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ABSTRACT

The novel oxidant of sodium hypochlorite pentahyeli@aOCI-5HO), which is now available for
industrial and laboratory use has several advaategproperties. The crystalline material has 44%
of NaOCI, contains minimal sodium hydroxide and isod chloride, and the aqueous solution
indicates pH 11-12. Herein, NaOCI- BB crystals are examined for use as an oxidant rfiongoy
and secondary alcohols, with or without nitroxyldicals, in the presence or absence of
phase-transfer catalysts. The pentahydrate cryalaie (without nitroxyl radicals) demonstrate a
powerful oxidizing ability, converting secondarycahols to the corresponding ketones. In the
presence of TEMPO (2,2,6,6-tetramethylpiperidine oxgh or 1-Me-AZADO
(1-methyl-2-azaadamantard-oxy radical), sterically hindered secondary aldshare oxidized

without pH adjustment. A proposed mechanism foratkidation is discussed.
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1. Introduction

Oxidations of primary and secondary alcohols to teeresponding carbonyl
compounds have been among the most important oeacin organic synthesis; and
therefore, a large number of methods have beenrtegfoHowever, most of the
existing reactions have serious problems such iag tsxic or explosive oxidants and
producing large amounts of undesirable waste dfterreactions. To alleviate these
drawbacks, catalytic oxidations using molecular gety (Q),? diluted aqueous
hydrogen peroxide (#D),° or sodium hypochlorite (NaOClas a co-oxidant have been



developed, because the post-oxidation waste islbassimnontoxic water (#®0) and/or
sodium chloride (NacCl). Nitroxyl radical-catalyzeglidation using aqueous NaOCI as a
co-oxidant with TEMPO (2,2,6,6-tetramethylpiperiglin 1-oxylf or AZADO
(2-azaadamantani-oxyl)° compounds is such valuable and useful method,useca
this oxidation is metal-free, NaOCI is inexpensigad commercial aqueous solutions
are non-explosive. For the oxidation of stericéligdered secondary alcohols, TEMPO
is not an effective catalyst, and AZADO is requitedobtain the desired alcohols in
high yields®

Although this method has been frequently appliedmyanic synthesis, there are
some drawbacks for using commercial aqueous NaOt@ process has inherently poor
volume efficiency because the concentration of eotienal aqueous NaOCI solution is
only 8~13% (higher concentrations of the NaOCI Sofuare known to be unstablé).
Moreover, at the pH of conventional NaOCI (~13; aajusted with free NaOH to
maintain stability) reactions are very slow, ane piH must be lowered in order to speed
up the raté® In nitroxyl radical-catalyzed oxidations, the aqus NaOC| must be
adjusted to pH 8-9 with aqueous sodium hydrogearate, resulting in an event
larger reaction media volume.

We recently developed a new manufacturing processsbdium hypochlorite
pentahydrate (NaOCI-58) crystals (Figure 19.Notable features of NaOCI- 58
include: (1) NaOCI content is about 44 wt% (thédeings express as %; 3-4 times that
available from conventional NaOCI solution), (2nple stoichiometric calculations and
easy, accurate mass determination due to the Biystaature of the compound, (3) the
pH of aqueous solutions is ~11-12 since the salutiontains less than 0-82108%
NaOH, and (4) the crystals are stable for 1 yedovb& °C. Currently, NaOCI- 5O
crystals are commercially available from severahpanies including u.

mp 25-27 °C

NaOH 0.04~0.08%

NaCl 0.1~0.5%

pH 11-12 (for the aqueous solution)

Figure 1 NaOCI-5HO crystals

Recently we have reported the TEMPO-catalyzed dixidaof alcohols with
NaOCI-5HO crystals as a communicatibh.In the presence of TEMPO or



1-Me-AZADO (1-methyl-2-azaadamantan®&l-oxyl), several alcohols (including

sterically hindered secondary alcohols) can be ip&dd without pH adjustment, and
several advantages were found over conventionaativin procedure using agueous
NaOCI. In this article, the detailed manufacturipgocess for production of

NaOCI-5H0 and its use in the oxidation of alcohols are diesd.

2. Commercial synthesis of sodium hypochlorite peahydrate (NaOCI-5H0)
crystals

Several preparation methods for sodium hypochlopetahydrate have been
proposed hitherto. Almost of them involve prepariagolution or slurry of sodium
hypochlorite pentahydrate, which is then diluted giwe a 13% NaOCI| solution
containing less sodium chloride However an industrial-scale process has remained
elusive. We have recently established an originathod for manufacturing sodium
hypochlorite pentahydrate crystals (Scheme 1) aw fheen supplying this product to
the market. Chlorine gas is added to a 45~48% ddHNa&olution to prepare a high
concentration NaOCI solution. After precipitatedldas removed by filtration, the
filtrate is cooled to around 15 °C to precipitat@QCl-5HO crystals, which are
collected by centrifugal filtration. Analysis showlsat the product is contained with
only 0.1~0.5% of NaCl and 0.04~0.08% of NaOH. Tisathe crystals prepared using
this new method contain less free NaOH as weleas NaCl than the product prepared
using other methods. In addition, an aqueous swluwdf this product has more ideal pH
of 11-12 compared to pH 13 conventional aqueous N3#CI solution (and at lower
pH, oxidations are fastevjde infra). Furthermore, these NaOCI-BM crystals, which
contain 44% of NaOCI, are stable for 1 year at 7 FOr example, crystals of
NaOCI-5H0 (44.2%) became 43.7% after 360 days, and thissat almost 99% of
NaOCI was unchanged. This is in sharp contrast tmraventional aqueous NaOCI
solution, whose concentration gradually drops, eaeid °C. A conventional aqueous
13.6% NaOCI| solution became 11.3% NaOCI| solutiorhisTmeans that the
concentration of NaOCI became 83% of the origimétson. Thus, these NaOCI- 58
crystals are ideally suited for use as an oxidawwrganic synthesis.

Cl,
aq NaOCl . e
45-48% ¢ aq NaOCl | cooling filtration| NaOCI-5H,0
—> | + NaCl —_— —_—
NaOH + NaOH crystals
+ NaOH lfiltration l i
NaCl Soln. containing
NaOH



Scheme IProcess for preparation of NaOCI-&MHcrystals

Table 1 Stability of NaOCI-5HO crystals and conventional aq. NaOCI

Original Concentration of 1 yr. later
concentratior
NaOCI-5H0 44.2% 43.7%(98.9% of the original concentration)
ag. NaOCI 13.6% 11.3%83.1% of the original concentration)

3360 days later. 361 days later.

3. Oxidation of alcohols with NaOCI-5HO

As is discussed above, the TEMPO-catalyzed oxidatib alcohols with aqueous
NaOCI is one of the most attractive methods for pineparation of aldehydes and
ketones. Therefore, the reaction of alcohols withORIl-5HO in the presence of
nitroxyl radicals (TEMPO or AZADO) was examined.

3-1. Oxidation of 2-octanol with NaOCI-5HO crystals: small-scale experiments to
optimize reaction conditions

In order to examine the oxidative ability of the®@l-5H0 crystals, oxidation of
2-octanol {) was performed under a variety of reaction coodsi(Table 2). First, 10
mmol of 1 was stirred with 1.2 equiv. of NaOCI- 8B crystals in the presence of
tetrabutylammonium hydrogensulfate BUHHSOy; 5 mol%) in dichloromethane at 5 °C
for 24 h (without use of TEMPO). GC analysis usarginternal standard revealed the
product 2-octanone2) in 78% yield. (run 1) A control experiment witlororentional
13% of NaOCI solution (1.2 equiv.) gavein only 9% vyield. (run 2). Next, catalytic
ability of TEMPO was examined under the same caobt Addition of TEMPO (0.1
mol%) resulted in a dramatic acceleration for tk&lation of 1, giving 2 in 97% vyield
within 1 h. (run 3). The quantity of TEMPO was sessfully limited to 0.1 mol% (run
6). Notably, TEMPO showed no catalytic acceleratwith conventional NaOCI
solution (run 4). All reactions in Table 1 werendacted with NaOCI- 5§D crystals
or aqueous NaOCI solution without pH adjustment.

Then, catalytic ability of 1-Me-AZADO was examineahd 1-Me-AZADO was also
effective for the oxidation of with NaOCI-5HO crystals in the presence of the phase
transfer catalyst (BINHSQOy) (run 7). Interestingly, 1-Me-AZADO exhibited chtac



effect for conventional NaOCI solution, however thaction rate was slow (run 8).

Table 2 Comparison of NaOCI- 5 crystals and conventional aqueous NaOCI

0
oH Bu,NHSO,
NaOCI-5H,0 5 mol%
+ or ag. NaOCl| ——m 4
4 1.2 equiv. nitroxyl radical
1 in CH,Cl, 5 °C 2
- , NaOCI-5HO ag. NaOCl Yield of 2 (%)°
Run  nitroxyl radical /o1 (equiv.)  solutior? 0.5h 1h 2h 3h  24h
(equiv.)
1.2 - -~ 3 228 718
2 - - 12(182%f -~ 1 1 2 9(27h)
3 TEMPO 1o ~ > 7 . - ~
1 mol% '
4 TEMPO 12 (135%f - 1 2 2 11(22h)
1 mol%
5 TEMPO 1.2 - 87 99 - - -
0.5 mol%
TEMPO
6 i 1.2 79 96 99
;  1Me-AZADO 1o ~ 100 . .
1 mol%
g  1Me-AZADO 12 (132% - 14 29 45 99
1 mol%

2ag. NaOCI : conventional aqueous NaOCI (ca. 13%tisn) containing NaOH and NaCl
bYields were determined by GC using an internaldaach method.
€ Concentrations were determined via titrations.

Encouraged by these results, additional experimgrdasameters were examined
(Table 3). The efficacy of quaternary ammoniumssalt phase-transfer catalysts in the
presence of 1 mol% (0.01 equiv.) of TEMPO was eaiald. The use of BNBr or
BusNCl instead of BiNHSO, afforded poor results, even with the use of NaGgJO
crystals (runs 3 and 4). Since BUHSO, is more acidic than BMBr and BuNCI, it
can be neutralize free NaOH in the NaOCLOGHrystals. The rest of the BPUIHSO,
appears to react with NaOCI to form HOCI. Actuadlg, shown in Table 4, addition of
BusNHSO, to 13% ag. NaOCI (prepared from NaOCI,6) dramatically reduced the
pH value (11.3 to 9.6). On the other hand, additbBwNBr or BwNCI did not affect



the pH values of the aqueous solution. CombinatioBu;NCIl and NaHS®@ H,O with

a small amount of water, which exhibited a catalgtceleration (run 6), supports this
theory. Surprisingly, the use of 5 mol% of NaHSI®O anda small amount of water in

the absence of a phase-transfer catalyst was faugi/ze an excellent result (run 7).
This means that the oxidation reaction involves imah anion-transfer, but rather,

HOCI is the real oxidant. (Scheme 2)

Table 3 Effect for quaternaly annmonium salts and acichingresence of TEMPO

OH 2
BusNX 5 mol%
+NaOCI-5H,0 — 3
4 1.2 equiv. TEMPO 1 mol% 4
1 in CH,Cl, 5 °C 2
L Yield of 2 (%)
R Additive
un X 0.5h 1h 2h 3h 21h
1 HSO, - 94 97 - - -
2 HSO, (0.5 mol%) - - 40 73 98 --
3 Br - - 6 14 25 87(22h)
4 Cl - - 3 10 10 73
5 Cl NaHSO;H,O5mol% -- 19 25 - 69
6 cl NaHSO,- H,O 5 mol% 97 99 - - -
+H,0 0.2 mL
7 - NaHSOH,O05mol% 46 98 .- - -
+H,0 0.2 mL

a1 (10 mmol), NaOCI-55D (12 mmol), BYNX (0.5 mmol), TEMPO (0.1 mmol), Gi&l, (30 mL)
bYields were determined by GC using an internal dgiath method.



Table 4 pH of 13% ag. NaOCI (prepared from NaOCI,6H
with a phase transfer catalyst

13% ag. NaOCl | Phase Transfer pH
50 mmol none 11.3
50 mmol BUNHSO;, (2.5 mmol) 9.6
50 mmol BuNBr (2.5 mmol) 11.4
50 mmol BUuNCI (2.5 mmol) 11.2

* prepared from NaOCI- 540 and ion-exchanged water

Thus, the role of BINHSOy as an acid is both neutralize the free NaOH anddot
with NaOCI to form HOCI, which again, is likely tlgenuine oxidant. As the oxidation
proceeds, HCI is generated, which reacts with Nal@@rm additional HOCI (Scheme
2). If HOCI is the true oxidant, a quaternary ammansalt as a phase-transfer catalyst
for anion transfer is not necessary. This is suigooby the reaction of 2-octanol with
NaOCI-5HO/TEMPO in the presence of NaH$@stead of BiNHSO, affording a
comparable yield of 2-octanone (Table 2, run 7)HN@), is also an acid which acts to
neutralize the free NaOH in NaOCI- 8Dl

NaOH NaOCI-5H,0
0.08 wt% = 0.4 mol%

Bu,;NHSO,
or NaHSOy4

neutralize 5 mol%
Na,SO,

y y
H20O HOCI HCI

aqueous phase

organic phase TEMPO

Rl 1 mol%
OH RL
g e

Scheme 2 Proposed mechanism for the TEMPO-catalyzed oxidaif alcohols with
NaOCI-5H0



Next, the relationship between the oxidation ratd the concentrations of NaOCI
(prepared from NaOCI- 5§ crystals and water) was evaluated. The resuttslaown
in Figure 2. Almost no concentration effect is abed at 13, 20, and 31% of
NaOCI-5HO solution. However, the use of the solid NaOCLGHrystals speeds up
the oxidation dramatically. The precise reasondas ciear, but it appears that a high
concentration of the primary oxidant HOCI formgta surface of the crystalline solid.
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Figure 2 Reaction* of 1 with several concentration of agueous
NaOCl| prepared from NaOCI-58 crystals and water ;
NaOCI-5HO crystals ¢); aq. 31% NaOCI f); aq. 20% NaOCI);
ag. 13% NaOCIf) ; conventional agq. 13% NaOCI (x).

* 1 (10 mmol), NaOCI-560 (12 mmol), BUNHSQ, (0.5 mmol),
TEMPO (0.1 mmol), CECI, (30 mL), and appropriate water.

For large scale syntheses, the use of dichloromethghould be avoided for
environmental reasons. Thus, the small-scale (1Olinoxidation was examined in
various solvents (Table 5). Ethyl acetate was fotmthe as good reaction solvent as
dichloromethane, and toluene, acetic acid andutiimethylbenzene were nearly as



effective, albeit with a slightly extended reactiane.

Table 5 Results for oxidationof in several solvenis

OH  NaOCI-5H,0 o

1.2 equiv.
5 mol% BuMHSQM
_
4 1 mol% TEMPO 4
1 solvent (30 mL) 2

Temperature  Yield of 2 (%)®

Solvent (°C)  1h 2h 3h 4h
CH,Cl, 5 97

EtOAc 5 61 97
CeHeCHs 5 38 90 98 -
CeH:CFs 5 30 55 87 95
CHLCN 5 53 54 53 52
AcOH t 18 78 90 90

21 (10 mmol)

bYields were determined by GC using an internalcéad

To further evaluate this, a large-scale (26.0 &, &.2 mol) example of the oxidation
of 1 was attempted using ethyl acetate as the solGafitefne 3). To be maintained the
reaction temperaturd, was added dropwise for 15 min to a mixture of N&GB,0O
crystals, TEMPO, and BNHSO,in ethyl acetate being controlled below 20 °C in an
ice-water bath, and then continued to be stirred4f® min within 0~20 °C. The
reaction mixture was quenched with aqueousS®a followed by extraction with
EtOAc, washed with water, and dried over MgSODistillation of the residue gav&
in 91% yield.

OH

200 mL flask /HZ/\ 5
1.2 equiv. NaOCI-5H,0 (39.5g)| 2009 ¢ 15 min W[\
1 mol% TEMPO (0.31 g) - )

5 mol% Bu,NHSO, (3.40 g) <20°C
EtOAc (80 mL) 23.2 g (Y=91%)

additional 45 min b.p.130 °C/26 kPa




Scheme 3 Large scale oxidation df in ethyl acetate.

The 0.10 mol scaled oxidation was also demonstragbout solvent via two
methods using NaHSOnstead of BUNHSO,. In method A1 was added dropwise into
a mixture of NaOCI-5kD0 and water, with catalytic amounts of NaHSIO and
TEMPO in an ice-water bath. In Method B, 32% Na@@pared from NaOCI- 5@
and water was added dropwise to a mixturel,oNaHSQ-H,O, and TEMPO in an
ice-water bath. Both methods gave high yield2 wfithin 1 h (Scheme 4).

Method A
1(13.0 g)
1.2 equiv. NaOCI-5H,0 (19.7 g) l 1h
1 mol% TEMPO (0.16 g) 2
5 mol% NaHSO4-H,0 (0.69 g) o

Method B 32% NaOCl (28.2 g, 1.2 equiv.)
prep. from NaOCI-5H,0 and H,O
1(13.0 g) l Th
1 mol% TEMPO (0.16 g) - 2
5 mol% NaHSO,4-H,0 (0.69 g) 0~12 °C

95.7% by GC
Scheme 4 Solvent free oxidation df catalyzed by NaHSOH,O.

3-2. TEMPO-catalyzed oxidation of several alcoholwith NaOCI-5H,0

The optimized TEMPO-catalyzed oxidation with Na(BE,O was applied to
various primary and secondary alcohols. Table 4vshihe results for primary alcohols
(10 mmol). Use of an equimolar amount of NaOCLGBGHjave the corresponding
aldehydes in good yield. The oxidations of secop@cohols are summarized in Table
5. Both TEMPO- and 1-Me-AZADO-catalyzed oxidatiom$ sterically hindered
secondary alcohols gave poor yields of the ketomils the conventional aqueous
NaOCI without pH adjustment. In contrast, this opsed method using NaOCI- 58,
gives encouraging results with TEMPO, even absErgjustment.

10



Table 6 Selective syntheses of aldehydes from primary alsdh

5 mol% BuyNHSO4 0
1 mol% TEMPO
R Nop * NaoCl:5H,0 ° -
CH2C|2 R H
Substrate NaOCI-5HO CHCl,  Temp. Time Yield

(equiv.) (mL) °C) M (©@)p

/H\AOH 1.1 30 5 1 91

5

OH
g 11 30 5 1 99
OH
/@A 1.2 30 5 2 96
M

eO
ODAOH 1.2 30 5 6 %6
q 1.2 15 15 1 97
0
§ 1.4 30 5 4 67
OH 1.4 30 5 3 8
1.2 30 5 3 87¢
1.4 30 5 2 85
OH
@A 11 30 5 05 93
Cl
/@AOH
11 30 5 05 98
O,N
OH

(-
N/ 11 30 5 0.5 94

S

@/\OH 1.4 30 5 3 79

aSubstrate : 10 mmol

® Yields were determined by GC using an internal weth
STEMPO 10 mol%

d1-Me-AZADO was used instead of TEMPO

11



Table 7 Results for the oxidation of secondary alcofols

5 mol% BuyNHSO 4

OH 1 mol% nitroxyl radical Q
J\ + NaOCl-5H,0 > J\
Rl R2 CH2C|2 Rl RZ
trat nitroxyl NaOCI- 5HOag. NaQCICH,Cl, Temp. Time Yield
Substrate radical  (equiv.) (€quivP (mL) (c) (h) (@)
OH
/H\)\ TEMPO 1.2 - 10 5 05 (95)
4
OH TEMPO 1.2 - 30 5 1 97
/Hﬁ)\/ TEMPO 1.2 - 10 15  0.67 (96)
- 1.2 - 30 5 24 98
OH - - 1.2 30 5 24 2
TEMPO 1.6 Y. 10 15 2 9
TEMPO 1.6 - 8 15 225 (92)
! TEMPO 1.4 - 10 rt 4 95
TEMPO 1.4 - 30 rt 4 88
1-Me-AZADO 1.4 - 30 rt 05 98
OH TEMPO 1.8 - 10 15 6 88
1-Me-AZADO 1.4 - 30 rt 05 95

aAll the reactions were performed without pH adjuetinfor NaOCI. See experimental section
b ag NaOCI: 12.1 wt% of conventional aqueous solution
®Yields were determined by GC using an internal daesh method.

Numbers in parentheses refer to isolated yields.

12



3-3. Oxidation of an equimolar mixture of 1-octanoland 2-octanol.

In order to be elucidated the mechanism for thxdation of alcohols with
NaOCI-5H0, a mixture of 1-octanol (5 mmol) and 2-octanoinfol) was oxidized
in dichloromethane with NaOCI-58 (5 mmol) in the presence of TEMPO (or
4-MeO-TEMPO) (0.1 mmol) and BNHSO, (0.5 mmol) at 5 °C (Table 8). The reaction
mixture was analyzed by GC, and found that octaraed produced from 1-octanol in
47% vyield and 2-octanone was provided from 2-odtand4% yield after 0.5 h, in the
case of TEMPO. The 4-MeO-TEMPO catalyzed reactwileted the similar result.
Thus, the oxidation rates for primary and secon@dcghols under these conditions are
not large different.

On the contrast, oxidation of an equimolar mixtafel-nonanol and 2-nonanol with
agueous NaOCI catalyzed by 4-MeO-TEMPO was repddeafford 90% of nonanal
and 10% of 2-nonanone in a literatdfe.

Table 8 Oxidation of an equimolar mixture of 1-octanol
and 2-octanol with NaOCI-58 catalyzed by a nitroxyl

radical
O
/H\/\ NaOCI 5H,0
(5 mmol)
5 OH  Nitroxyl radical 5 H
1-octanol (0.1 mmol) octanal
5.0 mmol - "
+ OH BuysNHSO, e}
(0.5 mmol)
CH,Cl,,5°C
4 I 4
2-octano }
50 mmol 2-octanone
Nitroxyl Radical Time (h)  Octanal 2-Octanone
TEMPO 0.5 47% 44%
(2.35 mmol)  (2.20 mmol)
4-MeO-TEMPO 1.0 48% 37%

(2.40 mmol) (1.85 mmol)

* Yields were determined by GC using an internahdard method.

13



4. Mechanism

A number of mechanistic studies have been publisbedEMPO-catalyzed alcohol
oxidations. The explanation involves key interméziB, as shown in Scheme’s. In
general to be said, the TEMPO-catalyzed oxidatibbutky secondary alcohols gives
poor results due to steric hindrance caused byadhemethyl groups neighboring the
nitroxyl center preventing the formation of theemhediateB.

o @N\\O -HX
TEMPO A
a Hi;wo i
14O
N—r
\
HO
R
O=<
RI

Scheme SReported mechanisfunder basic conditions

For the oxidation of bulky secondary alcohols sashmenthol, AZADO and the
related nitroxyl catalysts developed by Iwabuchd an-workers, which have less steric
hindrance around the nitroxyl radical, are requitedobtain the desired ketones.
Since it has been shown in Table 7, however, bségondary alcohols can be oxidized
smoothly to the corresponding ketones with NaOC}®HEMPO, an alternative
mechanism must be at work.

To be cleared the mechanism for alcohol oxidatioith iNaOCI-5HO, it must
acknowledge the following: 1) oxidation rates fompary and secondary alcohols are
almost equal (Table 8), 2) a benzyl alcohol havarg electron withdrawing group

14



(4-nitrobenzyl alcohol) is oxidized much faster nthéhat one having an electron
donating group (4-methoxybenzyl alcohol) (Table @pd 3) sterically hindered
secondary alcohols having bulky groups are sucalgsixidized in the presence of
TEMPO (Table 7).

The Scheme 5 mechanism has been proposed involagly basic condition™
However, the oxidation of alcohols with NaOCI-8BMATEMPO/BuNHSO, occurs
under acidic to neutral conditions (Schemeid supra). Bobbitt et.al. proposed an
alternative mechanism for the TEMPO oxidation aohbls involving intermediat€
with hydride transfer under neutral or acidic cdiotis (Scheme 6])2.e'f Taking
intermediateC into account, steric hindrance of bulky secondalgohols is likely
relaxed, permitting the oxidation to proceed. Theeraction between the lone pair of
nitrogen atom and the hydrogen atom of hydroxylugron the alcohol plays an
important role of this reaction mechanism. Therefanore acidic alcohols (such as
4-nitrobenzyl alcohol having an electron withdragvigroup) reacted faster than less
acidic alcohols (such as 4-methoxybenzyl alcohalgrtg an electron donating group)
did. These features suggest that the oxidationgusiaOCIl-5HO/TEMPO/BuNHSO
involves intermediat€ as shown Scheme 6.

AT

TEMPO °
JVX
-H—0
ELN; o
O H
[O] c °©
)
OH
R
O=<
Rl

Scheme @roposed mechanism under neutral or acidic comditio

15



5. Conclusions

In this articles, anovel manufacturing process for NaOCl-5H20 and the
application of this reagent in the oxidation of alcohols were explored. The
ready availability, high volume efficiency, wide applicability, and high
activity make this a very attractive oxidation reagent and method for

laboratory and industrial use.

6. Experimental

All melting points were determined with a Buchi tivay point apparatus (model
B-545) and are uncorrectethMR spectra were recorded with a JEOL, JNM-EX400
spectrometer in CDgIlusing tetramethylsilane (TMS) as a reference. G{3grspectra
were recorded with a Shimadzu GCMS-QP2010 SE wsiDg-5 column (0.32 mm ID
x 30 m, df=0.50pum) or a Shimadzu GC-17A/GCMS-QP20%2@ing an InertCapl
column (0.25 mm ID x 60 m, df=0.4 pm). GC analyse=e run on a Shimadzu
GC-2014 instrument with flame-ionization detect@guipped with an NB-1 (0.25 mm
x60 m, df=0.4 pum) GC column using helium as theieagas.

Unless stated otherwise, all reagents and chemigais obtained commercially and
used without further purification.

The sodium hypochlorite pentahydrate (NaOCLGHcrystals were manufactured
by the Nippon Light Metal Co. Ltd. using the prose®veloped by us. The reagent can
be purchased from Wako Pure Chemical Industrias, Dbkyo Chemical Industry Co.
Ltd. Junsei Chemical Co. Ltd., TCl America, and Elirope for laboratory use.

Manufacturing process for sodium hypochlorite penthydrate (NaOCI-5H,0)
crystals (Method of Nippon Light Metal Co. Ltd.)

Chlorine gas (193 kg/h, 2.7 kmol/h) was added 4% NaOH solution (500 kg/h,
5.6 kmol/h) at 25~30°C for 6 h average residenceetto give sodium hypochlorite.
Precipitated sodium chloride crystals (151 kg/l§ Bmol/h) were separated from the
slurry, giving a sodium hypochlorite solution (548/h, NaOCI: 30.8%). After the
sodium hypochlorite solution was cooled to 12°@dserystals of NaOCI- 5 (170 g)
were added, and the mixture was stirred for 13 brage residence time. The
precipitated NaOCI-5}0 crystals (172 kg/h) were collected by centrifufjtiation.
Analysis shows the product contains 0.1~0.5% of INa@ 0.04~0.08% of NaOH
(representative values).
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Analytical methods.
Sodium hypochlorite concentration:

lon-exchanged water (20 mL) was added to ca. Ovieighed of NaOCI-5kD
crystals in a conical beaker. Two grams of potassndide and 10 mL of 50% aqueous
acetic acid were added to the stirred solutioninediberated from the solution was
titrated with 0.1 M sodium thiosulfat®r volumetric analysis (the liquid goes from
brown to colorless).

Free sodium chloride:

lon-exchanged water (2 mL) was added to ca. 0.1 a@Cl-5HO crystals in a
weighed in a conical beaker. Aqueous ~30% of hyenoperoxide was added to the
stirred solution until bubbling ceased, and ionkaed water (20 mL) was added. A
few drops of phenolphthalein solution were addethto colorless solution, and if the
color of the solution became pink (basic), nitr@da(2%) was added until it become
colorless. To the mixture was added 0.2 mL of mitas chromate (5%), and the
solution was titrated with 0.1 M of silver nitraselution for volumetric analysis (the
solution turned slightly orange from yellow).

Free [NaCl] = [total chlorine concentration] titedt above — [sodium hypochlorite
concentration]

Free sodium hydroxide:

lon-exchanged water (20 mL) was added to 10 g @®Gla5HO crystals weighed
in conical beaker. About 30% of hydrogen peroxidesvadded to the stirred solution
until bubbling ceased. A few drops of phenolphthalsolution were added to the
solution, which was then titrated with 0.1 M hydntaric acid for volumetric analysis
(the color of the solution went from pink to coless).

Conventional aqueous NaOCI solution manufactured byhe Nippon Light Metal
Co. Ltd.

Representative values;

NaOCIl 12.6~13.6%: NaCl 12~13%: NaOH 0.6~0.8%: pH W3, determined using a
pH meter.

An aqueous 13% NaOCI solution prepared from NaOCI-H,0:
An agueous 13% NaOCI (110.9 g) was prepared frod@®ebHO0 (32.7 g) and
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ion-exchanged water (78.2 g). The pH was 11.3 raeted using a pH meter.

Determination of pH for NaOCI- 5H,0 with tetrabutylannmonium salts:

BusNHSO,, BusNBr, or BuNCI (2.5 mmol) was added to 13% NaOCI (28.5 g, 50
mmol) prepared from NaOCI-58B and ion-exchanged water. The pH of the resulting
solutions were determined using a pH meter.

Typical example for small scale oxidation of 2-octaol (Tables 2, run 3):

NaOCI-5HO0 crystals (1.97 g, 12.0 mmol) were added in oméiggoto a mixture of
Bus,NHSQ, (0.170 g, 0.50 mmol), TEMPO (15.5 mg, 0.10 mmoid & (1.30 g, 10.0
mmol) in dichloromethane (30 mL) at 5 °C. Afterrstig for 1 h, exact 0.5 mL of the
organic layer and 0.03 g weighed of 4-chloro-toflomethylbenzene (PCBTF) as an
internal standard were added to 1 mL of ,CH. Yield of the produc® (97%) was
determined by GC. GCMS analysis of the product Maastical to an authentic sample.
GCMS:m/z =128 (M, relative intensity 3%), 113 (3%), 85 (3%), 71(6%3(54%), 43
(base peak)

Small scale oxidation of primary alcohols for Tables: (general procedure)

NaOCI-5HO crystals (11.0~14.0 mmol) were added in one portd a mixture of
BusNHSO,(0.170 g, 0.50 mmol), TEMPO (15.6 g, 0.10 mmolgoalols (10.0 mmol),
and 0.2 g of PCBTF (an internal standard) in diaimieethane (15 or 30 mL) at 5 or
15 °C. After stirring for an appropriate time, Otk of the organic layer was added to
1 mL of CHCI,for GC analysis. GCMS analyses of the products weeatical with
authentic samples.
Oxidation of 1-octanol

NaOCI-5HO0 crystals (1.81 g, 11.0 mmol) were added in oméiggoto a mixture of
Bu,NHSQO, (0.170g, 0.50 mmol), TEMPO (15.6 mg, 0.10 mmol}pctanol (1.31 g,
10.1 mmol), in dichloromethane (30 mL) at 5°C. Afsgtirring for 1 h, 0.5 mL of the
organic layer and 0.03 g weighed of PCBTF as armal standard were added to 2 mL
of CH,Cl,. Octanal was determined in 91% yield for GC analyCMS analysis of
the product was identical with authentic sample. MBC m/z =128 (M, relative
intensity 0.2%), 110 (5%), 100 (10%), 84(61%), 9@, 56 (48%), 43 (base peak), 41
(99%)
Oxidation of benzyl alcohol

NaOCI-5HO0 crystals (1.81 g, 11.0 mmol) were added in oméiggoto a mixture of
BusNHSQO, (0.170g, 0.50 mmol), TEMPO (15.6 mg, 0.10 mmoln2é alcohol (1.10 g,
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10.2 mmol), in dichloromethane (30 mL) at 5°C. Afgtirring for 1 h, 0.5 mL of the
organic layer and 0.03 g weighed of 1, 3-dichlordsne as an internal standard were
added to 2 mL of CkCl,. Benzaldehyde was determined in 99% yield for G&lysis.
GCMS analysis of the product was identical withhaatic sample. GCMS1/z =106
(M*, relative intensity 74%), 105 (74%), 85 (0.4%)(t&&e peak), 63(2%), 51 (27%),
39 (8%)
Oxidation of 4-methoxybenzyl alcohol

4-Methoxybenzaldehyde was prepared from 4-methaxagydealcohol in 96% vyield.
GCMS: mvz =136 (M, relative intensity 72%), 135 (base peak), 119 )(1207(25%),
92(20%), 77 (31%), 65 (11%), 51 (14%), 39 (23%)
Oxidation of piperonyl alcohol

1,3-Benzodioxole-5-carbaldehyde (piperonal) wap@red from 1,3-benzodioxole
-5-yImethanolpiperonyl alcohol), under a variety of differeninditions as described in
Table 4, in 96~97% yield. GCMS$wz =150 (M, relative intensity 92%), 149 (base
peak), 121 (32%), 91(10%), 77(3%), 65 (16%), 634263 (7%), 39 (7%)
Oxidation of cinnamyl alcohol

Cinnamaldehyde was prepared from cinnamyl alcohotler a variety of different
conditions as described in Table 4, in 67~87% yiel@CMS:m/z =132 (M, relative
intensity 60%), 131 (base peak), 115 (1%), 103 (6%% (2%), 77 (32%), 63 (7%), 51
(48%), 39 (12%)
Oxidation of 4-chlorobenzyl alcohol

4-Chlorobenzaldehyde was prepared from 4-chlorofdeaicohol in 93% yield.
GCMS:m/z =142 (M'+2, relative intensity 22%), 141 (37%), 140" (N68%), 139 (base
peak), 113 (19%), 111 (60%), 91 (2%), 85 (4%), I8%), 75 (32%), 61 (4%), 50
(31%), 38 (8%)
Oxidation of 4-nitrobenzyl alcohol

4-Nitrobenzaldehyde was prepared from 4-nitrobenaidohol in 98% vyield.
GCMS: mvz =151 (M, relative intensity 92%), 150 (base peak), 135)(2220 (7%),
105 (22%), 92 (12%), 77 (72%), 65 (12%), 51 (8538)(8%)
Oxidation of 3-pyridinemethanol

3-Pyridinecarboxaldehyde was prepared from 3-pyediethanol in 94% yield.
GCMS: m/z =107 (M', base peak), 106 (relative intensity 53%), 78 (%564 (1%),
51(60%)
Oxidation of 2-thiophenemethanol

Thiophene-2-carbaldehyde was prepared from 2-t@onemethanol in 79% yield.
GCMS: m/z =112 (M, relative intensity 93%), 114 (5%), 113 (11%), {bhse peak),
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83 (8%), 58 (7%), 45 (15%), 39 (28%), 77 (72%),(863%), 51 (85%), 39 (8%). As a
by-product it was assigned 5-chlorothiophene-2-@adhyde (8.5 GC%). GCMS
analysis of the product was identical with authestimple. GCMSm/z =148 (M'+2,
relative intensity 29%), 147 (45%), 146 (MB6%), 145 (base peak), 117 (20%), 82
(8%), 73 (19%), 57 (12%), 45 (20%)

Small scale oxidation of secondary alcohols for Taé 7:( general procedure)

NaOCI-5HO crystals (12.0~18.0 mmol) were added in one portd a mixture of
BusNHSO, (0.1270 g, 0.50 mmol), TEMPO (15.6 mg, 0.10 mmohd alcohols (10.0
mmol) in dichloromethane (10 mL or 30 mL) at seVéemperature. After stirring for
an appropriate time, 0.5 mL of the organic layed 803 g weighed of PCBTF as an
internal standard were added to 1~2 mL of,CHfor GC analysis. GCMS analyses of
the products were identical with authentic samples.
Oxidation of 3-octanol

3-Octanone was prepared from 3-octanol in 97% yieldCMS: m/iz =128 (M,
relative intensity 4%), 99 (29%), 72 (23%), 71 (91% (53%), 43 (base peak).
Oxidation of I-menthol

I-menthone was prepared frdmmenthol in 88~98% yield, with several conditions
described in Table 5. GCM®wz =154 (M, relative intensity 36%), 139 (52%), 112
(base peak), 97 (40%), 83 (28%), 69 (75%), 55 (62%)61%)
Oxidation of 2,6-dimethyl-4-heptanol

2,6-Dimethyl-4-heptanone was prepared from 2,6-thiylel-heptanol in 88~95%
yield, with several conditions described in TableGCMS: m'z =142 (M, relative
intensity 12%), 127 (5%), 100 (3%), 85 (74%), 7%J1 57 (base peak), 43 (12%),
41(25%)

Preparative examples
Oxidation of 2-octanol

NaOCI-5HO0 crystals (2.0 g, 12.2 mmol) were added in ondigoto a mixture of
Bus,NHSQ, (0.17 g, 0.50 mmol), TEMPO (21 mg, 0.13 mmol), and1.30 g, 10.0
mmol) in dichloromethane (10 mL) at 5 °C. After dfn, GC monitoring showed that
all of the starting materidl had been consumed. The reaction was stoppedCakdr
by quenching with agueous saturated sodium swdétetion (20 mL). The organic layer
was separated and the aqueous layer was extracgteddiehloromethane (30 mL).
The combined organic layers were washed with w@@mL), dried over Ng&O,, and
concentrated to giv@ as colorless oil (1.27 g, crude yield of 99.2%, @Ralysis
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showed the product to be 96.8% pure). A 0.42 gigorf the crude was purified by
bulb-to-bulb distillation (6 kPa, 12030 °Cbath temperature) to afford pure2 (0.40
g, 95%).

Oxidation of 3-octanol
NaOCI-5HO0 crystals (2.0 g, 12.0 mmol) were added in ondigoto a mixture of

BusNHSO, (0.16 g, 0.47 mmol), TEMPO (20.0 mg, 0.13 mmolpcdanol (1.30 g, 10.0
mmol), and water (0.2 mL) in dichloromethane (10)nat 8 °C. The reaction was
stopped after 0.5 h by quenching with aqueous adrsodium sulfite solution (20
mL). The organic layer was separated and the arpuéamyer was extracted with
dichloromethane (30 mL). The combined organic laysere washed with water (30
mL), dried over NgSO,, and concentrated to give 3-octan@sea colorless oil (1.30 Q).
A 0.40 g portion of the crud8@ was purified by bulb-to-bulb distillation (8.7 kPa
130-140 °C bath temperature) to afford pGréd.38 g, 96%, GC purity 99.7%).

Oxidation of I-menthol

NaOCIl-5HO (658.0 mg, 4 mmol) was added in one portion teniature of
BusNHSO, (44.5 mg, 0.131 mmol), TEMPO (3.4 mg, 0.022 mmalydI-menthol
(391.5 mg, 2.5 mmol) in dichloromethane (8 mL) &t°C. The mixture was stirred at
15 °C for 2.25 h, and then the reaction was quehdhe treatment with saturated
agueous sodium sulfite solution (5 mL). The aquetayer was extracted with
dichloromethane (10 mL x 3). The combined orgaayets were washed with saturated
brine, dried over anhydrous p&0,, and concentrated to givenenthone as a colorless
oil (475.7 mg), which was purified by column chraography (Hexane : AcOEt = 10 :
1) on silica gel to give purementhone (355.3 mg, 92%)]p?°>= —28.1° (c=0.0156,
EtOH) (1it'% [o]p=-28.6°). 'H NMR (400 MHz, CDCJ): = 2.35 (ddd, J = 13.1,
3.6, 2.3 Hz, 1H), 2.181.80 (m, 6H), 1.431.29 (m, 2H), 1.01 (d, J = 6.4 Hz, 3H), 0.91
(d, J =6.8 Hz, 3H), 0.85 (d, J = 6.8 Hz, 3H).

Large scale oxidation of 2-octanol in ethyl acetate

A mixture of NaOCI-5HO (39.5 g, 0.24 mol) and ethyl acetate (70 mL) w@sled
to 3 °C in a 200 mL of 4-necked flaskth stirring . BuNHSO, (3.4 g, 0.010 mol) and
TEMPO (0.31 g, 0.002 mol) were added to the migtand then 2-octanol (26.0 g ,
0.20 mol) was added over a period of 15 min viagpping funnel. The temperature of
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the reaction mixture reached a maximum of 18 °Gngduthe addition, and was 12 °C at
the end of the 2-octanol addition. The droppingnkinwas washed with 10 mL of
AcOEt and the stirring was continued for a furtd& min. The temperature of the
reaction mixture was 2 °C. The mixture was quenchveti satd. NaSO; (30 mL),
extracted with AcCOEt (20 mL x 3), washed with br{@® mL x 1) and water (20 mL x
2), and dried over MgSQAfter filtration, the organic layer was concemgain vacuo
and distilled (bp 130 °C /26.6-25.5 kPa) to givecanone (23.2 g, 90.5% vyield). GC
and GCMS analyses of the product were identicah witthentic sample and indicated
99.3% purity.

Solvent free oxidation of 2-octanol with NaHS®@ H,O
Method A

To NaOCI-5H0O (19.7 g, 0.12 mol) and water (13.2 g) were addatHSQ- H,O
(0.69 g, 5.0 mmol) and TEMPO (0.16 g, 1.0 mmol)idga-water bath with stirring.
Thirteen grams of 2-octanol (0.10 mol) were addes48 °C over a period of 1 h. The
pH of the reaction mixture was measured to be 93-@luring this period. Point one
mL of the organic layer was measured out to 10 mClig,Cl,and 0.17 g weighed of
PCBTF as an internal standard was added for GG/sirallhe yield of 2-octanone was
97.0%.

Method B

A 30% NaOCI solution (28.2 g, 0.12 mol) prepareahfrNaOCI-5HO and water was
added dropwised to a mixture of 2-octanol (13.0.0 mol), NaHS® H,O (0.69 g, 5.0
mmol) and TEMPO (0.16 g, 1.0 mmol) for 1 h at 0~°Qwith stirring. The pH was
3~8 for the first 0.5 h and 8~10 for the next 0.8bint one mL of the organic layer and
0.17 g weighed of PCBTF as an internal standarcvaeided to 10 mL of CJi€l,for
GC analysis. The yield of 2-octanone was 95.7%.
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45-48% aq NaOCl coo o
ag NaOH + NaCl , , + NaOH
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NaOH



NaOH NaOCI-5H,0
0.08 wt% = 0.4 mol%
Buy,NHSO,
or NaHSOy4
neutralize 5 mol%

Na,SO,4

H,O HOCI HCI

agueous phase

TEMPO

organic phase
1 mol%



OH

200 mL flask M\/\

& @)
1.2 equiv. NaOCI-5H,0 (30.5g)] >0 9 ¢ s /WJ\
1 mol% TEMPO (0.31 g) _ )
5 mol% BusNHSO, (3.40 g) o0

EtOAc (80 mL) 23.2 g (Y=91%)
additional 45min  b.p.130 °C/26 kPa




Method A

1(13.09)
1.2 equiv. NaOCI-5H,0 (19.7 g) l 1h
1 mol% TEMPO (0.16 g) - 2
5 mol% NaHSO4-H,0 (0.69 g) .
H,0 (13.2 g) 5~18°C  97.0% by GC
Method B 32% NaOCI (28.2 g, 1.2 equiv.)
prep. from NaOCI-5H,0 and H,O
1(13.0 g) l 1h
1 mol% TEMPO (0.16 g) > 2
5 mol% NaHSO4-H,0 (0.69 g) 0~12 °C

95.7% by GC
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Table2 Comparison of NaOCI-5H,0 crystals and conventional aqueous NaOCI

O
oH Bus,NHSO,4
NaOCI-5H,0 5 mol%
+ or ag. NaOCl| ?
4 1.2 equiv. nitroxyl radical
1 in CH,Cl, 5°C 2
- : NaOCl-5H,0 ag. NaOCl Yield of 2 (%)°
Run niroxylredical - als (equiv)  solution? 05h 1h 2h 3h  24h
(equiv.)
1 -- 12 -- -- 3 22 28 78
2 - - 1.2 (13.2%)° - 1 2 9(27h)
3 TEMPO - - -
1 mol% 12 94 97
4 TEMPO . 0/\C N
1 mol% 1.2 (13.5%) 1 2 2 11(22h)
TEMPO
5 0.5 mol% 12 87 99
TEMPO
1.2 - - 7 -
© 0.1 mol% 9 9% 9
1-Me-AZADO
7 1.2 - - 1 S -
1 mol% 00
1-Me-AZADO B o
8 Lok 1.2 (13.2%) 14 29 45 99

aag. NaOCl : conventional agueous NaOCI (ca. 13% solution) containing NaOH and NaCl

b Yields were determined by GC using an internal standard method.
¢ Concentrations were determined viatitrations.



Table3 Effect for quaternaly annmonium salts and acid in the presence of TEMPO?

OH
BusNX 5 mol%
+ NaOCI-5H,0 »
4 4

1.2 equiv. TEMPO 1 mol%

1 in CH,Cl, 5 °C 5

Run X Additive 05h 1h Yzir?l d??; i gﬁb

1 HSO, - % 97 - - -

2 HSO, (0.5 mol%) - - 40 73 98 --

3 Br - - 6 14 25 87(22h)

4 Cl 3 ~= 3 10 10 73

5 Cl NaHSO4-H,0 5 mol% - 19 25 - 69

6 Cl NaHSO,4-H,0 5 mol% 97 99 - - -
+H,0 0.2 mL

7 - NaHSO4H,O5mol% 46 o8 - - -
+H,0 0.2 mL

a1 (10 mmol), NaOCl-5H,0 (12 mmol), BusNX (0.5 mmol), TEMPO (0.1 mmol), CH,Cl, (30 mL)
bYields were determined by GC using an internal standard method.



Table5 Resultsfor oxidation of 1 in several solvents?

OH NaOCI-5H,0
1.2 equiv.

5 mol% BuysNHSO,4
—>

1 mol% TEMPO 4
1 solvent (30 mL) 2

0]

Temperature  Yield of 2 (%)°

Solvent (°C) 1h 2h 3h 4h
CH,Cl, 5 97 - - -
EtOAc 5 61 97 - -
CeHsCH3 5 38 90 98 --
CeHsCF3 5 30 55 87 95
CH4CN 5 53 54 53 52
AcOH rt 18 78 90 90
a1 (10 mmol)

b Yields were determined by GC using an internal standard



Table6 Selective syntheses of aldehydes from primary alcohol s
5 mol% Bus,NHSO,4 @)

1 mol% TEMPO
R~ Noy *+ NaOCI5H,0 Mmoo -

CH2C|2 R H

NaOCI-5H,O0 CHxCl, Temp. Time  Yield

Substrate (equiv)  (mL) Q) () (o

/H\/\OH 1.1 30 5 1 91

5

OH
©/\ 11 30 5 1 99
OH
/OA 12 30 5 2 9
M

eO
O OH 1.2 30 5 6 9%
< 1.2 15 15 1 97
o)
N 1.4 30 5 4 67
1.4 30 5 3 82¢
1.2 30 5 3 87,
1.4 30 5 2 85
OH
11 30 5 05 093
cl
OH
11 30 5 05 08
O,N
|\ OH
P 11 30 5 05 o4
N
S
@/\OH 14 30 5 3 79

4 Substrate : 10 mmol

b Yields were determined by GC using an internal method
“TEMPO 10 mol%

d1-Me-AZADO was used instead of TEMPO



Table7 Resultsfor the oxidation of secondary alcohols?
5 mol% BuysNHSO
OH 0 SIS 0

1 mol% nitroxyl radical
)\ + NaOCI-5H,0 - )k
CHyCI,

R? R1 R?

Rl

nitroxyl NaOCI-5H,0 ag. NaOCl CHxCl> Temp. Time Yield

Substrate radical  (equiv)  (BQuiv.)® (mL)  (°C) (h) (%)°

OH
/H\ )\ TEMPO 12 . 10 5 05 (9)
A

OH TEMPO 1.2 .. 30 5 1 97
/HE P TEMPO 12 - 10 15 067 (9)
. 1.2 . 30 5 24 08

1.2 30 S 24 2

oH TEMPO 1.6 -- 10 15 2 96
TEMPO 1.6 -- 8 15 2.25 (92)

el TEMPO 1.4 -- 10 rt 4 95
4 88

TEMPO 14 -- 30 rt
1-Me-AZADO 14 -- 30 rt 05 98

OH TEMPO 1.8 - 10 15 6 88
1-Me-AZADO 1.4 - 30 rt 05 95

aAll the reactions were performed without pH adjustment for NaOCI. See experimental section
bag NaOCl: 12.1 wt% of conventional agueous solution
©Yields were determined by GC using an internal standard method.

Numbers in parentheses refer to isolated yields.



NaOCI- 5H,0
/H\/\OH (5 mmol)

5 Nitroxy! radical 5 H
1-octanol (0.1 mmol) octanal
5.0 mmol > +

+ OH BusNHSO,4 O
(0.5 mmol)
CH,Cl,, 5 °C
4 4
2-octanol 2-octanone
5.0 mmol
Nitroxyl Radical Time(h)  Octanal 2-Octanone
TEMPO 0.5 47% 44%
(2.35mmol)  (2.20 mmol)
4-MeO-TEMPO 1.0 48% 37%

(240 mmol)  (1.85 mmoal)
* Yields were determined by GC using an internal standard method.
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