal X-ray diffraction
were obtained in different manners for the com-
plexes depending on the metal ion. For TbL!® and
DyL!3, single crystals were obtained through slow
evaporation of a MeCN:chloroform 1:1 solution. For
HoL!8, single crystals were obtained by dissolving
the complex in chloroform and then adding the so-
lution to acetone (approximately five times the vol-
ume). Upon evaporation of the solvents, single crys-
tals of HoL!3 formed.

Single-crystal X-ray diffraction on single crys-
tals of TbL!8, DyLls, and HoL!® was performed at
100 K using a Bruker D8 VENTURE diffractome-
ter equipped with a Mo K« high-brilliance I uS S3
radiation source (1 = 0.71073 A), a PHOTON 100
CMOS detector, and an Oxford Cryosystems cool-
ing system. Data reduction was performed us-
ing SAINT, and the absorption corrections was han-
dled by SADABS using the multi-scan method. The
structures were recorded using APEX3 and solved by
SHELXT [35,36] using intrinsic phasing and refined
using SHELXL [37] (Least Squares). Visualisation of
the crystallographic data during the refinement was
obtained using the OLEX2 program package [38,39].
All atoms were refined anisotropically except for hy-
drogen. Hydrogen atoms were placed at calculated
positions in OLEX2 using the “Add H” command. In
the structure of TbL!®, additional electron density
was found next to the molecule. This electron density
could not be modelled as solvent and a solvent mask
(SQUEEZE) in OLEX2 was thus used. The electron
density amounted to 9 electrons which could stem
from a disordered water molecule.

3. Results and discussion

3.1. Synthesis and characterisation

The complexes LnL!® (Ln = Tb-Tm, Y) were syn-
thesised using a one-pot Schiff-base reaction
between the corresponding LnL complex and
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Scheme 1. Schiff-base reaction forming the LnL!'8 complexes.

1-octadecylamine (Scheme 1). In order to ensure that
all aldehyde groups of the complex were transformed
to 1-octadecylimine groups, a 1:10 ratio between LnL
and 1-octadecylamine was used. MALDI mass spec-
tra show signals from all [LnL'®H]*, confirming that
the complexes have been formed (Figure S2-S7). The
isotope pattern of each complex matches with the
experimental spectrum further strengthening that
the observed signals come from the intended prod-
uct. IR spectra of the LnL!® complexes show no trace
of the aldehyde stretch (1668-1669 cm™!) found in
the parent complex LnL (Figure S8-S14) confirming
the complete reaction of all aldehyde groups with
1-octadecylamine. Additionally, the C-H stretches
between 2850-2919 cm™! for LnL!® are much more
intense than those for LnL (Figure S14), as antici-
pated from the larger amount of C-H units in LnL!®
compared to LnL.

The polycrystalline samples of LnL!® (Ln = Th-
Tm, Y) are phase-pure and of the same structure as
the one determined for the LnL!3 single crystals (vide
infra). This is confirmed by a PXRD simulation from
a single crystal studied by X-ray diffraction at room
temperature (Figure S21).

In LnL'3 all Ln(III) ions except for Y(III) are para-
magnetic. The paramagnetism of these ions compli-
cates the recording of NMR spectra and hence only
'H NMR on YL!® has been performed. The 'H NMR
spectrum of YL!® shows the expected signals and in-
tegrals of these signals (Figure S1). As anticipated by
the structure of the complexes, most of the protons
in the octadecyl chains have almost identical chemi-
cal shifts with only the two protons next to the imine

group and the protons on the terminal methyl group
of each chain showing markedly different chemical
shifts than the rest of the chain. The NMR spectrum
shows no signs of the starting materials confirming
that the complexes are formed purely as also indi-
cated by the above analyses.

The CHN elemental analyses also agree with the
expected values for the LnL!® complexes indicating
that the complexes have been obtained pure.

The complexes containing the larger Ln ions
(La(Ill), Pr(III), Nd(II), Sm(II), Eu(Il) and Gd(III))
were also synthesised following a similar procedure
as for (Tb-Tm, Y)L!8. However, the PXRD revealed
that they were difficult to get phase-pure or in the
same phase as the complexes containing the smaller
Ln ions (Tb-Tm, Y)L!8. This was also seen for (La—
Eu)L and is likely the result of solvent coordination to
the Ln ion. It is common that the greater size of the
early Ln ions leads to higher coordination numbers
through solvent coordination [40]. By doping GdL'®
into the YL!® diamagnetic host it was possible to
obtain GdL!® in the same phase as the complexes
LnL!'® (Ln = Tb-Tm, Y, Figure S22).

Last, it should be mentioned that introduction
of long aliphatic chains makes the post-derivatised
LnL'® much more soluble in organic solvents than
their parent complexes. Hence, these complexes
are readily soluble in, for example chloroform and
dichloromethane, but remain insoluble in alkanes.

3.2. Crystal structure

Single crystals large enough for single-crystal X-
ray diffraction were obtained for TbL!3, DyL!® and
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Figure 1. Solid state structure (upper left) and unit cell (upper right) of TbL!®. Colour code: Tb, green;
N, blue; O, red; C, grey. All hydrogen atoms have been omitted for clarity. Thermal ellipsoids are set to
50% probability. Structural overlay of the solid state structures of TbL!3 (blue) and TbL (red) viewed from

the side (bottom).

HoL'3. The complexes crystallise in the triclinic
space group P1 with two complexes contained in the
unit cell. The complexes contain three octadecyl
chains which extend from the metal-containing part
of the complex (Figure 1). The alkyl chains do not
extend in a straight line away from the metal centre
but instead form a bend thereby lowering the sym-
metry of the complex from Cs, as in the parent com-
plex LnL, to C,. This bend is likely a consequence of
both crystal-packing effects and van der Waals inter-
actions between neighbouring complexes (Figure 1).
In fact, extended networks of van der Waals interac-
tions are found throughout the crystal structure, with
these networks forming large arrays of hydrocarbon
stackings (Figure S26). Similar extended networks
have been found for YbL!® [22]. The large amount
of van der Waals interactions in the crystal structure
is also reflected in the unit cell dimensions. The side
lengths of the unit cell are for instance 12.5A x 12.5A
x 30.0 A in TbL!® with the c directions clearly being
much longer than the two other dimensions which
are equivalent in size (Table S1).

As in YbL!3, the newly formed imine groups
point away from the Ln ion and are therefore non-
coordinating.

The post-derivatisation of LnL with 1-
octadecylamine leads to small structural changes

to the first coordination sphere of the complexes.
For instance Tb-Njmine in TbL!® is on average
2.474(17) A compared to 2.490(1) A in TbL, and
Tb-Ngpicar in TbL'® is 2.6346(17) A compared to
2.647(2) A in TbL. The other bond lengths also re-
main very similar to the parent complexes, as do the
bond angles (Table 1). Still the bond angles do vary
more than the bond lengths as is clearly visible when
the two structures are overlaid (Figure 1).

Although the trigonal symmetry of the complexes
is lost upon post-derivatisation, the first coordina-
tion sphere around the Ln centre remains approx-
imately trigonal. The Ln-O bond varies between
2.195(1)-2.203(1) A for TbL!8, 2.187(2)-2.199(2) A for
DyL!8, and 2.179(2)-2.192(2) for HoL!®, while Ln-
Nimine bond varies between 2.468(2)-2.479(2) A for
TbL!8, 2.461(2)-2.462(2) A for DyL!®, and 2.453(2)-
2.454(2) for HoL!'® (Table S3). Additionally, the three
angles in the triangle defined by the three phenoxides
remain close to the expected 60° for trigonal symme-
try, while the angles involving the three coordinating
imines deviate more (Table 1).

Moving from TbL'® to HoL!®, a slight contrac-
tion in the bond lengths between the Ln ion and the
ligand is observed (Tables 1 and S3). This is to be ex-
pected as the Ln(III) ions shrink in size through the
series. The contraction in the bond lengths is even
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Table 1. Average bond lengths and angles in TbL!8, TbL, DyL!8, DyL, HoL!8, HoL, and YbL!®

TbL!® ThL DyL!3 DyL HoL!® HoL YbL!®
Bond length (&)

Ln-O 2.200(1) 2.208(1) 2.192(2) 2.196(2) 2.184(2) 2.191(2) 2.156(1)
Ln—Nimine 2.474(2) 2.490(1) 2.462(1) 2.473(2) 2.453(1) 2.462(2) 2.418(2)
Ln-Napical 2.635(2) 2.647(2) 2.631(2) 2.628(3) 2.631(2) 2.626(3) 2.612(2)

Bond angle (°)
Z Nimines 57.26(4)-61.44(4) 60 57.35(5)-61.44(5) 60 57.48(5-61.40(5) 60 57.62(5)-61.34(5)

Z Ophenoxides 59-22(4)-60.5(4) 60

59.19(5)-61.07(5)

60  59.07(5)-61.02(5) 60 59.15(5)-61.11(3)

The data for TbL, DyL, HoL and YbL!8 were taken from literature [21,22].

more visible when comparing the aforementioned
complexes to YbL!®. As the bond lengths shrink, the
previously mentioned angles between the coordinat-
ing imine groups come closer to 60°, and the com-
plexes thereby become closer to trigonal with smaller
Ln ions.

Like for the previously studied YbL!® [22], the dif-
ferences in the first coordination sphere between the
post-derivatised LnL!® and their parent LnL remain
minor. The biggest difference between the post-
derivatised complexes LnL!8 and their parent com-
plexes LnL is seen in the length of the complexes and
the distances to neighbouring Ln centres. The addi-
tion of the three octadecyl chains extends the longest
distance within one complex (r;) from 13.2 A to
32.8 A (Figures S24 and S28). Consequently, the dis-
tance between two Ln(III) ions within a unit cell (1)
also increases from 7.8 A to 30.0 A (Figures S24 and
S29). Because the aliphatic chains stack inside a unit
cell (Figure 1), r, gets elongated quite significantly;
however, the distances to the nearest neighbours or
the next nearest neighbours remain very similar be-
tween LnL!® and LnL (Table S2 and Figures S25-S26
and S30-S31).

3.3. Influence of the post-derivatisation on the
crystal field splitting

In an effort to understand the influence of the
octadecyl chains on the electronic structure of
the ground multiplets of TbL!®*-TmL!3, the com-
plexes were studied using variable-temperature-
variable-field (VITVB) measurements, lumines-
cence spectroscopy and d.c. magnetic susceptibility

measurements, and compared to those of their par-
ent complexes.

3.3.1. Luminescence spectroscopy

Luminescence spectroscopy was measured on
polycrystalline samples of TbL!3, HoL!8, and ErL!3
as well as TbL, HoL, and ErL (Figure 2). To eliminate
possible hot bands and decrease the bandwidth, the
measurements were carried out at low temperature
(4 K). All the compounds share an intense absorp-
tion around 400 nm from the phenyl rings as seen
in the UV/Vis absorption spectrum (Figure S66). All
the luminescence spectra were measured by exciting
the ligand in this absorption region (400-425 nm).
Following absorption by the ligand, energy is then
transfered to the lanthanide. The excitation wave-
length was adjusted to avoid higher order diffractions
from the excitation monochromator in the emission
spectrum.

The emission spectra of LnL!® and of the parent
complex LnL are very similar, as expected from the
close structural resemblance of the first coordination
spheres (Figure 2). For TbL!® the signal to noise ratio
is much lower than seen for the parent complex TbL.
We suspect this to be due to the additional Schiff-
base of the post-functionalisation which could lead
to a fast quenching of the emitting °Dy state of Tb due
to the very large amount of additional high-energy C-
H stretches being introduced, which is clearly seen
from IR spectroscopy (Figure S8).

The number of observed bands is very similar be-
tween TbL!® and TbL, HoL!® and HoL, and ErL!®
and ErL. TbL'® and TbL have 10 and 11 observable
bands, respectively, while HoL!8 and HoL have 8 and
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Figure 2. Luminescence spectra of: TbL!8 and TbL (left) measured at 4 K, with excitation at 400 nm;
HoL'8 and HoL (middle) measured at 4 K, with excitation at 400 nm; ErL!® and ErL (right) measured at

4 K, with excitation at 425 nm.

7, respectively, and ErL!® and ErL have both 5 bands.
In the case of the Ho and Er complexes, the bands
stem from the °F5 — °Ig and *I;3/2 — *I15/2 transi-
tions, respectively. Thus, these luminescence spec-
tra only give information about the splitting of the
ground multiplet. For the Tb complexes the situ-
ation is different with luminescence transitions ob-
served for °Dy — “Fg, °Dy — “F5 and °Dy — “F,. Here
the 3 observed bands between 480-500 nm (°D, —
"Fg) provide information on the ground multiplet
splitting. The available experimental data (Figure 2
and Table S9) do not allow to unambiguously as-
sign the observed bands as of electronic or vibra-
tional origin. Therefore, for the sake of simplicity,
we assume for all complexes that all the observed
transitions are of electronic origin. In each spec-
trum, the highest energy band is assigned as the zero-
phonon line; these are at 20492 cm™!, 15423 cm ™!,
6578 cm™! for TbL!8, HoL!8, and ErL!®, respectively,
and 20500 cm™!, 15442 cm™! and 6587 cm™! for TbL,
HoL and ErL, respectively. The energies of the various
ground term sublevels can be found in Table 2. We
note there are fewer emission bands observed in the
luminescence spectra of LnL'® and LnL than what is
expected based on the number of energy levels in the
ground multiplet. The remaining energy levels may
be hidden in the linewidth of the peaks. For instance,
the three bands originating from °D, — “Fg in TbL
have linewidths of 91-186 cm™!.

The energy level splitting of the ground multiplet
is essentially unchanged upon post-derivatisation
of TbL, HoL or ErL to TbL'3, HoL'® or ErL'8. The

Table 2. The observed energies (cm™) of the
ground term sublevels of TbL!®, TbL; HoL!®,
HoL; and ErL!8, ErL

TbL!'® TbL HoL'® HoL FErL'® ErL
0 0 0 0 0 0
138 142 38 43 39 45
383 395 90 86 70 73
211 212 102 104
394 400 333 341

448 440

484 -

524 521

energies of the ground term sublevels (Table 2) in-
dicate small changes of 2-13 cm~!, however, con-
sidering the step size of 0.2-0.3 nm used in the
measurements, the uncertainties of the energies
are comparable to these numbers, being +25 cm™!
for TbL!8, +9 cm™! HoL!® and +2 cm™! for ErL!S.
This is also expected from the close structural re-
semblance of the first coordination spheres. In our
previous study on YbL!® we also saw very small
changes in the energy level structure of the ground
multiplet [22]. However, when the derivatisation
is made on the phenyl rings, changes in the en-
ergy level splitting of up to 45% have been ob-
served between Er(trensal) derivatives (Hstrensal =
2,2',2"-tris(salicylideneimino)trimethylamine) [41].
The larger shifts in the energy levels moving between
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Figure 3. Temperature dependence of the x T
product of TbL'®-TmL!® and TbL-TmL. The X T
data of LnL are obtained from literature [21].
Curie constants (Crp) of Tb(III), Dy(III), Ho(III),
Er(I1I), and Tm(III) are shown as dashed lines.

different Ln(trensal) derivatives are likely due to the
substitution groups being placed directly on the
phenyl rings rather than an aldehyde being changed
into an imine.

3.3.2. Static magnetic properties

The static magnetic properties of TbL!3-TmL!8
were studied by d.c. magnetic susceptibility mea-
surements and VIVB measurements. The d.c. mag-
netic susceptibility measurements (Figure 3) were
recorded in the temperature range 2-270 K in a static
magnetic field B of 1000 Oe.

The d.c. susceptibility data are plotted as the xT
product, where x = M/B, with x being the molar
magnetic susceptibility and M being the magnetisa-
tion, and B being the magnetic field.

TbL!'3-TmL,5 reach their lowest xT value at 2 K
being 2.80, 6.59, 4.91, 5.33, 0.60 cm3-K-mol™!, re-
spectively. Upon increasing the temperature, the x T’
products continuously increase, which is due to the
population of excited levels in the ground multiplets
of the complexes as there are negligible magnetic
couplings to neighbouring complexes (the nearest
paramagnetic centre is about 7 A away). At 270 K,
the xT products of TbL'8-TmL!® reach their high-
est values at 10.41 (Cry, = 11.82), 13.23 (Cpy = 14.17),
12.28 (Cpo = 14.07), 10.90 (Cgr = 11.48), and 5.70
(Cpm = 7.15) cm®-K-mol™}, respectively. These xT

products are smaller than the values expected for
the isolated Ln(III), known as the Curie constants
(Crn)- This suggests that the total energetic splitting
of their ground states is larger than the thermal en-
ergy available at 270 K. This is corroborated by the
luminescence spectra and has also been observed
for other complexes with a similar coordination
sphere such as the Ln(trensal) [42,43], Ln(trenovan)
(Hs trenovan = tris(((3-methoxysaliclidene)amino)
ethyl)amine) [44], and LnL [21].

Comparing the temperature dependence of
the xT products of TbL18-TmL'® to TbL-TmL the
Kramers ion (Dy and Er)-containing complexes show
almost no difference between the post-derivatised
and parent complexes, as expected from the very
subtle changes in the first coordination sphere and
the similar energy level splitting of the ground mul-
tiplet found between ErL!3 and ErL. This was also
observed for the xT products of the Kramers ion
complexes YbL!® and YbL [22]. In terms of the non-
Kramers ion (Tb, Ho and Tm) complexes, larger devi-
ations between the post-derivatised complexes and
the parent complexes are found. Emission spec-
troscopy showed very similar energy level splittings
of the ground multiplets of TbL!® and TbL as well
as for HoL!® and HoL, leading us to believe that the
change in the temperature dependence of the xT
products between post-derivatised complexes and
their parent complexes likely stems from different
eigenvector compositions. This also explains why the
x T product at 2 K for TbL!8 is 2.80 cm3-K-mol~! while
itis 1.20 cm3-K-mol ! for TbL. The large difference in
the eigenvector compositions is also corroborated by
VTVB measurements (vide infra).

VTVB measurements were conducted with ap-
plied magnetic fields of 500, 5000, 10,000, 20,000,
30,000, 40,000, and 50,000 Oe and with temperatures
in the range 2-10 K (Figures S32-S36).

For all complexes the maximum magnetisation
value is reached at 2 K and 50,000 Oe. The reduced
magnetisation of TbL!3-TmL!3 does not superim-
pose, suggesting that the ground state is not ther-
mally isolated from excited states. This is simi-
lar to the parent complexes LnL, where only the
GdL and YbL complexes show superimposable re-
duced magnetisation curves [21]. Comparing the
VTVB measurements of the post-derivatised com-
plexes TbL'8-TmL!® with the parent complexes
TbL-TmL, the difference between the Kramers and
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non-Kramers ion-containing complexes becomes
more apparent. The VIVB measurements of the
Kramers ion-containing complexes DyL!® and DyL
as well as ErL!® and ErL are almost identical (Fig-
ures S33 and S35), suggesting very similar eigenvec-
tor compositions of the ground energy levels for the
post-derivatised and parent complexes. On the con-
trary, the non-Kramers ion-containing complexes
show different VTVB magnetisation for LnL!® and
LnL (Figures S32, S34 and S36). The difference be-
tween magnetisation curves for the Kramers and
non-Kramers ion complexes upon derivatisation is
likely due to the difference in the degeneracy of the
energy levels of the Kramers and non-Kramers ions
and the loss of crystallographic trigonal symmetry
upon derivatisation, with the latter leading to addi-
tional off-diagonal terms in the crystal field Hamil-
tonian, causing more mixings of the states. Unlike in
the case of Kramers ions, the energy levels of non-
Kramers ions are not forced to be degenerate in pairs
at zero magnetic field. Previous measurements on
TbL, HoL and TmL indicated that the ground state
is likely a singlet but with an excited doublet very
close to the ground state for TbL and HoL [21]. If the
degeneracy of this doublet is lifted due to the loss of
trigonal symmetry, this may lead to much different
magnetisation curves.

3.3.3. Influence of the post-derivatisation on the dy-
namic magnetic properties

A.c. susceptibility measurements were performed
on TbL®*-TmL!® within the frequency range 1-
1500 Hz of an oscillating magnetic field of 3.5 Oe,
and with an applied static magnetic field H of 0 to
5000 Oe (Figures S37-S46). When no static mag-
netic field is applied, none of the complexes show
any out-of-phase a.c. signal (x”) with respect to
the available frequency range. This suggests that a
large degree of quantum tunnelling of magnetisa-
tion (QTM) is present in the complexes, similar to
the parent complexes and other complexes with the
Ln(trensal) motif [21,44,45]. In an attempt to quench
the QTM, the a.c. susceptibility was measured in
static magnetic fields. When applying a static mag-
netic field, an out-of-phase signal emerged for the
complexes containing Kramers ions (Dy and Er). This
was not observed for the complexes containing non-
Kramers ions. The difference between the Kramers
and non-Kramers ion complexes is likely due to the

non-Kramers complexes having a singlet instead of a
doublet as the ground state. In three-fold symmetry,
only Kramers ions are required to have a degenerate
ground state in zero magnetic field. This difference
between the Kramers and non-Kramers ions has also
been observed in the parent complexes LnL and for
the similar Ln(trensal) complexes [21,44].

The field dependence of the X" for DyL!® and
ErL'® show similar features (Figures S40 and S44).
At low magnetic fields a peak in the x” is found at
high frequencies. Upon increasing the magnetic field
this process disappears from the measurement win-
dow, and instead a very broad signal emerges at low
frequencies. The same behaviour was observed in
the parent complexes DyL and ErL, where the broad
relaxation process was found to be temperature-
independent [21]. Unfortunately the relaxation pro-
cess at high frequencies has its maximum outside our
measurement window preventing an investigation of
its temperature dependence.

In an effort to slow the relaxation dynamics of
the process found at high frequencies the complexes
DyL!® and ErL!'® were diluted at 5% into the dia-
magnetic hosts YL!® and LuL!®, respectively. The
dilution into the diamagnetic host limits the dipo-
lar interactions between neighbouring magnetic cen-
tres, thereby limiting the effect of dipolar couplings
on the spin-lattice relaxation. The field depen-
dence of the x” of Dy@YL'® and Er@LuL!'® show a
single peak with a maximum around 100 Hz (Fig-
ures S54 and S60). At 1000 Oe the x” signal is
most intense and at the lowest frequency for both
Dy@YL!'8 and Er@LuL!3, presenting the optimal field
to study the temperature dependence. Upon in-
creasing the temperature, the signal quickly moves
outside our measurement window with the maxi-
mum of the signal moving past the measurement
window already at 3 K (Figures S56 and S62). Us-
ing CC-FIT2 [46], the temperature dependence of
the a.c. susceptibility data was fitted to a gener-
alised Debye model. The limited temperature in-
terval that could be extracted from the measure-
ments prevents a detailed analysis of the results.
To compare the relaxation dynamics of the post-
derivatised complexes to those of the parent com-
plexes, DyL and ErL were diluted into their diamag-
netic hosts YL and LuL at 5%, respectively. However,
the dilution into a diamagnetic host did not result
to observation of a maximum within the available
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frequency range (Figures S58 and S64). This shows
that the spin-lattice relaxation of the Dy and Er ions is
slowed down upon the derivatisation, a feature which
was also observed for YbL!8 [22].

As previously mentioned, GAL'® could not be ob-
tained phase-pure. However, when GdL!3 is diluted
at 5% into the diamagnetic host YL!3, it adopts the
same phase as the other members of the LnL!® family
presented herein. Having obtained the Gd complex
phase-pure we decided to compare its relaxation dy-
namics to those of the parent complex GdL. For this,
GdL was diluted at 5% into the diamagnetic host YL.
Field dependence measurements of the a.c. suscep-
tibility for GA@YL!8 showed an optimal relaxation at
3000 Oe (Figure S48). Temperature dependence was
subsequently measured with a static magnetic field
of 3000 Oe for both Gd complexes (Figures S49-S52).
Using CC-FIT2 [46], the relaxation times were ob-
tained for each complex. Contrary to the Dy and Er
containing complexes, relaxation times for GA@YL!3
and Gd@YL could be obtained over a large temper-
ature interval (Figure 4 and Tables S5 and S6). Both
complexes show very similar relaxation times up to
5 K. Going to higher temperatures, GA@YL!3 starts to
relax faster, which may be attributed to the increased
amount of vibrations from the octadecyl chains. In
a double logarithmic plot the temperature depen-
dence of the relaxation time of Gd@YL is fully linear
with a slope of 1.5, which indicates that the relaxation
could be governed by a direct process in this temper-
ature regime (Figure S65). In the case of GA@YL!3,
the temperature dependence of the relaxation shows
a slight curvature, suggesting that at least two differ-
ent relaxation processes are present within the stud-
ied temperature interval.

4. Conclusion

A novel series of aliphatic chain containing lan-
thanide complexes (Tb-Tm, Y)L®8 have been
obtained through Schiff-base reaction post-
derivatisation of LnL with 1-octadecylimine chains.
Single-crystal X-ray diffraction revealed that upon
post-derivatisation the first coordination sphere of
LnL'® shows great similarities to the one of the par-
ent complex. However, due to van der Waals inter-
actions between the octadecyl chains in the solid
state, the trigonal symmetry of the parent com-
plex (LnL) was lost upon post-functionalisation.
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Figure 4. Temperatue dependence of the re-
laxation time (1) of GA@YL!® at 5% dilution,
Gd@YL at 5% dilution, Dy@YL!3 at 5% dilution,
and Er@LuL!® at 5% dilution. T was obtained
by fitting the generalised Debye model using
CC-FIT2 [46] to the temperature dependence of
the a.c. magnetic susceptibility of these com-
plexes at a fixed applied static magnetic field.

Emission spectra of (Tb, Ho, Er)L'® and (Tb, Ho,
Er)L showed little change in the energetic splitting
of the ground multiplet upon post-derivatisation.
The changes in the energy level splitting were much
smaller than what has been observed between differ-
ent Er(trensal) derivatives, suggesting that changes in
the second coordination sphere that do not change
the electron density on the phenyl rings of the com-
plexes have very little effect on the energy levels
of the Ln ions in this type of complexes. Although
the energy level splitting seems to be little per-
turbed by the post-derivatisation, the static mag-
netic properties were found to change significantly
upon post-derivatisation for the non-Kramers ion
complexes. The effect was largest for the magnetisa-
tion measurements at low temperature and is likely
the result of a large change in the eigenvector com-
positions because of non-diagonal terms induced
by the low symmetry. This large difference in the
static magnetic properties of the non-Kramers ions
upon post-derivatisation was not observed for the
Kramers ions. It is surprising that post-derivatisation
influences the static magnetic properties of the
LnL complexes differently depending on whether
they contain Kramers or non-Kramers ions. This is
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important to the future integration of Ln complexes
into devices, where bulk properties are wished to be
retained upon device integration. If LnL complexes
are to be integrated into such devices the focus
should be on integrating the Kramers ion-containing
complexes which seem less susceptible to small
perturbations.

Further studies will investigate how different
chain lengths of the amines affect the electronic and
magnetic properties of the Ln ions to get a better
understanding of the relationship between the static
and dynamic properties of the systems as well as
between the Kramers and non-Kramers ion com-
plexes. Moreover, Langmuir-Blodgett films formed
with these complexes will be studied, to see how
the static magnetic and electronic properties change
upon organisation in a 2D structure.
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1. Introduction

To the best of our knowledge, the first study describ-
ing the synthesis of organotin trifluoromethanesul-
fonates dates back to the 1970s, led by Schmeil3er’s
group [1]. Since then, this class of compounds has at-
tracted much interest in homogeneous catalysis and
synthesis. These compounds are indeed reported
to be efficient for specific metal-assisted organic re-
actions, acting as appropriate Lewis acid catalysts.
Beneficial effects have been particularly described
for the aldol reaction of Mukaiyama [2], Robinson
annulation [3], acetylation of alcohols [4], transester-
ification of dimethyl carbonate with phenol [5], and
direct synthesis of dimethyl carbonate (DMC) from
methanol and carbon dioxide [6,7]. From a synthetic
point of view, organotin trifluoromethanesulfonates
are generally prepared by reacting an organotin ox-
ide with trifluoromethanesulfonic acid (CF3SOsH,
TfOH) [8,9], or alternatively, from an organotin chlo-
ride (Ri—xSnCl, with R = alkyl) in the presence of
silver trifluoromethanesulfonate (AgCF3SO3) [8,10].
Several organotin(IV) complexes have been char-
acterized in the solid state by single crystal X-ray
analysis. The CF3SO3 group can be ionic and behave
as a counter anion, or be a ligand directly bound
to tin. In the latter case, it can adopt various coor-
dination modes. Examples of mono-, bi-, and tri-
dentate as well as terminal, pseudo-terminal, and
bridging CF3SO3 groups have already been reported
in the literature for p-block metals and are shown in
Scheme 1 [11,12].

The chemistry and structural aspects of organ-
otin trifluoromethanesulfonates were first reviewed
by Beckmann in 2005 [13]. Since 2006, our group
has also contributed to this field by character-
izing several new specimens by X-ray crystallo-
graphic analysis: (i) ionic monobenzyltin(IV) triflu-
oromethanesulfonate clusters exhibiting unprece-
dented Sng, Sn;;, and Snj, frameworks [14,15],
(i) a two-dimensional organostannoxane coor-
dination network go{[n-Bug(p-OH)SnOSn(p-nZ—
03SCF3) n-Buy]z [1n-Buy (n'-03SCF3)SnOSn (w-OH) -
Buyl»} [12], which was found to be a polymorph of
the tetra-n-butyldistannoxane trifluoromethane-
sulfonate cluster, [7-BuySn,(OH)(CF3S03)],0 (4),
described initially by Otera [16,17], (iii) a poly-
meric chain of dimeric hydroxo di-n-butyltin(IV)
units bridged by trifluoromethanesulfonate lig-
ands, [Sny(CF303S)2(C4Hg)4(0OH),], [10]. More

recently, we reported the isolation and character-
ization of the dihydrated di-n-butyltin(IV) triflu-
oromethanesulfonate salt {[n-Bu,Sn(H,0)],0-n-
Bu,Sn(OH)»}[CF3S03], (2), which is character-
ized by a Sn3O3 core [18]. 2 was obtained by re-
acting at room temperature with the dimeric hy-
droxo di-n-butyl trifluoromethanesulfonate [n-
BuySn(u-OH) (H,0)(CF3S03)], (1) with a mixture
of anthracene and phenazine.

Continuing to explore the reactivity of 1 toward
nitrogen-containing heterocyclic compounds, we
report herein the synthesis and characterization of
two novel diorganotin trifluoromethanesulfonate
derivatives, [n-BupSn(u-OH)(phen)]2[CF3S03], (5)
and [n-Bu,Sn(phen),][CF3SO3], (6), resulting from
the reaction of 1 with 1,10-phenanthroline (phen),
with the latter acting as bidentate ligand. Monitoring
of the reaction by ''Sn{'H} NMR spectroscopy in
solution (CD3CN) and as a function of the amount
of phen added revealed successive in situ formation
of species 2, 3, and 4. From the three molar equiv-
alents of phen, only the resonance of 5 is visible in
the spectrum. Species 2 and 4 have already been
reported in the literature; however, to the best of
our knowledge, 3 is a new species. Complexes 5 and
6 were fully characterized by IR, 'H, 'F, 13C, and
19gn{'H} NMR spectroscopy, mass spectrometry,
elemental analysis, and X-ray diffraction analysis.
Further investigations were conducted to isolate and
identify species 3. By changing the solvent condi-
tions from acetonitrile to dichloromethane and in
a 1:1 molar ratio of 1 and phen, the unprecedented
mononuclear hydrated di-n-butyltin cation, [n-
Bu,Sn(phen) (OH) (H,0)][CF3S03] (7), was isolated,
with the tin center N,N-chelated by a bidentate phen
ligand and bearing a terminal hydroxyl group. More-
over, the reactivity of 1 was also tested in the presence
of 2,9-dimethyl-1,10-phenanthroline (dmphen).
From this reaction, only the phenanthrolinium tri-
flates (dmphenHOTf and dmphen-dmphenHOTY),
resulting from the mono-protonation of dmphen,
were obtained.

2. Results and discussion

2.1. Synthesis and isolation of [n-BuySn(i.-OH)
(Phen)]> [CF3S80s], (5) and [n-BuySn(Phen), ]
[CF3803]> (6)

The air-stable dinuclear di-n-butyltin(IV) trifluo-
romethanesulfonate salts [n-BuySn(p-OH)(phen)],
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Scheme 1. Molecular representations of known coordination modes involving the trifluoromethanesul-
fonate ligand and p-block metals (M).
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Scheme 2. Synthetic pathway leading to 5 and 6.

[CngO?,]g (5) and [n-BuZSn(phen)g] [CFgSOg]z (6)
were obtained at room temperature, under air atmo-
sphere, from a mixture of dichloromethane/toluene
by reacting dimeric trifluoromethanesulfonato hy-
droxo organotin(IV) [n-BuySn(OH)(H20)(CF3S03)]2
(1) with two molar equivalents of 1,10-
phenenthroline (C;2HgN,, phen) (Scheme 2). A
pinkish precipitate is first formed, leading, after re-
crystallization in dichloromethane/toluene, to the
formation of single crystals later characterized as 6.
Colorless single crystals of 5 were obtained from the
filtrate of the mother liquor by slow evaporation at
room temperature.

The two new organotin compounds which are
ionic were characterized by elemental analysis,
ESI-MS, IR and NMR spectroscopy, and single-
crystal X-ray diffraction analysis. = Compound 5
exhibits good solubility in organic solvents such
as dichloromethane, acetone, and acetonitrile. In
CD3CN, the Sn{'H} NMR spectrum of 5 exhibits
one single resonance at § —226 ppm (Figure S1). Such
a chemical shift is in agreement with a six-coordinate

tin atom substituted by two n-butyl moieties. It is
interesting to note that in acetone-ds, the signal
moves significantly, shifting to —150 ppm, suggesting
that the tin center is pentacoordinated in this sol-
vent environment. For comparison, the tin atoms
of [n-BuySny (OH)(CF3S03)],0 (4), which is charac-
terized as a distannoxane, exhibit two resonances in
acetone-dg at —146 and —151 ppm [9,12]. The Iy
and '*C{'H} NMR spectra of 5 depicted in Figures S2
and S3, respectively, corroborate the structure de-
picted in Scheme 2, showing two sets of signals char-
acteristic of phenanthroline ligands and n-butyl sub-
stituents. The CF3 moieties of the CF3SO3 anions are
also clearly identified in the *C{'H} NMR spectrum,
giving a typical quartet at §119.9 ppm, with a dis-
tinctive ! Jo_p coupling constant of 318 Hz. The '9F
NMR spectrum exhibits one singlet at 6§ —78.2 ppm
(Figure S4). The infrared spectrum of 5 highlights a
distinctive broad absorption centered at 3321 cm™!
(Figure 1b), which is quite different from the fin-
gerprint of 1 (Figure 1a), but can be assigned to the
presence of OH groups (Figure 1b). Characteristic
vibration bands of trifluoromethasulfonate lig-
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Figure 1. FT-IR (ATR) spectra of (a) [n-Bu,Sn(OH)(H,0)(CF3S03)]2 (1), (b) [n-BuzSn(u-OH)(phen)l,
[CF3S0s3]2 (5), (c) [n-BuaSn(phen),][CF3S0s]2 (6), and (d) [n-Bu,Sn(phen)(OH) (H,0)]1[CF3S0s3] (7).

ands, in particular v(CF3) and v(SO3), are also
observed for 3 in the stretching region between
1000 and 1300 cm™!' (outlined by a blue ban-
ner in Figure 1) [19-21]. The additional intense
bands at 1518, 1427 and 854 cm™! arise from the
v(C=C), v(C=N) and y(C-H aromatic rings) ab-
sorptions of the phen ligands, respectively. The
coordination of these ligands to tin is supported
by the shift of the two bands at 1518 cm™!, and
1427 cm™! relative to the free ligand (1503 cm™!
and 1420 cm™Y) [22,23]. An electrospray mass
spectrum (positive mode) of 5 in a mixture of
dichloromethane/methanol displays major mass
clusters centered at m/z = 431.11333 Da (100%),
which fits closely with the [n-BupSn(OH)(phen)]*
fragment (CyoH27N20Sn, calc.: 431.11453 Da)
(Figure S5). Finally, the micro-analytical (C, H,
N, S) data also support the composition of 5 (see
Section 4).

Compound 6 was collected as a precipitate from
the starting reaction. However, it was found to
be well soluble in acetone and dichloromethane.
Suitable single-crystals for X-ray diffraction analysis
were grown from a dichloromethane/toluene mix-
ture. Compared with 1 and 5, the infrared spectrum

of 6 shows no absorption bands above 3100 cm ™! ex-

cluding the presence of OH or H,O ligands. Oth-
erwise, the characteristic absorption bands of n-
butyl chain [v(C-H)], CF3SOs3, and phen are present
and support the coordination of the phen ligand to
the tin center (Figure 1c). In the aceton-dg solu-
tion, the '9Sn{!H} NMR of 6 reveals a broad reso-
nance at 6 —231 ppm (Figure S6) [for comparison,
in the same deuterated solvent, 5 exhibits a weak
resonance at § —150 ppm (Figure S7)], and the 'H
NMR spectrum shows a 1:1 integration ratio between
the protons of the n-butyl chains and the phen lig-
ands (Figure S8). The '3C{!H} NMR spectrum ex-
clusively reveals phen and n-butyl resonances and
highlights the presence of CF3SO; anions by giv-
ing a quartet centered at 6121.9 ppm, which is at-
tributable to CF3 moieties (Jcr = 321 Hz) (Fig-
ure S9). A single resonance at § —78.8 ppm is also
observed in the '"F NMR spectrum (Figure S10).
The electrospray mass spectrum (positive mode) of
6 in a mixture of dichloromethane/methanol dis-
plays two predominant mass clusters centred at
m/z =445.13055 Da (100%) and 431.11559 Da (80%),
which can be assigned to [n-Bu,Sn(phen)(OCH3)]*
(C21H29N»OSn, calc.: 445.13019 Da) and [n-Buy
Sn(phen) (OH)]* (C29H27N208n, calc.: 431.11454 Da)
fragments, respectively (Figure S11).



Hélene Cattey and Laurent Plasseraud 21

2.2. Single-crystal X-ray diffraction analysis of 5

The solid-state structure of 5 consists of a [n-
BuZSn(OH)(phen)]g+ dication surrounded by two
non-coordinated CF3SO3 anions. An ORTEP view
of 5 is shown in Figure 2 together with the selected
bond distances and angles. The inorganic core of
the cation is based on a planar four-membered
distannoxane [Sny(u-OH)2] unit, where the tin
atoms are bridged by two hydroxide ligands. The
two tin atoms are bound to two n-butyl ligands
[Sn-C13 = 2.131(2), Sn-C17 = 2.128(2) A], to two
oxygen atoms of bridging hydroxide ligands [Sn—
Ol = 2.0828(13), Sn-O1‘ = 2.2334(14) Al, and are
chelated by a bidentate 1,10-phenanthroline mol-
ecule forming five-membered rings. However, the
Sn—-N distances show significant differences [Sn—
N1 = 2.4171(17), Sn-N2 = 2.6330(18) A]. Thus, the
tin centers can be considered to be hexacoordi-
nated, adopting a markedly distorted octahedral
geometry [C17-Sn—-C13 = 156.93(9)°, N1-Sn-0O1! =
156.85(5)°, N2-Sn—-0O1 = 150.33(6)°]. Furthermore,
the phen ligands are parallel to each other and ex-
hibit a twist angle of 25.55(4)° to the plane containing
the Sny0; ring. Two trifluoromethanesulfonate an-
ions complete the structure of 5. For both CF3SO7,
one of their oxygen atoms is involved in hydrogen
interaction with a hydroxide group of the cation
[03---HO = 2.791(2) A]. Moreover, we can also sus-
pect for each CF3S0; a possible weak interaction in-
volving another oxygen atom of sulfonate functions
and one tin atom of the cation [04---Sn = 3.342(2) A],
which could explain the different Sn—-N distances.
The existence of such long-distance Sn---O inter-
actions in the solid state has already been under-
lined for previous diorganotin compounds [10,24].
In the past, Blaschette and Jones reported the isola-
tion of [Mey{(MeSO;)2N}(phen)Sn(n-OH)l,, a com-
pound structurally analogous to 5 and prepared from
Me,>Sn[N(SO,Me)»]» and 1,10-phenanthroline by ad-
ventitious hydrolysis [25]. Interestingly, in this com-
pound, the (MeSO,),N~ anions operate in the same
manner as the triflate anions of 5. They are non-
coordinated and are involved in hydrogen bonding
and long Sn---O interactions. The authors then de-
scribed the tin atoms as being heptacoordinated in
a pentagonal bipyramidal arrangement. With regard
to compound 5 and based on the '"Sn{'H} NMR
chemical shift value (§-226 ppm in CD3CN), we

Figure 2. OrTEP drawing of 5 using a par-
tial atom labeling scheme (30% probabil-

ity thermal ellipsoids). Hydrogen atoms of
phenanthroline ligands and rn-butyl chains are
omitted for clarity. Hydrogen bonds involv-
ing CF3SO3- and p-OH groups are repre-
sented by red dotted lines. Selected bond
lengths (A) and angles (°): Sn-C17 2.128(2),
Sn-C13 2.131(2), Sn-0O1 2.0820(13), Sn-O1!
2.2343(14), Sn—N1 2.4171(17), C21-F3 1.315(3),
C21-F1 1.329(3), C21-F2 1.334(3), C21-S1
1.816(3), S1-02 1.4239(19), S1-04 1.4331(18),
S$1-03 1.4406(15); O1-Sn—C17 100.02(7), O1-
Sn-C13 102.51(8), C17-Sn-C13 156.93(9), O1-
Sn-01! 72.08(6), C17-Sn-O1’ 90.38(8), C13-
Sn-0O1’ 91.85(8), O1-Sn-N1 84.98(6), Cl17-
Sn-N1 90.58(8), C13-Sn-N1 96.24(8), Ol‘-
Sn-N1 156.85(5), Sn-O1-Sn’ 107.92(6), F3-
C21-F1 107.0(2), F3-C21-F2 108.8(3), F1-C21-
F2 106.7(2), F3-C21-S1 112.27(19), F1-C21-
S1 110.9(2), F2-C21-S1 110.95(18), 02-S1-04
116.03(13), 02-S1-03 114.98(13), 04-S1-03
113.25(10), 0O2-S1-C21 103.25(13), O4-S1-C21
104.76(13), O3-S1-C21 102.36(10) (symmetry
transformations used to generate equivalent
atoms: (i) :3/2-x,1/12-y,-2).

argue in this case for the hexacoordination of the tin
atoms.
2.3. Single-crystal X-ray structural analysis of 6

The structure of salt 6 in the solid state consists
of a [n-BuySn(Phen),]?* dication surrounded by
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Figure 3. OrTEP drawing of 6 using a partial
atom labeling scheme (30% probability ther-
mal ellipsoids). Hydrogen atoms and one
molecule of toluene (solvent) are omitted for
clarity. Selected bond lengths (A) and angles
(°): Sn1-C29 2.162(9), Sn1-C25 2.158(9), Sn—-N1
2.273(8), Sn—-N2 2.369(8), Sn—-N3 2.309(7), Sn—
N4 2.275(8), S1-02 1.415(8), S1-0O1 1.427(8),
S1-03 1.431(9), S1-C33 1.823(11), C33-F1
1.299(12), C33-F2 1.328(14), C33-F3 1.312(13),
C25-Sn1-C29 116.9(4), N1-Snl-N2 71.9(3),
N1-Sn1-N3 87.7(3), N1-Sn1-N4 154.5(3), C29-
Sn1-N1 98.0(3), C25-Sn1-N1 97.0(4), N3-Sn1-
N2 76.3(3), N4-Sn1-N2 87.5(3), C29-Sn1-N2

84.12(3), C25-Snl1-N2 157.9(3), N4-Snl-N3
72.6(3), C29-Snl1-N3 156.9(3), C25-Snl1-N3
84.3(3), C29-Snl1-N4 94.6(3), C25-Snl-N4
96.9(4).

two non-coordinating CF3SOj anions. One toluene
molecule (crystallization solvent) co-crystallizes
with 6. Figure 3 shows an ORTEp view of 6 with
the atom numbering scheme, and Figure 4 shows a
perspective view of the crystal packing in the unit
cell. The molecular structure of the title compound
consists of a central six-coordinated tin atom that
exhibits an octahedral coordination environment
comprising four nitrogen atoms from two distinct
chelating phen ligands and two carbon atoms of
the two n-butyl chains. The ligands are positioned
in a cis-arrangement. The N1-Sn-N4, N2-Sn-C25,

Figure 4. Projection of the crystal structure
approximately along the b axis, showing the
orientation of the phen ligands between two
neighboring cations of 6. The solvent toluene
molecules co-crystallizing with 6 and hydro-
gen protons are omitted (MERCURY representa-
tion [27], color code: Sn = violet, N = blue, C =
gray, O =red, S = yellow, F = green).

N3-Sn—C29 bond angles measure 154.5(3), 157.9(3),
and 156.9(3)°, respectively, indicating a distor-
tion from an ideal octahedral geometry. The two
phen ligands are bidentate to tin, forming five-
membered chelate rings that are nearly planar.
The Sn-N distances are in the range of 2.273(8)
and 2.368 A. They are comparable to that found
in [MeSn(phen)Z]zJr [26], which is, to the best of
our knowledge, the only example reported to date
for a diorganotin complex bis-N,N-chelated by two
1,10-phenanthroline ligands.

From a supramolecular point of view, the
molecules of 6 are organized in pairs via offset
m—7t interactions involving the aromatic rings of each
phenligand (Figure 4). The interplanar and centroid-
to-centroid distances between the two parallel phen
molecules are 3.393 and 4.732 A, respectively. In gen-
eral, for such interactions, the interplanar distance
is assumed to be in the range of 3.3-3.8 A [28]. In
the arrangement of 6, the rings are severely offset
with a slippage angle (angle between the normal to
the planes and the centroid vector centroid vector)
of 44.19°, which corresponds to a slip distance of
3.298 A.
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Figure 5. 196 {1H} NMR monitoring of the evolution of a solution of 1 in CD3CN ([0.08 M], 298 K) as
a function of successive additions of 1,10-phenanthroline (phen): (a) starting solution of 1, (b) after
addition of 0.5 molar equivalent, (c) of 0.75 molar equivalent, (d) of 1 molar equivalent, (e) of 2 molar

equivalent, and (f) of 3 molar equivalent.

2.4. Solution '9Sn{* H} NMR monitoring

The reactivity of 1 toward successive additions
of 1,10-phenanthroline was followed by '9Sn{'H}
spectroscopy in CD3CN directly in an NMR tube, as
shown in Figure 5. In CD3CN, compound 1 shows
a broad signal at 6 —209 ppm in agreement with the
value reported previously in the literature [8] (Fig-
ure 5a). The addition of 0.5 molar equivalents of
phen leads to the appearance of three new signals at
6 —133, —161, and —267 ppm in addition to the signal
of 1, which is still present at 6 —209 ppm (Figure 5b).

The two de-shielded chemical shifts exhibiting a
1:2 intensity ratio correspond to the signature of
the ionic complex 2, already known and charac-
terized by us as the unusual trinuclear complex
{[n-BuzSn(H20)]20-n-BupSn(OH)2}  [CF3S0s]2  (2)
(Scheme 3a) [16], while the signal at 6 —267 ppm can
be attributed to a new species 3 whose composition
and structure will be discussed later. Further addi-
tion of phen (up to 1 molar equivalent) lead to a pro-
gressive disappearance of the previously described
resonances in favor of the emergence, and then the
predominance, of a new pair of signals located at
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Scheme 3. Molecular representations of 2 (a) and 4 (b).

Table 1. '9{'H] NMR chemical shift data of di- n-butyltin(IV) trifluoromethanesulfonates

Compounds d (ppm)“

In CD,Cl, In acetone-dg in CD3CN
1 —145 -209
2 —127, -149 [18] -133, —161
3 —288 —-267
4 —135,-144[18] -146,—-151[12] -139,-143
5 Not visible —150 -226
6 Not visible —-231 Insoluble
7 -260

At T =298 K.

—139 and —-143 ppm (Figure 5b and c). They re-
flect the formation of 3-hydroxy-1-(triflato)tetra-n-
butyldistannoxane, [7-Bu,Sn,(OH)(CF3S03)].0 (4),
whose solid-state structure was initially established
by Otera et al. (Scheme 3b) [9]. For our part, we had
previously shown the possible transformation of 2 to
4 in the presence of phenazine [16]. It is likely that
a similar reaction can occur in the presence of 1,10-
phenanthroline. When the addition of phen reaches
two molar equivalents, the residual signals of 4 are
still visible, but a broad resonance, prevailing, ap-
pears at 6 —226 ppm (Figure 5e). This corresponds to
the formation of complex 5. In the presence of three
molar equivalents, this compound is the only species
detected in solution (Figure 5f). However, a white
precipitate is also observed at the bottom of the NMR
tube, which corresponds to complex 6 insoluble in
CD3CN. The values of the 19Sn{!H} NMR chemical
shifts of the different organotin species implicated in
this study are summarized in Table 1.

2.5. Isolation and characterization of species 3

During the monitoring of the reaction by '9Sn{'H}
NMR, all signals were attributed to identified organ-
otin species, except for the single broad resonance
at 6 —267 ppm in CD3CN (Figure S12), which was
assigned to compound 3. We did not find any biblio-
graphic data associated with this species; therefore,
it appeared to be new and its composition remains
to be clarified. We first sought to isolate it by re-
producing the experimental conditions of the NMR
measurement depicted in Figure 5d in glassware
conditions, i.e., by adding 1 molar equivalent of phen
to a solution of 1 in a mixture of acetonitrile/toluene
(15 mL/10 mL). After three successive separations
by crystallization at 4 °C (2 and 4 were collected as
crystalline products) in a CHzCN/toluene mixture,
it was possible to isolate only 3. After complete
evaporation of the solvents, 3 consists of a colorless
pasty solid. Infrared analysis, shown in Figure S13,
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reveals several characteristic bands: (i) v(C-H) ab-
sorption bands between 2800 and 3000 cm™!, (i)
v(C=C), v(C=N) and 6 (C-H) fingerprints of the phen
ligand [22,23], and (iii) stretching vibration bands of
trifluoromethasulfonate ligands [v(CF3) and v(SOs3)]
between 1000 and 1300 cm™! [19-21]. A ''9Sn{'H}
NMR spectrum of a solution of 3 in CD»Cl, shows
a singlet resonance at 6288 ppm. The '3C{'H}
NMR spectrum of 3 in CD,Cl, (Figure S14) high-
lights two sets of signals attributed to the presence
of n-butyl and phenanthroline ligands. A quartet
at 6 121.2 ppm (' Jc_p = 320 Hz) reveals the pres-
ence of CF3 moieties, which is corroborated by the
9F NMR spectrum, which exhibits one singlet at
5-78.4 ppm (Figure S15). The 'H spectrum es-
tablishes a phen/n-butyl ligand ratio of 1:2 (Fig-
ure S16). The electrospray mass spectrum (pos-
itive mode) of 3 in dichloromethane/acetonitrile
solution displays three intense mass clusters (Fig-
ure S17). The first one centered at m/z = 563.0613
Da (z = 1, 67%) matches with high accuracy
to a mononuclear di-n-butyltin fragment bear-
ing a positive charge that can be assigned to [n-
BuZSn(phen)(CF3803)]+ (C21H2603N2F3SSH), calc.
= 563.0628 Da), whereas the cluster centered at
ml/z = 1275.07507 Da (z = 1, 100%) is consistent
with the monocationic dinuclear framework of
the empirical formula C43Hs5209N4F9S3Sn, (calc.
= 1275.07912 Da). The intermediate cluster at
m/z = 893.0887 Da (67%) is compatible with [M+H-
phen-n-BuySn]*  (C34H3506N4FgS2Sn, calc. =
893.0819 Da). Simulations of these ESI-MS mass
clusters are depicted in Figures S18-S20. On the ba-
sis of these data, we suggest that for species 3, the
structure reproduced on Figure 6 could correspond
to two [n-BupSn(phen)(CF3S0s3)] entities bounded
by a bridging trifluoromethanesulfonate ligand,
[{n-BuzSn(phen)(CF3503)}2 (1-CF3S03)] [CF3S03].

The overall positive charge of 3 is compensated
by an CF3SO; anion. To the best of our knowl-
edge, such a structure has not yet been described
in the literature. However, there are some re-
ports confirming in the solid-state the existence of
—-CF3S03 groups bridging di-n-butyltin derivatives.
In general, this results in the propagation of poly-
meric networks: [Sny(CF303S)2(C4Hg)4(OH)2], [10],
2 {[n-Buz(1-OH)SnOSn(1-n>-0S0,CF3)n-Buyl} 9],
2 {[n-Buz (u-OH)SnOSn(1-n>~03SCF3) n-Buz]y [n-

Bu, (7'-03SCF3)SnOSn(pn-OH) n-Buy)o}  [12]. In

=z n-Bu n-Bu | AN
| Tf | N
Sn\ /n\
= N om0 | N
X n-Bu n-Bu

Figure 6. Possible molecular representation of
3 (OTf = CF3S03).

3, the presence of phen ligands occupying two
coordination sites on each tin atom probably pre-
vents polymerization. In the context of the re-
lated chemistry of organotin(IV) alkanesulphonates,
Shankar et al recently reported the solid-state
structures of di-n-butyltin complexes with bridg-
ing and terminal -OSO2R ligands (R = Me, Et),
quite comparable to the structure suspected for
3 [29].

The elemental analysis calculated for [{rn-BuySn
(phen) (CF3503)}2 (1-CF3S03)]1[CF3S03] - (Ca4Hs2F12
N401254Sn,, 1422.57 g-mol’l) is also in accordance
with the formula suggested for 3: Calculated: C,
37.17; H, 3.68; N, 3.94; S, 9.02 Found: C, 36.43; H,
3.74; N, 4.13; S, 8.16%. Furthermore, as highlighted
by the NMR measurements reported in Figures 5d
and 5e, we verified that the addition of phen to a so-
lution of 3 in CDCN does indeed result in the appear-
ance of the characteristic signal of 5 at 6 —227 ppm.
However, to date, it was not possible to confirm the
proposed structure by single crystal X-ray diffraction
analysis because the compound does not crystallize
properly in acetonitrile.

2.6. Reactivity in dichloromethane

In contrast, when the reaction between 1 and phen
(in 1:1 molar ratio) is conducted in dichloromethane
instead of acetonitrile, colourless single crystals are
grown at —20 °C from the filtrate of the reaction. They
are unstable and melt very quickly as the tempera-
ture increases. This is recurrent and was observed in
several batches. The crystallographic analysis could
be performed despite the poor quality of crystals.
However, several difficulties were encountered dur-
ing the treatment of the crystallographic data: (i) the
determination of the space group was delicate and
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Scheme 4. Plausible mechanism leading to the formation of 5 from 7.

finally defined as C2/c, (ii) several ligands were af-
fected by disorders, (iii) a solvent-accessible voids
remained. The resolution of the structure remains
imperfect, but we believe that the structural data
provided are informative in relation to the interme-
diate species leading to 5 and 6. Thus, the structure
of compound 7 (Figure 7) established the presence
of a cationic mononuclear compound based on a
tin atom carrying two n-butyl chains [Sn—-C13 =
2.136(7), Sn—C17 = 2.123(7) A] in trans-position with
respect to each other and chelated by a bidentate
phenanthroline ligand [Sn—-N1 = 2.208(11), Sn—-N2 =
2.342(8) A]. The Sn-N bond lengths are comparable
with those measured for 6. Two oxygen atoms, O1
and O2, complete the coordination sphere of the tin
atom, which describes a distorted octahedral geom-
etry [N1-Sn-O1 = 157.1(3), N2-Sn-02 = 162.2(3),
C17-Sn—C13 = 156.89(9)]. The O1 and O2 atoms
are assigned to OH, and OH ligands, respectively,
but unfortunately, their hydrogen atoms could not
be located. Their assignments were nevertheless
possible based on the Sn-O interatomic distances,
which are significantly different: Sn1-O1 = 2.512(8),
as opposed to Sn-02 = 2.142(5) A. Distances greater
than 2.3 A have already been observed for several di-
n-butyltin derivatives with Sn—-OH, bonds: 2.365 A
in [n-BupSn(H0)(u-OH)]2[CF3S03] [5], 2.409 A
in [n-BupSn(u-OH)(H,0)(CF3S03)], [4], 2.511 A
in {[n-BuZSn(HzO)]zO-n-BuZSn(OH)g}[CF3SOg]2
[16]. Sn-OH bonds are generally shorter: be-
tween 2.062 and 2.150 A in [n-Bu,Sn(H,0)(u-
OH)],[CF3S03] [5], 2.120 A in {[n-Bu,Sn(H20)],0-n—
BupSn(OH),}[CF3S03]» [16]. These examples sup-
port the attribution of O1 and O2. The positive
charge of [n-Bu,Sn(phen)(OH)(H20)]* is compen-
sated by one non-coordinated CF3SO; anion. To the
best of our knowledge, such a structure describing
a monomeric complex is unprecedented. Diorgan-
otin hydroxides are difficult to purify and character-

ize [30]. In the solid state, they are mainly described
as dimers, hydroxyl groups acting as bridging ligands
between two tin atoms, and also as polymers. Thus,
the number of complexes with an OH group singly
coordinated to tin is very limited [31-33]. In the
case of 7, although the resolution of its structure is
not optimal, we assume that the coordination of the
phen ligand favours the existence of a monomeric
form. To the best of our knowledge, another exam-
ple of tin-hydroxide stabilized by a phen ligand was
previously reported by Aghabozorg et al., charac-
terized by X-ray crystallographic structure as being
[Sn(pydc) (phen) (OH)»]-3H»0 (pydc = pyridine-2,6-
dicarboxyate) [34]. The two terminal OH groups
occupy the apical positions of a pentagonal bipyra-
mid. The IR spectrum recorded from the crystals
of 7 corroborates the presence of H,O and OH lig-
ands by showing two shoulders centered at 3407 and
3213 cm~! and a sharp band at 1628 cm™! assigned
to 6(H»0) elongation. The characteristic absorption
bands of CF3SO3 and phen are also well visible (Fig-
ure 1d). Globally, the IR fingerprint of 7 shows strong
similarities to that of 5.

Compound 7 can be viewed as a reaction interme-
diate resulting from the reactivity of 1 toward 1,10-
phenanthroline under sub-stoichiometric phen con-
ditions (Equation (1)). This can then lead to the for-
mation of 5 by dimerization, driven by the nucle-
ophilicity of the OH group, resulting in the expul-
sion of aqua ligands (Scheme 4). This mechanism
is similar to that proposed earlier by Chandrasekhar
et al. for the dimerization of {[n-Bu,Sn(OH,)41%"[2,5-
M62C5H3SO§]2 into {[n-BuySn(u-OH)(03SCgH3-2,5-
Mez)l2}y [35].

1/2[n —BupSn(i — OH) (H20) (CF3S03)]2 + phen
(€0}
. [ — BuzSn(phen) (OH) (H, 0)][CF3S0s3]
(7)

(D
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Figure 7. OrTEP drawing of 7 using the atom
labeling scheme (30% probability thermal
ellipsoids). The hydrogen atoms of O1 and O2
could not be precisely located. Selected bond
lengths (A) and angles (°): Sn—N1 2.208(11), Sn—
N2 2.342(8), Sn-0O1 2.512(8), Sn—-02 2.142(5),
Sn-C13 2.136(17), Sn-C17 2.123(7), S-0O3
1.466(7), S-04 1.403(8), S-0O5 1.408(6), C21-F1
1.311(13), C21-F2 1.309(12), C21-F3 1.330(11),
C21-S 1.794(11); O1-Sn-02 113.8(3), O2-Sn—
01 89.1(3), 02-Sn-N2 162.2(3), N1-Sn-O1
157.1(3), N1-Sn—-N2 73.1(4), N2-Sn-01 84.1(3),
C13-Sn-C17 161.9(3), C13-Sn-O1 79.9(3),
C13-Sn-02 91.9(2), C13-Sn-N1 100.1(4), C13-
Sn-N2 90.7(3), C17-Sn-0O1 82.2(3), C17-Sn-—
02 97.4(2), C17-Sn-N1 95.6(4), C17-Sn-N2
85.2(3), 03-5-C21 103.7(5), 04-5-C21 104.5(5),
04-S-03 113.9(5), 04-S-05 117.0(5), O5-
S-C21 104.2(4), 05-S-03 111.7(4). F1-C21-
F3 109.1(11), F1-C21-S 110.5(7), F2-C21-
F1 106.5(9), F2-C21-F3 106.6(9), F2-C21-S
113.1(9), F3-C21-S 110.8(7).

From a structural point of view, 7 can be re-
lated to the salt {[rn-Bu,Sn(OH;)(phen)(O3SCgHs-
2,5-Me)]1+[2,5-Me,CgH3SO3]"}  also  described
by Chandrasekhar et al, and isolated by reacting
{{n-BupSn(OHy)4]**[2,5-Me>CsH3S05 ], with 1,10-
phen [35]. The two compounds exhibit strong sim-
ilarities. They consist of mononuclear hydrated
diorganotin cations chelated by a phen ligand. In
the Chandrasekhar cation, the coordination of the
tin atom is completed by a sulfonate ligand, whereas
for 7, we claim the presence of a terminal OH group.
It is interesting to note that in solution in CD3CN,
the "9Sn{'H} NMR spectroscopic analysis of the
crystals of 7 shows the presence of a mixture of four
species (Figure S21), which highlights the instability
of the mononuclear cation 7 also in solution. It is
nevertheless possible to identify the characteristic
resonances of compounds 2 (-133, —161 ppm), 4
(—139, —143 ppm), and 5 (—226 ppm). The most
shielded signal at —260 ppm is thus attributed to
7. Based on the relative integration, the two main
species are 5 and 7, which is consistent with the
dimerization reaction suggested in Scheme 4. How-
ever, the presence of species 2 and 4, which are in
the minority according to a 'Sn{!H} NMR spec-
trum and do not bear phen ligands, from 7, is still
unexplained.

Thus, the solid-state structure of 7 resulting from
the reaction in dichloromethane differs markedly
from the results obtained in acetonitrile, leading to
the hypothesis of compound 3. This implies a de-
termining role of the solvent used on the nature of
the trifluoromethanesulfonate intermediate species
formed. This has already been demonstrated exper-
imentally in the past by Otera et al., who showed
that when n-Bu,SnO reacts with triflic acid in CH,Cl,
conditions, the compound 1, characterized as a
dimeric cation is preferentially formed [8], whereas
in acetonitrile, a polymeric structure prevails, al-
ternating anhydrous and hydrated moieties of [n-
Bu,Sn(OH)(0Tf)], and [n-BuySn(OH)(OTf)(H,0)],,
respectively [5]. In the future, we plan to use this
modularity to explore the performance of the com-
pounds described in this study for tin-assisted or-
ganic reactions, especially since 1,10-phenanthroline
derivatives are known to be efficient and stable lig-
ands in homogeneous catalysis [36].
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2.7. Isolation and solid-state structure of
[Ci2Hg N> ][CF3SO3] (phenHOTS)

In addition to 7, single -crystals of 1,10-
phenanthrolinium trifluoromethanesulfonate,
[C12H9N3][CF3503] (phenHOTf), were obtained
after a few days from the filtrate of the mother-liquor.
The phenHOTf salt consists of a monoprotonated
1,10-phenanthrolinium cation interacting with a sur-
rounding trifluoromethanesulfonate anion through
N-H---0 hydrogen bonding [N1---03 = 2.804(2) A,
N1-H---O3 = 147.61(11)°]. An ORTEP representation
is shown in Figure 8. To date, a large number of struc-
tures of 1,10-phenanthrolinium salts [C;2HgN3]([X]
have been resolved by X-ray crystallography, such
as X = CI~ [37], BPh; [38], I3 [39], PF; [40]. The
structure of phenHOTf is a new example. The crys-
tal stacking of phenHOTf (Figure 9) shows that the
phenanthrolinium cations are grouped in pairs via
offset -7t interactions characterized by an interpla-
nar distance of 3.398 A, a centroid-centroid distance
of 4.878 A, and a slippage distance of 3.50 A (slippage
angle = 45.85°).

2.8. Reactivity of 1
phenanthroline

to 2,9-dimethyl-1,10-

Subsequently, the reactivity of 1 was extended
to the disubstituted 1,10-phenanthrolines. Un-
der the reaction conditions (room temperature,
dichloromethane/toluene mixture), we found that
4,7-diphenyl-1,10-phenanthroline  (bathophenan-
throline) did not react, fully recovering the start-
ing compounds. However, in the presence of 2,9-
dimethyl-1,10-phenanthroline (dmphen), two types
of colorless crystals were successively obtained from
the mother liquor. Monitoring of the reaction by
19gn{1H} NMR in CD,Cl, revealed the transforma-
tion of 1 into distannoxanes 2 and 4. However, we
did not detect the formation of organotin species
coordinated by dmphen ligands, as in the case of
compounds 5, 6 and 7. This is probably due to steric
hindrance caused by the presence of methyl sub-
stituents. The first type of crystals collected as long
needles was characterized by X-ray diffraction anal-
ysis as being the organic salt [C14H;3N2][CF3SO0s3]
(dmphenHOTf). An ORTEP representation is shown
in Figure 10. The monoprotonation of dmphen led
to the formation of the cation [C14H;3N»]*. The

Figure 8. OrTEP drawing of phenHOTf using
the atom labeling scheme (30% probability
thermal ellipsoids). The N-H---O interac-
tion is indicated by a red dotted line. Se-
lected bond lengths (A) and angles (°): C1-N1
1.333(2), C5-N1 1.358(2), C5-C6 1.438(3), C6—
N2 1.359(2), C12-N2 1.326(3), O1-S 1.4367(14),
02-§ 1.4417(14), O3-S 1.4505(14), C13-S
1.825(2), CI13-F1 1.336(2), C13-F2 1.335(2),
C13-F3 1.335(2); C1-N1-C5 123.04(17), Cl12-
N2-C6 116.54(18), O1-S-C13 103.50(9), O1-
S§-02 115.68(8), 01-S-0O3 114.80(8), 02-S-
C13 103.31(9), 02-5-03 114.88(8), 03-S-C13
102.07(9), F1-C13-F3 107.57(16), F1-C13-S
111.34(13), F2-C13-F1 107.49(16), F2-C13-F3
107.62(15), F2-C13-S 111.31(14), F3 C13 S
111.31(14).
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Figure 9. Crystal packing of phenHOTf along
the a-axis. (MERCURY representation [27], color
code: N = blue, C = gray, H = white, O =red, S
= yellow, F = green.)

positive charge is balanced by a triflate anion, which
is also involved in hydrogen bonding to the cation
via an N-H---O interaction [N1---O1 = 2.910 A, N1-
HI1---01 = 157.63(14)°]. The crystal packing view
of dmphenHOTf shows a folded sheet organization



Hélene Cattey and Laurent Plasseraud 29

Figure 10. OrtEP drawing of dmphenHOTf us-
ing the atom labeling scheme (30% probability
thermal ellipsoids). The N-H- - - O interaction is
indicated by a red dotted line. Selected bond
lengths (A) and angles (°): N1-C5 1.371(3),
N1-C1 1.336(3), N2-C6 1.355(3), N2-Cl2
1.327(3), S-O1 1.4472(17), S-02 1.4306(19),
S-03 1.4359(17), S-C15 1.832(3), F1-Cl15
1.329(3), F2-C15 1.334(3), F3-C15 1.336(3);
01-S-C15 102.31(11), 0O3-S-01 115.26(11),
03-S5-C15 103.14(12), 0O2-S-0O1 115.68(12),
02-S-03 114.96(11), 02-S-C15 102.71(14), F2—-
C15-S 111.2(2), F2-C15-F3 107.5(2), F3-C15-S
111.46(18), F1-C15-S 111.25(18), F1-C15-F2
108.1(2), F1-C15-F3 107.2(2).

(Figure 11), stacked along the a-axis via -7t interac-
tions between the aryl rings of [C14H13N2]* with an
interplanar distance of 3.449 A, a centroid—centroid
distance of 3.626 A, and a slippage distance of 1.119 A
(slip angle of 17.98°). Recently, Assefa and Gore unin-
tentionally obtained the same compound by adding
2,9-dimethyl-1,10-phenanthroline drop wise to a
Eu(CF303S)3 solution [41]. In addition, several struc-
tures of 2,9-dimethyl-1,10-phenanthrolinium salts
[C14H13N3]1[X] have already been solved. This is the
case for X = ClO; [42], CI” [43], NO3 [44], PF; [45].
A second type of colorless crystals, exhibiting
a different shape (prism), was collected from the
filtrate of the solution from which dmphenHOTf
crystals were initially obtained. Their composi-
tion consists of a monoprotonated dmphen mole-

Figure 11. Organization of dmphenHOTS in
the crystal lattice along the a-axis. Hydrogen
atoms are omitted for clarity (MERCURY repre-
sentation [27], color code: N = blue, C = gray, O
=red, S = yellow, F = green).

cule (dmphenH) co-crystallizing with a free dmphen
molecule to form dmphenHOTf-dmphen. The two
components interact through an N-H---N hydrogen
bond [N1---N3 = 2.927(3) A]. In fact, the hydrogen
atom is split between the two nitrogen atoms [N1-
H---N3 =152.78(14)°, N3-H---N1 = 159.92(14)°]. In-
terestingly, the steric hindrance of the methyl sub-
stituents leads to a positioning close to orthogonal-
ity between the two heterocycles. Their arrange-
ment can be described as a head-tail assembly. A
dihedral angle of 77.74(3)° was determined between
the two planes containing dmphenH and dmphe.
The overall positive charge is compensated by the
presence of a triflate anion. An ORTEP view of
dmphenHOTf-dmphen is shown in Figure 12. The
crystal packing view, depicted in Figure 13, also
shows that the dmphen rings are in 77t aromatic in-
teraction and are organized in pairs. However, two
distinctive stacking patterns can be observed for dm-
phen and dmphenH, respectively, characterized by
interplanar distances of 3.631 and 3.353 A, centroid-
centroid distances of 3.762 A and 4.445 A, and slip
distances of 0.984 A (slip angle of 15.16°) and 2.918
A (slip angle of 41.03°), respectively.

In the past, we have shown the possibility of
accessing phenazinium and acridinium trifluo-
romethanesulfonate salts by reacting compound
1, at room temperature, in the presence of phenazine
(phz) [12] and acridine (acr) [46], respectively. The
isolation of original architectures based on molecu-
lar stacks driven by hydrogen and 7—t interactions,
has underlined the predisposition of N-heterocyclic
molecules as suitable building-blocks. In our opin-
ion, this approach, via the assistance of an organotin
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Figure 12. OrTEP

drawing of
dmphenHOTf-dmphen using the atom la-
beling scheme (30% probability thermal ellip-
soids). The N-H:--N interaction is indicated by
a blue dotted line. Selected bond lengths (A)
and angles (°): C1-N1 1.336(3), C5-N1 1.366(3),

C6-N2 1.366(3), Cl12-N2 1.324(3), C15-N3
1.335(3), C19-N3 1.367(3), C20-N4 1.357(3),
C26-N4 1.330(3), C29-F1 1.334(3), C29-F2
1.333(3), C29-F3 1.340(3), C29-S 1.832(3), O1-S
1.4364(18), O2-S 1.4423(19), O3-S 1.4426(18);
F2-C29-F3 107.3(2), F2-C29-F1 107.4(2),
F2-C29-S 111.80(18), F3-C29-S 110.85(17),
F1-C29-F3 107.1(2), F1-C29-S 112.11(17),
02-5-C29 102.19(12), 02-S-03 114.84(11),
03-5-C29 103.17(11), O1-S-C29 103.78(11),
01-5-02115.20(12), 01-S-03 115.13(12).

compound, could be seen as an innovative method
of crystal engineering. It is successfully applied
here to 1,10-phenanthroline and 2,9-dimethyl-1,10-
phenanthroline, leading to new phenanthrolinium
trifluoromethanesulfonate salts.

3. Conclusion and perspectives

In conclusion, the study of the reactivity between
1,10-phenanthroline (phen) and the complex [n-
Bu,Sn(u-OH)(H20)(CF3S03)]2 (1) led to the com-

plete characterization of two new di-n-butyltin(IV)
trifluoromethanesulfonates, 5 and 6, N,N-bis-
chelated with phen ligands. Furthermore, using
19gn('H) NMR spectroscopy as an investigation
probe under deuterated acetonitrile conditions,
we were also able to highlight the formation of
additional tin trifluoromethanesulfonate interme-
diates. Two, 2 and 4, exhibiting distannoxane-like
frameworks but without phen-coordinated ligands,
were clearly identified by comparison with previous
work while investigations were conducted to clarify
the unknown ''9Sn(*H) NMR fingerprint attributed
to 3. Crystallization attempts are underway to cor-
roborate the suggested dinuclear structure. We also
observed that the identity of the solvent used for
the reaction had a notable impact on the interme-
diates formed. In the presence of dichloromethane,
the solid-state structure of a mononuclear hydrated
di-n-butyltin hydroxide, stabilized by a phen ligand
and assigned to 7, was revealed. To the best of our
knowledge, there are few comparable examples to
date. Thus, new structural and spectroscopic in-
sights into organotin(IV) trifluoromethanesulfonates
have been obtained, thereby opening the way for fur-
ther investigations. In the future, we plan to explore
the catalytic properties of these compounds.

4. Experimental section
4.1. Materials and instrumentation

Organic solvents, dichloromethane (Carlo Erba,
99.5% purity), toluene (Acros, 99.99%), acetoni-
trile (99.9% purity), were refluxed over appropri-
ate dessicants, distilled, and saturated with ar-
gon prior to use. Chemicals were purchased from
Aldrich, Acros Organics, and Fluka and used with-
out further purification. The starting compound
[n-BuaSn(OH)(H,0)(CF3S03)]2 (1) was synthesized
from n-Bup,SnO (Acros, 98% purity) and trifluo-
romethanesulfonic acid (Fluka, 98% purity) in ace-
tonitrile, according to a published method [8]. The
'H, 9E 198n{'H}, and 3C{'H} NMR experiments
were recorded on Bruker Avance 300 and 500 MHz
spectrometers and calibrated with MeySi, trifluo-
romethylbenzene, or Me,Sn as an internal standard.
Chemical shift 6 values are given in ppm. FT-IR
spectra were recorded on a Bruker Alfa spectrometer
equipped with a Specac Golden Gate™ ATR device.
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Figure 13. Crystal packing of dmphenHOTf-dmphen along the b-axis. Hydrogen atoms are omitted for
clarity (MERCURY representation [27], color code: N = blue, C = gray, O = red, S = yellow, F = green).

ESI-MS spectra were obtained on a Bruker micro Q-
TOF instrument using acetonitrile, dichloromethane
and methanol mobile phases. Elemental analyses
(C, H, N, S) were performed at the Institut de Chimie
Moléculaire de 'Université de Bourgogne, Dijon.

4.2. Preparation of [n-BuySn(OH)(phen)],[CFs
SO3], (5) and [n-BuySn(Phen),;][CF3S803]
(6) from [n-BupSn(OH)(H»0)(CF3S03)], (1)
and 1,10-phenanthroline

Two molar equivalents of 1,10-phenanthroline
(CgHgN,, Sigma-Aldrich, 99% purity) (0.130 g,
0.72 mmol) were added to a colourless solution of
[n-BuzSn(OH) (H,0)(CF3S03)]> (1) (0.300 g, 0.360
mmol) in a mixture of dichloromethane/toluene
(15 mL/10 mL). The reaction medium is stirred for
3 h at room temperature leading to a clear pinkish
solution. A precipitate (0.160 g) was collected af-
ter one week of evaporation at room temperature.
This corresponds to the formation of compound
6, which was then recrystallized as fine needles in
dichloromethane/toluene. Compound 5 was ob-
tained a few days later from the reaction filtrate as
colorless, parallelepipedal crystals (0.050 g). The
use of four equivalents of 1,10-phenanthroline gave
exclusive access to compound 6.

5: 'H NMR (300 MHz, CD»Cl,, 301 K): 50.5-2.1
(m, 36H, Ant), 3.78 (br, 2H), 8.02 (m, 4H), 8.11 (s, 4H),
8.66 (m, 4H), 9.37 (m, 4H); 3C{'H} NMR (75 MHz,
CD,Clp, 300 K): §13.4, 26.5, 27.6, 120.8 (q, 1ch =
320 Hz), 125.7, 127.8, 130.1, 139.9, 141.7, 149.9;
9F NMR (282 MHz, CD,Cl,, 301 K): 6-78.5 (s,
CF3S03); '"Sn{'H} (186 MHz, CD3CN, 298 K):

6-226; 9sn{'H} (186 MHz, acetone-dg, 298 K):
6—150; ESI-HRMS (+): m/z 431.1133 Da (100%)
[M-OH-phen-n-BupSn]™  (CyoH27N20Sn,  calc.:
431.1145 Da); FT-IR (ATR, cm™!): 3321, 3081, 3066,
2956, 2929, 2871, 1626, 1575, 1589, 1543, 1518, 1427,
1379, 1282, 1237, 1223, 1155, 1027, 854, 731, 717, 683,
633, 573, 515. Anal. Calc. For C42H54F6N403SZSI12
(1158.44): C, 43.55; H, 4.70; N, 4.84; S, 5.54. Found: C,
43.42; H, 5.45; N, 4.90; S, 4.32%.

6: 'H NMR (500 MHz, acetone-dg, 298 K): 0.65 (t, J
=7.3Hz, 6H), 1.20 (m, 4H), 1.34 (i, 4H), 2.10 (m, 4H),
8.26 (m, 4H), 8.50 (s, 4H), 9.18 (m, 8H); '3C{'H} NMR
(125 MHz, acetone-dg, 298 K): §13.1, 26.5, 27.8, 27.81,
121.9 (q, ljcp = 321 Hz), 127.20, 128.7, 131.0, 138.5,
142.9, 149.0; '9F NMR (470 MHz, acetone-dg, 298 K):
5-78.8 (s, CF3503); '9Sn{'H} (186 MHz, acetone-
dg, 298 K): 6§ —231; ESI-HRMS (+): m/z 445.1305 Da
(100%) [M-phen+OCH3]" (Cp;Ho9N,OSn, calc.:
445.1301 Da), m/z 431.11559 Da (80%) [M-
phen+OH]* (C2oH27N,0Sn, calc.: 431.11454 Da);
FT-IR (ATR, cm™): 3104, 3070, 2960, 2925, 2870,
2860, 1630, 1589, 1543, 1523, 1431, 1259, 1223,
1153, 1027, 868, 720, 633, 573, 516. Anal. Calc.
For C34H34F6N406SQSI1 (891.49): C, 45.81; H, 3.84; N,
6.28;S,7.19 Found: C, 45.56; H, 3.38; N, 6.30; S, 7.29%.

4.3. Isolation and characterization of 3

The protocol used the same conditions as those used
in the 19Sn{!H} NMR experiment shown in Fig-
ure 5d. One molar equivalent of 1,10-phenanthroline
(0.065 g, 0.360 mmol) was added to a colourless so-
lution of [n-Bu,Sn(OH) (H,0)(CF3S03)]» (1) (0.300 g,
0.360 mmol) in a mixture of acetonitrile/toluene
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(15 mL/10 mL). The solution was progressively en-
riched in compound 3 by eliminating species 2, 3,
and 4 by successive crystallizations, and the filtrate
was stored each time at —20 °C. 3 was finally obtained
after three cycles (19sn{1H} NMR monitoring) and
after the total evaporation of the solvents leading to
a colorless pasty solid.

3: 'H NMR (499 MHz, CD3;CN, 298 K): 0.61 (t,
J =7.0 Hz, 6H), 1.09 (m, 4H), 1.17 (m, 4H), 2.08 (m,
4H), 8.36 (m, 2H), 8.41 (s, 2H), 9.13 (m, 2H), 9.53
(m, 2H); ¥C{'H} NMR (125 MHz, CDsCl,, 298 K):
13.1, 25.9, 27.3, 33.9, 120.55 (1 Jcr = 319 Hz), 127.2,
128.6, 130.9, 139.4, 143.0, 150.3; '9F NMR (470 MHz,
CH,Clp, 298 K): 6-78.4 (s, CFSO3); 9sn{'H}
(149 MHz, CDs;CN, 298 K): §-266, ''9Sn{'H}
(186 MHz, CD,Cl,, 298 K): 6 —288; ESI MS (+): m/z
1275.07507 Da (100%) [M]+ (C43H5209N4F9838n2,
calc.: 1275.07912 Da), m/z 893.0887 Da (67%)
[M+H-phen-n-Bu,Sn]* (C34H3506N4FgS2Sn, calc.:
893.09201 Da), m/z 563.06134 Da (z = 1, 67%) [n-
BuZSn(phen)(Cngog)T' (C21H2603N2F388n, calc.:
563.06328 Da); FT-IR (ATR, cm™1!): 3091, 3071, 2960,
2931, 2871, 1631, 1607, 1586, 1525, 1264, 1200, 1162,
1016, 866, 723, 691, 631, 573, 513, 426. Anal. Calc.
For C44H52F12N401284Sn2 (1422.57): C, 37.15; H,
3.68; N, 3.94; S, 9.02 Found: C, 36.43; H, 3.74; N, 4.13;
S, 8.16%.

4.4. Isolation and characterization of phenHOTf

Small crystals of phenHOTf were obtained from the
filtrate of the mother-liquor from which compound 7
had been isolated.

phenHOTf: 'H NMR (500 MHz, CD,Cl,, 298 K):
68.03 (dd, 1H, J = 8.17, 5.02 Hz), 8.08 (s, 1H), 8.16
(brs, 2H), 8.71 (d, 1H, J = 8.12 Hz), 8.79 (d, 1H, J =
7.30 Hz), 9.36 (d, 1H, J = 4.35 Hz), 9.64 (brs, 1H); 1°F
NMR (470 MHz, CD,Cly, 298 K): 6 —78.57 (s, CFSO3);
I3C{'H} NMR (125 MHz, CD,Cl,, 298 K): 120.4 (* Jcp =
320 Hz), 125.6, 126.6, 127.5, 129.8, 130.3, 137.8, 141.4,
147.8, 150.5; FI-IR (ATR, cm™'): 3100, 3070, 3043,
2960, 2930, 2872, 1598, 1542, 1525, 1497, 1471, 1438,
1283, 1223, 1152, 10256, 847, 719, 632, 571, 514, 463.

4.5. Isolation and characterization of dmphen-
HOTf and dmphenHOTf-dmphen

Four molar equivalents
phenanthroline (C19oH;2Np,

of 2,9-dimethyl-1,10-
Sigma-Aldrich, 99%

purity) (0.200 g, 0.96 mmol) were added to a colour-
less solution of [n-Bup,Sn(OH)(H,0)(CF3S03)]» (1)
(0.200 g, 0.24 mmol) in a dichloromethane/toluene
mixture (10 mL/5 mL). The reaction medium is
stirred for 3 h at room temperature in ambient air.
In the following days, dmphenHOTSf crystals first
grew and then, after filtration of the mother-liquor,
new crystals characterized as dmphenHOTf dmphen
were collected.

dmphenHOTf: 'H NMR (300 MHz, CD,Cly,
299 K): §8.65 (d, 2H, J = 8.4 Hz), 8.08 (s, 2H), 7.90
(d, 2H, J = 8.4 Hz), 7.66 (br, 1H), 3.18 (s, 6H, CH3); °F
NMR (470 MHz, CD;Cl,, 298 K): § —78.93 (s, CFSOs3);
13C{'H} NMR (125 MHz, CD,Cly, 298 K): 23.3, 121.2
(IICF = 320 Hz), 126.8, 126.9, 128.2, 137.4, 141.5,
159.9; FT-IR (ATR, cm™1): 3174, 3111, 3046, 3016,
2980, 1635, 1604, 1533, 1503, 1463, 1278, 1253, 1246,
1222, 1142, 1032, 813, 719, 691, 677, 631, 573, 542,
513; Anal. Calc. For C15H13F3N203S (358.34): C,
50.28; H, 3.66; N, 7.829; S, 8.95. Found: C, 49.96; H,
4.05; N, 7.82; S, 6.29%.

dmphenHOTf-dmphen. 'H NMR (500 MHz,
CD,Cly, 298 K): 68.33 (d, 4H, J = 8.30 Hz), 7.84
(s, 4H), 7.57 (d, 4H, J = 8.38 Hz), 7.41 (br, 1H), 2.59
(s, 12H, CH3); F NMR (470 MHz, CD,Cl,, 298 K):
§-78.92 (s, CFSO3); '¥C{'H} NMR (125 MHz, CD,Cl,,
298 K): 23.6, 121.3 (1]CF = 321 Hz), 125.4, 126.4,
127.96, 139.08, 141.7, 159.1; FT-IR (ATR, cm™!): 2958,
2929, 2858, 1636, 1626, 1605, 1595, 1541, 1499, 1466,
1353, 1257, 1221, 1152, 1027, 853, 754, 735, 724, 634,
570, 546, 515, 441; Anal. Calc. For C29H25F3N4038
(566.59): C, 61.47; H, 4.45; N, 9.89; S, 5.66. Found: C,
60.93; H, 4.80; N, 10.08; S, 5.09%.

4.6. X-ray diffraction analysis and refinement

Crystallographic data and structure refinement de-
tails for 5, 6, 7, phenHOTf, dmphenHOTf- and
dmphenHOTf-dmphen are reported and detailled in
Supporting information - Crystallographic Data.
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1. Introduction system, and the magnitude of (as well as the ratio
between) various parameters in the effective Hamil-
tonian describing the spin system. These parameters

encompass the quantification of Zeeman terms, var-

Parallel-mode EPR (Electron Paramagnetic Reso-
nance) spectra are recorded with the magnetic com-

ponent of the microwave radiation oscillating par-
allel to the applied magnetic field, in contrast to the
normal perpendicular-mode setting where the mag-
netic component of the microwave radiation is per-
pendicular to the applied magnetic field. Different
selection rules are associated with these two instru-
mental settings, and therefore the parallel-mode set-
ting may induce transitions inaccessible by perpen-
dicular mode. The intensity and overall appearance
of the parallel-mode spectrum of a given spin system
is strongly dependent on the composition of the spin

*Corresponding author

ISSN (electronic): 1878-1543

ious anisotropy parameters, exchange coupling con-
stants, and hyperfine coupling constants. Hence, the
simple appearance of a parallel-mode spectrum, i.e.,
the number of lines, may reveal the intensity-giving
mechanism.

Parallel-mode EPR spectra have been successfully
recorded for a wide variety of both simple and com-
posite spin systems. In the following, not exhaustive
list, we group the systems into two classes, namely
those exhibiting no resolved hyperfine splittings, and
those exhibiting clear hyperfine splittings.

The former class is exemplified by the following
works: the parallel-mode setting was used to eluci-
date the electronic spin-quintet (S = 2) ground state
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of the iron(II) ion in myoglobin [1]; the ground state
S = 4 spin multiplet of the all-ferrous state of the
[4Fe-4S] cluster in nitrogenase was characterized by
parallel-mode EPR [2]; and several parallel-mode res-
onances were detected in the ground S = 6 state of a
dodecanuclear chromium(III) spin cluster [3].

For the latter class exhibiting clear hyperfine split-
tings, parallel-mode EPR was applied: to deter-
mine the sign and magnitude of the pseudo-axial
anisotropy splitting in manganese(IIl) ions, S=2,1 =
5/2 (with I being the nuclear-spin quantum num-
ber), in superoxide dismutase [4]; to study small
splittings arising from the Jahn-Teller distortion in
the manganese(Ill) hexaaqua ion [5]; to observe
and resolve the Mn-F superhyperfine interaction in
two fluorido complexes of manganese(IlI), namely
Man’ and Mn(salen)F; [6]; and to characterize sev-
eral cobalt(Il) complexes with (S,I) = (3/2,7/2) [7].
Recently, parallel-mode spectra of Bi as an impu-
rity in silicon were presented and the complemen-
tary information obtained from parallel-mode was
used to aid the interpretation of the perpendicular-
mode spectra of two molecular bismuth radicals with
(S,) = (1/2,9/2) [8]. Also recently, a detailed ex-
position of the parallel-mode EPR spectrum of hy-
drogen atoms with (S,I) = (1/2,1/2) and deuterium
atoms with (S,I) = (1/2,1) trapped in silsesquiox-
anes was given [9]. We note in passing that under-
standing this very simple spin system is important
for radio astronomy, as the splitting of the 21 cm,
1420.4 MHz, line originating from hydrogen atoms
in galaxies might give information about interstellar
magnetic fields [10].

For an isolated isotropic spin multiplet with spin
quantum number S, the parallel-mode spectrum has
no intensity simply because the 2S + 1 projections
IS, M) are exact eigenfunctions to the S, operator
(cf. Equation (5) below). Therefore, the parallel-
mode intensity observed in the nuclear spin—free
spin systems, as, e.g., in refs [1-3], is induced by the
anisotropic terms in the Hamiltonian. Parallel-mode
intensities in these spin systems are rather high and
can be comparable to the usual perpendicular-mode
intensities.

However, for an electronic spin interacting with a
nuclear spin, the situation is slightly different as here
the hyperfine interaction constitutes an additional
intensity-giving mechanism. All the parallel-mode
lines in the class of systems exhibiting resolved hy-

Figure 1. Illustration of the hexaaqua man-
ganese(Il) ion in strict tetrahedral symmetry.
Blue: Manganese, Red: Oxygen, White: Hy-
drogen. The circumscribed tetrahedron whose
sides straddle the hydrogen atoms has been
drawn to emphasize the T4 lattice-point sym-
metry of the hexaaqua ion.

perfine splittings, quoted above, are hyperfine tran-
sitions between the two components of an effec-
tive non-Kramers [4-6] or a genuine [7,8] S = 1/2
spin system. The parallel-mode spectra of the man-
ganese(IIl) systems all exhibit 27 + 1 = 6 hyperfine
lines connected to only a single fine-structure tran-
sition, with I = 5/2 appropriate for the °Mn nu-
cleus. In these systems, the intensity is induced by a
small splitting of a non-Kramers doublet. However,
the parallel-mode spectrum of Bi in silicon [8] ex-
hibits 21 = 9 lines, with I = 9/2 for 299Bi. Likewise,
spectrum of hydrogen and deuterium exhibit 213 = 1
and 2Ip = 2 lines, respectively, where Iy = 1/2 and
Ip = 1, respectively. In the bismuth, hydrogen, and
deuterium spectra, the intensity is induced solely by
the hyperfine interaction.

We are not aware of any reports on parallel-
mode spectra of an S > 1/2 spin system exhibit-
ing all the possible allowed fine-structure transi-
tions. Therefore, in this contribution we present
parallel- as well as perpendicular-mode spectra of
Mn?* in strict tetrahedral symmetry (Figure 1) where
all metal centers are magnetically and crystallo-
graphically equivalent.

This paper is organized as follows. In Section 2 we
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summarize the experimental details; in Section 3 we
present a first-order perturbational treatment of the
parallel-mode intensities for a spin system where an
electronic spin S is interacting with a nuclear spin I
via an isotropic hyperfine interaction. Although the
treatment is fairly general, it is aimed at the present
spin system, namely Mn?* with S = 5/2 and I = 5/2;
and in Section 4 we present and discuss single-crystal
perpendicular-mode and parallel-mode EPR spectra
of manganese(Il) hexaaqua ions in perfect tetrahe-
dral symmetry.

2. Experimental
2.1. Synthesis

The synthesis of single crystals of Cs[Mg(H,0)]AsO4
was performed largely as described in refs. [11,12],
but with some modifications in order to produce
large single crystals.

Initially, two solutions were prepared. Solution
1: to 90 ml of water were added 3.92 g of 75% ar-
senic acid (20.7 mmol) and 2.77 g (20.4 mmol) of
sodium acetate trihydrate. Solution 2: to 43 ml of
water were added 2.0 ml (30 mmol) of glacial acetic
acid, 3.34 g (10.0 mmol) cesium carbonate, and 4.20 g
(20.0 mmol) of magnesium acetate tetrahydrate. To
solution 2 were finally added 5 mg (0.02 mmol) or
50 mg (0.20 mmol) of manganese(Il) acetate tetrahy-
drate to achieve a doping level of 0.1% or 1%, respec-
tively.

Solution 1 (2 ml) and solution 2 (1 ml) were mixed
in a small test tube resulting in a clear solution.
The small test tube was placed in a larger test tube
containing 4 ml pyridine. The large test tube was
stoppered and left for five days. Large octahedrally
shaped crystals were separated from a viscous gel by
filtration and washed with water. Crystals with edge
length up to 1.5 mm could be obtained by this slow
vapor diffusion of pyridine into the solution. A mi-
crocrystalline powder could be produced by slow ad-
dition of ammonia (1 M).

2.2. X-ray crystallography
The identity of the single crystals as well as the mi-

crocrystalline powder was verified with single-crystal
X-ray diffraction as well as X-ray powder diffraction

(see supporting information). The single-crystal X-
ray diffraction studies were performed at 100 K on a
Bruker D8 VENTURE diffractometer equipped with
a Mo Ka high-brilliance IuS radiation source (A =
0.71073 A), a multilayer X-ray mirror and a PHOTON
100 CMOS detector, and an Oxford Cryosystems low-
temperature device. The instrument was controlled
with the APEX3 software package using SAINT [13].
Final cell constants were obtained from least squares
fits of several thousand strong reflections. Inten-
sity data were corrected for absorption using intensi-
ties of redundant reflections with the program SAD-
ABS [14]. Powder X-ray diffraction studies were per-
formed at room temperature on a Bruker D8 ad-
vanced equipped with a Cu Ka source (A = 1.5406 A).

2.3. EPR spectroscopy

Room-temperature EPR spectra were recorded on
a Bruker Elexsys spectrometer equipped with an
ER4116DM dual-mode cavity. The crystal was ro-
tated around (110) axis, and hence the magnetic field
vector sweeps a plane containing one four-fold (S4),
one two-fold (C,), and two three-fold (C3) axes. The
power used for perpendicular-mode measurements
was 6.325 mW, and for parallel mode 200 mW. Mod-
ulation amplitude was in perpendicular-mode 1 G,
and for parallel-mode a larger modulation amplitude
of 4 G was used due to the low intensity. Atroom tem-
perature we observed no saturation effects nor mul-
tiple quantum transitions [15,16].

3. Theory

Eigenvalues and eigenvectors pertinent to the EPR
spectra of the tetrahedral symmetric manganese(Il)
hexaaquaion are obtained by numerical diagonaliza-
tion of the matrix representation of the spin Hamil-
tonian [17]

A= gupB-§+AS 1+ s:§+§;+s:g_71_f W
which is applicable to our spin system with S = 5/2
and I = 5/2. Tn Equation (1) B, § = (51,5, 5;), and
I =y, I,1;) are the magnetic field vector, the elec-
tron spin operator, and the nuclear spin operator, re-
spectively. g is the electron spin g factor, A is the hy-
perfine coupling constant, and a quantifies the cu-
bic splitting of the S = 5/2 manifold into a quartet
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and a doublet. This splitting is 3a with the quartet
higher in energy for a > 0. The linewidths of the spec-
tra presented below did not warrant the inclusion of
terms accounting for the nuclear Zeeman effect and
nuclear quadrupole splittings.

Fitting of spectral traces of both perpendicular-
mode and parallel-mode spectra was performed with
a locally developed software as described earlier
[18,19].

To grossly account for the main features, i.e., the
number of lines and their intensities in the parallel-
mode X-band EPR spectra, we wrote down the first-
order corrected wave functions for this system. To
do so we chose the z-axis in the direction of the
magnetic field and approximated the Hamiltonian as

a=Aa%+AaY, @)

where H© = g,uBBSZ + Aﬁzfz and AV = (A/2)(.§'+f_
+8_1I,). In this discussion of the parallel-mode in-
tensities we are ignoring the last term of Equation (1).
In the present case with cubic manganese(Il), this is
fully justified, as the energetic consequence of the a
term is very much smaller compared to the hyper-
fine interaction and the Zeeman term at field values
corresponding to resonances at X-band. However, in
Section 4 we use the full Hamiltonian Equation (1)
to reproduce the experimental spectra. The direct-
product functions | M, m) with M and m being elec-
tron spin and nuclear spin components, respectively,
are eigenfunctions to H©®. with AW as a perturba-
tion we obtain the following expression for the non-
normalized first-order corrected wavefunctions

IM, m). =|M, m)
A\ (M+1,m—-1|8,I_|M, m)

-|= IM+1,m-1)
2)EM+1,m—-1)— E(M, m)

(A) (M=-1,m+1|S_1,|M,m)
2) E(M—-1,m+1)— E(M, m)

IM—-1,m+1).
(3)

At field values corresponding to resonances at
X-band, the denominators have absolute values
roughly equal to hv. Therefore, we approximate

M, m)c =M, m)

A P
—(— M+1,m-1|S, [_|IM,m)IM+1,m-1)
2hv
A P
+(—)(M—1,m+1|S_I+|M,m>|M—1,m+1).
2hv

(@]

The intensity of the transitions in parallel mode is
now computed as the squared expectation value of
gS;, as

(M, myc — M, m") ) = 1M, m'|)gS2(1M, m)o)|°.
(5)
Inspection of the (2S+1)(21 + 1) first-order corrected
wavefunctions reveals that only (2S5)(21) transitions
have non-vanishing parallel-mode intensity in the
g ~ 2 field region. These are those for which M’ =
M + 1 concerted with m’ ¥ 1. Hence,
I(IM,m)— |M+1,m—-1).)
gA\?
= (—) (S—-M)(S+M+DIUIT+m)I-m+1)].
2hv
(6)

Hence, each AM = +1 transition consists of 21 hyper-
fine lines with relative intensity given by the last fac-
tor of Equation (6) and a common scaling factor given
by the first two factors of Equation (6).

For S > 1/2 the factor containing S influences the
relative intensities of all the possible resonances. The
smallest and largest value of this factor is 2S and
S(S+1) + x, respectively, with x =0 and x = 1/4 for S
being integer and half-integer, respectively. Similarly,
the smallest and largest value of the factor containing
Iis2Iand I(I+1)+ y, respectively, with y=0and y =
1/4 for I being integer and half-integer, respectively.
Hence, the ratio of the largest to smallest intensity is

I(largest)  [S(S+1)+x]IUI+1)+y]
I(smallest) 2920 ’

In the present case with Mn2t, (S,I) = (5/2,5/2)
we have the intensity ratio I(largest)/I(smallest) =
81/25.

The intensities for the allowed perpendicular-
mode transitions are in stark contrast to those for
parallel mode. For perpendicular mode, the inten-
sities are obtained by computing the squared expec-
tation values of g3, and the result is

)

I(IM, m) — M +1,m)) = (%)2 [(S—M)(S+M+1)].

(8)
These theoretical perpendicular-mode intensities do
not contain the factor (A/hv)?, and unless A is com-
parable to hv, intensities of parallel-mode spectra are
significantly less than those of perpendicular-mode
spectra. In the present case with the parameters de-
termined below (see Section 4), this factor is less than
0.001.
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Figure 2. Perpendicular-mode (9.6 GHz) density plot of the angular dependence of the 30 allowed
transitions of Mn2*(0.1%) in Cs[Mg(H20)6]AsO4. Red and blue colors represent positive and negative
derivative intensities, respectively. The crystal was rotated around a C, axis with the magnetic field vector
sweeping a plane containing molecular S, C3, and C; axes. These special orientations are labelled on the
right ordinate axis. The solid black lines are computed resonance magnetic fields based on Equation (1)

and the parameters in Table 1.

4. Results and discussion

In order to identify the crystal orientation,
perpendicular-mode spectra were recorded prior
to the parallel-mode spectra.

4.1. Perpendicular-mode EPR

Single-crystal ~perpendicular-mode spectra of
Cs[Mgp.999Mng o1 (H20)6]AsOy4 are presented in Fig-
ure 2 as a density plot. The spectrum extent on the
field axis is roughly 535 G. Forbidden lines of the type
|[AM| =1, Am = +1 observed in other studies [21,23]
of cubic Mn(Il) systems were not visible here. The
peak-to-peak linewidths of 7-10 G are significantly
broader compared to linewidths in spectra of other
cubic manganese(I) systems [21]. A source of the
broad lines is the direct dipole-dipole interaction
between the electron spin and the 12 protons of
the coordinated water molecules. The magnitude
of this dipole-dipole interaction can be estimated

by using the classical expression for the interaction
energy between two magnetic dipoles separated by
the distance R. This interaction energy amounts
to 1.5 x 107* cm™! for each proton at a distance
R =2.611 A from the metal center. For each proton,
this interaction energy translates into approximately
1.5 G, and hence is likely the explanation for the
rather broad lines. The angular variation of the res-
onance magnetic field for each line does not exceed
36 G, i.e., about 6% of the full extent of the spectrum.
Spectra for three selected orientations of the mag-
netic field are shown in Figure 3. To determine the
parameters of Equation (1), the three spectral traces
were simultaneously fitted to theoretical spectra
based on Equation (1) [18,19]. The values obtained
for parameters g, a, and A are collected in Table 1.
The calculated spectra are virtually identical to the
experimental spectra. The energy level diagram in
g = 2 field region pertinent to the magnetic field
parallel to an S4 axis is shown in Figure 4. The 30 al-
lowed transitions are indicated with vertical arrows.
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Figure 3. Experimental (solid black traces) perpendicular-mode (9.6 GHz) spectra for three selected
magnetic field orientations from Figure 1: B || S4, B || C3, and B || C,. Linewidths of the resonances are in
the range 7-10 G. The result of a simultaneous fit of the three perpendicular-mode spectra to Equation (1)

is shown with red solid lines.

Table 1. Room temperature spin-Hamiltonian parameters (second, third, and fourth columns) for Mn?+
as a six-coordinate substitutional impurity in five different cubic lattices (first column). The fifth column
lists the metal-ligand bond length of the host lattice. Data for perpendicular- and parallel-mode are

indicated with an “.L” and

u”n

superscript, respectively

Host g a(0*ecm™) A@10*cm™!) M-Ldistance (A) Reference
KMgF34 2.000 8.0 -91.2 1.994 [20]
CS[I\/Ig(HZO)(;]ASO4l 1.998 8.2 —88.7 2.064 This work
Cs[Mg(H;0)]As0,!  1.997 8.2 -88.5 2.064 This work
MgO*“ 2.000 18.3 —-81.4 2.107 [21,22]
Ca0?% 2.001 5.6 —-80.8 2.405 [21]
SrO% 2.001 3.0 —78.2 2.562 [21]

By comparing Figure 4 with Figure 2 we see that the
5 transitions at approximately 3200 G correspond to
AM =1 and m = 5/2, whereas the 5 transitions just
below 3700 G correspond to AM =1 and m = —5/2.

4.2. Parallel-mode EPR

In order to increase the signal-to-noise ratio we
recorded the parallel-mode spectra of a crystal

containing 1% Mn?*. Single-crystal parallel-mode
spectra of Cs[Mgpg99Mnyg 1 (H20)6]AsO4 are pre-
sented in Figure 5 as a density plot. The spectrum
extent on the field axis is 790 G, i.e., significantly
larger compared to Figure 2. The broader lines, 17—
26 G, are a result of the higher doping level [24]. The
spectra exhibit 9 features centered at roughly 2960,
3044, 3126, 3215, 3303, 3403, 3503, 3608, and 3722 G,
and the features are composed of 1, 2, 3, 4, 5, 4, 3, 2,
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Figure 4. Energy level diagram for B || S4 in the g = 2 field region obtained by numerical diagonalization
of the matrix representation of Equation (1) with the parameters from Table 1. The arrows indicate the
allowed perpendicular-mode (9.6 GHz) transitions with AM =1 and Am = 0.
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Figure 5. Parallel-mode (9.3 GHz) density plot of the angular dependence of the 25 allowed transitions of
Mn?*(1.0%) in Cs[Mg(H20)6]AsO4. For each spectra 10 scans were made, due to the low intensity. Color
code and crystal orientations as described in caption to Figure 2. The solid black lines are computed
resonance magnetic fields based on Equation (1) and the parameters in Table 1.
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Figure 6. Experimental (solid black traces) parallel-mode (9.3 GHz) spectra for three selected magnetic
field orientations from Figure 5: B || S4, B || C3, and B || C,. Linewidths of the resonances are in the range
17-26 G. The result of a simultaneous fit of the three parallel-mode spectra to Equation (1) is shown with
red solid lines. The presences of a small amount, 0.7%q, of perpendicular-mode in the microwave field is
the source of the shoulders marked with a star (*). Relative intensities of the 9 observed lines for B || C,:

19, 64, 152, 207, 259, 263, 182, 80, 20.

and 1, respectively, separate, partly overlapping or
fully overlapping transitions (see also Figure 7). Ex-
perimental spectra for three selected orientations of
the magnetic field relative to the molecular axes are
shown as black traces in Figure 6. Due to the rather
large bandwidths combined with the small splittings,
only 20 of the 25 possible transitions could be re-
solved for this high doping level (see the spectrum
with B || S4 in Figure 6). The spectrum with B || Cy,
lowest trace in Figure 6, exhibits only 9 lines as a
result of overlapping transitions (see also Figure 7).
The relative intensity of each line can be estimated as
hpp x W, where hy, and wy, are the peak-to-peak
height and width, respectively. The result is given in
the caption of Figure 6. The corresponding theoret-
ical intensities are obtained by vertical additions of
the relative intensities in Figure 7. The result is 25,
80, 154, 224, 259, 224, 154, 80, 25. The agreement is
fair considering that most of the lines in the lowest
trace of Figure 6 are composite and not perfectly
overlapping lines.

The three spectral traces were again simultane-
ously fitted to theoretical spectra based on Equa-
tion (1) in order to determine the parameters of
Equation (1). The obtained parameters are col-
lected in Table 1. The theoretical spectra are shown
with red lines in Figure 6, and the agreement is
good. The most noticeable discrepancies are indi-
cated with a “*” in the lowest trace of Figure 6. These
weak shoulders result from the presence of 0.7% of
perpendicular-mode microwave field.

The energy level diagram in the g = 2 field region
calculated with the magnetic field parallel to a C; axis
is shown in Figure 7. The 25 parallel-mode allowed
transitions are indicated with vertical arrows.

5. Discussion

The parameter values determined in the two inde-
pendent fits of the spectra in Figures 3 and 6 are
consistent and are collected in Table 1. In the ta-
ble we have also collected EPR data of manganese(II)
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Figure 7. Energy level diagram for B || C, in the g = 2 field region obtained as described in the caption
to Figure 3. The arrows indicate the allowed parallel-mode (9.3 GHz) transitions with AM = +1 and
Am = —1. The number attached to each arrow represent the relative intensity obtained from the product

of the last two factors of Equation (6).

ions as a substitutional impurity in other cubic hosts
wherein the metal ion is six-coordinated?

The cubic parameter a of the hexaaqua ion is
found to be positive in agreement with all results
found for eight-, six-, and tetra-coordinated Mn?* in
cubic lattices [25].

The isotropic hyperfine coupling constant A for
the hexaaqua ion is slightly smaller but comparable
in magnitude with the hyperfine coupling constant
found for the hexafluorido ion in KMgFs (see Ta-
ble 1). This is in agreement with water and fluoride
having similar ligand-to-metal donor properties [26].
The slightly smaller value of A for the aqua ion is also
in agreement with the Mn-OH; bond being more
covalent compared to the Mn-F bond [25]. By the
same token, the magnitude of the A parameters for
Mn?* in the oxide lattices (see Table 1) are signifi-
cantly smaller than that for the aqua ion. This in-
dicates that the Mn-O bond is more covalent than
the Mn-OH; bond despite the fact that the Mn-O
bond length is significantly longer than the Mn—-OH,

bond length. Finally we notice that slightly larger
and anisotropic hyperfine coupling constants were
found for Mn(HZO)é+ as an impurity in hexaaqua
zinc hexafluorosilicate and in the ammonium zinc
Tutton salt [27].

In summary, we have presented and inter-
preted parallel-mode EPR spectra of the man-
ganese(Il) aqua ion as a substitutional impurity
in Cs[Mg(H20)6]AsO4, wherein the aqua ion occu-
pies a crystallographic site with perfect tetrahedral
symmetry. The interpretation agrees with the crystal
symmetry by the fact that only a three-parameter
cubic model excellently reproduces the experimental
spectra. To the best of our knowledge, this is the first
report of parallel-mode EPR spectrum of an § > 1/2
spin system wherein all the allowed fine-structure
transitions with associated hyperfine transitions
are observed. Expressions based on perturbation
theory were derived to account for the relative in-
tensities of the allowed transitions. All the allowed
parallel-mode resonances are of the flip-flop type,
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being zero-quantum coherences [28], i.e., energy
but no angular momentum is transferred from the
microwave field to the spin system.
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amounts of solvents. These features have made het-
erogeneous catalysts predominant in industry (about
80% of processes). However, heterogeneous cat-
alytic systems typically require harsher reaction con-
ditions than homogeneous analogs and this maylead

1. Introduction

Catalysis is a key technology for our society with ex-
tensive contributions in diverse areas such as energy,
chemicals and food production, cosmetics, health,

etc. [1,2]. Heterogeneous catalysis, where the cata-
lyst and the substrate are in two different phases, pro-
vides easy catalyst separation and reuse, which often
results in extended catalyst lifetime and use of lower

*Corresponding authors

ISSN (electronic): 1878-1543

to lower selectivities. Heterogeneous catalytic sys-
tems may also suffer from mass transport limitations,
which may decrease the activity. In addition, the ex-
ploration of reaction kinetics and mechanistic under-
standing are often more problematic for heteroge-
neous catalysts. Conversely, homogeneous catalysts

https://comptes-rendus.academie-sciences.fr/chimie/


https://doi.org/10.5802/crchim.301
https://orcid.org/0000-0002-8689-7319
https://orcid.org/0000-0002-5220-2515
https://orcid.org/0000-0002-8965-825X
https://orcid.org/0000-0002-7086-1143
https://orcid.org/0000-0001-7991-8890
mailto:rinaldo.poli@lcc-toulouse.fr
mailto:karine.philippot@lcc-toulouse.fr
mailto:ar@kemi.dtu.dk
mailto:eric.manoury@lcc-toulouse.fr
https://comptes-rendus.academie-sciences.fr/chimie/

46 Chantal Joseph Abou-Fayssal et al.

usually provide high activities and selectivities un-
der milder reaction conditions. They also allow eas-
ier mechanistic investigations. However, since the
catalyst and the substrate coexist in the same physi-
cal phase (typically a liquid phase), these systems in-
herently suffer from difficult catalyst separation and
reuse. Hence, down-stream separation procedures
such as precipitation, extraction or ultrafiltration are
typically required to recover the catalyst. These op-
erations need additional equipment and undesirable
large amount of solvent and entail extra costs.

To circumvent these issues, several strategies have
been implemented for the recycling of homogeneous
catalysts in large-scale processes. These strategies
include: (1) employing specially designed mem-
branes capable of selectively percolating catalyst-
supporting molecules (such as dendrimers or col-
loids) through micro-/ultra-/nanofiltration or re-
verse osmosis processes [3,4], tailored to the size
and geometry of the catalyst; (2) utilizing bipha-
sic catalysis, where the catalyst is immobilized in
a separate, immiscible liquid phase from that of
the reaction products [3] (for instance, the Rhone-
Poulenc/Ruhrchemie hydroformylation of propene
and butene involving water as the immiscible
phase [5]); and (3) employing catalyst confinement
techniques [6], where the catalyst support can be a
solid phase with the molecular catalyst either grafted
onto the surface or enclosed within the pores of in-
soluble polymers (such as resins), inorganic oxides
(like silica and alumina), metal-organic frameworks
(MOFs) or carbon materials (including carbon black,
carbon nanotubes, and graphene), known as hetero-
genized homogeneous catalysis, or a separate liquid
phase, referred to as liquid/liquid biphasic catalysis.
The latter strategy is an effective and low-cost solu-
tion to preserve the catalytic performance and facili-
tate catalyst recovery. Whatever the catalyst support,
solid or liquid, catalyst confinement approaches
combine the benefits of homogeneous and hetero-
geneous catalysis. This is also possible via micro-
heterogenization using colloidal assemblies [3], also
referred to as nanoreactors.

Polymeric nanoreactors that contain covalently
linked ligands in their core architecture offer an in-
teresting approach for anchoring and protecting the
catalyst from the surrounding environment, while
facilitating its recovery and recycling [4]. One of the
prominent techniques for catalyst recovery and re-

cycling is liquid/liquid biphasic catalysis using two
immiscible liquid phases, one containing the catalyst
and the other one containing the reaction products
and any unreacted substrate [5,7,8]. In this approach,
the two phases can be separated by a simple decanta-
tion, thus facilitating the reuse of the catalyst phase
without the introduction of any thermal or chemi-
cal stress. Four distinct operational modes may be
associated to the liquid/liquid biphasic approach, as
listed for the biphasic aqueous catalysis [5]: (i) ho-
mogeneous in the aqueous catalyst phase, if the
substrate is sufficiently water-soluble; (ii) homoge-
neous in the substrate/product phase, if the catalyst
is sufficiently soluble in the substrate phase or can be
transported there by a temperature stimulus (ther-
momorphic approach) [9-11] or by a phase-transfer
agent; (iii) interfacial when neither component is
sufficiently soluble in the other component phase
and the transformation occurs exclusively at the in-
terface; (iv) homogeneous within the nanoreactors,
which form a stable dispersion in a phase different
from that of the substrates/products [12,13]. The lat-
ter approach, with the catalyst confinement within
a small container, can allow precise control over
its interaction with the substrate. This can lead to
different reaction pathways compared to the free
catalyst, resulting in significantly improved selectiv-
ities compared to the non-confined analogs [14,15].
The catalyst host can either be molecular or macro-
molecular. This review deals with macromolecular
nanoreactors.

Nanostructured materials can be produced for use
as nanoreactors [16-19]. They have a higher sur-
face area relative to their volume compared to com-
plex and bulk materials. This property allows for
enhanced interactions with the surrounding envi-
ronment, leading to increased reactivity and im-
proved performance in various applications. Also,
nanostructured materials often exhibit, despite their
small size, excellent mechanical properties like high
strength and hardness compared to their bulk coun-
terparts [20]. This is mainly due to their unique struc-
tural features, including the presence of grain bound-
aries and interfaces, which can hinder dislocation
movement and improve overall material strength. In
addition, nanostructured materials can exhibit en-
hanced electrical conductivity and optical properties
[21-23], making them suitable for various electronic
and optoelectronic applications as well as favorable



Chantal Joseph Abou-Fayssal et al. 47

Polymer micelles Core crosslinked

micelles
SAL SAL
N A
NS NSOV
J 5\7 Amphiphile J 5\7

hydrophobic hydrophilic

Crosslinked area

Polymersomes Shell crosslinked

micelles
Gap (S
WA E oh
J >7 5 5&7

Figure 1. Different polymeric nanoreactors for
catalytic applications.

for energy storage and conversion applications. For
example, a high surface area improves electrode—
electrolyte interactions in batteries and supercapac-
itors, resulting in enhanced energy storage capabili-
ties [24,25]. Most importantly, metal nanomaterials
with high specific surface area are often used as cat-
alysts [4,26,27] due to their ability to provide a large
number of active sites for chemical reactions. The in-
creased surface area allows for more efficient adsorp-
tion and reaction processes, leading to enhanced cat-
alytic activity and often also selectivity.

A powerful toolbox is available to access a wide
array of polymeric nanoreactors [8,9] through con-
trolled and living polymerization techniques [28]
such as reversible addition-fragmentation chain
transfer (RAFT) polymerization, ring-opening an-
ionic, -cationic and -metathesis polymerization
(AROP, CROP and ROMP), and atom transfer rad-
ical polymerization (ATRP). These polymerization
methods have successfully been used to synthesize
various nanoreactor architectures for application in
catalysis, including self-assembled micelles, multi-
functional micelles [29], polymersomes [30-35] and
star polymers [36] (Figure 1). In all cases, a common
aim is to embed and protect the catalyst while allow-
ing the substrate to easily reach the reactive sites and
the products to migrate back toward the bulk phase.
This review provides an overview of the currently

known polymer-based nanoreactor systems used
in biphasic catalysis, designed from macromolec-
ular building blocks. Special attention is given to
core-crosslinked micelles (CCMs) obtained by RAFT
polymerization. The progress made on the synthesis
of this particular type of unimolecular nanoreactors
and on their use in micellar-type aqueous biphasic
catalysis will be highlighted.

2. Catalysis within confined spaces

One of the captivating approaches in homogeneous
biphasic catalysis is micellar catalysis. Each micelle
is an independent reaction locus and can thus be
described as a catalytic “nanoreactor” [4,14-16,29,
31,37-41]. Two fundamentally different implemen-
tations of micelles in catalysis can be distinguished
[42]. In the initially developed one, the catalyst is dis-
solved in the aqueous phase, or held close to the mi-
cellar surface by coulombic forces (if the catalyst has
an opposite charge to that of the micelle surface) or
by covalent grafting. The catalytic reaction occurs at
the interface between the bulk aqueous phase and
the nanoreactor core where the hydrophobic sub-
strate is located. The beneficial effect of the micelles
is thus merely the increase of the water/organic in-
terface, thus improving mass transport kinetics in an
interfacial catalysis approach. This is what the “mi-
cellar catalysis” terminology has typically been refer-
ring to, but a more appropriate description should be
“micelle-aided catalysis”. This topic has been exten-
sively reviewed and will not be considered here [1,43—
48]. The second type of micellar catalysis, developed
more recently, deals with systems where the catalyst
is embedded, by interaction with core-anchored lig-
ands, in the hydrophobic core of the micelles. The
catalytic reaction occurs in the homogeneous envi-
ronment of the hydrophobic micellar core, benefit-
ting from a high local concentration of both substrate
and catalyst [14,42]. The kinetics of the overall trans-
formation can thus favorably compare with that of
the analogous homogeneous process.

The first reports on micellar catalysis, based
on micelles that are self-assembled from a simple
surfactant (e.g. potassium dodecanoate, hexade-
cyltrimethylammonium bromide (CTAB), sodium
dodecyl sulfate, etc.), date back to 1970 [49]. Many
additional investigations into the preparation,
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characterization and catalytical applications have
followed [43,44,49-57].

3. Macromolecular nanoreactors

For micelles generated by amphiphilic macro-
molecules, typically named “polymer micelles”,
different morphologies exist depending on the pack-
ing parameter p that was defined by Israelachvili [58]
through Equation (1), where v is the volume, ay is the
optimal area of the head group and [, is the length of
the hydrophobic tail.

p=viag-l 1

Spherical micelles are obtained when p =< 1/3
whereas worm-like micelles are formed when
1/3 < p =1/2. If p = 1/2, vesicles result from the
self-assembled micelles. Within each morphology
group, a smaller size leads to a higher interface area
and thus improves the kinetics of mass transport be-
tween the hydrophobic bulk phase and the nanoob-
ject core (Figure 2).

Another factor that also plays a major role is
the hydrophobicity of the local pocket [59]. Self-
assembled nanoreactors are non-covalent macro-
molecular entities assembled from their initial build-
ing blocks [31,33-35,60]. They form good compart-
mentalization of catalytic systems, providing advan-
tages on the kinetics (faster reaction rate) and on

thermodynamics (lowering the energy of the tran-
sitional state). In an aqueous medium, the forma-
tion of amphiphilic micelles (Figure 3) that tend to
assemble above the so-called “critical aggregation
concentration” leads to complex supramolecular ar-
chitectures depending on the structure of the molec-
ular amphiphiles [61].

As a function of the packing parameter p defined
above, three different morphologies can be observed,
combining the following terms of Gibbs free en-
ergy [37]:

(i) a favorable entropic contribution resulting
from the assembly of the hydrophobic parts
of the molecule,

(ii) a tendency of amphiphiles to minimize un-
favorable lipophilic-water interaction by
closely packing and to spread apart as the
result of electrostatic repulsion between the
hydrophilic head groups, defined as surface
term,

(iii) a limitation to the possible geometry of ag-
gregation, requiring that the hydrophobic
cores only assemble in water or polar sol-
vent, defined as the packing parameter ex-
plained above.

These aggregates have dimensions in the
nanometer regime. The inclusion of catalytic sites
in these aggregates, whether by the polymerization
or by the coordination of the pre-catalyst, results in
the formation of nanoreactors. In such nanoreactors,
the reaction selectivity can be modified by tuning the
nature of the monomers in the core block.

3.1. Polymer micelles

Polymer micelles [62-65] (PMs) are described as ag-
gregates resulting from the self-association of am-
phiphilic polymers owing to hydrophobic interac-
tions between polymer molecules. However, inter-
actions may also be electrostatic or via hydrogen
bonds or coordination bonds. The morphology of
these block copolymer micelles resembles that of
molecular surfactant micelles. They can be spheri-
cal or cylindrical micelles, as well as vesicles, where
the hydrophobic polymer chains form the core and
the hydrophilic polymer chains form the shell when
dispersed in aqueous media. The morphology of the
PMs depends on the ratio between the hydrophobic
and hydrophilic chains, capable of accommodating
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the catalyst [62]. PMs are efficient systems for the en-
capsulation of hydrophobic compounds due to the
hydrophobic nature of their core and the hydrophilic
corona, and these nanoreactors have many applica-
tions besides catalysis, especially in the medical field
for, e.g. drug delivery [66,67] and magnetic resonance
imaging (MRI) [68].

Chen and coworkers [69] have described the syn-
thesis and application of thermo-responsive polymer
micelle-based nanoreactors containing polyoxomet-
alates (POMs) and poly(N-isopropylacrylamide)-b-
poly(L-lysine) (PNIPAM-b-PLys-POM) electrostati-
cally linked via the POM and amino groups of poly(L-
lysine) for catalytic wet hydrogen peroxide oxida-
tion (CWPO) of phenol. Similarly, Suzuki et al. [70]
performed Pd-catalyzed Mizoroki-Heck coupling of
iodobenzene and n-butyl acrylate in aqueous solu-
tion using thermo-responsive PMs based on poly(V-
isopropyl-acrylamide) (PNIPAAm), which is known
as an efficient thermo-responsive polymer due to its
lower critical solution temperature (LCST) of 32 °C in
water [71] (Figure 4).

The block copolymer 2 with a thermo respon-
sive NIPAAm block and a neutral poly(ethylene
glycol) (PEG) chain was prepared from 1 via ATRP
(Scheme 1). The resulting block copolymer had a
narrow size distribution (15-20 nm at 25 °C) and
was water-soluble at room temperature but when
heated up to 60 °C the polymer was insoluble, and
the solution became opaque. Characterization by dy-
namic light scattering (DLS) demonstrated that the
formation of the PMs by 2 was thermo-induced and
the switchable nature improved product extraction.
The PMs also limited the use of organic solvent for
product separation from the aqueous reaction mix-
ture, but 2 mol% of Pd was required to obtain good
product yield in the Pd-catalyzed Mizoroki-Heck
cross-coupling [70].

NaCl was also introduced to the block polymer
containing proline to lower the solubility of the or-
ganic solute in the aqueous phase and help directing
it to the core of the PMs [70]. This “salting-out” pro-
tocol led to the design of a new thermo-responsive
block copolymer with an anionic sodium sulfate
segment, PNIPAAm-b-PSSNa 9, also prepared using
RAFT polymerization. In the synthesis protocol, N-
isopropylacrylamide and sodium p-styrenesulfonate
were polymerized in the presence of the RAFT
agent 6 forming 7, followed by depolymerization
of p-styrenesulfonate by a radical desulfurization
process that led to the removal of trithiocarbonate
moiety at the end of the polymer-chain to yield the
anionic-type copolymer (Scheme 2). A larger particle
size was obtained with the anionic PMs compared to
the neutral one, likely due to electrostatic repulsion
among the anionic polymer chains. Further analysis
also showed that the anionic copolymer exhibited its
LCST behavior at 40-55 °C. When the aqueous Pd-
catalyzed Mirozoki-Heck coupling of iodobenzene
and n-butyl acrylate was performed with 9 using
0.5 mol% Pd, a better yield (though moderate) was
obtained compared to the previous reaction with the
neutral copolymer and 2 mol% Pd (Scheme 2), thus
demonstrating how rational PM design can improve
catalytic performance. To recover the catalyst, the
authors investigated various solvents for product
extraction. In general, using diethyl ether proved
less effective than using ethyl acetate. Interestingly,
polymer 9 demonstrated higher efficiency than poly-
mer 2, despite the fact that the recovered amount
of 5a was only half that obtained with pure water.
These findings suggested that thermoresponsive
block copolymers PNIPAAm-b-PEG 2 and PNIPAAm-
b-PSSNa 9 are not only effective in the Pd-catalyzed
Mirozoki-Heck reaction in water, but also in extract-
ing the product from the aqueous reaction mixture.
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The introduction of the catalyst in the core
of the micellar nanoreactors can be realized in
different ways, either by polymerizing a pre-catalyst-
functionalized monomer into the hydrophobic com-
partment, followed by self-assembly, or by ligand
exchange between a molecular pre-catalyst, intro-
duced by mass transport inside the already assem-
bled micelles, to a core-anchored ligand. An example
of the former method [72] is the copolymerization
of styrene and a functionalized styrene containing a
4-(dimethylamino)pyridine (DMAP) organocatalyst,
using the RAFT technique, to yield a hydrophobic

macroRAFT agent 2, which was then chain-extended
with a hydrophilic poly(/N-isopropylacrylamide)
(PNIPAM) block (Scheme 3). The catalytic activity
of the compartmentalized organocatalyst in the core
was found to be high, improving the DMAP-catalyzed
acylation reaction of alcohols with anhydrides, with
rates up to 100 times compared to those for unsup-
ported DMAP in organic solvents (Table 1). The au-
thors explored catalyst recycling by leveraging the
system stimulus-responsive property. Following the
extraction of the synthesized product with diethyl
ether, the aqueous phase containing the micellar
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catalyst underwent heating to a temperature over
50 °C. Hereby the polymer transformed into a fine
powder, which was subsequently gathered through
centrifugation. These catalytic nanoreactors were re-
cycled up to six times without losing catalytic activity.

Despite successful applications, these and other
micellar catalysts have one major drawback: the
equilibrium between micelles and free surfac-
tant macromolecules. This equilibrium can lead
to undesired formation of stable emulsions, slow
micelle/product separation caused by excessive
swelling, and catalyst loss through the formation
of Langmuir-Blodgett films at the liquid/liquid in-
terface and/or inverse micelles in the bulk organic
phase [73]. Another major drawback related to the
thermo-responsive PMs is their dynamic nature that
renders them sensitive to their environment. To cir-
cumvent these issues, the micelles can be turned
into unimolecular persistent objects by crosslinking,
which can be accomplished by various strategies as
described below. These cross-linked PMs constitute
an attractive alternative with improved characteristic
and catalytical behavior.

3.2. Polymersomes

The stability of micelle- and vesicle-based systems
depends on the environment, such as the temper-
ature of the solution and the concentration of the
surfactant. To obtain better defined and more sta-
ble systems, macromolecular polymers have been
considered as alternative nanoreactors, with a higher
kinetic stability compared to the self-assembled
molecular surfactant (vide supra). When vesicles are
self-assembled from macromolecular amphiphiles
(or block copolymers), they are referred to as poly-
mersomes. Polymersomes [74-78] have increased
rigidity and stability compared to micelles and vesi-
cles, and their structure can vary from simple coil-
like diblock copolymers to rod-like, rod-coil diblock
or multiblock polymers with or without additional
cross-linker groups [79]. The variation in structuring
can be tuned by varying the relative block lengths,
which results in modified size, structure, polarity,
and permeability of the polymersomes.

Eisenberg and coworkers [80] were the first to
generate a block copolymer system with six dif-
ferent morphologies of “crew-cut” aggregates of
polystyrene-b-poly(acrylic acid) block copolymers.

Shortly after, Meijer and coworkers [81] reported the
synthesis of polystyrene-poly(propylene)imine, thus
starting a new research line based on the relation be-
tween amphiphilic properties and molecular struc-
ture towards the preparation of many other polymer-
somes by various approaches [82-84] and with differ-
ent application scope. For enzymatic ring-opening
polymerization, Nolte and coworkers [85] developed
polystyrene-polyisocyanopeptide (PS-PIAT) based
polymersomes, while van Hest and coworkers [86]
reported a polymersome-stabilized Pickering emul-
sion at the water/oil interface that was later ap-
plied in biphasic enzymatic catalysis. Also, Lecom-
mandoux, van Hest and coworkers [87] reported
a cascade reaction in which small polymersomes
were loaded into larger ones, resulting in a multi-
compartmentalized polymersome-in-polymersome
system (Figure 5).

To demonstrate the functional and structural con-
trol of the system, they investigated a model reac-
tion with isolated enzymes in the different compart-
ments. The first step of the reaction was a Baeyer-
Villiger oxidation of a substituted hydroxyphenoxazi-
none ketone 1. The resulting ester 2 was then hy-
drolyzed with a lipase (enzyme) to form the corre-
sponding primary alcohol 3, which was subsequently
oxidized by alcohol dehydrogenase and a cofactor
nicotinamide adenine dinucleotide (NAD) to yield
the corresponding aldehyde product 4. The final step
of the catalytic transformation was a spontaneous
B-elimination leading to 7-hydroxy-3H-phenoxazin-
3-one-10-oxide 5 (Scheme 4). The concept of en-
zyme compartmentalization in the cascade reaction
spatially separated incompatible enzymes to retain
their functionality, thus resembling the intracellular
organization of eukaryotic cells. This concept al-
lows to separate and conduct incompatible reactions
simultaneously in a confined environment with in-
creased efficiency, and is a very powerful tool in ma-
terial chemistry. For the catalyst recovery, the sam-
ple was promptly subjected to centrifugation (25 °C,
500 g force, 4 min). Subsequently, the suspension
of polymersomes-in-polymersomes in the aqueous
phase was retrieved from the lower layer.

Using the micellar or vesicular approaches, the
formation of stable emulsions may occur due to the
excessive swelling of the micellar core [88]. Param-
eters such as temperature, dilution, and the com-
position of the mixed solvent [89-92] determine
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Scheme 3. Four-step synthesis of micelles 4 containing the DMAP functionality covalently attached to
the hydrophobic core. Reprinted with permission of American Chemical Society from [72]. Copyright
2012.

Table 1. Acylation reactions in the micelles 4 (adapted from [72])?
R

PN

OH 0o~ O
(0] (0] Aux. base

B —
R )J\ )J\Rl t, 5°C R

8 mol % DMAP 4

Entry R R’ Conversion (%) (15 min) Conversion (%) (24 h)
1 CHs CHs 26 32
2 CH,CHs3s CHs 28 29
3 CHs CH,>CH,CHs3; 47 53
4b CH3 CH,CH,CHj3 65 66
5P CH,CH3;  CH,CH,CHj3 94 98

@ All reactions contained 8 mol% DMAP, [OH] = 0.02 M, 1.5 equiv of auxiliary base (TEA),
1 equiv of alcohol, and 3 equiv of anhydride. Conversions determined by HPLC measure-
ments with mesitylene as the internal standard. ® N, N-Diisopropylethylamine (DIPEA) was
used as auxiliary base instead of TEA.
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the equilibrium between micelles/vesicles and sin-
gle amphiphilic chains. An alternative and promising
method to overcome these disadvantages is to cross-
link all amphiphilic polymer chains to form uni-
molecular nanoobjects, thus removing the dynamic
micelle/single chain equilibrium [42,60,93].

3.3. Unimolecular nanoreactors

3.3.1. Shell cross-linked micelles

Wooley and coworkers [94] developed a method
to prepare functionalized micelles from low poly-
dispersity macromolecules with a defined struc-
ture and an immobilized permeable cross-linked
shell and labile core. Unlike dendrimers [95] these
shell-cross-linked knedel-like (SCK) particles have
greater peripheral functions and nanometer-size
diameters, and are therefore more considered as
hybrids between dendrimers, hollow spheres, latex
particles, and block copolymer micelles (Figure 6).
The SCKs were prepared by a two-step synthesis
procedure using a block copolymer of polystyrene
and poly(4-vinyl pyridine), PSt-b-PVP, obtained by

anionic polymerization. The PSt served as the hy-
drophobic block and the quaternized PVP gener-
ated the hydrophilic block and introduced the cross-
linkable group. Besides micellar catalysis [94], the
SCKs find many applications in other fields such
as, e.g. recording materials, hydraulic fluids, deliv-
€ry processes, phase transfer reactions, solvation,
coatings and fillers.

O’Reilly and coworkers [96] reported the co-
polymerization of an amphiphilic copolymer in
which the hydrophobic domain was selectively func-
tionalized with terpyridine groups using nitroxide
mediated polymerization (NMP) techniques, that
has been extensively studied and optimized by Schu-
bert and coworkers [97,98] (Scheme 5). The resulting
shell cross-linked micelles (SCMs) (Figure 7) were
then modified by metal ion complexation, notably
Cu*, and used as catalysts for 1,3-dipolar cycload-
dition reactions (“click reactions”) of azido- and
alkynyl-functionalized small molecules [96].

Weck and coworkers [99] also reported the syn-
thesis of various SCMs and their catalytic applica-
tions [100]. Initially, they reported the synthesis
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Figure 6. Schematic representation of the basic approach for the formation of SCK’s. Micellization of
amphiphilic 2 is followed by cross-linking through the styrene side chains located in the peripheral water
toyield 1. Reprinted with permission of American Chemical Society from [94]. Copyright 1996.

Scheme 5. Synthesis of a tert-butyl acrylate block 6 using NMBP, followed by chain extension to block
copolymer 7 that incorporates terpyridine functionality, and then formation of an amphiphilic diblock
copolymer 8 with terpyridine functionality embedded within the hydrophobic segment. Reprinted with

permission of American Chemical Society from [96]. Copyright 2008.

of poly(morbornene) block copolymer-based am-
phiphilic ABC triblock copolymers via ROMP [99].
The middle block (B block) was functionalized
with a photochemically active cinnamate group
for crosslinking, and the terminal hydrophobic block
(C block) contained a Co-salen ligand. The Co-salen
functionalized SCMs catalysts were then used for hy-
drolytic kinetic resolution (HKR) of epichlorohydrin.
They showed that the structure of the SCM cata-
lysts was stabilized by the cross-linked shell, which
assisted recyclability of the catalysts. Then they
also prepared SCMs containing Co(III)-salen cores
from amphiphilic poly(2-oxazoline) triblock copoly-
mers [100] and studied substrate selectivity in HKR
with various terminal epoxides. More recently, they
also developed trifunctional SCMs for enantioselec-

tive three-step tandem catalysis [101], which were
based on poly(2-oxazoline) synthesized through liv-
ing CROP [102,103] that permitted compartmental-
ization of three incompatible catalysts. The SCM
consisted of carboxylic acids in the hydrophilic
outer shell, Rh-based N-tosylated 1,2-diphenyl-1,2-
ethylenediamine (Rh-TsDPEN) in the intermediate
cross-linked shell, and 4-dimethylaminopyridine
(DMAP) in the hydrophobic core. The spatial archi-
tecture of each catalyst was designed to selectively
exploit the path of the substrate during each step
of the reaction; the first step involved ketal hydrol-
ysis to the corresponding prochiral ketone, the sec-
ond step asymmetric transfer hydrogenation (ATH)
to yield an enantio-enriched secondary alcohol,
and the final step selective acylation to the desired
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Figure 7. Representative transmission electron
microscopy (TEM) images of SCM. Reprinted
with permission of American Chemical Society
from [96]. Copyright 2008.

ester product (Scheme 6). Higher conversions were
observed with more hydrophobic ketals and an-
hydrides, and the role of the intermediate shell
cross-linked layer in preventing deactivation of the
DMAP catalyst supported inside the micellar core
was also shown. The conversion was determined
from aliquots taken at certain time intervals, ex-
tracted with ethyl acetate. No recyclability tests were
reported.

Optimally, SCMs act as nano-incubators for
loaded catalysts and protect the catalyst from pas-
sivation or deactivation. However, the cross-linked
shell also introduces a physical barrier between the
hydrophobic core and the hydrophilic shell, which
can lower the mass transport of certain chemicals
and limit SCMs applicability for certain catalytical
transformations.

3.3.2. Core cross-linked micelles

To circumvent the mass transport restrictions of
SCMs, other polymeric structures have been devel-
oped. The first structure, called core-crosslinked mi-
celle (CCM), consists of ligand-functionalized am-
phiphilic diblock copolymers that are cross-linked
at the end of the hydrophobic chain. This pro-
vides star-block unimolecular nano-objects where

the ligands are located on flexible arms outside
of the cross-linked area. The second structure,
known as nanogel (NG), features a fully cross-linked
core, with the catalyst binding sites being situated
within the cross-linked core [88]. Various strate-
gies have been reported in the literature for the syn-
thesis of CCMs, including ATRP [104], as used by
Sawamoto and Terashima. They were the first to
use NG-type nanoreactors in catalysis and the Ru-
containing NG polymers made by ATRP [42,105-
108], and RAFT-mediated polymerization-induced
self-assembly (PISA) [109]. The latter strategy is a
particularly attractive approach as it allows to pro-
duce block copolymer nano-objects with a full syn-
thesis protocol in one-pot. A survey of the different
synthetic approaches is beyond the scope of this re-
view and the reader is referred to the literature [110-
115] for further details.

Rieger and coworkers [116] reported the synthesis
of a core-shell NG using a previously established
method involving RAFT radical polymerization in
an aqueous dispersion that provided nanometer-
sized, uniform core-shell particles with a cross-
linkable core. Poly(N,N-dimethylacrylamide)
served as the stabilizing shell, and (N,N-
diethylacrylamide) (PDEAAm) was used for the
core matrix through aqueous heterogeneous poly-
merization at a moderate temperature. The NG
was formed in water at 70 °C through RAFT dis-
persion polymerization of N,N-diethylacrylamide
(DEAAm; 85 mol%), DMAEA (10 mol%), and N,N-
methylenebis(acrylamide) (MBA; 5 mol%), with a
stabilizing macromolecular RAFT agent based on
poly(N,N-dimethylacrylamide) (PDMAAmmacro-
RAFT). The resulting nanostructured core-shell NG
demonstrated the ability to stabilize Pd® nanopar-
ticles (NPs) in its core. Pd NPs were incorporated
into the NG by adding a Pd" salt, expected to co-
ordinate with the nitrogen functions of DMAEA
units, followed by metal reduction with ethanol.
The hybrid PANP@NG exhibited stability in both
solid and solution states, making it an effective cat-
alyst for the Mizoroki-Heck reaction between n-
butylacrylate and activated bromo- and iodoarenes.
After catalysis, the hybrid NG could be recovered,
dried, and reused for three consecutive runs without
significant loss of the catalytic activity. However,
after the fourth reuse, a decline in catalytic activ-
ity was observed. Analysis of the recovered hybrid
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PANP@NG revealed the presence of large Pd aggre-
gates and significant oxidation of Pd® to Pd" (Fig-
ure 8). Additionally, analysis by inductively coupled
plasma mass spectrometry (ICP-MS) showed a sub-
stantial loss of Pd from the polymeric NG support.
This suggested that part of the catalysis occurred
outside the NG, explaining the observed limited
recyclability.

Stenzel and coworkers [117] used RAFT polymer-
ization technique to synthesize poly(2-hydroxyethyl
acrylate)-poly(n-butyl acrylate) block copolymers
using either poly(2-hydroxyethylacrylate) or poly(n-
butyl acrylate) macromolecular RAFT (macroRAFT)
agents with narrow molecular weight distributions.
These macroRAFT agents were further extended by
polymerization of a diacrylate monomer, yielding
CCMs. No catalytic application was described for
these CCMs.

Furthermore, three generations of CCMs with
amphiphilic unimolecular polymer-based nanoreac-
tors [88] having neutral (CCM-N), cationic (CCM-C)
and anionic (CCM-A) shells, respectively, have been
prepared by RAFT PISA and used for aqueous bipha-
sic catalysis (Figure 9) [118]. In all cases, special at-
tention was devoted to the catalyst recovery using an
optimized procedure. Briefly, after phase separation,
the latex was extracted with diethyl ether or toluene,
and the combined organic phases subjected to analy-
sis by gas chromatography (GC). For the recycling ex-
periments, a fresh substrate solution (same amount
as in the initial run) was added to the same vial, fol-
lowed by reaction and product separation according
to the same protocol.

The first generation CCM-N [119] was de-
signed with an uncharged water-soluble shell by
copolymerization of methacrylic acid (MAA) and
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Figure 8. (A) TEM image and (B) Pd 3d X-ray photoelectron spectrum (XPS) of the hybrid PANP@NG after
four catalytic cycles (solid black line) and its deconvolution into Pd® (dashed blue line) and Pd" (dotted
red line). Reprinted with permission of Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim from [116].
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poly(ethylene oxide) methyl ether methacrylate
(PEOMA) to generate a P(MAA-co-PEOMA) macro-
RAFT agent (Scheme 7). Addition of styrene (St)
and DPPS (diphenylphosphinostyrene) as core lig-
and generated P(MAA-co-PEOMA)-b-P(St-co-DPPS)
amphiphilic block copolymers that self-assembled

into well-defined micellar particles (d = 72 nm),
which was crosslinked using diethylene glycol
dimethacrylate (DEGDMA) forming CCM-N (d =
79 nm). The average formula of the single polymer
chains is Rg-(MAAg5-co-PEOMA 5)30b-(St;—5-co-
DPPS;,)300-b-(Stg.9-co-DEGDMAg 1)100-SC(S)SPr, with
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the chain ends (Ryg = C(CH3)(CN)CH,CH,COOH and
SC(S)SPr) provided by the RAFT chain transfer agent
(CTA). The uniformity of the CCM-Ns was demon-
strated by size exclusion chromatography (SEC),
TEM and DLS analyses, which also evidenced the
latex stability. Moreover, nuclear magnetic reso-
nance (NMR) spectroscopy and DLS confirmed the
transport of hydrophobic molecules across the hy-
drophilic shell into the polymer core to be fast and
leading to increased particle size owing to the parti-
cle swelling (d = 117 nm).

As a proof-of-principle application, the CCM-Ns
were loaded with [Rh(acac)(CO);] (acac = acety-
lacetonate) and evaluated for aqueous biphasic hy-
droformylation of 1-octene [120]. High activity, low
isomerization as well as good stability and recycla-
bility (Rh leaching of a few ppm) were found, but
the system was moderately mass-transfer limited at
high Rh concentrations and non-negligeable leach-
ing appeared to result from particle aggregation.
Subsequent follow-up studies addressed the metal
leaching mechanism [121], metal migration and
cross-exchange in amphiphilic core-shell polymer

latexes [122] and mass-transport limitations [123].
Later, Poli, Manoury and coworkers [124] extended
the family of ligand-functionalized CCMs using the
same synthesis protocol to include the bidentate
Nixantphos ligand in the CCM-N. After loading with
[Rh(acac)(CO),] the system was also applied to the
aqueous biphasic hydroformylation of 1-octene,
where only moderate activity (mass-transfer limita-
tion) but excellent regioselectivity was found for the
formation of n-nonanal.

A convergent synthesis of polymeric nanoreactors
containing polymerizable Rh!-NHCR complexes [53]
was then developed (Scheme 8). TEM images of the
resulting Rh-NHCR@CCM nanoreactors with R = Me
(5a) and R = Mes (5b) (Figure 10) revealed formation
of particles with a broad size distribution (diameter
0f 123.3+19.2 nm). Under optimized reaction condi-
tions, the 5b nanoreactors yielded good activity and
excellent recyclability for styrene hydrogenation with
Rh-leaching <0.6 ppm per reaction cycle (measured
by ICP-MS) after some initial decomposition of the
Rh-complex by cleavage of the Rh-NHC bond in the
initial two runs (Table 2, entries 1 and 2). Despite the
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Figure 10. TEM images of Rh-NHCR@CCMs 5a (left) and 5b (right) (mumbers as in Scheme 8). Reprinted
with permission of The Royal Society of Chemistry from [53]. Copyright 2021.

encouraging recyclability results, mass-transfer lim-
itations and impractical slow separation of the cata-
lyst and reaction mixture remained for this catalyst,
like for the other CCM-N catalysts.

To circumvent the mass-transfer and separa-
tion issues with CCM-N, a second generation of
CCM nanoreactors with an outer polycationic shell
(CCM-C) based on poly(1-methyl-4-vinylpyridinium)
(CCM-Cs) was developed via RAFT polymeriza-
tion [125]. The macroRAFT agent was synthesized
by RAFT polymerization of 4-vinylpyridine (4VP) in

aqueous ethanol, followed by a chain extension with
a PSt block and quaternization of the P4VP block.
A core-anchored triphenylphosphine (TPP) ligand
functionality, diluted in styrene was introduced by
chain extension in a fourth synthetic step and the
CCM-C was finally formed in a fifth step by core
cross-linking by a DEGDMA:St (10:90) mixture [126]
(Scheme 9). DLS and TEM analyses showed that all
obtained polymers (x = 5, 10 or 20%) have spherical
morphology, a narrow size distribution (d = 130-
150 nm) and a positive zeta potential.
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Table 2. Recycling study of Rh-NHCM®*@CCM 5b (number as in Scheme 8) catalyst in styrene hydro-

genation (adapted from [53])

Rh-NHC™s@CCM 5b

Sh

20 bar Hy, 80°C

Beh

H,O/Toluene
1200 rpm
Entry Run  St/Rh St Conversion? (%) EB Selectivity® (%) Rh leaching® (ppm)
1 1st >99.5 >99.5 0.87
2 2nd >99.5 >99.5 1.47
3 3rd 100071 >99.5 >99.5 0.24
4 4th >99.5 >99.5 0.34
5 5th >99.5 >99.5 0.21
6 1st 73 >99.5 0.39
7 2nd 77 >99.5 0.61
8  3rd 10,0001 >99.5 >99.5 0.54
9 4th >99.5 >99.5 0.31
10 5th 98 >99.5 0.13

Conditions: styrene (79.3 mg, 0.75 mmol), CCM 5b (85 mg, 7.9 x 10~7 mol of Rh for St/Rh =
1000/1 or 8.5 mg, 7.9 x 108 mol of Rh for St/Rh = 10,000/1), decane (31.5 mg, 0.225 mmol),
toluene (1 mL)/water (0.5 mL).  Measured by GC. b Measured by ICP-MS.

After loading with [RhCI(COD)], (COD = 1,5-
cyclooctadiene), the aqueous biphasic hydrogena-
tion of 1-octene and styrene revealed improved
mass transport properties and superior performance
of the CCM-Cs, in terms of both catalytic activ-
ity, stability, and recovery, relative to the neutral-
shell analogues [126]. Importantly, also less cata-
lyst leaching occurred due to an enhanced ability
of the polycationic shell to confine the nanoreac-
tors in the aqueous phase. Moreover, in substrate
scope investigations where the catalytic hydro-
genation of acetophenone was attempted, the
[RhCI(COD)(TPP@CCM-C)] latex turned black, sug-
gesting reduction of the molecular Rh! complex to
Rh® metal. Actually, this turned out to be an excellent
approach to generate Rh NPs directly inside the core
of CCMs (Figure 11), triggering further investigations
of biphasic hydrogenation with Rh NPs [127].

The RhNP@CCM-C system was initially tested
for aqueous biphasic hydrogenation of acetophe-
none, but only low conversions were obtained, un-
less high temperature (90 °C) was used. The slow

Figure 11. TEM image of Rh NPs generated in
the core of CCM-C. Reprinted with permission
of The Royal Society of Chemistry from [127].
Copyright 2021.

reaction rate was attributed to a poor mass trans-
port of the acetophenone into the CCM-C core, re-
sulting from a possible electrostatic interaction be-
tween its carbonyl group and the cationic pyridinium
functions present in the shell [127]. Conversely, the
catalytic performances were excellent when the cat-
alyst system was applied to the hydrogenation of
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Weinheim from [126]. Copyright 2019.

1-octene and styrene, with full conversion and full
selectivity towards the hydrogenation of the olefinic
group. Notably, the catalytic activity was superior
to that of molecular Rh! systems. The RANP@CCM-
C system proved also recyclable for styrene hydro-

genation up to four runs without loss of activity
and with the Rh NPs remaining well-dispersed when
toluene was used for product recovery/catalyst recy-
cling. However, when using diethyl ether as extrac-
tion solvent a dramatic loss of activity was observed.
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recovered catalyst latexes after the final run (bottom). Reprinted with permission of The Royal Society of

Chemistry from [127]. Copyright 2021.

This phenomenon was attributed to facilitated ex-
traction of the Rh NPs from the CCM-C core by the
oxygen-based solvent (Figure 12).

To address the substrate scope limitation of
the CCM-C nanoreactors, a third generation of
phosphine-functionalized @~ CCM  nanoreactors
was developed with a polyanionic poly(styrene
sulfonate)-based shell (CCM-A) [12,118]. The synthe-
sis route was identical to those used for the syntheses
of CCM-N and CCM-C described above, except for
using the water-soluble sodium styrene sulfonate
monomer in the first step (Scheme 10, Figure 13).

For application in aqueous biphasic styrene hy-
drogenation, the CCM-A nanoreactors were loaded
with [RhCI(COD)]3, as previously done for the CCM-
N and CCM-C counterparts (vide supra). How-
ever, interaction between the Rh dimer complex and
the outer shell of the CCM-A limited the transfer
of the metal complex to the core, presumably via
chelating Rh!-sulfonate complex formation. This
bottleneck was circumvented by “dilution” of the
shell with a neutral monomer (PEOMA), forming a
mixed polyanionic-neutral CCM, which allowed Rh!
complexation in the core. Nevertheless, the mixed
polyanionic-neutral CCM nanoreactors had inferior
performance compared to equivalent nanoreactors
with neutral and polycationic shells, which seemed
to stem from catalyst alterations induced by migra-

tion of the Rh centers towards the shell sulfonate
groups [12,118]. Thus, despite significant progress in
the development of CCMs, further improvements are
still needed to obtain efficient and durable nanore-
actor systems for aqueous biphasic hydrogenation
catalysis.

4. Conclusion

Nanostructured materials with high specific sur-
face area offer many advantages, attributed to their
unique properties, paving the way for advances in
various fields such as nanotechnology, materials
science, electronics, energy storage, and catalysis.
This review has highlighted major developments
in the synthesis and catalytic applications of self-
assembled nanoreactors made from amphiphilic
macromolecules such as polymer micelles, poly-
mersomes and unimolecular nanoreactors. The ap-
proaches using macromolecular nanoreactors as po-
tential catalyst supports, hold many unique advan-
tages owing to the diverse synthesis strategies for the
generation and tuning of the nanoreactors, which
could lead to unique industrial applications.

In particular, unimolecular nanoreactors have
been the topic of extensive recent research. The per-
spectives of these systems are numerous, owing to
their modularity and simple syntheses, notably by
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Figure 13. DLS (before and after swelling with toluene or chloroform) and TEM image of the CCM-A.
Color coding for the DLS size distributions: number (red), volume (green) and intensity (blue). Reprinted
with permission of [118]. MDPI (https://creativecommons.org/licenses/by/4.0/).

the PISA RAFT protocol, which provides access to
ligand-functionalized CCM nanoreactors. In such
nanoreactors, the chemical nature and the degree
of polymerization of the core and the shell, the type
and density of the core-anchored ligands, as well as
the nature of the coordinated metal pre-catalyst
can all be readily varied. This makes the uni-
molecular nanoreactors highly adaptable and ap-
plicable to aqueous biphasic catalysis, thus provid-
ing new avenues of research with several potential
applications.
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1. Introduction

Phenylenediamine derivatives 1-3 (Figure 1) are an
important class of organic compounds with rich
chemical and physical properties [1-3] and remark-
able applications as precursors in color chemistry [4,
5]. Their coordinating ability has been less investi-
gated because phenylenediamines do not form very
stable complexes with bivalent metal ions [6]. This
poor stability can be explained by the low basicity of
the aromatic amines due to the delocalization of the
lone pair of the nitrogen atom toward the p orbitals of
the aromatic ring, decreasing the electron density on
the nitrogen atom available for the bond formation
with a metal center. The coordinating ability of aro-

*Corresponding authors

ISSN (electronic): 1878-1543

matic diamines is also conditioned by the position
of the nitrogen atoms on the aromatic ring (ortho,
meta or para). o-Phenylenediamine ligand 1 coor-
dinates either in a monodentate, chelating bidentate
and bridging bidentate fashion in different dinuclear
complexes, with possible oxidation of 1 depending
on the metal center [7]. Studies of coordination com-
pounds of 2 and 3 in solution and solid state are rare,
possibly because these ligands can only coordinate
one nitrogen atom to a metal center by means of a
weak linkage [7], but also because of oxidation pro-
cesses forming p-benzoquinonediimine ligands [8].
Falthouse and Hendrickson have reported a series of
binuclear Cu(Il) complexes in which 2 acts as a bridg-
ing bidentate ligand but the instability inherent to the
phenylenediamines made it difficult to fully charac-
terize the complexes [9].
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Figure 1. Molecules studies in previous works
and our work.

As an extension of these studies, it appeared very
attractive to investigate 1,2,4-triaminobenzene 4,
which combines the structural elements of 1, 2
and 3, as ligand in coordination chemistry. However,
bearing three amino functions, molecule 4 is highly
unstable in air and can be easily oxidized, sacrificing
its aromatic character in favor of a quinoidal form.
To overcome this limitation, we envisaged the use
of analogs of type 5 because the incorporation of an
electron-withdrawing nitro group should strongly re-
duce the electron density and consequently prevent
air oxidation of the molecule.

Herein, we wish to describe the synthesis and
X-ray diffraction analysis of two new complexes
(7 and 8), based on the air-stable 1,2,4-triamino-5-
nitrobenzene derivative 6. Importantly, the key role
of the nitro group on the stability and the reactivity of
the ligand is clearly emphasized, illustrating a further
aspect to be considered in the coordination chem-
istry of aromatic amines.

2. Results and discussion

Precursor 6 was first prepared as recently reported in
the literature [10]. Its metalation with Ni(acac), in
toluene at room temperature led to the formation of a
beige precipitate (BP) that could be isolated by filtra-
tion (Scheme 1). IR analysis of this powder compared
to the precursor 6 (Figure 2) revealed the appearance
of strong bands around 1380, 1020 and 925 cm™ !,

Transmitance

1600 1400 1200 1000 800

T T T T T T
3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Figure 2. IR spectra of precursor 6 (black) and
BP (red).

which could be attributed to carbon-oxygen and
carbon—carbon bonds. In addition, the N-H vi-
brations above 3250 cm~! for 6 are shifted for BP
whereas the C-H vibrations (2900 cm™!) are not af-
fected. These observations are consistent with the
coordination of one or several NH, group(s) to the
nickel center and the presence of acetylacetonate
(acac) moieties as ancillary ligand.

Next, we characterized BP in solution. Its 'H NMR
spectra in acetone-ds and methanol-dy are reported
in Figure 3, showing signals of aliphatic chains of lig-
and 6 and peaks of the acac moiety in the 1-5 ppm
region, together with the presence of square pla-
nar low-spin complexes (i.e., diamagnetic character).
Unfortunately, further investigations by mass spec-
trometry could not afford usable data due to the pres-
ence of numerous peaks in both methanol and ace-
tone solutions.

Interestingly, the UV-Vis spectroscopic data
recorded in methanol and acetone revealed the same
absorption profile for BP and 6 (Figure 4). This ob-
servation proved the instability of the complex BP in
solution by means of a weak linkage, suggesting that
6 probably coordinates only one nitrogen atom to a
metal center (unlike 1) [7]. Crystallization attempts
of BP in different solvents were then performed to
gain insights into the nature of the coordination
mode of 6.

Single crystals suitable for structural determina-
tion could be obtained by slow evaporation of a
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Figure 3. 'H NMR (400 MHz) spectrum of 6 in acetone-dg (top) and BP in acetone-ds (middle) or
methanol-dy (bottom). The solvent’s residual peak is indicated with an asterisk.
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Ni(acac), (2 equiv.)
Toluene, 25 °C, 4 h
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ey N
HN NH

|
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Scheme 1. Synthesis of complexes 7 and 8 (acac = acetylacetonate).

solution of BP in methanol. The X-ray diffrac-
tion analysis revealed the formation of a 1:2 (metal
(Ni)/ligand (6)) complex 7 in which the nickel ion
is found in an octahedral geometry and surrounded
by two acac moieties coordinated in a planar fashion
with respect to the metal center (Figure 5).

The Ni coordination sphere is completed by two
additional ligands 6 in which a single amino group
N(1) (and N'(1)) is coordinated. The monoden-
tate coordination mode of 6 can be explained by a
closer look at its molecular structure. Since only

the amine function N(1) in meta position is not con-
jugated with the nitro group, it coordinates specif-
ically with a metal center due to the availability of
its lone pair, in contrast to the two other amine
functions in para and ortho positions, which are
highly conjugated with the nitro group. This hy-
pothesis is confirmed experimentally by examination
of the bond lengths between the nitrogen atoms of
the amines and their corresponding aromatic car-
bons. The distance N(1)---C(Ar) of 1.437 A clearly
indicates a lack of conjugation and availability of
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Figure 4. UV-visible absorption spectra of 6
and BP dissolved in acetone (top) or methanol
(bottom).

the lone pair whereas the distances N(4)---C(Ar) and
N(3)---C(Ar) are much shorter due to the conjuga-
tion with NO; (1.355 and 1.350 A, respectively). A
close examination of the hydrogen-bonding inter-
actions in 7 revealed H-bonds involving N(1), N(2)
and N(3) (as H-donor or H-acceptor) that clearly sta-
bilize the molecular architecture in the solid state
(Figure 5).

Remarkably, we observed that recrystallisation of
BP in acetone instead of methanol led to the forma-
tion of complex 8 having the same octahedral ge-
ometry but a different stoichiometry (2:2 versus 1:2)
(Figure 6). By analogy with 7, ligand 6 is monodentate
since only the amine function N(1), in meta po-
sition with respect to the nitro group, is coordi-
nated to the Ni center owing to the availability of

its lone pair. Numerous N-H-:-O bonding interac-
tions involving N(1), N(2) and N(3), ranging from
1.976 to 2.251 A, contribute to the stabilization of the
complex.

The most striking feature of 8 is the coordi-
nation mode adopted by two of the six acac lig-
ands, one of whose oxygen atoms coordinates to
two metal centers, acting as a bridging ligand (Fig-
ure 6). As a result, the two Ni centers are in proxim-
ity (d(Ni---Ni) = 3.215 A). To the best of our knowl-
edge, this arrangement was only observed for modi-
fied acac in which electron-donating substituents in
the 3-position of the pentane-2,4-dionato group were
added [11].

3. Experimental section
3.1. General

Solvents (HPLC grade) and reagents were purchased
from Sigma Aldrich and were used as received.
Compound 6 was prepared according to published
procedures [10]. NMR spectra were recorded on
a JEOL ECS400 NMR spectrometer at room tem-
perature. IR spectra were recorded on an Agilent
Cary 630 FTIR equipped with an attenuated total
reflectance (ATR) sampling. Suitable crystals were
mounted on a Rigaku Oxford Diffraction SuperNova
diffractometer and measured at 293 K at the Cu
radiation (1 = 1.54184 A). Data collection, reduc-
tion and multiscan ABSPACK correction were per-
formed with CrysAlisPro (Rigaku Oxford Diffraction).
Using Olex2, the structures were solved with the
ShelXT structure solution program using Intrinsic
Phasing and refined with ShelXL using least-square
minimization.

3.2. Synthesis of BP

Ni(acac) (m =204 g, 0.792 mmol, 2 equiv) was added
to an orange-red solution of 6 (100 mg, 0.396 mmo],
1 equiv) in 20 ml of toluene under vigorous stir-
ring. The reaction mixture was stirred at room
temperature for 4 h. The precipitate obtained was
then isolated by filtration on a sintered glass fun-
nel and dried in vacuo to afford BP as a beige solid
(m =184 mg).
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Figure 5. Single-crystal X-ray structure of 7 (recrystallization of BP in methanol). Selected bond lengths

are indicated in A.

Figure 6. Single-crystal X-ray structure of 8 (recrystallization of BP in acetone). For the ortep view on the
right, the aromatic amino ligand 6 is omitted for clarity except for the amino function coordinated to the

Ni center. Selected bond lengths are indicated in A.

4. Conclusion

We have prepared and crystallized novel nickel com-
plexes 7 and 8 incorporating a new aromatic triamino
ligand 6. This ligand behaves in a monodentate fash-
ion in coordination chemistry because of the pres-
ence of the electron-withdrawing group NO, that
“deactivates” the two amine functions in ortho and
para position. Although scarce in the literature due

to a weak linkage inherent to the monodentate aro-
matic amines, complexes 7 and 8 could be fully char-
acterized by X-ray diffraction, probably because of
the presence of numerous intramolecular H-bonding
interactions. The structure determination clearly es-
tablished two different metal (Ni)/ligand (6) stoi-
chiometry depending on the solvent used for crys-
tallization, and the formation of a 1:2 complex (7)
or a 2:2 adduct (8) could be observed in methanol
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and acetone, respectively. This work might open new
perspectives in coordination chemistry of aromatic
polyamines by exploiting the NH,/NO, balance to
tune the reactivity of the ligand and/or the stability
of the metal complexes.
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1. Introduction pyridinyl-based dipyrromethane with aldehydes or
o ) ) ) ) dipyrromethane with pyridinyl-based aldehydes,
Pyridinyl-based porphyrins are quite rare in the lit- which results in low yields. Indeed, the pyridinyl

erature since their synthesis is cumbersome. Pos- fragment is able to trap protons from the Bronsted
sible applications for these derivatives have already  ,.iq catalyst or deactivate the Lewis Acid catalyst in
been reported such as photo-electrochemistry [1,  (he common Adler and Longo or Lindsey conden-
light-harvesting charge separation systems [2,3],  gatjon reactions. In our group, we have been inter-
supramolecular chemistry [4-13], catalysis [9,14],  ested in the exploitation of these pyridinyl-based

fast energy transfer [12,15], molecular assembly on porphyrins for molecular recognition of phenol
Au(Ill) [16] and dendrimer formation [17]. The full derivatives [18] but also as precursors of C-N-fused
development of these pyridinylporphyrin derivatives cationic compounds obtained by oxidative path-
may be restricted due to these synthetic limitations. way [19,20]. For this latter purpose, mercaptopy-
The main issue stems from the first condensation ridinylporphyrins have been successfully fused and
steps with pyridinyl-based aldehyde and pyrrole,  he griginal physicochemical properties of the C-N-

fused porphyrins have been explored in details (Pre-

. . vious work, Scheme 1). To extend the scope of this
Corresponding author
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C-N oxidative fusion reaction, we wanted to replace
the sulfur atom by a carbon atom and investigate if
this reaction could work (This work, Scheme 1).

This manuscript describes the synthesis and char-
acterization of (pyridin-2-ylmethyl)porphyrin Hz-7
(Scheme 3) as well as the synthesis of its respec-
tive Zn(Il) and Ni(II) complexes Zn-7 and Ni-7.
Preliminary C-N oxidative fusion attempts are also
described.

2. Results and discussion

2.1. Synthesis of (pyridin-2-ylmethyl)porphyrins
2,7Zn-2 and Ni-2

Our initial objective was to synthesize 5,10,15,20-
tetrakis(pyridin-2-ylmethyl)porphyrin  H-1 by
condensation of pyrrole with aldehyde 2 pro-
duced by oxidation of commercially available 2-
(2-hydroxyethyl) pyridine (3, Scheme 2).

Two experimental conditions were tested for the
aldehyde 2 synthesis: Swern conditions, using oxa-
lyl chloride in DMSO and oxidation by a cerium(IV)-
based oxidant [21,22]. Despite several attempts with
these two oxidants, the oxidation step of the alcohol
function systematically failed. The targeted aldehyde
2 may be in equilibrium with its enol form [23], which
could explain the difficulties in isolating/forming this
aldehyde. Given these disappointing results, an alter-
native route was developed. The latter was based on
the synthesis of a porphyrin monofunctionalized at
the meso position with 2-methylpyridine (Scheme 3).

The first step consisted in the preparation of
the (pyridin-2-ylmethyl)lithium (5) reagent by ad-
dition of n-butyllithium on 2-picoline (6). This or-
ange solution was then added in excess to the tri-
meso-arylporphyrin H,-4 following a protocol sim-
ilar to the one previously described by Senge and
colleagues for the phenylation of porphyrins [24].
Under these conditions, the original (pyridin-2-
ylmethyl)porphyrin Hy-7 was isolated in 63% yield
(Scheme 3). The corresponding Zn(II) and Ni(I)
complexes (Zn-7 and Ni-7, respectively) were also
synthesized in good yields by standard metalation
procedure (see experimental part) using the respec-
tive acetate salts [25]. It should be noted that an-
other report from Barbe and coworkers describes the
synthesis of a pyridin-2-ylmethylporphyrin (Zn-14,
Scheme 4) [26]. This synthesis was based on the

Suzuki cross-coupling of 5-bromo-2-chloromethyl-
pyridine (13) (synthesized in two steps from bro-
mopicolinaldehyde (11), Scheme 4) with zinc(Il)
meso-substituted dioxoborolaneporphyrin Zn-10
(synthesized in three steps from the 5,10,15-
trimesitylporphyrin). According to these authors
and contrary to their expectations, only the chlo-
rinated carbon atom of 13 was coupled with the
porphyrin and not the brominated one.

Thus our proposed synthesis is more straightfor-
ward since it involves only two steps for the synthe-
sis of Hp-7 starting from the tri- meso-arylporphyrin
Hy-4.

2.2. Characterization of (pyridin-2-
ylmethyDporphyrins Ho-7, Zn-7 and Ni-7

2.2.1. NMR characterization of (pyridin-2-
ylmethyDporphyrinsHa-7, Zn-7 and Ni-7

A focus on the aromatic part of the 'H NMR spec-
tra of compounds 6, Hz-7, Zn-7 and Ni-7 is pre-
sented in Figure 1. Noteworthy, for Zn-7, CDCl3
had to be replaced by (CD3),CO due to solubility
problems. In addition, one drop of pyridine-ds; was
used to prevent the formation of coordination poly-
mers upon coordination of the pyridinyl nitrogen
atom onto the metallic center of another Zn-7 por-
phyrin. 2-Picoline 6 is characterized by a singlet
at 2.33 ppm for the methyl group and four mul-
tiplets between 6.84 ppm and 8.28 ppm. The 'H
NMR spectra of Hz-7, Zn-7 and Ni-7 show similar
chemical shifts for the pyridinyl moiety (6.73 < § <
7.32 ppm) except for the a proton doublet which
appears between 8.59 and 8.75 ppm. For compari-
son purpose, the a proton doublet of 6 appears at
a slightly lower chemical shift (8.28 ppm). Thus the
porphyrin ring has little influence on the chemical
shifts of the pyridinyl moiety contrary to what is ob-
served for the -CH,- spacer for which the methylene
singlets of H»-7, Zn-7 and Ni-7 are observed between
6.21 and 6.70 ppm, a much higher value as com-
pared to 2.33 ppm for 6. The same range of chemical
shift was observed by Barbe and coworkers with the
free-base analogue of Zn-14 [26], where the methy-
lene bridge appeared at 6.59 ppm. This behavior is
typically observed for protons that are lying outside
the shielding cone of the porphyrin. The (3-pyrrolic
protons of H-7, Zn-7 and Ni-7 are located between
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Scheme 1. Previous work: C-N oxidative fusion with a mercaptopyridinylporphyrin; This work: planned
target obtained after C-N oxidative fusion of a pyridinylmethylporphyrin precursor.

1
VAN (6.0 eq.)
O o
—_—
2) H,0
3) DDQ (4.0 eq.)

Hy-4 Hy-7 (63%)

Zn(l): Zn-7 (81%)
Ni(ll): Ni-7 (84%)

M=

Scheme 3. Synthesis of (pyridin-2-ylmethyl)porphyrin H»-7 and the corresponding Zn(II) and Ni(II)
complexes Zn-7 and Ni-7.

8.70 and 9.74 ppm. The more deshielded 3-pyrrolic is attributed to the protons that are closest to the
doublet appears between 9.32 and 9.74 ppm and methylpyridinyl substituent.
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Zn(0AG),2H,0
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— Br
CH,Cl,/MeOH
(85:15)
1h,85°C

Zn-10

(14% global yield fronﬂ
dipyrromethanes)
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Cs,CO3 (1.5 eq.)
>Pd(OAc)2 (0.6 eq.)
PPh3 (0.6 eq.)
DMF/toluene

7h, 100 °C
78% Br

Et;N (3 eq.)
PdCI,(PPhj3), 0.03 eq.
DCE reflux 90 min.

Scheme 4. Synthesis of pyridin-2-ylporphyrin Zn-14 as described by Barbe and coworkers [26].

2.2.2. UV~visible absorption spectroscopy of Ha-7,
Zn-7 and Ni-7

UV-visible absorption spectra of Hz-7, Zn-7 and
Ni-7 are presented in Figure 2. Porphyrin H»-7 ex-
hibits a Soret band at 419 nm and four less intense
Q bands at 516, 552, 592 and 648 nm, as expected for
a free base porphyrin. The corresponding nickel(II)
complex Ni-7 shows a 3-nm hypsochromic shift of
the Soret band as compared to Ha-7. Indeed, while
the metallic cation accepts the lone-pair electrons of
the nitrogen atoms of the porphyrin ring, its elec-
trons are donated to the macrocycle. The result-
ing flow of electrons of the delocalized 7t-system in-
creases the energy available for electron transition,
leading to the blueshift observed for the Soret band
of Ni-7 [27]. The number of Q bands for this de-
rivative is reduced to one as shown by comparison

with the UV-visible absorption spectrum of H,-7,
in agreement with the enhanced symmetry of the
porphyrin induced by the metalation.

In the specific case of Zn-7, the CH»Cl, solvent
had to be replaced by DMF to improve the solubility
of the porphyrin by preventing the formation of the
coordination polymers. The Soret band is observed
at 427 nm and only two Q bands are seen at 561 and
601 nm, for symmetry reasons.

2.2.3. Electrochemical characterization of Hy-7, Zn-7
and Ni-7

All potential values reported in this manuscript
are vs. the saturated KCl calomel electrode (SCE), un-
less otherwise mentioned. The cyclic voltammogram
of Ni-7 is presented in Figure 3 (top black curve).
The first fully irreversible oxidation takes place at
E},(01) = 0.85 V which is less positive than the first
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Figure 1. Partial 'H NMR spectra of 6, Hy-7, Zn-7 and Ni-7 (CDCl3 ((CD3),CO + one drop of pyridine-ds
for Zn-7), 500 MHz, 298 K). The asterisk * indicates not fully deuterated pyridine signals in the INMR
spectrum of Zn-7. Small signals observed on the !NMR spectrum of 6 correspond to unknown impurities

that are present in the commercial reagent.

oxidation potentials of Ni(II) porphyrins function-
alized with 2-mercaptopyridine (Ep; = 1.10 V) [19].
This behavior agrees with the donor inductive effect
of the -CH,- group, compared to the sulfur atom
involved in a thioether function. This irreversibil-
ity which follows the porphyrin cation radical forma-
tion might also be a good indication that the C-N
fusion reaction takes place. Two other reversible
oxidation peaks are observed at E,(02) = 0.98 V and

Epa(03) = 1.29 V. Only one poorly reversible reduc-
tion peak is seen at Epc(R1) = —-1.56 V.

The zinc(I) complex Zn-7 exhibits very low sol-
ubility in CH,Cl,. The latter probably arises from
coordination polymers that may be formed by co-
ordination of the pyridinyl moiety onto the zinc(Il)
atom of another porphyrin [3,10,11,17]. This be-
havior has been already experienced by us with
the zinc(Il) complexes substituted by one or two
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Figure 2. UV-visible absorption spectra of
H,-7 (black curve), Zn-7 (red-curve) and Ni-7
(blue curve) in CH,Cl; or for Zn-7 in DME
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Figure 3. Cyclic voltammograms of Ni-7 (top,
black curve) and Zn-7 (bottom, blue curve).
Conditions: C = 1073 M, CH,Cl, 0.1 M TBAPFg,
WE =Pt® =2 mm, v = 100 mV-s~!. For solubil-
ity reason, 1.0 equiv of pyridine has been added
to the solution containing Zn-7.

mercaptopyridinyl fragment(s) [20]. The addition of
1.0 equiv of pyridine to a solution of Zn-7 in CH,Cl,
was supposed to break the coordination polymers.
Indeed, all the porphyrin became soluble which
supported our initial hypothesis. The first oxida-
tion wave is much more reversible than for Ni-7
(Epa(0O1’) = 0.57 V, Eyjp = 0.53 V, AE, = 80 mV).
Two other irreversible oxidation peaks are observed
at ca. Epa(02') = 1.05 V and (Epa(03') = 1.27 V. The
reduction peak R1’ is almost reversible and is ob-
served at Epc(R1') = —1.66 V.

2.3. Oxidative C-N fusion attempts

Following our previous work on the oxidative C-N fu-
sion of pyri(mi)dine-based porphyrins (see Scheme 1
and Refs. [19,20,28]), fusion tests have been per-
formed in CH,Cl, on Ni-7 and Zn-7 with PIFA
((bis(trifluoroacetoxy)iodo)benzene), a two-electron
acceptor. In principle, if the C-N oxidative fusion re-
action of 2-picoline on the porphyrin nucleus occurs,
the use of a base to neutralize the protons released
by the C-N coupling reaction is necessary. Indeed,
unlike 2-mercaptopyridine whose pK, is very low
(—1.07) [29,30], 2-picoline has a pK, of 5.96 [31]
which is higher than that of trifluoroacetate ions
(pK; = 0.23). Thus, the trifluoroacetate anions re-
leased during the reduction of PIFA are no longer suf-
ficiently basic to capture the protons released during
the formation of the C-N bond. A first reaction test
between Ni-7 and PIFA was carried out in CH,Cl, in
the presence of potassium carbonate as a base. After
reacting for 1 h with 1.0 equiv of PIFA, a brown prod-
uct, more polar than compound Ni-7, was observed
on a TLC plate (SiO,, CH»Cly). Then 0.2 and 0.8
equiv of PIFA were added at one-hour intervals. One
hour after the last addition of oxidant, the stirring
was stopped because no further development was
observed. 2,6-Lutidine, whose pKj is 6.72 [31], is per-
fectly miscible under our experimental conditions,
unlike potassium carbonate which mainly remains
as a precipitate. This organic base was therefore
chosen for a new C-N fusion test of 2-picoline on
the porphyrin core. Thus, the reaction between Ni-7
and PIFA, in the presence of 2.0 equiv of 2,6-1utidine,
in dichloromethane, was monitored by TLC (SiOy,
CH,Cly), in order to determine the amount of oxi-
dant necessary for the consumption of the starting
product. After 23 h of reaction at room temperature
and addition of 2.0 equiv of PIFA, the crude reaction
no longer seemed to evolve. The latter contained
Ni-7 and a more polar brown product which did not
migrate onto the TLC plate. MALDI-TOF mass spec-
trometry analysis of the crude reaction shows a peak
at m/z = 712.1, attributed to the C-N fusion product
(m/z=712.2026), a peak at m/z = 713.1 correspond-
ing to Ni-7 and a more intense peak at m/z = 726.1
corresponding to the exact mass of compound Ni-7
to which 13 mass units are added. This mass may be
related to the fusion of 2-picoline with porphyrin and
formation of a carbonyl on the CH, bridge (Figure 4).
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Figure 4. MALDI-TOF spectrum (global and zoom views) obtained from the crude solution resulting
from the addition of 2.0 equiv of 2,6-dimethylpyridine and 2.0 equiv of PIFA on Ni-7, after stirring for

23 hin CH2C12.

Two chemical fusion tests were also carried
out on Zn-7 with PIFA at room temperature in
dichloromethane, one in the presence of 2.0 equiv
of potassium carbonate, the other in the presence of
2.0 equiv of 2,6-lutidine. When the reaction is carried
out in the presence of potassium carbonate as base,
1.8 equiv (first 1.0 equiv, then 1.5 h of stirring, then
0.8 additional equiv added in 4 times at one-hour
intervals) of PIFA are necessary to consume all the
precursor. Under these conditions, two products are
formed, one being more polar (purple/pink) and the
other less polar (dark purple) than the product Zn-7
(purple). The 'H NMR analysis of the raw reaction
product carried out in acetone-dg in the presence of
a drop of pyridine-ds did not give any information
(poorly resolved signals). An ESI mass analysis was
performed to obtain more information, but none of
the observed peaks could be assigned. The oxidation
of compound Zn-7 in the presence of 2,6-lutidine

only leads to the formation of a single dark purple
product, more polar than the precursor to be fused.
In this case, the use of a total of 2.2 equiv of PIFA did
not allow all the starting material to be consumed,
even after 23 h of reaction. MALDI-TOF analysis of
the crude reaction (Figure 5) shows a peak at an m/z
value of 719.1 corresponding to the initial product
(m/ z theoretical = 719.2027) but also at m/z = 718.1
(C-N coupling product, theoretical m/z = 718.1944)
and 717.1 (loss of an additional proton), all three
minor in terms of intensity compared to a peak at
732.1, whose m/z ratio corresponds to the mass of
Zn-7 to which 13 units of mass are added. The latter
may;, as in the case of the oxidation of derivative Ni-7,
correspond to the fusion product with the formation
of a carbonyl function on the bridging carbon atom.
Finally, an isotopic cluster between m/z = 1435 and
m/z = 1445 is also observed. It could be assigned to
the formation of a dimer of unknown structure.
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Figure 5. MALDI-TOF spectrum (global and zoom views) obtained from the crude solution resulting
from the addition of 2.0 equiv of 2,6-dimethylpyridine and 2.0 equiv of PIFA on Zn-7, after stirring for

23 hin CH,Cl,.

3. Experimental section
3.1. Reagents and instrumentation

Unless otherwise noted, all reactions were car-
ried out without protection from air. CH,Clp,
MeCN, THF were dried over alumina cartridges
using a solvent purification system PureSolv PS-
MD-5 model from Innovative Technology and
kept under argon. The following reagents were
used: n-Buli (1.6 M in hexane, Acros Organics),
2-picoline (98%, Acros Organics), 2,3-dichloro-
5,6-dicyano-p-benzoquinone (DDQ, 98%, Sigma-
Aldrich), [bis(trifluoroacetoxy)iodo]benzene ((PIFA),
98%, Acros Organics), 2,6-lutidine (99%, Sigma-
Aldrich), pyridine (99%, Acros Organics), K,COs3
(99%, anhydrous, Alfa Aesar), Zn(OAc),-2H,0 (99.5%,
Acros Organics), Ni(OAc)2-4H,0 (99%, Alfa Aesar),
10-phenyl-5,15-di-p-tolylporphyrin Hz-4 was syn-
thesized as reported in [32]. Our data (*H NMR,

13C NMR, UV-Visible absorption, and MALDI-TOF
mass spectrum) were consistent with those de-
scribed in Ref. [32]. Tetra-n-butylammonium hex-
afluorophosphate was synthesized by mixing stoi-
chiometric amounts of HPFg (60% in water, Acros
Organics) and tetra-n-butylammonium hydroxide
(40% in water, Alfa Aesar). The resulting solution was
filtrated on a Biichner filter under vacuum and the
white crystals were collected. These crystals were
recrystallized twice in EtOH and then dried in a stove
at 110 °C for 48 h.

'H, 13C NMR spectra were recorded either on a
Bruker Avance 400, on a Bruker Avance 500 or on a
Bruker Avance 600 III HD spectrometer. Chemical
shifts are expressed in parts per million (ppm) from
the residual non-deuterated solvent signal [33]. ] val-
ues are expressed in Hz.

High-resolution mass spectra (HRMS) were
recorded either on a Thermo LTQ Orbitrap XL
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apparatus equipped with an ESI source or on a
Bruker UltraflexII LRF 2000 MALDI-TOF mass spec-
trometer (matrix: dithranol).

UV-visible absorption spectra were recorded on a
VARIAN Cary 50 UV-Visible spectrophotometer us-
ing quartz cells.

All electrochemical manipulations were per-
formed using Schlenk techniques in an atmo-
sphere of dry oxygen-free argon at room temper-
ature (T = 20 °C £ 3 °C). The supporting electrolyte
was degassed under vacuum before use and then
dissolved to a concentration of 0.1 mol-L™!. Voltam-
metric analyses were carried out in a standard three-
electrode cell, with an Autolab PGSTAT 302 N po-
tentiostat, connected to an interfaced computer that
employed Electrochemistry Nova software or on a
Biologic SP-300 potentiostat, connected to an in-
terfaced computer that employed EC-Lab (v. 11.25)
software. The reference electrode was a saturated
KClI calomel electrode (SCE) separated from the anal-
ysed solution by a sintered glass disk filled with the
background solution. The auxiliary electrode was a
platinum wire separated from the analysed solution
by a sintered glass disk filled with the background
solution. For all voltammetric measurements, the
working electrode was a platinum disk electrode
(@ = 1.6 mm). In these conditions, when operating
in CH,Cl, (0.1 M TBAPFg), the formal potential for
the ferrocene (+/0) couple was +0.46 V.

3.2. Synthesis of 5-(Pyridin-2-methyl)-10,20-
bis(p-tolyl)-15-phenylporphyrin (Hz-7)

7

Chemical Formula: C4gH35N5
Exact Mass: 657.2892
Molecular Weight: 657.8210

This protocol was inspired by the one described
by Senge and coworkers for aryl and alkyl func-
tionalization of porphyrins [24]. A 20 mL Schlenk
flask was evacuated and flushed with argon three
times. 2-Picoline (197.5 pL, 2.0 mmol, 1.0 equiv)
was then added to the Schlenk flask followed by dry
THF (0.88 mL). The solution was cooled to —10 °C
then a commercial solution of n-BuLi (1.6 M in n-
hexane) was added dropwise (1.25 mL, 2.0 mmol,
1.0 equiv). The resulting orange solution was stirred
at room temperature for 1 h. Hp-4 (100.00 mg, 1.76 x
107! mmol, 1.0 equiv) was kept under vacuum for
2 h in a second Schlenk flask and then flushed with
argon. Dry THF (45 mL) was then introduced into
the Schlenk flask containing the porphyrin and the
solution was cooled to —30 °C. 1.2 mL (1.032 mmol,
6.0 equiv) of the orange solution obtained in the
first Schlenk flask were added dropwise to the solu-
tion of porphyrin. The resulting solution was stirred
at room temperature for 20 min, then a solution of
H,0 (0.84 mL) and dry THF (8.4 mL) previously de-
gassed by bubbling argon was added dropwise to
the reaction mixture. The green solution was stirred
for a further 10 min at room temperature and DDQ
(163.72 mg, 7.07 x 10~! mmol, 4.0 equiv) was added
to the Schlenk flask. The resulting red solution was
stirred at room temperature for 1 h and then fil-
tered on a pad of alumina, eluting with CH,Cl,. The
crude product was purified by column chromatog-
raphy (SiOy, CH,Cl,/CH30H (99.5:0.5, v/v)). Three
fractions were collected containing an unknown im-
purity (Fraction 1), H,-7 (Fraction 2) and traces of a
product which could be unreacted H,-4 (Fraction 3).
Fraction 2 was recrystallized in a CH,Cl,/CH3OH
mixture. The obtained precipitate was filtered un-
der vacuum, washed with CH3OH and dried at 110 °C
overnight to give H»-7 in 63% yield (74.28 mg, 1.13 x
10! mmol). 'H NMR (CDCls, 500 MHz, 298 K): §
(ppm) 9.52 (d, 3Jy_u = 4.8 Hz, 2H), 8.94 (d, 3 Jyp =
4.8 Hz, 2H), 8.85 (d, 3Ji = 4.8 Hz, 2H), 8.82 (d,
3Jun = 4.7 Hz, 2H), 8.75 (ddd, *Jun = 5.0 Hz,
Jin = L9Hz, * i = 0.9 Hz, 1H), 8.21, (dd, * Jiyiy =
7.7 Hz, *Jy_n = 1.6 Hz, 2H), 8.09 (d, 3Ji_p = 7.9 Hz,
4H), 7.82 — 7.70 (m, 3H), 7.55 (d, 3Jy_u = 7.6 Hz,
4H), 7.21 (td, *Jy_n = 7.7 Hz, *Ju_u = 1.9 Hz, 1H),
7.04 (ddd, 3Jy_n = 7.3 Hz, *Jy_py = 5.0 Hz, *Jyp =
1.2 Hz, 1H), 6.75 (d, *Ju_n = 8.1 Hz, 1H), 6.65 (s,
2H), 2.72 (s, 6H), —2.64 (s, 2H); 3C{'H} NMR (CDCls,
126 MHz, 298 K): § (ppm) 164.1, 149.1, 142.2, 139.4,
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137.5, 136.6, 134.6, 134.6, 127.8, 127.5, 126.8, 124.5,
121.1, 120.2, 120.1, 114.7, 43.7, 21.7; Rf 0.07 (SiOy,
CH>Clp); Amax (CH2Cl)/nm (log €): 419 (5.76), 516
(4.35), 552 (4.10), 592 (3.81), 648 (3.71); HRMS (ESI+):
m/z cald for C4gH35N5 [M + H]" 658.29652, found
658.29638.

3.3. Synthesis of [5-(Pyridin-2-methyl)-10,20-
bis(p-tolyl)-15-phenylporphyrinato]zinc(Il)
Zn-7)

Zn-7

Chemical Formula: C4gH33N5Zn
Exact Mass: 719.2027
Molecular Weight: 721.1850

A solution of Hz-7 (30.05 mg, 4.57 x 1072 mmol,
1.0 equiv) and Zn(OAc);-2H,0O (10.20 mg, 9.16 x
1072 mmol, 2.0 equiv) in a mixture of CHCl3 (2.7 mL)
and CH3OH (1.0 mL) was stirred at 60 °C for 1.5 h,
monitoring the progress of the reaction by TLC (SiO3,
CH,Clp). The solvent was then removed by rotary
evaporation and the crude product was recrystallized
in a CH,Clp/CH3OH mixture. The precipitate was fil-
tered under vacuum, washed with a small amount
of CH3OH and dried at 110 °C overnight to give
Zn-7 in 81% yield (26.72 mg, 3.71 x 1072 mmol). 'H
NMR ((CD3)2CO + one drop pyridine-ds;, 500 MHz,
298 K): 6 (ppm) 9.75 (d, ®Jy_y = 4.7 Hz, 2H), 8.92,
(d, 3Jgn = 4.7 Hz, 2H), 8.84 (d, 3Jup = 4.6 Hz,
2H), 8.81 (d, ®Jy_p = 4.6 Hz, 2H), 8.59 (ddd, 3 Jyy 1 =
5.0 Hz, *Jy_n = 1.9 Hz, *Jy_n = 0.9 Hz, 1H), 8.19
(dd, 3Jun = 7.6 Hz, *Jyn = 1.7 Hz, 2H), 8.06 (d,
3Ju.u = 7.8 Hz, 4H), 7.80-7.70 (m, 3H), 7.57 (d,
3Jin = 7.5 Hz, 4H), 7.34-7.29 (m, 1H), 7.03 (ddd,
3Jun = 7.3 Hz, *Jy = 4.9 Hz, 4y = 1.2 Hz, 1H),

6.93 (d, ®Ji_i = 8.1 Hz, 1H), 6.70 (s, 2H), 2.68 (s, 3H);
13C{'H} NMR ((CD3),CO + one drop Pyridine-ds,
126 MHz, 298 K): § (ppm) 151.8, 150.9, 150.7, 150.4,
150.2, 150.0, 149.7, 141.4, 137.7, 137.7, 136.8, 136.8,
136.3, 136.1, 135.9, 135.2, 135.2, 133.0, 132.4, 132.2,
130.7, 128.1, 127.9, 127.3, 124.6, 124.2, 124.0, 123.8,
121.5,121.2, 117.0, 21.5; R 0.47 (SiO2, CH2Cla); Amax
(DMF)/nm (log €): 406 (4.55), 427 (5.70), 561 (4.05),
600 (3.44); HRMS (ESI+): m/z cald for C46H33N5Zn
[M + H]* 720.21002, found 720.21151.

3.4. Synthesis of [5-(Pyridin-2-methyl)-
10,20-bis(p-tolyD)-15-
phenylporphyrinato]nickel(Il) (Ni-7)

Chemical Formula: C4gH33N5Ni
Exact Mass: 713.2089
Molecular Weight: 714.4984

A Schlenk flask containing Hz-7 (40.02 mg, 6.08 x
102 mmol, 1.0 equiv) and Ni(OAc),-4H,0 (30.31 mg,
1.22 x 10! mmol, 2.0 equiv) was evacuated and
flushed with argon three times. Dry DMF (3 mL) was
then added and the solution was stirred at 160 °C un-
der argon for 1.5 h, monitoring the progress of the re-
action by TLC (SiO,, CH2Cl,). The red solution ob-
tained was allowed to cool to room temperature, then
water was added (10 mL) to precipitate the product.
The precipitate obtained was filtered under vacuum,
washed with water and dried at 150 °C under vac-
uum for 4.5 h to give Ni-7 in 84% yield (36.61 mg,
5.12x 102 mmol). 'H NMR (CDCl3, 500 MHz, 298 K):
& (ppm) 9.31 (d, 3 Jy_u = 5.0 Hz, 2H), 8.81 (d, 3 Ji_p =
4.9 Hz, 2H), 8.73 (d, 3Ju_u = 4.9 Hz, 2H), 8.69 (d,
3y = 4.9 Hz, 2H), 8.67 (d, 3Ju_g = 5.0 Hz, 1H),
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7.99 (d, 3 Jy_y = 6.4 Hz, 2H), 7.87 (d, 3 Jy_y = 7.5 Hz,
4H), 7.74 — 7.61 (m, 3H), 7.47 (d, 3 Jy_yy = 7.6 Hz, 4H),
7.24 (d, 3 Jy_u = 9.5 Hz, 1H), 7.03 (t, 3 Jig = 6.2 Hz,
1H), 6.73 (d, 3 Jiu = 8.1 Hz, 1H), 6.21 (s, 2H), 2.64 (s,
2H); 13C{'H} NMR (CDCl3, 126 MHz, 298 K): § (ppm)
149.1, 143.2, 142.7, 142.5, 141.0, 138.0, 137.6, 136.6,
133.8, 133.7, 133.2, 132.4, 132.2, 130.2, 127.8, 127.7,
127.0, 124.1, 121.1, 118.9, 113.3, 21.6; Ry 0.17 (SiOp,
CH,Cly); Amax (CH2Cly)/nm (log €): 416 (5.44), 530
(4.29); HRMS (ESI+): m/z cald for C46H33NsNi [M +
H]* 714.21622, found 714.21738.

3.5. Attempted synthesis of fused
[5-(Pyridin-2-methyl)-10,20-bis(p-tolyl)-15-
phenylporphyrinato] nickel(Il) (Ni-7* ,PFg-)

Ni-7*,PF¢’

Chemical Formula: C4gH32FgN5NiP
Molecular Weight: 858,4546

Nickel(II) porphyrin Ni-7 (1.0 equiv), 2,6-lutidine
(2.0 equiv) and PIFA (1.0 equiv) were dissolved in
dry CH,Cl, (0.05 M). The reaction mixture was then
stirred at room temperature for 1 h, monitoring the
progress of the reaction by TLC (SiO,, CH2Cl,). At
that time, an additional amount of PIFA (0.2 equiv)
was added. The mixture was stirred for 1.5 h and a
further amount of PIFA was again added (1.0 equiv).
After a total of 23 h of reaction, the solvent was
evaporated. MALDI-TOF: m/ z cald for C4H3pN5Ni*
[M-PFg-] 712.2026, found 712.2006 (assigned to the
fused compound); 713.0963 (assigned to Ni-7) and
726.1798 ([M-2H*-PFg-+0] assigned to the fused
compound with a carbonyl function on the bridging
carbon atom).

3.6. Attempted synthesis of fused
[5-(Pyridin-2-methyl)-10,20-bis(p-tolyl)-15-
phenylporphyrinato] zinc(1l) (Zn-7* ,PFg-)

Zn-7*,PFg

Chemical Formula: C4gH3,FgNsPZn
Molecular Weight: 865,1412

Zinc(Il) porphyrin Zn-7 (1.0 equiv), 2,6-lutidine
(2.0 equiv) and PIFA (1.0 equiv) were dissolved in
dry CH,Cl, (0.05 M). The reaction mixture was
then stirred at room temperature for 1 h, moni-
toring the progress of the reaction by TLC (SiOg,
CH,Cly). At that time, an additional amount of PIFA
(0.2 equiv) was added. The mixture was stirred for
1.5 h and a further amount of PIFA was again added
(1.0 equiv). After a total of 23 h of reaction, the
solvent was evaporated. MALDI-TOF: m/z cald for
C46H32N5Zn+ [M-PFGf] 718.1944, found 717.0941
(assigned to the fused compound with the loss of
one proton), 718.1008 (assigned to the fused com-
pound); 719.0998 (assigned to Zn-7) and 732.0977
(IM-2H*-PF6~+0] assigned to the fused compound
with a carbonyl function on the bridging carbon
atom).

4. Conclusion

In summary, a new straightforward route for the syn-
thesis of meso-(pyridin-2-ylmethyl)porphyrins was
developed. This original pathway involves the nucle-
ophilic attack of (pyridin-2-ylmethyl)lithium reagent
on 10-phenyl-5,15-di-p-tolylporphyrin bearing one
free meso position. The obtained free base por-
phyrin was then metalated providing the zinc(II) and
nickel(I) complexes. These products were char-
acterized by common analytical techniques (NMR,
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UV-vis., mass spectrometry and electrochemistry).
Preliminary attempts to chemically generate the cor-
responding C-N-fused compounds (new bond be-
tween the nitrogen of the pyridinyl substituent and
the -pyrrolic position of the porphyrin) by oxidation
with PIFA have been explored. Unfortunately, none
of these attempts have lead to the formation and iso-
lation of the desired fused porphyrins. Although the
analyses performed on the crude mixtures suggest
the formation of the fused porphyrins with forma-
tion of a carbonyl on the CH, bridge, the isolation of
these compounds to confirm their structure was not
successful.
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1. Introduction

Cherenkov radiation (CR) is emitted during radionu-
clide decay when a beta particle is released at a speed
that causes the surrounding molecules from the di-
electric medium (along the track of the particle) to
attain an excited/polarization state. Subsequent re-
laxation of the surrounding molecules proceeds with
light emission, which is called Cherenkov radiation.
Overall, such a CR emission occurs when the energy
of the beta particle is so high that it can travel even
faster than light in a given dielectric medium [2-14]

*Corresponding author

ISSN (electronic): 1878-1543

(which is a medium that could be polarized by an
electric field). Hence an analogy can be drawn:
the noise emitted when airplanes break the sound
barrier may somehow compare with CR, which is
emitted when beta particles break the light barrier in
a dielectric medium.

The history of CR [2-14] began from its prediction
by Oliver Heaviside in 1888, then Arnold Sommerfeld
in 1904, and followed by its first observation by Marie
Curie who detected its emission from radium sam-
ples in the 1910s. Later in the 1920s, Lucien Mallet
demonstrated that it was emitted from transparent
bodies and could record its spectrum. Then Pavel
Cherenkov, a graduate student of Sergei Vavilov at
the Lebedev Institute (FIAN), demonstrated its origin

https://comptes-rendus.academie-sciences.fr/chimie/
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CR Emitter

CR Acceptor

Figure 1. (A) CR emitter: ['®F]-fluorodeoxyglucose (['®F]-FDG). Inset (left): CR as seen in pools that cool
nuclear rods. (B) CR acceptor: subphthalocyanine (SUB).

and properties and that it consists of a continuous
spectrum. Ilya Frank and Igor Tamm subsequently
performed the theoretical interpretation of this emis-
sion, and they were awarded the Nobel Prize in 1958
together with Pavel Cherenkov. About 100 years after
the first observation of CR, the development of a sen-
sitive camera allowed the use of CR in a variant of op-
tical imaging named Cherenkov luminescence imag-
ing (CLI), first in 2009 in preclinical settings [15-18]
and later in 2013 in clinical settings [19,20].

Cherenkov radiation is an alternative light source
to perform fluorophore photoactivation, which orig-
inates from atomic decay (radionuclides) and sur-
rounding molecules relaxation. Cherenkov radia-
tion energy transfer (CRET) to fluorophores is ex-
pected to be efficient as long as there is a good
match/overlap between the CR emission spectrum
and the fluorophore absorption spectrum [21-27],
which roughly falls in the 300-600 nm window of
the electromagnetic spectrum. It is required that
the optical properties of both the CR emitter and
the CR acceptor are acceptable. This means a high
CR quantum vyield for the former and high bright-
ness B for the latter (with high values of either
one or both of its components: fluorescence quan-
tum yield ®r and molar coeflicient absorption ¢).
These matters related to CRET will be addressed on
choosing two partners of interest for future biomed-
ical applications, such as '8F as the CR emitter
and subphthalocyanine (SUB) as the CR acceptor
(Figure 1).

2. Results and discussion

2.1. Synthesis and radiosynthesis of CR emitter
and CR acceptor

2.1.1. CR emitter:  fluorine-18 (®F) in [®F]-
fluorodeoxyglucose [*® F]-FDG

Fluorine-18 (18F) is the most widely used radionu-
clide for positron emission tomography (PET) imag-
ing in clinical settings [28-31]. Fluorine-18 emits
a positron (f*) that annihilates on reaction with
an electron to produce two gamma rays that are
detected and used for PET imaging purposes. The
actual study focuses on the ability of the positron
to trigger the emission of CR with the surrounding
dielectric medium. ['®F]-fluorodeoxyglucose (['®F]-
FDG) is synthesized by electrophilic or nucleophilic
fluorination [28-31] (Figure 2). In electrophilic fluo-
rination, tri-O-acetyl-D-glucal reacted with [18F]-F,
or ['8F]-CH3CO,F to produce a mixture of fluori-
nated molecules. From among these molecules, the
difluoroglucose derivative was isolated and subse-
quently hydrolyzed to form ['®F]-FDG (in 8% yield
in 2 h). In nucleophilic fluorination, the ['®F]-F~ ion
is in the presence of Kryptofix 222™, a cyclic crown
ether that binds the potassium ion, which prevents
the formation of poorly reactive ['®F]-KF and makes
[18F]-F~ more reactive in the nucleophilic substitu-
tion. The radioactive anion will displace the triflate
leaving group in tetra-O-acetyl-triflate mannose to
form ['®F]-FDG.
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Figure 2. ['8F]-fluorodeoxyglucose (['®F]-FDG) synthesis, following the electrophilic (A) and nucle-

ophilic (B) fluorination reactions [28-31].

2.1.2. CR acceptor: subphthalocyanine

Subphthalocyanines (SUB, also reported with the
acronym SubPc in the literature) are 14-7t electron
macrocycles that are reported as fluorophores of in-
terest for fluorescence imaging [32,33]. Their shape is
unique; they have a domed concave structure, which
is an appealing feature in biomedical applications
because it does not favor aggregation, a deactivation
phenomenon in fluorescence imaging.

The first step in SUB platform synthesis (Figure 3)
is the dicyanobenzene cyclotrimerization reaction
that is typically achieved in 1,2-dichlorobenzene
as a solvent under inert atmosphere in the pres-
ence of boron trichloride to form golden sparkling
chlorosubphthalocyanine dye (SUB-CI, 1) of approx-
imately 58% yield. Subsequent reaction of 1 with
phenol/hydroxyaryl-containing reagents leads to
the replacement of the axial chlorine atom with
the corresponding aryloxy substituent of inter-
est, also of 60-64% yield (which corresponds to
35-37% overall yield in 2 and 3). The first ratio-
nale of such an addition was to further address the
three-dimensional feature of the dye, that is, subse-
quently preventing aggregation. The second ratio-
nale was to conveniently afford a chemical function-
ality for further derivatization of SUB platforms as
with nitrophenoxy substituent in SUB-PH 2 (which
could be reduced into an amine for further conjuga-
tion). The third rationale was to append a UV/blue

absorbing fluorophore to produce a SUB-COUM
3 dyad, which could undergo more CR absorption
and contribute to its transfer toward a less energetic
wavelength potentially less absorbed by biological
tissues.

2.2. Luminescence studies: CR emitter,
CR acceptor, and their combination to
achieve CRET

2.2.1. CR emitter: 18F
Theory [31]

« Fluorine-18 ('3F) is a “neutron-deficient” or
“proton-rich” radionuclide that decays by
emitting a positron (3*) particle, a neutrino
(v), and its daughter radionuclide '50 (the
atomic number of which is one unit less than
that of its starting lgF parent):

BF—180+p" +v
o 18F decay follows the radioactivity decay law
(Equation (1)):
Ap= Age™M 03]
Parameters of the equation: A;, activity
at time t; Ap, activity at £ = 0; A, decay
constant—it is the probability of disinte-

gration per unit time and it is related to
the half-life (0.693/1t1,2); t1/2, half-life of the
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] N / toluene, reflux, 2 days
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Figure 3. Syntheses of subphthalocyanine (SUB) targets bearing three distinct axial features: a chlorine
atom (SUB-CI, 1), a nitrophenoxy group (SUB-PH, 2), and a coumarin (SUB-COUM, 3) [32,33].

CR and the number of radioactive atoms N; ac-
AN tivity of a radionuclide, or radioactivity, is the
. . disintegration rate: A= AN = —-dN/dt.

radionuclide Equation (1): radioactivity decay law.

« To achieve CR emission (Figure 4), the energy
of the beta particle emitted by a radionuclide
during the decay process has to be beyond
the Cherenkov threshold. Cherenkov emis-
sion occurs above this threshold, which is a
function of the nature of the medium. When
the medium is water, the Cherenkov thresh-
old is 264 keV. The energy of the beta particle
emitted by a radionuclide such as fluorine-18
('8F) is 634 keV, which makes it a good candi-
date for CLI because it is about 2.5-fold be-

Figure 4. Emission of the Cherenkov Radiation yond the Cherenkov threshold [2-14].
(CR) from radionuclides, and as it is seen in e The number of Cherenkov photons emitted
pools that cool nuclear rods. follows the equation reported by Ilya Frank

and Igor Tamm (Equation (2)) [2-14]:

radionuclide, the time the starting activity dN 1 1 1
drops to one half—it is related to activity A dx «

b = = o
[ VPRI | P
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Parameters of the equation: dN/dx, num-
ber of photons per unit of path length whose
wavelength is between the A; and A, inter-
vals; «, fine structure constant (1/137); 8, ve-
locity of the particle (in the medium) divided
by that in vacuum (c); 7, refractive index (RI).

Equation (2): determination of the number
of Cherenkov photons generated during ra-
dionuclide decay.

¢ The number of optical photons (400-800 nm)
per nuclear decay is reported to be 0.8-1.4
photons per decay of '®F atom on a 50 um
step path [15-18]. A Monte Carlo simulation
showed that CR emitted from '®F is confined
within 0.3 mm [15-18].

* CRyield is a function of three parameters:
* A—energy of the beta particle
* B—activity loaded
* C—RI of the medium

Experiment

Three parameters governing radiance/CR yield
were examined throughout the studies. The emission
of CR was recorded both on a spectrofluorometer and
on an optical imager.

* A—energy of the beta particle. Experiments were
conducted on the spectrofluorometer. The fluores-
cence cell was filled with a solution of a [\8F]-FDG
(34.5 MBq) and recording was achieved on a biolu-
minescence mode (no laser irradiation) with maxi-
mum open slits and maximum scans. Under the ex-
perimental conditions, a spectrum develops, which
is UV/blue weighted (Figure 5). The CR profile is
the same from one radionuclide to another. When
the energy of the beta particle is raised, such as Y
(Eg = 2.2 MeV), the luminescence intensity is raised
compared to '8F (Eg = 0.63 MeV). Hence, *°Y ap-
pears as a more appealing CR emitter than '®E How-
ever, the latter was chosen because of its ready avail-
ability and for cost reasons.

* B—activity loaded. 96-well plates were filled with
5-25 MBq (0.135-0.676 mCi) ['®F]-FDG solution
and the remainder of the medium with water. CLI
luminescence studies were performed on the optical
imager, with images recorded just a few minutes
after sample deposition, using an open filter mode.

Photon emission is a function of activity: a rise in ac-
tivity (with no change in medium composition) sub-
sequently leads to a corresponding rise in radiance.
The radiance of several activities has been measured
by detecting all emitted photons (no filter used) for
1 s (Figure 6).

* C—RI of the medium. The value of the mea-
sured radiance varied depending on the nature of
the co-solvent. The co-solvent with the highest RI
led to the highest radiance as expected from Equa-
tion (1) (Figure 7). Hence, when DMSO with RI =
1.477 was used as the co-solvent, a radiance was
measured that was 1.2-1.5 times as much as that of
other co-solvents, the RIs of which were lower, that
is, in the 1.3 range. Conversely a striking observa-
tion could be made: although the methanol RI value
was slightly lower (1.328) than that of serum (1.34),
its radiance evolved the other way around. This may
possibly be explained because the RI value is the av-
erage of values recorded on the whole UV-vis win-
dow. Although the RI value of methanol measured at
400 nm is noticeably higher (1.374) (Figure S1) than
that measured at 700 nm (1.320), the reported value
(1.331) [34] corresponds to the average value of all
other measured Rls at various wavelengths. Hence,
at 400 nm, which corresponds to a region of the
spectrum where CR emission is more intense, the RI
value for methanol (1.374) is higher than that of wa-
ter (1.34).

2.2.2. CR acceptor: SUB (fluorescence studies)

The optical properties of subphthalocyanine mea-
sured in toluene indicate a maximal absorption at
562 nm and emission at 572 nm (i.e. 10 nm Stokes
shift). It was noted that the fluorescence quantum
yield ®r measured in toluene of the subphthalo-
cyanine dropped when the axial chlorine atom was
substituted (0.32 for 1, 0.17 and 0.19 for 2 and 3,
respectively).

2.2.3. CRET studies

Rationale. Hence, studies reported in Sections 2.2.1
(Figure 5) and 2.2.2 (Figure 8) indicate that the
spectral overlap between the CR acceptor and the
CR emitter is optimum (Figure 9A). Hence, subse-
quent CRET studies on the optical imager could
be performed, the concept of which is depicted in
Figure 9B,C, and CLI images displayed in Figure 10.
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Figure 5. Cherenkov radiation emission spectra of [18F]-FDG (34.5 MBq) and 2% -YCl;3 (13.2 MBq) [24].
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Figure 6. Measured radiance as a function of
activity in ['8F]-FDG [1].

Experiment. It was performed in 96-well plates and
consisted in mixing a solution of the CR emitter to
a solution of the CR acceptor. Hence, a few micro-
liters of a ['8F]-FDG solution that corresponds to ap-
proximately 10 MBq (0.270 mCi) was added to a so-
lution of 1 mM of subphthalocyanine SUB-PH 2 or
SUB-COUM 3. As the radionuclide half-life has to
be taken into account at all times (18F half-life is
109.8 min) and because the ['®F]-FDG provider did
not furnish the same volumetric activity (depend-
ing on multiple parameters such as the time of de-
livery and the starting time of the experiment), ex-
treme care had to be taken with the volume added to
awell. Hence, adding 10 MBq could vary from 15 puL

up to 45 pL depending on the volumetric activity of
the stock solution of the purchased radionuclide. To
ensure the medium maintains the same composition
(and hence the same RI), all controls were diluted the
same way.

The first well was filled with ['8F]-FDG CR emitter
(column 1), the second and third with both CR emit-
ter and subphthalocyanine CR acceptor SUB-PH 2
(column 2) or SUB-COUM 3 (column 3), respectively.
['®F]-FDG was provided in solution in physiological
serum, in which subphthalocyanines 2 and 3 are not
soluble. As a result, the latter were dissolved in an
organic solvent that could remain miscible with wa-
ter, such as DMSO. Such a co-solvent was also added
to the FDG-containing well to ensure that conditions
remain comparable.

Results. A first series of radiance measurements were
achieved using the 520 + 20 nm filter. Radiance
measured in wells from column 1 that contain only
CR emitters without SUB probes was 1.5-fold higher
than that measured in wells from columns 2 and 3
that contain both CR emitters and SUB probes. This
filter overlays a window where the CR spectral emis-
sion is significant, which explains why the radiance
measured in wells from CR-emitter-only column 1 is
high. Conversely, the SUB platform absorbs CR in
this window as a result of a good spectral overlap of
both while SUB is not yet detected in such a win-
dow. Overall, this explains such a drop in radiance
from CR-only wells compared to wells containing CR-
absorbing molecules.
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Co-solvent used Refractive index (RI)
Serum (1) 1,34
DMSO (2) 1,4777
CH3OH (3) 1,328
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Figure 7. Measured radiance of solutions containing ['®F]-FDG emitter (35 uL solution) and a co-solvent
(65 uL) such as serum (1), DMSO (2), and CH30H (3) [1]. Radiance values are also reported in a diagram

depicted in Figure S2.
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Figure 9. (A) Overlay of the Cherenkov radiation emission spectrum from [*°Y]-YCl3 (13.2 MBq) (see Figure 5)
and the absorption spectrum of subphthalocyanine SUB-COUM 3 (measured in DMSO) (see Figure 8).
(B,C) Depiction of CRET from CR emitter to CR acceptor(s) (fluorophore(s)), subsequently followed by
fluorescence emission (from SUB fluorophore only), which is enhanced when COUM antenna is present
and undergoes additional CRET transfer and subsequent intramolecular FRET/TBET transfers at the SUB
platform (with no expected residual fluorescence emission from COUM, previous studies suggested [1,33]).

A second and third series of radiance measure-
ments were achieved using 570 and 620 + 20 nm
filters, respectively. Such windows shift away from
the main CR emission peak. As a result, the radi-
ance corresponding to CR emission only (column 1)
keeps on dropping from 570 to 620 nm. Conversely,
these filters are overlaid with SUB platform emis-

sion spectra, which explains why the radiance is
raised in columns 2 and 3, compared to that in col-
umn 1 (control). Hence, the most spectacular re-
sult shows that the radiance corresponding to sub-
phthalocyanine SUB-COUM 3 emission is raised by
2.1-fold compared to the radiance to CR-only emit-
ting well. This is because the SUB platform is
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Figure 10. Cherenkov luminescence imaging studies: measured radiances of solutions containing ['®F]-
FDG (10 MBq) CR emitter only (column 1), or CR emitter mixed with subphthalocyanines SUB-PH 2
(column 2) and SUB-COUM 3 (column 3). Radiances were measured with filters centered at 520, 570,

and 620 nm, respectively.

equipped with a coumarin antenna. Subphthalocya-
nines not equipped with a COUM antenna do not
display such a rise in radiance. Earlier results with
a non-radioactive light source showed that setting
the irradiation at the COUM antenna (360 nm) led
to an emission corresponding to that of the SUB
platform and not from that corresponding to COUM
emission. This suggests a high energy transfer ef-
ficiency yield in the form of intramolecular Forster
resonance energy transfer (FRET) or through bond
energy transfer (TBET) [26,33]. It is first crucial
to point out, as mentioned in the previous section,
that the fluorescence quantum yields measured for
all substituted subphthalocyanines remained com-
parable. This means that such differences in radi-
ance measured from SUB-PH 2 to SUB-COUM 3 is
the result of CRET and not from the subphthalocya-
nine Of.

3. Conclusion

This proof-of-concept study showed that CR is an al-
ternative light source to photoactivate fluorophore
platforms upon CRET, and indicated that the cho-
sen CR emitter/acceptor pair in the actual study
(18F/SUB) was relevant. Regarding the CR emit-
ter (18F in [18F]-FDG), despite its potency to emit

CR (0.8-1.4 optical photons (400-800 nm)/decay per
50 um step size [15-18], also indicated by the energy
of its emitted beta particle [Eg = 634 keV]) that ap-
pears to be not as high as that of other radionuclides
(up to threefold as less as °Y), it was straightforward
to perform its CLI imaging on an optical imager at
10 MBq and to record its emission spectrum on a
spectrofluorometer. Moreover, 8F remains easily
accessible and cheap because of its wide availabil-
ity in the clinical field. Regarding the CR acceptor
(SUB), despite its brightness (i.e., referring to ®r and
¢) that appears to be not as high as that of other
fluorophores (12,500 versus 73,000-88,000 with fluo-
rescein), its absorption spectrum overlaps well with
the CR emission spectrum while its unique coni-
cal shape makes SUB appealing with respect to pre-
venting aggregation and to envisioning future molec-
ular assemblies. Hence, such a SUB/'8F pair en-
abled achieving CRET and subsequent fluorescence
emission from SUB. Furthermore, such a proof-of-
concept study showed that appending an additional
fluorophore onto SUB with a good spectral over-
lap with both SUB and CR allowed achieving addi-
tional CRET transfers at both COUM and SUB fluo-
rophores within the dyad together with intramolecu-
lar ET transfers (FRET/TBET). This subsequently al-
lowed further rise in radiance toward the targeted
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near-infrared (NIR) window. Such an approach is
of significant relevance to in vivo imaging purposes
for two reasons: (a) CR may be considered an alter-
native to exogenous lasers classically used in fluo-
rophore photoactivation in standard optical imaging,
where the radionuclide becomes an embarked (on
board) light source, which has advantages with re-
spect to signal-to-background ratios [15-18]; (b) the
rationale of the study could be extended to other
dyads with much larger pseudo-Stokes-shifts (than
that of SUB-COUM 3) in order to achieve fluores-
cence emission farther in the NIR window where tis-
sues are more transparent. Hence, fluorophores with
absorption bands falling within the 300-600 nm win-
dow are a good match to CR emission spectrum (al-
beit residual CR emission is still detected way be-
yond 600 nm) [21-27]. Moreover, such a study sug-
gests that CRET to other photoactivatable platforms
other than fluorophores may potentially be envi-
sioned [21-27].

4. Experimental section
4.1. Materials and methods

All spectroscopic measurements conducted to thor-
oughly characterize SUB molecules were performed
on the PACSMUB (Péle Chimie Moléculaire) platform
at the University of Burgundy.

4.1.1. Nuclear magnetic resonance spectroscopy
(NMR)

Measurements were performed on a Bruker at
300 MHz or 500 MHz (*H), 75 MHz or 125 MHz (}3C),
and 96 MHz (!B) in CDCl; with the chemical shifts
reported as  in ppm relative to TMS (residual chloro-
form from deuterated chloroform chemical shift was
set at 7.26 ppm, and coupling constants expressed in
Hz). The following abbreviations were used to de-
scribe spin multiplicity: s = singlet, d = doublet, t =
triplet, and m = multiplet.

4.1.2. UV-visible spectroscopy

UV-vis measurements were performed on a Shi-
madzu UV-2550 spectrophotometer in glass cuvettes
of 1 x 1 x 3 cm (1 cm path) and on an Agilent Cary 50
or Cary 60.

4.1.3. Mass spectrometry

(a) Matrix-assisted laser desorption/ionization
time of flight mass spectrometry (MALDI-TOF MS):
Measurements were performed on Ultraflex II LRF
2000 (Bruker), using dithranol or DHB as a ma-
trix or on a microflex LRF (Bruker). Solutions were
prepared by dissolving 1 mg of compound in 1 mL of
the appropriate solvent. (b) Electrospray ionization
mass spectrometry (ESI MS). Measurements were
performed on LTQ Orbitrap XL (Thermo Scientific)
coupled to HPLC UltiMate 3000 (Dionex). Solutions
were prepared by dissolving 1 mg compound into
1 mL of appropriate solvent and then diluted 100
times with methanol.

4.1.4. High-pressure liquid chromatography separa-
tion and analysis (HPLC)

System A: HPLC-MS (Hypersil C18 column,
2.6 um, 2.1 x 50 mm) with H,0 0.1% FA as eluent A
and CH3CN 0.1% FA as eluent B (linear gradient from
5 to 100% of B [5 min] and 100% of B [1.5 min]) at a
flow rate of 0.5 mL/min. UV detection was achieved
at 201, 290, 550, 690, and 750 nm. System B: HPLC
(Hypersil C18 column, 5 um, 10 x 250 mm) with H,O
0.1% FA as eluent A and CH3CN 0.1% FA as eluent B
(linear gradient from 20 to 60% of B in 40 min) at a
flow rate of 3.5 mL/min. UV detection was achieved
at 700 and 780 nm.

4.1.5. Fluorescence measurement and quantum yield

Fluorescence measurements were performed on
Horiba Jobin Yvon Fluorolog spectrofluorometer
(software FluorEssence).

Cherenkov luminescence imaging studies: CR
detection and CRET studies were performed at the
CGFL Preclinical Imaging and Radiotherapy Platform
(PIRP). All protocols strictly comply with standards
of radioprotection and regulations of the French Nu-
clear Safety Authority (ASN). CLI studies were per-
formed using ['8F]-FDG as a source of fluorine-18 ra-
dionuclide. ['®F]-FDG was provided by Curium (Cy-
clopharma), and the sample activity was measured
upon reception on site. Studies were performed as
follows: (a) Agilent Cary Eclipse spectrofluorometer
(sensitivity: signal-to-noise measurements of Raman
band of water 1/700) in quartz cuvette 1 x 1 x 3 cm
(1 cm path). (b) IVIS Lumina III optical imager using
96-well plate (200 uL).
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4.2. Synthesis and radiosynthesis

['8F]-fluorodeoxyglucose (**F-FDG) was purchased
from Cyclopharma, which produces it on site in Di-
jon. Its radiosynthesis was performed on site follow-
ing a reported method [28-31]. Organic syntheses
of subphthalocyanines SUB-CI, SUB-PH, and SUB-
COUM were previously reported [32,33] and opti-
mized as follows.

4.2.1. Synthesis of B-chloro
[subphthalocyaninato]boron(II): SUB-CI 1

A 1 M solution of BCl3 in hexane (20 mL, 20 mmol)
was slowly added under nitrogen atmosphere to a
solution of phthalonitrile (1.06 g, 8.27 mmol) in dry
dichlorobenzene (45 mL). Next, hexane was removed
on heating the mixture at 70 °C for 30 min. A con-
denser was subsequently appended to the flask, and
heating of the reaction mixture was raised to 180 °C
and carried on for 1.5 h. The color of the mixture
that was initially light milky yellow turned to dark
purple on heating. On cooling, a precipitate formed,
which was isolated by filtration. It was subsequently
washed with methanol and pentane and then dried
under reduced pressure to obtain SUB-C1 1 (700 mg,
58%). 'H NMR (500 MHz, CDCl3, 300 K, Fig-
ure S3): § (ppm) = 7.95 (m, 6H), 8.90 (m, 6H). HR-MS
ESI: m/z 431.0966 [M+H]* (calcd for Cp4H3BCIN{:
431.0978). HP-LC analysis (system A): retention time

5.83 min.
o 53
N

\

4.2.2. Synthesis of B-(4-nitrophenoxy)
[subphthalocyaninato]boron(IIl): SUB-PH 2

To a solution of SUB-CI 1 (50 mg, 0.12 mmol)
in toluene (3 mL) was added 4-nitrophenol (81 mg,
0.58 mmol). The reaction mixture was heated un-
der reflux conditions for 3 days and monitored by
LCMS. The solvent was removed under reduced pres-
sure. Then the crude product was subjected to a
short alumina gel column chromatography (eluent:
dichloromethane) to remove the excess of unreacted

phenol, yielding 37 mg (60%) of pure SUB-PH 2. 'H
NMR (300 MHz, CDCls, 300 K, Figure S4): & (ppm)
=537 (d, 3J = 9.2 Hz, 2H), 7.64 (d, 3J = 9.2 Hz,
2H), 7.89 (m, 6H), 8.84 (m, 6H). '3C NMR (75 MHz,
CDCl3, 300 K): 6 (ppm) = 118.3, 122.1, 125.0, 129.9,
130.7, 141.3, 151.2, 158.5. 1B NMR (96 MHz, CDCls,
300 K): & (ppm) = —14.93 (s, 1B). UV-vis (THF),
Amax (nm) (€ x 10° L-mol™'-cm™!) = 304 (56.7), 562
(86.0). HR-MS ESI: m/z = 533.1414 [M-e]* (calcd for
C3oH16BN703: 533.1402). ®p (THF) = 0.17 (refer-
ence: rhodamine 6G in solution in ethanol).

O,N
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4.2.3. Synthesis of B-(coumarinoxy)
[subphthalocyaninato]boron(IIl):
SUB-COUM 3

To a solution of SUB-CI 1 (30 mg, 0.07 mmol)
in toluene (4 mL) was added 7-hydroxycoumarine
(57 mg, 0.35 mmol). The reaction mixture was heated
under reflux conditions for 2 days and monitored
by LCMS. Thereafter, the solvent was removed un-
der reduced pressure and the crude product was sub-
jected to alumina gel column chromatography using
dichloromethane as the eluent to yield 25 mg (64%)
of pure SUB-COUM 3 as a purple solid. 'H NMR
(500 MHz, CDCl3, 300 K, Figure S5): § (ppm) = 5.27
(d, J = 2.2 Hz, 1H), 5.33 (dd, J = 8.5, 2.3 Hz, 1H),
6.08 (d, ] =9.4 Hz, 1H), 6.83 (d, J = 8.4 Hz, 1H), 7.36
(d, J = 9.4 Hz, 1H), 7.93 (m, 6H), 8.87 (m, 6H). 13C
NMR (125 MHz, CDCl3, 300 K): § (ppm) = 161.25,
156.62, 155.03, 151.61, 143.30, 131.07, 130.22, 128.29,
122.48, 116.31, 113.35, 113.11, 106.41, 77.41, 77.16,
76.91. HR-MS ESI: m/z 557.1527 [M+H]* (calcd for
C33H18BN60§: 557.1528). HP-LC analysis (system A):
retention time 5.68 min, 100% MeCN, 0.1% TFA. ®g
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(THF) = 0.19 (reference: rhodamine 6G in solution in
ethanol).

0
7

4.3. Luminescence studies

4.3.1. Fluorescence

Fluorescence measurement and quantum yield.
Fluorescence measurements were performed on the
Horiba Jobin Yvon Fluorolog spectrofluorometer
(software FluorEssence) at 25 °C or 37 °C (using a
temperature control system combined with water
circulation), with standard fluorometer cells (Lab-
box, LB Q, light path: 10 mm, width: 10 mm, cham-
ber volume: 3.5 mL). Fluorescence quantum yields
were calculated using rhodamine 6G in ethanol
(Or = 0.96), Nile blue in ethanol (®r = 0.27), and
indocyanine green in DMSO (®r = 0.11) as reference.
Excitation was performed at 488 nm (rhodamine 6G),
610 nm (Nile blue), or 725 nm (indocyanine green)
for both the sample and the reference. Emission
spectra were recorded upon excitation (at a given
wavelength) at absorbance intensity between 0.02
and 0.09 (a.u.). Fluorescence quantum yields (®f)
were determined by the comparison method, using
the following equation:

_ 1n—Abs
®p = Op(Std) x ( 1-10 y (A(Std) )

n 2
n(Std) ) * ( 1— 10-AbsGid) A

Here, Std corresponds to standard; ®r and ®p(Std),
fluorescence quantum vyields; n and 7(Std), RIs of
solvent; A and A(Std), areas under the fluorescence
curves; Abs and Abs(Std), absorbances at excitation
wavelength (488 nm).

4.3.2. Cherenkov luminescence imaging studies:
CR detection and CRET studies

(a) On the Agilent Cary Eclipse spectrofluorometer
(measurement parameters: bioluminescence mode,
gate time of 10 s, 20 nm emission slit, 3 nm of data
interval, Savitzky smoothing factor 5): (i) CR detec-
tion: a solution of radioactive species (['®F]-FDG
or [*°Y]-YCl;) was mixed with saline solution (0.9%
Na(Cl) to attain a total volume of 1 mL. (ii) CRET stud-
ies (radiofluorescence measurements): 400 uL of flu-
orophore (1073 M in a water miscible solvent) was
mixed with a solution of radioactive species (['®F]-
FDG or [*°Y]-YCls), the volume of which was varied
because it depends on the desired level of radioac-
tivity to introduce in the cuvette. Subsequent addi-
tion of saline solution (0.9% NaCl) was made to attain
an overall volume of 1 mL. (b) On the IVIS Lumina
IT optical imager (measurement parameters: biolu-
minescence mode, on the open filter mode or with
filters, with an acquisition time from 1 s to 1 min).
CR detection and CRET studies: The experiment was
performed in triplicate on addition of the following
solution in each subphthalocyanine-containing well:
10 pL of the subphthalocyanine stock solution (1 mM
in DMSO), 32 uL. [18F)-FDG corresponding to 10 MBq
(in solution in physiological serum, the volume of
which was varied because it depends on the desired
level of radioactivity to introduce in wells), and 58 uL.
of DMSO to complete the final volume up to 100 uL.
To control wells were added 10 MBq [*®F]-FDG and
68 uL DMSO.
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Abstract. Relativistic DFT (OLYP-D3/ZORA-STO-TZ2P) calculations predict low adiabatic ionization
potentials for gold(II) porphyrins, from 4.60 eV for Au[TPP] (TPP = tetraphenylporphyrin) to 5.34 eV
for Au[TPFPP] [TPFPP = tetrakis(pentafluorophenyl)porphyrin]. These values are over 1 eV lower than
those calculated for analogous silver(II) porphyrins, reflecting much greater relativistic destabilization
of the Au 5d orbitals relative to Ag 4d orbitals. Interestingly, our calculations also place the observed
structural distortion of Au[TPP] in an entirely new light. The electronic imperative of the Au(Il) center
to assume a pseudo-d!® configuration drives a wave deformation of the porphyrin core that allows
for Au(dxz_yz)—porphyrin(m mixing. The lateral compression—elongation of the porphyrin (unequal
pairs of Au-N bonds), in contrast, appears to be a secondary effect, a consequence of the wave defor-
mation. The wave distortion results in significant 7t spin populations on the porphyrin macrocycle,
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1. Introduction anion, a unique metal-based pseudohalide [13-15].

The latter effect is also responsible for gold having

The consequences of Einstein’s special theory of rel-
ativity [1,2] manifest themselves in virtually every
aspect of the chemistry of gold [3-9]. Relativistic
destabilization of the 5d orbitals allows for the exis-
tence and stability of such pentavalent Au species as
the AuFg~ anion [10,11] and AuyF¢ [12]. Relativis-
tic stabilization of the 6s orbitals on the other hand
allows for the existence and stability of the auride

*Corresponding authors

ISSN (electronic): 1878-1543

the highest electronegativity among all nonradioac-
tive metals, essentially the same as carbon. Itis worth
mentioning in passing that even more dramatic rela-
tivistic effects have been postulated for roentgenium,
gold’s superheavy congener, notably a 6d°7s? atomic
ground state and a heptavalent Ds},-symmetric fluo-
ride, RgF7 [16].

Relativistic effects also explain why stable, struc-
turally characterized Au(Il) porphyrins have long
remained elusive, in sharp contrast to Cu(Il) and
Ag(Il) porphyrins [17]. The Au(IIl) center in por-
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phyrins was long thought to be electrochemically in-
ert [18,19] and only in 2002 was the one-electron
reduction of Au(Ill) porphyrins identified as metal-
centered [20,21]. Only in 2017 was Au[TPP] re-
ported as the first structurally characterized Au(Il)
porphyrin [22]. The structure turned out to be more
than a synthetic feat: the metalloporphyrin core was
found to exhibit a unique lateral distortion (Figure 1),
in contrast to the usual Dy, geometry. The distor-
tion, whereby the Au-N bonds in one direction are
longer than those in the other direction, was also at-
tributed to a second-order Jahn-Teller effect involv-
ing the relativistically destabilized 5d 2. > orbital and
the relativistically stabilized 6s orbital. A mild wave
distortion of the porphyrin was also noted, but was
assumed to be incidental to the lateral distortion [22].

In this study, we have critically examined two key
aspects of Au(Il) porphyrins—their ionization poten-
tials and the putative second-order Jahn-Teller dis-
tortion. Relativity was found to downshift the ioniza-
tion potentials of Au(Il) porphyrins by ~0.6 eV, which
is severalfold that calculated for Ag(Il) porphyrins.
Significantly, the present study also places the un-
usual geometrical distortions of Au[TPP] in an en-
tirely new light. On account of a heretofore unsus-
pected orbital interaction, ultimately attributable to
relativity, it is the wave distortion that emerges as
the preeminent stereoelectronic effect in Au(Il) por-
phyrins; the lateral distortion appears merely inci-
dental to the wave distortion.

2. Results and discussion

In this study, we have critically examined the
role of relativity in determining two key aspects
of Au(Il) porphyrins, their ionization potentials
and the putative Jahn-Teller distortion. Three
Au(Il) porphyrins were studied in this work—
Au[P], Au[TPP], and Au[TPFPP]—where P, TPP, and
TPFPP denote porphine, tetraphenylporphyrin, and
tetrakis(pentafluorophenyl)porphyrin, respectively.
For comparison purposes, the analogous Ag por-
phyrins were also studied. Each molecule and its
corresponding cation were optimized with scalar-
relativistic and two-component spin-orbit DFT as
described in the Computational methods section.
The relativistic calculations revealed unusually
low adiabatic IPs for the Au(Il) porphyrins (Table 1),

Table 1. Adiabatic OLYP ionization poten-
tials obtained with nonrelativistic (NR), scalar-
relativistic (SR), and two-component spin—
orbit (SO) ZORA calculations?®

Molecule NR SR SO
Ag(P] 6.13 5.93(6.17) 5.93
Aul[P] 5.55 4.90(4.96) 4.87

Ag[TPP] 5.64 5.57(5.88) 5.59

Au[TPP] 5.14 4.60 (4.57) 4.60

Ag[TPFPP] 6.50 6.34 (6.67) -
Au[TPFPP] 5.91 5.36(5.48) 5.34

4The values shown in parentheses are based on
single-point B3LYP* calculations on OLYP ge-
ometries.

which are about 1 eV lower than those of Ag(Il) por-
phyrins and a little under 2 eV lower than those
of Zn(II) porphyrins [23] (DFT has long excelled
at predicting ionization potentials and photoelec-
tron spectra of porphyrins [24-27]). Both scalar-
relativistic and spin-orbit calculations yielded very
similar IPs, to within 0.05 eV. For Au, the relativistic
effects are large, some 0.7 eV, compared with only
0.05-0.2 eV for Ag, in line with analogous findings
from our laboratory on other pairs of 4d and 5d tran-
sition metal complexes [28-33]. Substituent effects
were also found to be important [25,34]: both for
the Ag and Au series, the IP of the TPFPP complex is
some three-quarters of an eV higher than that of the
TPP complex. Electron-deficient porphyrins thus ap-
pear clearly poised to deliver more oxidatively robust
Au(Il) derivatives.

Turning now to the question of geometry, the
Ag(Il) complexes all optimized to their expected
point groups: Dy, for Ag[P] and D,q for Ag[TPP]
and Ag[TPFPP] (Figures 2 and 3) [35,36]. In con-
trast, for the Au analogues of the three molecules,
both scalar and spin—orbit relativistic calculations re-
vealed a lateral compression-elongation, much as
observed experimentally. Furthermore, like the ex-
perimental [22] structure, and DFT-optimized struc-
tures evinced a distinct wave distortion. The opti-
mized equilibrium geometries of all the Au(Il) struc-
tures, accordingly, were found to conform to only Cyy,
symmetry, with the C, axis passing through a pair of
opposite nitrogen atoms.
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Figure 1. Top left: crystal structure of Au[TPP] (CSD: TEHZQOY). Bottom left: view of porphyrin core
exhibiting wave distortion. Right: selected bond distances (black) and out-of-plane deformations (red)

inA.

As of now, the unusual core geometry of Au[TPP]
has been ascribed to a second-order Jahn-Teller dis-
tortion involving the Au 5d,2_,> and 6s orbitals [22].
An examination of the scalar-relativistic frontier MOs
of each of the three Au(Il) porphyrins studied indeed
revealed varying degrees of mixing of the d 2, d 2.2,
and 6s orbitals. Unlike in a simple Jahn-Teller system
(but not uncommonly for second-order Jahn-Teller
systems [37,38]), however, the OLYP-D3 Kohn-Sham
MOs with major contributions from the three atomic
orbitals were found to exhibit a remarkable 8-eV span
of orbital energies in these systems. For Au[P], the
orbital energies for the o or majority-spin orbitals
were —7.63 eV for the primarily d,.-based HOMO-
18, —3.27 eV for the primarily dxz_yz -based HOMO,
and 0.56 eV for the primarily 6s-based LUMO+27. Of
the three MOs, it was the lower-energy, primarily d 2 -
based HOMO-18, not the dxz_yz-based HOMO, that
was found to exhibit the greatest degree of d2_,> and
6s admixture. The HOMO, it turned out, engages in
a very different orbital interaction, namely one with
the porphyrin’s m-HOMO. Thus, both the HOMOs
and spin density profiles of the complexes exhibit
surprisingly significant rt-amplitudes at the meso po-
sitions of porphyrin (Figure 2). The Au(Il) centers, as
a result, carry correspondingly smaller spin popula-
tions than the Ag(Il) centers in the analogous com-
plexes (Figures 2 and 3). The latter finding greatly
intrigued us, as it seemed to indicate an electronic

imperative underlying the porphyrin’s wave distor-
tion: the Au(Il) center appears to exploit the nonpla-
nar wave geometry to suck electron density from the
porphyrin’s 7-HOMO into its 5d,2. 2 orbital.

To gauge the relative importance of the lateral
compression—elongation and the wave distortion, we
next optimized Au[P] with scalar-relativistic OLYP-
D3 calculations under three different symmetry con-
straints, Dy, Doy, and Cyp, with all MO irreps worked
out by hand. Both the Dy}, and D,y calculations led
to non-aufbau orbital occupations (i.e., where LUMO
is below the HOMO), an indication of the instability
of the molecule under those symmetry constraints.
Most interestingly, the D,y optimized geometry did
not exhibit the expected lateral distortion and proved
essentially identical to the D4, geometry. In other
words, the lateral distortion does not occur in the ab-
sence of the wave distortion. We are thus led to con-
clude that it is the wave distortion that is fundamen-
tal and drives the lateral distortion, and not the other
way around.

The above findings lend an entirely new complex-
ion to the electron structure of Au(Il) porphyrins. The
tendency of the Au(Il) center to increase its effective
d-electron count parallels a recent study in which a
variety of formally Au(IlT) complexes have been de-
scribed as quasi-dlo, based on theoretical analyses
of their bonding interactions [39]. These complexes
nevertheless exhibit distinct 2p—5d XANES features,
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Figure 2. Top: selected OLYP-D3 optimized distances (black), out-of-plane distortions (red), and Mul-
liken spin populations (blue) for Au[P] (left) and Ag[P] (right). Middle row: HOMOs (SOMOs). Bottom:

spin densities.

indicative of a 5d hole. Like many d'° complexes,
on the other hand, they also exhibit weak, low-
energy MLCT transitions in the near-infrared [22]. In
this study, TDDFT calculations, which do a rather

good job of reproducing the visible absorption spec-
trum of Au[TPP] (details of which are not particularly
relevant), also predict two infrared absorptions with
almost vanishingly small oscillator strengths. The
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Au[TPFPP]

e e R

Ag[TPFPP]

Figure 3. Selected OLYP-D3 optimized distances (black), out-of-plane distortions (red), and Mulliken
spin populations (blue) for M[TPP] and M[TPFPP], where M = Ag, Au. All distances are in A. Note:
HOMOs (SOMOs) and spin density plots are omitted for these complexes as these are visually almost
indistinguishable from those shown in Figure 2 (in spite of quantitative differences).

wavelengths of the two absorptions vary consider-
ably with details of the computational method, such
as the choice of the exchange—correlation functional
and basis set, but the assignment of the two features
seems stable with respect to such details. With the
well-calibrated range-separated CAMY-B3LYP func-
tional [40] and the COSMO solvation model [41], the
two absorptions in dichloromethane are at 0.55 eV
(2215 nm) and 0.66 eV (1863 nm, Figure 4). Given
their low energies and intensities, these two fea-
tures have not been experimentally detected so far,
but may be viewed as computational signatures of

Au[TPP]. Comfortingly, the electrochemical HOMO-
LUMO gaps (defined as the algebraic difference be-
tween the oxidation and reduction potentials) of
Au(Il) porphyrins of ~0.6 eV, which may be inferred
from the literature [20,21] are in almost perfect agree-
ment with the CAMY-B3LYP excitation energy.

The inherent, electronically driven wave distor-
tion of Au(Ill) porphyrins is reminiscent of the in-
herent saddling of copper corroles [42-45], which is
driven by the electronic imperative of the formally
empty Cu(3d,2.,2) orbital to accept electron den-
sity from the corrole’s T-HOMO. A similar orbital in-
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Figure 4. CAMY-B3LYP/STO-TZ2P-derived infrared transitions and their MO composition for Au[TPP].

teraction is less important for silver corroles [46,47]
and not at all important for gold corroles [48-52].
The reason for the latter has to do with both rela-
tivistic destabilization of the Au(5d,2.2) orbital and
the exceptionally strong o-ligand field of the cor-
role [53]. Charge-neutral gold porphyrins and cop-
per corroles provide rare examples where metal(d)-
porphyrinoid(7) interactions alone suffice to engen-
der nonplanar distortions of the macrocyclix ligands,
even in the absence of sterically hindered, peripheral
substituents [54].

3. Computational methods

Each Au(Il) porphyrin and its corresponding cation
were optimized with scalar-relativistic and two-
component spin-orbit DFT (OLYP [55,56]-D3 [57])
calculations with the ZORA [58] Hamiltonian and
ZORA STO-TZ2P basis sets, as well as with nonrel-
ativistic calculations with the same basis sets, all
as implemented in the ADF program system [59].
Single-point scalar-relativistic energies were also
calculated using the B3LYP* [60,61] functional and

found to be in excellent agreement with the OLYP-D3
results. Carefully tested, fine integration grids and
tight SCF and geometry optimization criteria were
used in all calculations.

4. Conclusion

The present study, in our view, has significantly
deepened our electronic-structural understanding of
Au(II) porphyrins.

First, the first IPs of Au(II) porphyrins have been
found to be unusually low, >1 eV lower than those
calculated for Ag(Il) porphyrins; this difference is
largely attributable to scalar relativistic effects, which
are much stronger for gold than for silver. Electron-
withdrawing substituents, however, are predicted
to yield Au(Il) derivatives such as Au[TPFPP] with
higher oxidative stability.

Second, our calculations have put a whole
new complexion on the experimentally observed
structural distortions of Au[TPP]. The primary
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stereoelectronic effect appears to be a wave dis-
tortion driven by an Au(5d,.. yz)—porphyrin(ﬂ) or-
bital interaction, which allows the formal Au(II) cen-
ter to assume a pseudo-d'? configuration. The lateral
distortion allowing for Au 5d,:. 2-5d 2 -6s mixing ap-
pears to be a secondary effect, a consequence of the
wave deformation. Tellingly, in computational exper-
iments, absent a wave formation, Au(Il) porphyrins
do not undergo an in-plane lateral distortion.
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1. Introduction

Coinage metals are well known for their versatile
coordination chemistry, yielding a large variety of
structural motifs, which are strongly influenced by
ligating donor atoms, denticity and geometry of lig-
ands [1-4]. Importantly, secondary interactions like
van der Waals, dipole, dispersive, metallophilic inter-
actions often play decisive roles in supramolecular
arrangements and solid state-packing. In particu-
lar, gold(I) is prone to form simple linear coordi-
nation compounds with coordination number two
(CN = 2), where the gold(I) ion can further engage
in moderate to strong metallophilic, i.e. aurophilic,
interactions [5]. These exhibit strengths comparable
to strong hydrogen bonding and allow stabilization
of inter- and intramolecular arrangements alike. The

*Corresponding author

ISSN (electronic): 1878-1543

former often leads to preferred conformations, while
the latter can lead to extended supramolecular struc-
tures observable in the solid-state and solution [6,7].
Observation of these effects in multinuclear clus-
ters can also be interpreted using the premise of
cooperativity to further increase their strength, and
importance.

Chelating effects are well understood for a variety
of ligands possessing energetically favorable binding
to a single metal (cation). Nonetheless, multidentate
phosphine ligands are also well known to stabilize
high nuclearity gold cluster compounds balancing
the benefits of aurophilic/metallophilic and chelat-
ing effects [8,9]. However, subtle steric effects of the
chelating ligand may have large repercussions on the
nuclearity and coordination environment [10,11], the
latter also playing important roles in catalytic appli-
cations [12]. Other non-classical interactions such as
halogen or hydrogen bonding involving donors and
acceptors other than oxygen and nitrogen are of great
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interest. Halide interactions with acidic hydrogen
atoms of “non-coordinating” solvents such as chlori-
nated alkanes offer a variety of possibilities. In par-
ticular, chloroform and DCM have been subject to
extensive studies revealing their importance in in-
termolecular stabilization and packing effects in the
solid-state [13]. For example, chloride (and other
halide) ions are often found in a hexacoordinated
environment stabilized by chloroform X---H-C hy-
drogen bonding interactions [14,15]. Similar chlo-
roform halide interactions are found in a variety of
organic and inorganic molecular systems [16-20].
Spectroscopic and theoretical analyses of such chlo-
roform and bromoform-chloride interactions clearly
showed their affinity towards secondary solid-state
interactions [18,21,22].

We detail the different aspects of primary and sec-
ondary factors that govern the formation of mono-
and dinuclear gold clusters based on the rigid biden-
tate cis-1,2-bis(diphenylphosphino)ethene (= cis-
bdppe) ligand. In this combined theoretical and ex-
perimental/structural investigation of selected com-
plexes, we elucidate the structural diversity of these
deceivingly simple coordination compounds [23].

2. Results

Synthesis of linear phosphine gold halide com-
plexes is typically achieved by the straightforward
ligand substitution reaction starting from chlo-
ridotetrahydrothiophene gold(I), [AuCl(tht)], or
similar thioether precursors with phosphine lig-
ands in a suitable solvent such as DCM, chloro-
form or THF [24,25]. Our initial attempts to pre-
pare a dinuclear gold complex based on cis-1,2-
bis(diphenylphosphino)ethene (= cis-bdppe) in a
2:1 gold:ligand ratio were unsuccessful. Reactions
in concentrated chloroform solutions resulted in the
formation of a mononuclear complex along with
unreacted gold precursor (Scheme 1).

Single crystals of this complex have been obtained
by slow evaporation of the solvent, revealing the
molecular structure of the complex as a gold(I) center
tetrahedrally coordinated by two cis-bdppe ligands.
(Figure 1) Complex 1-Cl crystallizes in the mono-
clinic space group C2/2 with half of the molecule
present in the asymmetric unit. The two ligands form
a slightly distorted tetrahedral arrangement around
the gold center (twist of the least squares planes

104.25(5)°). The gold-phosphorus distances are in
the expected range of gold(I) phosphine complexes
(P1-Aul 2.375(1) A and P2-Aul 2.372(1) A). Notably,
the chloride counterion is stabilized by four chloro-
form molecules illustrating the ability of the acidic
solvent proton to engage in hydrogen bonded inter-
actions (C-H---Cl donor acceptor distance and an-
gles of 3.294(3)/3.354(2) A) and 149.1(2)°/144.3(1)°,
respectively. Moreover, slightly longer hydrogen
bonding interactions with the ethene bridge of the
ligands are also observed (C21---Cl 3.574(2) A and
C1---Cl 3.639(2) A). A Hirshfeld surface analysis of
the chloride fragment (Figure 1b) illustrates the hy-
drogen bonding interactions of the solvent molecules
and the ligand backbone. Notably, the yellow sin-
gle crystals of 1-Cl show discoloration and lose their
crystallinity over time, presumably due to solvent
loss.

We utilized the geometry obtained from X-ray
diffraction as the starting point of computational
analysis. We preoptimized the geometry using the
semiempirical tight-binding GFN2-xTB method,
which is known to provide optimal molecular ge-
ometries for gold complexes [26], followed by a sec-
ond geometry optimization at the r?SCAN-3c level.
As for the tight-binding approach, this composite
method is reported to provide fast and reliable ge-
ometries for organo-gold species [27]. The struc-
ture was characterized as a true minimum, with no
relevant imaginary frequencies.

We studied the orbital contributions governing
the intermolecular interactions in the metal com-
plex by applying Weinhold’s Natural Bond Orbital
(NBO) analysis. In particular, we studied the second-
order energy terms (E(2)) that arise from the inter-
action of two unperturbed NBOs, which provide a
quantitative value for the stereoelectronic stabiliza-
tion associated with that specific orbital interaction.
As expected, one source of intermolecular stabiliza-
tion comes from the negative hyperconjugation of
the lone pairs of the chloride anion with the C-H
o* orbitals of chloroform. We found an analogous
negative hyperconjugative effect affording nc; — oy,
values ranging between 24 kcal-mol™! (see Table 1
and Figure 2). Most interestingly, we found a hyper-
conjugative effect between the halide and the C-H
bonds of the cis-bdppe ligand (see Figure 2). The sta-
bilization associated with these perturbations is min-
imal (1-1.3 kcal-mol~1), but still relevant to explain



Océane Yvonne Odette Fayet et al. 115

.
Ph Ph cr Ph * oy
\,Ph I:’h\| Ph\ Ph_‘ Ph\l Ph Ph
P [AuCI(tht)] P, p’ P, p’
ANEIS 7 + AgX SNt
> | — [ AT RLSE S
CHCI 2 = S TP
P 3 P N X = BFy, PF N
. Npp PA PR srre N, pil Ph
Ph Ph pn Ph
cis-bdppe 1-Cl 1-X
Ph Ph Ph Ph
/ P/
[ [AUCI(tht)] [ ~A:u ol
- . ,
' _-Cl
P THF p—Au
! “Ph I ph
Ph Ph

2

Scheme 1. Synthesis of mono- and dinuclear gold complexes of diphosphine ligand cis-bdppe.

the peculiar apical position that the halide assumes
in the geometry of the complex.

Exclusive formation of this complex can be im-
proved by maintaining a strict 1:1 ratio of metal
precursor to ligand and performing the reactions
in chloroform (Scheme 1). The crude product was
purified by washing with cold ethanol yielding 96%
of analytically pure compound 1-Cl. We hypothe-
sized that the poor solubility of the gold precursor
and the chloride-stabilizing nature of chloroform
are the main reasons for the formation of this prod-
uct. Hence further reactions were conducted in dif-
ferent coordinating solvents. Reactions in THF at
higher concentrations (>0.1 M) gave a product mix-
ture, while reactions in THF at lower concentrations
(1-2 mM) exclusively resulted in formation of dinu-
clear complex 2 in good yields. Upon removal of all
volatiles and washing with ethanol, the THF insolu-
ble portion contained mainly 1-Cl, and the soluble
fraction left for crystallization provided analytically
pure material of complex 2 (yield 78%). The com-
plex crystallized in the monoclinic space group Cc
with one molecule in the asymmetric unit (Figure 4).
The dinuclear complex 2 showed a slight decrease
of the gold phosphine distance to 2.231(1) A and
2.237(1) A for P1-Aul and P2-Au2, respectively. The
spatial arrangement of the diphosphine and mod-
erate aurophilic interactions led to an intramolec-
ular Aul-Au2 distance of 3.0313(3) A—below the
sum of their van der Walls radii (3.32 A)—which
indicates moderate aurophilic interactions. While
the ligand backbone is essentially co-planar, the
diphenylphosphine-C single bond rotation creates a
twisted arrangement of the nearly linear phosphine

gold(I) chloride fragments (Cl-Au---Cu-Cl torsion
angle of 51.96(6)°).

Removing the coordinating chloride ions from
the dinuclear complex 2 by non- or weakly coordi-
nating anions using suitable silver(I) salts proved
to be difficult and led to complex mixtures of prod-
ucts, including a tetrahedrally coordinated gold ion,
determined by 3'P-NMR spectroscopy. Unambigu-
ous identification of this species was obtained by
single crystal X-ray diffraction of crystal directly ob-
tained by slow evaporation of the crude reaction
mixture. Targeted synthesis of these tetrahedral co-
ordination compounds 1-X by treating 1-Cl with
suitable silver(I) salts gave essentially quantitative
conversions. Compound 1-BF; and 1-PFg crystal-
lized in the triclinic space group P-1 and monoclinic
space group P2, with one and two molecules in
the asymmetric unit, respectively. The solid-state
structure of 1-PFg also contained disordered solvent
molecules which were treated as diffuse scattering
using solvent masking. Substituting the chloride
of complex 1-Cl with a tetrafluoroborate (1-BF,)
or hexafluorophosphate (1-PFg) barely affected the
direct gold(I) coordination (P-Au distances ranging
from 2.3859(4) A to 2.3996(3) A) and 2.356(6) A to
2.394(6) A, respectively. However the folding angle of
the P2Au planes varied significantly: 98.1(1)° (1-BFy)
and 110.2(2)° (1-PFg) compared to 104.7(4)° (1-Cl).
The tetrafluoroborate anion is positioned in between
the diphenylphoshine groups from the two ligands.
Weak hydrogen bonding interactions of the tetraflu-
oroborate and intermolecular 7t-stacking (centroid
distances 3.373(1) A) contribute to the solid-state
packing of 1-BF,. Similarly, m-interactions 1-PFg
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Figure 1. (a) Solid-state structure of mononuclear complex 1. ORTEP style representation with ellipsoids
drawn at a 50% probability level. Further crystallographic details are elaborated in the experimental
section. (b) Hirshfeld surface analysis highlighting the hydrogen bonded interactions of the chloride

fragment.

(for details, see Supporting Information Figures S1—
S2) dominate the solid-state packing. In contrast
to 1-BF,4, 1-PFg and 1-Cl have the counterions and
solvent molecules (THF and CHCl3, respectively) in
close proximity to the ethylene bridge. The differ-
ences of the counterion position and additional sol-

vation effects provide a rationale for the large differ-
ences observed in the discussed folding angles. The
gold (coinage metal) coordination environment is in
good agreement with previously reported [M(I)(cis-
bdppe),]PFs complexes (M = Au and Cu) [28]. In
a slight variation of this ligand, the diphosphine
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Table 1. Relevant E(2) values associated with selected hyperconjugative interactions in one of the or-

bitals depicted in Figure 3

NBO number Donor orbital NBO number Acceptor orbital E2)
(Donor orbital) (Acceptor orbital) (kcal-mol™!)
156 LP Cl;q2 350 BD* C4—Hj 1.25
156 LP Clj2 447 BD* C;g—-H7g 1.03
157 LP Cljg2 350 BD* C4—Hj 0.25
157 LP Cl;2 447 BD* C73-H7g 0.46
158 LP Cl;g2 350 BD* C4—Hj 0.28
158 LP Cl;2 447 BD* C73-H7g 0.13
155 LP Clygp 479 BD* Cy96-Hig7 1.64
157 LP Clygp 479 BD* Cy96-Hio7 2.48
158 LP Clygp 479 BD* Cy96-Hio7 432
155 LP Clyp2 483 BD* Ci11-Hip2 0.71
156 LP Clyp2 483 BD* Cy11-Hip2 1.86
157 LP Cly2 483 BD* Ci11-Hi12 3.11
158 LP Clyp2 483 BD* Cy11-Hip2 2.98
155 LP Clyg» 487 BD* Ci16-Hi17 0.79
156 LP Clyg» 487 BD* Ci16-Hi17 1.21
157 LP Clyg» 487 BD* Ci16-Hi17 3.51
158 LP Clyg» 487 BD* Ci16-Hi17 3.00
155 LP C1102 491 BD* Ci21-Hi22 1.59
157 LP C1102 491 BD* Ci21-Hi22 1.92
158 LP C1102 491 BD* Ci21-Hi22 4.46

LP: lone pair; BD*: antibonding orbital; the index as a subscript for the atoms of each bond
corresponds to the atom index in the cartesian coordinate file.

2,3-bis(diphenylphosphino)maleic acid (dpmaa)
could also be targeted to form either a mononuclear
tetrahedral or a dinuclear gold complex. In view of
the high solubility in water, cytotoxicity tests revealed
potential applications as anti-tumor agents [29].
The related 2,3-bis(diphenylphosphino)maleic-N-
phenylimide ligand showed similar coordination
behavior forming both mono- and dinuclear com-
plexes [30,31].

Despite the easy of formation of the mononuclear
complex, treatment of 2 with silver triflate and ex-
cess of ligand partially suppressed its formation and
a dinuclear complex 3 (Scheme 2 containing two
ligands was formed in an inseparable mixture with 1-
OTf. Similarly, treatment of 2 with silver tetrafluorob-
orate led to the identification of 1-BF4. The mononu-

clear cations 1* have been identified by their char-
acteristic 3P NMR resonance, as well as their crystal
structure (see Supporting Information). Unambigu-
ous identification of the molecular structure of com-
pound 3 was provided by single crystal X-ray diffrac-
tion of colorless blocks that crystallized directly from
the reaction mixture (Figure 5). Dinuclear complex 3
crystallized in the centrosymmetric space group P-1
with half of a molecule in the asymmetric unit. The
gold atoms are modeled with a positional disorder
having site occupancy factors of 89.5% and 10.5%.
Two gold atoms bridge the ligands with an Au---Au
distance of 2.9908(4) A and 3.051(4) for the major
and minor component respectively, which is compa-
rable to that observed in 2, despite the shorter intra-
ligand P1---P2 distance (3.525(2) A). Inaddition,
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Figure 2. Geometry of the gold complex obtained at ’SCAN-3c level of theory. The main n¢; — oy NBO
interactions (in kcal-mol™!) are depicted: the chloride-chloroform (left) and chloride-ligand (right) ones.

Ph pp, Ph ;"
b7 + AgX, cis-
[ Au~c bdppe |
! B
o Au-C )
I Ph”

2

P\Alu_—P]
P/AU--—

Ph _I "o

| _Ph

+ 1-X + other species

Scheme 2. Attempted synthesis of 3, under the formation of various side products including 1 and

unidentified species.

m-m-interactions  (centroid distances 3.435(8) A)
result in a partially rigidified diphenylphosphine
backbone. The inter-ligand P---Au---P arrangement
is slightly contorted (162.3(1)°), forming a near ideal
plane planel (P1AulP1’P2'Aul’P2) with an aver-
age deviation of 0.1 A, while the planes spanned
by the ligand backbone plane2 (P1C1C21P2) form
an overall chair like arrangement and a fold angle
48.8(3)°between planel and plane2. In a similar ap-
proach, 2 was treated with silver trifluoroacetic acid
(2.5 equiv) and subsequently added to a solution of
4,4'-bipyridine; however predominant formation of
tetrahedrally coordinated mono-nuclear gold com-
plex was observed.

Neither the mononuclear nor the dinuclear com-
plexes show any appreciable emission with UV
irradiation in solution and solid state. This is, in
particular, surprising given the short intramolecular
Au---Au distances of the dinuclear complexes, which
is indicative of aurophilic interactions and contrasts
the observed emission of higher nuclearity clusters
using this and similar ligand systems [32].

3. Conclusions

The chemistry of these rigid diphosphine ligands
having an unsaturated spacer is dominated by the
balance of chelating and aurophilic effects that lead
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Figure 3. Depiction of the relevant NBOs (isovalue 0.05) listed in Table 1. Each number corresponds to
the index value of the NBO.

to mono and dinuclear complexes. Primarily, re-
action conditions such as ligand:gold ratio, solvent
and concentration of reagents also lead to different
products. Further, non-covalent interactions play
decisive roles in the solid-state packing and may im-
pact their solution behavior. Notably, the prepared
dinuclear gold(I) complexes are non-emissive, which
hints at dominating non-radiative decay pathways.
With this study we have elucidated few of the factors
that direct the coordination behavior, the simple
bidentate phosphine ligand towards Au(l) centers,
and provide more insights into the rational synthesis
of related derivatives.

4. Experimental Section
4.1. General

All chemicals were obtained from commercial sup-
pliers and used as received. All reactions and prod-
ucts were protected from prolonged exposure to sun-
light using aluminum foil or amberized glass.

4.2. X-ray crystallography

Crystallographic data sets were collected from sin-
gle crystal samples mounted on a loop fiber and
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(A) 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8

Figure 4. Solid-state structure of mononuclear complex 2 and Hirshfeld surface analysis. (a) ORTEP
style representation with ellipsoids drawn at a 50% probability level. Further crystallographic details
are elaborated in the experimental section. Red areas indicate dominating intermolecular CH:- -7
interactions. (b) Hirshfeld surface plot. (c) Short intermolecular contacts; highlighted in blue H---C

interactions.

coated with high viscosity Fomblin PFPE (Hamp-
ton Research). Collection was performed using a
Bruker SMART APEX diffractometer equipped with
an APEXII CCD detector, a 3-circles goniometer,
and a MoKy-microfus sealed tube. The crystal-
to-detector distance was 5.0 cm, and the data col-
lection was carried out in 512 x 512-pixel mode.
Cell refinement and data reduction were performed
with SAINT (Bruker AXS), absorption correction was
done by multi-scan methods using SADABS [33,34].
The structure was solved by direct methods and re-
fined using SHELX suite of programs [35,36] using
OLEX2 [37]. Full details concerning the data sets
and crystal resolutions can be found in the respective
CIF files stored at the Cambridge Crystallographic
Data Centre under the allocated deposition numbers
CCDC: 2291875-2291879.

4.3. Computational methods

Preliminary optimizations of the geometries were ob-
tained using xTB 6.6.0 [38] at GFN2-xTB level002E.
Optimization and frequency analysis at the DFT level
were performed using ORCA 5.0.3 [39] with r?SCAN-
3c method [40]. Finally, NBO analysis was performed
using NBO 7.0.9 software package [41]. The cartesian
coordinates of the optimized geometry, the Molden
file with the NBOs and the ORCA output of the NBO
analysis can be found in a figshare repository [42].

4.4. Synthesis

4.4.1. Synthesis of [AuClI(tht)]

Tetrahydrothiophene gold(I) chloride was pre-
pared in a slightly modified way than reported in
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Figure 5. Solid-state structure of dinuclear complex 3. ORTEP style representation with ellipsoids drawn
at a 50% probability level. Further crystallographic details in the experimental section.

literature [43]. Tetrahydrothiophene (C4HgS, 45 uL,
0.51 mmol, 1.4 eq) was added to a suspension of
tetrachloroauric acid (H[AuCl4], 123 mg, 0.36 mmol,
1 eq) in water (1 mL)/EtOH (5 mL). The initial yel-
low precipitate changed to a white precipitate within
15 min. The precipitate was filtered and washed
twice with cold EtOH (10 mL) to yield 94% of analyti-
cally pure product. The solution was filtered and sub-
jected to slow evaporation of the solvent protected
from light, giving the corresponding complexes in
good yields (95% and 92%, respectively) as micro-
crystalline powders. Single crystals suitable for X-ray
diffraction were obtained by slowing down the evap-
oration of THE

4.4.2. Synthesis of 1-Cl

Tetrahydrothiophene gold(I) chloride (44 mg,
0.14 mmol, 1 eq) and PhpP-C=C-PPh; (cis-bdppe,
108 mg, 0.27 mmol, 2 eq) were dissolved in chloro-
form (5 mL) and stirred with protection from light for
24 h. Filtration, followed by slow evaporation of all
solvents gave 1-Cl in 96% yield as large yellow crys-
talline material suitable for single crystal diffraction.
Upon further drying of the material under reduced
pressure, removal of residual tht also results in com-
plete discoloration of the material which is ascribed
to the loss of chloroform solvate molecules. NMR
spectroscopic data is in agreement with previously
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reported data of the cationic complex 1-OTf and
1-PFg:32 'H NMR (400 MHz, CD,Cl,) 6 7.53-7.40 (m,
4H), 7.33 (dd, J = 10.1, 7.9 Hz, 8H), 7.15 (td, J = 8.0,
6.6 Hz, 25H) ppm. 3!P NMR (161.8 MHz, CD,Cl,) &
23.1 ppm.

4.4.3. Synthesis of 1-BFy and 1-PFg

A solution of 1-Cl (40 mg) in THF (10 ml) is
treated with 1 equivalent of [Ag(MeCN)4)|BF; or
[Ag(MeCN)4)]PFg for 24 h. The solution is filtered and
slow evaporation of the solvent protected from light
gives the corresponding complexes in good yield
(95% and 92%) containing single crystals suitable for
X-ray diffraction.

4.4.4. Synthesis of 2

Importantly, [AuCl(tht)] (70 mg, 0.22 mmol, 2 eq)
must be fully dissolved in THF (ca. 80-100 ml) before
cis-bdppe (43 mg, 0.11 mmol, 1 eq in 5 mL THF) is
added. The reaction is stirred overnight, followed by
slow evaporation of the solvent (at all time protect
from light), upon which small colourless crystals
suitable for x-ray diffraction are obtained. Residual
tht is removed under reduced pressure, while im-
purities arising from formation of 1-Cl can be easily
removed by extracting 2 using a minimal amount
of THE which upon solvent removal gives 78% of 2,
while the THF insoluble fraction consists mainly of
1-Cl. 1H NMR (400 MHz, CD;,Cly) & 7.59 (m, 16H)
7.52 (d, J = 7.3 Hz, 8H), 7.47-7.38 (m, 20H) ppm. 3'P
NMR (161.8 MHz, CD,Cly) 6 13.6 ppm.

4.4.5. Attempted synthesis of 3

In an attempt to remove the coordinating chloride
complex 2 (50 mg, 0.06 mmol) was stirred for 24 h
with a silver salt, [Ag(OTf)], in THF (36 mg, 2.5 equiv.)
in the presence of excess ligand (24 mg, 1.1 equiv.).
The reaction mixture was filtered, and after removal
of all volatiles the crude was crystallized from THF
and chloroform, giving a product mixture contain-
ing 3 (crystalline) and 1-X (where X is either OTf or
Cl). Satisfactory spectroscopic data could not be ob-
tained. 3'P NMR (THF): —22.6 ppm.
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1. Introduction

Over a half-century ago, Martin Gouterman [1] de-
vised his eponymous four-orbital model of porphyrin
spectra, and thereby was able to classify them as be-
longing to three broad classes, normal, hyper and
hypso [2,3]. Briefly, hyper spectra exhibit redshifted
features and/or extra features relative to normal
spectra, while hypso spectra are blueshifted relative
to normal spectra. Although the variety of porphyri-
noid compounds is vastly greater today, Gouterman’s
classification remains useful. Thus, the hyperpor-
phyrin concept has emerged as a design principle
for photosensitizers for photodynamic therapy and

*Corresponding authors

ISSN (electronic): 1878-1543

related applications [4]. Many hypsoporphyrins are
phosphorescent and potentially useful as triplet pho-
tosensitizers, in such applications as oxygen sensing
and photodynamic and related therapies [5-7]. The
hypso effect had long been attributed to an increase
in the HOMO-LUMO gap in certain late transition
porphyrins as a result of antibonding interactions
between occupied metal d, orbitals and the por-
phyrin’s e, LUMOs. A recent DFT investigation, how-
ever, has indicated a different origin for the hypso ef-
fect, namely, a lowering of the a;;, HOMOs in met-
alloporphyrins with relatively electronegative metal
ions such as Pd(II) and Pt(II) [8].

Many years ago, we showed that Gouterman’s
four-orbital model also applies to corroles [9,10].
Unsurprisingly, many metallocorroles exhibit hyper
spectra [11-13] and quite a few also exhibit hypso

https://comptes-rendus.academie-sciences.fr/chimie/
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181 TS

172

Scheme 1. A chlorin e6 trimethyl ester metal
complex with partial atom numbering.

spectra [8]. Herein we show that the hypso effect also
applies to chlorins [14,15], with both the Soret and
Q band maxima of chlorins blueshifting, going from
Zn to Pd to Pt as the coordinated metal (Scheme 1).
The finding is surprising in that the HOMO of closed-
shell chlorins is invariably an a;,-type MO (in terms
of Dy, irreps) [3,16-19] which has no amplitude on
the central nitrogen atoms and is, therefore, likely to
be unaffected by the electronegativity of the central
metal. Gratifyingly, the spectral data proved consis-
tent with electrochemical cyclic voltammetry mea-
surements and DFT/TDDFT calculations, leading to
a coherent picture of hypsochlorins, as described
below.

2. Results and discussion

Table 1 lists the UV-vis absorption maxima and redox
potentials (V versus SCE) of the Zn, Pd, and Pt com-
plexes of chlorin e6 trimethyl ester, M[Chl-e], where
M = Zn, Pd, and Pt; the UV-vis spectra and cyclic
voltammograms are depicted in Figures 1 and 2, re-
spectively. From Zn to Pd and from Pd to Pt, the
Q band blueshifts by 14 and 10 nm, respectively, and

9.0

80 | —Zn[Chl-e]
—Pd[Chl-€]

70 | —Pt[Chl-e]

300 400 500 600 700
A (nm)

Figure 1. UV-visible spectra of M]IChl-e],
where M = Zn, Pd, and Pt, in CH,Cl, at ambi-
ent temperature.

the Soret by 8 and 10 nm, respectively. The two
minor features between the Soret and Q bands also
blueshift in the same order. All complexes exhibit
reversible 1st oxidations and 1st reductions. While
there are small variations in the 1st reduction po-
tentials there are greater variations in the 1st oxida-
tion potentials and a clear trend of increasing ox-
idation potentials in the order of Zn < Pd < Pt,
which in turn results in an increasing electrochemi-
cal HOMO-LUMO gap for the same series. The elec-
trochemical data thus suggests that the hypso effect
in chlorins stems primarily from a lowering of the
HOMO energy in the presence of an electronegative
coordinated metal.

To obtain a qualitative understanding of the above
findings, DFT and TDDFT calculations were carried
out using simple unsubstituted chlorin models of the
complexes studied. The OLYP [20,21]-D3 [22]/ZORA-
STO-TZ2P optimized geometries of M[Chl] (M =
Zn, Pd, Pt; Chl = unsubstituted chlorin; Figure 3)
revealed essentially planar (as opposed to ruffled)
geometries so differences in macrocycle conforma-
tion appear unlikely to be a significant contributor to
the observed spectral differences [23]. Single-point
CAMY-B3LYP [24] calculations were then carried
out on the OLYP-D3 geometries. Figure 4 depicts
selected CAMY-B3LYP frontier MOs along with
the corresponding orbital energies, while Figure 5
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Table 1. Redox potentials (V versus SCE) and UV-vis absorption maxima of the compounds studied

Compound  Eijpoxz2 Ei/zox1 Eljoredi  Eijored2 Ered2 AE  Soretband (nm) Qband (nm)
Zn[Chl-e] 0.96 0.55 -1.29 - -1.79 184 411 637
Pd[Chl-e] - 0.77 -1.17 -1.69 - 1.94 403 623
Pt[Chl-e] - 0.81 -1.22 -1.73 - 2.03 393 613
—Zn[Chl-e] 118 surprisingly good agreement with the experimental
M S absorption maxima for M[Chl-e]. Thus, for instance,
the calculations correctly captured the larger hyp-
. sochromic shifts for the Q band relative to the Soret
0.9 o band. In all three cases, the Q band consists of ap-
16 proximately 95% HOMO — LUMO character, with
. - the remainder made up of HOMO-1 — LUMO+1

0.81 >
f =
1.00 0.50 0.00

Figure 2. Cyclic voltammograms (V versus
SCE) of M[Chl-e], where M = Zn, Pd, and Pt, in
CH,Cl, containing 0.1 M tetrabutylammonium
perchlorate at ambient temperature; scan rate
100 mV-s~1.

-0.50 -1.00 -1.50 -2.00

presents the orbital energy levels in a graphical
manner. Figure 6 depicts the simulated TD-CAMY-
B3LYP-D3/Q4 STO-TZ2P-COSMO optical spectra
in dichloromethane of the three M[Chl] deriva-
tives. The key result is that, while the LUMO and
LUMO+1 energies are essentially constant across
all three M[Chl] derivatives, both the HOMO and
HOMO-1 energies downshift going from Zn to Pd to
Pt. Understandably, the downshifts for the a;,-type
HOMO are smaller than those for the ay,-type
HOMO-1, given that only the latter has substantial
amplitudes on the central nitrogen atoms. In spite
of the simplicity of our models, these computational
results appear to nicely, if qualitatively, capture the
essence of both the UV-vis and electrochemical
measurements.

Finally, the calculated absorption maxima from
CAMY-B3LYP TDDFT calculations on MJ[Chl] in
dichloromethane (Figure 6) were found to be in

character (Table 2). The Soret band, by compari-
son, consists of a mixture of HOMO-1 — LUMO and
HOMO — LUMO+1 character. Since both the HOMO
and HOMO-1 downshift from Zn through Pd to Pt,
it makes sense that both the Q and Soret absorption
maxima blueshift in the same order.

In summary, a combined experimental and the-
oretical study indicates the plausible occurrence of
a hypso effect in chlorins. Thus, both the Soret
and Q bands blueshift going from Zn to Pd to Pt
as the coordinated metal. As in the case of por-
phyrins, the blueshifts appear to be largely attrib-
utable to the presence of an electronegative coordi-
nated atom, which lowers the orbital energies of the
HOMO and HOMO-1, while leaving the LUMOs rela-
tively unaffected.

3. Experimental section
3.1. Materials

All reagents were purchased from Sigma-Aldrich
and used as received except chlorin e6 trimethyl
ester (CAS 35038-32-5) which was purchased from
PorphyChem. Silica gel 60 (0.04-0.063 mm parti-
cle size, 230-400 mesh, Merck) was employed for
flash chromatography. Silica gel 60 preparative thin-
layer chromatographic plates (20 cm x 20 cm x
0.5 mm, Merck) were used for final purification of all
compounds.

3.2. General instrumental methods

UV-visible spectra were recorded on an HP 8454
spectrophotometer. 'H NMR spectra were recorded
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H 4

Pd[Chl]

Pt[Chl]

Figure 3. Selected skeletal bond distances for M[Chl], where M = Zn, Pd, and Pt and Chl = unsubstituted

chlorin.

on a 400 MHz Bruker Avance III HD spectrom-
eter equipped with a 5 mm BB/1H SmartProbe
and referenced to either residual CgHg at 7.16 ppm
or residual CHCl3 at 7.26 ppm. High-resolution
electrospray-ionization mass spectra were recorded
on an Orbitrap Exploris 120 spectrometer using
methanolic solutions. Cyclic voltammetry was car-
ried out at ambient temperature with a Gamry Ref-
erence 620 potentiostat equipped with a three-
electrode system: a 3 mm disc glassy carbon work-
ing electrode, a platinum wire counter-electrode,
and a saturated calomel reference electrode (SCE).
Tetra(n-buty)ammonium perchlorate (CAUTION!)
was used as the supporting electrolyte. Anhydrous
CHCl, (Sigma-Aldrich) was used as solvent. The
electrolyte solution was purged with argon for at
least 2 min prior to all measurements, which were
carried out under an argon blanket. The glassy car-
bon working electrode was polished using a pol-
ishing pad and 0.05 micrometer polishing alumina

from ALS Japan.
to the SCE.

All potentials were referenced

3.3. Synthesis

The Zn complex was made by adding a solution of
Zn(0OAc); « 2H,0 (29.5 mg, 4 eq.) in 1 mL MeOH
to a solution of chlorin e6 trimethyl ester (21.9 mg)
in 5 mL chloroform. The resulting solution was re-
fluxed for 1 h. The Pd complex was made by dissolv-
ing chlorin e6 trimethyl ester (17.3 mg) and Pd(OAc),
(19.7 mg, 3 eq.) in 5 mL pyridine and refluxing the
resulting solution for 4 h. The Pt complex was made
by dissolving chlorin e6 trimethyl ester (18.0 mg) and
Pt(OAc); (26.3 mg, 3 eq.) in 5 mL benzonitrile and
refluxing the resulting solution for 10 h. Following
reflux, each mixture was rotary-evaporated to dry-
ness and the residue dissolved in DCM and placed
on a silica column. Dichloromethane/ethyl acetate
20:1 eluted a blue fraction which was evaporated to
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-
HOMO-1, b, -6.50 eV

HOMO-1, b, -6.67 eV

Pt[Chl]

9 9

LUMO+1 , a,-1.22 eV

9

HOMO-1, b, -6.75 eV

9

Figure 4. CAMY-B3LYP frontier MOs of M[Chl] (M = Zn, Pd, Pt), with C2 irreps (a and b) and orbital

energies.

dryness and further purified by preparative TLC us-
ing n-hexane/ethyl acetate 1:1 as solvent. Yields and
analytical details are as follows:

3.3.1. Zn[Chl-e]

Yield 16.8 mg, 70%. UV-Vis (CH2Cl) Apax (nm)
e x107* M~ L-em™)]: 411 (8.50), 505 (0.40), 593
(0.58), 637 (2.98). 'H NMR (400 MHz, Cg¢Dg, 6 in
ppm): 9.54 (s, 1H, 5), 9.41 (s, 1H, 10), 8.50 (s, 1H,
20), 8.05 (dd, J = 17.8, 11.5 Hz, 1H, 31), 6.18 (d, J =
18.0 Hz, 1H, 32 trans), 5.91 (d, J = 1.8 Hz, 1H, 32 cis),
5.45 (d, J =19.0 Hz, 1H, 15'), 5.28 (d, J = 19.0 Hz, 1H,
15!), 4.28 (d, J = 10.2 Hz, 1H, 17), 4.01 (t, / = 7.1 Hz,
1H, 18), 3.95 (s, 3H, OCH3), 3.59 (s, 3H, OCHj3), 3.47

(q, J = 7.5 Hz, 2H, 8'), 3.38 (s, 3H, OCH3), 3.26 (s,
3H, 121), 3.25 (s, 3H, 21), 3.01 (s, 3H, 71), 2.30 (dt, J =
15.9, 7.9 Hz, 1H, 17Y), 2.07 (d, J = 10.0 Hz, 1H, 17Y),
2.00-1.91 (m, 1H, 17?), 1.67 (d, J = 7.2 Hz, 3H, 181),
1.60 (t, J = 7.6 Hz, 3H, 82), ~1.55 (1H, 172 concealed
by overlapping peaks). MS (ESI, positive mode): m/z
calcd for C37Hy49N4O5ZnH 701.2312; [M + H*] found
701.2307.

3.3.2. Pd[Chl-e]

Yield 1.9 mg, 9.4%. UV-Vis (CH2Cly) Amax (nm)
[ex 107 M~ l-em™))]: 403 (5.14), 486 (0.35), 582
(0.62), 623 (3.22). 'H NMR (400 MHz, CDCls, § in
ppm): 9.57 (s, 1H, 5/10), 9.56 (s, 1H, 5/10), 8.62
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Table 2. CAMY-B3LYP-D3/STO-TZ2P TDDFT results, including transition energies (E) and wavelengths
(1), oscillator strengths (f), MO compositions, and symmetries

Molecule Peak E (eV) A (nm) f MO composition State symmetry
From To Weight (%)
Zn[Chl] Q 2.12 584.6 0.45 HOMO LUMO 92.6 B
HOMO-1 LUMO+1 6.3 B
Soret  3.04 4084 1.80 HOMO LUMO+1 62.3 A
HOMO-1 LUMO 35.8 A
3.33 372.3 1.23 HOMO-1 LUMO+1 914 B
HOMO LUMO 6.4 B
Pd[Chl] Q 2.18 568.4 0.48 HOMO LUMO 94.3 B
HOMO-1 LUMO+1 4.5 B
Soret  3.11 398.7 1.60 HOMO-1 LUMO 59.8 A
HOMO LUMO+1 38.2 A
3.47 356.9 1.10 HOMO-1 LUMO+1 92.5 B
HOMO LUMO 4.5 B
Pt[Chl] Q 2.23 556.1 0.50 HOMO LUMO 94.8 B
HOMO-1 LUMO+1 3.9 B
Soret  3.18 390.1 1.58 HOMO LUMO+1 56.5 A
HOMO-1 LUMO 40.9 A
3.56 3484 1.14 HOMO-1 LUMO+1 92.6 B
HOMO LUMO 3.8 B

(s, 1H, 20), 7.98 (dd, J = 17.8, 11.5 Hz, 1H, 31), 6.16
(dd, J = 17.8, 1.7 Hz, 1H, 32 trans), 6.03 (dd, J =
11.5, 1.7 Hz, 1H, 32 cis), 5.14 (d, J = 19.1 Hz, 1H,
151), 4.93 (d, J = 19.0 Hz, 1H, 151), 4.48-4.35 (m, 2H,
overlapping 17 and 18), 4.19 (s, 3H, OCH3), 3.86 (s,
3H, OCH3), 3.75 (q, J = 7.6 Hz, 2H, 8'), 3.62 (s, 3H,
OCHj), 3.44 (s, 3H, 121), 3.33 (s, 3H, 21), 3.29 (s, 3H,
71), 2.58-2.46 (m, 1H, 17Y), 2.24-2.11 (m, 1H, 17Y),
2.07-1.95 (m, 1H, 17?), 1.75 (d, J = 7.1 Hz, 3H, 18Y),
1.69 (t, J = 7.6 Hz, 3H, 82) ~1.69 (1H, 172 concealed
by overlapping peaks). MS (APCI, positive mode):
m/z calcd for C37HyoN4Os5PdH 743.2055; [M + H*]
found 743.2065.

3.3.3. Pt[Chl-e]

Yield 5.8 mg, 24.7%. UV-Vis (CH2Cly) Amayx (nm)
e x107* M~ l-em™)]: 393 (6.49), 478 (0.36), 613
(3.49). '"H NMR (400 MHz, CDCl3, § in ppm): 9.56
(s, 1H, 5), 9.52 (s, 1H, 10), 8.70 (s, 1H, 20), 7.98 (dd,
J =178, 11.5 Hz, 1H, 31, 6.14 (dd, J = 17.8, 1.7 Hz,

1H, 32 trans), 6.02 (dd, J = 11.4, 1.6 Hz, 1H, 32 cis),
5.13 (d, J=19.1 Hz, 1H, 15'), 4.93 (d, J = 19.1 Hz, 1H,
15'), 4.46-4.34 (m, 2H, overlapping 17 and 18), 4.20
(s, 3H, OCH3), 3.87 (s, 3H, OCH3), 3.71 (q, ] = 7.6 Hz,
2H, 8!), 3.63 (s, 3H, OCHj3), 3.50 (s, 3H, 121), 3.31
(s, 3H, 21), 3.24 (s, 3H, 71), 2.54 (ddd, J = 16.1, 9.0,
7.0 Hz, 14, 17Y), 2.20 (ddd, J = 16.2, 7.2, 4.8 Hz,
1H, 171, 2.09-1.97 (m, 1H, 17?), 1.76 (d, J = 7.1 Hz,
3H, 18'), 1.68 (t, J = 7.6 Hz, 3H, 8), ~1.71 (1H, 17>
concealed by overlapping peaks). MS (APCI, posi-
tive mode): m/z calcd for C3;H4oN4O5PtH 832.2668;
[M + H*] found 832.2670.

3.4. Computational method

The three M[Chl] (M = Zn, Pd, Pt] complexes were
optimized with scalar-relativistic DFT calculations,
with the OLYP [20,21] functional augmented with
Grimme’s D3 [22] dispersion correction, all-electron
ZORA STO-TZ2P basis sets, fine integration grids,
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Figure 5. CAMY-B3LYP-D3/STO-TZ2P-COSMO
frontier MO energy levels along with C, irreps (a
and b).

2.0 -
—2Zn[Chl]
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Figure 6. Simulated TD-CAMY-B3LYP-D3/
STO-TZ2P-COSMO  optical spectra in
dichloromethane. The vertical lines repre-
sent calculated transitions which have then
been broadened with Gaussians to generate
the simulated spectra.

and tight criteria for both SCF cycles and geome-
try optimizations, as implemented in the ADF 2019
program system [25]. All the optimizations were
carried out with a Cp symmetry constraint and the

COSMO (Conductor like Screening Model) [26] solva-
tion model with dichloromethane as solvent. TDDFT
calculations were performed on the OLYP-D3 opti-
mized geometries using the CAMY-B3LYP [24] range-
separated functional (which has been extensively cal-
ibrated for calculations of porphyrin spectra [4,7,27]),
with basis set and other parameters the same as in
the ground-state calculations).
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