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Experimental notes 

Background topics  

This experiment aims to illustrate a unimolecular Elimination reaction (dehydration of a secondary 

alcohol) in acidic medium. 

The experiment is appropriate to low level students, who are encouraged to rationalise the mechanism 

of the reaction and some experimental details through the answers to a set of additional questions. 

The work was already realized by over 300 students of the Faculty of Sciences and Technology, 

Universidade Nova de Lisboa (in classes of 22 students/class, 11 groups of two), who accomplished 

the work in one (3 hours) laboratory sessions. Alternatively, the work may also be realized in two 

sessions for a more detailed discussion of the results (e.g. spectra acquisition and interpretation).  

It is important that the students understand the necessity of using a strong acid to eliminate alcohols 

(the hydroxyl group is a poor leaving group and needs to be in protonated form). Ask them which 

conditions should be used to obtain the same product from bromocyclohexane as starting material (in 

this case a strong base is necessary). 

Hints for the answers to the proposed questions and topics to discussion: 

1. The reaction mechanism is illustrated in the Background section. The reaction is not 

stereospecific; the intermediate (carbonium ion) is planar and there are no stereoisomers of 

cyclohexene. 

2. E.g. any secondary alcohol of general formula R1R2CHOH, where R1≠R2. 

3. It is necessary to separate efficiently the alkene (boiling point c.a. 80°C) from the alcohol 

(higher boiling point). If the temperature overcomes 90°C some cyclohexanol risks being 

distillated before reacting. 

4. Sodium carbonate neutralizes traces of acid in the distillate and sodium chloride increases the 

density of the aqueous layer, enabling a cleaner separation of phases. 

5. The bromine test (see “Experimental details”). 

 



Supplementary information for Comprehensive Organic Chemistry Experiments for the Laboratory Classroom 
© The Royal Society of Chemistry 2017 

Experimental details 

Experimentally the work is simple, with low/medium difficulty and hazard levels. 

Cyclohexene is flammable, toxic by inhalation and has a characteristic (unpleasant) smell. 

In most cases cyclohexene is pure enough after the work up of the reaction (step 11 of “Experimental 

procedure”); therefore, the distillation described in step 12 can be avoided. However, the instructor 

can suggest some students to perform the distillation. Then, it will be interesting to compare the 

physical properties (e.g. boiling point and refractive index) of samples of crude and purified (distilled) 

products and to discuss eventual differences (see Table SM 9.1.1.1.). Attention: when collecting the 

distillate in an ice-cold flask (which is advisable), atmospheric water vapor condenses; therefore, the 

distillate must also be dried (with a small amount of a drying agent, e.g. magnesium sulphate). 

An interesting test can be suggested to the students: how to distinguish cyclohexene from 

cyclohexane, using a quick simple experiment and a visual observation? One such test is e.g. the 

discoloration of bromine (or a bromine solution) by the alkene (see Figure SM 9.1.1.6.). Place a small 

amount of a sample of each compound in a test tube, add a drop of bromine and shake: the red color 

disappears in the tube containing the alkene and persists in presence of the saturated compound. 

Alternatively, use also the starting material, cyclohexanol: in this case the color also persists. 

Ask the students about the reason of discoloration: the reaction of cyclohexene and bromine. A 

medium level student should know that bromine undergoes a stereospecific addition reaction to the 

double bond of cyclohexene, yielding racemic trans-1,2-dibromocyclohexane. 

Some experimental results obtained by the students in the laboratory are presented in Table M 

9.1.1.1. 

 

Table SM 9.1.1.1. Typical experimental results and properties of cyclohexene obtained in the 

Laboratory 

Reaction yield 30-80% 

Boiling point (range of recovery) 80-90ºC 

Boiling point (distillation) 81-82ºC 

Refractive index (crude product) 1,445 (22ºC) 

Refractive index (distilled product) 1,446 (22ºC) 

Bromine test Discoloration 

 

The preparation of samples for spectral analysis is also important. 

Students should be familiarized with the (simple) technique of preparing a liquid film sample for IR 

spectroscopy, by placing a drop of the compound between two transparent discs of sodium chloride. 

Ask them why this supporting material is adequate. 
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For NMR spectroscopy deuterochloroform is a suitable solvent. 

 
Figures 
Photos of the experiment 

 

 

 

 

 

 

 

 

 

 

 

Figure SM 9.1.1.1. Experimental set-up 

 

 

 

       Figure SM 9.1.1.2. Residue of reaction mixture 
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A green synthesis of 2,3-dibromo-3-phenylpropionic acid and the use of kinetic studies 
to probe into the elimination product when treated with a weak base in different 

solvents.   

Supplementary Material 
 
The two linked experiments described in this procedure have been successfully performed by over 

1000 1st year undergraduates over the past 5 years, with the elimination study carried out the week 

after the synthesis of the dibromide derivative. It is equally possible to do either reaction without the 

need to perform the other; 2,3-dibromo-3-phenylpropionic acid is readily available from most chemical 

suppliers. The timings given within both of the procedures are only rough as each experiment is part of 

a bigger session, e.g. while the bromination reaction is stirring for 2hrs or the elimination reaction is 

being heated to reflux, students will be busy doing another experiment. The timings given for the 

reactions are the minimum time needed but the students often leave these running longer if the other 

experiment is over running or if they take a lunch break with no noticeable reduction in quality nor 

quantity of products. 
 

A – Green synthesis of the dibromide compound 

Typical yields of the bright yellow solid are 45-70% and the melting point range is 196-204°C. If there 
is no acid wash, i.e. student uses water instead of acid, the yield drops significantly to 10-15%. 

UV and IR spectra show the disappearance of the double bond. UV has no absorption in the product 
and the C=O peak shifts from 1687cm-1 to 1707cm-1 and the C=C bond at 1630 cm-1 is absent in the 
product. 

If required, 1H NMR spectrum can also be obtained. All data are in agreement with the literature.1, 2, 3 
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Starting material 
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Product 
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B – Elimination step 

The set-up for this can cause some issues for students so here are two photographs to illustrate the 
correct set up.  

            

 

Typical yields for this pale yellow oil is 45-75%. UV data of the products from the two different 
reactions show the presence of a new peak at roughly 254 nm. IR data can be used to show the 
presences of E and Z isomers. In the water reaction, the main IR peaks of the product are 937cm-1and 
729cm-1, characteristic of the E-isomer alkene C-H bends, with a shoulder at 771cm-1 for the Z-isomer 
alkene C-H bends, whereas in the product from the butanone reaction, the only peak of importance is 
at 765cm-1 for the Z-isomer (shoulders of the other isomer can be seen). The products from both 
reactions have a peak at roughly 1610cm-1 indicating the presence of the newly formed C=C bond.  

Only IR and UV data are obtained in our lab but if required, GC-MS and 1H NMR spectra can also be 
recorded. Both sets of extra data confirm the presence of the products as already discussed, with GC-
MS allowing measurement of the ratio of products formed and 1H NMR showing the difference in the 
coupling constants for the two diastereoisomers (coupling constants of roughly 8Hz and 14Hz for the Z 
and E isomers respectively). This, alongside the graphs generated (tables 9.1.2.1-9.1.2.4), allows for a 
good discussion about the stereochemical control in these reactions.  

All data are in agreement with the literature. 2, 3, 4 
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Spectral data of the water reaction 
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Spectral data of the butanone reaction 
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The data from this year’s cohort of students can be seen in the following four tables & graphs 
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Table 9.1.2.1 - Data for the elimination reaction in butanone with constant starting dibromide 
concentration  

Base (g) Base (mol) rate (cm3/s) 
0.2 0.001 0.09 

0.25 0.002 0.12 

0.25 0.002 0.11 

0.27 0.002 0.10 

0.29 0.002 0.13 

0.47 0.003 0.14 

0.48 0.003 0.15 

0.51 0.004 0.14 

0.52 0.004 0.18 

0.72 0.005 0.19 

0.73 0.005 0.23 

0.75 0.005 0.22 

0.80 0.006 0.24 

0.96 0.007 0.28 

1.00 0.007 0.29 

1.00 0.007 0.27 

1.05 0.008 0.28 

1.23 0.009 0.30 

1.24 0.009 0.31 

1.25 0.009 0.35 

1.26 0.009 0.33 

1.47 0.011 0.39 

1.48 0.011 0.38 

1.50 0.011 0.35 

1.50 0.011 0.45 
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Table 9.1.2.2) - Data for the elimination reaction in butanone with base constant at 1g 

 

 

 

 

  

Starting 
material (g) 

Starting 
material 

(mol) 
rate 

(cm3/s) 

0.22 0.001 0.10 

0.25 0.001 0.11 

0.25 0.001 0.09 

0.26 0.001 0.11 

0.47 0.002 0.15 

0.50 0.002 0.13 

0.54 0.002 0.18 

0.55 0.002 0.13 

0.56 0.002 0.17 

0.72 0.002 0.16 

0.73 0.002 0.23 

0.75 0.002 0.24 

0.77 0.003 0.27 

0.99 0.003 0.34 

1.00 0.003 0.29 

1.02 0.003 0.35 

1.05 0.003 0.28 

1.15 0.004 0.33 

1.24 0.004 0.44 

1.25 0.004 0.37 

1.49 0.005 0.45 

1.51 0.005 0.41 

1.52 0.005 0.54 
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Table 9.1.2.3 – Data for the elimination reaction in water with constant starting dibromide 
concentration  

 

Base (g) Base (mol) Rate 
(cm3/s) 

0.480 0.003 0.210 

0.490 0.004 0.190 

0.510 0.004 0.180 

0.510 0.004 0.190 

0.710 0.005 0.210 

0.710 0.005 0.210 

0.750 0.005 0.190 

0.760 0.005 0.200 

0.990 0.007 0.220 

0.990 0.007 0.210 

1.010 0.007 0.190 

1.190 0.009 0.200 

1.200 0.009 0.220 

1.200 0.009 0.210 

1.210 0.009 0.210 

1.250 0.009 0.190 

1.480 0.011 0.190 

1.490 0.011 0.200 

1.500 0.011 0.210 

1.600 0.012 0.190      
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 Table 9.1.2.4 – Data for the elimination reaction in water with base constant at 1g 

 

Starting  
Material (g) 

Starting 
Material 

(mol) 
Rate 

(cm3/s) 

0.220 0.001 0.090 

0.240 0.001 0.100 

0.250 0.001 0.110 

0.260 0.001 0.070 

0.490 0.002 0.140 

0.510 0.002 0.160 

0.520 0.002 0.150 

0.740 0.002 0.070 

0.750 0.002 0.180 

0.750 0.002 0.220 

0.760 0.002 0.170 

0.800 0.003 0.200 

0.990 0.003 0.210 

1.010 0.003 0.190 

1.210 0.004 0.310 

1.240 0.004 0.360 

1.240 0.004 0.310 

1.450 0.005 0.400 

1.490 0.005 0.350 

1.560 0.005 0.410 
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Stereochemically control. 

One of the most interesting aspects of this reaction is that a large number of students will 
automatically assume that a hydrogen atom and a bromine atom will leave and will not have even 
considered that the reaction is a decarboxylation. To be fair to the students, the only reason this 
decarboxylation occurs is because of the use of a weak base. Swapping the base to potassium 
hydroxide does give the expected elimination product of β-bromo cinnamic acid. 3 

The graphs above clearly indicate that when the reaction is performed in water only the amount of 
starting material present affects the rate whereas in butanone both the amount of base and starting 
material impact on the result. This must mean that in water the reaction proceeds via an E1 
mechanism, yet in butanone it goes via the E2 pathway. This is shown in figure 9.1.2.1. As you can 
see the breaking of C-Br bond in the E1 mechanism produces a stabilised carbocation. Free rotation 
around the single bond means that the molecule can produce either stereochemical product of the 
double bond. The NMR and GC-MS results clearly show a preference for the thermodynamic E-
product as would be expected. In the E2 mechanism, the product is almost exclusively the Z-double 
bond as a result of the stereo-electronic requirement to have the two leaving groups anti-periplanar 
from each other, even though this is the less stable diastereoisomer.   

                   

Figure 9.1.2.1 – The reaction pathways in the different solvents. 
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Experiment notes 
 

General 
 

This experiment involves the acid-catalyzed dehydration of methylcyclohexanols. All starting alcohols (2-

, 3-, and 4-methylcyclohexanol) give the same products (1-, 3-, and 4-methylcyclohexene, as well as 

methylidenecyclohexane, and traces of some other compounds), but in different ratios. The product 

distribution is investigated with 1H NMR, GC-MS and IR-spectroscopy. As such, the emphasis of this 

experiment is not so much on preparation, but on product distribution and product analysis. 

The experiment has several attractive features. It is well feasible, and the success rate is high. Yields 

are reasonable (crude products up to 80 %, twice distilled products 50-60 %) and the products 

distribution is reproducible (unless large errors are made by the students). We have run the experiment 

for 7 years, with hundreds of students, and did not meet any substantial deviations from the usual 

course of affairs. The experiment can be run with standard glassware and lab equipment, and starting 

materials are relatively cheap. One should however be aware that this only holds for the mixtures of the 

cis-and trans-isomers of the alcohols. The pure cis- and trans-isomers are much more expensive. Use of 

the mixtures adds to the complexity of the problem, since cis- and trans-isomers may react differently 

(vide infra). However, in this way the experiment also becomes more interesting. In fact, it would be 

attractive to conduct a sequel to this experiment employing isomerically pure methylcyclohexanols. 

Students might come up with this suggestion during discussion of the results. 
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This version is an implementation of a well-known experiment. Variations have been published in a 

laboratory course book1 and the Journal of Chemical Education.2-5 The current approach differs from 

the other versions in: 

- Emphasis on the interpretation of spectra, and training in the interpretation of GC-MS, 1H NMR 

and infrared spectra. Students learn to interpret the 1H NMR spectra in a structured fashion. As 

such, skills as analytic thinking, systematic thinking and processing of results are (further) 

developed. By comparing the results of different analysis techniques, students also can see 

strengths and weaknesses of the techniques. 

- Use of a broader set of starting compounds. In previous implementations, the experiment was 

only conducted with 2-methylcyclohexanol. It should be realized that the range can even be 

extended by use of 1-methylcyclohexanol. This compound however predominantly gives the 

expected elimination products, and does not substantially contribute to the experiment 

objectives. 

- Use of different starting materials enables group work, in which students not only deal with the 

results of their own starting material, but also with those of other starting materials. In this way, 

they experience the full scope of the problem, and can work together on the solution. Scientific 

reasoning, based on bringing in proper arguments, will be stimulated. The most appropriate 

group size is 6, allowing each alcohol to be used twice. 

We run this experiment in a session of about 8 hours and a session of 4 hours. The 8 hour session 

includes the prelab talk and tasks, execution of the synthesis, including a second distillation (vide 
infra) and recording of the infrared spectrum and the index of refraction (when desired). The 4 hour 

session is used for the interpretation of the spectral data, and a group discussion on the significance 

of the results. The period of 4 hours often proves to be a bit short, while 8 hours of the first session is 

relatively long. 

When lab sessions of three hours are scheduled we suggest the following: 

First session, prelab talk. Second session, synthesis. Third session, recording of IR spectra and result 

discussion. Fourth session, result discussion. Here it has been assumed that IR-spectra are taken by 

students themselves, while NMR and mass spectra are recorded by lab personnel. The latter can be 

done in between the second and third session. We further note that only the second and third 

sessions require laboratory space. 

 

Experimental procedure 
 

The experiment usually is conducted without too much difficulty. Some students struggle a bit in setting 

up a solid distillation apparatus. A few things should be noted. 
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- Addition of the first drops of alcohol immediately leads to product formation, which starts to boil quite 

vigorously because of the reaction temperature of about 130 °C, much higher than the alkene boiling 

points. Hereafter, the temperature in the reaction flask drops to about 115 °C, while the top temperature 

varies between 80 and 90 °C.  

- Addition of the alcohol takes 45 minutes to one hour. In practice it is difficult to maintain equal rates for 

the distillation and the addition, so that gradually a two layer system is formed in the reaction flask. 
 

Results 
 

Although it is not possible to get very detailed information out of them, the infrared spectra are useful 

and do not present many problems. Main conclusions to be derived are that there is hardly any 

starting material left (absence of OH stretch vibration in the range 3300-3400 cm–1) and that alkene 

products are present, as evidenced by the appearance of a C=C stretch vibration near 1650 cm–1. 

Owing to the presence of multiple components, it is hard to use the fingerprint region for identification. 

As an illustration, a gas chromatogram of the dehydration products of 2-methylcyclohexanol is shown in 

Figure SM.9.1.3.2. As can be seen, the resolution of 3- and 4-methylcyclohexene on our equipment was 

not optimal (as is also the case with other equipment, see e.g. ref. 5). Therefore, in the majority of cases 

only the combined content of these compounds could be given. Mass spectra belonging to the 

components are given in Figures SM. 9.1.3.3 – SM. 9.1.3.8. It is difficult to distinguish between the 

different mass spectra and to assign them, let alone to explain the differences. However, the software 

faithfully picked the correct reference spectrum from the NIST library of mass spectra. In the Figures 

SM. 9.1.3.3 – SM. 9.1.3.8 the mass spectrum of the correct isomer is given directly below the 

experimental spectrum; the mass spectra of other candidates are depicted below that one. 
1H NMR spectra of pure reaction products are shown in Figure SM. 9.1.3.9, while crude elimination 

products are given in Figures SM. 9.1.3.10 – SM. 9.1.3.15. It may take a while before students 

understand how to determine the composition of the mixture from such as spectrum. This makes it a 

good exercise to learn how to use 1H NMR spectra for the determination of product composition, and 

how to treat such a problem. The Table in the main text will help them doing this. 

Only the vinylic part of the spectrum is used, and only for determination of the composition of the 

mixture. If desired, the other part of the spectrum may be used to provide students with more training in 

the interpretation of 1H NMR spectra. Also the coupling patterns may be analysed more thoroughly. 

Correct interpretation of the mass and NMR spectra leads to a Table with results like Table SM. 

9.1.3.1. It is a good idea that the instructor sets up the Table, and that students fill in their data. In this 

way they work together on the mapping of the reactivity of the methylcyclohexanol isomers. 
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The surprising feature of these results is of course that all possible products are formed out of all 
methylcyclohexanols. This is certainly not expected when a straightforward E1 pathway (in the sense 

that only abstraction occurs of a hydrogen from the carbon atom adjacent to the one bearing the OH 

group, and that carbocation rearrangements only occur when the newly formed carbocation is more 

stable) is followed. This firstly should lead to the conclusion that a simple E1 mechanism is not, or not 

alone, applicable to the current reactions. It also should be concluded that  reality may be more 

complex than described in standard textbooks. 
 

Table SM 9.1.3.1. Product composition (%) of the crude products. 

 A B C D Ea 
 NMR GCMS NMR GCMS NMR GCMS NMR GCMS GCMS 

2-methylcyclohexanol 78.6 77.7 12.5 12.7 7.9 5.9 1.1 1.0 2.8 

3-methylcyclohexanol 16.6 17.4 28.5 81.5b 54.7 b 0.2 c c 

4-methylcyclohexanol 13.9 12.7 14.2 82.1b 71.8 b 0.2 c c 
a Not observed by 1H NMR. b The peaks of B and C were not fully resolved in the chromatogram. The 

percentage based on the area of the combined peak of B and C is given. c Not detected or not resolved. 

 

The intriguing question then arises what does happen in these reactions. Possible explanations have 

been given in the literature, among which:1-5 

- Different mechanisms and reaction rates for cis- and trans-isomers. 

- A bridged carbonium ion mechanism. 

- Dehydration – rehydration. 

For a full overview of this matter see ref. 5, which shows that this subject is not settled yet. We leave it 

to the instructor to what level of detail the problem is treated. We usually state that part of the reaction 

follows an E1 mechanism, and part an E2 mechanism, accompanied by evidence for the two 

mechanisms. 

 

Other remarks 
 

- The 1H NMR and GC-MS results generally are in good agreement. When students have to choose 

between these techniques, some of them will bring up that interpretation is much easier and faster 

with GC-MS, and that traces of minor components were detected with GC-MS. On the other hand, the 

resolution between compounds B and C often is unsatisfactory. The price of the analysis equipment 

may also be a factor of interest. 
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- In some samples a trace of methylcyclohexane is found. The origin of this compound is mysterious, 

given the absence of any obvious reducing agent in the reaction mixture. We checked the starting 

compounds for the presence of this compound, with a negative result. A possible way 

methylcyclohexane is formed is a disproportionation reaction like: 

 

 
 

Formation of the conjugated diene should favour this reaction. However, if this reaction should occur, 

1-methyl-1,3-cyclohexadiene should also be detected, which is not the case. Anyway, formation of 

methylcyclohexane shows the students that apart from the main reaction completely different 

reactions may also be occurring. 

 

- 1-Ethylcyclopentene and cycloheptene are sometimes found in the reaction product. Apparently. 

formation of these molecules by rearrangement of a carbocation during the E1 mechanism occurs, 

despite these ring systems being less stable than a six-membered ring. 

 

- The crude product often contains traces of the starting alcohols, as evidenced by 1H NMR signals in 

the 3.5-3.6 ppm spectral region. Although this does not interfere with establishing the product 

distribution, some students have a tendency to spend too much time on these signals. To remove the 

traces of starting material, it is an option to perform a second distillation over a 20 cm vigreux column. 

This second distillation might seem undesirable in the context of the objective of the experiment 

(determination of the product distribution of an elimination reaction). However, the difference in boiling 

point of the different products is so small that the second distillation hardly leads to a change in 

product composition. Typical compositions after the second distillation are given in Table SM. 9.1.3.2. 

 

Table SM 9.1.3.2. Product composition of the twice distilled products. 

 A B C D Ea 
 NMR GCMS NMR GCMS NMR GCMS NMR GCMS GCMS 

2-methylcyclohexanol 78.0 74.6 12.8 20.9b 8.1 b 1.2 1.3 3.2 

3-methylcyclohexanol 15.5 16.8 29.8 82.6b 54.5 b 0.2 c c 

4-methylcyclohexanol 12.6 13.2 15.0 86.2b 72.0 b 0.01 c c 
a Not observed by 1H NMR. b The peaks of B and C were not fully resolved in the chromatogram. The 

percentage based on the area of the combined peak of B and C is given. c Not detected or not resolved. 
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Photo of experiment 

 

 

Figure SM 9.1.3.1. Photograph of the set-up for the main reaction. The vacuum pump at the left was 
not used in the experiment. 
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GC-MS data 

 

 

 

Figure SM 9.1.3.2. Gas chromatogram from the dehydration product of 2-methylcyclohexanol. 
Retention time of the components: 3.34 min, 1-methylcyclohexane; 3.72 min, 3-methylcyclohexene; 
3.76 min, 4-methylcyclohexene; 3.81 min, methylidenecyclohexane; 4.24 min, 1-ethylcyclopentene; 
4.72 min, 1-methylcyclohexene. 
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Figure SM 9.1.3.3. Top: Experimental mass spectrum of the 3.34 min component (methylcyclohexane) 
in the gas chromatogram of Figure SM. 9.1.3.3. The other spectra show hits from the NIST library of 
mass spectra, with decreasing similarity going from top to bottom. 
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Figure SM 9.1.3.4. Top: Experimental mass spectrum of the 3.72 min component (3-
methylcyclohexene) in the gas chromatogram of Figure SM. 9.1.3.3. The other spectra show hits from 
the NIST library of mass spectra, with decreasing similarity going from top to bottom.  
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Figure SM 9.1.3.5. Top: Experimental mass spectrum of the 3.76 min component (4-
methylcyclohexene) in the gas chromatogram of Figure SM. 9.1.3.3. The other spectra show hits from 
the NIST library of mass spectra, with decreasing similarity going from top to bottom. 
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Figure SM 9.1.3.6. Top: Experimental mass spectrum of the 3.81 min component (methylidene-
cyclohexane) in the gas chromatogram of Figure SM. 9.1.3.3. The other spectra show hits from the 
NIST library of mass spectra, with decreasing similarity going from top to bottom. 
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Figure SM 9.1.3.7. Top: Experimental mass spectrum of the 4.24 min component (1-
ethylcyclopentene) in the gas chromatogram of Figure SM. 9.1.3.3. The other spectra show hits from 
the NIST library of mass spectra, with decreasing similarity going from top to bottom. 
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Figure SM 9.1.3.8. Top: Experimental mass spectrum of the 4.72 min component (1-
methylcyclohexene) in the gas chromatogram of Figure SM. 9.1.3.3. The other spectra show hits from 
the NIST library of mass spectra, with decreasing similarity going from top to bottom. 
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Figure SM 9.1.3.9. 1H NMR spectra of (almost) pure elimination products A-D. The signals in the 
spectra of A and B near 4.6 ppm originate from contamination with D. 
 

 

  

D

C
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Figure SM 9.1.3.10. 1H NMR spectrum of the crude dehydration product of 2-methylcyclohexanol. 
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Figure SM 9.1.3.11. Magnification of the vinylic region of the 1H NMR spectrum of the crude 
dehydration product of 2-methylcyclohexanol.  
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Figure SM 9.1.3.12. 1H NMR spectrum of the crude dehydration product of 3-methylcyclohexanol. 
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Figure SM 9.1.3.13. Magnification of the vinylic region of the 1H NMR spectrum of the crude 
dehydration product of 3-methylcyclohexanol.  
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Figure SM 9.1.3.14. 1H NMR spectrum of the crude dehydration product of 4-methylcyclohexanol. 
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 Figure SM 9.1.3.15. Magnification of the vinylic region of the 1H NMR spectrum of the crude 
dehydration product of 4-methylcyclohexanol. 
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General Remarks 
All reagents used are commercially available from Aldrich and Alfa Aesar and have been used 
without further purification, except fructose, which is commercial grade from supermarket. HPLC 
analysis have been performed on Dionex P680 pump, Dionex UVD 340S diode array detector, 
detection at 275nm , manual injector with 20µl loop, column HICHROM C18, 250x4.6mm, Rt 
(HMF) = 8.8 min or Kromasil 100, C18, 250x4.6mm. Rt (HMF) = 11.4 min. Mobile phase 
gradient from 1:99 to 50:50 for 40 min acetonitrile:water, flow 1 mL/min, The purity of HMF was 
determined by comparing the obtained integration area of HMF with other observed minor 
peaks. 
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List of CAS numbers of reagents used: 

Ethanol: [64-17-5] 

Sulfuric acid: [7664-93-9] 

Tetraethyl ammonium bromide: [71-91-0] 

Fructose: [57-48-7] 

Amberlyst 15: [39389-20-3] 

Ethyl acetate: [141-78-6] 

Silica gel: [63231-67-4] 

Acetonitrile [75-05-8] 

CDCl3 [865-49-6] 

 

Experiment overview and discussion. 
Here in is describes a batch method for the synthesis of HMF from fructose using acidic resin 
catalyst and precipitation of the reaction media. The main goal was to illustrate a very simple 
and industrially useful separation technology that may open a new opportunity for higher scale 
production of HMF (Figure SM X. 1). Alternatively, a flow process for HMF synthesis under 
homogenous acid catalyzed conditions is developed as an example of scalable, combined 
biorefinery-flow technology ( 

Figure SM X. 2). The described here in protocol is based on a simple and readily available in 
student laboratories setup, and doesn’t require expensive equipment, such as microreactors. 

 

 

Figure SM X. 1. Overview of integrated and recyclable approach for HMF synthesis and 
isolation from carbohydrates. 
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Figure SM X. 2. Overview of the flow setup for the synthesis of HMF from fructose. 

 

Batch experiment for the synthesis of HMF from fructose. 
In a typical experiment, fructose is added to tetraethylammonium bromide (TEAB) containing 
10% water as reaction media and amberlyst 15 (10% w/w of fructose) as catalyst. Water is 
required in order to suppress the formation of side products. The reaction mixture is heated with 
stirring to 100°C using a boiling water bath. During the reaction the heterogeneous reaction 
mixture turns to homogeneous and the color changes from white to deeply orange. After 15 min 
the flask is removed from the water bath and the water is evaporated using rotary evaporator. 
The reaction mixture has to be well dried prior further work up since the presence of big 
amounts of water causes lack of crystallization and formation of slurry instead of precipitate. 
The separation of the final product is achieved by precipitation of the TEAB using hot EtOH (The 
same hot water bath used for the reaction can be used to heat up the EtOH) and EtOAc. It is 
important a good quality EtOH to be used for this step (absolute ethanol if possible). A 
precipitation of the TEAB is immediately observed upon the addition of EtOAc to the hot EtOH 
solution under vigorous stirring. The TEAB and amberlyst 15 are filtered out and collected; they 
can be reused at least once in a further cycle. The mother liquor is further filtered through a 
short path of silicagel in order any traces of TEAB in the final product to be removed. After 
evaporation of the solvents using rotary evaporator, HMF is obtained as a deeply orange liquid, 
which solidify in a freezer (-12˚C). The formation of HMF and its purity can be confirmed by the 
students using TLC with mobile phase Hexane:EtOAc 3:7. Usually only one spot with Rf=0.5 is 
observed at 254 nm. Alternatively the final product can be quantified by 1H NMR and its purity 
determined by HPLC.  
The protocol has been performed more than 50 times by different researchers in our laboratory 
in scales up to 20g of fructose providing average HMF yield of 93% and 98% purity by HPLC. 
The experiment was reproduced in the teaching laboratory environment by students from the 2nd 
year of pharmaceutical science course (5 years course). Experiments entries 1-4, Table SM X. 
1 have been performed using new TEAB and amberlyst 15, while experiment presented in entry 
5, was performed with recovered TEAB and catalyst from a previous experiment. Similar results 
were observed in both cases showing that the reaction media and catalyst can be successfully 
reused for the next student’s class.  
 
Table SM X. 1. Results from the students experiments in batch conditions. 

Entry HMF Yield % HMF Purity % 
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1 94 98 

2 93 97 

3 97 97 

4 91 96 

5a 90 95 

a The reaction was performed using recovered TEAB and catalyst from the previous 
experiments (entries 1-4). 

Flow chemistry process for the production of HMF from fructose. 
Experimental procedure of an alternative flow chemistry protocol for the synthesis of HMF from 
fructose. 

Laboratory session (2 hours) 

1. Charge an Erlenmeyer flask (250 mL) with 18 g of TEAB, 2 g of fructose and 6 mL. 5% 
H2SO4 and stirrer the mixture with magnetic stir bar until it form a homogeneous solution.  

2. Connect a glass column supplied with compressed air to the flow reactor and submerge 
the reactor in a water bath. Heat the water bath on a magnetic hot plate till the water 
start to boil. 

3. Transfer the solution prepared in step 1 to the column and apply slight positive pressure 
of compressed air. Adjust the flow with the column drain to around 1 drop per 3-4 sec. 
(0.5-0.6 mL/min). Collect the reaction mixture in a round bottom flask (500 mL).  

4. Remove the flask and cool down the reaction mixture to room temperature then 
neutralize it with 0.514g NaHCO3. Add 100 mL of ethanol and remove the formed 
Na2SO4 by filtration through filter paper and evaporate the mixture using rotary 
evaporator. 

5. Wash the resulting solid with 50 mL of EtOAc, decant and collect the solvent then add 6 
mL of EtOH to the solid and heat it until it is fully dissolved. 

6. Add 300 mL of EtOAc to the hot EtOH solution under vigorous stirring and filter out the 
resulting precipitate. 

7. Prepare a filter with a path of silica gel (10 g) and filter through it the combined solutions 
from step 5 and 6. 

8. Evaporate the solvent on a rotary evaporator and determine the HMF yield. 

Additional Information 

In a typical experiment fructose is dissolved in a TEAB/5% aq. H2SO4 mixture and charged in a 
standard column for flash chromatography with a compressed air in-take (see Figure SM X. 8. ) 
connected to an in-house made reactor with exact measures to fit in a standard water bath (see 
Figure SM X. 9.). The column is supplied with slightly positive air pressure and the flow is 
adjusted using the column drain to around 1 drop per 3-4 sec. (0.5-0.6 mL/min) coming out from 
the reactor.  Special care should be taken to construct safe equipment to work under pressure. 
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The students should use protective clothing, gloves, and safety goggles. The ongoing reaction 
could be directly observed inside the reactor by the color change of the reaction mixture. After 
all the reaction mixture is collected, the H2SO4 is carefully neutralized with exactly equimolar 
amount of NaHCO3. HMF is known to be unstable under basic conditions and the use of over 
equimolar amount of NaHCO3 may lead to its decomposition. The formed during the 
neutralization Na2SO4 is separated from the reaction by filtration after the addition of sufficient 
amount of EtOH. Further isolation of the final product from the reaction mixture is performed in 
the same manner and precautions as for the batch protocol.  
The flow experiment was successfully repeated by the students providing HMF in 77% yield and 
92% purity. In one experiment the students added by mistake 10 mL of 5%H2SO4 instead of 6 
mL and in this case 65% yield and 91% purity has been observed. 

 

Hazard and safety. 

Sulfuric acid is a highly corrosive acid and may cause severe skin and eye burns. 

Ethyl Acetate is flammable and may cause CNS depression on inhalation.  

TEAB is slightly hazardous in case of skin contact (irritant), of eye contact (irritant), of ingestion.  

HMF can cause eyes and skin irritation. It may produce yellow stains on the skin which are 
considered harmless.  

CDCl3 is hazardous in case of eye contact (irritant), of ingestion, of inhalation. Slightly 
hazardous in case of skin contact (irritant). 

 

Hints for student discussion 
1. Interpret your 1H NMR spectra. Calculate the percentage yield of your isolated product based 
on your recorded mass and the theoretical yield. 

2. Propose a reaction mechanism. The students can compare their rationalization with reported 
information.  

3. Identify some green chemistry credits of this experiment namely the E-factor.  

4. Discuss the possible industrial applications of 2,5-dihydroxymethyl furan, furan-2,5-
dicarbaldehyde, furan-2,5-dicarboxylic acid. Which chemical building blocks they may replace. 

Answers of the hints for students’ discussion. 
1. Propose a reaction mechanism. The students can compare their rationalization with 

reported information.  
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Scheme SM X. 1.  Mechanism of the conversion of fructose to HMF. 

More advanced proposed mechanism based on quantum mechanics/molecular mechanics 
studies was reported in 2011 from Caratzoulas and Vlachos.1 Additional information and studies 
on the reaction mechanism using NMR techniques was reported recently by Zhang and Weitz.2  

 

2. Identify some green chemistry credits of this experiment, E-factor.  

The reaction E-factor is determined by the ratio of the amounts of wastes formed during the 
reaction (all the compounds beside the desire product) and the amount of the product of interest 
and is calculated by the following equation. 

E-factor= g(waste)/g(product) 

Batch experiment E-factor: 

The chemical equation describing the batch conversion of fructose to HMF is presented on 
Scheme SM X. 2. 1 mole of Fructose is converted in 1 mole of HMF and the only side product 
generated during the reaction is 3 moles water. 

 

Scheme SM X. 2. Batch conversion of fructose to HMF. 

 

Calculations: 

HMF, M=126.1 g/mole 
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Water, M=18.0 g/mole 

Yield – 94% 

E-factor = 3x18/126.1*0.94=0.46 

The calculated E-factor is typical for the Bulk chemicals synthesis where the usual E-factor 
values are <1-53 thus presents the great potential of this transformation for a big scale 
production. Moreover the water is an environmental friendly waste that is often not taken into 
account for the E-factor calculation4 this resulting in a real E-factor value close to 0 which is the 
ideal case. TEAB, solvents and amberlyst 15 are not considered as wastes from the reaction 
since they can be easily recovered and reused.5 

Flow experiment E-factor. 

 

Scheme SM X. 3. Chemical equation for the flow chemistry conversion of fructose to HMF. 

Calculations for 1 mole of fructose: 

HMF, M=126.1 g/mole 

Water, M=18.0 g/mole 

H2SO4, M=98.08 g/mole 

Na2SO4, M=142.04 g/mole 

CO2, M=44.01 g/mole 

Yield – 77% 

Waste from 0.27 mole H2SO4 required for 1 mole Fructose conversion: 

Na2SO4 = 0.27x142.04 = 38.35g 

CO2 = 0.27x2x44.01 = 23.77g 

Water = 0.27x2x18.01 = 9.72g 

Total = 71.84g 

E-factor = (3x18.01+71.84)/126.1*0.77= 1.29 
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TEAB and solvents are not considered as wastes from the reaction since they can be easily 
recovered and reused. 

The higher E-factor for the flow process compared to the batch one (1.29 vs. 0.46) is due to the 
homogeneous catalytic system which requires neutralization during the work-up, thus resulting 
in CO2 and Na2SO4 waste, while no additional waste is formed under heterogeneous reaction 
conditions. The calculated E-factors clearly show that heterogeneous catalysis is 
environmentally beneficial, thus leading to the idea that the full potential of this transformation 
may be achieved if heterogeneous catalysis is combined with flow chemistry. 

3. Discuss the possible industrial applications of 2,5-dihydroxymethyl furan, furan-2,5-
dicarbaldehyde, furan-2,5-dicarboxylic acid. Which chemical building blocks they can replace. 

2,5-dihydroxymethyl furan, furan-2,5-dicarbaldehyde, furan-2,5-dicarboxylic acid can be used as 
monomers in polymer synthesis.6-7 Furan-2,5-dicarboxylic acid is a potential biorenewable 
replacement monomer for terephthalic acid in polyethylene terephthalate plastics, and has been 
described as one of the building blocks of the future. 8 2,5-dihydroxymethyl furan is used in the 
production of polyurethane foams. 

 

Product NMR spectras and HPLC analysis. 
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Figure SM X. 3. Example of 1H NMR and 13C NMR spectra of HMF obtained from fructose in 2 
g scale, 98% purity by HPLC. 

 

1H NMR (300 MHz, CDCl3) δ 9.55 (s, 1H, H-10), 7.20 (d, J = 3.5 Hz, 1H, H-11), 6.50 (d, J = 3.5 
Hz, 1H, H-12), 4.69 (s, 2H, H-13+H-14), 3.07 (s, 1H, H-15). 

13C NMR (75 MHz, CDCl3) δ 177.89 (C-8), 161.19(C-1), 152.18(C-4), 123.53(C-3) , 110.04(C-2), 
57.35(C-6). 
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Figure SM X. 4. Example of HPLC chromatogram of HMF obtained in batch conditions from 
fructose in 2 g scale, 98% purity by HPLC (HICHROM C18, 250x4.6mm column). 

 

Figure SM X. 5. Example of HPLC chromatogram of HMF obtained from students using new 
TEAB and amberlyst 15® in batch conditions from fructose in 2 g scale, 97% purity by HPLC 
(Kromasil 100, C18, 250x4.6mm column) (entry 3, table 1). 

 

Figure SM X. 6. Example of HPLC chromatogram of HMF obtained from students using 
recycled Et4NBr and amberlyst 15 in batch conditions from fructose in 2 g scale 95% purity by 
HPLC (Kromasil 100, C18, 250x4.6mm column) (entry 5, table 1). 
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Figure SM X. 9. Photograph of the in-house build flow glass reactor with ongoing experiment. 
The brown color increases from the inlet to the outlet of the reactor as long as the reaction 
proceeds inside the glass tube reactor. 

 

 

Figure SM X. 10.  Overview photograph of the complete flow chemistry system with ongoing 
experiment. 
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