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Abstract

The mechanism for the Gif system of selective oxidation of

hydrocarbons has been studied using the GC-MS technique. Several
observations reported here concerning bipyridines, pyridine-
-hydrocarbon coupling products and oxidation products themselves
contribute to the elaboration of the proposed mechanism.
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Introduction

Mechanistic studies of the Gif-oxidation system have been
based on extremely diverse spectrometric material (1-4). In
these studies the GC-MS has played an important role. The deter-
mination of the structure of main oxidation products, as well as
the investigation of secondary and reagent originated products,
equally important for mechanistic considerations, have been pér—
formed using this technique. In this latter area, the study of
bi- or higher polymeric pyridines and of pyridine or bipyridine
coupled to hydrocarbons and/or their oxidation products. some of
them being on the trace concentration level, leads to several
interesting observations.

We would like to report here two GC-MS studies of

1. bipyridines obtained during the Gif-oxidation, and

2. <crossover experiments (protio-deuterio} on hydrocarbon

oxidation compounds and the compounds resulting from

coupling to pyridine.

Bipyridine Studies

The oxidation of cyclic hydrocarbons with the Gif-oxidation
system (1) (iron catalyst, oxygen-zinc, organic acid and solvent)
leads to alcohols and ketones. An intriguing selectivity for
this oxidation was observed. For example, in the case of adaman-
tane, oxidation on the secondary carbon to give the ketone has
been observed together with an equal amount of the coupling pro-
duct between the tert-adamantyl radical and pyridine. The pre-
ceding study (3,4) has showed that although several organic acids
may replace the acetic acid, the pyridine is absolutely necessary
for the Gif-system oxidation to occur. The oxidation of adaman-

tane's methylene leads to both alcohol and ketone (which is by
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L 4- 2~ 4
2 ? 4 /
far the main product). The presence of several isomeric bipyri-

dines, mass 150, in this reaction was observed and the formation
of 2,2'-, 4,4'- and 2,4'- bipyridines under these conditions can
be rationalised by the following scheme (Scheme 1, 2).

The presence of meta (3 or 3') related bipyridines, which
cannot be explained by the above-mentioned mechanism, is a cru-
cial point in a search for a mechanistic overview of the reac-
tion. For instance, the meta bonded bipyridines or their deriva-
tives could be explained by following mechanism (Scheme 3, 4).

The radical coupling between meta carbons leads to 3,3'-
bipyridine. Or, in the presence of previously formed and stabi-
lised 2- and 4-pyridyl radicals, the formation of 3,2'- or 3,4'-
bipyridines takes place via radical or ionic mechanism.

Thg GC of the products of the oxidation of adamantane by the
Gif IV system mixture displays the presence of several bipyri-

dines. Apart from the highly retained and easily identified
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TABLE 1

Bipvridines (rt)

; |1 5 2 2 4 6
| |
| | 2,2 2,3 2,4 4,4 3,3 3.4
| m/z |
| !
- | |
HPLC d | | 32.0 18.8 20.2 17.5 18.8 15.0
| |
| [ 1.5% 0.93 1.00 0.87 0.93 0.74
| |
—
GC-M> d 156 | 030 720 737 753 747 756
| |
| | 0.5 0.07 1.00 1.02 1.015 1.025
| |
| |
(CPSIL §) d4 | 160 | 728 743 747
| |
| | 1.00 1.02 1.03
I |
| |
do | 104 | 713 733 743
o I
| | 1.00 1.02 1.035
| |
r,. of ’0 min for 2..1 —b1pyt1d1ne d has been normalised to

t {
1.00 r >r‘Ld4>x



BARTON ET AL.

968

951 Z/W NNY "43IMO01
OlL NN H3ddN

souipuAdiq - ¢y pue -

JE'€ - .¥'T - ,2°T $0 uonedynuap| (e)

: 6h2F £hiBg t.ng
Wchm oom . 00¢ ) wo .
: I TS A VY M NA A
\
¢(._d~
w7>r)s s{%%}x 1\))((\53\;}1?(2{
!
ﬁ\ (24
on
T
184
CL | b8
g _
wvs ot ¥ i
PR W -
R\ 3 [
utwmy ¥
gutwy 4 et
001
T
168h2

1102 Alenuer 0g L0 :¥0

v pspeo jumog



969

GC-MS STUDY OF GIF-OXIDATION SYSTEM

uonoely swpuAdig -

(1P}

sauipuAdiq - ,g'¢ pue -

&'T-,2'C y0 voteaynuap) (q)

0¢8
s 00t 3
» S, 0f T
.80 08 T
PO 2]
(urwy 3y,

089882

|
| _
/(/\<(<i$¢ou
0ds $$):?€P!5/f?\
0£Y
rre un
T t
e
By
~ BL]
£y L
Al ot
3 14

gST=W"2C 10
118 11H) 58-330Q-€¢ [X Q06-565 hhid

1102 Alenuer 0g L0:¥0 @I Papeo |uwog



BARTON ET AL.

970

oL (e

BZ N2 €2:91 af:2t Zz1:8
0% _ atp 00f_ , b
4}
lp\)t\{;\!\lv\(:\\l(;\tcx\(/\((j
g \\’)\1fo
[ue
fas
80¢E
ﬁos
BlL 11
ace
09
[o%
Uhh
ot
€6t v
S90<n

1102 Alenuer 0g L0 :¥0

1Y papeo |jumog



971

GC-MS STUDY OF GIF-OXIDATION SYSTEM

uoidesy auipliAdig

Pa|dnod pue auiptiAdig -
su0qIed0JpAy jo uonepixQ g b4

(Op - seuipuiAdg)

961 z/w woiyd sse (q)

on

B8/E [
BEE

08

g9hn

S80Lh

5T=W>2 J11 1
Pt B/ -Nuf -82 IX 00%-6K1 1Y) d

1102 Alenuer 0g L0:¥0 @I Papeo |uwog



{¥p - sauipriAdiq)

3
5 091 Z/w wouyo ssey  (9)
=
e 62 102 g2 a1 21 :8
£ & _ r . (LI
= a—
l.\f.ll()j\.ld
ne
fun
1z
[}:]
[0 :]
ot
EhE o
580/ h
0eT=W"t JhL:t
42183 BL-NUr-8¢ (X D0S-661 "'[¥Ad
~
~
o

1102 Alenuer 0g L0:¥0 @I Papeo |uwog



973

GC-MS STUDY OF GIF-OXIDATION SYSTEM

(8p - saupuAdiq)

9L 2/w woiyd ssey (P}

62:02 £7:91 gl 21 T8
cav N CGN_ ccm N Gom
e e i e e e s e~ [2]
D —
—— e
ve
E
20F
on
R i ir
8EE ,_
(]
OF]
gnh
EGE oot
§$90¢h

1102 Alenuer 0g L0 :¥0

h3T=WTHh [
- NERLN 9.-NUP-82 [X 00S-661 "141d

v pspeo jumog



04: 07 30 January 2011

Downl oaded At:

974 BARTON ET AL.

2.2'-bipyridine (1) and the 2,4'~ and 4,4'-bipyridines ((2) and
(3) respectively) the presence of meta coupled bipyridines was
ohserved (Table 1) and identified by comparison to available
standards. The quantities of meta coupled bipyridines are small
and their occurrence should be related to activation of this
position of the heterocycle as proposed in Scheme 3. The origin
of the meta radical-cation is uncertain. The complex
Gif-oxidation system could react with the pyridine and then allow
the reduced pyridine radical-cation to dimerise (e.g. 3,3'} or to
react with the ortho or para radical-cations (Scheme 1) to form
two remaining bipyridines (2,3' and 3,4'). In order to inves-
tigate this mechanism, some cross-over experiments (deuterio-
protio) have been performed (Fig. la, 1ib).

The Gif-oxidation performed in deuterated pyridine leads to
six isomeric bipyridines of masses 164 which retention time T

can be compared to the corresponding protio analogs {smaller re
has been observed for corresponding deuterio bipyridines
(Table 1) (Fig. 2a-d).

A similar reaction in an equimolar mixture of pyridine -do
and pyridine _dS also leads to six mixed bipyridine products
having four deuteriums and masses of m/z 160.

The Gif-oxidation of adamantane performed in perdeuterated

pyridine as solvent in the presence of a protio bipyridine frac-

tion 1-3 {(or some individual bipyridines 1-3) does lead to

GC-detectable dmount of the mixed protio-deuterio bipyridines

(Scheme §).

This does not mean that the meta activation is related to
the presence of bipyridines which could be formed in a parallel
manner because the mixed protio-deuterio meta bipyridines have

not been observed. The meta bipyridines are minor products in
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PYRIDYL-
ADAMANTANES,
ADAMANTOLS,

_ ADAMANTONE,
GIF ¥V PYRIDYL-ADAMANTONE,

ADAMANTANE ——* BIPYRIDINES
-dy dg ,dg e %o

BIPYRIDINES-do,

SCHEME 5

this reaction. The reversibility of the bipyridine-pyridine

system, however, has been confirmed.

Crossover Experiments

It has also been shown that the Gif oxidation reaction per-
formed in a 50:50 mixture of pyridine~d0 and d5 clearly displays

the presence of a series of bipyridines—dg, d, and dO' as well as

4
the coupling of these bipyridines and original pyridines to the
hydrocarbon (or its oxidation products).

One more crossover reaction has been performed on a series
of protio or perdeuterated cycloalkane. When reacted in the Gif-
oxidation system the GC-MS c¢learly displays both deuterated and
protio oxidation products as well as the pyridine coupling pro-
ducts to both cycloalkanes when mixed 50:50 (Table 2).

‘For instance the oxidation of equimolar quantity of cyclo-

hexanes dO and d with Gif Oxidation System IV leads to nicely

12

separated cyclohexanones d and dO as well as cyclohexanols dll

10
and do. The TIC run for this reaction, presented in Ref. § and
Table 2, shows the utility of GC-MS in such a crossover study.

The pyridine coupled to oxidized cycloalkane products have

been easily identified using the GC-MS technique. The search for
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TABLE 2

Cyclohexane Oxidation

Cyclohexane 1-0l1 1-one
do 1.00% 0.60
d12 0.96 0.57

r of 3.14 min has been normalised to 1.00.

secondary oxidation products reveals the presence of several
pyridine coupled to cyclohexane compounds which were easily
identified using GC-MS. For instance, when equimolar quantities
of cyclohexane d0 and d12 are oxidised, three isomeric (masses

161—d0 and 172-d respectively) pyridyl cyclohexanes are

11
observed (Table 3) in both series (d11 or do).

The same reaction run in the presence of pyridine -d_ leads

5

to the perdeuterated coupling products of masses 176 (d11 + d4)

5 4)'
1]

In all above-mentioned series, the major products are the 2-

or using cyclohexane -d, in pyridine -d_ of masses 165 (d0 + d

0
pyridyl cyclohexane followed by 4prridyl and traces of Bprridyl.
All three of them however do not exceed 3% of total pyridyl radi-
cal containing compounds.

A similar experiment has been designed for adamantane oxida-
tion leading to two distinctive pyridyl adamantanes: Zprridyl
l-adamantane and 4prridyl I-adamantane inAa ratio of 2:1
(Table 4). Several minor isomeric coupling products are present
however their identification is difficult because of the lack of

model compounds. All cross reactions described above, when
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TABLE 3

Pyridyl cyclohexanes

977

e, (1)
Cyclohexane Pyridine m/z 2l 4- 3~
dg d, 161 0.71 (1.6) 1.00 (0.6) ;:02 (0.05)
d, dy 172 0.71 (1.2)  1.00 (0.4) 1.02 (0.03)
d,, dg 176 0.72 (1.1)  1.00 (0.3) 1.03 (0.02)
dy dg 165  0.70 (1.0)  1.00 (0.3) 1.02 (0.01)

t

l
r. of 4-pyridyl cyclohexane -d

19.1 min has been

1,00, % of total oxidation products.

TABLE 4

Pyridyl adamantane (rt)

normalised to

|

|

|

|
(m/z) | 2'-

}

d (213) 1 453
| 1.09
|

d4 (217) } 1.08
f 451

4! -

415

1.00

416

3'-(?7)

r. of 1-(4'-pyridyl)-adamantane has been normalised to 1.00
2tr and 4'-compounds have totalised 95% of pyridyl adamantanes).
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SCHEME 6

deuterated and nondeuterated compounds are used, display an
extremely good sensitivity for detection of these products via
GC-MS and provide us with qualitative and quantitative data
concerning cycloalkane oxidation products and , in a very
spectacular way, the bipyridines.

The oxidation of adamantane in pyridine-d, in the presence

5
of bipyridine-do 3 (4,4') does lead to three essential mixed
bipyridines~d4 (4,4, 2,4' and 2,2'). This result means that

under the Gif-IV oxidation conditions the reversible bipyridine-
pyridine reaction is effectively performed. The presence of two
other major do pyridines 2 and 3 has also been observed (Scheme
2, 0). However, the GC detection of bipyridine ! which has always
been laborious (the large base peak on both columns used) was not
confirmed.

N In all this work, the GC-MS experiments have been performed
using EI ionisation and capillary columns. The use of methane CI

instead of more popular EI ionisation technique leads to less

sensitive detection of bipyridines and that of their coupled pro-
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ducts in spite of their well-defined basic character. The situa-
tion is similar when ammonia CI is applied.

The series of experiments described here clearly show the
potential and practical utility of the GC-MS for mechanistic stu-
dies. An important number of details to Barton's {(5) proposal
for the Gif-oxidation system mechanism have been ascertained

using GC-MS technique.

Experimental

General techniques of purification as well as work-up proce-
dures and oxidation method are the same as in Reference 1. The
Gif IV system oxidation typical procedure is as in Reference 4.

Mass spectrometric experiments were performed using a Riber
R-1010 quadrupole mass spectrometer (Nermag., France) or with a VG
70-70E spectrometer (VG., UK) both in the positive ionisation
mode. Spectra were recorded and calculated on a PDP 8M computer
coupled to these spectrometers, Typical GC-MS analytical condi-
tions were for E.I.: 70 eV, direct probe temperature 70 - ZOOOC,

Carbowax 57 CB or 0OV-17 capillary columns (25 m x 0.22 mm OD),

temperature programme 70 - ZOOOC, So/min and for C.I.: source
temperature 200 - ZZOOC, the 5§ mm filament (tungsten wire 60 ﬂm.
9 turns) was heated from 300 - 800°C in 40s (current programmed
from 200 - 600 mA, 10 mA 5‘1). The source was indirectly heated

by a filament (variation of :IOOC) for this reason the direct
probe was removed at the end of the programme. The pressure or
reagent gases (CH4 or NHS)' measured at the secondary vacuum
gauge ., was 10“4 Torr. A constant alimentation of buffer gas (He)
was maintained. For reagent gases the initial pressure was ca. 3

Torr and the mean electron energy was maintained at S0 eV. The

reagent gases ammonia and methane were obtained from Air Liquide
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(Alpha Gaz, France). An aliquot (1.0 ml) was

to procedure described in Reference

with ether then analysed by GC-MS).
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