

Terminale STL – ETLV		Activity 2– chapter 6


Chapter 6: organic synthesis
 Benzaldehyde synthesis study

All following documents are issued from the article:
Green synthesis of natural benzaldehyde from cinnamon oil catalyzed by hydroxypropyl--cyclodextrin.
Hongyan Chen, Hongbing Ji, Xiantai Zhou, Lefu Wang, 12 June 2010. 
DOCUMENT 1: Influence of temperature on benzaldehyde yield

[image: ]
Note: column 3 should read conversion, not conversation

DOCUMENT 2: Possible mechanism

[image: ]
The possible mechanism of the alkaline hydrolysis of cinnamaldehyde catalyzed by 2-HP--CD. 

DOCUMENT 3: General procedure for the alkaline hydrolysis of cinnamaldehyde to benzaldehyde 

All reactions were performed in a 100mL glass reaction flask equipped with a condenser. In a typical experiment, cinnamaldehyde (1 mmol) was mixed with deionized water (25 mL), NaOH (0.5 g), and 2-HP--CD (1 mmol) at 323K while stirring. The reaction mixture was extracted by ethyl acetate and subsequently analyzed by GCeMS with naphthalene as an internal standard. The reproducibility for all the data was within 5%. 


· Acquiring vocabulary

	English
	French

	conversion
	

	yield
	

	mechanism
	

	a glass flask
	

	ethyl acetate
	



· Study of the synthesis
Using the documents, identify the catalyst’s simplified structure. 

What type of bond does the catalyst first create with cinnamaldehyde?

Which temperature seems ideal for the synthesis? Explain.

· Going further…

Explain what happens when ethyl acetate is added. Draw a diagram and explain orally.



Activity summary
What you must remember:
- Intermédiaires réactionnels
- Catalyseurs

Skills linked to the curriculum:

	Compétences
	Capacités à maitriser

	· ANA
	Identifier les facteurs permettant d’accélérer une réaction : changement de température, de concentration, utilisation d’un catalyseur. 
Nommer le type de réaction (acide-base, oxydation, réduction, addition, substitution, élimination). 
[bookmark: _GoBack]Comparer la stabilité des intermédiaires réactionnels (carbocation, carbanion et radical) pour interpréter la nature des produits obtenus et leur proportion relative, le mécanisme étant fourni
Identifier le catalyseur et expliquer son rôle dans un mécanisme. 

	· COM 
	Formuler et argumenter des réponses structurées 
Formuler et présenter une conclusion 
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CD-mediated hydrolysis was related with the formation of
CD/guest inclusion complex. As a result, owing to intermolecular
interactions among the inclusion complex of cinnamaldehyde with
2-HPb-CD, the hydrolysis mechanism in the present paper was
different from that without 2-HPb-CD. Based on the above exper-
imental results, a possible reaction mechanism has been proposed
for the alkaline hydrolysis of cinnamaldehyde in the presence of
2-HPb-CD (Fig. 8).



As shown in Fig. 8, first of all, 2-HPb-CD and cinnamaldehyde
can form the inclusion complex with the intermolecular hydrogen
bond OeH/O at the secondary rim. It is the hydrogen bond be-
tween aldehyde group in cinnamaldehyde and hydroxypropyl
groups in 2-HPb-CD, that is, able to facilitate formation of the ox-
ygen anion (O!) and the nucleophilic addition of external hydrox-
ide ion (OH!) to cinnamaldehyde, which results in the acceleration
of 2-HPb-CD over alkaline hydrolysis of cinnamaldehyde. Through
the retro-Aldol condensation of cinnamaldehyde in the 2-HPb-CD-
mediated alkaline solution, the target product, benzaldehyde was
produced.



3. Conclusion



The combination of DSC, UVevis, 1H NMR, ROESY, and fluores-
cence measurements was used to investigate interactions between
cinnamaldehyde and 2-HPb-CD. Because of its expanding entrance
size, 2-HPb-CD was suitable for including cinnamaldehyde. Its
association constant was 928 M!1 at 298 K. Moreover, the aldehyde
group of cinnamaldehyde formed strong hydrogen bond with the
hydroxypropyl group of 2-HPb-CD, which promoted the conversion
of cinnamaldehyde to benzaldehyde. As expected, it was demon-
strated 2-HPb-CD conferred high activity and selectivity for the
alkaline hydrolysis of cinnamaldehyde. Further investigation on
kinetics and solubilization indicated that weak molecular in-
teractions between guest and CDs had a direct relevance on their
solubilization efficiency, and the binding abilities among CDs and
substratemainly affected the hydrolysis reactivity. The benign, mild
and straightforward methodology for the conversion of cinna-
maldehyde to benzaldehyde may find its application in industry
and provide a general method for production of other similar
aldehyde or ketone fragrant compounds.



4. Experimental



4.1. General



GCeMS analysis was performed on a Shimadzu GC-MS-QP2010
plus with capillary column (Shimadzu Rtx-5MS, 30 m, 250 mm,
0.25 mm).



2-HPb-CD (average substitution degrees DS¼3.9) was purchased
from Wuhan Yuancheng Technology Development Co. Ltd. Cinna-
maldehyde was obtained from Sinopharm Chemical Reagent. Nat-
ural cinnamal oil containing of 93% cinnamaldehyde, was bought
from Fulong Spice Co. Sodium hydroxide, petroleum ether and
ethyl acetate were obtained from Guangzhou Chemical Reagent
Factory, China. All chemicals were of analytical grade andwere used
without further purification. Deionized water was applied for all
the experiments.



4.2. Preparation of the inclusion complex of cinnamaldehyde
with 2-HPb-CD



2-HPb-CD (1 mmol) and 1 mmol cinnamaldehyde were mixed
in 25 mL deionized water. After stirred at 323 K for 2 h the mixture
was utterly clear. It was frozen for 24 h in refrigerator and then
lyophilized by freeze dryer (ALPHA 1-2LD, Christ, Germany). The
white amorphous powder, which is the inclusion complex of cin-
namaldehyde with 2-HPb-CD was obtained.



4.3. Characterization of the inclusion complex



Differential Scanning Calorimetry (DSC) data were obtained on
an STA 409 PC/PG (NETZSCH Ger€atebau GmbH). Each sample
(2e6 mg) was exactly weighed in an aluminum crucible and was
heated from 313 to 673 K at the rate of 20 #C/min in nitrogen gas.



UVevis spectra were measured on a UV-2450 UVevis spec-
trophotometer (Shimadzu, Japan). The absorption spectra of cin-
namaldehyde (7.5$10!5 mol/L) were measured with different
concentrations of 2-HPb-CD (0.0, 0.5, 1.0, 2.0, 3.0, 4.0, and
5.0$10!3 mol/L).



1H NMR and 2D ROESY spectra were carried out at room tem-
perature in D2O on a Bruker Advance DRX-400 spectrometer
(Bruker BioSpin, Rheinstetten, Germany) equipped with a 5 mm
inverse probe with z-gradient coil. 1H NMR experiment was ach-
ieved with a spectral width 8012 Hz, acquisition time 2.04 s and
a relaxation delay 2 s with 32 scans. ROESY was conducted by using
the roesyetgp pulse sequence in the phase sensitive mode with
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Fig. 7. Experimental phase solubility diagrams of cinnamaldehyde for 2-HPb-CD at
298 K.



Fig. 8. The possible mechanism of the alkaline hydrolysis of cinnamaldehyde catalyzed
by 2-HPb-CD.
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CD-mediated hydrolysis was related with the formation of
CD/guest inclusion complex. As a result, owing to intermolecular
interactions among the inclusion complex of cinnamaldehyde with
2-HPb-CD, the hydrolysis mechanism in the present paper was
different from that without 2-HPb-CD. Based on the above exper-
imental results, a possible reaction mechanism has been proposed
for the alkaline hydrolysis of cinnamaldehyde in the presence of
2-HPb-CD (Fig. 8).



As shown in Fig. 8, first of all, 2-HPb-CD and cinnamaldehyde
can form the inclusion complex with the intermolecular hydrogen
bond OeH/O at the secondary rim. It is the hydrogen bond be-
tween aldehyde group in cinnamaldehyde and hydroxypropyl
groups in 2-HPb-CD, that is, able to facilitate formation of the ox-
ygen anion (O!) and the nucleophilic addition of external hydrox-
ide ion (OH!) to cinnamaldehyde, which results in the acceleration
of 2-HPb-CD over alkaline hydrolysis of cinnamaldehyde. Through
the retro-Aldol condensation of cinnamaldehyde in the 2-HPb-CD-
mediated alkaline solution, the target product, benzaldehyde was
produced.



3. Conclusion



The combination of DSC, UVevis, 1H NMR, ROESY, and fluores-
cence measurements was used to investigate interactions between
cinnamaldehyde and 2-HPb-CD. Because of its expanding entrance
size, 2-HPb-CD was suitable for including cinnamaldehyde. Its
association constant was 928 M!1 at 298 K. Moreover, the aldehyde
group of cinnamaldehyde formed strong hydrogen bond with the
hydroxypropyl group of 2-HPb-CD, which promoted the conversion
of cinnamaldehyde to benzaldehyde. As expected, it was demon-
strated 2-HPb-CD conferred high activity and selectivity for the
alkaline hydrolysis of cinnamaldehyde. Further investigation on
kinetics and solubilization indicated that weak molecular in-
teractions between guest and CDs had a direct relevance on their
solubilization efficiency, and the binding abilities among CDs and
substratemainly affected the hydrolysis reactivity. The benign, mild
and straightforward methodology for the conversion of cinna-
maldehyde to benzaldehyde may find its application in industry
and provide a general method for production of other similar
aldehyde or ketone fragrant compounds.



4. Experimental



4.1. General



GCeMS analysis was performed on a Shimadzu GC-MS-QP2010
plus with capillary column (Shimadzu Rtx-5MS, 30 m, 250 mm,
0.25 mm).



2-HPb-CD (average substitution degrees DS¼3.9) was purchased
from Wuhan Yuancheng Technology Development Co. Ltd. Cinna-
maldehyde was obtained from Sinopharm Chemical Reagent. Nat-
ural cinnamal oil containing of 93% cinnamaldehyde, was bought
from Fulong Spice Co. Sodium hydroxide, petroleum ether and
ethyl acetate were obtained from Guangzhou Chemical Reagent
Factory, China. All chemicals were of analytical grade andwere used
without further purification. Deionized water was applied for all
the experiments.



4.2. Preparation of the inclusion complex of cinnamaldehyde
with 2-HPb-CD



2-HPb-CD (1 mmol) and 1 mmol cinnamaldehyde were mixed
in 25 mL deionized water. After stirred at 323 K for 2 h the mixture
was utterly clear. It was frozen for 24 h in refrigerator and then
lyophilized by freeze dryer (ALPHA 1-2LD, Christ, Germany). The
white amorphous powder, which is the inclusion complex of cin-
namaldehyde with 2-HPb-CD was obtained.



4.3. Characterization of the inclusion complex



Differential Scanning Calorimetry (DSC) data were obtained on
an STA 409 PC/PG (NETZSCH Ger€atebau GmbH). Each sample
(2e6 mg) was exactly weighed in an aluminum crucible and was
heated from 313 to 673 K at the rate of 20 #C/min in nitrogen gas.



UVevis spectra were measured on a UV-2450 UVevis spec-
trophotometer (Shimadzu, Japan). The absorption spectra of cin-
namaldehyde (7.5$10!5 mol/L) were measured with different
concentrations of 2-HPb-CD (0.0, 0.5, 1.0, 2.0, 3.0, 4.0, and
5.0$10!3 mol/L).
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perature in D2O on a Bruker Advance DRX-400 spectrometer
(Bruker BioSpin, Rheinstetten, Germany) equipped with a 5 mm
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Fig. 7. Experimental phase solubility diagrams of cinnamaldehyde for 2-HPb-CD at
298 K.



Fig. 8. The possible mechanism of the alkaline hydrolysis of cinnamaldehyde catalyzed
by 2-HPb-CD.
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Scheme 2. The isolated yield of benzaldehyde was 61% based on the
natural cinnamon oil used. This is because of the effective activation
of cinnamaldehyde via complexation with 2-HPb-CD.



2.3. Kinetic studies



In order to investigate the catalytic nature of the present system,
the reaction kinetics in the presence or absence of 2-HPb-CD were
studied using the initial concentration method. The obtained rate
orders and rate constants were listed in Table 3.



From Table 3, it was concluded that the rate orders were nearly
equal to 1 for all cases, which indicated that the hydrolysis of cin-
namaldehyde or its inclusion complex with 2-HPb-CD was first-
order reaction. The rate constants apparently increasedwith raising
reaction temperature. Furthermore, the rate constants for the
2-HPb-CD systemwere higher than that without 2-HPb-CD, which
suggested the hydrolysis rate for the 2-HPb-CD system was much
higher than that without 2-HPb-CD. Fig. 6 shows an Arrhenius
analysis for Table 3. The plots were linear and the calculated acti-
vation energy Ea from the slopes was 41.72 kJ/mol for the 2-HPb-CD
system and 57.11 kJ/mol for the blank experiment, respectively.
Obviously, 2-HPb-CD decreased the activation energy of the hy-
drolysis reaction, and it enhanced the selectivity for benzaldehyde.
As a result, 2-HPb-CD was an efficient catalyst for the hydrolysis of
cinnamaldehyde to natural benzaldehyde.



The catalytic proficiency ((kcat/KM)/kuncat) provides a measure
for the catalytic effect of the supramolecular catalysts, that is,
a measure of how affinity affects the reaction compared with the
uncatalyzed reaction under similar conditions.33,34 For 2-HPb-CD,
the catalytic proficiencies was 3.48!103 M"1 at 298 K. The data
suggested that the catalytic hydrolysis effects primarily depended
on the KM values for the CDs, in other words, CDs can activate
cinnamaldehyde by forming hosteguest include complex and
promote the hydrolysis reaction.



2.4. Solubilization studies



In order to further characterize how the weak interactions
between host and guest affected reactivity, the influence of 2-HPb-
CD on the apparent solubility of cinnamaldehyde inwater had been
investigated, as listed in Table 4. Not surprisingly, the hydrophilic
CD derivate was much effective for increasing the apparent solu-
bility (increased 18.8-folds at 40% w/w). The phase diagram (Fig. 7)
showed a linear increase of guest solubility as a function of 2-HPb-
CD concentration though a slightly negative deviation at higher
concentrations and was classified as AL type, indicating formation
of a 1:1 stoichiometry complex. Great increase of cinnamaldehyde
solubility in water enlarges the contact area of the two phases,
resulting in acceleration of reaction and increase the yield for the
target production.



These results suggested that the intensity and the pattern of
molecular interactions between guest and the CDs had a direct
consequence on their solubilization efficiency. The intramolecular
hydrogen bonding formed between the hydroxyl groups at the
C3 of the glucose units and the hydroxyl alcohol enhances the
2-hydroxypropyl groups at the O2 positions to adopt a more
spread-out configuration, that is, the O2 hydroxypropyl sub-
stitution increases the size of cavity for the natural b-CD (diameters
of the natural b-CD cavity: 6.0e6.5 !A).31 This feature was man-
ifested as the remarkable enhancement of binding and solubility of
the cinnamaldehyde/2-HPb-CD inclusion complex.



2.5. Proposed reaction mechanism



In fact, the mechanism of alkaline hydrolysis of cinnamaldehyde
to benzaldehyde was considered as retro-Aldol condensation and
base acted as nucleophile. It waswell known that themechanism of



Table 2
Influence of 2-HPb-CD on the hydrolysis of cinnamaldehyde under different reaction
temperature



Temperature
(K)



Reaction
time (h)



Conversation of
cinnamaldehyde (%)



Yield of
benzaldehyde (%)



313 6 86 52
323 5 95 70
333 4 90 68



Reaction condition: 2-HPb-CD/cinnamaldehyde (mol/mol）¼1:1, cinnamaldehyde
(1 mmol), NaOH (0.5 g), H2O (25 mL).



Table 3
The rate orders (n) and rate constants (k) of the alkaline hydrolysis of cinnamalde-
hyde at different reaction temperatures



T (K) na nb ka (min"1) kb (min"1)



313 0.87 1.01 0.0178 0.0532
323 1.06 1.11 0.0428 0.0888
333 0.97 1.08 0.0722 0.1410
343 1.02 1.16 0.1260 0.2170



a In the absence of 2-HPb-CD.
b In the presence of 2-HPb-CD.
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Fig. 6. Arrhenius plots of the rate constants for the alkaline hydrolysis.
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Scheme 2. Large-scale alkaline hydrolysis of natural cinnamal oil to benzaldehyde
catalyzed by 2-HPb-CD.



Table 4
Apparent solubility of cinnamaldehyde in cyclodextrin solutions with different
concentration at 298 K



CD CD concentration
(w/w) %



Cinnamaldehyde
solubility (mg/mL)



Solubility
enhancement
factor



None 0.0 4.33 1.00
2-HPb-CD (DS¼3.9) 1.5 5.85 1.35



10.0 25.40 5.87
20.0 49.95 11.54
40.0 81.43 18.81



H. Chen et al. / Tetrahedron 66 (2010) 9888e9893 9891
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Scheme 2. The isolated yield of benzaldehyde was 61% based on the
natural cinnamon oil used. This is because of the effective activation
of cinnamaldehyde via complexation with 2-HPb-CD.



2.3. Kinetic studies



In order to investigate the catalytic nature of the present system,
the reaction kinetics in the presence or absence of 2-HPb-CD were
studied using the initial concentration method. The obtained rate
orders and rate constants were listed in Table 3.



From Table 3, it was concluded that the rate orders were nearly
equal to 1 for all cases, which indicated that the hydrolysis of cin-
namaldehyde or its inclusion complex with 2-HPb-CD was first-
order reaction. The rate constants apparently increasedwith raising
reaction temperature. Furthermore, the rate constants for the
2-HPb-CD systemwere higher than that without 2-HPb-CD, which
suggested the hydrolysis rate for the 2-HPb-CD system was much
higher than that without 2-HPb-CD. Fig. 6 shows an Arrhenius
analysis for Table 3. The plots were linear and the calculated acti-
vation energy Ea from the slopes was 41.72 kJ/mol for the 2-HPb-CD
system and 57.11 kJ/mol for the blank experiment, respectively.
Obviously, 2-HPb-CD decreased the activation energy of the hy-
drolysis reaction, and it enhanced the selectivity for benzaldehyde.
As a result, 2-HPb-CD was an efficient catalyst for the hydrolysis of
cinnamaldehyde to natural benzaldehyde.



The catalytic proficiency ((kcat/KM)/kuncat) provides a measure
for the catalytic effect of the supramolecular catalysts, that is,
a measure of how affinity affects the reaction compared with the
uncatalyzed reaction under similar conditions.33,34 For 2-HPb-CD,
the catalytic proficiencies was 3.48!103 M"1 at 298 K. The data
suggested that the catalytic hydrolysis effects primarily depended
on the KM values for the CDs, in other words, CDs can activate
cinnamaldehyde by forming hosteguest include complex and
promote the hydrolysis reaction.



2.4. Solubilization studies



In order to further characterize how the weak interactions
between host and guest affected reactivity, the influence of 2-HPb-
CD on the apparent solubility of cinnamaldehyde inwater had been
investigated, as listed in Table 4. Not surprisingly, the hydrophilic
CD derivate was much effective for increasing the apparent solu-
bility (increased 18.8-folds at 40% w/w). The phase diagram (Fig. 7)
showed a linear increase of guest solubility as a function of 2-HPb-
CD concentration though a slightly negative deviation at higher
concentrations and was classified as AL type, indicating formation
of a 1:1 stoichiometry complex. Great increase of cinnamaldehyde
solubility in water enlarges the contact area of the two phases,
resulting in acceleration of reaction and increase the yield for the
target production.



These results suggested that the intensity and the pattern of
molecular interactions between guest and the CDs had a direct
consequence on their solubilization efficiency. The intramolecular
hydrogen bonding formed between the hydroxyl groups at the
C3 of the glucose units and the hydroxyl alcohol enhances the
2-hydroxypropyl groups at the O2 positions to adopt a more
spread-out configuration, that is, the O2 hydroxypropyl sub-
stitution increases the size of cavity for the natural b-CD (diameters
of the natural b-CD cavity: 6.0e6.5 !A).31 This feature was man-
ifested as the remarkable enhancement of binding and solubility of
the cinnamaldehyde/2-HPb-CD inclusion complex.



2.5. Proposed reaction mechanism



In fact, the mechanism of alkaline hydrolysis of cinnamaldehyde
to benzaldehyde was considered as retro-Aldol condensation and
base acted as nucleophile. It waswell known that themechanism of
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Influence of 2-HPb-CD on the hydrolysis of cinnamaldehyde under different reaction
temperature
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Yield of
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313 6 86 52
323 5 95 70
333 4 90 68



Reaction condition: 2-HPb-CD/cinnamaldehyde (mol/mol）¼1:1, cinnamaldehyde
(1 mmol), NaOH (0.5 g), H2O (25 mL).
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The rate orders (n) and rate constants (k) of the alkaline hydrolysis of cinnamalde-
hyde at different reaction temperatures
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Fig. 6. Arrhenius plots of the rate constants for the alkaline hydrolysis.
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Scheme 2. Large-scale alkaline hydrolysis of natural cinnamal oil to benzaldehyde
catalyzed by 2-HPb-CD.



Table 4
Apparent solubility of cinnamaldehyde in cyclodextrin solutions with different
concentration at 298 K



CD CD concentration
(w/w) %



Cinnamaldehyde
solubility (mg/mL)



Solubility
enhancement
factor
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