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Novel Routes to Cu(salicylaldimine) Covalently Bound to Silica:
Combined Pulse EPR and in Situ Attenuated Total Reflection-IR Studies
of the Immobilization
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Several novel routes for the immobilization of modified Cu(salicylaldimine) complexes on commercially available
silica are described. New pulse electron paramagnetic resonance (EPR) and electron-nuclear double resonance
sequences, which provide more detailed information than that available previously, in combination with continuous
wave EPR, allow a definitive assignment of the geometry at the copper center in the immobilized Cu(salicylaldimine).
Immobilization of the modified Cu(salicylaldimine) on silica was followed in situ by monitoring the intensity of the
characteristic free- and metal-coordinated imine bands as a function of time using attenuated total reflectance IR
spectroscopy. On the basis of these studies, the outcome of the Schiff base condensation of Cu-bis(salicylaldehyde)
with -aminopropyl-modified silica gel is shown to provide immobilized trans-O,N,- and OsN-coordinated immobilized
Cu(salicylaldimine)-type compounds. In addition, trans-O,N,- or OsN-coordinated copper centers are selectively
prepared on silica by controlling the aminopropyl modifier loading, thus opening a route to compounds not available
by conventional synthesis. The OsN-coordinated Cu(salicylaldimine)-type compound on silica was investigated as
a precursor for the synthesis of a tethered chiral Cu(salicylaldimine) via reaction of the coordinated carbony! group
with (R)-(+)-o-methylbenzylamine. Supported Cu(salicylaldimine) was also prepared via the immobilization of the
appropriate silylethoxy-modified homogeneous precursor on silica gel. Precursors and silica-supported Cu(salicyl-
aldimine) materials have been fully characterized. Comparisons are drawn with related Cu(salicylaldimine) immobilized
in silica aerogels.

Introduction The application of novel pulse electron paramagnetic reso-
t nance (EPR) and electron-nuclear double resonance
(ENDOR) techniques allows the coordination geometry at
the copper center on the surface to be defined. Using
attenuated total reflectance infrared spectroscopy (ATR-IRS),
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Scheme 1. Sol—gel Immobilization of M(salenSi)-Type Compounds

in Silica—Aerogel Matrices (M= Cu, Co)
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as models for enzymes that reversibly bind di-oxygen and,
consequently, have found use in catalysfks.Given the

technical advantages of working with heterogeneous systems
in catalysis, numerous approaches have been exploited to

immobilize the aforementioned compourfds? Encapsula-

tion based on steric restraints in porous materials such as

zeolites, providing the so-called ship-in-a-bottle materials,

has found wide application and has naturally been extended

to the preparation of immobilized chiral M(salicylaldimirié).
Organic-polymer-supported M(salicylaldimine), prepared by
the copolymerization of the ligand and a monomer link,
suffers the intrinsic problem of poor stability of the hydro-

carbon backbone under the harsh reaction conditions often

necessary for di-oxygen activatiéh Silica, on the other
hand, is a readily available support combining relatively
“inert” properties with good mechanical stabilityRecently,

some of us have demonstrated that M(salenSi)-type com-

pounds (salenSk silylethoxy-modified salicylaldimine) can
be incorporated in silica aero- and xerogels viagbhk-gel
method, followed by the supercritical extraction of thet
gels (Scheme I¥ In the adoption of this approach, the
metal-ligand system is covalently bound to the silica surface,
thus allowing flexibility in engineering the pore structure
and surface area of the supp#tt.

Given the remarkable stability of the silicaerogel-
incorporated Co(salenSi) under oxidizing conditiéhsye

set out to further investigate these systems from a synthetic
standpoint and characterize them in greater detail. In the

present work, the Schiff base reactions investigated fall into
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Scheme 2. Preparation and Immobilization Routes of salenHSi
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two groups (Schemes 2 and 3): (i) reactions of silica-
immobilized y-aminopropyl groups (AP-Si§) with alde-
hydes and M-bis(salicylaldehyde) and (ii) reactions of
y-(aminopropyl)ethoxysilane with aldehydes, providing modi-
fied homogeneous precursor ligands and complexes. Surface
modifications with a propyl phosphiré, sulfide!® and
aminé® function pervade the literature with applications
ranging from the removal of contaminants from wastewater
to the modification of titaniasilica aerogels for base-
catalyzed epoxidatioff. Numerous examples can be found
of AP-SiO, where the metal center of the catalyst is axially
coordinated, oanchored via the Lewis base nitrogen of the
immobilized aminopropyl groug:?2 Another pertinent ap-
plication of this amine-aldehyde condensation is found in
the preparation of homogeneous chiral “salen” compounds,
where the chiral center is introduced via the condensation
of a primary amine with a M-bis(salicylaldehyd&)?28 In

the present contribution, the Schiff base condensation of
y-(aminopropyl)triethoxysilane/tAPS) with salicylaldehyde
and Cu-bis(salicylaldehyde))is exploited in the preparation

of silica-immobilized Cu(salenSi). Although preliminary
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reports of the immobilization of related M(salenSi)-type Scheme 3. Immobilization of1 on AP-SiG and Modified
compound®$2%3 and the stepwise synthesis of a chiral Homegeneous Cu(salenSi) Precursors
Mn(salicylaldimine) have appearéHto our knowledge the ! 3si
latter approach has not been described to date.

In the past, an overwhelming dearth of convincing &
evidence for the structure assignments of immobilized So Method (o) O\C/O
complexes has permeated the literature, and the complete + —_— So- N
characterization of the immobilized species has often been HN
substituted by speculation based on IR d&t&! In addition
to the standard spectroscopic methods, novel pulse EPR O o
technique®33are utilized here to provide definitive assign- mo/(/)s"o~ O
ments of the metal coordination geometry on silica. Cu(ll) <
compounds are ideal candidates for EPR studies, and we
show here that continuous wave (CW) EPR, in combination § §
with advanced pulse EPR and ENDOR techniques, can be /@ | O/gj ’
used to identify the coordination geometry at the metal center o 0 : Nl
on the surface. The versatility of ATR-IRS for monitoring X O so, | N
processes occurring at sofitiquid interfaces is wel- ) (e % ?
established. A salient feature of this method is that it allows | s
the detection of (sub)monolayers of molecules lying at the (Et0),Si S i
surface even in the presence of a strongly absorbing medium P
(e.g., solvent¥* In the present study, ATR-IRS is used to »si
follow the in situ stepwise immobilization of Cu(salenSi)

on S_H.ica_ge'- The synthetic strategy folr C.U(SalenSi) i.m' was calibrated using the Au4 Ag 3d,, and Cu 2ps- lines at
mobilization and a complete characterization of the im- 84.2 367.9, and 932.4 eV. Thin sample films were pressed on a
mobilized complex are the focus of this work. steel holder for analysis. Slight sample charging was compensated
Experimental Section for by. gsiqg the C 1s line at 284.8 eV as an internal standgrd.
. . Quantification was performed using the sensitivity factors according
Materials and Methods. All solvents and chemicals were o :
) : L . to Wagner et at? Thermal analyses were carried out on a Netzsch
supplied by Fluka and used without further purification. Silica gel ;
STA 409 thermoanalyzer connected via a heated (ca. °Z)0
100 was purchased from Merck.

) . . . . . stainless-steel capillary to a Balzers quadrupole mass spectrometer
AP-SiO;, Gel. Silica gel with various aminopropyl loadings was piary q P P

. . ! . QMG 420.
prepared according to the literature met®dimethylamino-
propyl-modified silica with a loading of about 1.00 mmol'gsilica CW EPR. CW EPR spectra were recorded at room temperature

L . o . . and 120 K on a Bruker ESP300 spectrometer (microwave frequency
used in isophorone isomerization studies was prepared using an

identical proceduré® 1, shown in Scheme 3, was prepared of 9.43 GHz), equipped with a “ql.“d nltrogen cryostat. A micro
. . wave power of 20 mW, a modulation amplitude of 0.5 mT, and a
according to the literature procedufégElemental analyses (CHN) .
. o modulation frequency of 100 kHz were used.
were performed in-house. The metal content of the silica gels was
- . . ) L Pulse EPR and ENDOR Spectroscopylhe X-band pulse EPR
determined by inductively coupled plasma atomic emission spec-
. ) and ENDOR spectra were recorded at 10 K on a Bruker Elexsys
troscopy. Fourier transform infrared (FTIR) spectra were recorded ; . .
S : spectrometer (microwave frequency of 9.69 GHz) equipped with a
as KBr pellets or neat thin-liquid films using a Bruker IFS-66/S "~ ) S
. liquid-helium cryostat from Oxford Inc. The magnetic field was
instrument. NMR spectra were run on a Bruker 300-MHz spec- .
e S measured with a Bruker ER 035M NMR gaussmeter. In all pulse
trometer. The specific surface are&sgf), mean cylindrical pore . "
. - . EPR and ENDOR experiments, a repetition rate of 1 kHz was used.
diameters ¢,), and specific desorption pore volumag,(;) were : 0
) . . . . ! . Davies ENDOR#? The pulse sequence—T—n/2—1—a—7—
determined by nitrogen physisorption at 77 K using a Micrometrics . ) : .
: echo, with a selective radio-frequeneypulse of variable frequency
ASAP 2000 instrument. X-ray photoelectron spectroscopy (XPS) v applied during imd, was used. To detect the strongly (weakly)
measurements were performed on a Leybold Heraeus LHS11 it app 9 ’ ) gy y

apparatus using Ma & radiation. The spectrometer eneray scale coupled nuclei, the following pulse lengths and time intervals were
pp g Mg : P ay used: t, = 48 (200) NSt = 24 (100) nst" = 15us,7 = 400 ns,

i andT = 17 us.

(29) Chisem, J. S.; Rafelt, J.; Shieh, M. T.; Chisem, J.; Clark, J. H.; Jachuc

R.; Macquarrie, D.; Ramshaw, C.; Scott, &hem. Commuri998 Hyperfine Sublevel Correlation (HYSCORE).** The experi-
1949. ) ] ments were carried out with the pulse sequemt-t—nr/2—t;—

) TG Suo, 3 53 Mol Catal, A Chempoon 160 25, | 7—te—rl2—T—echo with pulse lengifty, = 24 ns and, = 16 ns

(31) Kim, G. J.; Shin, J. HCatal. Lett.1999 63, 205. and an interpulse delay = 128 ns. The time intervalg andt,

(32) Schweiger, A.; Jeschke, Brinciples of Pulse Electron Paramagnetic ~ were varied from 96 to 6496 ns in steps of 16 ns. An eight-step
ResonanceOxford University Press: Oxford, U.K., 2001. phase cycle was used to eliminate unwanted echoes. The time traces

(33) Van Doorslaer, S.; Schweiger, Naturwissenschafte?00Q 87, 245.
(34) Harrick, N. JInternal Reflection Spectroscopynterscience Publish-
ers: New York, 1967.

of the HYSCORE spectra were baseline-corrected with a third-
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(36) Murphy, E. F.; Baiker, AJ. Mol. Catal. A: Chem2002 179 233. R. M.; Gale, L. H.Surf. Interface Anall1981, 3, 211.
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order polynomial, apodized with a Hamming window, and zero- Scheme 4. Reaction of Copper Acetate with salenHSi-Modified

filled. After two-dimensional Fourier transformation, the absolute- Slica g[‘i;"l‘\j/:ggﬁz'ra[‘gazdlsr'] gt 'R;g‘é"pg)ct(l)vselr;mo' g) and High (0.50

value spectra were calculated. All simulations were made using

the EasySpin program, a MATLAB toolbox developed for EPR HN

and ENDOR simulations (see http://www.esr.ethz.ch). % .
In Situ ATR-IRS. In situ ATR-IR experiments were performed d

at ambient temperature using a purpose-built stainless-steel flowmo/é 0~ 0

cell and commercial ATR unit (Wilks Scientific) as described -

elsewher# together with a 52« 20 x 2 mm trapezoidal KRS-5

internal reflection element (IRE; Graseby Specac), affording eight

active reflections. ATR spectra were recorded by accumulating 200

scans at a 4-cni resolution at an angle of incidence of°4én a
Bruker IFS 66/S spectrometer equipped with a liquid-nitrogen- OH
J Step2
§
I

cooled medium-band MCT detector. The AP-gifims were

prepared according to a modification of the method described by Cu(OAC,

McQuillan and co-worker$® Typically, a carbon tetrachloride Method (c

suspension of the silica sample was sonicated for 30 min, pipetted & o Sie Si,
onto the IRE, and air-dried. After gentle washing with carbon moﬁﬁé © Mofé O w0 6110

tetrachloride, the amount of deposited material remaining cor-
responded to about .5 mg. The air-dried, coated IRE was

directly mounted in the wall of the flow cell. Following the spectrum of the product is shown in Figure 6. Found (theory for
stabilization of the IR signal with neat ethanol flowing over the CooH24N2074Skss ca. 1.00 mmol gt silica): C, 9.21 (9.77); N, 1.02
silica (ca. 2 h), solutions of salicylaldehyde and, subsequently, (1.14). Found (theory for GH1,NO7Sis4 ca. 0.50 mmol gt
copper acetate in ethanol (10 mM) were introduced over the AP- silica): C, 4.95 (5.41); N 0.52 (0.63). Found (theory ol
Si0; film. Spectra are presented in absorbance units with the final NOg,,Siss; ca. 0.05 mmol gt silica): C, 0.52 (0.60); N, 0.04 (0.07).
spectrum recorded during neat-ethanol flow, which served as the Method b. Under argon, a solution of salenHSi (8 mmol) in
reference. ethanol (30 mL) was added dropwise to a suspension of silica (6.00
Synthetic Procedures. salenHSiSolutions of salenHSi were @) in ethanol (30 mL) and stirred at room temperature for 8 h. The
prepared (Scheme 2) by the addition of an equimolar amount of product was recovered and characterized as described above.
y-APS (1.77 g, 8 mmol) in ethanol (30 mL) to a stirred ethanolic Cu(salenSi) 2 on Silica (2Si). Method a: Homogeneous
(20 mL) solution of salicylaldehyde (0.98 g, 8 mmol). The resulting Cu(salenSi) Precursor plus Silica.Silica gel was added to an
bright-yellow solution was stirred at room temperature for a further ethanol solution (50 mL) of the appropriate Cu(salenSi) precursor
2 h. Removal of solvent at 40 under vacuum afforded a bright- (4 mmol) under argon and stirred for 18 h at room temperature
yellow liquid. Decomposition and partial condensation were (Scheme 3). Higher Cu(salenSi) loadings are achieved at higher
observed on heating the liquid to high temperatures, and, therefore reaction temperatures and by increasing the reaction time. The silica-
the crude product was characterized and used without distillation. immobilized Cu(salenSi) was filtered off in air, washed with ethanol
Yield: 2.42 g (93%). IR (neat): 2974, 2927, 2886, 1634, 1615, until the washings were clear, and, finally, washed with acetone.
1583, 1498, 1462, 1443, 1414, 1390, 1343, 1281, 1186, 1166, 1152,The solid was dried in vacuo at 8C for 8 h.
1103, 1080, 958, 896, 793, 757, 737 ¢ntH NMR (CDCly): 13.6 2Si. Green-brown color. IR (KBr): 3023, 2972, 2923, 1625,
(1H, s, H), 8.32 (1H, SHCN), 7.28 (1H, m, aromatic), 7.23 (1H, 1539, 1469, 1450, 910, 755, 736 th Found (theory for
m, aromatic), 6.95 (1H, m, aromatic), 6.85 (1H, m, aromatic), 3.82 CuN,CpH2,Sis:0126:25H,0): C, 4.97 (5.17); H, 8.93 (11.32); N,
(6H, g, CHCH,0), 3.58 (2H, m, NEi,, propyl), 1.82 (2H, m, €, 0.48 (0.60); Cu, 1.29 (1.37). XPS for tR&i sample gives atomic
propyl), 1.22 (9H, t, CHCH,0), 0.68 (2H, m, Ei,Si). 13C NMR ratios for Cu (1), N (2.1), Si (62), C (128), and O (61) that are in
(CDCl): 164.9 CN), 161.6 COH), 132.2 (Ar), 131.3 (Ar), 119 good agreement with the elemental analysis.

48i 28i

(Ar), 118.6 (Ar), 117.2 (Ar), 62.2 (NCH propyl), 58.6 CH,, Method b: Reaction of 1 with AP-SiO,. A solution of1 (0.31
ethoxy), 24.6 (CH, propyl), 18.5 CHs, ethoxy), 8.2 (SiCH, g, 1 mmol) in dimethyl sulfoxide (DMSO; 30 mL) was added to a
propyl). suspension of AP-Si©(1.00 g, modifier 1 mmol g' silica) in

Cu(salenSi) Precursor 2The preparation and full characteriza- DMSO (20 mL) and stirred at room temperature under argon for
tion of the Cu(salenSi) precurs@have been described previoudly. 24 h (Scheme 3). The silica-immobilize5i was recovered and

Alternatively,2 has been prepared via the reactior gfith 2 equiv washed with copious amounts of DMSO and acetone until the
of y-APS in ethanol. IR and elemental analyses are identical with washings were clear.

those previously describé8Reactions ofl with 1 equiv ofy-APS Method c: Stepwise Buildup of 2Si on SilicaCopper acetate
gave a mixture o and unreacted. hydrate (0.20 g, 1 mmol) in DMSO (20 mL) was added to a

salenHSi Immobilization on Silica. Method a.Salicylaldehyde ~ Suspension of the immobilized salenHSi (1.00 g, modifier 1 mmol
(0.61 g, 5 mmol) in ethanol (10 mL) was added dropwise to a 9 * Silica) in DMSO (30 mL) under argon (Scheme 4). The
suspension of AP-SigY2.00 g, modifier 1.00 mmold) in ethanol suspension was stirred for 24 h at room temperature and the solid
(25 mL) and stirred at room temperature for 8 h. The solid product Preduct recovered as described in method b.

was recovered by filtration, washed with copious amounts of 3 on Silica (3Si). 1(0.15 g, 0.5 mmol) in DMSO (30 mL) was
ethanol, and dried in vacuo at 8@ for 24 h (Scheme 2). An IR~ added to a DMSO (40 mL) suspension of AP-§(200 g, modifier
0.05 mmol g? silica) under argon and stirred for 18 h at room

(42) Ferri, D.; Bugi, T.: Baiker, A.J. Phys. Chem. R00Z, 105, 3187. temperature (Scheme 3). The pale-green product was collected by
(43) Connor, P. A.: Dobson, K. D.; McQuillan, A. langmuir1995 11, filtration in air and washed with DMSO until the washings were
4193. clear, followed by acetone. The solid was dried af8Cor 6 h in
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vacuo. IR (KBr): 2928, 1629, 1548, 1527, 1473, 1448, 1427, 1415, Table 1. Physical and Textural Properties of Silica-Immobilized

1404, 971, 955, 801, 750, 713, 470 ¢Found (theory for GH1e Interme_diates and Copper Compounds Formed during the Stepwise
NCUOsseSiza: ca. 0.05 mmol gt silica): C, 0.83 (1.01); N, 0.04  Synthetic Procedure
(0.07). sample Seer(M?gY)  Vpnz(cmPg™) dp (nm)
4Si. A DMSO solution (30 mL) of copper acetate (0.040 g, 0.2 sjo,» 354 0.91 8.8
mmol) was added to a DMSO (40 mL) suspension of salenHSi- AP-SiO, (1 mmol g?) 299 0.78 8.7
modified silica (2.00 g, modifier 0.05 mmofgsilica) under argon salenHSi on Si@(1 mmol g*) 276 0.65 8.3
4 0n SiG; (0.05 mmol gb) 294 0.64 7.8

and stirred for 18 h at room temperature (Scheme 4). The pale-
green product was collected by filtration in air and washed with _
DMSO until the washings were clear, followed by acetone. The  *As supplied by Merck.

solid was dried at 80C for 6 h invacuo. IR (KBr, cnl): see P . o .
Figure 6. Found (theory for GH1NCUGkeeSiss ca. 0.05 mmol Immobilization of the aminopropyl modifier and salenHSi

g ! silica): C, 0.55 (0.71); N, 0.04 (0.07). on silica involves stirring solutions of the silylethoxy-

Reaction of 1 with (R)-(-+)-a-Methylbenzylamine (a-MBA) modified ligands with silica in a dry solvent (_Sch_eme _2).
To Give 5. 1(0.22 g, 0.72 mmol) was suspended in ethanol (15 1he influence of water in the solvent and moist air during
mL) and stirred under argon. The suspension gives way to a dark-CUring and calcining on the outcome of the immobilization
brown solution on addition ofi-MBA (0.26 g, 2.15 mmol) under ~ Of y-APS have been studied extensively using various
N». The solution was heated to refluxrfd h and allowed to cool ~ spectroscopic techniqués?® Dichloromethane was chosen
to room temperature, and the volume was reduced to 1 mL. Addition as the solvent here to minimize the co-condensation of two
of pentane gave a dark-brown precipitate, which was filtered off, or more (aminopropyl)silanes in solution during immobiliza-
w_ashed with pentane/acetone, and dried in vacuo 4C6@r 8 h. tion.4” Under these conditions, theAPS groups condense
éle:_(':l: Nobllc u%- %333-33/'?7:0 6132?1:4502% (Ec’l‘;r’;qN(";eﬂy(Sf%) predominantly with StOH groups, or physisorbed water
IR (KBr). 1627, 1617, 1598, 1538, 1496, 1472, 1448, 1409, 1396, TOIecules on the silica surface, leading to immobilization.

Thermogravimetric analysis of the silica, as supplied by

18
104, 1527 1200 114 1077 326,558 110,75 12T Mok, cstabioned ht oot 1.5 by i coresponded
mmol g* silica) was treated witli-MBA (0.12 g, 1 mmol) in .phyS|s.orbed water. Alternatlvel){, s_lllca—|rnmoblllz_ed salenH_Sl
ethanol at 70°C for 5 h under argon. The solid product was IS available via surface synthesis involving the direct reaction
recovered by filtration, washed with ethanol, and dried at®@n of AP-SiG;, with salicylaldehyde (Scheme 2).
vacuo for 8 h. IR spectra of the recovered and starting material Thermal treatment of the AP-SjGgel determines the
were similar, probably due to low aminopropyl modifier on silica, conformation adopted by the aminopropyl group on the
which makes it difficult to detect change. The outcome of the surface and the degree of condensation of the silylethoxy
reaction was, therefore, determined by EPR as described in thegroups?546 Condensation of-APS is almost quantitative
Results section. in the vacuum-dried (80°C, 8 h) modified silica as
determined by thermogravimetric analysis. The degree of
condensation in Cu- and Co(salenSi) silica aerogels was also
This section begins with a description of the ligands used determined in an analogous way by the quantitative measure-
for immobilization. To present the results of metal-complex ment of ethanol evolution from the modified silica as a
immobilization in a coherent form, the spectroscopic studies function of temperaturé Alternatively,2°Si NMR has been
and synthetic approach are presented together here anémployed to quantify the different silicon centers presént.
discussed separately in the Discussion section. The position of the Nkideformation band in the IR spectrum
(A) salenHSi with Pendant Propylsilylethoxy Groups; of the silica-immobilizedy-APS (ca. 1600 cm) suggests
Soluble Precursors and in Situ Synthesis on AP-Si©The that a closed ring conformation is adopted by the modifier
salenHSi used for immobilization on silica is characterized on the surface in the absence of any solvent, that is,
in detail for the first time. The ligand is readily prepared via H-bonding of the amino group with surface OH grodp®
the reaction of/-APS with salicylaldehyde (Scheme 2) and Approximating the area occupied by one aminopropyl group
forms almost instantaneously at room temperature. Strongto be 40 A would imply that with 1 mmol of aminopropy!
intramolecular hydrogen bonding in salenH8i13.6) gives modifier per 1.00 g silica, about 70% of the available surface
rise to a large downfield shift of the hydroxyl proton areais covered (Table 1). Modification of the silica surface
resonancé? In addition, the six-membered rings formed via does not influence the pore volume and surface area
hydrogen bonding are probably stabilized by the conjugated significantly (Table 1). In contrast for AP-Si@erogels, the
double-bond systems, leading to lower than normally ex- physical and textural properties of the material depend
pected frequencies for these double-bond vibrations. Fol- heavily on reaction parameters including the base amount
lowing immobilization on silica, hydrogen bonding to the and time of additior{&4°
hydroxy groups on the surface, as in the ring conformation  (B) Model EPR Studies of 1.CW EPR has been used
adopted by the propylamine group on silica, is expettétt extensively to study Cu(ll) complex&%.Consequently,

20n SiG (1 mmol g 291 0.63 7.8

Results

(44) Percy, G. C.; Thornton, D. Al. Inorg. Nucl. Chem1972 34, 3369. (47) Chiang, C. H.; Ishida, H.; Koenig, J.J. Colloid Interface Sci198Q
(45) Vrancken, K. C.; van der Voort, P.; Gillis-D’Hamera, |.; Vansant, E. 74, 396.

F.J. Chem. Soc., Faraday Trank992 88, 3197. (48) Schmid, L.; Kieher, O.; Kppel, R. A.; Baiker, A.Microporous
(46) De Haan, J. W.; van den Bogaert, H. M.; Ponjee, Jl. Xolloid Mesoporous Mater200Q 35—36, 181.

Interface Sci1986 110, 591. (49) Schneider, M.; Baiker, ACatal. Re».—Sci. Eng.1995 37, 515.
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Table 2. g and Copper HyperfirffeValues forl in Different Matrices ments were conducted on frozen methanol/water and DMSO
gt AlE got A+ solutions ofl. The ENDOR technique allows investigation
compound component  matrix 0.005 10 MHz 0.015 20 MHz of the interactions of the unpaired electron at the para-
1-H,0 or 1 MeOH/HO 2.315 450 2.065 80 magnetic center with the surrounding protons and strongly
1-MeOH coupled nitrogens equatorially bound to Cu(ll). Weakly
iaggso § Bk,l"gg %;ggg ﬁg g:ggg 28 coupled nitrogens, such as those of axial nitrogen bases,
1on SiG 4 silica 2359 420 2.080 40 cannot be observed with ENDOR. Conversely, weakly
5 silica 2295 520 2070 40 coupled nitrogens as well 8 and2°Si nuclei (in natural
aThe hyperfine values are given for tR&Cu isotope. abundance) can be studied with ESEEM spectroscopy. The

ENDOR spectrum of aris = /,, | = ¥, system (e.g., an
extensive literature compilations are available, and a com- unpaired electron coupled to'Bl nucleus) consists of two
parison of the measured EPR parameters with these facilitatepeaks at frequencies,s = |a/2 + v||, wherea is the
classification of the immobilized complex under study. Our hyperfine value at the given observer position and the
discussion is confined to type-2 complexes, which are largely nuclear Zeeman frequency that is characteristic for each
square-planar with a possible fifth weak coordination site. nucleus. In the case offeak coupling (a&/2] < |v|), the
Type-2 copper complexes are characterized by a nearly axialsignals are centered around the nuclear Zeeman frequency;
g matrix and a resolved hyperfine coupling in the parallel in thestrongcoupling case, the signals are centered around
direction (Aj| > 400 MHz) for whichg, and A, correlate a/2. Figure 1 shows the Davies-ENDOR spectra taken as a
with the type of equatorial coordination atofisBecause  function of the magnetic field for the frozen methanol/water
the g, and A, values also depend on the charge of the solution ofl. The signals are all centered around the proton
surrounding ligands and a possible fifth ligand, a definitive Zeeman frequencyv() and can, therefore, be ascribed to
determination of the coordination sphere based on CW EPRproton interactions. The spectra were recorded using strong
alone is not possible. A preliminary investigation bfin and short microwave pulses (48/24/48 ns), which suppress
different solvents is used here to evaluate which EPR andthe ENDOR signals of the weakly coupled protons (central
ENDOR techniques are appropriate for the further charac- signals marked by *?*3Parts b and e of Figure 1 show the
terization of immobilized copper complexes. slices at the observer positions B and A indicated in part a.

The CW EPR parameters obtained from a frozen solution The corresponding simulations for the largest proton hyper-
of 1 in methanol/water (1:1; component 1) and DMSO fine interaction are shown in parts c and f of Figure 1. The
(components 2 and 3) are collected in Table 2. Because thesimulation parameters afg = 18.8 MHz,A; = 14.4 MHz,
EPR parameters of component 3 are similar to those of 1, itandAs = 14.0 MHz, whereby thé; axis lies alongy,. The
is likely that the spectrum of 3 arises frotnwith an axial hyperfine values lie between those found for the aldehydic
water ligand. Possible structures for component 2laxéth proton of Cu-bis(salicylaldoximato)A{ = 13 MHz, A, =
or without the axial ligation of DMSO. The former is unlikely  9.15 MHz, andAs = 8.48 MHzp*and Cu[,N'-ethylenebis-
sinceg (component 2 g,(component 3), and it is known  (salicylidenaminato)]4; = 22.8 MHz,A;= 19.38 MHz, and
thatg, increases for copper Schiff bases upon axial ligation. A; = 18.43 MHz)%® The ENDOR signals can, therefore, be
Talzi et al. foundg, = 2.262 forl in chloroform, which is ascribed to the aldehyde protons of the salicylaldehyde
clearly lower than the, values observed hePéFinally, the ligand. In parts d and g of Figure 1, the corresponding
|Ay| values of components-13 fall in the range reported for ENDOR spectra taken ol in dry DMSO at observer
1-L, where L is a weak or strong base in trans configuration positions B and A are shown. It becomes clear that although
(trans, 426-500 MHz; cis, 508-555 MHz)5! It should be the g and copper hyperfine values depend strongly on the
noted thatl may adopt a trans or cis arrangement of the matrix (compare data of components 1 and 2 in Table 2),
ligands relative to the copper center. Thus far, we have the hyperfine values of the aldehyde protons are independent
described onlyrans-1, which might be expected on the basis of the matrix. Consequently, this coupling may be used as a
of reducing the steric interactions of the aromatic rings of marker for the presence of the salicylaldehyde ligand.
the salicylaldehyde groups. Figure 2 shows the Davies-ENDOR spectra obtained with

During the immobilization experiment4,was observed  weak and long microwave pulses (200/100/200 ns)ifor
to adsorb on the silica surface. The CW EPR spectrum of frozen methanol/water (parts a and ¢) and dry DMSO (parts
adsorbedl has two components (Table 2). Component 4 is b and d). The use of weak microwave pulses avoids the
similar to 2, whereas component 5 is very similar to that suppression of the weakly coupled protons (region marked
reported for the cis form of-MeOH. This indicates that in  with * in Figure 1a). It is clear that the ENDOR spectra of
both cases axial ligation is taking place and most likely 1 in DMSO lack some of the proton signals present in the
coordination to OH groups on the surface or solvent ENDOR spectra ofl in methanol/water (arrows in parts a
molecules is involved. and c of Figure 2; maximum coupling around 6 MHz). These

For a more detailed characterization, X-band ENDOR and signals evidently stem from the protons of the axially
ESEEM (electron spin echo envelope modulation) experi-

(52) Thomann, H.; Bernardo, MMethods Enzymoll993 227, 118.

(50) Peisach, J.; Blumberg, W. Erch. Biochem. Biophy4974 165 691. (53) Gemperle, C.; Schweiger, &hem. Re. 1991, 91, 1481.
(51) Talzi, E. P.; Nekipelov, V. M.; Zamaraev, K.Russ. J. Phys. Chem. (54) Schweiger, A.; Gathard, H. H.Chem. Phys1978 32, 35.
1984 58, 165. (55) Kita, M.; Hashimoto, M.; Iwaizumi, Mlnorg. Chem1979 18, 3432.
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Figure 1. Davies-ENDOR spectra (hard and short microwave pulses) {@methanol/water as a function of the magnetic field. (b) Observer position
B in part a Bp = 336 mT). (c) Simulation of part b. (d) in DMSO at observer position B. (e) Observer position A in paBa= 281 mT). (f) Simulation
of part e. (g)1 in DMSO at observer position A.

H,O protons and are slightly smaller than the maximum splittings
observed here (around 2.5 MH2)The remaining differences
between the ENDOR spectra in both solvents can be ascribed
to the proton signals of the methyl protons of DMSO, which
are missing in the case of methanol/water.
The HYSCORE spectrum df in methanol/water taken
at observer position BB, Il gn) is shown in Figure 3a.
HYSCORE allows for a correlation between the nuclear
frequencies of the twons manifolds. The interpretation of
the HYSCORE spectra of disordered systems has been
discussed by several authéfs?® Here, we confine ourselves
to a qualitative discussion of the spectra. The HYSCORE
spectrum in Figure 3a shows interactions with thkand
BC nuclei. The ridges at about 5.22 and 22.5 MHz cor-
respond to the aldehyde proton observed at these frequencies
in the Davies-ENDOR spectrum (Figure 1). Furthermore, the
cross peaks of the axial water protons can be observed. The
fact that these ridges are not parallel to the antidiagonal at
_ vu implies a significant anisotropy of the hyperfine interac-
VEnDor [MH2] tion.5” This is again in accordance with the observations for
Figure 2. Davies-ENDOR spectra (weak and long pulsek)in (a) the axial water protons in the Cu(ll) hexa-aquo comgfex.
methanol/water and (b) DMSO, both at observer position B (see Figure Finally, a ridge stemming from the hyperfine interaction with
I:Ea).l in1 (c) methanol/water and (d) DMSO at observer position A (see the 13C nuclei of the salicylaldehyde ligands is observed.
'gure 12). This ridge can again be used as a marker for the presence of
coordinated water or methanol molecule. The observed the ligand.
maximum coupling is slightly lower than that observed for  (C) Immobilization Procedures with EPR and ENDOR
the hyperfine coupling of the axial water protons in the Analyses of Immobilized Cu(salenSi) CompoundsThe
copper hexa-aquo complék.The signals in the region synthetic procedures developed for immobilization of
marked byA arise predominantly from interactions with the
benzyl protons. Splittings of up to 1.9 MHz have been (57) Pppl, A; Kevan, L.J. Phys. Cheml996 100, 3387.
observed for the benzyl protons in Cu-bis(salicylaldoximato) (&) Dikanov. S. A Bowman, M. KJ. Magn. Reson., Ser. 2695 116

(59) Dikanov, S. A.; Xun, L.; Karpiel, A. B.; Tyryshkin, A. M.; Bowman,
(56) Atherton, N. M.; Horsewill, A. JJ. Mol. Phys.1979 37, 1349. M. K. J. Am. Chem. S0d.996 118 8408.
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Figure 3. HYSCORE spectra. (d) in methanol/water and (b) immobilized mixture 28i and3Si (sample D), both at observer position B (see Figure 1a).

Table 3. g and Copper HyperfirfeValues for the Different

Immobilized Copper Compounds on Silica (a)
relative A £ A + exp
amount g £ 10 oo 30 -
sample compound (%) 0.005 MHz 0.015 MHz geometry sim
Ab  3Sj 50 2.285 465 2.065 40 NO
2Si 50 2.230 500 2.065 40 10,
Bc  3Si 100 2.290 465 2.065 40 NO (b)
cd 2Si 100 2.243 550 2.065 40 2D, exp
De  3Si 52 2283 470 2.065 60 NO
2Si 48 2.237 515 2.065 60 10, sim
Ef 4Si 88 2288 450 2.065 50 NO

Cu(OACKSIO, 12 2360 420 2065 50 O
Fe  3Si+a-MBA 100 2283 470 2.065 40 NO
G" Cu(OAck/SIO, 100 2.360 420 2068 40 O (°

<

aThe hyperfine values are given for th¥Cu isotope? A = 1 + AP-
SiO, at intermediate modifier loading (0.50 mmot¥y. B = 1 + AP- -
SiO; at low modifier loading (0.05 mmold). ¢ C = A after catalytic run. sim
eD = 1+ 1 equivy-APS and immobilization on silicd E = copper acetate
+ salenHSiQ (0.50 mmol g1). 9 F = B + a-MBA. "G = copper acetate |
adsorbed on silica. 250 300 350
Cu(salenSi) complexes are summarized in Scheme 3. Our Bo [mT]
new approach for the immobilization of Cu(salenSi) involves Figure 4. CW EPR spectra (exp= measured, sim= simulated) for

the smooth Schiff base condensation of the copper- immobilized 2Si and 3Si compounds. (a) Mixture a2Si and 3Si (sample
A), (b) 3Sias the sole product at low aminopropyl modifier loading (sample

coordinated aldehyde groups of readily availatlevith B), and (c) recovered catalyst after leaching during an oxidation run,
aminopropyl groups covalently bound to silica (Scheme 3). predominantly2Si (sample C). The simulation parameters can be found in

Copper hyperfine couplings arglvalues for the different Table 3.
compounds immobilized on silica and copper acetate directly

interacting with silica are listed in Table 3. The CW EPR 0 those for trans Cu(salicylaldimine) compleSéand the

spectra of the reaction products afwith AP-SIO, are - . A . .
depicted in Figure 4. The type of product(s) on the surface _5|I|ca aerogek-immobilized Cu(salen3f)This assignment

following immobilization is strongly dependent on the 'S als<|)||n ;greement W('jth the ffcéthatlwg;n lower am|tno-
aminopropyl modifier loading on the silica (Scheme 3), as propyl loadings are used (sample B), only 8% componen

shown by EPR. For the intermediate-loading case (Sampleremains, which has EPR parameters almost identical to those

A, Table 3) two components are observed. The decrease inOf the first component in sample A (Table 3). On the basis

gr and the increase i observed for the first versus the of S|mpI§ calcula;uons of the a;Lea q?d volurfne ocgtljp|ed bty
second component (Table 3) are typical for a larger involve- one -aminopropy! group on the silica surtace, 1t is no
ment of nitrogen atoms in the direct coordination of Cug!). surprising that a doublg Schiff base r.e.actlon occurs at' high
Talzi et al. reportedy, values of 2.27-2.28 for Cu(ll) (0.5 mmol g* silica) aminopropyl modifier loading, provid-

complexes with an equatorial N©oordination andy, values ing a mixture of the _N@ and NO (_:ompounds on tlhe
of 2.236 for an equatorial D, geometry?* Furthermore, surface. At lower aminopropyl loading (0.05 mmotg

the correlatedd, A)) values agree with a N§xoordination gcsaé":g”y thet NQ coggjplc:)ynd CZB fo[]m. Fl:rthermo:jeAthe
for the first component3Si) formed via condensation with spectrum | (Figure 4b) shows largggan

one aminopropyl group and:i¥, .Surrou.ndmgs for the second (60) Jezowska-Trzebiatowska, B.; JezierskaJXMol. Struct.1973 19,
component ZSi), where reaction with two aminopropyl 627.

groups has occurréd The EPR parameters @6iare similar
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strains (i.e., small local fluctuations in the direct surroundings already with NQ coordination at copper. Considering the

of the Cu(ll) ion lead to small differences in tlgeand A reaction conditions (Scheme 4), in the absence of excess
values for each3Si molecule), resulting in broadem- salicylaldehyde this component can be ascribed to the
dependent line width%.In the case of lower loadin@Siis immobilized4Simolecule. The second component has EPR

expected to have greater flexibility on the surface, and there parameters identical to those found for copper acetate
will thus be a larger distribution of the molecular bonding physically and chemically adsorbed on silica (Table 3, sample
parameters as compared with that for the product with higher G). Comparison of the EPR spectrum of sample F, which
aminopropyl loading on the silica surface. At relatively high represents the material recovered from the reactioBSif
aminopropyl loadings (1 mmolg), reaction withl provides ~ with a-MBA, with the EPR data or8Si indicates that the
2Si as the major component (98%). reaction has not proceeded.

In the preceding paragraph, AP-Sivas used as a Davies-ENDOR and HYSCORE experiments have been
functionalized support for the immobilization dfo provide  conducted in order to corroborate the above interpretations
2Siand3Sion the surface. Depending on the aminopropyl of the CW EPR spectra. The samples used in the oxidation
modifier loading, 2Si or 3Si is selectively prepared. At  catalysis studies could not be measured using these tech-
intermediate loadings, however, mixtures2§fiand3Siwere  niques because of fast relaxation times arising from high
always present on the surface. The immobilization of the ¢opper concentrations (sample C). For copper acetate ad-
homogeneous precursa@rmodified with pendant propyl-  sorhed on silica (sample G), no significant spin echoes could
ethoxysilane groups on silica allows us to obviate this pe ghserved as a result of the very low concentration of the
problem (Scheme 3). Using this approach, a singl®N  complex in the matrix. All other samples were studied with
component ZSi) is immobilized on silica for all loading pulse EPR and ENDOR. Figures 3b and 5a,b show the
levels. Alternatively, the reaction df with triethoxysilyl- HYSCORE and Davies-ENDOR spectra, respectively, of
propylamine (2 equiv) provides the precursbr sample D taken at observer position B (Figure 1a position

Figure 4c shows the CW EPR spectrum of the Cu(salenSi)- corresponding tg). Because the two Cu(ll) complexaSi
type material (sample C) following a catalytic allylic and 2Sj contribute to the CW EPR spectrum, these two
oxidation run in acetone/triethylamine (room temperature, complexes will also contribute to the pulse EPR and ENDOR
under Q, 1 bar)®* Although the catalyst proved active, spectra. When comparing parts b and a of Figure 3, we again
copper leaching from the matrix was confirmed by XPS recognize the presence of the cross peaks of the aldehyde
analysis of the catalyst material before and after the*tun.  rotons and théC ridges, characteristic for the presence of
The EPR spectrum of C shows only one remaining compo- 4 sajicylaldehyde-type ligand. The presence of the aldehyde
nent with the EPR parameters differing from those observed protons is confirmed by comparing the Davies-ENDOR
for sample A (i.e., the original catalyst material). Thand — gpectra of sample D obtained with hard microwave pulses
A" values are, however, closer to thos&6ithan those of 4t o observer positions (parts b and d of Figure 5) with
3Si and the §, A) values agree with ad®; ligation foran 4456 0f1 in methanoliwater at the same observer position
uncharged compleX. The differences in the EPR parameters a5 ¢ and e of Figure 5). Although the total spectral width
of sample C and2Si are probably due to triethylamine g (oained, the proton hyperfine coupling in the latter case
coordination at Cu(ll). The broader line width observed in ¢ slightly different from the one in the former case (see
the CW EPR spectrum of sample C versus those of Samplearrows). Our model study of showed that the hyperfine
A is caused by the higher Cu(ll) loading, which is necessary coupling of the aldehyde protons did not depend on the
in catalysis. High local concentrations of copper are known matrix. The present observed change indicates that the
to cause line broadenirfg. This is an interesting but salicylaldehyde-type ligand has been altered.

unwelcome example of preferential leaching during cataly- Furth he ENDOR ¢ le D sh
sis3®In an attempt to eliminate the copper leaching, the base urthermore, the spectra of sample D show an

component in the catalysis, triethylamine, was substituted 2dditional broad peak in the 20 MHz region (parts b
by a silica-immaobilized dimethylaminopropy! grodpThe and d of Flgure_ 5 S|_gnal marke‘?' with a square). At this
result was a stable but poor catalyst for allylic oxidation. rédquency, no signal is observed in the HYSCORE spectra
Early in our studies, the reaction dfwith 1 equiv of (see squares in F|gurg 3b), V\./h'Ch indicates that '.t does not
y-APS followed by immobilization on silica was investi- stem from a proton interaction. Because the signal was

gated. The CW EPR of the immobilized product(s) (sample obsgrved in the 1520 MHz region for magngtlc field
D) confirmed the presence of a mixture 28i and3Si (52: settings throughout the whole EPR spectrum, it cannot be

48%) on the surface. This synthetic route was abandonedz.scr'zed to Lhe ilogp?tr nUCIGUSI”:NQ as|5|gn trtlesed peaks;o
because it provided only a mixture of immobilization rectly coordinated nitrogens with signals centered aroun

precursors. The CW EPR spectrum of copper acetate anqa/2. _In a_single-.cr.ystal ENDOR study Qf C_u(salicylaldimine)
salenHSiQ (sample E) on silica shows the contributions of " Ni(salicylaldimine), nitrogen hyperfine interactionsAf

two copper complexes (88:12%; Table 3 and Scheme 4).~ °0-2 MHz, A; = 37.2 MHz, andA; = 39.1 MHz have

The first component is similar to the components described P&&n observet. Taking into account that the aldehyde proton
couplings in Cu(salicylaldimine) were about 30% larger than

(61) Froncisz, W.: Hyde, J. S. Chem. Phys198Q 73, 3123. those observed here and that this proton hyperfine coupling
(62) Briggeller, X.; Mayer, ENature 198Q 288 569. correlates with the unpaired electron density on the nitro-
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Figure 5. Davies-ENDOR spectra. Immobilized mixture 26i and 3Si Figure 6. In situ ATR spectra of AP-Si@on addition of (a) salicyl-

(sample D) at observer position B with (a) weak pulses and (b) hard pulses. aldehyde (step 1), (b) copper acetate hydrate (step 2 MGsolutions in
(c) 1in methanol/water at observer position B (hard pulses). (d) Immobilized ethanol, and (c) neat-solvent flow. Flow times are 40, 10, and 30 min,

mixture of 2Siand3Si(sample D) at observer positidy = 316 mT (hard respectively. For comparison, transmission IR spectra of neat (d) salenHSi
pulses). (e)l in methanol/water at observer positi@g = 316 mT (hard and (e)2Siare included. Traces f and g show IR spectra of the KBr disks
pulses). of materials as synthesized after steps 1 and 2, respectively. Traces in part

a correspond to spectra recorded after 0.5, 2, 4, 12, and 40 min.
gen® a nitrogen hyperfine coupling of 340 MHz is

reasonable for the immobilizezSi (D) In Situ ATR-IR Study of Cu(salenSi) Immobiliza-

The Davies-ENDOR spectra of sample D obtained using tion and Spectroscopic Characterization of Immobilized
weak microwave pulses differ clearly from those observed Compounds.One of the immobilization approaches involves
earlier for 1 in methanol/water (Figures 5a and 2a). This the reaction of salenHSi (1 mmot$ immobilized on silica
difference in the spectrum of the weakly coupled protons with a solution of copper acetate, providi@$i (Scheme
can also be appreciated from a comparison of the two 4). The metal loading can be controlled by the copper acetate
HYSCORE spectra in Figure 3 (region marked with new concentration, reaction temperature, and reaction time. Step-
'H splitting). A new proton hyperfine interaction with a wise synthesis 02Si on silica has been monitored in situ
maximum splitting of about 8 MHz has appeared. An by ATR-IRS, and spectra in the range 170400 cn1! are
ENDOR study of Cu(ll)-doped Ni(salicylaldimato) single depicted in Figure 6ac. Salicylaldehyde did not show
crystals revealed for the ethylene protons hyperfine couplingssignificant adsorption on a Sdilm or on the bare IRE, so
up to 9.6 MHz2® The observation of these proton splittings that the IR signals arise from the contact between salicyl-
thus again agrees with the presence of the propyl chain andaldehyde and the aminopropyl groups. The strong signal at
confirms the reaction of the aminopropyl group with 1633 cn?, which increases in intensity on flowing a solution
Furthermore, the hole in the ENDOR spectrum at the nuclear of salicylaldehyde over AP-Sildmodifier loading 1 mmol
Zeeman frequency (Figure 5a) confirms that the Cu(ll) g™) is attributed to the &N stretching vibration of the
complex is surrounded by silica. An ENDOR signalvat immobilized salenHSi (Figure 64). Consequently, the
arises mainly from remote matrix protons. Once the Cu(ll) negative-going band at about 1560 ¢n(N—H) is associated
catalyst is mounted on the nonproton-containing matrix silica, with the decreasing concentration of the aminopropyl group
this signal should decrease significantly, as is observed hereas the reaction proceeds. The surface reaction of the
At the same time, a diagonal peak appears in the HYSCOREaminopropyl groups with salicylaldehyde is instantaneous,
spectrum atis;, vs), which confirms the presence &1Si as is observed in solution, and is only slowed down by the
(thus silica) in the vicinity of the Cu(ll) complexes (Figure diffusion of the salicylaldehyde through the porous silica
3b). Importantly, the absence of any signals of weakly network. The weak signal at 1666 ck characteristic of
coupled nitrogens in the HYSCORE spectra rules out an axial salicylaldehyde 1(C=0)], indicates that the IR radiation
coordination of Cu(ll) by an aminopropyl group. The additionally samples the solution directly above the coated
excellent solvating properties of DMSO, used as the solvent ATR crystal. This band disappears on admission of the
for the immobilization, may help to avoid formation of such copper acetate solution in the next step, suggesting the
an axial aminopropyl-coordinatetlon the surfacé!?2 removal of salicylaldehyde from the sotidiquid interface,

2568 Inorganic Chemistry, Vol. 42, No. 8, 2003



Cu(salicylaldimine)

whereas the peak maximum of the band at 1633'cis constitutes the most visible indicator of the reaction of free
insensitive to neat-solvent flow. Signals occurring at about or coordinated €O in salicylaldehyde and M-bis(salicyl-
760 and 740 cm' (not shown) are also associated with the aldehydef® Bands characteristic of the salenHSi imine
formation of salenHSi on the modified silica surface. functionality are typically found in the range 1650590
Inspection of the IR spectra of the precursor materials showscm™! for the precursors and silica-incorporated com-
that these bands are characteristic of the metal complexespounds?'® For Cu(salenSi) precursors, th€C=N) band

in good agreement with data reported by Bigotto €¥®al. appears at 1622 cmi This band is found at 1625 crhfor
Furthermore, 4-methoxybenzaldehyde and 4-cyanobenz-the silica-gel-immobilized Cu(salenSi) and Cu(salenSi) aero-
aldehyde were investigated to conclusively assign the signalgel®> Although this provides information regarding the
at 1633 cm* to thev(C=N) of the immobilized imine group  reaction outcome, alone it cannot be used as confirmation
in step 1 (Scheme 4). Both substituted benzaldehydesof the complex type on the surfaée.

exhibited a signal at 1645 crii which showed increasing

intensity with reaction time. Moreover, a signal at 2229¢m  Discussion

found for 4-cyanobenzaldehyde clearly indicated, together

W'th that at 16_45 e, thg |r_nm0b|I|zat|on of the aromatic ENDOR techniques were applicable for the characterization
moiety, formation of f[he imine group, and presence of the of immobilized Cu(salenSi)-type compounds. The results of
C=N group on the Si@surface. _ the combined CW EPR, HYSCORE, and Davies-ENDOR
F"?W'”g ?‘_30'“"0” of copper acetate over_the salenHSi- experiments confirm the following points. CW EPR spectra
modified silica alters the ATR spectra (Figure 6b) as gp,qy that two Cu(ll) complexes are formed on the surface
follows: the signal at 1633 cm is red shifted to 1625 cmi during the reaction ofl with AP-SiO, (0.5 mmol g*
with increased intensity and is attributed to formation of a modifier; Scheme 3; sample A in Table 3). Tpand copper

srrfac.e—boun(?? ("he" n1|9ta|| f(;)T]p:jexa}tloﬁbMe_tal COM-  hyperfine values measured indicate that a different number
plexation perturbs the salicylaldehyde ring vibrations (650 ¢ isrogen atoms surround the copper in these two compo-

1400. cm) by afft_agting the.charg.e density and d?stri.bution, nents and that equatorial N@ndtrans-N,O, coordination

that is, pand pQS|t|pn and |ntenS|ty.. qun coord|_r1at|on, the of the Cu(ll) occurs. This is in agreement with a reaction
electronic gontrlbutlon qf thg aromatic sall.cylaldlmlne SYstem | here 1 reacts with one and two aminopropyl groups
to metak-ligand bonding is reflected in a decrease in (Scheme 3). Davies-ENDOR and HYSCORE spectra of

frequency of these bands with new s?gnals appearing at 16023ample D confirm that for one of the two components on
1540, 1469, and 1450 crh A similar effect has been  gjica 4t least one nitrogen is coordinating to copper,

observed for the ring vibrations of salicylic acid upon g fine interactions compatible with the ones expected for

complexation with the Fe atoms of goetHife. the :
A , propyl protons are present, and a salicylaldehyde-type
The signals at about 1570 and 1410 ¢mbserved intrace ;4204 is coordinating (i.e., presence of the aldehyde protons

b are associated with physisorbed copper acetate, which 'Sand the characteristiéC signals). Furthermore, the reduction

readily removed by neat-solvent flow (Figure 6c). For the v signal in the Davies-ENDOR spectra and appear-

comparison, copper acetate adsorption on the AR-SIO 1.6 of thesj signal in the HYSCORE spectrum constitute
surface was followed using the same concentration of copper,

X strong evidence for immobilization on the silica surface.
dicating that the acetate readiy, adsorbs on siica. This . e CW EPR specitum of sample B (Table 3) contains
clearly sgows that if a ligand is prgsent on the silica Sl.Jrface only one component W.hICh Is very similar to that of.the
the adsorption of the acetate is less pronounced and meta econd componenB§D in sample A. The c_orrespondmg

T . . ) : YSCORE and Davies-ENDOR spectra3fi (sample B)
coordination via the ligand is the dominant process. At lower

. . . again reveal evidence of a reduced hyperfine splitting of the
Ior? dv'\:g (OI'F?S imrr1T1c|)I glz], sraletnl;:st|i re:é:itssvv ';h cr:r(l)paergci:\(/et?]te, aldehyde proton, the presence of the propyl-type protons and
?h Oh. ﬁ sighais Ct ? acters (j; i (Sc ed(_a t)h A'(I?R IR nitrogens, and the presence of silicon in the vicinity of the
€ Nigh copper acetate concentration used in thé Al - copper complex. This proves that our initial assignment of
experiment4Siis not observed at this aminopropyl loading

due to the dominant signals of the adsorbed copper acetateN03 surroundings for this component in sample A on the
Benzaldehydes absorb strongly in the region 171665 basis of CW EPR is correct and that the second component

e with internal hvdroaen bonding. as in salicvialdehvde (2Si) has NO, surroundings. In addition, the HYSCORE
reduc\?::g tlhis signal%o 1266 CThES :Jp?c’)n ccl)mplelxétion tr)lle ' analyses show that neither of the two complexes undergo
C=0 band in salicylaldehyde is further reduced as in the axial coordination with an aminopropyl group, which might

; . have been expected on the basis of previous std#fés.
M-bis(salicylaldehyde) complexes [1610 (Y, 1627 (Co), . .
and 1626 (Mn) cm1].5" % The appearance of the character- Furthermore, the absence of any coppaspper interactions

L . oo in the immobilized Cu(salenSi), such as those present in
istic stretching vibration of the newly formed=éN bond copper acetate, is confirmed.

(63) Bigotto, A.; Reisenhofer, E.; Giordani, Bpectrochim. Actd 984 We have applied ATR-IR to gain some insight into the
404 203. stepwise modification of the silica surface with Cu(salenSi

(64) Yost, E. C.; Tejedor-Tejedor, M. |.; Anderson, M. Bnviron. Sci. P ( )
Technol.199Q 24, 822.

(65) Lampert, H.; Mikenda, W.; Karpfen, Al. Phys. Chem. A997 101, (66) Nakamoto, Kinfrared and Raman Spectra of Inorganic and Coor-
2254. dination CompoundsJohn Wiley & Sons: New York, 1997.

1 has been used as a model to evaluate which EPR and
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(Scheme 4 and Figure 6). To our knowledge, this is the first Scheme 5. Preparation Routes for Chiral Cu-bis(salicylaldehyde)-
study on the immobilization of a metal center within a salen ~ [YPe Homo- and Heterogeneous Complexes by ReactiantdBA

ligand moiety using an in situ spectroscopic method in the 5

presence of a solvent. Several additional features, including NH,

silica—copper acetate and silied interactions, are also ! ©)\

detected using this method. A potential weakness of the - f’}cff _
NS ~

ATR-IR technique in immobilization studies involving SO Q 0 N N

based materials lies in the background absorption of the o g ©/K )\©

support. Bands arising from the silica framework-{8i—

Si and Si-O vibrations in the 1256900 cm! spectral

region) can mask useful information. For example, the signal 3si

centered at 1280 cm, attributed to the phenolic €0 NH

vibration of salicylaldehyde, appears with salenHSi formation @A\

(step 1, Scheme 4) and disappears when copper acetate is QP o0

admitted to the salenHSi-modified silica film (step %2). o W e S W

Interference due to the strong-SD—Si vibration of the silica |

thin film masks the new signal that is expected for this

vibration. _Si_ _Si

) L. ) SO 170 ~O7 170

In the past, the spectroscopic similarity of the precursors Oy O

and aerogel-immobilized catalysts with structurally charac-
terized compounds has often been used to confirm that therently, we are investigating the reactions of chiral copper

modified ligand also coordinates similafy3' However, we  acetates (e.g., mandelates) with salenHSi immobilized on

have shown that for Cu(salenSi) the IR imine absorptions sijlica (Scheme 4) as a route to immobilized chiral half-salen
are insensitive to the XD, geometry (cis and trans) at the copper catalysts.

metal center, and EPR studies are necessary to confirm the Importance has been attached, in isolated cases, to the

prec?s_e coord?nation at the metal cerifein addition, as t_he chain length of the spacer group used to chemically bind
modifier loadings are reduced (e.g., 0.05 mmof)g it the catalyst and ligand to the support in relation to the

becomes difficult to distinguish the corresponding bands. catalytic activitys” The propyl group has been chosen here
Convincing evidence of the structure of the immobilized ¢y a5 to avoid pore blockage while still retaining the

complexes is, therefore, obtained only from combined EPR flexibility of the ligand system. The flexibility of the

and IR studies. propylamine spacer is clearly demonstrated in accommodat-
On the basis of our combined EPR and in situ ATR-IR jqq the Schiff base reaction afwith the silica-immobilized
spectroscopic characterization of the precursors and im'propylamine group, providindSi. Furthermore, immobilized
mobilized materials, several facile synthetic routes to Nnew gzjenHSi on silica also accommodates the formation of
heterogeneous systems with applications in oxidation ca- cy(salenSi) on the surface via the addition of a solution of
talysis have been elucidated. Our novel application of the 4 transition-metal salt (Scheme 4). An advantage of the above
Schiff base condensation enables facile immobilizatioh of approach, that is, synthesis by the addition of a transition-
on AP-SiQ, providing immobilized salen-type catalysts meta salt, is that it offers some synthetic flexibility in catalyst
(Scheme 3). To our knowledge, this approach has not beengeyelopment. Recently, a related stepwise approach has been
described in the literature to date. For salenSi-type systems, sed for the immobilization of a salicylaldimine complex
the reaction product on the surface can be controlled on thegg, epoxidatior?® A complete characterization of the catalyst
basis of the aminopropyl modifier loading. Such a strategy was not provided, and the proposed formulation as a half
opens new synthetic routes to compounds not available bysajens; is unlikely on the basis of the salenSi and metal (6.8%

conventional synthetic procedures and enabled us to inveshy wt) loading. This high metal loading would suggest that
tigate the further modification of the metdigand system  the metal has, in fact, aJ9, coordination®

on the surface. Indeed, one of the main reasons that prompted Previously

this investigation was the possibility of introducing a chiral ., hjex with the support during immobilization has not been
center at the unreacted carbonyl grougi on the silica  ¢ngjgered an important factor. The adsorption of copper
surface, thgreby opening an avenue to hetgrogeneoys Ch'raz!lcetate hydrate (physical and chemical) from solution onto
Cu(salenSi) (Scheme 5).reacts smoothly witl:-MBA in silica gel 100 shows that such a consideration may be

solution, providing5 (Scheme 5§*2® Unfortunately, a  gjgnificant in the absence of meticulous washing procedures.
comparable Schiff base condensation3&h W'_th o-MBA . On the silica surface, copper acetate is coordinated by four
was not observed on the_ surface. On the b_aS|s of EPR St“d'e%xygens in a highly strained geometry (sample G, Table 3).
of the recovered material, the coordination MBA at Similarly, 1 adsorbs on silica via two modes, as evidenced

copper is the dominant reaction (sample F, Table 3). ,, £pR |nterestingly, such MO interactions have been
Although unsuccessful, our simplified approach to the

mtrodyctmn of chlrallty would have o.bV|ated the laborious (67) Hartley, E. R.Catalysis by Metal Complexes, Supported Metal
organic synthesis procedures described previotistur- ReagentsD. Reidel: Dordrecht, Germany, 1984.

direct interaction of the unmodified metal
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reported for Cu(salicylaldimine) in the cages of zeolite Y, conventional synthetic procedures is possible via the surface-
where treatment of the Cu(salicylaldimine) with acetonitrile synthesis strategy. Utilizing mesoporous silica as the support
was accompanied by a green-to-red color change andobviates the setgel procedure and scG@rying necessary
significant change in catalytic activify. to produce silica aerogels. Finally, the relevance of N-
containing ligands for homogeneous and heterogeneous
catalysis is considerable, and it is expected that future studies
Using a combination of EPR and IR spectroscopies, we centered on the catalytic behavior of the immobilized com-
are able to confirm our synthetic findings and make the pounds for oxidation catalysis will provide interesting results.
following conclusions. The novel application of the familiar
Schiff base condensation enables facile immobilization of ~Acknowledgment. The authors wish to thank Dr. Thomas
Cu_bis(sa|icy|a|dehyde) precursors on AP_S|® addition, Burg| for invaluable XPS measurements and Dr. Marek
the Schiff base reaction provides a very useful tool in the Maciejewski for thermal analysis.
stepwise immobilization of Cu(salicylaldimine) compounds.
Importantly, the synthesis of compounds not available by 1C020298P

Conclusions
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