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Abstract: The letter describes a novel approach for immobilization
of 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) derivatives by
cation-exchange reaction of TEMPO ammonium salts in a commer-
cially available saponite. The organic—inorganic hybrid material is
readily prepared and characterized by solid-state '"H NMR spectros-
copy. The hybrid material can be used as recyclable catalyst for ox-
idation of various alcohols. High catalytic activity for up to 10 runs
is obtained. Leaching of the nitroxide salt out of the saponite occurs
to a small extent. However, original high activity of the hybrid ma-
terial can be restored by simply reloading the hybrid material with
nitroxide salt by cation exchange.

Key words: alcohol oxidation, 2,2,6,6-tetramethylpiperidine-1-ox-
yl, TEMPO, catalyst immobilization, catalysis, solid-state NMR
spectroscopy

Catalyst immobilization is a heavily investigated field of
research.!? Although homogeneous catalysis has been ex-
tremely successful in the past, several problems might oc-
cur by using homogeneous systems. Separation of the
catalysts from the product is sometimes difficult and this
is a particularly significant problem in the synthesis of
pharmaceutical compounds which should ideally be com-
pletely free of catalysts. Moreover, for economic reasons
catalyst recovery is an important issue if reactions are
conducted by using expensive systems. Therefore, it is not
surprising that for many industrially important catalytic
reactions researchers have been trying to develop reusable
catalysts.?> Herein we report on immobilization of
2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) deriva-
tives by using a simple cation-exchange process in com-
mercially available saponites.® As a test reaction oxidation
of alcohols will be discussed. Many reports on immobili-
zation of TEMPO have appeared to date,*> however, to
the best of our knowledge the concept presented herein
has not been applied for preparation of recoverable
TEMPO-based catalysts.®

Nitroxides 1-3 (Figure 1) were readily prepared from
commercially available 4-N-acetylamino-TEMPO or 4-
0x0-TEMPO as described in the experimental section.’

Immobilization of 2 in saponite was recently reported by
us.® Cation-exchange reactions with 1 and 3 were con-
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ducted analogously. To this end, commercially available
saponite clay {Nag 46[Si; 54Aly 46Mg30,0(OH),]-nH,0}
(Kunimine Chemical Co. Ltd, see Figure 2) with a cation-
exchange capacity (CEC) of 100.43 milliequivalents per
100 grams of the clay was used.
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Figure 2 Saponite structure’

The intercalation was carried out by suspending the clay
under stirring in an aqueous solution of the nitroxide salts
1-3 for 4 hours at room temperature. The amount of inter-
calated material was readily quantified by CHN elemental
analysis. Moreover, solid-state 'H NMR measurements
were carried out to further analyze the novel organic—
inorganic hybrid materials (see the discussion below). The
CHN analysis showed that cation-exchange capacity
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(CEC) was highest for the hybrid 3@saponite prepared
with the diethylmethylammonium salt 3 (CEC = 74%).
The monoethyl salt 2 provided a slightly lower CEC
(69%) whereas a significantly lower loading was achieved
for 1@saponite (CEC = 45%). Hence, the extent of alky-
lation of the amino group influenced cation-exchange pro-
cess to a large degree.

As first test reaction, we studied oxidation of benzyl alco-
hol (4a) to benzaldehyde (5a) under typical Anelli condi-
tions (Scheme 1).! Reactions were conducted with
1@saponite, 2@saponite, and 3@saponite by using 4-5
mol% of nitroxide at room temperature for 3—5 hours.

OH o o]
nitroxide (4-5 mol%) J\
R "R? NaOCI, NaHCOs, KBr, R "R?
CH,Cly, H,0

4a—d pH9.1,3-5h Sa—d
4a (R' = Ph, R2 = H) 5a (R' = Ph, R2 = H)
4b (R' = CgHy¢, R2=H) 5b (R' = CgHq1, R2=H)
4c (R' = CyqHag, RZ=H) 5¢ (R' = CyHag, RZ=H)
4d (R' = Ph, R2 = Me) 5d (R' = Ph, R2 = Me)
4e (cyclohexanol) 5d (cyclohexanone)

Scheme 1 Oxidation of various alcohols

We were very pleased to observe that hybrid 1@saponite
was catalytically active, and a quantitative oxidation of
benzyl alcohol was achieved. After reaction the clay ma-
terial was rinsed with dichloromethane and then reused
without further purification. This procedure was repeated
nine times. We found quantitative oxidation of 4a for runs
2-4; however, for the fifth run the yield dropped to 89%
(Figure 3). Probably slow leaching of the nitroxide cata-
lyst out of the saponite was occurring during the reaction.
This assumption was further supported by the observation
that the yield steadily decreased in runs 6-10 from 84—
54%.

A better result was obtained with 2@saponite where we
got quantitative conversion for 10 runs. With 3@saponite
the yield was also quantitative for the first 10 runs. With
this material we decided to go beyond these 10 runs. Dis-
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Figure 3 Oxidation of 4a to 5a by using 1@saponite, 2@saponite,
and 3@saponite

appointingly, the 11" run showed a slight decrease in
yield (91%). Yield further dropped to around 80% in run
16. We then stored the catalyst system 3@saponite for
three days at 4 °C without adding any solvent and found
that activity further decreased to around 50% for runs 17—
19.

It seemed that for all three materials tested nitroxide
leaching was occurring. This was not really surprising
since reactions were conducted in the presence of differ-
ent salts (NaOCl, NaHCO;, and KBr). It is obvious that
cations present in these salts will undergo cation-
exchange reactions with our hybrid materials. To get an
idea about nitroxide leaching induced by cation exchange
we analyzed the cation-exchange capacity of the material
obtained after 10 reactions (for 1@saponite and 2 @sapo-
nite) and 19 reactions (for 3@saponite), respectively.

The CHN analysis on ‘used’ 1@saponite revealed a CEC
of 8% after 10 runs. Hence, more than 80% of nitroxide 1
were extracted by cation exchange during 10 runs. Slower
exchange was occurring for 2@saponite where we found
a CEC of 18% after 10 runs (75% were extracted). The
slowest leaching was observed for nitroxide 3. After 19
reactions, CHN analysis showed a CEC of 30% amount-
ing to about 40% of the initial loading. Clearly, leaching
was also occurring with nitroxide salt 3; however, the lat-
ter was exchanged far more slowly than its congeners 1
and 2. We believe that the lower water solubility of 3 as
compared to 1 and 2 might be the reason for the slower
cation exchange and hence the reduced leaching rate. In
addition, under the applied conditions the ammonium
salts 1 and 2 can undergo deprotonation which would lead
to TEMPO derivatives which at least in the nitroxide form
(not at the oxoammonium oxidation state) are present as
noncationic compounds which do not efficiently interact
with the saponite host material.

Solid-state '"H NMR spectroscopy can also be used to
monitor catalyst leaching, as illustrated in Figure 4 at the
example of 3@saponite. For uncharged saponite two res-
onances appear in the spectra: the 0.5 ppm peak can be at-
tributed to the structural hydroxy group, while the signal
near & = 3.9 ppm arises from molecular H,O in the inter-
layer space.® In the loaded material, this signal appears
greatly enhanced (presumably due to additional water up-
take) as well as significantly broadened, caused by strong
dipolar interactions with the unpaired electrons of the ni-
troxide guest species. Owing to this broadening effect, the
signals attributed to the N-alkyl species of 3, occurring in
the 5-10 ppm region, are partially obscured by the water
resonance and only detectable in the form of a high-
frequency shoulder in the inclusion compound. In con-
trast, the signals of the four -methyl groups near —28 ppm
are clearly observable, albeit significantly broadened, in
the catalyst, and their intensity can be used to follow the
catalyst cycling process.

Figure 4 clearly illustrates that the matrix material (sapo-
nite) is not destroyed under the reaction conditions ap-
plied, and can be discharged and re-charged reversibly.
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Hence, simple reloading by renewed cation exchange
upon adding a nitroxide salt should also restore the initial
catalytic activity of our hybrid material. This of course
would render our approach even more attractive.
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Figure 4 Normalized (I) and enhanced (II) 'H MAS-NMR spectra
of 3@saponite before (a) and after 19 reaction cycles (b), subsequent
re-charging (c) and exposure to 10 additional reaction cycles (d).
Included are reference spectra of 3 and uncharged saponite.

Indeed, subjection of 3@saponite (used for 19 runs) to 3
under the cation-exchange conditions described above for
4 hours provided a ‘refreshed’ organic—inorganic hybrid
material with a CEC of 84%. Interestingly, recharging af-
forded a slightly higher catalyst loading (84% vs. 74%
CEC). The reloaded hybrid catalyst was then used for 10

Table 1 Oxidation of Alcohols 4b—e with 2@saponite

Entry® Alcohol Time (h) Product Yield (%)
1 4b 3.5 5b >992
2 4c 5 Sc >992
3 4d 3.5 5d >95°
4 4e 3.5 5e >95b

* Determined by GC analysis.
® Determined by 'H NMR spectroscopy.
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runs for oxidation of benzyl alcohol, resulting in quantita-
tive yields for these 10 runs.

We finally tested whether other substrates can be oxidized
with our hybrid catalyst. These studies where conducted
with 2@saponite. We found that oxidation of cyclohexyl-
methanol 4b to Sb was slightly slower. Quantitative con-
version was achieved in 3.5 hours (Table 1, entry 2).
Similar results were observed for oxidation of cyclohex-
anol (4e) and benzylic alcohol 4d showing that also sec-
ondary alcohols can be oxidized with our immobilized
nitroxides (entries 3 and 4). Oxidation of dodecanol 4¢
was slower. In order to get quantitative formation of Sc
five hours were required (entry 2).

In conclusion we showed that TEMPO ammonium salts
were readily immobilized by cation exchange into sapo-
nites. Importantly, the nitroxide salts were easily prepared
and saponite used is commercially available. Preparation
of the hybrid material is readily performed without using
any special equipment. The hybrid materials can be ana-
lyzed by solid-state '"H NMR spectroscopy and elemental
analysis. Cation-exchange capacities of up to 85% were
achieved. Highest loadings were obtained with the tet-
raalkylammonium salt 3 whereas nitroxides containing
dialkyl- or alkylammonium salt moieties such as 2 and 1
were immobilized to a lower extent. The novel inorganic—
organic hybrid materials were successfully used as reus-
able catalysts for oxidation of various alcohols. All mate-
rials showed high activity under typical oxidation
conditions by using NaOClI as a stoichiometric oxidant.
Catalyst recovery was easy to perform. With 2@saponite
and 3@saponite quantitative oxidation of benzyl alcohol
was obtained for 10 runs. However, nitroxide leaching
was observed leading to reduced yields for subsequent
runs. Importantly, in contrast to most immobilization
methods known, the catalyst system is readily ‘refreshed’
by recharging with nitroxide salt by cation-exchange reac-
tion diminishing the ‘leaching’ problem. The reloaded
catalyst showed excellent activity.

The amount of intercalated material was quantified by CHN ele-
mental analysis on a Vario EL III device from Elementar. Solid-
state '"H NMR measurements were carried out on a Bruker DSX 500
spectrometer equipped with a 2.5 mm MAS NMR probe. 'H MAS-
NMR spectra were recorded at a 500.13 MHz spectrometer, using
90° pulses of 2 ps length and a recycle delay of 1 s. The spinning
speed was typically 25-35 kHz. Liquid-state 'H NMR spectra were
recorded on a Bruker ARX 300 spectrometer. GC-chromatography
was performed on a Hewlett Packard 6890 chromatograph equipped
with a Hewlett Packard HP-5 column (30 m X 0.32 mm, film thick-
ness 0.25 pm) with H, as carrier gas. All solvents for extraction and
flash chromatography were distilled before use. ESI-MS and
HRMS were performed using a Bruker MicroTof.

Saponite clay {Nag 46[Si3 54Aly46Mg30,0(OH), x nH,0} purchased
from Kunimine Chemical Co. Ltd. with a cation-exchange capacity
(CEC) of 100.43 mequiv per 100 g of the clay was used. Benzyl al-
cohol and cyclohexanol were purchased from Acros. 1-Dodecanol
and 1-phenylethanol were purchased from Fluka. Cyclohexylmeth-
anol and hexadecane were purchased from Sigma-Aldrich.
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4-Ammonia-2,2,6,6-tetramethyl-piperidine-1-oxyl Radical
Chloride (1)

4-Amino-2,2,6,6-tetramethyl-piperidine-1-oxyl radical (1.61 g,
9.39 mmol) was diluted in Et,0O (30 mL) and was washed with HCI1
(ag, 1 M, 3 x5 mL). The aqueous layers were combined, and the
solvent was removed under reduced pressure. Compound 1 was ob-
tained as red solid and was used without further purification.

IR (neat): 2926 (br s), 2365 (m), 2356 (m), 2339 (m), 1622 (m),
1611 (m), 1522 (m), 1479 (m), 1391 (s), 1352 (w), 1243 (m), 1223
(w), 1178 (w), 1095 (m), 1057 (w9, 1018 (w), 953 (w), 886 (w), 744
(m) cm™,

HRMS (ESI*): m/z caled for (M — CIJ*:
172.15685.

172.1570; found:

4-Ethylammonia-2,2,6,6-tetramethyl-piperidine-1-oxyl Radical
Iodide (2)

4-Amino-2,2,6,6-tetramethyl-piperidine-1-oxyl radical (700 mg,
4.09 mmol) was dissolved in ethyl iodide (5.00 mL, 62.5 mmol) and
was stirred at r.t. for 72 h. The resulting solid was filtered off. Re-
crystallization (MeCN-PhMe) gave 2 as red crystalline solid (913
mg, 2.79 mmol, 68%).

IR (neat): 2971 (s), 2947 (s), 2850 (m), 2823 (m), 2361 (w), 1572
(w), 1441 (m), 1321 (w), 1369 (w), 1329 (w), 1314 (w), 1243 (m),
1192 (m), 1031 (m), 923 (w) cm™.

HRMS (ESI*): m/z calcd for [M —I]*: 200.1883; found: 200.1900.

4-Diethyl-methyl-ammonia-2,2,6,6-tetramethyl-piperidine-1-
oxyl Radical Iodide (3)

Iodomethane (2.30 mL, 36.9 mL) was added to 4-diethylamino-
2,2,6,6-tetramethylpiperidine-1-oxyl radical (677 mg, 2.98 mmol).
The mixture was stirred 12 h atr.t. The resulting solid was suspend-
ed in Et,O (10 mL), filtered off and washed with Et,O (5 x 10 mL).
Recrystallization (MeCN—PhMe) gave 3 as a red crystalline solid
(836 mg, 2.27 mmol, 76%).

IR (neat): 2992 (w), 2361 (w), 1608 (m), 1478 (m), 1454 (s), 1438
(m), 1410 (w), 1396 (w), 1370 (m), 1345 (m), 1329 (m), 1273 (m),
1244 (s), 1202 (s), 1184 (m), 1135 (w), 1101 (w), 1018 (s), 923 (W),
898 (s), 827 (s), 795 (m) cm™.

HRMS (ESI*): m/z calcd for [M —I]*: 242.2351; found: 242.2353.

General Procedure for the Intercalation of TEMPO Salts into
Layered Saponite Clay (GP1)

The intercalation was carried out by suspending the clay (500 mg,
1.1 mmol, 0.5 mequiv) in an aqueous solution of the nitroxide am-
monium salt (60 mL, 1.25 mmol) and stirring for 4 h at r.t. That
means that 1.25 mmol of nitroxide was offered to saponite clay, cor-
responding to 250% CEC. The clay was filtered off and dried for 48
h in vacuo. The amount of intercalated material was quantified by
CHN elemental analysis.

General Procedure for Oxidation Reactions of Alcohols by
Using TEMPO Ammonium Salts that Are Immobilized into
Layered Saponite Clay (GP2)

The immobilized TEMPO ammonium salt (4.1-5.0 mol%) was
added to a reaction vessel which was equipped with a frit to filter
off the reaction mixture directly. A solution of the alcohol (0.400 M,
1.0 equiv) and hexadecane (0.400 M, 1.0 equiv; as internal stan-
dard) in CH,Cl,, a solution of KBr (aqg, 0.500 M, 0.10 equiv) and a
solution of NaOCl (0.350 M, buffered with NaHCO; to a pH of 9.1,
1.25 equiv) were added at 0 °C. The reaction mixture was then
shaken for 3-5 h at 0 °C. The reaction was stopped simply by filter-
ing off the catalyst from reaction mixture and washing with CH,Cl,
(3 x2 mL). The phases were separated and the organic layer was
dried over MgSO,. The conversion was determined by means of GC

chromatography or '"H NMR spectroscopy. The catalyst was subse-
quently reused.

Typical Oxidation of Benzyl Alcohol Using Catalyst System
1@saponite

According to GP2 with 1@saponite (45% CEC, 0.45 mmol/g, 50.0
mg, 22.5 pmol 1, 4.5 mol%), 1.25 mL of a solution of benzyl alco-
hol (0.400 M, 0.500 mmol) and hexadecane (0.400 M, 0.500 mmol)
in CH,Cl,, KBr (aq, 0.500 M, 0.100 mL, 50.0 pmol) and NaOCl (aq,
0.350 M, buffered with NaHCO; to a pH of 9.1, 1.79 mL, 0.627
mmol). The reaction mixture was then shaken for 3 h. The conver-
sion of the reaction was determined by means of GC chromatogra-
phy. The catalyst was reused 10 times.
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