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Abstract: The kinetics and mechanism of the liquid
phase ketonization of 1,5-cyclooctadiene (COD) by
nitrous oxide have been studied. The reaction pro-
ceeds without catalyst in the temperature range 473—
553 K with the activation energy 113 kJmol ™' and is
first order with respect to the initial reactants. The
mechanism includes consecutive ketonization of two
C=C bonds in the COD molecule, with the inter-
mediate formation of an unsaturated monoketone
(MK). Further ketonization of MK leads to two iso-
meric diketones (DK): 1,4- and 1,5-cyclooctanedione.
The 1,5-DK is a stable final product while the 1,4-
DK undergoes further intramolecular aldol transfor-
mation leading to two bicyclic compounds, that

retain the same number of carbon atoms. The distri-
bution of mono- and diketones in the course of reac-
tion is described by theoretical dependences pointing
to identical reactivities of the C=C double bonds re-
siding in COD and MK molecules. The ketonization
of COD by nitrous oxide exemplifies a prospective
way for the preparation of valuable organic products
in perfect harmony with the strategy of green
chemistry.

Keywords: 1,5-cyclooctadiene; cyclooctanediones;
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Introduction

Starting from the 1990s, nitrous oxide has attracted
the ever-growing attention of researchers. This is
caused by two reasons. The first reason is the negative
environmental impact of N,O resulting in greenhouse
and ozone-depleting effects, which may contribute to
global climate changes. This makes necessary the de-
velopment of effective methods for N,O abatement in
industrial off-gases.!! The second reason relates to the
unique features N,O exhibits as a selective oxygen
donor. This gives a strong incentive to search for its
useful chemical applications. These features were first
discovered in catalytic oxidation in the gas phasel”
and later in the liquid phase.’! In particular, the use
of nitrous oxide and FeZSM-5 zeolites allowed the
development of a pilot-scale process for the oxidation
of benzene to phenol providing 97-98% selectivity.
Numerous works on catalytic oxidation by N,O are
considered in some reviews.!

But the most remarkable feature of nitrous oxide is
its ability to perform the non-catalytic oxidation of al-
kenes to carbonyl compounds. The oxidation of this
type was discovered in the 1950s.°) However, the
active interest in this field arose only in recent years,
after the rediscovery of these reactions as exemplified
by the oxidation of cyclohexene and cyclopentene to
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the corresponding cyclic ketones with 96-99% selec-
tivity.!) The reaction proceeds by a 1,3-dipolar cyclo-
addition mechanism via a 4,5-dihydro[1,2,3]oxadiazole

intermediate :>7

N
o}

/
R'-CH=CH-R? + *N=N-O- —_— R1_EH=CH_R2

e}

1l
—>  R'CH,CR? + N, 1

where R' and R” are hydrocarbon radicals or hydro-
gen atoms. Decomposition of the oxadiazole inter-
mediate generally occurs by a hydrogen shift with the
formation of ketone group on one of the carbon
atoms at the double bond [Eq. (1)]. The decomposi-
tion may proceed also by the so-called diazo mecha-
nism!™ including C=C bond cleavage and formation
of an aldehyde.

This type of N,O oxidation was denoted as ‘carbox-
idation’.”?! However, since in most cases the oxidation
leads to ketones, it can be called also the ketonization
following Hermans et al.l””!
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By now, several fields have been revealed in which
the ketonization was shown to be a promising ap-
proach. Screening of various alkenes including linear,
cyclic and heterocyclic compounds showed that the
reaction selectivity depends on the alkene composi-
tion and structure, and often exceeds 90%.1 This al-
lowed the BASF company to develop a new process
for the production of cyclododecanone (the inter-
mediate for nylon-12) via ketonization of cyclodo-
decene by the N,O recovered from off-gases at the
adipic acid production.”

Rather promising is the N,O ketonization of poly-
meric compounds. In particular, ketonization of poly-
diene rubbers makes it possible to obtain a new type
of material, that is, unsaturated liquid polyketones.'"!
Recently, the opportunities of N,O chemistry have
been explored in relation to unsaturated renewable
resources like fatty esters and triacylglycerols."!! The
corresponding keto products were obtained with a se-
lectivity 95-99%, the volume-time yield being one
order of magnitude higher than that provided by the
conventional Wacker process.

Nevertheless, even now the number of works in this
non-catalytic field is still quite limited and hardly ex-
ceeds a dozen. Therefore, it is important both to keep
on searching for new N,O reactions and to study in
more detail the known ones.

This work presents a study of cyclooctadiene
(COD) ketonization. Previously, within substrates
screening,®! we carried out a couple of experiments
with this diene. The interest in a more thorough inves-
tigation of this reaction is caused by both the value of
the main expected products (cyclic mono- and dike-
tones) and the need to accumulate more experimental
results on a detailed ketonization mechanism for indi-
vidual substrates. With a cyclic diene such a detailed
study has now been performed for the first time.

Results and Discussion
Identification of Reaction Oroducts

Prior to a systematic study of the reaction, we per-
formed some preliminary experiments in the tempera-

Table 1. Ketonization of COD at various temperatures.!

Op O/O/O O\O 0

MK 1,5-DK 1,4-DK

9 n ?
CH D
HP Lls

Figure 1. Main reaction products.

ture range 473-553 K for 12 h. In the reaction mix-
tures obtained with these experiments, GC, GC-MS
and NMR methods identified five main products pre-
sented in Figure 1.

The first three compounds, 4-cyclooctenone (MK)
and two isomeric diketones [1,5-cyclooctanedione
(1,5-DK) and 1,4-cyclooctanedione (1,4-DK)], are the
expected products of the consecutive ketonization of
two COD double bonds. Two other two compounds,
also with 8 carbon atoms, 3a-hydroxyhexahydropenta-
len-1-one (HP) and 3,4,5,6-tetrahydro-2 H-pentalen-1-
one (TP), are secondary products of the reaction, as
we will see later. There is also a minor amount of
some other compounds, but their low concentration
hinders their identification. They are denoted as
“other products”.

Table 1 presents the results of the above experi-
ment: conversions of N,O, COD, and C=C bonds;
composition of the reaction mixtures; and selectivities
for products. These results will be discussed later to-
gether with the results of other experiments.

Effect of Reaction Time

The progress of consecutive ketonization of COD can
be conveniently monitored in dependence on the re-
action time. Based on the data of Table 1, we chose
523 K as the reaction temperature to perform a series
of experiments lasting from 1 to 30 h. Results are pre-
sented in Table 2. One may see that, starting from the
initial value (4.5 mol%), the COD concentration de-

T [K] Conversion, X;[%] Composition of reaction mixture [mol% | Selectivity, S; [mol% ]

N,O COD C=C COD MK 15DK 14DK HP TP OF MK 15DK 14DK HP TP OV
473 21 117 62 407 050 0.014  0.01 0 0 0.01 929 26 1.9 0 0 2.6
493 67 307 177 319 120 0.10 0.08 0 0 0.03 849 7.1 5.7 0 0 2.4
523 219 845 673 062 1359 1.11 0.41 045 0.06 027 408 285 10.5 117 14 7.0
553 313 100 977 0 020 225 0 1.05 072 038 43 489 0 229 156 83

[l Reaction conditions: 0.096 mol N,O, 0.016 mol COD, 30 mL C¢Hg, 12 h.

1 Other products.
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Table 2. Effect of reaction time on ketonization of COD at 523 K.

Time [h] Conversion, X; [%] Composition of reaction mixture [mol% | Selectivity, S; [mol% ]

N,O COD C=C COD MK 15-DK 14DK HP TP O MK 15-DK 14-DK HP TP OM
1 27 164 92 385 067 0021 0017 0 0 0.05 883 2.8 22 0 0 6.7
35 90 452 281 249 158 021 0.16 0 0 0.13 758 10.1 7.7 0 0 6.4
8 156 717 514 116 1.87 0.67 0.33 0.19 0.01 023 56.6 203 10.0 59 03 69
12 219 845 673 062 159 1.11 0.41 045 0.06 027 40.8 285 10.5 117 14 70
18.5 294 937 835 0.19 094 1.67 0.17 1.07 0.15 032 21.8 386 3.9 248 35 74
24 317 100 966 O 025 220 0 139 041 032 55 480 0 304 9.0 71
30 337 100 983 0 0.04 226 0 112 079 034 09 496 0 246 173 7.6

(2} Reaction conditions: 0.096 mol N,0O, 0.016 mol COD (4.5 mol% ), 30 mL C¢H.

1 Other products.
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Figure 2. Product concentrations vs. ketonization time of
COD at 523 K: MK (line 1), 1,5-DK (line 2), 1,4-DK (line
3), HP (line 4), TP (line 5).

creases monotonically and in 24 h approaches zero.
Changes in the product concentrations are more com-
plicated, which is clearly seen in Figure 2. Thus, the
MK concentration (line 1) first increases, attains a
maximum at 7-8 h, and then drops, approaching zero
at the end of experiment. Such a behaviour indicates
a consecutive reaction mechanism with the unsaturat-
ed MK to be an intermediate compound.

Further ketonization of the remaining double bond
transforms MK into two isomeric diketones, 1,4-DK

+N,0

—_—

o=

and 1,5-DK, depending on the carbon atom to which
the second oxygen atom adds. Indeed, an increase in
the MK concentration is accompanied by an increas-
ing concentration of 1,5-DK (line 2), which attains its
limiting value by the end of experiment. The behav-
iour of 1,4-DK (line 3) is quite different. Its concen-
tration, being comparable with concentration of 1,5-
DK at the initial period, increases more slowly, passes
over a maximum (ca. 12 h), and disappears at the end
of experiment. Along with the decrease in 1,4-DK
concentration, there is an increase in the concentra-
tions of HP (line 4) and TP (line 5). This gives an
idea that the two latter compounds may be the prod-
ucts of further 1,4-DK transformation. To verify this
idea we performed a more detailed analysis of the re-
action mechanism.

Reaction Mechanism

Figure 3 shows a proposed general scheme of the re-
action mechanism. In the first step, COD ketonization
proceeds along the first C=C bond to give a monoke-
tone MK. Ketonization of the second bond results in
the formation of diketones and follows two routes.
Route I leads to stable 1,5-DK, and route II — to un-
stable 1,4-DK, which further undergoes an intramo-
lecular aldol reaction and turns into a bicyclic isomer
containing keto and hydroxy groups (HP). This type

? H Q
oL/ N
cob MK I S £ ‘/> .
./ _H0
OH
1,4-DK HP TP

Figure 3. Mechanistic scheme for COD ketonization.
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of transannular aldolization is of a significant interest
in organic chemistry. In particular, the latter reaction
of 1,4-cyclooctanedione and its derivatives was stud-
ied recently by Chandler and List'™ using trans-4-
fluoroproline as a catalyst at room temperature. At
the high temperatures used in our study, this reaction
proceeds via a thermal route. However, the resulting
HP is also not stable under these conditions and,
eliminating H,O, gradually transforms into the bicy-
clic unsaturated monoketone (TP).

If this mechanistic scheme is correct, then, despite
secondary transformations of 1,4-DK, products frac-
tions formed by route I (1,5-DK) and route II (1,4-
DK + HP + TP) should be independent of time and
remain constant in the reaction course. To verify this
expectation one may calculate fractions F; of each
product of the MK ketonization [Eq. (2)]:

E:Ci/zci (2)

where C; is the concentration of 1,5-DK, 1,4-DK, HP,
and TP in the reaction mixture (Table 2).

The results are given in Table 3 and Figure 4. As
Table 3 shows, the fraction F; s px is 55+£1.5% and re-
mains approximately constant to the point of com-
plete transformation of MK. The fractions of other
products change with the reaction time, which is seen
most clearly in Figure 4. The value of F;, px, compris-

Table 3. Product fractions of MK ketonization.!

Entry  Time [h] Product fractions, F; [% ]
1,5-DK  14-DK HP TP 3V

1 1 553 447 0 447
2 35 56.7 432 0 0 432
3 8 55.5 274 162 09 445
4 12 54.6 20.2 224 28 45.4
5 18.5 54.6 5.6 350 49 455
6 24 55.0 0 348 102 450
7 30 54.2 0 269 189 458

[l Calculated with the data of Table 2.
' Sum 1,4D-K; HP; TP.

Table 4. Solvent effect on COD ketonization.

Fraction [mol %]

T T T T J L
0 10 2 30

Reaction time [hs]

Figure 4. Fractions of MK ketonization products formed via
route II (Figure 3) vs. reaction time: 1,4-DK (line 1), HP
(line 2), TP (line 3), the sum 1,4-DK+HP+TP (line 4).
Plotted with the data of Table 3.

ing initially 43-45%, decreases monotonically and ap-
proaches zero by the end of reaction (line 1).

In contrast, Fyp increases starting from zero and
then passes a maximum (line 2), whereas F;», mono-
tonically increases over the entire period (line 3).
Such a picture may indicate the following consecutive
transformations: 1,4-DK—HP —TP. Indeed, the sum
fraction of these three compounds remains constant
(line 4) and comprises 45+1.5% of the total MK ke-
tonization products, thus supporting the mechanism
presented in Figure 3.

A similar analysis of the data reported in Table 1
gives the same ratio between routes I and II
(0.55:0.45) regardless of variable reaction tempera-
tures.

Effect of Solvent

The nature of the solvent is known to play an impor-
tant role in organic reactions and can change the reac-
tion rate by several orders of magnitude.!"”! We tried
several solvents differing in their dielectric constants €
and dipole moments p. Experiments were carried out

Solvent Solvent properties!'  Conversion, X; [%] Rate constant [h™'] Selectivity, S; [mol% ]
e w[D] N,O COD C=C MK 15DK 14-DK HP TP Other

Benzene 2.28 0 219 845 673 0.15 40.8 285 10.5 117 14 70
Cyclohexane 2.02 0 198 813 583 0.12 45.6 28.0 7.3 116 15 6.0
Acetonitrile  33.0 3.87 210 85 616 0.13 44.1 265 42 147 24 81
THF 7.52 1.75 202 823 59.5 0.12 45.8 26.8 7.7 129 12 56
1,4-Dioxane 2.22 0 260 936 764 027 26.8 37.0 1.7 248 36 60
Ethanol 253 1.69 181 729 532 0.09 542 204 1.1 35 131 77

9 Reaction conditions: 0.096 mol N,O, 0.016 mol COD, 30 mL solvent, 12 h, 523 K.
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at 523 K for 12 h with the same composition of feed
mixture (0.016 mol COD, 0.096 mol N,O, 30 mL sol-
vent). The change of a solvent has only a slight effect
on the reaction rate (Table 4). The rate constants esti-
mated assuming a first-order reaction are virtually
close for most solvents and equal to 0.134+0.02h™".
This value becomes somewhat higher with 1,4-diox-
ane (k=0.27h"') and lower with ethanol (k=
0.09 h™'). However, the distinctions do not exceed a
factor of three. According to the literature, a minor
solvent effect is typical of other reactions of the 1,3-
dipolar addition type.["”

Interestingly, the ratio between routes I and II is
also independent of the solvent. In all cases the value
of F;5pk is ca. 55%, leaving the other 45% for 1,4-
DK and its derivatives. However, the solvent has a
pronounced effect on the stability of 1,4-DK towards
secondary transformations. Thus, for benzene the
fraction of 1,4-DK in the sum of products (1,4-DK+
HP+TP) is 45%, for acetonitrile 20%, and for diox-
ane and ethanol only 5-6%. The mechanism of this
effect is unclear.

Reaction Kinetics

To describe the ketonization Kinetics, we measured
the activation energy and the reaction orders with re-
spect to N,O and COD. Therewith, the reaction con-
ditions (temperature and time) were chosen so as to
provide conversions of the reactants not higher than
15-20%, which allows calculation of the reaction rate
using the approximation of a differential reactor.
Table 5 presents the temperature effect on the rate
of ketonization. Rising the temperature from 473 to
523 K increases the rate by more than an order of
magnitude. The dependence is satisfactorily described
by an Arrhenius plot with the activation energy
E=1134+4 kImol ™. Earlier E values were measured
for two other reactions of the liquid phase ketoniza-
tion: 88 kJmol ' for cyclopentene!® and 92 kJmol ™
for 2-butene. In our case, the E value is noticeably
higher, which possibly may relate to a higher stability
of THE COD molecule as compared, in particular,

Table 5. Temperature effect on the rate of COD ketoniza-
tion.[!

T[K] Time [h] Conversion, X; [%] Reaction rate
N,O COD C=C [107*>mol/Lh]

473 12 2.1 11.7 6.2 0.52

493 5 2.8 17.5 9.7 1.9

503 2.5 2.6 13.7 7.6 2.9

523 1 2.7 16.4 9.2 8.7

8] Reaction conditions: 0.096 mol N,O, 0.016 mol COD,
30 mL C¢Hg.
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Figure 5. The rate of ketonization at 493 K vs. amount of
N,O (1) and COD (2) in the reaction mixture.

with a strained five-membered cycle of the cyclopen-
tene molecule.

To determine the reaction order, two series of ex-
periments were performed at 493 K. In the first series,
the reaction rate was measured upon introduction in
the reaction system of different amounts of COD
(0.0082-0.0245 mol), while in the second series upon
introduction of different amounts of N,O (0.064—
0.196 mol). In both cases the reaction rate is satisfac-
torily described by linear dependences issuing out of
the origin of THE coordinates (Figure 5), which indi-
cates their first order nature with respect to initial re-
actants. Therefore, the reaction rate can be described
by the following kinetic equation [Eq. (3)]:

E

r=A-e* -Cepp-Cyo (3)

where A is a pre-exponential factor; E is an activation
energy, Ccop and Cy,o are concentrations of the reac-
tants in liquid phase. Since the precise N,O concen-
tration in the liquid phase is not known, we assume it
to be proportional to the N,O mole amount intro-
duced into the system. This circumstance does not
prevent measurement of the reaction order, but pre-
vents calculation of the A value.

On the Reactivity of C=C Bonds Residing in the
COD and MK Molecules

The screening of alkenes showed that the reactivity of
C=C bonds toward N,O may considerably depend on
the molecule’s composition. It is interesting to eluci-
date whether ketonization of the first C=C bond in a
COD molecule affects the reactivity of the remaining
double bond. This question is quite pertinent because
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the C=0 group was shown to exhibit a significant de-
activating effect at ketonization of 1,4-cyclohexa-
diene.®

At equal reactivity of C=C bonds, their reaction
with N,O should proceed statistically, no matter
whether the bond resides in COD or MK. In this
case, one may calculate the concentrations of keton-
ized products versus C=C conversion by the following
theoretical equations [Eq. (4), Eq. (5), and Eq. (6)]:

Ceop =(1- Xc:c)2 4)
CMK = 2XC:C : (1 - XC:C) (5)
CDK = Xé:c (6)

Figure 6 compares experimental data (dots) with
the theoretical dependences (solid lines). The C;
values were calculated with the results of Table 1 and
Table 2. The value of Cpg includes not only diketones
proper (1,5-DK and 1,4-DK), but also HP and TP. It
is seen that experimental data satisfactorily agree
with the theoretical curves, which confirms the equiv-
alence of the C=C reactivities.

In the case of non-equivalence, there would be a
deviation from the theoretical curves, most pro-
nounced for C,. In the extreme case, with the bond
reactivity in the initial COD far exceeding that in MK
(rcop>ryk), the MK concentration would follow the
dotted line 1 and attain 100% at X._~=0.5. And vice
versa, at reop <ryx, the value of Cyx would always
remain zero (dotted line 2).

The bonds equivalence at ketonization of COD
may relate to the fact that, in distinction to 1,4-cyclo-

100

[N
4 N
, \
1 \
/
80 , \\
/ \
4 \
—_ 4 \
<3 /
&, 60 y AN
c / \,
K=} 7 \
® / N
= 4 O N
S 404 )/ o \
g /0 \
3 ’ N
(& ’ \
20 4 W, O N
O \
0D T T oo - 2 T =
T T T T T T
0 20 40 60 80 100

Conversion of C=C bonds [%]

Figure 6. Concentration of COD (o), MK (o) and DK (&)
in the reaction mixture vs. C=C conversion. Dots are experi-
mental results; solid lines are calculated dependences as-
suming identical reactivity of C=C bonds in COD and MK
(rcop=ruk); dashed line 1 is a calculated C, dependence
assuming rcop > ryk; dashed line 2 is a calculated C,; de-
pendence assuming rcop <Fy-
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hexadiene, the double bonds in this molecule are
more distant from each other, so ketonization of one
of these bonds has a weak to no effect on the reactivi-
ty of other one.

Conclusions

Cyclic mono- and diketones are of considerable inter-
est as solvents, reagents for organic syntheses, and as
intermediates in the production of medicinal and aro-
matic substances. The methods of their preparation
are quite complicated and expensive.'"”) The studied
reaction suggests a new simple approach for the syn-
thesis of Cg cyclic ketones via the oxidation of ready
available 1,5-cyclooctadiene by nitrous oxide. The
total yield of ketonized products exceeds 90%.

A thorough study on the kinetics and the mecha-
nism of COD ketonization carried out in this work
extends our knowledge of nitrous oxide as a remark-
able and prospective oxygen donor, which affords
unique oxidation of C=C bonds into carbonyl groups
not allowed with other donors.

The N,O oxidant has a particular value within the
concept of green chemistry.'”! Its use not only creates
no problems for the environment, but on the contrary,
opens a way for useful application of this ecologically
unfriendly component present in many industrial off-
gases.

Experimental Section

The ketonization was usually carried out with a 4.5 mol%
solution of 1,5-cyclooctadiene (COD) using a 100-mL steel
Parr reactor equipped with manometer and stirrer. To pro-
vide a reliable NMR analysis of the reaction products, in
most cases benzene was used as a solvent. In a typical run
2mL of COD (99%, Aldrich) and 30 mL of benzene (99%,
Khimmed) were loaded into the reactor. After pumping out
the air, the reactor was filled with a measured amount of
medical grade nitrous oxide. Then the reactor was heated
(6 Kmin™') to the reaction temperature and kept for some
time. Pressure at the reaction temperature was 3.5-8.5 MPa.

The reaction products were analyzed by the GC, GC-MS,
and NMR methods. The gas phase GC analysis (N,O, N,,
CO, CO,, low hydrocarbons) was performed using a TCD
and a packed column with Porapak Q. N, was the only prod-
uct detected in the gas phase. Based on the N, amount, con-
versions of N,O and C=C bonds were calculated [Eq. (7)
and Eq. (8)]:

Xyo=ny Mo @)

Xec=ny, /”gzc (8)

where n{._. is the amount of C=C bonds in the initial COD.
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GC analysis of the liquid phase was performed on heating
(3 Kmin™) from 423 K to 493 K using an FID and capillary
column (50 m, 0.2 mm, SE-52). GC-MS analysis was per-
formed using a Varian Saturn 2000 instrument equipped
with a quartz capillary column (30 m, 0.25 mm, CP-Sil 24
CB) on heating (7 Kmin™") from 323 to 523 K. "C NMR
spectra were recorded at 100.61 MHz using a Bruker MSL-
400 spectrometer. >*C NMR spectral data of the COD and
its ketonization products were as follows.

1,5-COD: 6=128.93 (4C, —CH=), 28.5 (4C, —CH,-).

MK: 6=211.87 (1C, C=0), 130.85 (1C, =CH—), 130.68
(1C, =CH-), 47.24 (1C, —CH,—), 40.24 (1C, —CH,—), 26.62
(1C,—CH;7), 24.19 (1C, —CH,™), 22.19 (1C, CH,).

1,5-DK: 0=211.20 (2C, C=0), 42.18 (4C, —CH,), 22.33
(2C,—CH;M).

1,4-DK: 0=211.95 (2C, C=0), 41.38 (2C, —CH,—), 40.83
(2C, —CH;™), 24.87 (2C, —CH;).

HP: 6=218.06 (1C, C=0), 87.05 (1C, C-OH). 60.15 (1C,
CH), 40.88 (1C, —CH,—), 38.60 (1C, —CH,—), 34.65 (1 C,
—CH,—), 28.30 (1C, —CH,—), 25.81 (1C, —CH,).

TP: 6=202.16 (1C, C=), 18543 (1C, C=), 149.06 (1C, C=
0), 4122 (1C, —CH,~), 31.77 (1C, —CH,—), 27.95 (1C,
—CH,—), 25.44 (1C, —CH,—), 24.94 (1C, —CH,-).

Quantitative “C NMR relative intensity measurements
were made with inverse gated proton decoupling and long
relaxation delays (30-60 s). These results together with the
GC data were used to calculate the COD conversion and
that of double bonds [Eq. (9) and Eq. (10)]:

Xeop = Z ¢ / C(O:()D 9)
Xee :XCOD_CMK/2'C20D (10)

Experimental results were reproducible within £5 rel.%,
the mass balance based on carbon was 100+3%, and bal-
ance based on oxygen was 100 £8%.

More experimental information is given elsewhere.
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