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Apractical,three-stepsyntheticrouteto9-azabicyclo[3.3.1]nonane
N-oxyl (ABNO, 3), an unhindered, stable class of nitroxyl
radical, has been developed. ABNO exhibits a highly active
nature compared with TEMPO in the catalytic oxidation of
alcohols to their corresponding carbonyl compounds.

Since its discovery, the stable class of nitroxyl radicals, as
exemplified by TEMPO (2,2,6,6-tetramethyl piperidinyl 1-oxyl
(1); Figure 1), has been inspiring chemists to explore their novel
uses in a wide range of molecular sciences.1,2 The most dynamic
behavior of nitroxyl radicals, their interconversion either to
oxoammonium ions or to hydroxyl amines, is successfully
exploited as a redox catalyst applicable to several synthetic
transformations. In particular, TEMPO-catalyzed alcohol

oxidations3,4 have the highest priority in the contemporary
pharmaceutical industry as efficient, mild, and environmentally
acceptable methods.5

As part of our research program directed toward the develop-
ment of novel organocatalysts for advanced organic synthesis,
we recently reported that azaadamantane-type nitroxyl radicals,
namely, 2-azaadamantane N-oxyl [AZADO (2a)] and 1-Me-
AZADO (2b), are robust6 alternatives to TEMPO with a
markedly expanded substrate applicability (Figure 1).7,8

We confirmed with some surprise that AZADOs exhibit
extremely aggressive activities beyond our expectations and
offer more than 20-fold higher catalytic efficiency in the
oxidation of alcohols, including hindered secondary alcohols
that TEMPO completely fails to efficiently oxidize to their
corresponding products.7 A preliminary structure-activity
comparison between AZADO, 1-Me-AZADO, and 1,3-dimeth-
yl-AZADO indicated that the steric effect near the active center
exerts a critical impact on catalytic efficiency.7

Although we have developed gram-scale routes to AZADO
(2a) and 1-Me-AZADO (2b) starting from commercially avail-
able 1,3-adamantanediol via a ten-step synthesis and a six-step
synthesis, respectively,7 we inquired into a more readily
available alternative to AZADOs for the further development
of nitroxyl radical-based methodologies in organic chemistry.
As a logical extension, we were interested in bicyclic unhindered
nitroxyl radicals,9,10 such as 9-azabicyclo[3.3.1]nonane N-oxyl
(ABNO, 3),11 8-azabicyclo[3.2.1]octane N-oxyl (ABOO, 4),11,12

and 7-azabicyclo[2.2.1]heptene N-oxyl (ABHO, 5) (Figure
2).12-14

With accumulated knowledge indicating the stability of
bridged-bicyclo N-oxyls being in the order of ABNO > ABOO
> ABHO,14-16 we chose ABNO as the focus of this study.17
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FIGURE 1. Design concept of AZADO.

FIGURE 2. Bicyclic nitroxyl radicals.
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We herein report a scalable, three-step synthesis of ABNO and
the scope of ABNO-catalyzed alcohol oxidations.18

With our vision of evolving a protecting group-free route to
ABNO (3), we made a small modification of the historical
Robinson-Schöpf reaction and observed marked improvement
in the synthesis of norpseudopelletierine (7) (Scheme 1).19-21

Thus, stirring a mixture of glutaraldehyde, acetonedicarboxylic
acid (6), and 23% ammonia-water at rt for 35 h completed
(monitored by NMR) not only the Robinson-Schöpf annula-
tion,19 but also the subsequent decarboxylation to give, after
lyophilization, 7 as a yellow powder. Note that the “salt-free”
conditions liberated us from laborious operations to isolate polar
amine 7 from the reaction mixture. The Huang-Minlon modi-
fication of the Wolff-Kishner reduction of 7 was found to
facilitate the expedient distillation of azabicyclononane (8) from
the reaction mixture together with water.22 The chloroform
extracts of the distillate were dried over potassium carbonate,
concentrated, and subjected to conventional oxidation conditions
with cat. Na2WO4 and urea hydrogen peroxide (UHP) to furnish,
after silica gel chromatography, ABNO (3) in an overall yield
of 42%, thereby establishing the shortest synthesis route for
ABNO.

Having established a markedly improved synthesis of ABNO,
we evaluated the reactivity of ABNO by comparing it with those
of TEMPO and 1-Me-AZADO. We first examined the ap-
plicability of Anelli’s conditions using NaOCl as the bulk
oxidant,4h,i which has acquired general popularity in TEMPO
oxidations for its practicality.7 Although apparently the same
results were obtained for the catalytic oxidation of 3-phenypro-
panol (9) when catalysts were loaded either in 1 or 0.1 mol %
(Table 1, entries 1 and 2, respectively), significant differences
were ascertained when the catalyst loadings were decreased to
0.01 mol %: TEMPO showed a decline, whereas ABNO and
1-Me-AZADO maintained their performances, demonstrating
the reactive nature of the unhindered class of nitroxyl radicals
(Table 1, entry 3). Note that 1-Me-AZADO gave apparently
better results than ABNO under conditions with a catalyst
loading below 0.003 mol %, indicating the robustness of the
2-azaadamantane skeleton over the 9-azabicyclo[3.3.1]nonane.23,24

We next examined Margarita’s conditions using PhI(OAc)2

as the co-oxidant,4f which is useful for oxidations of substrates
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SCHEME 1. Three-Step Preparation Method of ABNO

TABLE 1. Comparison of Catalytic Efficiencies of TEMPO and
1-Me-AZADO and ABNO Under Anelli’s Condition

yield (%)

entry mol % TEMPO 1-Me-AZADO ABNO

1 1 90 91 90
2 0.1 88 90 88
3 0.01 23 91 85
4 0.003 81a 41a

5 0.001 59b 28b

6 no catalyst 2

a Reaction time was 30 min. b Reaction time was 60 min.

TABLE 2. Comparison of Catalytic Efficiencies of TEMPO and
1-Me-AZADO and ABNO Under Margarita’s Condition

yield/reaction time

entry mol % TEMPO 1-Me-AZADO ABNO

1 10 95%/90 min 95%/<5min 92%/<5 min
2 1 43%/360 min 93%/40min 91%/30 min
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containing electron-rich moieties, such as alkenes and aromatic
rings. We confirmed a similar tendency in catalytic efficiencies:
TEMPO < ABNO ≈ 1-Me-AZADO.7

We then explored the scope of ABNO chemistry, which is
summarized in Table 3. The use of 1 mol % of ABNO gives

similar results to 1-Me-AZADO under Anelli’s conditions
(Method A, Table 3, entries 1-6). It is interesting to point out
that both 1-Me-AZADO and ABNO exhibited marked prefer-
ence on oxidation of primary alcohol over secondary alcohol:
in the case of oxidation of diol 19 carrying a primary and
secondary alcohol moiety employing a slight excess (125 mol
%) NaOCl, both 1-Me-AZADO and ABNO catalyzed selective
oxidation of the primary alcohol moiety to afford aldol 20 in
96% and 72% yield, respectively (Table 3, entry 7). In the case
of using 300 mol % NaOCl, 1-Me-AZADO and ABNO rapidly
oxidized both the alcohol portions to give keto-aldehyde 21 in
87% and 82% yield, respectively (Table 3, entry 8).

Nucleic derivative 22 was also effectively oxidized under
Margarita’s conditions (Method B, Table 3, entry 9). Notably,
ABNO oxidized the congested bicyclic substrate 23 with marked
efficiency while 1-Me-AZADO completely failed to oxidize it
(Table 3, entry 10).

During the above-mentioned experiments, we noticed some
kinetic superiority of ABNO compared with 1-Me-AZADO
(Table 2, entry 2; Table 3, entries 4 and 5) that led us to conduct
a close comparison of the catalytic efficiencies of ABNO and
1-Me-AZADO using a designed substrate, 24, for analysis. It
was found that ABNO completely consumed the alcohol
immediately after the addition of the bulk oxidant, while 1-Me-
AZADO took 10 min to complete the reaction (Scheme 2).

This result strongly suggests that ABNO could be advanta-
geous in the oxidation of substrates that are challenging because
of structural complexity.

In summary, we have disclosed a readily accessible, three-
step synthesis of a less-hindered persistent class of nitroxyl
radical ABNO and its scope as a highly aggressive catalyst for
the oxidation of alcohols. Although ABNO showed a slight
decline in terms of catalytic turnover compared with 1-Me-
AZADO, the kinetically more efficient ABNO may find use in
alcohol oxidations. The ready availability of ABNO will also
inspire its novel application in many branches of material
science.

Experimental Section

Synthesis of 9-Aza-bicyclo[3.3.1]nonane N-Oxyl (ABNO 3).
To a solution of acetonedicarboxylic acid 6 (2.1 g, 14.4 mmol) in
H2O (50 mL) was slowly added 23% ammonia-water (4.5 mL) at
0 °C. Then glutaraldehyde (1.44 g, 14.4 mmol) in water (52.5 mL)
was added over 1 h. After the solution was stirred for 35 h at rt,
the solvent (H2O) was removed under freeze-drying condition. The
resulting yellow solid 7 was used in the next reaction without further
purification.

(24) We have recently reported the synthesis of stable oxoammonium salts
(1-Me-AZADO+Cl- and 1-Me-AZADO+BF4

-) and their use in the efficient one-
pot oxidation of primary alcohols to carboxylic acids.8a

TABLE 3. The Scope of ABNO

a Method A: Reactions were catalyzed by 1 mol % nitroxyl radicals
with NaOCl (150 mol %), KBr (10 mol %), nBu4NBr (5 mol %), aq
NaHCO3 in H2Cl2 at 0 °C for 20 min. Method B: Reactions were
catalyzed by 5 mol % nitroxyl radicals with 330 mol % of PhI(OAc)2 in
CH2Cl2 (0.1 M) for 14 h at rt. b Isolated yield. c 125 mol %of NaOCl
was used. d 8% of 21 was also produced. e 300 mol % of NaOCl was
used. f Yield of 20. g Reaction was catalyzed by 10 mol % of nitroxyl
racial with 200 mol % of PhI(OAc)2 in CH2Cl2 (0.3 M) for 2 h at room
temperature. h Not determined. i Reaction time was 24 h.

SCHEME 2. Comparison of the Catalytic Efficiency
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The mixture of 7 and H2NNH2 ·H2O (2.2 mL, 43.1 mmol) was
stirred at 80 °C for 2 h. To a solution of KOH (8.0 g, 144 mmol)
in triethyleneglycol (21 mL) in a two-necked round-bottomed flask
distillation apparatus, the solution of 7 and H2NNH2 ·H2O was added
dropwise. After the mixture was stirred at 220 °C for 30 min, H2O
(50 mL) was added dropwise over 2 h at 220 °C. During the
reaction, the product, amine 8, was distillated with H2O under
azeotropic condition. The resulting aqueous solution was extracted
with CHCl3 and dried over K2CO3. Evaporation of the solvent
afforded 8 as a colorless oil, which was used in the next reaction
without further purification.

To a solution of the crude 8 in MeCN (14.4 mL) was added
Na2WO4 ·H2O (0.95 g, 1.88 mmol) at ambient temperature and the
mixture was stirred for 30 min. After the solution was cooled to 0
°C, urea hydrogen peroxide (2.7 g, 28.8 mmol) was added and the
reaction mixture was stirred at 0 °C for 1 h and at ambient
temperature for 4 h. H2O was added to the reaction mixture and
the aqueous solution was extracted with CHCl3. The organic layer
was dried over K2CO3 and concentrated. The residue was purified
by silica gel column chromatography to yield ABNO (3) (0.84 g,
6 mmol) as a red solid. An analytical sample was prepared by
sublimation: phase change 50 and ca. 85 °C, mp 126-129 °C (lit.11

phase change 53 and ca. 70 °C, mp 129-130 °C); IR (neat, cm-1)
1484, 1453, 1352, 1292; EI-MS m/z 140 (M+), 81 (100%); HRMS
(EI) calcd for C8H14NO 140.1075 (M+), found 140.1052. Anal.
Calcd for C8H14NO: C 68.58; H, 10.06; N, 9.99. Found: C, 68.39;
H, 9.87; N, 9.83.

Representative Procedure for Oxidation of Alcohols under
Anelli’s Condition. To a solution of 2-phenyl-1-cyclohexanol (14)
(300 mg, 1.7 mmol), KBr (20 mg, 0.17 mmol), and TBAB (27
mg, 0.085 mmol) in CH2Cl2-saturated aqueous NaHCO3 (2:1v/v,
6.4 mL) was slowly added 2.5 M NaOCl (1 mL, 2.5 mmol) in
saturated aqueous NaHCO3 (2 mL) at 0 °C. After 20 min, the
mixture was quenched with saturated aqueous Na2SO3 and extracted
with CHCl3. The organic layer was dried over MgSO4 and
concentrated under reduced pressure. The residue was purified by
silica gel column chromatography [hexane-AcOEt (9:1 v/v)] to
afford 2-phenyl-1-cyclohexanone (296 mg, 1.7 mmol, 100%) as a
white solid.
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