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Abbreviations







HPLC – High performance liquid chromatography
IR– Infrared
NMR– Nuclear magnetic resonance
PAH – Polycyclic aromatic hydrocarbons
TLC – Thin-layer chromatography
UV/VIS – Ultra-violet-visual
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1. Introduction
1.1 Ozonolysis of alkenes
Organic chemists often stand before the difficulty of synthesizing molecules. For accuracy
and precision it is important for them to have lots of tools in the chemical toolbox. Ozonolysis
is a classical method to functionalize alkenes, turning them to carbonyl compounds. For
simple alkenes this is a commonly used method but for more complex ones the method has its
limitations. The selectivity can be very low and the ozone starts attacking what it is not
supposed to.
There are some very interesting alkenes to functionalize, large molecules with many double
bonds and ring formations. A particular group is called polycyclic aromatic hydrocarbons
(PAHs, Figure 1.) and is interesting in, for example, the research field of graphene. My
supervisor, Anna Lundstedt, is investigating ozonolysis as a way to functionalize PAHs. The
current project is a part of the bigger project, looking at ozonolysis of a mono alkene. The
conclusions of this project can then hopefully be applied on these complex molecules.

Pyrene

Phenanthrene

Triphenylene

Figure 1 - Examples of polycyclic aromatic compounds that can be functionalized using ozonolysis.

The product of ozonolysis is called an ozonide. The ozonides themselves are not often used
since they are explosive,1 but ozonolysis can give many different products. The outcome is
depending on conditions during ozonolysis and workup after ozonolysis. A reductive work
up can give a ketone or an aldehyde while an oxidative workup will generate a ketone or a
carboxylic acid depending on the substituents of the alkene.2 (Figure 2)
reducing
conditions

Ozonide

oxidizing
conditions

Ketone

Aldehyde

Ketone

Carboxylix acid

Figure 2 - Ozonolysis of an alkene yields an ozonide. Different workup procedures followed after ozonolysis will give
different products.2
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1.3 The mechanism of ozonolysis
The three-step mechanism of ozonolysis was described by Criegee in 1975. In step 1, the
reaction between ozone and alkene form a primary ozonide. Ozone works both as a
nucleophile and an electrophile, accepting and donating electrons at the same time. And the
first step of ozonolysis can be referred to as a cycloaddition reaction. In the second step, the
primary ozonide decomposes into a carbonyl oxide and a carbonyl. Before step 3 can happen,
the carbonyl must turn 180 °. And in step 3, the carbonyl reacts with the carbonyl oxide in
another cycloaddition and forms a monomeric ozonide with a 1,2,4-trioxolane structure. The
reaction can also result in an oligomeric ozonide.1, 3 (Figure 3)

Ozone
..

..

..
Step 1
Alkene

Step 2
Primary ozonide

..

Step 3

Carbonyl Carbonyl oxide

Ozonide

Figure 3 There are three steps in the mechanism of ozonolysis. The first includes the reaction with ozone and the formation
of a primary ozonide. In step 2, the primary ozonide is broken down to a carbonyl oxide and a carbonyl. The carbonyl oxide
and the carbonyl together form an ozonide in step 3.3

In Crigee's paper from 1975, he also describes how the decomposition in step 2 (Figure 3) can
happen two different ways if the alkene is unsymmetrical. The ozonide product can then have
three different structures (Figure 4).3

and/or

Figure 4 - Unsymmetrical alkenes can form two sets of the carbonyl/carbonyl oxide intermediates. Therefore three different
ozonides can be formed.3

1.4 Capturing of the carbonyl oxide intermediate
If a foreign aldehyde or ketone is added to the reaction-mixture before ozone treatment it is
possible to capture the carbonyl oxide intermediate from step 2 in Figure 2. When a foreign
carbonyl compound is present during reaction, a cross-ozonide can be obtained. The same can
be done with an alcohol but can then yield a hydroperoxy hemiacetal. (Figure 5).3-5
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R''CHO

Capturing of the carbonyl ozonide by a foreign carbonyl

R'''OH

Capturing of the carbonyl oxide by an alcohol
Figure 5 The carbonyl oxide can be captured in situ by the presence of another carbonyl, alcohol or water. 3

Fluorinated aldehydes and ketones are often used to capture the carbonyl oxide intermediate.
It has been reported that the electron deficiency of these fluorinated carbonyl compounds
make them extra effective at capturing the carbonyl oxide forming a cross ozonide.6

1.5 This project
The aim with this project is to be a part of the investigation of ozonolysis as a synthesis
method. It is done by looking at the capturing of the carbonyl oxide intermediate of a model
alkene, and varying some variables that could be important to get the use of ozonolysis more
diverse. It will be investigated if temperature and scale/concentration is something that
influences the reaction outcome. When an optimal temperature is found, and a suitable scale,
the carbonyl compound will be exchanged and the properties of it will be investigated. What
makes an aldehyde or a ketone a suitable capturer of the carbonyl oxide?
The aim is achieved by the use of a model reaction that was reported by Kawamura in 1996.7
The model reaction concerns ozonolysis of 1-methyl-1-cyclohexene (1) with
trifluoroacetophenone (2) as additive. Five carbonyl compounds will be used, apart from
ketone 2. Fluorination is one property of the carbonyl compound that is analyzed: does it
influence the reaction outcome? Can an electron donating group give the opposite effect?
Another thing that will be considered is the difference between aldehydes and ketones, could
that have an effect on the reaction outcome?

2. Results/Discussion
2.1 Project plan
2.1.1 Choice of model reaction
Many things had to be taken into consideration when deciding how to approach the problem.
The literature was turned to in search for a model reaction to investigate. A model reaction
makes it possible to investigate some interesting variables of the ozonolysis with a carbonyl
compound present. An article by Kawamura7 presented a carbonyl in situ ozonolysis with
6

Degree project C (1KB010)
Uppsala University

Tove Fällman
2014-03-20

alkene 1 and ketone 2 as starting materials, with diethyl ether as solvent and in -70 ˚C (Figure
6). The reported yield was 67 % which was good enough for proceeding with this project. The
methods used in the article were vaguely described so some assumptions were done. The
starting materials used in the model reaction were available and this reaction was decided to
be a good start for this project.

O3
-70°C
Ether
2
1
8
Figure 6 - The model reaction was carried out in diethyl ether at -70 °C and was a cross-ozonidation between 1-methyl-1cyclohexene (1) and 2,2,2-trifluoroacetophenone (2) .The reported yield was 67 %.7

Since alkene 1 is not a symmetric molecule, two sets of the carbonyl oxide/carbonyl
intermediates can be formed (Figure 4) but according to Kawamura only the cross-ozonide
with an aldehyde end (8a) will.7 The possibilities can be seen in Figure 7. Route a, yielding
cross-ozonide 8a, would on 1H NMR spectroscopy have an aldehyde peak with a very high
shift. The product of route b would yield a cross ozonide with a ketone end (8b), a ketone,
would show an ozonide peak around 6 ppm but no aldehyde peak (around 10).

a
8a
1

2

b

8b

Figure 7 – Alkene 1 is asymmetrical and can be cleaved two different ways in ozonolysis with trifluoroacetophenone
present.3 The possibilities are an aldehyde (8a) and a ketone (8b).

Alkene 1 is cyclic so the reactions described in section 1.1 and 1.2 are taking place internally
in the molecule. The added aldehyde or ketone is then competing with an intramolecular
reaction, which has the advantage of a short distance.

2.1.2 Methods
Experiments were designed to fit to Radley’s carousel, which made it possible to do several
experiments at the same time, in an easy way. Twelve test tubes could be placed in the
carousel at the same time, and the possibility to turn the carousel made it very easy to work
with. (Figure 8)
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Figure 8 - Radley’s Carousel 12 Plus, the setup for most experiments.

The ozone generator
The ozone generator was calibrated by measuring the ozone output at different power settings.
The measurement of absorbed ozone was done using a potassium iodide (KI) solution that
was treated with ozone and then titrated with sodium thiosulphate. Using the calibration curve
from the titration a proper power setting could be chosen. During the experiments, the gas
outlet of each tube was connected to a KI-solution, making it possible to measure how much
ozone was passing through the mixture. The measuring of ozone in the gas outlet and
knowing the ozone output of the ozone generator together makes it possible to know exactly
how much ozone is absorbed by the reaction mixture.
The KI solution gets brown in the reaction with ozone (Equation 1) because iodine (I2) is
formed from iodide (I-). After ozone treatment the solution was titrated with sodium
thiosulphate, which neutralizes the brown color, and the solution gets transparent again
(Equation 2). The molar amount of sodium thiosulphate used in the titrations of the KIsolution equals the ozone output of the ozone generator.
O3 + 2 I- + 2 H3O+  O2 + I2 + 3 H2O
I2 + 2 S2O32-  2 I- + S4O62-

(Equation 1)
(Equation 2)

Quantitative 1H NMR spectroscopy
To be able to calculate conversion from the NMR spectra an internal standard was used. By
calculating the concentration of the internal standard and compare that to the concentration of
the starting material it is possible to know how large the starting material peak would have
been if 0 % had been converted to product. An internal standard is chosen not to have peaks
close to the ones of the product or starting material, and it should have simple peak pattern so
it is easy to compare with. In the experiment of this project, 1,2-dichloroethane was used, and
it has one singlet peak around 3.7 ppm when analyzed with 1H NMR spectroscopy.
In the example of Figure 9 the quote between the concentration of internal standard and the
possible starting material concentration was 1.00. The integral of the internal standard was set
8
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to 4.0 (corresponds to 4 protons) and the highest possible signal from ketone 2 is therefore 1.0
per proton. The aldehyde peak (9.79 ppm) has an integral of 0.53, which corresponds to 1
proton. The singlet at 1.35 ppm has an integral of 2.31 but that corresponds to 3 protons (the
methyl group). The integrals give
cross-ozonide 8 is then

= 0.71 per proton. The conversion from ketone 2 to
(Figure 9)

Figure 9 – 1H NMR spectrum of ketone 2 and carbonyl 8. The integral of the peak of the internal standard was compared
with the integrals of the product 8 to calculate NMR conversion.

1

H NMR spectroscopy was chosen as main analysis method because of its possibilities to
establish structures. IR spectroscopy was used to extend the information from NMR
spectroscopy and gave information about ozonides and carbonyl groups. A proton attached to
the ozonide ring of oxygen would have a IR shift of either 830 or 1320 depending on stereo
chemistry.8 Aldehydes and ketones were also looked at in the IR spectra, both should have
strong absorption bands at 1780-1650 cm-1 and an aldehyde should have an additional
absorption band at ≈ 2720 cm-1.2
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2.2 Model reaction – The ozonolysis of 1-methyl-1-cyclohexene (1) in the presence
of trifluoroacetophenone (2)
The model reaction, between ozone and alkene 1 in the presence of ketone 2 (Figure 6) was
done with different molar equivalents of ozone taken up of the reaction mixture. One to one
and a half molar equivalent of ozone was established as optimal.
When different molar equivalents of ozone were tested it seemed that the ratio between crossozonide 8 and carbonyl 2 went up to almost a 100 % after some molar equivalents. When
looking into it, it seemed that the starting material was being consumed, but no more product
was produced (the product peaks were compared to the solvent peak). As the starting material
was consumed, the product peak even got lower intensity, which shows that the product
eventually was consumed as well. Therefore 1.5 molar equivalents were used for all further
experiments, and also the 1.5 equivalent products was the one that was isolated. Possibly a
polymer or oligomer had been obtained. (Table 1)
Table 1 - Peak height of starting material, product and solvent, in equally concentrated NMR spectra. The molar equivalence
of ozone was compared with the starting materials.

Molar
equivalents of
ozone
1
1,5
2
2,5
5

Solvent
peak

Starting
material peak

Product peak

1
1
1
1
1

7.6
1.56
0.51
0.49
0.09

6.88
8.57
2.48
0.3
0.51

The degradation of product could be due to the fact that an oligomeric product was obtained,
that could not be seen on 1H NMR spectroscopy. Another thing that indicated an oligomeric
product is the fact that the products that had been treated with larger amounts of ozone had
higher viscosity.
The crude product was analyzed with 1H NMR spectroscopy, no ozonide peaks could be seen
in the area around 6 but an aldehyde peak was observed. The presence of an aldehyde peak
and no ozonide peak in the 1H NMR spectrum means that it is more likely that cross-ozonide
8a was obtained and not 8b.
Product 8 survived column chromatography on silica but not TLC. The fact that the crossozonide did not survive TLC is not surprising since ozonides have been reported to
decompose on silica.6 The yield was 55 % but 1H NMR spectroscopy showed some
impurities. The identity of the purified product was decided using 1H NMR-, 13C NMR- and
IR-spectroscopy, in agreement with the literature.
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2.3 Temperature variations in a small scale of ozonolysis of 1 in the presence of 2.
The small-scale reaction was more diluted than the large scale to have a reasonable volume to
work with. The dilution of the reaction mixture seems not to be a large problem since 1H
NMR spectra of the crudes were much alike the ones from section 2.2.
NMR-conversion from ketone 2 to cross-ozonide 8 showed that 0 °C works as well as -70 °C
or better. Therefore all further experiments were done in 0 °C. The difference does not have to
be significant since experiments were only performed in singlets. The NMR conversion was
calculated using an internal standard (1,2-dichloroethane). A stem solution of internal
standard in chloroform was prepared, and a specific amount of that solution was used to
dissolve all of each crude product.
Table 2 – NMR conversion in ozonolysis of alkene 1 in the presence of carbonyl 3 in different temperatures. 0 ºC seem to
work as well as -70 ºC. The NMR conversion was calculated from an internal standard (1,2-dichloroethane).

Temperature
/ ºC

NMR-conversion

0
-40
-70
-70

94 %
82 %
66 %
71 %

In the temperature experiment, measurements ozone absorbed by the reaction mixture was
done. Most of the ozone was absorbed and therefore the step of measuring ozone was not
done in further experiments.

2.4 Different carbonyl compounds used to capture the carbonyl oxide of 1.
The reaction with different carbonyl compounds was done like the small scale experiment of
the model reaction and can be seen in Figure 10. The experiment with acetone (7) was done
with acetone as the solvent, and that ketone was then significantly higher in concentration
than the other ketones and aldehydes. Therefore the acetone experiment is not as comparable
as the others, where one molar equivalent was used. It is still interesting to see if there is
possible to use acetone for this kind of purpose, since it is cheap and relatively harmless,
especially compared to the fluorinated starting materials used in this project.
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O3
-70°C
Ether
2

1

8

O3
0°C,
Ether
3

1

9
O3
0°C,
Ether

4

1

10

O3
0°C,
Ether
5

1

11

O3
0°C,
Ether
6

1

12
O3
0°C,
Acetone

7

1

13

Figure 10 - The ozonolysis of 1 in the presence of carbonyl compound 2-7 will yield different products (8-13).

The crude 1H NMR spectra were used to determine conversion from alkene 1 to the crossozonide, performed in the presence of six different carbonyl compounds (including the model
reaction, repeated). The internal standard (1,2-dichloroethane) peak was integrated and set to
4.0 and the integrals of the supposed product peaks were compared according to that. To
calculate the conversion, a maximum amount was calculated (the concentration that would
have been if all the starting material had been unreacted). The peaks used for the
determination can be seen in appendix.

2.4.1 General results from ozonolysis of 1 in the presence of carbonyl compounds
The hypothesis for this experiment was to see large differences between the carbonyl
compounds since some are widely used for this purpose and some are not used at all. The
differences were not as large as expected.
12
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Table 3 - The reaction outcome of ozonolysis of 1-methyl-1-cyclohexene (1) in presence of some carbonyl compounds (2-7).
The NMR conversion was calculated from an interal standard (1,2-dichloroethane). The experiments were done in doublets to
more comparable results.

Carbonyl compound
used

Cross-ozonide
product

Conversion

71 %
64 %
2

38%
35%
3

26 %
35 %
4

47 %
45 %
5

50 %
42 %
6

54%
54 %
7

In some of the 1H NMR spectra an additional aldehyde peak could be seen (appendix). The
aldehyde peaks were then added up together in the calculation of conversion, because they
were assumed to correspond to the two diastereomers that could have been formed (Figure
11).
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a
b
Figure 11 - There are two diastereomers possible in the reaction of ozonolysis. The diastereomers could give similar but
moved peaks in 1H NMR spectroscopy.

2.4.2 Electron donating versus withdrawing groups
When comparing the reactions with ketone 2 and 3 it can be seen that the conversion is higher
in the case with fluorination. The higher conversion for the fluorinated aldehyde could be due
to the fact that the electrons of the carbonyl carbon are drawn towards the electronegative,
electron withdrawing fluorine substituents by inductive effect, giving a more positively
charged carbonyl carbon behind. The carbonyl will then be a better electrophile.
The oxygen of the methoxy group in aldehyde 6 has, except for the fact that it is
electronegative, two lone electron pairs that can be donated to the rest of the molecule.
Methoxy groups are therefor considered electron donating. The conversion from aldehyde 6 is
higher than the ones from both aldehyde 4 and the fluorinated 5. The fact that a carbonyl
compound with an electron donating group works better than a non-substituted and a
fluorinated one is not what was expected. The small differences between those experiments
cannot be seen as significant, and all conclusions drawn are tentative.
2.4.3 Aldehydes versus ketones
Aldehydes should be better than ketones at capturing the carbonyl oxide intermediate because
of steric effects, but the data in Table 3 shows that there is no difference or that ketones are a
little bit better than aldehydes for this purpose. The difference between the outcome of the
experiment of ketone 3 and aldehyde 4 is not very large.
The possibilities of acetone seem really promising in this experiment but that outcome was
not reproducible in a larger scale.

2.4.4 Isolation and analysis of cross-ozonides
All reactions were repeated in a large scale (2 mmol) and the products were purified using
different methods. Most of the purifications did not succeed. It was possible to purify product
11 successfully and that was done using gravity column chromatography followed by
preparative HPLC. Isolation of cross-ozonide 8 had been done in an earlier experiment.
The isolated cross ozonide products were analyzed with 1H NMR spectroscopy,
spectroscopy, IR spectroscopy and gas chromatography/mass spectroscopy.

13
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3. Conclusions and outlook
The results from the experiments in this project cannot be used to make more than general and
tentative conclusions.
It is possible that ozonolysis is done at -78˚C only by habit. In this case it does not seem to
matter very much what temperatures the reaction is performed at. That the temperatures did
not influence the reaction outcome is rather surprising, but it might be useful to see if the
other aldehydes/ketones or other alkenes are as non-temperature dependent as the model
reaction of this project. Also the two different concentrations resulted in the same outcome.
The difference between the carbonyl compounds used to trap the carbonyl oxide intermediate
in a cross-ozonide was not as significant as expected. Fluorine seems to have a good effect on
the reaction outcome but that is a more or less speculative conclusion. The variations within
the experiment pairs are in many cases larger than the variation between the different
carbonyl compounds and further investigations are needed to be able to draw more definite
conclusions.
The underlying aim with this project was to investigate the method of ozonolysis, to develop
it and make it more usable. A lot more can be done in that area. The experiments in this report
should be investigated further; some questions have partly been answered but also opens up
for new questions. Questions raised could be: What make the best carbonyl compounds so
suitable for these reactions?
Are other starting materials more reactive in other temperatures? Do the products differ in
reactivity and can they be used for further reactions in the synthesis of complex molecules?
Another aspect that could be considered is the alkene in the reaction. What properties of the
alkene affect the reactivity? Do different alkenes work better with different aldehydes or
ketones? A lot of questions can be asked. Could this be proper way to functionalize larger,
more complex molecules? Does the added carbonyl affect the reactivity and selectivity, and in
that case; why?
Hopefully, the results in this project will help in the investigation of selective ozonolysis of
polycyclic aromatic hydrocarbons.

4. Experimental
General
All reagents were commercially available and used without further purification. NMR spectra
were recorded on a Varian INOVA (1H at 499.93 MHz, 13C at 125.71 MHz) spectrometer if
nothing else is noted in the figure description in the appendix. The chemical shifts are
reported using the residual solvent signal as an indirect reference to TMS 1H: CHCl3: 7.26,
13
C: CDCl3: 77.0. HPLC was performed using Gilson UV/VIS-156, Gilson 331 Pump, Gilson
15
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332 Pump, Gilson 819 injection valve actuator and Gilson 215 liquid handler. IR spectra were
recorded on a Perkin Elmer Spectrum 100 FT-IR spectrometer with a Perkin Elmer ATR
Sampling Accessory. Ozone generator (Pilodist OGF 505) settings for all experiments were
3W, 0.25 bar, 0.5 L/min. Radley’s carousel 12 Plus was used as setup for all experiments.

Determining ozone output
The ozone generator was tested with potassium iodide (10.75 g KI and 5 mL acetic acid in
110 mL distilled water) before the experiments. Twelve test tubes with each 5 ml of the
solution were treated with ozone for 30 s. each at power setting 1 w, 3w, 5 w and 15 w
(triplicates). The KI-solutions were then titrated with sodium thiosulphate (0.1 M) and the
amount of ozone could then be calculated using the molar equivalences (equation 1 and 2).
The result from the calibration of the ozone generator is presented in Figure 12. 3w was used
for all experiments, which equal 845 mg ozone per hour.

Ozone output
6000

mg ozone
per hour

5000
4000
3000
2000
1000
0
0

10

20
30
power setting, w

40

50

Figure 12 - The ozone output from ozone generator (Pilodist OGF505).

Standard procedure a: large scale
Unless stated otherwise a solution was prepared with diethyl ether (15 ml) and 1-methyl-1cyclohexene (244 µL, 52 µmol) and trifluoroacetophenone (281 µL, 50 µmol). Ozone
treatment was done for 10 min 30 s at 0 °C. The solvent was removed in vacuo.

Standard procedure b: small scale
Unless stated otherwise a solution was prepared with diethyl ether (5 ml) and 1-methyl-1cyclohexene (6.17 µL, 50 µmol) and trifluoroacetophenone (7.09 µL, 50 µmol). Ozone
treatment was done for 13 s at 0°C. The solvent was removed in vacuo.
Standard procedure c: determining absorbed ozone
During experiments the gas outlet of the test tubes were connected to potassium iodide
solutions using a double-sided needle. The KI-solution was used as control of how much
ozone was absorbed by the reaction mixture. The potassium iodide solution was prepared by
mixing 10 g KI, 110 mL distilled water and 5 mL acetic acid, and 5 mL of that solution was
used for each sample. After reaction the KI-solution was titrated with sodium thiosulfate (0.1
M) and the absorbed amount of ozone was determined.

16
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Series with varied molar equivalents of ozone, in -70 °C.
Standard procedure a was used. Five samples were treated with ozone for 7 (1 mol. eq.), 10.5
(1.5 mol. eq.), 14 (2 mol. eq.), 17.5 (2.5 mol. eq.) and 35 (10 mol. eq.) minutes. Control of
absorbed ozone was done according to procedure c. The crude products weighted 0.5043 g (1
mol. eq., colorless oil), 0.430 g (1,5 mol. eq., bright yellow oil), 0.9606 g (2 mol. eq. colorless
oil), 0.6838 g (2,5 mol. eq., colorless oil), 0.5531 g (5 mol. eq., colorless oil). Crude products
were analyzed by TLC and 1H NMR spectroscopy. Spectra can be seen in appendix. The
sample, which absorbed 1.5 mol. eq. O3, was isolated.
Series with varied temperature.
Four samples of standard procedure b were prepared. Two samples were placed on
CO2/Acetone bath (-70 ºC), one on acetonitrile/CO2-ice (-40 ºC) and one on an ice bath (0 ºC)
and treated with ozone. Control of absorbed ozone was done according to procedure c.
The crudes weights were not possible to measure with available equipment but could be seen
as transparent oils. They were analyzed by TLC (Pentane/diethyl ether 1:1, Rf=0.47) and 1H
NMR spectroscopy. NMR spectra can be seen in appendix (Figure).
Series varied carbonyl compounds.
Standard procedure b was used. Ten samples were prepared with 1-methyl-1-cyclohexene.
Two tubes were added acetophenone (5.8 µL), two benzaldehyde (5.1 µL), two
pentafluorobenzaldehyde (13.7 and 11.0 mg), two p-anisaldehyde (6 µL) and two
trifluoroacetophenone (7.09 µL). In the last two samples the solvent was exchanged for
acetone.
The crude products weighted 16.6 /24 mg (trifluoroacetophenone), 10.1/14.5 mg
(benzaldehyde), 20.7/14.2 mg (pentafluorobenzaldehyde), 13.8/15.6 mg (acetophenone),
16.9/12.6 mg (p-anisaldehyde) and 5.1/7.3 mg (acetone). They were all transparent, colorless
oils (duplicates).
The crudes were analyzed with NMR spectroscopy with an internal standard, the crude
products were dissolved in each 800.0 mL of a stem solution (49.0 µL 1,2-dichloroethane in
10.0 mL CDCl3) and a reasonable amount was transferred to a NMR tube. NMR conversion
was calculated to trifluoroacetophenone 73 %, 64 %; acetophenone 38 %, 35 %;
benzaldehyde 26 %, 35 %; pentafluorobenzaldehyde 47 %, 45 %; acetone 54 %, 54 %.
Series with different carbonyl compounds
Standard procedure a was used. Five samples were prepared. One of them was added
benzaldehyde (0.235 mL), one acetophenone (0.235 mL), one p-anisaldehyde (0.240 mL) and
one pentafluorobenzaldehyde (0.3912 g).
The crude products weighted 304.5 mg (acetone), 515.6 mg (benzaldehyde), 530.6 mg
(acetophenone), 525.9 mg (p-anisaldehyde) and 652.6 mg (pentafluorobenzaldehyde). They
were all transparent, colorless oils.
The crudes were analyzed with NMR spectroscopy with an internal standard, the crude
products were dissolved in each 800.0 mL of a stem solution (49.0 µL 1,2-dichloroethane in
10.0 mL CDCl3) and a reasonable amount was transferred to a NMR tube.
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The sample with acetone as starting material was purified by silica plug with diethyl ether as
elutant. The sample with benzaldehyde and the one with acetophenone were analyzed and
purified by analytical/preparative HPLC. The ones from pentafluorobenzaldehyde and panisaldehyde were purified by column chromatography, both with diethyl ether/pentane as
elutant (1:3 resp. 1:1). The purification steps were not successful for most samples.
Cross-ozonide of 2,3,4,5,6-pentafluorobenzaldehyde and 1-methyl-1-cyclohexene (11)
Isolated by gravitation column chromatography (2:8 diethyl ether:pentane) followed by
HPLC.
Rf= 0.32(2:8 diethyl ether:pentane), 1H NMR (500 MHz, CDCl3) δ 9.79 – 9.76 (m, 1H), 6.35
(s, 1H), 2.53 – 2.42 (m, 1H), 2.38 (dd, J = 9.5, 5.4 Hz, 1H), 1.91 (dd, J = 16.3, 7.2 Hz, 2H),
1.73 – 1.63 (m, 2H), 1.54 (s, 3H), 1.52 – 1.40 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 202.2,
178.7, 141.1, 112.8, 105.4, 95.6, 77.0, 43.6, 37.6, 33.6, 29.9, 24.6, 23.8, 22.0, 20.9. IR 1725,
1656, 1526, 1509, 1431, 1403, 1382, 1312, 1213, 1160, 1137, 1077, 1014, 958, 863, 737.
Cross-ozonide of 2,2,2-trifluoroacetophenone and 1-methyl-1-cyclohexene (8)
Isolated by flash column chromatography (Pentane: Diethyl ether, 1:1), yielding the product
as a transparent colorless oil (0.359 g, 55%). NMR indicated impurities (estimated to ~10 %)
in the purified product.
0.359 g, yield 55 %. Rf= 0.47(Diethyl ether/Pentane 1:1) 1H NMR (500 MHz, CDCl3, 25°C,
TMS) δ 9.80 – 9.78 (m, 1H), 7.60 – 7.51 (m, 2H), 7.49 – 7.37 (m, 3H), 2.57 – 2.44 (m, 2H),
2.03 – 1.87 (m, 2H), 1.79 – 1.68 (m, 2H), 1.67 – 1.42 (m, 2H), 1.35 (s, J = 2.6 Hz, 3H). 13C
NMR (400 MHz, CDCl3, 25°C, TMS) δ 202.0, 132.0, 130.3, 130.2, 128.3, 128.3, 126.6,
121.6, 113.6, 113.5, 77.0, 43.5, 35.1, 23.4, 22.5, 21.9. IR 1724, 1452, 1383, 1303, 1243, 1175,
1146, 1077, 1032, 954, 851, 812, 762, 713, 896, 660.
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Figure 1 –Crude 1H NMR spectrum(500 Hz), cross ozonide between 1-methyol-1-cyclohexene and acetone.
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Figure 2 - Crude 1H NMR spectrum(500 Hz), cross ozonide between 1-methyol-1-cyclohexene and acetophenone.
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Figure 3 - 1H NMR spectrum of carbonyl compound acetophenone.
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Figure 4 - Crude 1H NMR spectrum(500 Hz), cross ozonide between 1-methyol-1-cyclohexene and benzaldehyde.
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Figure 5 - 1H NMR spectrum of carbonyl compound benzaldehyde.
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Figure 6 – Crude 1H NMR spectrum(500 Hz), cross ozonide between 1-methyol-1-cyclohexene and p-anisaldehyde.
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Figure 7 - 1H NMR spectrum of carbonyl compound p-anisaldehyde.
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Figure 8 – Pure 1H NMR spectrum(500 Hz), cross ozonide between 1-methyol-1-cyclohexene and pentafluorobenzaldehyde.
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Figure 9 -Crude 1H NMR spectrum(500 Hz), cross ozonide between 1-methyol-1-cyclohexene and pentafluorobenzaldehyde.
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Figure 10 1H NMR spectrum of carbonyl compound 2,3,4,5,6-pentaflurobenzaldehyde.
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Figure 11 - Pure 13C NMR spectrum(500 Hz), cross ozonide between 1-methyol-1-cyclohexene and pentafluorobenzaldehyde.
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Figure 12 – IR spectrum, cross ozonide between 1-methyol-1-cyclohexene and pentefluorobenzaldehyde.
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Figure 13- IR spectrum of carbonyl compound pentafluorobenzaldehyde
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Figure 14 - Pure 1H NMR spectrum(500 Hz), cross ozonide between 1-methyol-1-cyclohexene and trifluoroacetophenone.
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Figure 15 - 13C NMR spectrum(500 Hz), cross ozonide between 1-methyol-1-cyclohexene and trifluoroacetophenone.
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Figure 16 - Crude 1H NMR spectrum(500 Hz), cross ozonide between 1-methyol-1-cyclohexene and trifluoroacetophenone.
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Figure 17 – 1H NMR spectrum of carbonyl compound trifluoroacetophenone.
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Figure 18 - IR spectrum, cross-ozonide between 1-methyol-1-cyclohexene and trifluoroacetophenone.
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Figure 19 – IR spectrum of carbonyl compound trifluoroacetophenone.
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Figure 20 - Temperature experiment: 1H NMR spectrum (500 Hz) of cross ozonide from ozonolysis of 1-methyl-1-cyclohexene in the presence of trifluoroacetophenone. Temperature -70 ˚C.
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Figure 21 - Temperature experiment: 1H NMR spectrum (500 Hz) of cross ozonide from ozonolysis of 1-methyl-1-cyclohexene in the presence of trifluoroacetophenone. Temperature -40 ˚C.
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Figure 22 - Temperature experiment: 1H NMR spectrum (500 Hz) of cross ozonide from ozonolysis of 1-methyl-1-cyclohexene in the presence of trifluoroacetophenone. Temperature 0 ˚C.
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Figure 23 - Ozone equivalence experiment: 1H NMR spectrum (500 Hz) of cross ozonide from ozonolysis of 1-methyl-1-cyclohexene in the presence of trifluoroacetophenone. 1 molar
equivalent.
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Figure 24 - Ozone equivalence experiment: 1H NMR spectrum (500 Hz) of cross ozonide from ozonolysis of 1-methyl-1-cyclohexene in the presence of trifluoroacetophenone. 5 molar
equivalents.
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