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Abstract. The role of nvndme and of many substituted nvndlnec in Gif oxidation chemistry has been

examined. In the presence of a suitable pyndme type base most of the solvent can be replaced by
acetonitrile without diminishing the yield of oxidation products. The use of 4-fert-butylpyridine
permits the isolation of cyclohexanone and cyclohexanol by simple distillation.

© 1998 Elsevier Science Ltd. All rights reserved.

Introduction

and industrial imponancc.H The oxidation of cyciohexane to cyciohexanone represenis an important

commercial reaction in the preparation of Nylon. The reaction requires conditions of elevated pressure and
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cobalt c_:atz_llysts; While the vield for the formation of ketone is 4%, the conversion is
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%. Over the last decade we have developed Gif systems® capable of oxidizing saturated hydrocarbons
predominately to the corresponding ketones. These reactions can be carried out at room temperature with
relatively high conversion (up to 30%) and quantitative yield under mild and neutral conditions. However,

f ovridine as a solvent in these svs
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impractical. Schuchardt and his colleagues’ have carried out an extensive investigation of the conversion of
cyclohexane to cyclohexanone under Gif conditions. In many cases they have confirmed and improved upon
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industrially friendly system the oxidation should be performed in less toxic and cheaper solvents. Although
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Gif reactions have been carried out in solvents other than pyridine but the yields were substantially lower""".
. 2

other than pyridine. In preliminary studies it was shown that the majority of the pyridine can be replaced by

17-

acetonitrile without affecting the oxidation'”'®. However, it was clear that some pyridine was needed to act

17, 19

as a ligand to observe Gif chemistry'. This was indicated by the appropriate *C NMR experiments
Because the reaction can be carried out in acetonitrile with suitable addition of pyridine, we have investigated
the effect that substituted pyridines and other bases have on the Gif system. This might lead to better basic
ligands than pyridine itself. We now report the results of this study and the implications in optimizing the

reaction conditions for Gif chemistry.
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major minor
1: R'=R*=R’=R*=R°=H 8: R'=R*=R*=CHj, R*=R"=H
2: R'=CH,, R*=R*>=R*=R*=H 9: R*>=(CH,);C, R'=R*=R*=R’=H
3: R>=CH,, R'=R*=R"'=R*=H 10: R'=R*=(CH,);C, R’=CH,, R*=R*'-H
4: R*=CH;, R'=R*=R'=R’=H 11: R’=(CH;),N, R'=R*=R*=R’=H
2. md_rar vy nl_wml 4 _nS_ve ca. mI_nr ., wl_n2 _nmd_nS_ vy
5: R'=CH,(CH,;, R'=R*=R"=R"= i2: R'=2"-Py, R’ =R"=R"'=R"=
6: R'=R*=CH,, R*=R*=R*=H 13. R'=4"-Py, R*=R’=R‘=R’=H
7: R'=R*=CH,, R*=R*=R*=H 14. R*=Br, R'=R’=R"=R°=H

Scheme 1

Results and Discussion
The initial studies of the effect of pyridine and other bases was carried out using picolinic acid (PA)
as ligand (Scheme 1). This has been shown to be one of the most efficient carboxylic acids for hydrocarbon

axvidation?® The treatment af cvelahevane under theca canditiaone in acetanitrile faile to oive anv oxidation.
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However, the addition of 10 mmol of pyridine to the mixture gave 0.8 mmol of oxidized products. With 24

0
mmol of pyridine the yield was increased to 1.4 mmol. This remained constant for higher concentrations of

s W w“
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Products {mmol)

Fig 1. 4 mmol of picolinic acid, 1 mmol of Fe'' chloride hexahydrate, 20 mmol of
cyclohexane and 4 mmol of H;0: in (a). 16.5mL of acetonitrile and 16.5 mL of pyridine ;
(b). 31 mL of acetonitrile and 2 mL of 4-fert-butylpyridine; (c). 33 mL of pure pyridine or
(d). 29 mL of acetonitrile and 4 mL of 4-fert-butylpyridine. The reactions were carried out
at room temperature. The products were analyzed by GC, naphthalene was used as internal

standard.

Prodiucts(rmmiol)

Fig 2. 4 mmol of picolinic acid, 1 mmoi of Fe™ chloride hexahydrate, 20 mmol of
cyclohexane and 4mmol of H,0, in 33 mL of a solution of acetonitriie (31 mL) and 4-
tert-butylpyridine (2 mL). 'I'ne reaction was carried out at room temperature. The products

AT, - Toimad Lo . As =

were analyzed by GC, naphthalene was used as internal standard.
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A more detailed study of the kinetics of a reaction, which was faster in 4-rerr-butylpyridine/acetonitrile

5]

1) than in other solvents, is shown in Fig 2. A number of substituted pyridines and tertiary bases were
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investigated and the resuits are tabulated in Tabie 1.

Table 1. Effcct of Bascs on the Oxidation of Cyclohexane
Entry BASE Kctone Alcohol Oxygen Total Eff.*
X mmol) (mmol) (mmol) (mmol) (mmol) (%)
1 1(10) 0.49 0.30 0.20 0.99 49
2 2(10) 0.30 0.22 0.23 0.75 37
3 3(10) 0.75 0.33 0.51 1.59 79
4 3(15) (0.95) (0.28) (0.57) (1.80) (90)
5 4(10) 0.63 0.23 0.42 1.28 64
6 5(10) 0.71 0.29 0.45 1.45 72
7 6(10) 0.59 0.30 0.40 1.29 64
8 7(10) 0.35 0.30 0.23 0.88 44
9 8(10) 0.35 0.28 0.25 0.88 44
10 9(10) 0.72 0.28 0.21 1.2] 60
11 9(15) 0.97) 0.22) 0.21) (1.40) (70
12 10(10) 0 0 0.11 0.11 5
13 11(D) 0.45 0.19 0.23 0.87 43
14 12(5) 0 0 0.20 0.20 10
15 13(5) 0.15 0.09 0.10 0.34 17
i6 14(10) 0.09 0.07 0.25 0.39 i9
7N hY
17 e 0 0 0.21 0.21 10
(10)
18 Oy 0 0 0.20 0.20 10
(10)
19 @:@ 0.51 0.23 0.31 1.03 52
5
20 ((l 5)) 0.56 0.17 0.33 1.06 53
21 (20) 0.58 0.11 0.33 1.02 51
22 @ 0.40 0.29 0.16 0.85 42
N
(5)

4 mmol of picolinic acid, | mmol of Fe'' chloride hexahydrate, 20 mmol of
cvclohexane and 4mmol of H.0; in 33 mL of a solution of acetonitrile (33 mL) and base
(X mmol). The reactions were carried out at 0°C to room temperature overnight. The
products were analvzed by GC, naphthalene was used as intemal standard.

* Efficiency is based on H,0, and inciudes oxygen formation.

The study showed that pyridines with groups o« to the nitrogen gave lower yields of oxidation

products  This is in accordance with the theory with the base acting as a ligand which should not hinder the
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coordination to the iron. This was clearly indicated in the example of 2,6-di-tert-butyl-4-methylpyridine
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fails to give any oxidation. However, alkyl substituents in the 3 and 4 positions do not
inhibit the oxidation and even enhance it. 3-Methyl and 4-methylpyridine (Entries 3, 4 and 5) gave better
yields of products than for the same amount of pyridine (Entry 1) while 4-fert-butylpyridine (Entries 10 and
11) was found 10 be the best of t
failed to give any oxidation (Entries 17 and 18). Quinoline and isoquinoline gave reasonable results (Entries

19-22). These experiments confirm that an appropriate heterocyclic base must be present in the reaction

1Bt

mixture. The best ligands were the 3-methyl and 4-fert-butylpyridine. 4-tfert-Butylpyridine was chosen as the
base to conduct further study due to the fact that its low volatility allows the products to be isolated by

distillation. Simple tertiary amines like triethylamine and N-ferr-butyltetramethylguanidine gave minimal

oxidation.

Products {mmol)

4-tert-Butylpyridine {(mmol)

Fig 3. 4 mmol of picolinic acid, I mmol of Fe™ chloride hexahydrate, 20 mmol of

cyclohexane and 4 mmol of H,O; in acetonitrile and 4-fert-butylpyridine to make a total of

33 mL. The reactions were carried out at 0°C to room temperature overnight. The products

Iuzad e, (30 namhthalana wone e ad as intaraal o¢
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increased. (Fig 3). The optimum amount of 4-fert-butyipyridine was aiso conciuded to be 13.5 mmoi which
corresponds to 2 mL in 31 mL of acetonitrile. The number of turnovers of the catalyst was not affected by
the amount of 4-fert-butylpyridine added to the reaction (Fig 4). However, a significant observation was that

the turnover numbers were greater in the acetonitrile systems than when pyridine was used as the only

solvent (Fig 5).
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121 A —m—2mL 4t-Bu-Fy i

5 1* —&— 10mmol 4-t-Bu-Py |

5‘ 0 ‘ + + t ¥ + ¥ ]
4 8 12 16 20 24 28 32

Hydrogen Peroxide (mmol)

Fig 4. 4 mmol of picolinic acid, 1 mmol of Fe™" chloride hexahydrate, 20 mmol of
cyclohexane and 4 mmol of H,0, in acetonitrile and 4-tert-butylpyridine to make a total of
33 mL. The reactions were carried out at room temperature. The products were analyzed
by GC, naphthalene was used as internal standard.

superiority of a limited amount of pyridine or 4-tert-butylpyridine was clearly demonstrated.

6l /'-a—/*\n
51 /Iu——-——*—""*

3¢ / //c———‘::\ —a— 10 mmal Quinoline
X o
24 / M —a— 10 mmol soquinoline
—a—2mL Py
14 —— 10 mmol 4-1-Bu-Py
—s— 33 mL Py
Y il . ‘ - . .

1 0 4 8 12 16 20 24 28 32 36 40

Products {mmol)

Hydrogen Peroxide (mmol)

Fig 5. 4 mmol of picolinic acid, 1 mmol of Fe'! chloride hexahydrate, 20 mmol of
cyclohexane and 4-40 mmol of H;0; in 33mL of acetonitrile and base or in 33 mL of
pyridine. The reactions were carried out at room temperature. The products were analyzed
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Products (minol)

Fig 6. 4 mmol of picolinic acid,

Volume of Cyclohexane (ml)

m
Immol of Fe

-,

1744

shosanal
= Cyclohexano!

i3 Cyclohexanone l

chloride hexahydrate. 2 mL of 4-

tert-butvlpvridine and 4 mmol of H;0; in 33 mL of the mixture of acctomtrilc and
cvelohexane. The reactions were carricd out at 0°C to room temperature overnight The

products were analvzed by GC. naphthalene was used as internal standard.

Table 2. Effect of Ligands on the Oxidation of Cyvelobexane

if,0 Base Keione Ailcohoi  [Gxygen | Total Eff.*
Entry Ligand (ml) lmmol) | (mmol) (mmol)  mmol) {(mmeol) | (%)
@Y 0 10 0.72 0.28 0.21 1.21 ol
1 N OH
o 0 25 1.03 0.22 0.22 1.47 74
2 A} 0 10 0.56 0 0.90 1.46 73
@/\ _OH
3 s 0 25 1.00 0.22 059 | 181 96
4 S oM 0 10 0.68 0.22 0.53 1.43 71
5 o 0 10 0.34 0.18 033 | 0.85 12
el
(L | _ .
6 Tox 0 i5 (1.95 0.28 .57 i.80 G0
7 *‘O\/[@\/C’” 0 10 0 0.17 ( 0.17 h
r ~ 7
o o
§ , 30
N R (@ RS IO B 0 S I B
9 Wﬁ/\\,(/\(u" 10 10 0.90 U.14 0 104 R
10 o o 15 10 0.14 0.06 0 0.20 10
1 o 0 Lo 0.62 0.34 0.38 1.54 77
HO
Ol o _
12 -8 7 10 0.92 0.09 U 1.01 30
2NN
13 S | 2N 0 10 0.56 0.22 0.25 1.03 51
QJ\QH
i

4 mmol of ligand. | mmol of Fc

chloride hexahydrate. 20 mmol of cyclohexanc

and 4 mmol of H.0-, d-reri-butvipyridine as basc in 33 mL of the solution of acctonitrilc
and H-0. The reactions were carried out at 0°C to room temperature overnight, The
products were analyvzed by GC, naphthalcnc was used as internal standard.
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Varying the amount of cyclohexane in the reaction mixture (31 mL of acetonitrile and 2 mL of 4-tert-
butylpyridine) resulted in heterogeneous reaction mixtures
Nevertheless, the amount of oxidation did not change greatly (Fig 6).

In previous work we have reported on the effect of various heterocyclic carboxylate ligands®" 2. We
have also investigated the effectiveness of these ligands on Gif chemistry in the presence of 4-t-butylpyridine.
These results of this study are listed in Table 2. Although most ligands gave approximately 1 mmol of
oxidation products. Picolinic acid N-oxide (Entry 3) and pyridine-2,3-dicarboxylic acid (Entry 6) gave results

which were even better than picolinic acid.

Tabie 3. Eifect of Soivents on Gif Oxidation
n,

Entry | Solvent 4--Bu-Pyridine | Keionc Aicohoi 0, Total Eii.*

(X mL) (Y mL) (mmol)  (mmol)  (mmol) | (mmol) (%)

1 Acetone 2 0.12 0.10 0.31 0.53 26.5
€)Y

2 Acetone 0 - - 0.32 0.32 16.0
(33)

3 CH,CN 2 0.97 0.16 021 134 67.0
31

4 CH,CN 0 - - 0.07 0.07 3.5
(33)

5 1-BuOH 2 0.28 0.11 0.08 0.83 415
3

6 1-BuOH 0 0.05 0.07 0.58 0.70 35.0
(33)

7 AcOEt 2 0.08 0.08 0.98 1.14 57.0
@3

8 AcOEt 0 . 0.02 0.95 0.97 48.5
(E1))]

9 AcOH 2 0.42 0.28 0.29 0.99 495
3D

10 AcOH 0 0.23 0.21 0.12 0.56 28.0
{33)

11 Pyridine 0 0.99 - 0.16 118 575
(33)

PA (4 mmol), FeCl:e6H;0 (1 mmol), Cyclohexane (20 mmol), Solvent (X mL) 4-
tert-Butylpyridine (Y mL), H,O, (4 mmol). The reactions were carried out at 0°C to room
temperature overnight. The products were analyzed by GC, naphthalene was used as
internal standard.

* Efficiency is based on H,0:and includes oxygen formation.

We have also examined (Table 3) the effect of other solvents on Gif chemistry with and without the

addition of the appropriate amount of 4-tert-butylpyridine. Acetone gave little oxidation of cyclohexane.
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Acetonitrile, without 4-7ert-butylpyridine afforded no oxidation. fert-Butanol and ethyl acetate gave little
oxidation, Acetic acid with pyridine base was, as expected, more efficient. Pyridine alone gave, as usual, an

impeccable formation of pure ketone with only little oxygen formation.

Table 4. Effect of the Amount of Catalvst on Gif Qxidatio

Entry PA FeCly6H,0 0, Kctone Alcohol Ketone Total Eff.*
(X mmol) (Y mmol) (mmol) | (mmol) (mmol) Alcohol | (mmol) (%)
1 0.4 0.1 0.20 0.92 0.21 4.38 1.33 66.5
2 0.8 0.2 0.36 0.97 0.25 388 i.58 79.0
3 1.2 0.3 045 1.12 0.24 447 181 905
4 1.6 0.4 0.45 1.15 0.23 5.00 1.83 91.5
5 2.0 0.5 0.56 1.00 0.30 3.31 1 86 93.0
6 1.0 0.50 1.03 0.22 4.68 1.75 87.5
7 8 20 0.58 0.90 0.32 2.81 1.80 90.0
PA (X mmol), FeClie6H,0 (Y mmol), Cyclohexane (20 mmol), Acetonitrile (31
mL) 4-tert-Butvlpyridine (2 mL), H,0, (4 mmol). The reactions were carried out at 0°C to
room temperature overnight. The products were analyzed by GC, naphthalene was used as

We have also examined the effect of the amount of catalyst on the formation of ketone, alcohol and

oxygen (Table 4) using acetonitrile. It is clear that over the twentyfold range of 0.1 to 2.0 the iron catalyst

product determining factor in the reaction. This is simply the amount of H,0, added. Of course we always

ran blank reactions without iron. No oxidation products were formed.

Conclusion

In conclusion we have demonstrated that pyridine can be largely substituted by acetonitrile as the
solvent
system gives rise to increased efficiency and a greater number of turnovers. A further advantage in the use of
4-r-butylpyridine is that it allows easy purification of the oxidation products by simple distillation. Our work

is complementary to the recent studies of Stavropoulos ef @/, in the complexes involved in Gif Chemistry®

the Welch Foundation, the N.SF. and the Schering-Plough

Lorporanon for the support of this work. We also thank Dr. John MacKinnon for h

Jason Smith for his contribution to the preparation of this paper.
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