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Abstract

The first immobilization of Ni(II) and Mn(III) metallotetraazaannulene compounds in nanometric pores of an inorganic matrix (porous Vycor
glass, PVG) by diffusion of the complex through the glass pores is reported. The immobilization process was monitored by UV–vis spectroscopy
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t room temperature and electron paramagnetic resonance spectroscopy (EPR) at 77 and 300 K. Results showed that the mangane
as reduced inside the PVG after the immobilization process. On the other hand, the NiTMTAA (tetramethyl dibenzotetraaza[14
f nickel(II)) remained stable. The catalytic activity of NiTMTAA as model of Factor F430 on the reductive dehalogenation of alkyl hali
iodocyclohexane or bromocyclohexane) was studied in homogeneous and heterogeneous systems in the presence of NaBH4 as reducing
gent. The promising catalytic results have shown adequate characteristics of PVG for immobilization of the Ni(II) tetraazaannulen
hese nanocomposites display high potential for heterogeneous catalytic procedures.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Compounds containing the tetramethyl dibenzote-
raaza[14]annulene framework, frequently named by
MTAA ( {5,7,12,14-tetramethyldibenzo[b,i]–1,4,8,11-

etraaza[14]annulenate} nickel(II) (Fig. 1a) have attracted
ttention because they can be conveniently synthesized and
ecause they share common characteristics with metallo-
orphyrins (both contain a dianionic-conjugated ligand with

our nitrogen atoms coordinating to the metal)[1]. However,
he framework flexibility and ruffled structure of the TMTAA
omplex, caused by their smaller conjugation in comparison
o porphyrins, allows an easy change of the oxidation state
rom the central metal ion. This is a key difference between
etraaza and porphyrin complexes, which has increased the
nterest in the former compound as biomimetic model. The
ramework flexibility allows the macrocycle to accommodate

∗ Corresponding author. Tel.: +55 41 3613180; fax: +55 41 3613186.
E-mail address:shirley@quimica.ufpr.br (S. Nakagaki).

different coordination geometries[1–4]. This characteristi
can facilitate the reduction of Ni(II) to Ni(I), an importa
property for idealizing model compounds for biologi
systems [5,6]. In fact, the dibenzotetraaza[14]annule
complexes of transition metals have been studied as m
of different enzymes such as vitamin B12 coenzyme by coba
tetraaza[3], as a model for cytochrome P-450 in oxi
tive homogeneous reactions of nitro compounds by m
ganese tetraaza[1] and as a model for Factor F430 in catalytic
studies of the reductive dehalogenation of alkyl halide
yield alkane in reactions catalyzed by NiTMTAA[6].

Factor F430 is an interesting system to be mimetiz
by tetraaza complexes. Factor F430 is the prosthetic grou
of methyl-coenzyme M–reductase formed by a nic
hydrogenated porphyrin (MCR)[7], which catalyzes the fi
nal stages of the carbon dioxide reduction to methan
methanogenic bacteria[7–9]. In the final step of catalyt
cycle, the reduction of Ni(II) to Ni(I) is observed. Stud
of this step have shown that the nickel reduction is pos
due to the flexible framework, which easily accommod

381-1169/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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Fig. 1. Molecular structure of{5,7,12,14-tetramethyldibenzo[b,i]–1,4,8,11-
tetraaza[14]annulene}; (a) NiTMTAA; (b) [Mn(TMTAA)]NCS; (c)
Ni(Cl2TMTAA) ( {5,7,12,14-tetramethyldichlorobenzo[b,i]–1,4,8,11-
tetraaza[14]annulenate} nickel(II) [27b]) and (d) Ni(Cl4TMTAA)
({5,7,12,14-tetramethyltetrachlorobenzo[b,i]–1,4,8,11-
tetraaza[14]annulenate} nickel(II) [27b]).

the N–Ni distances required by the relatively large Ni(I) ion
[6,9]. Similar deformation of reduction to Ni(I) has also been
observed with synthetic tetraaza complexes whereas the for-
mation of Ni(II)� anion radical in porphyrins leaves the Ni–N
distances unaltered[4]. The comparison between these two
systems indicates that the flexible framework of the nickel
dibenzotetraaza[14]annulene, may facilitate the formation of
Ni(I) species[4,6] on the biomimetic reaction.

Inorganic compounds such as silica gel, clays and zeo-
lites have been extensively investigated as matrices for the
immobilization of metallocompounds[10]. The composites
formed can be used as a heterogeneous catalyst in reactions a
biomimetic models for a great number of biological systems.
Moreover, the matrix structure can provide a better selectiv-
ity for the approach of the substrate to the active sites of the
immobilized compound[11]. The metallocompounds such
as macrocyclic complexes have shown important properties
for their use as catalysts due to their resistance and flexibility,
providing robust catalysts for oxidation and reduction reac-
tions when associated with inorganic supports[12–15]. The
immobilization of metallotetraazaannulene combines their
properties (resistance and flexibility) with the characteristics
associated with the supports such as selectivity and facilitated
reuse of the catalysts after the reaction[11].

Porous Vycor glass (PVG) is an inorganic host matrix
t with a
g xides
a ob-
t rosil-
i ture
o ging
b %
[ nol
g ion of
o com-
p

Immobilization of porphyrins and metalloporphyrins in
porous glasses has been reported in the literature especially
in sol–gel derived materials[20–22]. More recently iron and
manganese porphyrins were immobilized inside porous Vy-
cor glass and their activity was investigated as catalyst for
oxidation reactions[10]. These results suggested that other
tetraaza compounds could be immobilized in the porous sys-
tems of the PVG. Although the catalytic activity of metallote-
traazaannulene was reported in homogeneous catalysis[1,6]
heterogeneous catalysis was never reported.

In this paper we report the first immobilization of metal-
lotetraazaannulene compounds (Fig. 1) in nanometric pores
of an inorganic matrix (PVG) and the characterization of the
solids obtained by EPR and UV–vis spectroscopies. The cat-
alytic activity of NiTMTAA as model of Factor F430 on the
reductive dehalogenation of alkyl halides on homogeneous
and heterogeneous systems was studied.

2. Experimental

All chemicals were purchased from either Aldrich or
Sigma and used without further purification, except for the
absolute ethanol, methanol and diglyme. These solvents were
previously purified[23] and stored under molecular sieves.
U rray
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t ob-
hat can be used to produce several nanocomposites
reat variety of materials, such as semiconductors, o
nd polymers[16–18]. It is a transparent porous material

ained by acid leaching of a phase-separated alkaline bo
cate glass[18]. The PVG shows an open porous struc
f essentially pure silica with interconnecting pores ran
etween 20 and 200̊A [19], and a pore volume of nearly 28

16–18]. The porous surface contains slightly acidic sila
roups that can be used as active sites on the incorporat
rganometallic, metallocomplexes and semiconductor
ounds[16–18].
s

V–vis spectra were recorded in an HP 8452A Diode A
pectrophotometer in the 190–820 nm range. Spectra
late samples were obtained by placing the samples di

n the beam path, using air or a PVG plate as reference
late surface was positioned perpendicular to the light b
he dichloromethane solutions of the compounds Ni
AA and [Mn(TMTAA)NCS] were analyzed in a 1.0 cm pa

ength quartz cuvette and dichloromethane was used as
nce. Electron paramagnetic resonance measurements
f the PVG and the NiT-PVG solids or frozen solutions

he pure nickel complex were performed with a Bruker E
00E spectrometer at X-band (ca. 9.5 GHz) at 293 or 77 K

ng liquid N2. 1H NMR measurement was made using Bru
C80, 80 MHz in CDCl3 or CCl4.

.1. Treatment of the PVG

Code 7930 porous Vycor glass (PVG) was purchased
orning Glass. Plates of PVG with dimensions of 10 mm×
0 mm× 1 mm in size were first dipped in a 2 mol L−1 HCl
olution for 30 min, and then in acetone for another 30
fter this, the glass plates were heated at 550◦C for 72 h,
ooled at room temperature and stored in a desiccator
o use[24].

.2. Synthesis

.2.1. Ni(II)TMTAA
The Ni(II) macrocycle was synthesized following the p

edure outlined by Goedken[4]. The NiTMTAA forma-
ion was monitored by the UV–vis analysis through the
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served changes at 272 and 398 nm[25]. Yield: 60%. UV–vis
(CH2Cl2) λmax (molar extinction coefficients are given
in parentheses, mol−1 L cm−1); 272 nm (30,700), 398 nm
(37,700) and 592 nm (6700). Anal. calcd for C22H22N4Ni
(MM = 401.38 g/mol). C, 70.4%; H, 6.3%; N,12.7%. Found
C, 65.9%; H, 5.6%; N,13.9%.1H NMR (CCl4); δ 2.1 ppm
(12H), δ 4.9 ppm (2H) andδ 6.6 ppm (8H). FT-IR (KBr,
cm−1): 3062 (w, =C H), 3040 (w, C C), 2922 (w, C H),
2900 (w, =C H), 1546 (m, C C), 1462 (s, N C C), 1368
(m, C C H), 1281 (w, C N), 1207 (m, C C H), 737 (m,
C C C), 696 (w, C H).

2.2.2. Free ligand H2TMTAA
The free ligand (free-base) was prepared from the NiTM-

TAA complex following the procedure outlined by Goed-
ken and Weiss[4]. Yield of the yellow solid product: 55%.
UV–vis (CH2Cl2) λmax (molar extinction coefficients are
given in parentheses, mol−1 L cm−1); 254 nm (8200), 264 nm
(7500) and 348 nm (16,300). Anal. calcd for C22H24N4 (MM
= 344.46 g/mol) C, 76.7%; H, 7.0%; N,16.3%. Found C,
76.9%; H.6.8%; N, 15.6%.1H NMR (CCl4); δ2.1 ppm (12H),
δ 4.9 ppm (2H) andδ 7.0 ppm (8H); FT-IR (KBr, cm−1): 3062
(w, C H), 3040 (w, C C), 2922 (w, C H), 2900 (w, C H),
1616 (s, C N H) 1548 (m, C C), 1510 (w, N C C),
1383 (s, C H), 1275 (w, C N), 1190 (w, C H), 752
(
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the UV–vis analysis through the observed changes at 272 and
400 nm[25]. Yield: 48%. UV–vis (CH2Cl2) λmax (molar ex-
tinction coefficients are given in parentheses, mol−1 L cm−1);
272 nm (36,500), 336 nm (11,600), 400 nm (39,800), 432 nm
(17,400) and 592 nm (7400). Anal. calcd for C22H20Cl2N4Ni
(MM = 470.02 g/mol) C, 60.8%; H, 4.8%; N,12.5%. Found C,
59.3%; H.4.3%; N, 11.9%.1H NMR (CCl4); δ2.1 ppm (12H),
δ 4.9 ppm (2H) andδ 6.6 ppm (6H). FT-IR (KBr, cm−1): 3070
(w, C H), 2959 (w, C H), 2923 (w, C H), 2848 (w, C H),
1541 (m, C C), 1460 (s, CH3), 1390 (s, CH3), 1274 (w, C N),
1207 (m, C CH3), 856 (m, C H), 800 (m, C H), 777 (m,
C H) and 582 (w, CCl).

2.2.5. NiCl4TMTAA
The Ni(II) macrocycle was synthesized following the

procedure outlined by Goedken and Weiss[4]. 4,5-
Dichlorophenylenediamine, 2,4-pentanodione and nickel ac-
etate tetrahydrate were reacted in methanol during 35 h
to produce the NiCl4TMTAA. This reaction was moni-
tored by the UV–vis analysis through the observed changes
at 274 and 404 nm[25]. Yield: 14%. UV–vis (CH2Cl2)
λmax (molar extinction coefficients are given in parenthe-
ses, mol−1 L cm−1); 274 nm (37,400), 350 nm (10,700),
402 nm (43,700), 436 nm (21,300) and 592 nm (8400).
C22H18Cl4N4Ni (MM = 538.91 g/mol). 1H NMR (CCl4);
δ -
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.2.3. [Mn(III)(TMTAA)]NCS
Initially the thiocyanate bis (acetylacetonate) m

anese(III) was synthesized following the procedure outl
y Marianelli and Stults[26]. The crystallized product was fi

ered and dried under vacuum (yield 85%). C11H14NO4SMn
MM = 311.14 g/mol); mp 169–170◦C. FT-IR (KBr, cm−1):
010 (w, C H), 2073 (s, C N), 1535 (s, + ), 1421
m, + ), 1342 (s, C H) 1284 (m, C CH3 + ),
032 (m, CH3), 949 (m, + ), 798 (m, C H, C S),
30 (w, Mn O), 489 (s, Mn O), 432 (w, NCS).

The [Mn(TMTAA)NCS] was synthesized from th
anganese salt (thiocyanate bis(acetylacetonate)
anese(III)) following the procedure outlined by Ne
nd Dabrowiak [27a]. Yield: 65%. UV–vis (CH2Cl2)
max (molar extinction coefficients are given in par
heses, mol−1 L cm−1); 274, 358 nm (34,000), 462 a
04 nm (2400). C23H22N5SMn (MM = 455.22 g/mol)
T-IR (KBr, cm−1): 3062 (w, C H), 3040 (w, C C),
922 (w, C H), 2900 (w, C H), 2054 (s, C N),
531 (s, C C), 1460 (m, N C C), 1383 (s, C H),
279 (m, C N), 1194 (m, C H), 752 (m, C C), 432
w, NCS).

.2.4. NiCl2TMTAA
The Ni(II) macrocycle was synthesized followi

he procedure outlined by Goedken and Weiss[4]. 4-
hlorophenylenediamine, 2,4-pentanodione and nicke
tate tetrahydrate were reacted in methanol during 38
roduce the NiCl2TMTAA. This reaction was monitored b
2.1 ppm (12H),δ 4.9 ppm (2H) andδ 6.6 ppm (4H). FT
R (KBr, cm−1): 2965 (w, C H), 2924 (w, C H), 2855
w, C H), 1562 (w, C C), 1530 (m, C C), 1450 (s

C C), 1391 (s, C H), 1273 (m, C N), 1211 (w, C H),
134 (m, C H), 1036 (m, C H), 808 (m, CHR), 623
m, C Cl).

.3. Immobilization of metallotetraazaannulene
n PVG plates

The immobilization of NiTMTAA or [Mn(TMTAA)NCS]
n PVG was carried out by three different metho
y immobilization in Vycor plate (10 mm× 10 mm ×
mm). In order to facilitate the identification, the pro
cts obtained were named by the nomenclature MT-PV
here M = Ni(II) or Mn(III), T= the complex TM
AA, PVG = porous Vycor glass and X= 1, 2, 3 t
umber of the method used for monitoring the reac
rocess.

.3.1. Method 1 (compounds obtained – NiT-PVG1 and
nT-PVG1)
A plate of PVG was immersed in a 1.0 cm path len

V–vis quartz cuvette (40 mL of volume capacity) conta
ng 20 mL of metallomacrocyclic dichloromethane solut
4 × 10−4 mol L−1). The cuvette was closed and the su
atant solution was monitored by UV–vis spectroscopy

ng 800 h. After this period the plate was removed from the
ution, exhaustively washed with dichloromethane, meth
nd acetonitrile in a Soxhlet extractor and stored under A

ater analysis.
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2.3.2. Method 2 (compounds obtained – NiT-PVG2 and
MnT-PVG2)

A plate of PVG was added to a flask containing
20 mL of metallomacrocyclic dichloromethane solution (5
× 10−4 mol L−1) at room temperature. The flask was main-
tained closed, but the PVG plate was removed periodi-
cally from the solution, analyzed by UV–vis spectroscopy
and EPR, and dipped again in the solution. The immobi-
lization process was maintained for 250 h when the plate
was removed from the solution, exhaustively washed with
dichloromethane, methanol and acetonitrile in a Soxhlet ex-
tractor and stored under Argon.

2.3.3. Method 3 (compound obtained – MnT-PVG3)
A plate of PVG was added to a closed flask containing

20 mL of dichloromethane solution of [Mn(TMTAA)NCS] (5
× 10−4 mol L−1) at room temperature for 2 h. The plate was
removed from the solution, washed with dichloromethane,
air dried and analyzed by EPR and UV–vis spectroscopy.

2.4. Homogeneous catalytic reaction

Bromocyclohexane, chlorocyclohexane and iodocyclo-
hexane reduction reactions with NaBH4 were carried out
in a 2 mL glass borosilicate vial with an open top screw
c alyst
N
N at-
m ition
o
e were
p d by
t ocy-
c d at
r e re-
a (Shi-
m ame
i n
( ned
b ard.
E d the
m tions
w

2

c on-
t solid
( H
( -
d 50
o en
d ture
w ce of
l the

solid catalyst by exhaustive washing and centrifugation of the
solid with acetonitrile as solvent. The extracted solution was
analyzed by GC following the same procedure used in homo-
geneous catalysis. The same procedure was followed in the
control reactions using: (a) only the substrate, (b) substrate
+ NaBH4 and (c) substrate + NaBH4 + hydrogen donor. No
products were detected in the control reactions.

2.6. Investigation of intermediate species

In order to study the intermediate species produced by the
reaction of NiTMTAA and NaBH4, the reaction mixture was
prepared following the procedure described inSection 2.4
without the addition of a substrate. The reaction was analyzed
by EPR (at 77 K) and UV–vis (at room temperature) in a con-
trolled period of time. After this period the substrate (iodocy-
clohexane) was added and the solution analyzed again.

3. Results and discussion

3.1. Immobilization of metallotetraazaannulene
in PVG plates

The porous Vycor glass acts as a cation exchanger due
t cili-
t like
[ ch
a rac-
t ically
r

im-
m ulene
a tions.
F )
r tion
p ickel
c was
n f the
M urs
[

om-
p 0 nm.
T an-
g metal
c t 398
a pec-
t

llote-
t d 1)
a e
i com-
p erved
w
s es. It
w is
ap containing a silicone–Teflon-faced septum. The cat
iTMTAA (2.5 × 10−3 mol L−1) and NaBH4 (1:1–1:100
iTMTAA:NaBH4 molar ratio) were mixed under argon
osphere at room temperature and followed by the add
f 900�L of solvent (acetonitrile or diglyme) and 100�L of
thanol (used as hydrogen donor). The solvents used
reviously stored under argon. The reaction was initiate

he addition of the substrate (bromocyclohexane, chlor
lohexane or iodocyclohexane). The mixture was stirre
oom temperature for 2 or 3 h in the absence of light. Th
ction products were analyzed by gas chromatography
adzu CG-14B gas chromatograph) equipped with a fl

onization detector and with a DB-WAX capillary colum
J&W Scientific). The amount of products was determi
y using 1-octanol or cyclohexanol as the internal stand
ach reaction was performed at least twice or more an
ixture was analyzed three times by GC. Control reac
ithout catalyst were performed.

.5. Heterogeneous catalytic reaction

The iodocyclohexane reduction reaction with NaBH4 was
arried out in a 2 mL vial with an open top screw cap c
aining a silicone–Teflon-faced septum. The catalysts
NiTMTAA-PVG plate powdered in a mortar) and NaB4
1:10 and 1:100 catalyst:NaBH4 molar ratio) were mixed un
er argon atmosphere at room temperature and then 4�L
f solvent (diglyme) and 100�L of ethanol (used as hydrog
onor) were added. After the substrate addition, the mix
as stirred at room temperature during 3 h in the absen

ight. The products of the reaction were separated from
he presence of silanol groups in its surface which fa
ate the diffusion and adsorption of cationic complexes,
Mn(TMTAA)] +. The interaction of neutral complexes su
s NiTMTAA is also possible by the van der Waals inte

ion. As expected, the anionic complexes are electrostat
epelled, as previously described by Gafney[28].

During the immobilization process, the glass plate
obilized with both manganese and nickel tetraazaann
cquires a green color characteristic of complexes solu
or the NiTMTAA complex, the solid NiT-PVGX (X= 1, 2
etains the green color for months after the immobiliza
rocess, which indicates the expected stability of the n
omplex in the porous glass. However, the same stability
ot observed for the manganese complex. The color o
nT-PVGX (X = 1, 2, 3) solid changed to red after few ho

27].
The UV–vis spectra of metallotetraazaannulene c

lexes showed absorption bands in the range of 270–65
he weaker bands at 592 and 604 nm (Ni complex and M
anese complex, respectively) are assigned to ligand-to-
harge transfer (LMCT). The intense peaks observed a
nd 358 nm (Ni complex and Manganese complex, res

ively) are associated to� → �∗ ligand transition[29,30].
The electronic spectra changes observed for the meta

raazaannulene solutions used for impregnation (Metho
re shown inFig. 2a (NiT-PVG1) and 2b (MnT-PVG1). Th

ntense decrease of the LMTC bands at 592 nm (nickel
ound) and 604 nm (manganese compound) was obs
ith the increase of the immobilization time (Fig. 2), which
uggests the migration of molecules through glass por
as observed that the immobilization rate of MnTMTAA
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Fig. 2. UV–vis spectra of immobilization solution used in the Method 1:
(a) NiTMTAA solution (to obtention of NiT-PVG1); (b) Mn(TMTAA)NCS
solution (to obtention of MnT-PVG1).

higher than NiTMTAA. The immobilization was stopped for
MnTMTAA after 170 h against 770 h for the Ni(II) complex
(observed by the colorless solutions and absence of modi-
fication in the UV–vis spectra). The higher immobilization
rate for the cationic MnTMTAA may be due to its higher
interaction with the PVG charged pore surface.

The UV–vis spectra of the impregnated PVG plates ob-
tained by the second method (NiT-PVG2 and MnT-PVG2)
are presented inFig. 3. The increase in intensity of the char-
acteristic bands of nickel complex during 225 h confirms the
immobilization (Fig. 3I). After 87 h of immobilization the
color of the PVG plate immersed in the solution of nickel
compound NiT-PVG2 remained a dark green color, confirm-
ing the stability of nickel complex into the PVG plate.

In contrast with what was observed in NiT-PVG2, an in-
tensity increase of characteristic bands of the Mn (III) was
not observed in the spectra of the MnT-PVG2 (Fig. 3II). In-
stead it an intensity increase in the spectrum was observed
without definition of bands. Simultaneously, a change in the
plate color (MnT-PVG2) was observed. During the first 3 h of
immobilization the plate remained green (the characteristic
color of the MnTMTAA), but after 24 h (with the plate kept
inside the immobilization solution) the color changed to dark
red suggesting that a decomposition process had been occur-
ring simultaneously with the immobilization process. The
d is of
t ion.
T red

Fig. 3. UV–vis spectra of PVG plate used in the Method 2 to (I) NiT-PVG2;
(II) MnT-PVG2, in different times: (a) 1 h, (b) 15 h, (c) 24 h, (d) 87 h and (e)
225 h.

after the immobilization inside the glass pores based on the
fact that in the first method of immobilization (Method 1) the
original complex solution had not shown spectral changes
indicating alterations in the original complex (Fig. 2b).

The EPR spectra of the MnT-PVG1 and MnT-PVG2 plate
samples are shown inFig. 4a and b. Both spectra presented
EPR signals with six lines typical of octahedral high spin,
d5, S = 5/2 Mn(II) mononuclear complexes[31]. Since the
[Mn(III)TMTAA(NCS)] solid spectrum was EPR silent (as
expected in manganese(III) ion with an electronic configu-
ration 3d4 and nuclear spin(I) 5/2), the spectra presented in
Fig. 4indicates that the Mn(III) ions were reduced during the
immobilization process to obtain the MnT-PVG1 and MnT-
PVG2. Few examples of Mn(III) (d4) complex EPR spectra
are observed[31]. The silent EPR spectrum characteristic of
Mn(III) compounds is explained by the zero field splitting for
the levels±2,±1 and 0 which leads to four transitions when
the splitting is small, and none when the splitting is large. As
expected the [Mn(III)TMTAA(NCS)] does not show EPR
spectrum due the Jahn–Teller distortions allied to the large
zero field splitting.

The solids NiT-PVG1 and NiT-PVG2 have shown the
expected EPR silent spectra since the Ni(II) has an elec-
tronic configuration pair, as low spin and high spin[31] and
tetraaza[14]annulene is a neutral ligand, neither the metal nor
t

m-
p 2
ecomposition process was confirmed by EPR analys
he compound MnT-PVG2 after the immobilization react
he decomposition of Mn(III) complex must have occur
he ligand can produce an EPR signal.
After immobilization (Methods 1 and 2), the co

ounds NiT-PVG1, MnT-PVG1, NiT-PVG2, MnT-PVG



218 J.M.A. Caiut et al. / Journal of Molecular Catalysis A: Chemical 222 (2004) 213–222

Fig. 4. EPR spectra of hybrid material of PVG and Manganese tetraaza; (a) MnT-PVG1 after 24 h from immobilization process; (b) MnT-PVG2 after 24 h from
immobilization process; (c) MnT-PVG1 after the washing process on Soxhlet extractor.

were washed in Soxhlet extractor, in order to verify the re-
tention capacity of complexes inside the glass. Both Nickel
complexes (NiT-PVG1 and NiT-PVG2) remained impreg-
nated with the PVG even after the plates had been washed
for 6 h in methanol, dichloromethane and acetonitrile. A
small amount of NiTMTAA complex was observed in the
washing solution obtained from NiT-PVG1 and NiT-PVG2,
due to the complexes immobilized on the external sur-
face of PVG. However, in the MnT-PVG1 and MnT-PVG2
plates washed with methanol, dichloromethane and acetoni-
trile a light yellow color was detected in the washing so-
lution and the PVG plates became bleached. The yellow
color of the solution was not noticeable among the char-
acteristic bands of the MnTMTAA. The EPR spectrum of
the MnT-PVG1 plate sample, after the washing process in
Soxhlet extractor, is shown inFig. 4c. This spectrum pre-
sented EPR signal with six lines typical of Mn(II), suggest-
ing that the Mn(II) ion remained immobilized in the PVG
plate.

In order to monitor the manganese complex inside the
PVG pores, compound MnT-PVG3 (using the Method 3)
was produced. The PVG plate was maintained inside the
[Mn(III)TMTAA(NCS)] solution for only 2 h and was re-
moved for UV–vis and EPR analyses. The UV–vis spectrum
recorded at 20 min after the PVG removal from the solution
s 358
a III
c The
c from
M r
s he
m howed
a f

the electronic and EPR spectra were monitored for 140 h
(Fig. 5c–e). After this time the MnT-PVG3 was completely
red, the UV–vis spectrum has not shown bands of Mn(III)
complex and the EPR signal characteristic of Mn(II) d5 pre-

Fig. 5. UV–vis (top) and EPR (bottom) spectra of MnT-PVG3 in different
times of air exposure after the impregnation time: (a) 20 min, (b) 1.5 h, (c)
24 h, (d) 41 h, (e) 66 h and (f) 144 h.
howed the characteristic bands of Mn(III) complex at
nd 604 nm[27] (Fig. 5a) indicating that the manganese
omplex was apparently intact inside the PVG pores.
orresponding EPR spectrum was silent, as expected
n(III) with an electronic configuration 3d4 and nuclea

pin(I) 5/2[31]. After 1.5 h, the intensity of the bands in t
anganese complex decreased and the EPR spectrum s
signal characteristic of Mn(II) (Fig. 5b). The changes o
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Fig. 6. Schematic proposition of Mn(TMTAA) degradation into PVG porous.

sented the maximum intensity, confirming a decomposition
process (Fig. 5f).

The instability of [Mn(TMTAA)NCS] inside the porous
glass may be related to the Mn(III) complex structure and
charge. The manganese(III) complex has a positive charge
that is neutralized by a counter-ion like NCS-. Inside the
porous systems, the positive charge can be stabilized by
Si O− surface groups coordinated axially to the manganese
(III) ion. The axial coordination promotes the displacement of
the Mn(III) from the equatorial ring in a similar way observed
in manganese porphyrins which interact with methanol. This
interaction promotes the reduction of Mn(III) to Mn(II)[32].
Schultz attributed the absence of methanol as responsible
for the slow kinetics of electro-reduction in manganese por-
phyrins. The large additional out-of-plane displacement of
the Mn atom upon reduction from Mn(III) to Mn(II) in por-
phyrins promotes a lower inner-shell activation barrier to the
electron transfer. This process can be occurring in the same
way inside the pores. The easy reduction of the manganese
can be promoted by the silanol groups coordinated axially on
the Mn(III) ion. The manganese reduction is accomplished by
the disappearance of the UV–vis characteristic bands of the
macrocycle. This observation suggests that the metal reduc-
tion can promote the ligand oxidation, followed by the macro-
cycle destruction favored by the presence of acid protons, in
p s
c pro-
p a-
d d by
t ple.

the
n n-
z tions
a the
s an-
g plex
i

3

ro-
m e re-
d

product cyclohexane[6]. The initial test reactions were per-
formed with the bromocyclohexane. The results are shown
in Table 1(run 1–3) and the reaction yields are expressed as
percentages (based on NaBH4).

In the initial reactions performed in acetonitrile (run 1–3),
no alkane formation by the reductive dehalogenation of bro-
mocyclohexane was detected. Arai et al. have shown that
in the catalytic dehalogenation reaction a hydrogen donor
source is necessary. They proposed that the reductive de-
halogenation of substrates such as bromocyclohexane by the
Ni(TMTAA)/NaBH4 systems proceeds through an electron
transfer from the metal-reduced NiTMTAA catalytic active
species to the substrate followed by the nucleophilic substi-
tution of the halide by the hydride coming from a hydrogen
donor[6]. In the absence of ethanol as hydrogen donor the
majority of cyclohexane was yielded by a radical reaction
of NaBH4 with the substrate. In fact, reactions performed in
the presence of ethanol (run 4–8) have shown quite better
results with production of cyclohexane. However, even in the
presence of ethanol, better results were obtained only when
the solvent diglyme was used instead of acetonitrile (run 8)
probably due to the following facts: (a) diglyme facilitates the
elimination of Br- ions, (b) it is a better solvent for NaBH4
and (c) it does not strongly coordinates with nickel. In the

T
R
N

R

1
2
3
4
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6
7
8

d
f t was
p BH

/v).
ce

q

orous surroundings as proposed inFig. 6 [2]. This proces
an create, for example, the benzodiazapinium salt, as
osed by Jager and Goedken[2,4], by the macrocycle degr
ation of acid environment, and that process is followe

he change of solution color from green to brownish pur
Once the Ni(II) complex is a neutral compound,

ickel(II) ion was strongly stabilized by the ligand dibe
otetraaza[14]annulene, and only van der Waals interac
re likely to be significant. A weak axial interaction with
ilanol groups can occur but not in the same way of the m
anese complex and no destruction of the nickel com

nside the porous Vycor glass was observed.

.2. Catalytic reduction in homogeneous systems

The NiTMTAA complex was used as catalyst in the b
ocyclohexane, chlorocyclohexane and iodocyclohexan
uctive dehalogenation reactions with NaBH4 to obtain the
able 1
eductive dehalogenation of bromocyclohexane with NaBH4 catalyzed by
iTMTAA a

un Molar ratiob

(catalyst:red.:subst.)
Ethanol
(%)c

Cyclohexane
(%)

Turnover
numberd

1:100:100 0 Trace 0.3
1:50:100 0 Trace 0.2
1:10:100 0 <2.0 0.2
1:100:100 10 Trace 0.5
1:50:100 10 <2.0 0.3
1:10:100 10 <2.0 0.1
1:5:100 10 <2.0 0.1
1:10:100 10 7.0 0.7

a To reaction condition seeSection 2.4. All reactions were performe
or 2 h using acetonitrile as solvent except the reaction number 8 tha
erformed for 3 h in diglyme solvent. The % yield was based on the Na4.

b Molar ratio of NiTMTAA:NaBH4:bromocyclohexane.
c Percentage of ethanol added to the solvent as hydrogen donor (v
d Turnover number = mol of yielded alkane/mol of NiTMTAA. Tra

uantities mean that the yield was below to 1%.
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Table 2
Reductive dehalogenation of iodocyclohexane with NaBH4 catalyzed by nickel complexesa

Run Complex Molar ratiob (catalyst:red.:subst.) Ethanol (%)c Cyclohexane (%) Turnover numberd

1 NiTMTAA 1:1:100 10 6 0.07
2 NiCl2TMTAA 1:1:100 10 9 0.1
3 NiCl4TMTAA 1:1:100 10 9 0.1

a To reaction condition seeSection 2.4. All reactions were performed for 2 h using acetonitrile as solvent. The % yield was based on the NaBH4.
b Molar ratio of NiTMTAA:NaBH4:iodociclohexane.
c Percentage of ethanol added to the solvent as hydrogen donor (v/v).
d Turnover number = mol of yielded alkane/mol of NiTMTAA. NiCl2TMTAA (2.0 × 10−3 mol L−1) and NiCl4TMTAA (1.8 × 10−3 mol L−1).

Table 3
Reductive dehalogenation of iodocyclohexane with NaBH4 catalyzed by NiTMTAAa

Run Solvent Molar ratiob (catalyst:red.:subst.) Ethanol (%)c Cyclohexane (%) Turnover numberd

1 Acetonitrile 1:10:100 10 23 2.5
2 Diglyme 1:10:100 10 76 8.1

a To reaction condition seeSection 2.4. All reactions were performed for 3 h. The % yield was based on the NaBH4.
b Molar ratio of NiTMTAA:NaBH4:iodocyclohexane.
c Percentage of ethanol added to the solvent as hydrogen donor (v/v).
d Turnover number = mol of yielded alkane/mol of NiTMTAA.

diglyme solution an increase of the turnover number (run
8) in comparison with reactions in acetonitrile (run 6) was
observed.

The familiar flexible structure of the NiTMTAA com-
pound is an important property for its catalytic activity[6,8].
In fact, the ruffled structure has been related to the potential
biomimetic use of the complex[5,8]. The addition of sub-
stituent groups to the macrocycle structure such as halogens,
or organic radical groups such as methyl and ethyl, can accen-
tuate this framework distortion and facilitate the formation of
intermediate species with nickel(I) involved in the catalytic
process[8]. In order to investigate this process the compounds
Ni(Cl2TMTAA) (2.0 × 10−3 mol L−1) and Ni(Cl4TMTAA)
(1.8× 10−3 mol L−1), Fig. 1c and d, respectively, were used
as catalysts in the bromocyclohexane homogeneous dehalo-
genation reaction (Table 2). The results showed a small in-
crease of cyclohexane yield using these macrocycle catalysts
if compared to NiTMTAA in the same reaction condition.
These facts suggest that the catalytic activity can possibly be
modulated by the addition of appropriate substituents to the
TMTAA framework in order to generate active intermediate
species[8].

When the chlorocyclohexane, a substrate that shows a
lower reactivity in a nucleophilic substitution reaction, was
used in the same conditions as run 8 inTable 1, no alkane yield
w ore
r e ob-
s lo-
h t
d hex-
a e the
b
f . For
e ause
i on of
i

3.3. Catalytic reduction in heterogeneous systems

Although the use of dibenzotetraaza[14]annulene com-
pound as a biomimetic model of Factor F430 in the reductive
dehalogenation of alkyl halide[6] was already reported, the
use of the immobilized tetraaza compounds as catalyst of re-
ductive reaction in heterogeneous catalysis was not studied.
The possibility of separation of the catalyst, at the end of the
reaction, from the organic constituents of the reaction mix-
ture in order to promote its reuse in a new reaction, stimulated
the study of the heterogenization of the catalyst inside the
porous Vycor glass. The characteristics of this support e.g.
high porosity, resistance and possibility of immobilization
by van der Waals interaction motivated its choice. Besides
that, it is observed that the structure of the material can also
contribute to the selectivity of the catalytic reaction[10].

The compound NiT-PVG1 was used as model for Fac-
tor F430. Similar conditions of those used in the homoge-
neous reactions were used with the heterogeneous catalytic
dehalogenation reaction of iodocyclohexane in diglyme sol-
vent (run 1,Table 4). In this run the heterogeneous catalyst

Table 4
Reductive dehalogenation of iodocyclohexane with NaBH4 catalyzed by
NiT-PVG1a

R

1
2
3

or
3

ce
q

as observed[33]. However, for the iodocyclohexane, a m
eactive compound, better results of dehalogenation wer
erved (Table 3). In diglyme, a 76% conversion of iodocyc
exane to cyclohexane was observed (Table 3, run 2). Tha
ifference in the reduction reaction between bromocyclo
ne, chlorocyclohexane and iodocyclohexane occurs du
asicity difference of their conjugate bases (Cl−, Br−, I−)

ormed in the reaction catalyzed by tetraazacomplexes
xample, the iodocyclohexane has a high reactivity bec

ts conjugate base is very weak, so the reduction reacti
odocyclohexane is faster than other alkyl halides[33].
un Molar ratiob

(catalyst:red.:subst.)
Ethanol %c Cyclohexane

(%)
Turnover
numberd

1:10:100 10 Trace 0.2
1:100:100 10 16 14

e 1:100:100 10 20 19
a To reaction condition seeSection 2.5. All reactions were performed f

h in diglyme solvent. The % yield was based on the NaBH4.
b Molar ratio of NiTMTAA:NaBH4:iodocyclohexane.
c Percentage of ethanol added to the solvent as hydrogen donor.
d Turnover number = mol of yielded alkane/mol of NiTMTAA. Tra

uantities mean that the yield was below to 1%.
e Reuse reaction.
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did not show catalytic activity in the dehalogenation reac-
tion of iodocyclohexane. This result suggests that substrate
access to the axial position of the nickel complex decreased
by the immobilization process. When the catalyst reducing
agent:substrate molar ratio was changed to 1:100:100 the
cyclohexane yield increases (run 2,Table 4) showing that
just only at higher concentrations can the substrate connect
to the metal center. Although the new conditions improve
the cyclohexane production, indicating that the NiTMTAA-
PVG system is an interesting potential catalyst, the results
were inferior to those obtained with the homogeneous sys-
tems showing that the determination of the ideal conditions
for heterogeneous catalysis is not a trivial process. However,
an important advantage of the immobilized-catalyst is the
possibility of reutilization. The NiTMTAA-PVG solid was
reutilized in a new reaction after having been recovered from
the first reaction (run 3,Table 4) using the same conditions
utilized in run 2, in this catalyst reutilization the cyclohexane
yield increases from 16% to 20%. This observation can be in-
dicative of the nickel tetraazaannulene compound resistance
to the reaction conditions and of a strong interaction between
the nickel compound and the support; the nickel complex is
not released from the surface after the first utilization. In fact
UV–vis analysis of the solution reactions mixtures showed
that the NiTMTAA was not leached from the support during
t n the
c
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Fig. 7. UV–vis spectra of reaction environment for the homogeneous cat-
alytic dehalogenation by NiT-PVG1.

Fig. 8. EPR spectra of reaction environment for the homogeneous catalytic
dehalogenation by NiT-PVG1 showing a intense signal characteristic of
species Ni(I) (A) and the signal disappear after addition of Iodocyclohex-
ane (B).

active specie in the dehalogenation reaction intermediated
catalyzed by NiTMTAA complex. The same color change
was observed when the PVG immobilized catalyst was used
also suggesting the presence of Ni(I) intermediate specie in
the heterogeneous catalysis. The EPR and UV–vis study of
the PVG solid catalyst will be investigated soon.

4. Conclusions

In this paper we presented the study of interaction of Ni(II)
and Mn(III) tetraaza[14]annulene inside the porous Vycor
glass. The immobilization of the complexes was performed
by three different methods. The high interaction of the Man-
ganese complex was confirmed by the greater immobiliza-
tion rate to the cationic complex. However, the interaction of
silanol groups with manganese complex promoted the degra-
he reactions (none of the reaction solutions have show
haracteristic UV–vis bands in the spectra).

Despite of the poor catalytic results observed in het
eneous catalytic reactions, the use of this catalyst is

nteresting from the economic point of view based on
ossibility of larger solid reutilization.

.4. Investigation of the intermediate species

During the homogeneous catalytic dehalogenation r
ion it was observed that the NiTMTAA complex soluti
hanged from green to red and returned to green at th
f the reaction with a decrease of NaBH4 concentration. Th
ame color change was observed for the NiTMTAA-P
ystem. The UV–vis spectrum of the red reaction solu
roduced by the reaction of the NiTMTAA with NaBH4 was
ecorded (Fig. 7) and showed a band at 480 nm. Szalda e
eported a similar spectrum for nickel tetraaza compo
hen CO was introduced into the solution of nickel tetra
repared in the presence of a reducing agent in CH3CN un-
er vacuum, and attributed the red color to species forme

he axial coordination of CO molecule to Ni(I)[34]. When
he red solution was frozen at 77K and analyzed by
Fig. 8A) an intense signal atg= 2.12 (A= 24 G) characteris
ic of Ni(I) species was observed[6]. A low intensity signal a
= 2.01 (A= 22 G) that was attributed to some contamina
f the degradation product of NiTMTAA was also obser

25]. The EPR signal disappeared after the addition of
trate iodocyclohexane (Fig. 8b), suggesting that the Ni(
pecies were consumed. The UV–vis and EPR data su
hat the Ni(I) species detected were formed as interme
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dation of tetraaza[14]annulene and the reduction of Mn(III)
to Mn(II). The decomposition of Mn(TMTAA) was accom-
panied by the decrease of its UV–vis and EPR signals. The
NiTMTAA was not degraded inside the PVG pores and re-
mained immobilized producing a hybrid material comprised
of the nickel complex and PVG, promoting the studies of
heterogeneous catalytic activity as a model for Factor F430.

The NiTMTAA exhibits a remarkable catalytic activity for
the reduction of Iodocyclohexane by NaBH4, with conversion
of 76%. However, the catalytic efficiency of the NiT-PVG1
system for Iodocyclohexane reduction was smaller than that
observed for NiTMTAA in homogeneous catalysis. In spite
of this fact, the NiT-PVG1 has an important advantage over
the homogeneous system, the reutilization possibility. For the
reutilization tests, the NiT-PVG1 shows appreciable activity,
with formation of cyclohexane at 20%.
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