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Abstract

Copper(1l) complexes formed with sulfonated salan ligands (HSS) have been synthesized and
their coordination chemistry has been characterized using pH-potentiometry and spectroscopic
methods (UV-Vis, EPR, EDNMR) in aqueous solution. Several bridging moieties between the
two salicylamine functions were introduced e.g., ethyl (HSS), propyl (PrHSS), butyl (BuHSS),
cyclohexyl (cis-CyHSS, trans-CyHSS) and diphenyl (dPhHSS). All the investigated ligands
feature excellent copper(ll) binding ability via the formation of (O7,N,N,O") chelate system.
The results indicated that the cyclohexyl moiety significantly enhances the stability of the
copper(I1) complexes. EPR studies revealed that the arrangement of the coordinated donor
atoms is more symmetrical around the copper(ll) center and similar for HSS, BUHSS, CyHSS
and dPhHSS, respectively, and higher rhombicity of the g tensor was detected for PrHSS. The
copper(I1) complexes of the sulfosalan ligands were isolated in solid form, too, and showed
moderate catalytic activity in the Henry (nitroaldol) reaction of aldehydes and nitromethane.
The best yield for nitroaldol production was obtained for copper(ll) complexes of PrHSS and
BuHSS, although their metal binding ability is moderate compared to the cyclohexyl
counterparts. However, these complexes possess larger spin density on the nitrogen nuclei than

for the other cases, that alter their catalytic activity.



INTRODUCTION

Salen (1,2-bis(salicylaldiminato)ethane) is probably one of the most widely studied ligands in
coordination chemistry. Since it contains a potential O,N,N,O donor atom set for tetradentate
coordination, this ligand has been used mainly for complexation of hard metal ions such as
Ni(I1), Co(l1/111) and Fe(11/111), although complexes with many other metal ions are also known.
Metal-salen complexes also play a significant role in homogeneous catalysis.! With the recent
upsurge of aqueous organometallic catalysis, there is a growing need to apply metal-salen
complexes in aqueous systems, however, this is often hindered by the insolubility of such
complexes in water. A possible solution to this problem is the attachment of ionic or highly
polar substituents (such as sulfonate, carboxylate, ammonium, phosphonium, or oligoether
groups) to the salen ligands.?® Even then, the hydrolytic instability of the imine-type ligands
still remains a major obstacle in their use in aqueous media. It has been unequivocally
demonstrated, that extended use in aqueous reaction mixtures leads to the hydrolytic
decomposition of metal-salen complexes.?* Elimination of the C=N moiety in salen-derivatives
by catalytic hydrogenation yields secondary amines which are stable to hydrolysis but still
remain good complexing agents. These ligands, called salans (Scheme 1), have already served
as catalysts for homogeneous transformations, and their use in aqueous reaction systems can be
facilitated by appending to them ionic or polar substituents. An example is the use of
hydrogenated sulfonated salens (i.e. sulfosalans, or HSS-type ligands) which are highly soluble

in water while showing pronounced stability against hydrolytic decomposition.



@

salen salan
NH,* *H,N NH,* *H,N
OH HO:OfS O3 O3S*<:§:OH HO:©780

HSS cis-CyHSS

NH,* +H N NH,* "H;N

PrHSS trans-CyHSS

NH,* +H2N NH,* *HoN
OH Ho:z:>—so3 "0, OH HO SOy

BuHSS dPhHSS

0,8

¢

“0,8

@

0,8

@

Scheme 1. General formulae of salen and salan type ligands and the structure of the

sulfonated salans used in this study (Hal).

Several studies have been published in the literature on the complex formation, biological and
catalytic activities of certain salan complexes with metal ions such as Ti °,V 2,Cr 8, Fe’, and the
state-of-the-art was expertly reviewed in 2019.% Variation of the linker group between the
secondary nitrogen atoms in the salan molecules may give a possibility to fine-tune the
electronic properties of the complexed metal ion and also the steric characteristics of the metal

complex with obvious consequences on physical (e.g. spectroscopic) and chemical (e.g.



catalytic) behaviour of the molecule. With that aim in mind, a few studies of salan complexes
included also the variation of the bridging unit.>'>* Among the metal ions not previously
reviewed, 8 Cu(ll) is particularly useful for investigation of the formation, electronic and steric
properties of its salan complexes, since — in addition to the usual spectroscopic methods (UV-
vis, NMR, MS) —such complexes can also be probed by electron paramagnetic resonance (EPR)
spectroscopy and its related hyperfine techniques, a sensitive tool to study paramagnetic
systems.

In our laboratories, we have prepared a series of sulfosalans with various bridging units between
the secondary nitrogen atoms.*%1212 Complex formation equilibria of some of these ligands
were studied with Pd(I1) ®* and Ni(Il) ® , however, most of our investigations were directed
towards the catalytic properties of Pd(lI1)-salan complexes in C—C cross-coupling reactions in
aqueous reaction mixtures.’%*213 |t was assumed that knowledge of the distribution of the
various complex species as a function of the pH could help in finding the optimal reaction
conditions and might be instructive for the use of similar complexes of earth-abundant (instead
of precious) metals in homogeneous catalysis. Indeed, we succeeded in developing the first
process of hydrogenation and redox isomerization of allylic alcohols catalyzed by a Ni(ll)-
complex with an HSS-type ligand.® In another study, Pd(ll)-complexes formed with an
extensive series of sulfosalan ligands with various bridging units were applied for the Suzuki-
Miyaura cross-coupling reaction of aryl halides with aryl boronic acid derivatives.%?
Encouraged by the mentioned results of parallel coordination chemistry studies and catalytic
investigations, we decided a closer investigation of the effect of the various linkers in the water-
soluble sulfosalans on complex formation. A detailed EPR study has already been reported for
chiral copper(ll)-salen complexes®®, however, copper(l)-sulfosalan complexes have not been
investigated before by use of simultaneous equilibrium and EPR techniques. Below, we report

the equilibrium and structural study of Cu(l1)-complexes with several HSS-type ligands, shown



in Scheme 1. Furthermore, the catalytic activity of these complexes was also studied in aqueous
media in the Henry or nitroaldol reaction of aldehydes and nitroalkanes, a synthetically
16 17 18 19 20

important C-C bond forming process.

EXPERIMENTAL SECTION

Materials and methods. The CuCl, stock solution was prepared from the highest available
grade and its concentration was checked gravimetrically and ICP method. The concentration of
the sulfosalan ligands were checked by pH-potentiometry. For solution equilibrium and
spectroscopic studies, doubly deionized and ultrafiltered (ELGA Purelab Classic system) water
was used.

Synthesis of HSS-type ligands. The synthesis of the ligands was performed according to the
methods established in the literature. HSS and BUHSS were prepared as described in Ref.!* and
cis-CyHSS, trans-CyHSS and dPhHSS were obtained as described earlier.° The synthesis of
PrHSS was carried out analogously to the preparation of HSS; details were reported in our
previous paper. ° All ligands were identified on the basis of their *H and **C NMR spectra and
they were excellent agreement with those reported earlier.° The purity of the ligands was also
checked by pH-potentiometric titrations.

Synthesis and isolation of the Cu(ll)-sulfosalan complexes. General procedure. 43.6 mg (0.24
mmol) of Cu(ll)-acetate, Cu(OAc). and 0.24 mmol of the appropriate sulfosalan ligand (L) were
dissolved in water (4 mL). The pH was adjusted to 7.0 — 8.5 with concentrated NaOH, and the
reaction mixture was stirred at 60 °C for 14 h. Then the solution was cooled to room temperature
in ice water and the Na2[Cu(L)] product was precipitated by addition of 30 mL ice-cold ethanol.
The solid was filtered, washed with absolute ethanol, and dried under vacuum. The products were
characterized by UV-visible and FTIR spectroscopies and by HR ESI-MS method. For details of
the synthesis of Na[Cu(HSS)] (1), Naz[Cu(PrHSS)] (2), Naz[Cu(BuHSS)] (3) Naz[Cu(cis-
CyHSS)] (4), Nao[Cu(trans-CyHSS)] (5), and Na[Cu(dPhHSS)] (6) and for the respective

spectroscopic data see Supporting Information.



pH-potentiometry. The protonation constants (pKa) of the sulfosalan ligands and the overall
stability constants (logfpqr) of the copper(11) complexes were determined by pH-potentiometric
titration method using a carbonate free KOH solution (ca. 0.5 M). The carbonate contamination
was determined using the appropriate Gran functions.?! 10 mL aliquots of the ligands (ca. 4
mM) were titrated, the ionic strength of the samples was adjusted to 0.2 M KCI and the
equilibrium measurements were carried out at 298 K. The samples were stirred using a magnetic
stirrer. During the titrations, the headspace and the sample were purged with argon in order to
ensure the absence of oxygen and carbon-dioxide. The pH measurements were made using a
computer-controlled Metrohnm 785 DMP Titrino automatic titrator and the instrument was
equipped with a Metrohm 6.0262.100 combination glass electrode. The pH reading was
converted to hydrogen ion concentration as described by Irving et al.??> The protonation
constants (pKa) of the ligands and the overall stability constants of the metal complexes, Spqr =
[CupLgH)/[CU]P[L][H]", were calculated by using the dedicated computational programs,
SUPERQUAD 2 and PSEQUAD.?* The distribution curves of the complexes formed between
copper(l1) and the ligands were calculated by the use of computational program, MEDUSA.%
UV-Vis, CD and FTIR spectroscopic methods. UV-visible spectra of the copper(ll)
complexes were recorded with an Agilent Technologies Cary 60 UV-VIS xenon pulse lamp
spectrophotometer in the 250 — 800 nm wavelength range using the same concentration range
as in the pH-potentiometric titrations. The circular dichroism spectra were registered with a
Jasco J-810 spectropolarimeter using 1 mm and/or 1 cm cells in the 250 — 800 nm wavelength
range. Individual samples were prepared for UV-vis and CD experiments. Infrared spectra were
recorded on a Perkin Elmer Spectrum Two FT-IR Spectrometer in ATR mode.

CW-EPR measurements and simulation of the spectra. All CW-EPR spectra were recorded
with a BRUKER EleXsys E500 spectrometer (microwave frequency 9.45 GHz, microwave

power 13 mW, modulation amplitude 5 G, modulation frequency 100 kHz). Anisotropic EPR



spectra were recorded for aqueous solutions containing 5 mM copper(Il)chloride and 5 mM
sulfosalan ligands. NaOH solution was added to the stock solution to adjust the pH of the
samples. An 0.1 mL aliquot of sample solution was introduced into a quartz EPR tubes then
0.025 mL MeOH was added to avoid water crystallization upon freezing. Frozen solution EPR
spectra were measured in a Dewar container filled with liquid nitrogen at 77 K. The measured
spectra were corrected by the baseline spectrum measured in the same way and simulated using
a designated EPR program. % To describe the isotropic spectra the parameters go, Ao““ copper
hyperfine (¢3%5Cu, 1= 3/2) couplings were fitted and two equivalent agM nitrogen (**N, | = 1)
superhyperfine couplings have been taken into account with the parameters determined by
EDNMR measurements. The relaxation parameters, «, £, and y defined the linewidths through
the equation omi=a+f Mi+yM?, where M, denotes the magnetic quantum number of the
paramagnetic metal ions. For trans-CyHSS and dPhHSS spectra, the four lines were fitted with
separate linewidth values (w1- ws).

The anisotropic EPR spectra, recorded at 77 K, were also analyzed with the EPR program.
Rhombic g-tensor (gx, gy, 9z,) and rhombic copper hyperfine tensor (AY, A%, A,%Y) were fitted
to simulate the spectra. Rhombic nitrogen hyperfine tensor (axN,a,N,a;,N ) obtained by EDNMR
was used in the simulation without fitting these parameters. For the description of the linewidth,
the orientation dependent «,  and y parameters were used to set up each component spectra.
In order to check the correctness of the evaluation, the solution spectra have been described
also by using the anisotropic EPR values and fitting the rotational correlation times. Since a
natural copper(ll)chloride was used for the measurements, both the isotropic and anisotropic
spectra were calculated as the sum of the spectra of 3Cu and ®Cu weighted by their natural
abundances. The hyperfine and superhyperfine coupling constants and the relaxation

parameters were obtained in field units (Gauss = 10 T).



Pulsed-EPR measurements. ESE-detected EPR and ELDOR (Electron electron double
resonance)-detected NMR (EDNMR) measurements 2’ 28 were carried out with a W-band (95
GHz) Bruker ELEXSYS E680 spectrometer in conjunction with a split-coil Oxford 6T
superconducting magnet equipped with an Oxford flow cryostat and a Bruker cylindrical cavity
at 6 K. For the EDNMR measurements, the pulse sequence was HTAmw2— T — 1/2mw1— T — TTmw1
— 1 — echo sequence, with the length of the high-turning angle (HTA) pulse 20 ps, tr2 = 200 ns,
and t. = 400 ns. Delay times of T = 4.4 us and t = 848 ns were applied. Spectra were recorded
at 56 different observer positions, with 20—45 scans for each spectrum depending on the echo
intensity. The samples were prepared in water using 0.83 mM complex concentration and
glycerol was used to avoid water crystallization. NaOH was added to the samples by adjusting
the pH (around pH 8.0).

The EDNMR and ESE-detected EPR spectra were simulated using the EasySpin open-source
MATLAB toolbox (version 5.2.28). ?°

Mass spectrometry and NMR spectroscopy. ESI-TOF-MS measurements were made with a
Bruker maXis Il MicroTOF-Q type Qg-TOF-MS instrument (Bruker Daltonik, Bremen,
Germany) both in negative and positive modes. The instrument was equipped with an
electrospray ion source where the spray voltage was 4 kV. N2 was utilized as a drying gas and
the drying temperature was 200 °C. The spectra were accumulated and recorded using a
digitalizer at a sampling rate of 2 GHz. The mass spectra were calibrated externally using the
exact masses of sodium formate clusters. The spectra were evaluated using DataAnalysis 4.4
software from Bruker.

360 MHz 'H NMR spectra were recorded on a Bruker Avance DRX spectrometer at 298 K.
The chemical shifts were referenced to sodium trimethylsilylpropanesulfonate (DSS) dissolved

in the sample and DO was used as a solvent.



Single crystal X-Ray diffraction (SC-XRD) measurements. Diffraction measurements of
K2[Cu(PrHSS)]x3H,O were made on a Bruker D8 VENTURE Dual source X-ray
Diffractometer with Mo Ka (A = 0.71073 A) radiation. The structure was solved and refined
with the use of SHELX program sets %! managed by the OLEX?. 32 Data were analysed by
PLATON 2, graphics were prepared with the Mercury 34 and OLEX? software.

The crystallographic data (including structure factors) were deposited in the Cambridge
Crystallographic Data Centre (CCDC) with No 2071125.

Catalytic Henry reactions - Typical procedure.

In a Schlenk tube, 0.025 mmol Cu(ll)-sulfosalan catalyst was dissolved in 2 mL solvent (water
or a 1/1 (v/v) water/methanol mixture) followed by addition of 135 pL (2.5 mmol) nitromethane
and 51 pL (0.5 mmol) benzaldehyde. The reaction mixtures were magnetically stirred at 75 °C
in air. After the desired reaction time, the mixture was cooled in ice water and extracted with 2
mL dichloromethane. The phases were separated, the organic phase was dried by passing
through a short Na2SO4 plug and evaporated to dryness on a rotary evaporator. The residue was
taken up in CDCls and subjected to *H NMR measurement. Conversions were determined by
the integration of the formyl proton (H(C=0)) and alcoholic OH (C-OH) proton signals in
benzaldehyde and in the nitroaldol product, respectively.

For catalysis of the Henry reaction with in situ prepared complexes, 0.24 mmol of the appropriate
sulfosalan and 43.60 mg (0.24 mmol) of Cu(OAc). were dissolved in water (4 mL). The pH was
adjusted to 7.0 — 8.5 with 1 M NaOH, and the solution was stirred at 60 °C for 2 h. Aliquots of
such stock solutions were used to catalyse the Henry coupling reaction. ESI-MS spectra of these
stock solutions were identical to those prepared by dissolution of isolated complexes.

RESULTS AND DISCUSSION

Equilibrium and structural studies in solution

Acid-base equilibria
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Deprotonation constants of HSS, PrHSS and BUHSS have already been published earlier and
the different sets of data show excellent agreement. 2° Moreover, the thorough analysis of the
deprotonation microprocesses was also published for these ligands.® The acid dissociation
constants of the ligands were determined by fitting the pH-potentiometric data and are collected
in Table 1.

Table 1. Stepwise deprotonation constants (pKa) of the ligands 2

(1=0.2 M KCI, T = 298 K)
HSSP PrHSS® BuHSS® cis-CyHSS trans-CyHSS dPhHSS

HiL  6.00 6.93 6.94 4.32(5) 4.45(4)  6.13(6)
HiL  7.44 7.82 7.81 7.71(4) 7.65(4)  6.68(7)
H.L 875 957  10.08 9.10(4) 9.13(4)  9.33(6)
HL 1064 1128 1147  11.42(2) 11.37(2)  9.86(6)
SHIL 3283 3560  36.30 32.55 3260  32.00

430 standard deviations are in parentheses. ® Data are taken from Ref. °

In accordance with the structure of the ligands, the sulfonic acid groups, the two phenolic—-OH
groups and the secondary ammonium functions are involved in acid-base processes. From these
groups, the deprotonation of sulfonic acid groups occurs below pH < 1.5, thus it falls out from
the potentiometrically measurable pH-range. Consequently, HisL denotes the ligands where the
two phenolic—-OH groups and the secondary ammonium functions are protonated.

It was found that the acidity of the secondary ammonium group significantly enhances for the
cyclohexyl-bridged ligands, (cis-CyHSS and trans-CyHSS). This is most probably due to the
electron-donating effect of the cyclohexyl moiety. The formation of intramolecular hydrogen
bond between the secondary amine group and protonated phenolic hydroxyl group is more
pronounced in these systems than for HSS, PrHSS, BUHSS and dPhHSS, respectively (see
Table 1., H4L). Consequently, the first deprotonation step is separated from the subsequent
deprotonation processes. Such behavior has already been published for sulfosalan ligands
containing tertiary amine moiety.>® Upon increasing the pH, the further deprotonation steps
significantly overlap. On the basis of earlier literature data, it is reasonable to assume that the

subsequent process is mainly associated to the deprotonation of the second hydroxyl group,
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while the highest pKa value is assigned to the deprotonation of secondary ammonium group.
These deprotonation microprocesses are illustrated in Scheme S1.

In addition, the acid-base properties of the two cyclohexane isomers are the same, therefore the
relative positions of the amine groups do not have significant effect on this feature. Moreover,
X-Ray diffraction studies were reported on these ligands. It was shown that the two cyclohexyl

rings precisely overlap and only the position of the aromatic rings is different in solid phase. °
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Copper(I1) complexes

Equilibrium studies. The complex formation processes between copper(ll) and the ligands
were studied by the pH-potentiometric method and the stability constants of the corresponding
complexes are reported in Table 2. The representative concentration distribution curves of the
species formed in the Cu(I1)/HSS and Cu(ll)/trans-CyHSS are shown in Figure 1 while similar
distributions for the systems examined are reported in the Supporting Information (Figure S1-
S4).

Table 2. Stability constants of the complexes formed between copper(ll) and the

sulfosalan ligands. (1 =0.2 M KCI, T = 298 K)
HSS PrHSS BuHSS cis-CyHSS trans-CyHSS dPhHSS

[CULH]” 24.25(1) 24.82(1) 22.04(1)  26.25(1) 26.70(1)
[CuL]> 20.34(1) 18.98(1) 15.70(1)  21.96(5) 22.65(2) 17.75(6)
pCu 8.43 5.74 3.67 8.76 9.51 6.42
pKSuLH 3.01 5.84 6.34 4.29 4.05

230 standard deviations are in parentheses.
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Figure 1. Distribution of the complexes formed in the Cu(ll)/HSS (left) and Cu(ll)/trans-
CyHSS (right) 1/1 systems and the Amax values at the d-d band (m) obtained by UV-vis
spectroscopy as a function of pH (1 =0.2 M KCI, T =298 K). c. =2 mM
The equilibrium model used for the fitting of the pH-potentiometric data was confirmed by pH-
dependent UV-vis titration. A comparison of the Amax values of the d—d transition (vide infra)

with the species distribution curves calculated on the basis of the stability obtained by pH-

potentiometric titrations confirms that the equilibrium model applied for the refinement of the

13



data set is correct. The equilibrium is described by considering the formation of [CuL]?>" and
monoprotonated [CuLH] ™ species for all systems except that of dPhHSS.

In the slightly acidic pH-range, the complex formation reactions start with the [CuLH]
complexes. In these complexes, the coordination sphere of the copper(ll) is accommodated by
the (O,N,N) donor set. The metal center possesses a (6,5) membered chelate system with HSS,
cis-CyHSS, trans-CyHSS and dPhHSS, while (6,6) and (6,7) membered chelate systems form
with PrHSS and BUHSS, respectively. It is noteworthy to mention that although the secondary
amine groups are the most basic sites in the ligands, the formation of (O",N,O") mode is
unlikely. Such coordination mode hinders the formation of linked chelate system which is not
favorable with respect to thermodynamic point.

Upon increasing the pH, the next process provides the formation of (O~,N,N,0") coordinated
complex ([CuL]?). The stepwise deprotonation constants for the formation of [CuL]* (pKS¥H
in Table 2) are the highest for PrHSS and BuHSS. This feature can readily be explained by
considering the fact that the increasing size of the bridging unit between the two salicylamine
moieties in PrHSS and BuHSS shifts the deprotonation and coordination of the phenolic-OH
group into the less acidic pH range. In addition, the stability constants of the corresponding
copper(I1) complexes exhibit decreasing tendency by increasing the bridging unit which is due
to the size of the linked chelate system ((6,5,6) for HSS vs. (6,7,6) for BUHSS). Although
dPhHSS forms a (6,5,6) linked chelate system with copper(l1), its stability is significantly lower
than that of HSS. This is most probably due to the presence of two aromatic moieties which
results in repulsive forces between the neighboring aromatic systems.

The overall basicity of the investigated ligands differs (see Table 1), therefore the direct
comparison of the stability constants does not provide essential information on the metal-
binding ability of the sulfosalan ligands. In order to get reliable information on this feature,

conditional stability constants and theoretical distribution curves were calculated. On the basis
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of the calculated pCu values (pCu = —log [Cu?*Jsree Of the complexes at pH 7.4 using 10 uM
Cu(Il) and ligand concentrations), the investigated ligands exhibit a trend of copper(Il) ion
affinity which is as follows: trans-CyHSS > cis-CyHSS > HSS > dPhHSS > PrHSS > BuHSS.
The distribution curves of the multicomponent system containing copper(ll) and all of the
investigated ligands in equimolar solution (Figure 2) unambiguously proves that the most
effective copper chelators are the trans-CyHSS and cis-CyHSS ligands. HSS and BUHSS also
contribute to the metal binding, however, this feature is negligible for PrHSS and dPhHSS. It
is an interesting issue why the trans-CyHSS forms the most stable complexes and the copper(I1)
complexes of cis-HSS possess lower stability. Most probably, the trans positions of the amine
groups are more favorable to accommodate the metal ion than that of cis position or the
formation of conformation isomers can also be envisioned. In order to confirm this

presumption, further spectroscopic measurements were carried out.

0.8 T T T T T T T T T T T T T T

trans-CyHSS complexes

0.6

0.4

cis-CyHSS complexes .

Molar fraction of Cu(ll)

Figure 2. Theoretical distribution curves between copper(ll) and all of
the investigated ligands at equimolar solution as a function of pH.
Copper(Il) complexes of PrHSS and dPhHSS are not shown due to
their negligible contribution to the metal binding. ccuay = 2 MM
Mass spectrometry and electronic absorption spectroscopy. First, the MS spectra of the

copper(ll) complexes were registered at pH ~ 8, where the [CuL]?>~ complexes are the unique
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species in all systems examined in this work. In all cases, the corresponding [CuL]> complexes
were observed, and the MS spectra do not exhibit any indication for the formation of dimeric
or bis-ligand species and the major peaks are attributed to the mononuclear copper complexes
and to the ligands (Figure S5-S10). The observed and calculated isotope patterns were in good
agreement confirming the existence of the postulated species (Table S1). Noticeably, the
negative ion mode used in these experiments leads to the formation of Cu(l)-sulfosalan
complexes. Such outer sphere reduction mechanism has already been observed for several
copper(Il) complexes in gas phase under MS conditions, which happens in the electrospray
source, when a high electric field is applied between the capillary and the counter electrode. 3
Since the non-spherical symmetry and the Jahn-Teller effect of the d ® ground state of copper(11)
can contribute to the stereochemistry of copper(ll) complexes, the determination of the
geometry is not a trivial task.%” However, the thorough analysis of the electronic absorption
spectra offers the possibility to study the geometry of the complexes formed in agueous
solution.®®

The electronic absorption spectra of the copper(ll)/sulfosalan ligands were registered as a
function of pH. As a representative example, the pH-dependent UV-vis spectra of the

copper(Il)/trans-CyHSS system are reported in Figure 3.

1.5

1.0
<
0.5
O-O T T T T T
300 400 500 600 700 800 900
A(nm)

Figure 3. pH dependent UV-vis spectra for the
Cu(Ih/trans-CyHSS 1/1 system as a function of pH.
cL=2mM.
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The UV-vis spectra of the investigated systems feature two significant absorptions that can be
assigned as the d — d transition (around 600 nm, between 100 — 550 M~*cm™) and the copper(l1)

— phenolate metal to ligand charge transfer band (around 390 nm, between 1000 — 2000 M~tcm
1,

The Amax vValues with their corresponding molar absorptivity are reported in Table S2 and the set
of data are in good agreement with those obtained for similar systems. It is clear from Table
S2, that the Amax values of the d — d transition are within the range of non-centrosymmetric
square-planar copper complexes with a (O~,N,N,O") donor set and are similar to those reported
for similar complexes.*3 Although, the copper(Il)ion is accommodated by the (O~,N,N,0")
donors in all cases, the Amax values as well as the molar absorptivity values of the investigated
complexes slightly differ. This is due to the distortion of the geometry around the metal center
and symmetry considerations; if the distortion is small, the absorption becomes sharper and
more intense, while its maximum shifts to higher energy values.”> The same situation is
expected for the copper(ll) complex of trans-CyHSS, hence the distortion is small resulting in
a decrease in the Amax value. On the contrary, a rhombic distortion excludes higher absorption
maxima for PrHSS.

It is important to note, that the ligands (trans-CyHSS and cis-CyHSS) and their copper(1l)
complexes contain stereocenters, thus their copper(ll) complexes may exhibit optical activity.
In an attempt, the circular dichroism spectra of these complexes were registered. Unfortunately,
no optical activity was observed by use of CD spectroscopy (data not shown), indicating that
the complexation with copper(Il) yielded racemic mixtures.

X-band CW-EPR and W-band pulsed EPR studies. Solution X-band CW-EPR spectra
recorded in equimolar metal and ligand concentration at room temperature, have been simulated
by the designated EPR program. 2 The best spectral fit is shown in Figure 4 and the isotropic

EPR parameters are collected in Table 3 (the linewidth parameters are reported in Table S3).
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Table 3. EPR parameters obtained for the copper(l1)-sulfosalan ligands in aqueous solution.

Complex Isotropic EPR Anisotropic EPR Isotropic EPR
parameters? parametersP® param.°
Ao ACY AU ALY gi/A;
& /%104 cmt P G 8 /x10%cm™ [/ x10*%cm?t Gocae

[Cu(HSS)]* 2.109 80 2.041, 2.055, 35,15,186 122 2.112
2.240

[Cu(PrHSS)]> 2114 72 2.044, 2.065, 25,28,176 128 2.118
2.246

[Cu(BuHSS)]>  2.110 78 2.040,2.055,  36,25,185 121 2.108
2.240

[Cu(cis- 2.107 79 2.035, 2.053, 31,25,185 120 2.107

CyHSS)]> 2.237

[Cu(trans- 2.089 68 2.037, 2.051, 30,23,186 120 2.107

CyHSS)]> 2.233

[Cu(dPhHSS)]>  2.087 62 2.038,2.050, 36,15,187 121 2.106
2.230

74d 2.038, 2.057, 36.4, 10.6, 118 2.110
2.235 189.3

g 2.057,2.033, 26.4,185 118 2.109
2.237 189.9

9d 2.037,2.055, 283,225 121 2.110
2.239 184.9

109 2.038, 2.056, 36.1,7.8,184.9 121 2111
2.238

2 The experimental error were = 0.001 for go and = 1.0 cm™ for Ao. ® Recorded in 80 %
H20/MeOH solvent mixture. The experimental error were + 0.002 for gx,gy and £+ 0.001 for g,
+ 2x10% cm ™t for Ax and Ay and £1x10* cm? for A,. ¢ Calculated by the equation gocaic =
(0x+0gy+02)/3 on the basis of anisotropic values. ¢ Data are taken from Ref. * Structures of the
copper(I1) complexes are shown in the Supporting Information, Scheme S2. 7: Cu''[salan-(R,R-
cyclohexane)]; 8: Cu''[methoxivanilin-(R,R-cyclohexane)]; 9: Cu''[methoxivanilin-(S,S-
diphenylethane-1,2-diamine)]; 10: Cu''[3,5-di-tercbuthylsalan-(S,S-cyclohexane)].

The spectra were fitted with isotropic go and Ao parameters taking into account two equivalent

nitrogen atoms (ao™) with parameters obtained by EDNMR results (vide infra). In general, the

obtained spin-Hamiltonian parameters are in good agreement with those reported for similar
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copper(11) complexes.®>4142 Moreover, the relationship between the g-tensors reported in Table
3 (9z > gx,0y > 2.0) indicates the presence of dx2.y2 ground state of copper in a square-planar or
square-pyramidal coordination environment where most likely the axial position is
accommodated by the solvent molecule.*?

The spectra and the simulated EPR parameters show high similarity for the Cu(ll) complexes
of HSS and BuUuHSS; however, the data for the copper(ll) complex of PrHSS differ
significantly. The higher go and lower Ao values reflect lower ligand field around the copper(11)
center in case of the PrHSS complex compared to those formed with HSS or BUHSS. These
results are coherent with the Amax values obtained by UV-vis spectroscopy and confirm the

distortion of the geometry for copper(Il) complex of PrHSS.

(@) ' ()

(b)

(c)

e ST TSy P

Magnetic field (mT) Magnetic field (mT)

Figure 4. Experimental (black) and simulated (red) X-band CW-EPR spectra of the CuL
complexes formed in the copper(ll)-sulfosalan systems at 298 K in solution, for ligands (a)
HSS, (b) PrHSS, (c) BuHSS (d) dPhHSS (e) trans-CyHSS (f) cis-CyHSS.
The line broadening detected in the solution spectra of the Cu(ll) complex of dPhHSS is most
probably due to the rotational inhibition induced by the large substituents. This was also

confirmed by fitting the rotation correlation times on the basis of anisotropic EPR parameters,

Figure S11. The rotation correlation time for Cu(ll)/dPhHSS is approximately one order of
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magnitude higher than those obtained for other complexes examined. Noticeably, the rotation
correlation time for Cu(ll)/trans-CyHSS is higher than that of cis counterpart. Based on the
similar size of the ligands this is unlikely, instead, the possibility arises that the line broadening
can originate from the coexisting of structural isomers for the trans-CyHSS complexes in
solution at room temperature. In order to investigate the coordination geometry more in detail,
anisotropic EPR spectra have been measured in frozen solution at pH = 7.0. The anisotropic
spectra were simulated with rhombic g- and copper hyperfine A-tensor parameters (Table 3).
Since the perpendicular part of the EPR spectra of the copper(Il) complexes (3200 — 3350 G in
Figure 5) does not allow the accurate determination of the rhombic nitrogen superhyperfine
coupling values, these have been determined by W-band EDNMR experiments and were kept
constants during the fitting and simulation of X-band EPR spectra (Table 4). In comparing the
obtained values PrHSS also exhibited a lower copper hyperfine A; value (176.1 x 104 cm™).
Higher values were found for HSS and BuHSS (186.2 and 184.8 x 10* cm™2, respectively).
Beside the lower A; value, the anisotropy of the g-tensor is higher for the copper(ll) complex
of PrHSS, as gx and gy differ considerably (2.044 and 2.065), while they are less anisotropic
for the Cu(Il) complex of HSS (2.041 and 2.055) and BUHSS (2.040 and 2.055). According to
these values, it is reasonable to assume that the arrangement of the coordinated donor atoms is
more symmetrical and similar in HSS and BuHSS and higher rhombicity was detected for

PrHssS.
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Figure 5. Frozen solution X-band CW-EPR spectra (black) of the CuL complexes formed in
the copper(Il)-sulfosalan systems at 77 K. (a) HSS, (b) PrHSS (c) BUHSS (d) dPhHSS in
67% DMSO/H20, (e) trans-CyHSS in 80% H,O/MeOH and (f) cis-CyHSS in 80%
H>O/MeOH. Simulated EPR spectra (red) calculated from the spin-Hamiltonian parameters
(reported in Table 3) obtained by the fitting of the spectra.
The introduction of electron donating substituents on the sulfosalan backbone results in slight
changes in the EPR parameters. Somewhat lower go and g, values can be due to the effect of
the electron donation in cis-CyHSS, trans-CyHSS and dPhHSS. According to the method
established by Peisach-Blumberg*“° the g./A, ratio gives a rough measure for the tetragonal
distortion, although it must be noted that the g, and A; values are also influenced by the
coordination number, the nature of the ligands and the dielectric constant of the solvent (Table
3). All g./A; values of the complexes under study fall in the range between 120 — 130 in
agreement with square-planar or square pyramidal (with axial coordination of solvent molecule)
geometries of the copper(1l) complexes. Comparison with the values reported for Cu(ll) salen

complexes in non-coordinating solvents with and without addition of an amine ligand,® the

values indicate solvent ligation (vide infra). Figure 6(a) shows the plot of g, as a function of
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Jmax Which are correlated and shows a decrease in the ligand field in the order: dPhHSS > cis-
CyHSS > BUHSS ~ HSS > PrHSS. The trans-CyHSS gave an outlier value, according to Amax
it shows the highest ligand field though the g, value was found similar to cis-CyHSS. As the
Amax Was measured at room temperature and g; in frozen solution we believe that the copper(Il)
complex of trans-CyHSS has structural isomers appearing in solution. This would also explain

the much wider solution EPR spectrum of the trans form in comparing to the cis isomers.

(a) 225 : : : : (b) T
PrHSS HSS
2.2451 ®
BuHSS
[ ]
2.240
N e HSS
o))
2.2351 trans-CyHSS ® cis-CyHSS
2.230+ edPhHSS
2.225 . . . . , . . . . . : :
595 600 605 610 615 620 2950 3000 3050 3100 3150 3200 3250 3300
A (nm) Magnetic field (mT)

Figure 6. (a) Representation of g, values of the CuL complexes as a function of Amax values.
(b) Comparison of the W-band ESE-detected EPR spectra recorded at 6 K for complexes
[Cu(HSS)]? and [Cu(PrHSS)]*. The spectra are shown normalized to highlight the strong
difference in g-tensor anisotropy between the two complexes.

In order to compare the spin-Hamiltonian parameters of the complexes in more details, W-band
ESE-detected EPR (Figure 6b, FigureS12) and EDNMR spectra have been recorded (Figure 7,
S12-S16). EDNMR is a pulsed EPR technique based on the use of pulses with different
microwave frequencies which allows to detect the nuclear transitions and thus unravel the
hyperfine and nuclear quadrupole interactions of the magnetic nuclei interacting with the
unpaired electron.?® The position of the peaks detected in these spectra of the Cu(ll) complexes
reflects the N and copper hyperfine and nuclear quadrupole couplings. Experiments were
conducted at specific magnetic field positions shown together with the high-field ESE-detected

EPR spectra in Figure S12. Figure 7 shows the part of the EDNMR spectra (after baseline

correction) reflecting the N nuclear transitions within the Ms = —1/2 manifold, together with
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the simulations done with the parameters reported in Table 4. The hyperfine couplings are found
to be strong, i.e. the signals are centered around NA/2 and split over twice the **N Larmor
frequency, with the nuclear quadrupole coupling leading to further broadening of the lines. In
Figure 7, only the high-frequency branch is shown. The corresponding **N nuclear frequencies
of the Ms = 1/2 manifold are partially covered by the central Lorentzian hole of the EDNMR
spectra as well as contributions of the ®3%Cu hyperfine lines (at observer positions
corresponding with gx and gy, see exemplary spectrum Figure S15). The assignment of the lines
in Figure 7 to N could be done based on a number of spectra in which both branches were
clearly resolved (see example in Figure S16). The higher g-tensor anisotropy detected in the
CW X-band EPR spectra is reflected in the broader and asymmetric high-field peak of the W-
band ESE detected EPR spectrum of [Cu(PrHSS)]*> corresponding with the gx and gy

parameters (Figure 6b, Table S4).
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Figure 7. Experimental (black) and simulated (red) W-band *N EDNMR spectra recorded at
6 K for 80% water/glycerol solutions of the complexes (a) [Cu(HSS)]?> (b) [Cu(PrHSS)]* (c)
[Cu(BuHSS)]? and (d) [Cu(cis-CyHSS)]* recorded at different magnetic-field settings. Only
the features of the high-frequency branch of the *N nuclear transitions (Ms=-1/2 manifold) are
shown. A detailed explanation is given in the main text. The simulations are done using the

values reported in Table 4.
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Table 4. Nitrogen hyperfine and quadrupole values (in MHz) used in the simulation of the W-
band EDNMR shown in Figure 7.

Complex NG A A A O Qy Q: Mg, = 2 A
3
[Cu(HSS)]* N1¥ 320 300 255 -1.20 0.73 047 29.2
N2® 31.0 26.0 255 -1.20 073  0.47 27.5
[Cu(PrHSS)* N19 36.0 270 280 -1.0 060  0.40 30.3
N2 36.0 265 280 -1.0 060  0.40 30.2
[Cu(BUHSS)]* N1¥ 350 320 31.0 -1.20 0.73 047 32.7
N2° 320 280 31.0 -1.20 0.73 047 30.3
[Cu(cis-CyHSS)]> N1? 320 30.0 255 -1.20 0.73 047 29.2
N2» 31.0 26.0 255 -1.20 073 047 27.5

Euler angles for both A and Q are: a) =45°+10°, 8,y = 0°+10°, b) a=-45°+10°, B,y = 0°+10°; c)
0=50°+15°, B,y = 0°+15°, d) a=-50°+15°, B,y = 50°£15°. The experimental error was + 1 MHz
for Ay, +1.5 MHz for Ay, £1 MHz for A; and + 0.3 MHz for Q.

From Table 4, a clear difference is observed between the hyperfine values of [Cu(HSS)]?>" and
[Cu(cis-HSS)]?, on the one hand, and [Cu(PrHSS)]>~ and [Cu(BuHSS)]? on the other hand.
Moreover, the spin density on the nitrogen nuclei is also increased in the latter case, as follows
from the increase in the N isotropic hyperfine contribution (NAo). Smaller spin density on the

nitrogen nuclei results from a smaller overlap between the N orbitals and the d,2_, orbital of

copper, pointing to a less planar (CuONNO) segment. The difference observed here between
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the two sets of copper complexes suggests a higher tension induced by the bridging fragment
in the (6,5) membered chelates versus the (6,6) and (6,7) membered chelates. The overall 1N
spin density for the studied complexes (and hence the *N hyperfine values) is only 65-80% of
the earlier reported spin density on the imine nitrogens in related Cu(ll) salen complexes *°
This can be related to the difference between the imine and amine nitrogens (difference between
the sp? and sp® hybridization of the copper-ligating nitrogen) and, to a lesser extent, to the higher
planarity in the salen case. This is substantiated by the observation that the **N spin density of
the here-studied Cu(ll) salan complexes is also 60-70% of the one reported for copper
complexes of phenolic oximes, of which some have slight tetrahedral distortion.*® 4’ Similarly
the 1N isotropic hyperfine values of the pyrrole nitrogens in planar copper porphyrins and
copper phthalocyanines are significantly larger than those of the Cu(ll) salan complexes in this
study.*®

These values are however close to those obtained for amino nitrogen (-NHz) couplings of
copper(ll) — dipeptides determined by EDNMR (VAo = 32.0 — 32.3 MHz). *° Furthermore, while
the hyperfine values of the imine nitrogens in Cu(ll) salen complexes are indistinguishable,®
the values of the two ligating amine nitrogens in the Cu(ll) salan complexes are slightly
different (Table 4), indicating small local out-of-plane distortions.

The complex formation processes were examined at different pH’s in frozen solution in case of
HSS, PrHSS and BuHSS (Figures S17-S19). Around pH ~ 4 only [Cu(aqua)]?* complex was
found both for HSS and PrHSS ligands. The protonated [Cu(LH)]~ complex could be detected
for HSS in addition to the [Cu(aqua)]** complex at pH = 4.50. At pH = 11.0 the same signal
was measured as at pH = 7.0, thus the formation of mixed hydroxido complex was detected
neither under the conditions of EPR spectroscopy nor during the pH-potentiometric titrations.
For Cu(Il)/PrHSS, the spectrum measured at pH = 5.39 can be fitted well with consideration

of two components in the simulation. These components are the [Cu(PrHSS)]* complex and
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presumably an unidentified copper(ll) complex possessing a broad singlet spectrum. This is
usually due to the line broadening effect of close copper centres originating from dimer
complexes or precipitations. At pH = 7.0 the signal can be fitted with one component
([Cu(PrHSS)]?) and the same spectrum is preserved at pH = 11.46. In case of BUHSS the same
[Cu(BUHSS)]?~ spectra were recorded for all the three investigated pH’s (7.0, 8.02 and 11.52).
Synthesis of Cu(ll)-sulfosalan complexes in solid form and their catalytic application in
the Henry reaction. The copper(ll) complexes of sulfonated salan ligands were obtained in a
straightforward method by heating equimolar amounts of Cu(OAc)2 and the appropriate ligand
(L) in basic aqueous solution. Depending on the ligand, the pH was adjusted to 7.0 — 8.5 at
which — according to the equilibrium measurements — all the Cu(ll) ions were found in form of
[Cu(L)]%. Precipitation with cold ethanol and subsequent washings furnished the solid products
as bluish-green or blue solids in 59-82% vyields. HR ESI mass spectra were in excellent
agreement with the calculated masses of the respective ions. In the FTIR spectra, all complexes
exhibited the characteristic strong absorptions of the ~SO3~ group around 1030 and 1180 cm ™2,
while the absorptions in the 1155 + 15 cm™ range can be likely assigned to the Ar—O vibrations.
UV-vis and EPR spectral features are discussed in the previous sections of this manuscript.
Several attempts were made to obtain single crystals suitable for X-ray diffraction
measurements, however, these were mostly unsuccessful. The notable exception was
[Cu(PrHSS)]>, single crystals which were obtained from a KOH solution as
K2[Cu(PrHSS)]x3H:0. Details on this structure are reported in the Supporting Information.
Catalysis of the Henry reaction by copper(ll)-sulfosalan complexes in aqueous media. The
reaction of nitroalkanes with aldehydes or ketones is a synthetically useful reaction resulting in
B-nitro alcohols which can yield important compounds upon further transformations (e.g.
nitroalkenes by dehydration or f-amino alcohols via reduction). 16 17 1850. 51The reaction is

catalyzed by various bases, however, transition metal catalysts are used increasingly, especially
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for enantioselective synthesis of -nitro alcohols. Copper complexes were found to be effective
catalysts in this reaction.® 52 53 20 54The Henry reaction of benzaldehyde with nitromethane

(Scheme 2) is often studied to establish the basic catalytic properties of new types of catalysts.

55,56,57

OH

NO,

H
+ H4C—-NO, Catalyst

Scheme 2. Henry reaction of benzaldehyde and nitromethane.
We have established, that in aqueous solution, the various Cu(ll)-sulfosalan complexes
efficiently catalyzed the reaction of benzaldehyde and nitromethane under mild conditions and
in air. According to the *H NMR spectra of the reaction mixtures, the reactions yielded the
corresponding nitroaldol product exclusively, and only unreacted starting compounds could be
observed in addition (Figure S26). The originally blue solutions of the Cu(ll)-sulfosalans
gradually turned to yellow and later orange or light brown. However, the reaction mixtures
regained their blue colour upon standing (in air). No changes in the conversions were observed
when the reactions were run in an argon atmosphere. The conversions were not affected by
addition of trimethylamine, either, showing that it did not act as a base catalyst or a ligand for
Cu(Il). Table 5 shows the yield of the reaction with the various catalysts as a function of time

(see also Figure S27).
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Table 5. Yield of the nitroaldol product in Henry reaction of
benzaldehyde with nitromethane with various catalysts as a
function of time. ®

Reaction time (h)

Cata|yst 4 12 19 36
Yield (%)

No Cu(ll) 8 10 15 15
Cu(OAC): 9 15 19 36
Naz[Cu(HSS)] (1) 9 16 21 31
Naz[Cu(PrHSS)] (2) 14 25 26 43
Naz[Cu(BuHSS)] (3) 19 20 34 46
Naz[Cu(dPhHSS)] (6) 23 26 36 50

& Conditions: 0.5 mmol benzaldehyde, 2.5 mmol nitromethane,
5 mol% Cu(ll) catalyst, 2 mL water, 75 °C

There was a slow reaction in the absence of a Cu(ll) catalyst, too, and Cu(OAc): itself also
showed appreciable catalytic activity. While the activity of Nax[Cu(HSS)] (1) was equal to or
only slightly higher than that of Cu(OAc)2, the Naz[Cu(PrHSS)] (2), Naz[Cu(BuHSS)] (3), and
Naz[Cu(dPhHSS)] (6) catalysts showed significantly higher activity. The best result, 50 %
yield corresponding to TON =10 (TON = turnover number = (mol reacted benzaldehyde)(mol
catalyst) ) was obtained with Naz[Cu(dPhHSS)] (6) in 36 h at 75 °C. This catalytic activity is
close to that (TON = 14) determined in the same reaction under identical conditions for Cu(ll)-
tris(pyrazolylmethane) sulfonate complexes, °7 but lags behind the activity (up to TON 67.3 in
48 h) of the copper(ll) catalysts bearing a sulfonated Schiff base ligand 2-(2-
pyridylmethyleneamino)benzenesulfonate.>® Aqueous solutions of the isolated Cu(ll)-
sulfosalan complexes used here for catalytic studies, have a pH around 8. According to the pH-
potentiometric investigations, above pH 8, all copper is in form of [Cu(L)]*" with each studied
sulfosalan ligand. Consequently, we attribute the catalytic activities determined in the above
reactions exclusively to [Cu(L)]?>" complexes with no contribution from other possible forms of
Cu(ll) which — in principle — could be obtained by dissociation of L. The effect of the pH on
the catalytic activity was studied in the reaction between benzaldehyde and nitromethane with

Nax[Cu(dPhHSS)] as the catalyst. The results are shown in Figure 8, which also displays the
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species distribution in the Cu(Il)/dPhHSS system as a function of pH. As can be seen, by
increasing the mole fraction of [Cu(dPhHSS)]? (e.g. increasing the pH), the yield of the
nitroaldol product increases parallel and levels off at pH = 6 when all Cu(ll) ions are already
bounded to the dPhHSS. On the basis of this result, it may be concluded that under neutral or

basic conditions all catalysis can be attributed to [Cu(dPhHSS)]*.

-4 630

Molar fraction of Cu(ll)
or
Yield of nitroaldol product

T 600

pH

Figure 8. Distribution of the complexes formed in the Cu(l1)/dPhHSS 1/1 systems and the Amax
values at the d-d band (m) obtained by UV-vis spectroscopy as a function of pH (cL =2 mM, T
=298 K). The open symbols (00 and ©) represent the yield of the nitroaldol product in the Henry
reaction of benzaldehyde and nitromethane after 19 h and 36 h, respectively. Yields are
expressed as mole fractions of the initial benzaldehyde amount (conditions of the catalytic
reaction: 0.5 mmol benzaldehyde, 2.5 mmol nitromethane, 0.025 mmol Naz[Cu(dPhHSS)], 2
mL water, 75 °C).

The Na2[Cu(PrHSS)] (2) complex was also applied as catalyst for the Henry reaction of
nitromethane with other aldehydes, too (Table 6). While the 4-bromo-, 4-fluoro-, and 2-ethoxy
substituents changed the reactivity of the respective benzaldehyde only slightly, the conversion

of m-tolualdehyde was only one fifth of that of the parent benzaldehyde.
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Table 6. Henry reaction of nitromethane
with various benzaldehydes catalyzed by
Naz[Cu(PrHSS)] (2) in aqueous media. a

Aldehyde Yield (%)
Benzaldehyde 26
4-Bromobenzaldehyde 29
4-Fluorobenzaldehyde 18
2-Ethoxybenzaldehyde 21
3-Methylbenzaldehyde 5

& Conditions: 0.5 mmol benzaldehyde, 2.5
mmol nitromethane, 5 mol% catalyst, 2 mL
water, 75 °C, 19 h.

The size of the nitroalkane chain also affected the yield. In the reaction of nitropropane and
benzaldehyde, with the use of 5 mol% of Nax[Cu(PrHSS)] catalyst at 75°C in 19 hours reaction
time, only 20% nitroaldol yield (anti:syn molar ratio 44:56) was obtained instead of 26 % with
nitromethane.

Henry reactions between benzaldehyde and nitromethane were also performed with in situ
prepared Cu(ll)-sulfosalan catalysts. For this purpose, equimolar amounts of Cu(ll)-acetate and
the appropriate sulfosalan ligand were heated in water for 2 h and aliquots of the resulting blue
solutions were used for catalysis. Comparison of the benzaldehyde conversions obtained with
the in situ prepared or the isolated complexes showed similar catalytic activities in the two cases
(e.g. for Naz[Cu(PrHSS)] in 19 h: 26 % - isolated catalyst; 20 % - in situ prepared catalyst).

In liquid biphasic catalytic systems, the addition of water-miscible organic co-solvents to the
aqueous phase may be necessary to facilitate mass transport between the organic phase of a
water-insoluble organic substrate and the catalyst-containing aqueous phase. With the use of
water/methanol 1/1 (v/v) mixtures as solvent, we observed no effect on the conversion of
benzaldehyde-nitromethane nitroaldol reaction with Nax[Cu(HSS)] (1) and Naz[Cu(PrHSS)]
(2) catalysts, however, in the case of Na[Cu(BuHSS)] (3) and Nax[Cu(dPhHSS)] (6) the

conversions fell significantly (33 to 27 %, and 36 to 25 %, respectively) (Figure S28). In a
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related study using Cu(ll)-complexes of a sulfonated Schiff base ligand as catalysts, it was also
found, that Henry reactions proceeded faster in water than in methanol.>® Since the general
mechanism of the Henry reaction includes deprotonation/protonation steps,'® and it is assisted
by strong hydrogen bonding in aqueous solutions, ?° the beneficial effect of water on the
reaction rate can be rationalized by the high polarity, high proton solvation power of water, and
propensity for hydrogen bond formation.

CONCLUSIONS

In summary, solution equilibria, spectroscopic and catalytic features of copper(ll) sulfosalan
complexes were studied with the use of pH-potentiometry and several spectroscopic methods.
All the investigated ligands form mononuclear complexes with copper(11) and the metal ion is
accommodated by the (O~,N,N,O") donor set. This coordination mode is dominant in the entire
pH-range and hinders the formation of mixed hydroxido species. The investigated ligands
exhibit a trend of copper(l1) ion affinity which is as follows: trans-CyHSS > cis-CyHSS > HSS
> dPhHSS > PrHSS > BuHSS.

The copper(ll) complexes possess square-planar coordination environment, however, higher
rhombicity was detected for PrHSS than for the other species. On the basis of g; and Amax values
of the complexes, a decreasing of the ligand field was observed in the order: dPhHSS > cis-
CyHSS > BUHSS ~ HSS > PrHSS. The trans-CyHSS gave an outlier value and exhibits the
highest ligand field.

The Cu(ll)-sulfosalan complexes were found catalytically active in the Henry (nitroaldol)
reaction between benzaldehyde and nitromethane. Water-solubility of the Cu(ll)-complex
catalysts allowed using water as the only solvent in the reaction, in accord with the pursuit of
reducing organic solvents’ use in chemical procedures.

Finally, our results unambiguously show that multidisciplinary approach is necessary to design

new homogeneous catalysts. The combination of solution equilibrium and sensitive
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spectroscopic techniques such as EPR provides deeper insight into the thermodynamic and
electronic features of copper(ll) complexes which can influence the activity of putative
catalysts. In our case, the high thermodynamic stability and symmetric square-planar geometry
are not favorable to catalyze effectively the nitroaldol reaction between aldehydes and
nitromethane, however, moderate stability, rhombic coordination geometry and higher spin
density on the N nucleus may contribute to increase their efficiency. The Henry reaction
includes the simultaneous binding of the electrophile and nucleophile to the metal center. For
the most reactive transition state, the nucleophile should be placed perpendicular to the ligand
plane (axial positions) while the electrophile should occupy in one of the more Lewis acidic
equatorial sites. ° For the sulfosalan complexes, the donor groups are located in the equatorial
positions, therefore those copper(Il) complexes which exhibit higher rhombicity and small local
out-of-plane distortions (e.g. copper(ll) complexes PrHSS or BUHSS) may provide better

environment to accommodate the reactants.
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Synopsis
Nine copper(1l1) complexes were studied using equilibrium and spectroscopic techniques and

used as catalyst in the Henry reaction. The results showed that moderate stability, rhombic
coordination geometry and higher spin density on the N nucleus contribute to increase the

catalytic efficiency of the copper(ll) sulfosalan complexes in the Henry reaction.
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