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Liquid phase oxidation of olefins with nitrous ogids a promising synthetic route to keto
The effect ofcigitrans isomerism on the reactivity of olefins towardsCNand on the reacti
mechanism was studied for the first time usingeptene oxidation as an example.
experimental study revealed tlg- andtrans- isomers of 3-heptene have similar reactigity
yield the same set of products. However, digirans isomerism of the olefin has a pronoun
effect on the reaction route involving the cleavafg¢he initial C=C bond and, accordingly,
the products ratio. The yield of ketones is lowarthetrans-isomer due to higher contributi
of the cleavage route.

2009 Elsevier Ltd. All rights reserved

1. Introduction

The development of more efficient and environméytal
acceptable methods for producing ketones and adfishremains
an important task of modern chemistry. In the ldstades,
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nitrous oxide (MO) has attracted growing attention as a selective

oxygen donor for both catalyticand non-catalytic® partial
oxidation of various hydrocarbons into valuable geyated
products.

In particular, recently it was shown that the therrglid
phase oxidation of various olefins with nitrous @i@the so-
called ketonization reactiopyoceeds with selective formation of
ketones and aldehyd&sThe reaction selectivity often exceeds
90% and depends on the olefin structure. This openswway
to synthesise a wide variety of valuable carbonyhgounds.
Some of these reactions are currently commerciliBASF
uses this novel method for the large sca@duction of
cyclododecanone and cyclopentandne.

Another very promising approach is the usekefonization
reaction for functionalization of various polydiengy converting
their double bonds into C=0O grouphis allows for obtaining
new perspective materials — unsaturated polyketones.

Quantum-chemical studies on the interaction 9O Nvith
different types of olefins predicted that the firsaction step is
the 1,3-dipolar cycloaddition of J® to the C=C bond (See
Scheme 1) leading to a 4,5-dihydro-[1,2,3]-oxadi@zo
intermediaté®®

OCorresponding author. Tel.: +7-383-326-9517; fak:383-330-9687;

Scheme 1. Main pathways for the JD reaction with linear olefins ¢Rs an
alkyl group or an H atom).

Subsequent decomposition of the intermediate mainly
proceeds via a H-shift, yielding a correspondindpoayl product
(route 1). Another possible decomposition pathwaytéo?2)
involves diazo cleavage of C-C bond in the interiaed and
leads to a shorter aldehyde and diazoalk¥hBiazoalkane can
eliminate N forming carbene, which undergoes further
transformations.

It has been previously reported that the diazo wbhis
negligible for internal (non-terminal) olefiff%.However, our
experimental data show that ketonization of sucHingde(for
example, 2-buteneis/trans mixturef®’ and polydienesat 453-
513 K also proceeds with the cleavage. Besidesgritams
unclear whether theis/trans configuration of the olefin has an
effect on the reaction kinetics and mechanism, @alte on the
contribution of the cleavage route. Accounting focts influence
is particularly important for pO ketonization ofcis- or trans-
1,4-butadiene units in polydienes, since the mdéeoweight of
the resulting unsaturated polyketones dependseondhtribution
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of the cleavage routeThe goal of the present work is to clarify
these important issues using both experimental thedretical
methods.

It is known that the cycloaddition of 1,3-dipolesttee C=C
bond usually proceeds as a stereospedfit addition with
respect to olefin, i.e., theonfiguration of the olefin is retained in
the cycloaddition produét. However, in the case of the,®
reaction with olefins, cyclic 1,2,3-oxadiazole isvery unstable
intermediate. For this reasoits structure cannot be determined
by direct experimental methods. Nevertheless, pdssible to
clarify the effect ofcis/trans isomerism on the olefin reactivity

towards NO and on the products distribution. Here, this effect

was studied for the first time using an example gD Meaction
with individual cis- andtrans- isomers of 3-heptene.

2. Results and Discussion

2.1. Liquid phase oxidation of cis- and trans- 3-heptenes with
N,O

Table 1 presents the results for the liquid phaddation of
cis-3-heptene 1) andtrans-3-heptene Z) with nitrous oxide in
the temperature range of 473-513 K. Special exparimmshowed
that under the used conditions ttig/trans isomerization does
not occur. The reaction time was chosen to providelerate
conversion (ca. 20%) of the isomers. In this cdke, olefin
conversion depends linearly on time, which allowswalting
the reaction rater).

It can be seen from Table 1 that the reaction raiesdoth
isomers under identical conditions are very clasedch other.
For example, at 513 K and 6 h the rates were 23 2ahd
mmol/L-h, respectively. This indicates that ttis- and trans-
isomers have approximately the same reactivity wéspect to
N,O. The activation energies determined from the teatpee
dependence of the reaction rate are 20.1 kcal/wwllife cis-
isomer and 19.8 kcal/mol for thigans- one. These vales are
close to the activation energy for the liquid phkst®nization of
other olefins®’

According to **C NMR analysis, the main products of 3-
heptene oxidation are the corresponding isomeriones: 3-
heptanoned) and 4-heptanoné). The reaction also leads to the
formation of three aldehydes: 2-ethylpentar&| propanal ),
and butanal 4). Furthermore, the olefins with fewer carbon
atoms (1-buteneB] and propene9)) are also present among the
reaction products. The obtained results suggestgimailar to the
earlier studied olefins, the mechanism of 3-hepteriation
with nitrous oxide most likely implies the 1,3-dipol
cycloaddition of the BD molecule to the C=C bond. Based on
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the NMR data, the reaction mechanism for 3-hepteare e
represented as follows (See Scheme 2).
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Scheme 2. Mechanistic scheme for 3-heptene oxidation wigtON

Since the 3-heptene molecule is asymmetric, in ¢hise the
1,2,3-oxadiazole intermediate may have two configoma (I or
Il) depending on the carbon atom in the double konghich the
oxygen atom of BD is attached. According to the NMR data,
these intermediates are mostly decomposed witheatvafje of
the C-C bond in the oxadiazole cycle (reactionsnd 3), i.e.,
without breaking the initial C=C bond. The decomposi is
accompanied mainly by the H atom transfer to thcaht C
atom in the C-C bond (1,2-hydrogen shift) and ysekeétones3
and4. In addition, the decomposition of intermediatgésaad (I1)
with the transfer of @15 or GH; groups, respectively, over the
C-C bond (1,2-alkyl shift) leads to the formatiofi small
amounts of aldehyd®&. Such 1,2-alkyl shift is similar to the
transfer of a methyl group observed by us earlerthe NO
oxidation of 2-butene into iso-butarfal.

Note that the ratio of the fraction of aldehysléformed via
the 1,2-alkyl shift) to the total fraction of ke&m3 and 4
(formed via the 1,2-hydrogen shift) is differentr fthe two
isomers. For example, at 473 K this ratio is c&0for thecis-
isomer, and ca. 1:20 for th#ans- one. Consequently, the
contribution of 1,2-alkyl shift over the C-C bond imore
sterically hindered in the case @b-isomer oxidation due to the
location of GHs and GH, substituents on one side of the 1,2,3-
oxadiazole ring.

The reaction may also proceed with the cleavagbefrtitial
C=C bond. According to the theoretical calculati¢gmse section
3.2.3), the cleavage leads to the formation of ahkane.

Table 1. Effect of reaction time and temperature on ketdivrnaof cis- andtrans- 3-heptene with nitrous oxide.

Run Isomer T, K t,h 3-Heptene Reaction rates; Distribution of carbonyl products, mol % Feleav, %
conversionXg % mmol/L h
3 4 6+7 5
1 cis 473 24 15.9 4.6 48.5 45.7 43@39) 15 3.9
2 trans- 473 24 17.5 5.1 43.1 40.6 12.1 4.2 12.1
3 cis 493 12 18.8 10.9 48.3 45.4 47 (42) 1.6 4.2
4 trans- 493 12 19.3 11.2 42.1 39.7 13.4 4.8 13.4
5 cis- 513 6 19.9 23.0 48.0 45.2 49(3) 19 4.3
6 trans- 513 6 21.4 24.8 41.1 38.8 15.4 4.7 15.4

@ Reaction conditions: 0.005 mol 3-heptene; 0.08 M@l; 0.067 mol cyclohexane.
PThe calculation took into account that thigisomer contained 5.3 mol % tns-isomer according to NMR.

¢ Fraction of cleavage route.



We assume here that it rapidly decomposes undee#ution
conditions to give the corresponding alkylcarbend aitrogen.
Upon decomposition of intermediate (I) with the clege
(Scheme 2, reaction 2), aldehy@l@nd C4-alkylcarbenel) are
formed. Decomposition of intermediate (II) with thkeavage
(reaction 4) gives aldehyde and C3-alkylcarbene 10).
Alkylcarbenes10 and 11 further isomerize into corresponding
terminal olefins8 and9 (reactions 5 and 6).

The data of Table 1 show that the oxidatiorcist3-heptene

3
At the first stage of the reaction 4,5-dihydro-1;2,3
oxadiazole (OD) is formed via 1,3-dipolar cycloadzthti After
that, oxadiazole decomposes via a hydrogen shitdiyig
CH;CHO (acetaldehyde, AA) and,Npath 1) or via a hydrogen
shift yielding CHN, (diazomethane, DM) and formaldehyde
(FA) (path 2). In contrast to CBS-QB3 method, DFTdirts that
the formation of DM is more preferable in compariseith AA
due to a lower valuglG” in the first case (see Table 2). The
explanation of the particular DFT inconsistency witBS-QB3

or trans-3-heptene with nitrous oxide yields the same set ofs probably related to the overestimation ofONand DM

products. However, depending on the isomer typeethesducts
are formed in different ratios indicating differemntributions of
the cleavage route for the two isomers. For examgier the
reaction at 513 K for 6 h, the total fraction oftdkkees3 and4
among carbonyl products for thrans-isomer is 79.9 mol %, that
of aldehydeb — 4.7 mol %, and aldehydésand7 — 15.4 mol %.
The fractions of the corresponding carbonyl progldot thecis-
isomer are 93.2, 1.9 and 4.9 mol %, respectively.

Contribution of the cleavage routé.(., to the total oxidation
rate for each isomer can be calculated using thetifms of
carbonyl productsn) according to the following definition:
= g+, (1)

= 100 (%
cleav Ny +n, +ng+ng+1, (%)

For trans-3-heptene, the value &%.., averaged over all runs
(Table 1) is ca. 13.5%, which is about three timigghdr than
that for cis-3-heptene Kqeav = 4.1%). Consequently, theans-
isomer has a greater tendency to cleave duringriteeaction
with N,O as compared to thoés-isomer.

It should be noted that the fraction of the cleavagute for
different isomers is in good agreement with the Iltesof our
previous studies. Thus, in the case gDNxidation of 2-butene
or 2-pentene, representing a mixturecis andtrans- isomers,
an intermediate value d¥..,, = 8% was observedin addition,
the contribution of the cleavage route fis-3-heptene Ky =
4.1%) is close toFg e ~ 5% observed at ketonization of
stereoregularis-1,4-polybutadiene rubber with nitrous oxicf.
In turn, theF..,, value fortrans-3-heptene agrees quite well with
Feeav = 15% for ketonization of C=C bonds of nitrile-buieke
rubb%r[,Sb] which contains predominantlyrans-1,4-butadiene
units:

Based on the obtained results one can suggeststhalar to
cycloaddition of other 1,3-dipoles to C=C bond, My® reaction
with olefins proceeds stereospecifically. If this tise case,
geometrical isomerism of olefin will determine theusture of
1,2,3-oxadiazole intermediate. In turn, the comnititn of the
cleavage route is expected to depend on the steuaifi the
intermediate. In order to verify these assumptiogsantum-
chemical calculations were carried out.

2.2. Quantum-chemical study of the reaction mechanism

2.2.1. Ethylene oxidation

The gas phase ethylene oxidation withONis the simplest
example of reactions considered here. It was selefte
validation of theoretical methods used in this gtudhe
following possible reaction routes were consideresk(Scheme

3).
/N\\ 1 CH3CHO + N
No,O (0] N
CHy —>| \ /
Hzc-CHz 2

CH2N2 + H2CO

Scheme 3. Mechanism of ethylene oxidation with®.

stability. For example, B3LYP/6-311G(2d,d,p) calcidatgives
AH; for N,O 17.2 instead of the experimental value
19.6 kcal/mof?®

Table 2. Calculated Gibbs activation energies for the letgy
gas phase oxidation by,8 using the DFT and CBS-QB3
methods (T = 298.15 K, pressure 1 atm).

Reaction AG” kcal/mol

DFT CBS-QB3
C;Hs + N;O —-0D 37.7 37.1
OD — AA+ N, 19.8 21.7
OD — DM + FA 18.3 22.1

The CBS-QB3 method predicts that acetaldehyde foomat
dominates, which is consistent with the experimerdata.
Meanwhile, the liquid phase oxidation of ethylene NyO at
493 K proceeds with the predominant formation (9166)
acetaldehyd&

2.2.2. Cyclohexene oxidation.

Taking into account the above results, it is irgéng to apply
CBS-QB3 method for more complex reaction, namely the
oxidation of cyclohexene by nitrous oxide. Kinesitudies for
this reaction were performed by us earlier both hHa tiquid
phasé and in the gas phaskThe liquid phase oxidation of
cyclohexene in the temperature range 423-503 K igesv
cyclohexanone (CHN) with high selectivity 96—-98.5%. the
case of the gas phase reaction, cyclopentanecetyald (CPC)
was obtained as an additional product.

Quantum-chemical CBS-QB3 simulation performed here
reveals that the reaction can proceed via 1,2-H ghétth 1) and
via 1,2-alkyl shift (path 2), see Scheme 4.

O
+ N,

"o |1 (j
1\
N
/ //O
N 2 C\
H+ N

Scheme 4. Mechanism of cyclohexerzidation with NO.

N,O
e

The cyclohexene oxidation was first simulated udigr by
Avdeev et af. They found that the activation energy is mostly
determined by the first step of the reaction, beadiazole
formation. The predicted energy barrier was 26.7/kad which
agrees well with our experimental value 26+1 kcal/fioo the
gas phase reactidh. However, the CPC formation route
involving 1,2-alkyl shift was not theoretically sied. Hermans
et al® first considered a similar alkyl shift for the lethyl-1-



4

cyclohexene oxidation by J@ leading to cyclopentyl methyl
ketone.

DFT overestimates the contribution of the cleaveagge and
predicts the C-C bond cleavage in oxadiazole toabeain
reaction channel for the cyclohexene oxidationthiis case the
cleavage should lead to 6-diazohexanal (DHA), whichuim
gives 5-hexenal. However, this expected final produfcthe
cleavage was not detected in the experiment, sinpeobably
forms in very small amounts.

The CBS-QB34H* and4S’ values (Table 3) were calculated
at 660.65 K (the middle point of the experimenthperature
range 598-723 K for the gas phase reaétjoand pressure 10
atm. The temperature dependence of CHN and CPCtigities
was obtained assuming that distribution of the petslus
controlled by passing the activation energy bariier

nJ/n, = ki/k, = exp(-AAG/RT) 2)

wheren, — product molar fraction ankl — corresponding rate
constant. Table 4 shows that the obtained resuteeagell with
available experimental data.

Table 3. Calculated activation enthalpies and entropieshfe
cyclohexene gas phase oxidation ONT = 660.65 K,
pressure 10 atm).

Reaction AH?, keal/mol A4S, cal/mol-K
CeHiot N,O —-OD 27.0 -42.4
OD — CHN + N\, 17.2 +4.0
OD— CPC+N 20.5 +4.4
OD — DHA 22.2 +3.8

Table 4. Theoretical and experimental selectivities of
products for the gas phase oxidation of cyclohexanéLO.
(Experimental conditions: reactor 5 §nreaction mixture:
20 mol. % GHy, 20 mol. % NO, 60 mol. % He; flow rate
25 cmi/min (NTP); pressure 10 atnj.

T, K  Product selectivity, %
CHN CPC
Theory Experimenit Theory Experiment
598 92 93 7.0 7.0
623 91 93 7.7 7.0
648 90 92 8.4 8.0
673 89 92 9.2 7.5
698 88 89 9.9 10.5
723 87 85 10.7 11.0

2.2.3. Cis- and trans- 3-heptenes oxidation.

An initial cycloaddition of NO to 3-heptene can produce four
isomers of 4,5-dihydro-1,2,3-oxadiazole:

Tetrahedron
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The first two isomers belong ttis-3-heptene oxidation, the
other ones — tdrans-3-heptene. According to the CBS-QB3
calculation, the enthalpy differences betwd@nand13 isomers
or betweenl4 and 15 isomers are negligible — 0.03 kcal/mol.
However, the enthalpy difference between isomerscieB-
heptene 12 and 13) andtrans-3-heptene 14 and15) is higher -
1.2 kcal/mol. The isomers corresponding to trarfeeptene
oxidation are more stable. The activation barriess N,O
cycloaddition tocis- andtrans- isomers of 3-heptene are 24.3 and
25.5 kcal/mol, respectively, see Table 5. The diffiee between
activation barriers are the same as the differehedveen
enthalpies of formation for theis- or trans- isomers, which is
predicted to be 1.4 kcal/mol in accordance withekperimental
value (1.1+0.2 kcal/moff’ Note that these activation energies
cannot be directly compared with the experimentalesforcis-
andtrans- isomers (20.1 and 19.8 kcal/mol, respectively)icivh
were determined for the liquid phase reaction.

The step of MO cycloaddition to cis-3-heptene and
subsequent decomposition of corresponding oxadiagpkcies
are shown in Fig 1. In agreement with the experiniefdta, the
most favorable reaction path is 3-heptand@)eaid 4-heptanone
(4) formation (path 2#), see Table 5.

Table 5. Calculated activation enthalpies and entropieshe
gas phase oxidation ofs- andtrans- 3-heptenes by JO (T =
298.15 K, pressure 1 atmp-9 — the reaction products, see
Scheme 2).

Reaction AH? [kcal/mol] A4S [cal/mol-K]

cis trans cis trans
C7Hist+ N, O —-OD 24.3 25.5 -41.0 -39.4
OD — (3+4) + N, 19.0 19.9 +3.4 +1.0
OD— (6+7) + (8+9)  22.5 22.2 +4.3 +3.4
OD—-5+N, 22.3 235 +4.0 +1.9

The effect of temperature on the distribution ofbcayl
byproducts is shown in Table 6. The experimentpkdeence of
the reaction product distribution @ns- andtrans- isomerism of
3-heptene observed in the liquid phase oxidatiotNgy should
also hold for the gas phase reaction at the samesi@tures

The following rationale behind thas- trans- dependence of
the reaction products distribution can be suggesfie 3-
heptene configuration is retained during thgONcycloaddition
reaction. Thetrans- isomer derived oxadiazole is more stable
than theciss one. Subsequent rearrangements of the trans-
isomer require more energy. However, the steric faimce has
less effect on the C-C cleavage transition statd&h isomers,
because of longer distance between ethyl- and progglicals,
see Fig. 1, transition state.3Therefore, the energy gap between
the C-C cleavage and 1,2-H shift energy barriersmsller for
the trans- isomer derived oxadiazole, than for ttis- one. The
difference between cis- and transAAG# that controls
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Table 6. Theoretical and experimental distribution of thetrans-one, contrary to the experimental findings. Thason

carbonyl byproducts for the oxidation of 3-heptdneN,O.
(5-7 — the reaction products, see Scheme 2).

Isomer T,K Distribution of carbonyl byproducts ,m%

Aldehydes ¢+7) 2-ethylpentanals)

Theory  Experiment  Theory Experiment
cis 473 3.6 3.9 3.8 1.5
transs 473 22.8 12.1 25 4.2
cis 493 4.2 4.2 4.3 1.6
trans- 493 24.5 13.4 29 4.8
cis 513 4.7 4.3 4.9 1.9
transs 513 26.1 15.4 3.2 4.7

the distribution of products is 1.2 kcal/mol. It éxactly the
difference between oxadiazoles enthalpies.

The calculations show that the fraction of aldehy@lesd7
among the carbonyl products (i.e. the contributibthe cleavage
route) is higher for th&rans- isomer than for theis- one, which
is qualitatively consistent with experiment. Howevean
agreement between the theoretical and experimeistabdtions
of carbonyl products is not complete, in contrasthie gas phase
cyclohexene oxidation considered above. The cdiouls predict
Feeav = 24.5% on average fdrans-3-heptene and k., = 4.2%
for cis-3-heptene. Besides, a theoretical yield of 2-etryianal
forming via the alkyl shift is higher for thes- isomer than for

is obvious: the guantum-chemical method used heare lwe
applied only to the gas phase reactions and cacomdider the
effect of reactants environment in the liquid phase the
reaction.

3. Conclusions

We have studied fothe first timethe effect of thecigtrans
isomerism on the kinetics and mechanism of liquidage
selective oxidation of olefins with nitrous oxidetancarbonyl
compounds (the so-called ketonization reaction). e Th
experimental study has revealed ttigt andtrans- isomers of 3-
heptene have similar reactivities towardgONn the temperature
range of 473-513 K. Their oxidation yields the saset of
ketones and aldehydes, but the ratio of these ptedsidifferent.
For thetrans-isomer, the fraction of ketones among the carbonyl
products (79.9-83.7 mol %) is lower compared todisdsomer
(93.2-94.2 mol %). This is due to higher contribatiof the
cleavage route (. for trans-3-heptene (~13.5%) than fois-
3-heptene (~4.1%).

The CBS-QB3 quantum-chemical method was applied to
reveal the mechanism of olefins oxidation with,ON The
calculation provides an understanding of ¢igtrans isomerism
effect on the distribution of products formed dgrithe liquid
phase oxidation of 3-heptene and confirms highgy, Malue for
trans- isomer. In particular, it gives detailed inforneattion the
way the C=C bond is cleaved and which products amadd.
Theory predicts that cleavage leads to shorterhgitles and
diazo- compounds. The latter decompose to termitefins.
Also, an alkyl shift as one of side reactions isdp®d in
accordance with the experiment. The distributionoridation
products was calculated according to Transition eSiEteory
assuming that only chemical kinetics controls thedpct ratios.



6 Tetrahedron
A gquantitative agreement between theory and expetimvas  compute due to incomplete electron correlation gnerccount
achieved for the gas-phase cyclohexene oxidatidm MgD. and finite size of the basis set.

The observed difference in the contribution of theavage All calculations were performed with the Gaussian 09
route forcis- and trans- isomers of olefins is responsible for software!® Visualization of the results was performed using the
different behavior of the polydienes containiig ortrans- 1,4-  MOLDEN program°
butadiene units with respect to the cleavage durhegir
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