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Abstract

Three new multi-step one-pot processes for high-yielding cyclohexanecarbonitrile synthesis start-
ing from cyclohexanone were developed for industrial application. In contrast to the current syn-
thetic process, all of the processes described were designed to proceed completely in methanol as
a uniform solvent and the key oxidation step can be realized either as stoichiometric or catalytic.
Atom efficiency of processes is relatively advanced with high regioselectivity, reaction by-pro-
ducts are either from environmental pool—carbon dioxide and nitrogen—or they can be reused—
sodium chloride. Solvent—methanol—and other auxiliaries—cyclohexane, copper catalyst—can
be reused after recycling as well. EcoScale for all three designed processes was evaluated and
compared with current synthesis described in the past. Green chemistry metrics, including newly
introduced evaluative tool—Sustainability Index of the Synthesis (SIS), were applied to evaluate
design of described one-pot syntheses.
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1. Introduction

Cyclohexanecarbonitrile (5) is a very important intermediate for chemical and pharmaceutical industry namely
for preparation of pharmaceuticals [1]-[3] and also for some phytoeffector production [4] [5]. Common prepara-
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tive methods such as substitution reactions on cyclohexyl halides, alcohol or on cyclohexyl alkyl- or arylsulfo-
nates by alkali cyanides are not suitable processes for cyclohexanecarbonitrile industrial production. These subs-
titution reactions are frequently accompanied by the side reactions such as elimination or isomerization resulting
in a large number of side products [6]-[8]. Only when using tetramethylsilyl cyanide and cyclohexyl bromide in
the presence of tetrabutylammonium fluoride, reaction afforded satisfactory results [9] [10]. Also reaction of
cyclohexanole with tetrabutylammoniumcyanide (TBACN) proceeds very similarly [11]. To prepare (5) from
cyclohexylhalogenide only indirect route based on the application of organometallic compounds in conjunction
with p-toluensufonylcyanide [6] [12], methyl(pyrid-2-yl)carbamic chloride [13] or pyrid-2-yl-cyanate [14] is
possible. Another way to prepare (5) is reaction of cyclohexanole or cyclohexanethiole with TBACN under the
action of 2,3-dichloro-5,6-dicyano-1,4-benzoquinone [11] or 2,4,6-trichloro-1,3,5-triazine and TBACN in ace-
tonitrile [15]. Rather unsuitable method for production of cykloalkancarbonitriles especially in terms of availa-
bility of starting materials and waste disposal is based on dehydratation reaction of cycloalkane carboxylic acids
functional derivatives [16] [17]. Additional procedures for preparation of (5) are presented in literature [18]-[23].
Relatively a large number of these methods are not acceptable for (5) manufacturing but several industrial pa-
tents have been made though [24]-[27]. In the mentioned paper it is claimed that other oxidizing agents (tert-
butylhypochlorite, 4-phenyl-4H-1,2,4-triazole-3,5-dione or Jones’s reagent) can be used instead of bromine but
their application in industrial scale is irrelevant as well. Very suitable process for industrial production of (5)
utilizes hydrogen cyanide addition on cyclohexene. There is also some catalytic hydrocyanation reactions [28]
[29] generally on cyclopent-2-ene carbonitrile [30] and similar diene analogues [31] [32] described but the reac-
tion products suffer from different amount of impurities which are ineligible in subsequent steps in pharmaceut-
ical syntheses. However, catalytic hydrocyanation reactions on cyclohexene have similar disadvantages as well
[33]-[35]. Some industrial patents dealing mostly with Ni’-phosphorus complexes catalysed HCN addition to
different alkenes have been offered [31] [32] [36]-[40]. In these procedures, large amounts of Ni’-catalyst, com-
plicated phosphorus ligand, Lewis acid (e.g. anhydrous zinc chloride) are necessary [41]-[43], moreover all the
auxiliaries are slowly decomposed and must be refuelled or recycled in a rather complicated way [44]. A prom-
ising three-step synthetic preparation process of (5) starting from accessible cyclohexanone was described in
detail in Organic Syntheses [45]. In the first step, cyclohexanone (1) reacts with methyl hydrazinecarboxylate (2)
in refluxing methanol giving methyl 2-(1-hydroxycyclohexyl) hydrazinecarboxylate. Then HCN was added into
the mixture at 0°C to yield methyl 2-(1-cyanocyclohexyl) hydrazinecarboxylate (3) which was isolated in very
good yield 97% (Scheme 1). The first synthetic step affording (3) is really one-pot synthesis involving two par-
tial steps.

In the next synthetic step, the isolated (3) is oxidized with the bromine in two-phase system dichloromethane
and saturated sodium hydrogen carbonate water solution. Methyl (1-cyanocyclohexyl) diazenecarboxylate (4) is
then obtained in yield 93% (Scheme 2). After alkaline cleavage of (4) with sodium methanolate in methanol the
final product (5) is formed. After extraction with pentane followed by fraction distillation the pure cyclohex-
anecarbonitrile is isolated in yields about 80% (Scheme 3).

Nevertheless, from the manufacturing point of view the procedure has some disadvantages, e.g. isolation of
the intermediates, usage of different types of solvents, wide range of reaction temperatures, use of environmen-
tally hazardous solvent (dichloromethane), economically inconvenient application of bromine as oxidizing agent
and finally the process produces a lot of waste as well. For these reasons, there is still an interest in developing
clean, fast, inexpensive and environmentally harmless preparation methods producing the desirable product in
high yields. We would like to accomplish all the synthetic steps described above as one-pot reaction in a single
solvent.

We have tried to compare both described three-step synthesis and our one-pot reaction in terms of green che-
mistry metrics using EcoScale [46] and EATOS [47] [48] tools especially for the reason that the metrics were
not primarily designed for one-pot, domino and similar syntheses.

2. Results and Discussions
2.1. One-Pot Synthesis

In our solution we unificated the solvent first, then suitable oxidazing agent was applied with regard to waste
production and economy of the process. We also take into account easy and simple proceeding of all the reaction

steps and simple separation of the product.
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Scheme 1. First two reaction steps proceed subsequently as one-pot synthesis.
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Scheme 3. Final alkaline cleavage of 4 using sodium methanolate in methanol.

Taking into account all the demands methanol seems to be a suitable solvent for all the reaction steps and the
use of the chlorinated solvent is avoided. Sodium hypochlorite was selected as oxidizing agent for the middle
stage of the synthesis (oxidation of (3) to (4)) because it has a number of advanteges. First of all it is a sufficient
agent for intermediate (3) oxidation reacting under mild conditions in methanol (Scheme 2) and moreover its
action produces acceptable sodium chloride as waste products. Another advantage of sodium hypochlorite is its
adequate basicity which allows subsequent cleavage of compounds (4) yielding product (5) (Scheme 3) under
gradual addition of sodium hypochlorite solution to the reaction mixture. Both reaction steps proceed gradually
and generate nitrogen (environmentally neutral), carbon dioxide (contained in environmetal pool), methanol
(contained in reaction pool as solvent with possibility of recyclation) and sodium chloride (possible as secondary
raw material) as waste. In addition the reaction time is essentially shortened to ca 3 hours. Besides sodium hy-
pochlorite, the hydrogen peroxide or oxygen have been tested as oxidizing agents but these agents require pres-
ence of auxilliary Cu?*-catalyst and pH of the mixture has to be kept between 8 - 9. Although the alternative
oxidizing agents give comparable results as sodium hypochlorite, their usage in manufacturing has a few limita-
tions. When using alternative oxidizing system, more complex technology is necessary and the Cu?*-catalyst has
to be separated from the mixture and recycled (as usual for metal-containing waste waters).

Product (5) is then extracted from the reaction mixture using cyclohexane whereas the only extraction is suf-
ficient (total product isolation >99%). Extraction mixture is then divided by the distillation and methanol and
cyclohexane are easily recycled. Finally cyclohexanecarbonitrile (5) is obtained by the distillation under reduced
pressure in high purity (>99.5%). Overall yield of our one-pot procedure is higher (>95%) when compared with
Organic Syntheses multistep process giving (5) in total yield about 72%.

2.2. Green Metrics Evaluation

EcoScale evaluations [46] as a benchmark for sustainability efficiency are very well described for simple one
step syntheses, being aware of its ambiguity and limitations. Penalty points are granted according to EcoScale
rules [46] taking into account several parameters such as yield, price and safety of the chemicals used, technical
setup, temperatures used and ways of workup and purification. EcoScale does not follow reaction equations nor
quantities of the chemicals used. When trying to apply the EcoScale evaluations to compare multi-step syntheses
with similar syntheses realized as one-pot synthesis, or better as domino or other consecutive syntheses [49]
performed in one synthetic step, distorted results may be obtained. We have got a few possibilities for evaluation.
First of all we have to evaluate penalties for each item and determine EcoScale values for each reaction step

O,
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(Table 1). Overall calculation can be done summing up EcoScale values for each step.

If calculating four-step synthesis as in this case, we can consider value of 400 points (P) as a maximum for the
ideal process being decreased by penalties for the real one. But the declaration value of such a calculation can be
controversial. Moreover EcoScale value always ranges between 0-100 P for a single process. Applying the cal-
culation for cyclohexanecarbonitrile preparation according to Organic Syntheses [45] (OS) compared with our
one-pot synthesis, higher EcoScale values are obtained for one-pot process (354 P) in comparison with OS pro-
cedure (282 P) as expected but we are about to claim that the difference is not very significant and does not re-
flect innovation/invention and simplification described in our contribution. Moreover when looking at penalties
ratio of both of the processes, we can see that the final EcoScale values comparison does not respect the penal-
ties ratio and therefore we can claim that the results calculated in this way can be distorted, especially when rea-
lizing that OS process suffers by several fold higher penalties than one-pot process almost in each step.

Comparing multi-step per partes synthesis transformed into one-pot procedure to prepare the same product in
a similar way (as in this case), we can save not only penalties for intermediates work up and isolation and but
penalties for handling hazardous chemicals when isolating or purifying intermediates as well. In the case of do-
mino synthesis performed under the constant conditions (no more solvents, catalysts or other auxiliaries added,
constant temperature and pressure), evaluation results should be even more advanced when compared with mul-
ti-step process. For that reason one-pot processes derived from original multi-step procedures are expected to be
more favorable in terms of EcoScale metrics as well.

For better formulation of the reaction balance respecting penalties ratio a new indicator, Sustainability Index
of the Synthesis (SIS), should be introduced. SIS can be then calculated according the equation (Equation (1)).

SIS = EcoScale )
100
SIS can be then used as a favorable tool to evaluate overall balance of the one-pot multi-step process. First of
all we have to take into account and recognize which reaction steps proceed subsequently in one stage and
which ones are individual reaction steps necessitating intermediate isolation. If reactions proceed subsequently
without intermediate isolation, we have to sum up penalties (P) for all of the subsequent stepsand then EcoScale
value for multi-step one-pot synthesis is evaluated according to Equation (2).

N
100->"P(i)

SIS(A>N)=—7"=A____ 2

(A=>N)=—"ps @

When intermediate is isolated EcoScale values and SIS are simply calculated as described by Equation (1).

When all partial EcoScale and SIS values are calculated, SIS of the overall synthesis can be calculated by mul-

tiplying SIS values of each step (Equation (3)), similarly as it is done for overall yield of the multistep prepara-
tions [50].

SIS(A— N):ﬂSls(i) ©)

Calculating overall yield, yields of each partial reaction (formulated as a real and theoretical yield ratio) have
to be multiplied nor summed up to quantify the real balance of the compounds in the system. In the case of
overall SIS evaluation we have to proceed in the same manner. Comparing these two methods of the overall
balance calculation (Table 1) for Organic Syntheses process and our one-pot process yielding cyclohexanecar-
bonitrile, it can be clearly seen that calculation based on SIS respects penalties ratio (2.57) very well and that’s
why we can claim that SIS calculations show benefits of innovation/invention more significantly than method
based on simple sum of EcoScale values (Table 2). Moreover SIS value ranges between 0-1 and introducing this
indicator, evaluation of the multi-step processes becomes easier.

In addition advantages of one-pot synthesis indicated by EcoScale and SIS values are supported by the results
obtained by another metric tool known as EATOS (Environmental Assessment Tool for Organic Syntheses).
Software which can be obtained online [48] evaluates processes in a slightly different manner according to
chemical equations (Scheme 4) and parameters and amounts (see Experimental section for relevant numbers) of
the chemical substances inserted (price, hazard symbols and phrases and various environmental and toxicologi-
cal indicators). All computations are then performed by the EATOS software itself according to its rules. Be-
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Table 1. Summary of EcoScale and SIS values for Organic Syntheses and one-pot procedures.

. One-pot procedure
Organic Syntheses procedure

Procedure 1 (NaClO) Procedure 2 (H,0,) Procedure 3 (O,)
Penalty [46] EcoScale SIS Penalty [46] EcoScale SIS Penalty [46] EcoScale SIS Penalty [46] EcoScale SIS
P) value (P) P) value (P) P) value (P) P) value (P)
Step 1 27 73 0.60" 16 84 16 84 16 84
Step 2 13 87 ' 13 87 N 13 87 N 13 87 N
. 0.46 0.51 0.52

Step 3 29 71 0.71 10 90 15 85 16 84

Step 4 49 51 051" 7 93 7 93 7 93
Summary 118 282 0.22" 46 354 0.54" 51 349 049" 52 348 048"

“SIS value calculated according to Equation (2) and Equation (3); ““SIS value calculated according to Equation (1).

Table 2. Comparison of invention of one-pot procedures 1 - 3 for cyclohexanecarbonitrile preparation regarding OS proce-
dure (all ratios are relative to OS values).

Invention Procedure 1 (NaClO) Procedure 2 (H,0,) Procedure 3 (O,)
Invention as penalty ratio 2.57 231 227
Invention as 1/EcoScale values ratio 1.25 1.24 1.23
Invention as 1/SIS values ratio 2.46 2.23 2.18
N

+1NaCIO
—— +NaCl + N, + CO, + CH;OH Proc. 1

N=c, °]

H
|
CH +1H,0
N )L 22y +N,+ CO, + CH,OH + H,0  Proc. 2
ITI o cat. Cu®/NH,
H

+1/20,+1NH,

™ + N, + H,0 + CH,0C(O)NH, Proc. 3
cat. Cu

Scheme 4. Formal reaction equations for procedures 1 - 3 used for EATOS evaluations.

Sides basic enviromental indicators [51] such as mass index (S, in kg-kg™) or enviromental factor (E, in
kg-kg ') we used EATOS to show economical benefits of our synthetic routes as well. Environmental indices
(El, given in PEI-kg ™) correspond with potential environmental impact (PEI) of the compouds involved in the
procedure. While the first synthetic step is almost the same in both processes (Figure 1) we can see some dif-
ferences given by the need of intermediate (3) separation especially. Although one-pot procedure requires more
methanol in steps 1 and 2, it is more efficient because subsequent steps take advantage from it and moreover
methanol is easily recycled (indicated by light green color in Figure 1) in the end. In case of subsequent reaction
steps mass indexes and environmental factors (Figure 2) clearly show advantages of new synthetic routes simi-
larly as described by EcoScale and SIS tools. For better clarity Organic syntheses step 3 and 4 were considered
as one-pot process as well although these steps are carried out separately but it is not taken into account by
EATOS software but it is evident when using EcoScale tool (Table 1). In EATOS diagrams (Figure 2) values of
mass indexes and environmental factors of one-pot procedures 1 - 3 are several times (approx. 4 - 8 times) lower
than corresponding values for Organic Syntheses process and these are in good agreement with results obtained
by EcoScale and SIS. In addition satisfactory results of one-pot procedures from the view of atomic economy
and environment are supported by lower costs as it is demostrated by EATOS in the Figure 3 (economy index
Cl, in EUR-kg ™). Prices of the chemicals are based on common price lists of the commercial suppliers (Sig-
ma-Aldrich, Linde Gas) and although the prices can differ in dependence on the bulk and purity we can claim
that the costs of one-pot procedures are approximately 3 times lower than costs for Organic Syntheses procedure.
It is important to add that the costs presented in Figure 3 are based only on prices of the chemicals used and that
is why the real costs will be higher because of investment in technology, energy and human resources. From this
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Figure 1. EATOS diagram for steps 1 and 2 assessments (MU—One-pot pro-
cedure, OS—Organic Syntheses procedure).

160
140
120
Coupled products 100
80
60
40
§=l= EE
: =

30
20
T
E= 58
0 s' E s' E s' E s' E El_inEl_out EI_inEl_out EI_inEl_out EI_inEl_out

Proc.1 Proc.2 Proc.3 0S 3+4 Proc.1 Proc.2 Proc.3 0OS 3+4

Figure 2. EATOS diagrams for one-pot procedures 1 (NaClO), 2 (H,0,) and 3 (O,) and Organic Syntheses (OS) steps 3 and
4 assessment.
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point of view newly described one-pot syntheses are much more favourable than Oganic Syntheses procedure as
well as it can be deduced from the EcoScale values especially.

3. Conclusion

In conclusion, we have developed an easy one-pot preparation procedure to obtain cyclohexanecarbonitrile from
cyclohexanone using cheap and environmentally friendly oxidants (sodium hypochlorite, hydrogen peroxide or
air). According to green chemistry metric tools—EcoScale, EATOS and newly introduced SIS—each of the three
final oxidation procedures has its advantages and disadvantages but due to our experiences we consider oxidation
procedure 1 using NaClO as the most suitable one for industrial use. However, all of the one-pot syntheses pro-
ceed under mild conditions in the single solvent with good (atom) economy and with high yields and moreover
without hazardous waste, in other words, they are perfectly following Green Chemistry approaches and rules.

O,
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Figure 3. EATOS economy indexes for one-pot procedures 1 - 3
and Organic Syntheses (OS) steps 3 and 4.

4. Experimental

Cyclohexanone and cyclohexane (Acros Organics), methyl hydrazinecarboxylate, copper(ll) chloride dihy-
drate,sodium hypochlorite solution (available chlorine 10% - 13%)and cyclohexanecarbonitrile as the standard
(Sigma-Aldrich) were used as supplied.GC-MS was acquired on the HP 6890 plus/MS 5973N apparatus (Agi-
lent Technologies). FTIR spectra were carried out on the Genesis (Unicam Mattson) spectrometeras a film of
cyclohexanecarbonitrile.

Computing of EATOS values was performed using EATOS Software pack [48] and detailed description of its
application can be found in the attached software manual.

Procedures for one-pot preparation of cyclohexanecarbonitrile (5) [CAS 766-05-2].

4.1. General Procedure

Cyclohexanone (65.2 g, 0.664 mol), methyl hydrazinecarboxylate (63.8 g, 0.709 mol) and glacial acetic acid
(3.0 g, 0.050 mol) in methanol (150 ml) were refluxed in a 1500 ml three-necked flask equipped with a reflux
condenser, thermometer, magnetic stirring bar and gas-exhaust tube as long as the concentration of cyclohex-
anone declined below 0.4% (GC) (ca 60 min). Then the reaction mixture was cooled to room temperature and
liquid HCN (18.0 g, 0.666 mol) was added drop-wise over period of 1 hour. After HCN addition, methanol (210
ml) was added and then the mixture was stirred over 1 hour. Following this procedure a methanol solution of
methyl 2-(1-cyanocyclohexyl)hydrazinecarboxylate (3) was obtained.

4.2. Oxidation Procedure 1

In situ prepared solution of methyl 2-(1-cyanocyclohexyl)hydrazinecarboxylate (3) was heated to 45°C and so-
dium hypochlorite solution (460 ml) was added over 3.5 hour at temperature 45°C - 50°C. After mixture had
been stirred for another 30 min, water (150 ml) was added to dissolve precipitated sodium chloride. Extraction
was followed by 30 minutes of stirring. Then cyclohexane (300 ml) was introduced into the reaction mixture
being consequently stirred for another 30 minutes. After the separation of the organic phase cyclohexane was
removed by distillation and may be recycled. Crude product is then distilled under reduced pressure. It was ob-
tained 66.7 g (92%) of cyclohexanecarbonitrile (5).

4.3. Oxidation Procedure 2

Copper(ll) chloride dihydrate (3.0 g, 0.018 mol) was added into methanol solution of in situ obtained methyl
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2-(1-cyanocyclohexyl)hydrazinecarboxylate (3) (see general procedure). Solution prepared from hydrogen pe-
roxide (30%, 75.0 g) and 28% aqueous ammonia (2 ml) in water (15 ml) was dripped into the reaction mixture
over period of 3 hours. Temperature of the reaction mixture was kept at 40°C - 45°C and pH value between 8-9
by the controlled addition of 20% aqueous ammonia solution. After the completion of the reaction, cyclohexane
(300 ml) was poured into reaction flask and the product was then separated and purified as described above (see
oxidation procedure 1). It was obtained 65.9 g (91%) of cyclohexanecarbonitrile (5). (Water phase containing
Cu?* salt was treated with week acidic ion-exchanger to uptake metal ions).

4.4. Oxidation Procedure 3

Freshly in situ prepared methanol solution of methyl 2-(1-cyanocyclohexyl)hydrazinecarboxylate (3) was mixed
with the water solution (75 ml) of copper(ll) chloride dihydrate (3.0 g, 0.018 mol) and aqueous ammonia (28%,
2 ml). A stream of oxygen (10 ml/min) was then bubbled through the prepared mixture for 10 hours at tempera-
ture 45°C - 50°C. The pH value of reaction mixture during the whole time was kept between 8 - 9 by the con-
trolled addition of a mixture containing aqueous ammonia (20%) and methanol (1:5 vol.). When the reaction is
finished (GC-control), cyclohexane (300 ml) was added and the product then separated and purified in the same
way as described previously. It was obtained 64 g (89%) of cyclohexanecarbonitrile (5). (Water phase contain-
ing Cu®* salt was processed as mentioned above).

Cyclohexanecarbonitrile (5) was identified by a comparison of its data such as bp, FTIR spectrum and by
GC-MS with those of the standard. Boiling point (bp 75°C - 76°C /2.13 kPa; bp 69°C - 70°C /2.00 kPa [52]).
FTIR spectrum (film of substance, wavenumber/cm *: 2920, 2840 (ve.y), 2200 (ven), 1450 (Sc.i), 870 (yen), and
GC-MS (M" ca1e/M foung; 109.0886/109.0880 Da).
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