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Abstract

We have established for the first time that ionic liquids, which possess the property of Lewis
acid, can facilitate acylation of alcohols with anhydrides to form esters with photo-excitation. With
the initial finding, we then screen through different types of ionic liquids with varying counter
anions, loading, and external light or heat sources to sort out the best reaction conditions. To gain
insights into the working mechanism, the dynamic profile of the catalytic reaction was monitored by
analyzing the reaction mixture by using ‘H NMR spectroscopy. The ionic liquids can be recovered
by extractive separation from the acylation product, which meets the major theme of green
chemistry. To extend the substrate scope and applications of the new catalytic process, different
functional primary alcohols and amines were further examined. More importantly, we have utilized
the new catalytic protocol for the acetylating of salicylic acid, leading to aspirin with high

efficiency.
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An Efficient Green Protocol for Acylation of Alcohols Catalyzed by lonic Liquids
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|. Abstract

We have established for the first time that ionic liquids, which possess the property of Lewis
acids, can facilitate acylation of alcohols with anhydrides to form esters upon photo-excitation. With
the initial finding, we then screen through different types of ionic liquids with varying counter
anions, loading, and external light or heat sources in order to sort out the best reaction conditions.
To gain insights into the working mechanism, the dynamic profile of the catalytic reaction was
monitored by analyzing the reaction mixture by using 'H NMR spectroscopy. The ionic liquids can
be recovered by extractive separation from the acylation product, which meets the major theme of
green chemistry. To extend the substrate scope and applications of the new catalytic process,
different functional primary alcohols and amines were further examined. More importantly, we have
utilized the new catalytic protocol for the acetylating of salicylic acid, leading to aspirin with high

efficiency.



1. Research Incentive and Background

In chemistry experiments in high school, concentrated sulfuric acid is used as a catalyst to
synthesize Aspirin. While performing this kind of experiment, teachers always alert us to handle
the corrosive carefully since the reaction temperature rises extremely fast during the catalytic
process. Besides, the catalytic conversion to Aspirin is often not satisfactory. After reading some
related contexts, I realize that the catalytic reaction remains reversible by using concentrated
sulfuric acid as the catalyst. Therefore, the chemical conversion ratio can not be raised once the
reaction reaches equilibrium. Since then, I become curious about such kind of experiments and
spend more time studying along with intensive discussions with my chemistry teachers studying in
order to gain more insights into the catalytic esterification. Ultimately, I hope to improve the
catalytic reaction with high efficiency and safety. In Professor Chien-Tien Chen’s laboratory, there
have been a series of oxovanadium (vanadyl) species used in catalytic acylation of alcohols. The
preliminary achievement in that context has been published in Organic Letters in 2001, on page
3,869,

1 mol%
O O V(O)(OTf), o
— + -
R—XH R,)J\OJ\R, > R‘XJ\R'
CH,Cl,
X=0, NH, S R'=Me, CFs3, i-Pr, t-Bu 85-100%
t-BuO, Ph,
succinic, phthalic
phthalic
succinic ')
A
(@] @]
(@]

Notably, the vanadyl (V=0) center displays amphoteric property with polarized electron
density which is better signified as "V-O". Hence, the Vanadium center holds the property of a
Lewis acid and the oxyanion serves as a Lewis base at the same time. This amphoteric behavior
reflects the operating mechanism of the catalytic acylation reaction.

By taking advantage of the aerobic photoactivation on TiO, surface and the amphoteric

891 Profesor Chen’s group has recently succeeded in

concept for the activation of anhydride !
catalyzing acylation reaction by TiO, nanoparticle with photo-excitation in the presence of

aliphatic anhydrides.
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Besides, Chen and co-workers have used nanoparticles of different metal oxides (Y203 , WOs3,
and ZrO;) with varying particle sizes (9, 32, and 4400 nm ) in the presence of a given cooxidant
(TBHP, H,O,, or O;) under 6 different solvents (dichloromethane, toluene, THF, ether, hexane, and

ethyl acetate). The optimal reaction conditions (the following equation) requires a reaction time of

of 10 hrs (at 97% conversion), which is about 4-5 times faster than that catalyzed by normal size

TiO..
OH UV -table OAc
@A/ + Ac,O + #nmF-TiO, @A/
CH,Cl,

1 mmol 1.5 mmol 1 mol %
9 nm 81% (72h)
32nm 100% (10h)
300 nm 74% (24h)
4,400 nm 71% (24h)
> 50,000 nm 94% (48h)
control w/o TiO, 91% (96h)

Since then, we have been looking for a new catalytic protocol to further increase the reaction
rate. After extensive search of new reaction conditions, we found that TiO; in ionic liquids meets
the purpose. Therefore, our interests in using ionic liquids as reaction media in the catalytic

acylation become a rational major focus.

After screening through several control experiments, we found that ionic liquid alone can be
an efficient catalyst in the nucleophilic acyl substitution of alcohols. The preliminary finding
prompts us to further carry out a series of catalytic studies with ionic liquids. Ionic liquids are special
salt-like chemicals which exist as liquid states at ambient temperature with unique physical and
chemical properties. Our preliminary results indicate that they exhibit good reactivity in catalytic
acylation of alcohols with satisfactory reaction rates and nearly quantitative conversion. It is worth
mentioning that the ionic liquid employed can be readily recovered and re-used after the reaction
with secured safety and environmental protection issues. We describe herein the new green, catalytic
acylation protocol along with discussion on the working mechanism of the catalytic acylation by
ionic liquids.



I11.Experiment Goals
The strategies to find out a new catalytic methodology for the acylation of alcohols are listed
as follows:
1. Examine the effects of acylation when treated with different ionic liquids.

2. Examine the influence of different energy sources, including light and heat (at 40 °C ), on

acylation.

3. Find out the optimization of catalyst loadings on the catalytic acylation of 2-phenylethanol by

imidazolium hexafluorophosphate.

4. Screen the effects of different organic solvents on separating acylation products from ionic

liquids.
5. Explore substrate classes including alcohols and amines for the optimized acylation protocol.
6. Determine the reactivity profiles of different anhydrides in the acylation.

7. Demonstrate the application of the new catalytic protocol towards synthesizing Aspirin.

© The proposed new catalytic acylation protocol by ionic liquids

OH 0 0 UV source o)
o s LA - O

At
~N"SN
CgH100 C4HgO3 \—/ /\/\
I mmol 1.2 mmol PFg
CgH1sFgNoP

0.2 mmol



V. Apparatus and instruments required

1. Test tubes, capillary tubes, quartz cells, syringes, spatulas, TLC plates, developing chamber,
NMR tubes

2. Washing bottles , round-bottom flasks, separatory funnels
3. Experimental chemicals, suction funnels, vacuum pump
4. UV table ( 254 or 365 nm wavelength), rotary evaporator, column chromatographic analysis,

ultrasonic sonicator, 'H NMR spectroscopy (400 or 200 MHz NMR )

V. Experiment Procedures

1. To a quartz cell was placed 1.0 mmol of 2-phenylethanol, 1.2 mmol of acetic anhydride, and a

catalytic amount (0.2 mmol) ionic liquid as the promoter.
2. The mixture was made homogenous by ultrasonic sonicator.
3. The quartz cell was exposed under UV light in a dark chamber on top of a UV table.
4. The reaction progress was monitored by TLC (thin layer chromatography ) analysis.

5. The chemical conversion ratio was determined by "H NMR spectroscopy (200 or 400 MHz
NMR).

6. The ionic liquid was recovered by extracting the acylation product with an appropriate solvent.



V1. Research Results and Discussions

1.To examine the reactivity of acylation catalyzed by different ionic liquids with varying counter
ions (e.g., PF¢, BF4, and CI), a series of experiments were carried out for a test acylation of
2-phenylethanol with acetic anhydride.

o O UV source O
o A - Y

catalyst
1 mmol 1.2 mmol 0.2 mmol
catalyst Time Yield (%)

~n X\
N N/\/\ 2 hrs 100 %

PFg

~ RN E
N N

BF

~ J% t
N _/N/\/\ 48 hrs 58 %

Cl

N/§N+ 24 hrs 83 %
\—/

48 hrs 80 %

© Discussions: It was found that both counter anions and imidazolium cations play main
factors on influencing the rates of the model acylation reaction. Among three counter anions
examined, PF¢ leads to the best acylation reactivity. Since the polarizability of PF¢ is higher
than that of BF4and CI', the incipient imidazolium cation is less associated to PFs and is thus
more reactive towards activation of anhydride, thus facilitating the subsequent nucleophilic
acyl substation by an alcohol. Therefore, the following experiments are mainly carried out with

an ionic liquid containing PF¢ as the counter anion.



© A working mechanism is proposed as follows :

O\n/ i + \l\Té\ N/\/\
O.

PFs )
N
o DY (. GO
Gyt \e O T o
OH , @)
©/\/ NI
o O l

N
O\ﬂ/ X _ R /E . ~NZN
Ej o} PFe OH \—/ ™~

Pathway A.---[ Activatation of the anhydride by the imidazolium cation]
— Activatation of the anhydride by the imidazolium cation.

— The oxygen lone pair on the 2-phenylethyl alcohol attacks the carbonyl center of the
anhydride that is activated by imidazolium cation. A tetrahedral carbonyl addition

intermediate (TCAI) is formed resulting from n-electron shift of the carbonyl.
— The TCALI follows pathway-(1) to form ester product, acetic acid, and ionic liquid directly.

or follows pathway-(2) to form ester product and HPFs. HPF¢ further reacts with

imidazolium acetate to regenerate imidazolium hexafluorophosphate and acetic acid.



®) O

PFG_ + | )L SN
0O OH PFG O\\\\ \

o S ©/V 0

1) (2
or
PFg —_ At
N\=/N/\/\

Pathway B. ---[ Activation of the anhydride by the counter anion]
— Activatation of the anhydride by the imidazolium cation

—PF¢ attacks the carbonyl carbon of the anhydride that is activated by imidazolium cation in a
nucleophilic acyl substitution (NAS) fashion. A tetrahedral carbonyl addition intermediate
(TCAI) is formed resulting from m-electron shift of the carbonyl. A highly active acylation
intermediate, CH3C(O)PFgis formed. Although we did not have a direct evidence to verify that
the incipient formation of this highly active intermediate. The references (6) and (7) have
indicated in-situ-generated acyl triflate responsible for acylation turn-over. So the proposed
hypothetical acetyl hexafluorophosphate would follow pathway-(1) to form ester product, acetic

acid and ionic liquid directly in a subsequent NAS.

or follow pathway-(2) to form the ester product and HPFs. HPF¢ further reacts with acetate to

regenerate imidazolium hexafluorophosphate and acetic acid.
Note: List of references -- (6), (7)

o CH,Cl,/-50°C
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© The fully analyzed and stepwise details of two working mechanisms are shown as follows.
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© Table 1: The dynamic profile between acylation conversion ratio and reaction time

(Use PF¢  as a counter anion in ionic liquid to catalyze the acylation reaction of 2-phenylethanol)

o 0

o A

1 mmol 1.2 mmol

+
/\/\NAN/
0.2 mmol
PFg

UV source

Reaction time Conversion ratio ( % )

1 min R 0/,

2 min 15 %

4 min 23 %

8 min 51%

16 min 67 %

32 min 79 %

60 min 96 %
120 min 100 %

Figure 1: The dynamic profile plot between acylation conversion ratio and reaction time

100%

conversion

—r»— experimentat data

70 80 90 100 110 120 130

time(min)
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2.The effect of energy sources on the acylation reactivity catalyzed by imidazolium

hexafluorophosphate
Reaction condition Reaction time Conversion ratio (%)
UV light 2 hrs 100 %
at 40°C 10 min 100 % (5 min, 90 % )
without UV light and 40°C 2 hrs 74 %

© Discussion: According to the results of acylation conversion ratio with varying energy
sources, we found that the heating condition can speed up the reaction by a factor 12 while UV
light mediation condition can increase the Lewis acidity of the ionic liquid by activating the
imidazolium cation to its corresponding excited state. Among the two energy sources examined,
the heating condition at 40 ‘C is a lot better. But in order to further probe into other
controlling factors on such reaction, we select the photoly activation condition as the standard
experimental condition for subsequent optimization due to ease of following the reaction

progress with time.
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3.0Optimization of catalyst loadings on the catalytic acylation of 2-phenylethanol by imidazolium

hexafluorophosphate
Loading of ionic liquid (equiv) | Reaction time Conversion ( % )
1.0 2 hrs 100 %
0.5 2 hrs 100 %
0.3 2 hrs 100 %
0.2 2 hrs 100 %
0.1 2 hrs 93 %

© Discussion: Based on the results above, the chemical conversion is great than 93 % by the
use of 0.1 to 1.0 equivalent of the ionic liquid. In practical applications, we intend to minimize
the loading of the ionic liquid without considerably change of the reaction rate in catalyzing the
acylation. Therefore, the amount of the ionic liquid is reduced to 0.2 equivalent for economic

and green aspects.
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4.Screening of solvents for efficient extraction of product from the ionic liquid.

Organic solvent Observation result upon mixing with the ionic liquid

dichloromethane (CH-»ClI») miscible
THF miscible

Ether Two separate layers

Toluene Two separate layers

Hexane Two separate layers
Ethyl acetate (EA) miscible
Acetone miscible

Test: the solubility test of 2-phenylethyl acetate in organic solvents which are separable from the

ionic liquid

Organic solvent Situation
Ether Highlv soluble
Hexane soluble

Toluene soluble

© Discussion: A series of solvents including six different classes such as haloalkanes, ethers,
arenes, and alkanes, esters, and ketones with different polarity attributes are examined for the
extractive separation. The individual representatives are CH,Cl,, THF, ether, toluene, hexane,
ethyl acetate, and acetone. Because ether, hexane, and toluene are found separable from the
ionic liquid, they were tested for their relative solubility on the ester product. Ether was
chosen as the best solvent to separate the product from the ionic liquid along with its full

recovery. (Hexane and toluene are also acceptable.)

15



Recovery and reuse test for the ionic liquid after catalyzing the acylation by using ether as the

extractraction solvent

reaction time Conversion ratio ( % )
Ionic liauid 2 hrs 100 %
Recovered lonic liquid 2 hrs 100 %

© Discussion: The ionic liquid can be recovered and reused after extracting the product by
ether, hexane, or toluene. The repetitive runs of the recovered catalyst on the acylation indicate
that the acylation reactions catalyzed by the recovered ionic liquid works as equally efficient as

the original one.

5. The effects of different alcohols and amines on the catalytic acylation reactions.

O O UV source

R+ I ~  RX
\N\/:/ N+/\_/\ 0

1 mmol 1.2 mmol
PFg
(X=0 or N)
0.2 mmol
reactant Time Yield (%)
AN
| 2 hrs 100 %
pZ OH
N
NN 0
NH, 0.5 hrs 100 %

=

© Discussion: The ionic liquid can catalyze the acylation of several primary alcohols
including an allylic alcohol (entry 3) and a benzylic alcohol (entry 2). Both the acylations were
complete in 2 hours and the corresponding products are isolated in quantitative yields. A
representative benzylamine was also examined and the amide bond formation is complete in

0.5 hours.
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6.The effects of different acid anhydrides on the catalytic acylation

O o UV source O R
OH R il
Ej/V ' R)J\OJ\R } Ej/V 0O

PFg
Anhydrides Time Yield (%)
O O
O)J\ 2 hrs 100 %
@) O

)J\ )J\ 2 hrs 100 %

FsC~ ~0~ “CFs

CI\)O]\O)OK/CI 2 hrs 66 %

O (@]
*J\ JKK 24 hrs 56 %
O
O (6]
©)Lo)© 24 hrs 0%

© Discussion: The rate of acylation reactions highly depend on the electronic and steric
attributes of the anhydrides. The anhydride containing electron-withdrawing CF; group is more
reactive than acetic anhydride.. The chloroacetyl anhydride is less reactive than acetic
anhydride presumably due to the steric bulk of the Cl substituents even though Cl is an
electron-withdrawing group. Therefore, the acylation is more sensitive to the steric hindrance
of the anhydrides. The more crowded the reacting carbonyl center is, the more difficult the
acylation proceed. Therefore, pivalic anhydride is the least reactive alkanoic anhydrides. In

addition, the current catalytic acylation protocol is not amenable to aromatic anhydrides.
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7.Synthetic application towards Aspirin

CCe + AL L - A

o} catalyst
1 mmol 1.2 mmol 0.2 mmol J
catalyst condition Time Yield (%) recycle exothermic
- N
N °N 4 hrs 50 %
\—/ )
- UV source 5 hrs 67 % Yes 31°C
10 hrs 100 %
\N&N*./\/\ 10 min 26 %
=/ 40°C 1 hr 83 % Yes 31°C
PFs

3 hrs 100 %

10 min 9
H,S0, 31°C 3 hrs gg’ 0;2 No 80°C

© Discussion: When imidazolium PF¢ was used as the ionic liquid to catalyze the acylation
of Aspirin at 40 °C, the chemical conversion is 100 % in 3 hours. In marked contrast, the
acylation conversions catalyzed by sulfuric acid stop all at about 85 % for several trials. The
catalytic reaction catalyzed by the ionic liquid does not generate heat. On the other hand, the
same reaction catalyzed by sulfuric acid does raise the reaction temperature significantly and
may potentially cause great danger during large scale preparation. The use of the ionic liquid as
a new acylation and recoverable catalyst meets the high standard of modern green, organic

chemistry and augurs well for its practical applications in pharmaceutical chemistry.
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VIl. Conclusion

1. We have documented a new green, catalytic acylation protocol based on ionic liquids. The ionic
liquids show high thermostability and ease of recovery under photo-activation and thermal
conditions during the acylation. The efficieny of acylations highly depends on their counter
anions, where the most polarizable PF¢ is the best in increasing the Lewis acidic character of

the imidazolium ions.

2. Catalytic loading of imidazolium PFs can be reduced to 0.1-0.2 equivalent with intact catalytic

reactivity at 40°C.

3. The ionic liquid can be readily recovered and re-utilized again after extraction of the ester
products with ether, hexane, or toluene, which accords with the requests of modern green

chemistry.

4. The new catalytic acylation protocol can be applied to acylations of primary allylic and

benzylic alcohols and amines.

5. Aspirin can be prepared at ambient temperature under neutral conditions with 100% conversion by

useing ionic liquids as the catalysts.
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VI1Il. Future prospectives

1. Apply ionic liquids as catalysts to synthesize other flavoring (eg., banana oil and fragrants)
chemicals and other alcohol substrates containing acid-sensitive groups like

tetrahydropyranyl and t-butyldimethylsilyl ethers organic synthesis.
2. Chemoselective acylation of carbohydrate-based diols.

3.

VOSO,

OH 0 0 5mol% (0]
©/\/ + )J\O)_K . ©/\/ \g/

+

AR
NN
1.0e.q. 1.2e.q. \—/ /\/\

PFg

0.2e.q.

© Discussion: We have been making great efforts to further shorten the reaction time of
acylation. According to professor Chen’s suggestions, we add catalytic amount of VOSO; into
the reaction in view of the amphoteric and Lewis acidic character of the V=0 unit in the ionic
liquid. Therefore, the acid anhydride can be further activated with increased rate of acylation.
The preliminary result indicates that the acylation can be completed with 100 % conversion
within ten minutes. Further studies will be carried out on optimizing this new catalytic

protocol.
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X. Experimental pictures

*UV table

*Reaction under UV light

* Ultrasonic sonicator

uLTrAsonic cLeaner D150H :I N

*Extraction of ester product from the
ionic liquid with ether
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* Spectrogram of 'H NMR spectroscopy

Lo i

Conversion: 52.6 %

Integration of product

Conversion= x100%

Total integration of starting material and product
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