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A designed and potentially decadentate ligand
for use in lanthanide(i) catalysed biomass
transformations: targeting diastereoselective
trans-4,5-diaminocyclopentenone derivatives}
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The goal of this study was to design a ligand system which can accommodate single lanthanide(in)-ions
and investigate the properties of the resulting complexes. The complexes of all the accesible lanthanides
and yttrium with the new ligand LHg = N,N’'-dimethyl-N,N'-ethylene-bis(5-bromo-3-(1H-benzimidazol-
2-yl)hydrazineylidene)-2-hydroxybenzylamine) were obtained in high yield at room temperature under
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aerobic reaction conditions. The corresponding compounds were characterised using X-ray diffraction,
FT-IR, elemental analysis and the optical properties of all complexes were investigated using UV-vis and
fluorescence spectroscopy. The air stable complexes efficiently transform biomass furfural to trans-

rsc.li/dalton 4,5-cyclopentenones in high yield.
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Introduction

Recently the importance of using lanthanide complexes as cat-
alysts in organic reactions'™ and enzymatic processes has
been recognised.” The properties of lanthanide coordination
complexes include (i) electronic and magnetic properties (ii)
usually small ligand field but large spin-orbit coupling effects
(iii) large coordination numbers and adaptable coordination
geometry, both of which are desirable for catalytic applications
(iv) a preference for hard donor ligands for oxidation state III
as well as high Lewis acidity. This latter point is illustrated by
the investigations carried out in natural synthesis reactions for
e.g. prostaglandins, prostanoid derivatives, and a range of bio-
active molecules.® > A particular example of interest to us, is
the transformation of furfural to asymmetric bifunctionalized
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trans-4,5-diaminocyclopentenones through addition of appro-
priate amines with the help of promoters (Fig. 1). In such a
way, furfural, which is readily available from biomass, pro-
duced from corncobs, bagasse, etc.” These structural motifs
are versatile building blocks for the retrosynthetic pathway of
(-)-agelastatin A,'*> an architecturally unique cytotoxic tetra-
cyclic alkaloid first isolated from the axinellid sponge Agelas
dendromorpha.'**®

Over the past 20 years the transformation of furfural avail-
able from biomass to diastereoselective cyclopentenones has
been intensively developed and investigated. Batey and co-
workers was first reported the utilisation of Dy(OTf); as Lewis
acid to catalyse a domino condensation/ring-opening/electro-
cyclization process.® This pioneer study led to an increasing
number of alternative strategies for the formation of trans-
4,5-diamino-cyclopent-2-enone derivatives such as the employ-
ment of the ionic liquid 1-methylimidazolium tetrafluoro-
borate,'® tosylamine metal free catalyst,’” Al(Cl);,'® 3d/4f-
clusters,'®?° ErCl, '° or ErCl; immobilized on silica,>' under
microwave irradiation®® and Cu(OTf), in water as a reusable
catalyst.”> A recent report from Batey and co-workers revealed
the efficiency of the Dy(OTf); catalyst for the transformation of

o catalysts, conditions
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Fig. 1 Transformation of furfural to a trans-4,5-diaminocyclopentenone.
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the substituted furfuraldehydes to 3-substituted-trans-4,5-
cyclopentenone in high stereoselectively and yield."" Herein a
new family of lanthanide(i)-complexes was prepared and the
resulting compounds were characterised using X-ray diffrac-
tion, FT-IR, elemental analysis and spectroscopy and their
catalytic properties were investigated. We designed the ligand
LH;, = (N,N-dimethyl-N,N"-ethylene-bis(5-bromo-3-(1H-benzimi-
dazol-2-yl)hydrazineylidene)-2-hydroxybenzyl amine) which
contains the previously used acetato-diphenoxoamine building
block (1).>* The complexations of the corresponding ligand
with all available Ln** and Y*" ions were performed. In
addition, the catalytic properties of these complexes for trans-
formation of furfuran to ¢rans-4,5-diamino-cyclopent-2-enone
under various reaction conditions were investigated.

Results and discussion
Synthesis

The novel ligand LH¢ was prepared by the condensation reaction
of N,N-dimethyl-N,N-ethylenedi(5-bromo-3-formyl-2-hydroxyben-
zyl amine (1) and 2-hydrazino-1H-1,3-benzimidazole (2) (Fig. 2).

The Ln(m)-complexes were obtained in high yield by the
reaction of ligand LHg with appropriate Ln(NOs);-H,O salts in
the ratio 1:1 in a mixture of acetonitrile and methanol (1:1,
%v/v) at room temperature in air for 30 min. After standing for
7 days, crystal products were collected by filtration. The
product could be also directly obtained in the form of powder
in higher yield by rapid and prolonged stirring for up to 2 h.
The powder adducts were characterised using elemental ana-
lysis, IR, UV-vis, fluorescence spectroscopy and Powder X-ray
Diffraction (PXRD) (see ESIt).

Crystal structures

The single crystal X-ray data shows that two classes of lantha-
nide complexes were obtained using the same reaction con-
ditions. The first family (lanthanum to holmium) was found to
have 10-fold coordination and the second family (erbium to
lutetium) has 8-fold coordination (Fig. 3). This reflects the fact
that the atomic radii of lanthanides decrease from lanthanum
to lutetium. Additionally, the complexation of yttrium with the
same ligand was also investigated. As expected the Y(m) has
10-fold coordination given that the atomic radius of Y(m) lies

Br
HoN N
H HN— i’l
H = N\N SN

2 H

EtOH, reflux, 2h

Fig. 2 Preparation of Schiff-base ligand LHg.
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YbLHs

Fig. 3 The structure of SmLHg and YbLHe. Colour codes for the atoms:
light blue (Sm and Yb), blue (N), red (O) black (C) and brown (Br). The
hydrogen bonds are highlighted in green dashed line. Solvent molecules
(MeCN) in lattice and H atoms are omitted for clarity.

between that of Dy(m) and Ho(u) (Fig. S3471). The characteriz-
ation of the powder sample using PXRD confirmed the iso-
structural nature for family one by comparison with the
SmLH, or family two with YbLHg (Fig. 4). Regarding the first
class of this system SmLHg was chosen as representative for
the lanthanides La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy and Ho.
From the X-ray crystallographic analysis, SmLHg is composed of
a Ln(m) which is centred on a two fold axis. Thus the asym-
metric unit is half of the complete molecule. The Sm(m)-
complex crystallizes in the space group P6,22 and the analysis
using SHAPE> shows that the best coordination geometry is
Sphenocorona J87 with a deviation value 1.921. The coordi-
nation sphere consists of four-coordinating N atoms and
two phenoxo O atoms of the ligand and four coordinating O
atoms of two bidentate nitrates. Intramolecular hydrogen bonds

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 PXRD of measured Ln(i)LHg compare to simulation (a) 10-fold
coordination and (b) 8-fold coordination.

between the phenolate O1 and the nitrogen back bone amine
N1 form through the formal transfer of the phenolate hydrogen
to N1. The charge balance is provided by two nitrates, which
coordinate to the Sm** ion and one nitrate which form inter-
molecular hydrogen bonds with the N3 and N5 of the ligand.
The Sm-O distance ranges from 2.334(2) to 2.584(2) A, whereas
the Sm-N distance is between 2.538(3) and 3.000(3) A.

On the other hand, smaller sized lanthanide metal ions
from Tm>" to Lu®* represented by the Yb(m)-complex, which
crystallizes in the space group P1 adopt a triangular dodecahe-
dron geometry with a deviation value 1.911 (SHAPE) through
the coordination of four N atoms and two phenoxo O atoms of
the ligand and two O atoms from a bidentate nitrate. The
charge balance is provided by one nitrate coordinated to Yb*"
and two nitrate counterions which form intermolecular hydro-
gen bonds with N2, N3 and N8 of the ligand. The Yb-O dis-
tance ranges from 2.141(3) to 2.463(4) A, whereas the Yb-N dis-
tance is between 2.345(4) and 2.854(4) A.

The crystallographic parameters and refinement details for
SmLHe and YbLHg are summarized in Table S1.1 The ErLHg is
the only complex which crystallizes in the space group P2,/c
and adopts triangular dodecahedron geometry with a devi-
ation value 2.258 (SHAPE) (Fig. 5). The coordination environ-
ment of Er(u)-complex is similar to that of the second family
with 8-fold coordination but now the two coordinating oxygen

This journal is © The Royal Society of Chemistry 2020
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ErLHg

Fig. 5 The structure of ErLHg. Colour codes for the atoms: light blue
(Er), blue (N), red (O) black (C) and brown (Br). The hydrogen bond is
highlighted in green dashed line. Solvent molecules (MeCN) in lattice
and H atoms are omitted for clarity.

atoms are from O6 of a water molecule and O3 of a nitrate.
This is reflected by the different space group and powder X-ray
pattern (Fig. 6). The crystallographic data for ErLHg is sum-
marized in Table S2.f

Spectroscopic properties

IR spectra of LH¢ and the corresponding Ln(m)-complexes
were measured (see the ESIT). The broad band of v(OH) of phe-
nolic alcohol of the free ligand around 2863-2767 cm™" dis-
appears when it coordinates to the metal ion. In addition, the
sharp bands in the region 1656-1599 ¢cm™" which can be
assigned to the azomethine »(C=N) stretching frequency of
the coordinated ligands were found to be shifted to lower fre-
quency in comparison to that of the free ligands
(1687-1619 cm™'). This indicates the coordination of the
imine nitrogen atom to the metal centre. The other y(C-H),
y(C=C) and p(C-O) vibrations are found in the expected
ranges from 1465-735 cm™ " (Fig. S51).

—Er
—— Simulation(Er)
—— Simulation(Yb)

5 10 15 20 25 30 35 40

Fig. 6 Comparison of PXRD ErLHg with the simulation (Er, Sm, and Yb).
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UV-vis and fluorescence

The optical properties were investigated using UV-vis and fluo-
rescence spectroscopy. For UV-vis spectroscopy, the absorption
maxima at 368 nm (LaLHg), 369 nm (CeLHs), 375 nm (GdLHg),
381 nm (YbLH,) and 381 nm (LuLHg) were found to be slightly
red shifted from 368 nm of the free ligand. This can be
ascribed to the n—r* transition of the ligand. In addition, the
strong absorption peaks at 286 and 316 nm (LaLHg), 284 and
311 nm (CeLHs), 286 and 320 nm (GdLHg), 280 and 321 nm
(YbLHg) and 282 and 321 nm (LuLHg) are related to metal to
ligand charge transfer (MLCT) which, of course, are not found
in the free ligand. The fluorescence characteristics of these
complexes in comparison to LHs were measured using an exci-
tation wavelength of 390 nm. The emission maxima at 481 nm
(LaLHg), 480 (CeLHs), 479 (GALH,), 484 (YbLHg), and 480 nm
(LuLHg) were found to be slightly red shifted in comparison to
the free ligand at 479 nm. The fluorescence intensity of these
complexes were found to be quenched when the free ligand
coordinates to lanthanide ions. This optical behaviour reveals
the stronger the metal to ligand charge transfer, the weaker
the intensity of fluorescence. It is clearly seen that the diamag-
netic La(m)-complex shows only 4% decrease in fluorescence
intensity in comparison to the 55% in the Yb(m)-complex

(Fig. 7).
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- - -LH,
—— La(lll)LH,
——Ce(lll)LH,
3 —— Gd(ll)LH,g
§ —— Yb(II)LH,
5 Lu(lllLH,
173
o
<
0,0 ; : . ———
300 350 400 450 500
A(nm)
1,0
0,8 A - - -LH,
—— La(lll)LHg
3 Ce(lll)LH,
s 0.6+ —— Gd(Ill)LH,
£ —— Yb(lll)LH,
§ 04 Lu(ll)LH,
E
0,2
0,04

T T T T T T T
450 500 550 600 650 700
AMnm)

Fig. 7 UV-vis and fluorescence spectra of LHg compared with LaLHg,
GdLHg, YbLHg and LuLHg complexes in 50 uM in DMSO (lexc = 390 nm).
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Catalytic studies

The catalytic efficiencies of the series of Ln(m)-complexes and
Y(r)-complex (Cat.) for transformation of furfural (3) to trans-4,5-
dimopholin-2-pentenone (5) were first investigated (Scheme 1).
All complexes were used at 1 mol% catalytic loading. The
reactions were carried out in acetonitrile at room temperature
for 2 h. The results reveal that the mononuclear complexes are
highly efficient in converting furfural to the target products in
high conversion yield as seen from the ratio of 'H signal at
9.67 ppm (aldehyde proton) to the product at 3.29 ppm (trans
proton) (Table 1).

The Dy(III)-Cat. shows the maximum conversion yield in
comparison to others. Thus, the next step was to evaluate the
catalytic properties of the DyLHs complex under different reac-
tion conditions. To this end, the time dependency and cata-
Iytic loading were investigated. The results show that DyLH, at
low catalytic loading is highly efficient in transforming
biomass furfural to the desired trans-4,5-diaminocyclopente-
none adduct in high to quantitative conversion yield (Table 2).

Quantitative yield is achieved after 24 h. However, 98%
can be achieved after 4 h thus, the condition for 4 h reaction
was used for the extension of catalysis scope (Table 3) for the
formation of trans-4,5-diaminocyclopentenone using amine
derivatives.

Cat. = Ln(ll1)- and Y(Ill)-complexes

Scheme 1 Catalysis of Ln(i)- and Y(i)-complexes(Cat.) for transform-
ation of furfural (3). The protons followed using NMR are shown in red.

Table 1 Catalytic study of Ln(n)-LHe under air exposure for 2 h

Catalyst (Yield)*
LaLHg 80
CeLHg 83
PrLH, 90
NdLH, 88
SmLH, 82
EuLHg 81
GdLHg 85
TbLH, 81
DyLH6 95”
HoLH, 90
ErLH, 87
TmLH; 79
YbLH, 89
LuLHg 81
YLH, 87

“The conversion yields were determined by the ratio of "H NMR signal
at 9.67 ppm (aldehyde proton) to the product at 3.29 ppm (trans
proton). ” Highlighting the maximum conversion yield for the Dy(m)-
Cat.

This journal is © The Royal Society of Chemistry 2020
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Table 2 Catalytic study of DyLHg under air exposure

Time (h) 0.5 mol% (Yield %)" 1.0 mol% (Yield)*
0.5 87 91

1 93 95

2 95 96

4 97 98

24 Quantitative Quantitative

“Followed by "H NMR (see ESI Fig. S38 and $S397).

Table 3 Preparation of trans-4,5-diaminocyclopentenone catalysed by
Dy(n)-Cat. under air exposure

o e R
0 Amine (2.2 eq.)/Dy(lll)-Cat. (1 mol%) N R
H
\

MeCN, rt, 4h, 4 A molecular sive

3 5-14

ﬁ“@ O

7 (87%) 8 (92%)

Q) &”Q

6 (99%)

Br,

P Q Q
U ho ho

9a (53%) 10 (90%)

Ho. Ph

0 o

14 (72%)

NI/\/ “CH, NS OCHs
o o ‘
\ \

11 (87%) 12 (93%) 13 (85%)

Primary and secondary amine derivatives and also aromatic
amines were employed in this study. It is clearly seen that the
reaction of furfural with secondary amines gives the trans-
4,5-diaminocyclopentenone product in high yield (5-8). In
addition, when the primary aromatic amine derivatives were
used, a mixture of the open and closed form was observed (9a
and 9b). This can be ascribed to the more stable Stenhouse
intermediate formation in the first step (9b) thus it is less
likely that the cyclopentenone product will form in the cycliza-
tion step. However, protic acid conditions used in the purifi-
cation step (solvents and silica gel), the desired closed form
(9a) product can be obtained. In addition, the reaction of
primary aliphatic amine derivatives with furfural under the
same reaction conditions was investigated. The expected trans-
4,5-diaminocyclopentenone products were not achieved unless
the imine intermediates were obtained in high yield (com-

This journal is © The Royal Society of Chemistry 2020
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pounds 11-14). Nevertheless, this catalytic system can be
employed for the transformation of biomass furfural to trans-
4,5-diaminocyclopentenones in high yield.

This system is attractive because the synthesis of the com-
plexes can be done under mild aerobic conditions in high
yields. Furthermore, the almost quantitative catalysis of fur-
fural to the building blocks for natural products synthesis is
also achieved under mild aerobic conditions. A further attrac-
tive aspect is the fluorescence behaviour of the complexes
which could be used in lanthanide sensing.

Conclusions

The potentially decadentate ligand LHe can accommodate
8-fold and 10-fold coordinate single ion lanthanum to lute-
tium and yttrium complexes. Crystalline products were
obtained in high yield after 7 days under aerobic conditions.
Moreover, the powder product can be directly obtained in
higher yield after vigorously stirring for 2 h. The optical behav-
iour of these complexes, for instance the metal to ligand
charge transfer process, was reflected by the increase in
absorption intensity at 280 nm and 321 nm from UV-vis and
the decrease in fluorescence intensities in comparison to the
free ligand, making this a candidate for metal fluorescence
sensors. The catalytic study reveals high efficiency and the
amount of catalysts can be reduced to 0.5 mol% loading
without loss of activity. Furthermore, the efficient 4 h reaction
time could be applied to a range of amines with over 90%
yield. This is thus a promising catalytic system for transform-
ing furfural which also shows fluorescence properties.
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