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A METHOD OF SYNTHESIZING CELLULOSE CARBONATE

Cross-Reference To Related Application

[0001] This application claims the benefit of priority of Singapore Patent Application
No. 10201703736P, filed 5 May 2017, the content of it being hereby incorporated by

reference in its entirety for all purposes.

Technical Field

[0002] The present disclosure relates to a method of synthesizing cellulose carbonate.

Background

[0003] Cellulose carbonates are a promising class of cellulose derivatives, which can
be used to fabricate films and fibers. However, the advancement and applications of
these materials are hindered by their synthetic methods.

[0004] Since 1971, cellulose carbonates are specifically synthesized by reacting
cellulose with chloroformates. The chloroformates, however, are toxic, highly reactive
and expensive.

[0005] In 2015, it was reported that cellulose methyl carbonate may be synthesized
with dimethyl carbonate in the ionic liquid-electrolyte trioctylphosphonium acetate
([P8881][OACc])/DMSO or 1-ethyl-3-methylimidazolium acetate ([emim][OAc]). This
method, however, is not only limited to synthesis of cellulose methyl carbonate, but
the ionic liquids are also expensive, toxic and difficult to recycle.

[0006] There is thus a need to provide for a method of synthesizing cellulose
carbonates that ameliorates or resolves one or more of the above issues. The method
should at least provide for the synthesis of cellulose carbonates from inexpensive and

common feed stocks.

Summary
[0007] In one aspect, there is provided for a method of synthesizing cellulose

carbonate, comprising:
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mixing a solution comprising dimethyl sulfoxide and cellulose with an organic
base in the presence of carbon dioxide to form a cellulose solution comprising

cellulose carbonate anions, wherein the organic base is represented by a formula of:

Ry
N‘ -
R, )\ Rs
R4 Rs
wherein each of R, R; and Rj is C;-Cyg alkyl;
wherein each of R4 and Rs is hydrogen or C;-Cyy alkyl;
contacting the cellulose solution with one or more organochlorides in the

presence of carbon dioxide to form the cellulose carbonate; and

adding an alcohol or water to precipitate the cellulose carbonate.

Detailed Description

[0008] The embodiments that are described in the present disclosure are in sufficient
detail to enable those skilled in the art to practice the invention. Other embodiments
may be utilized and structural, and logical changes may be made without departing
from the scope of the invention. The various embodiments are not necessarily
mutually exclusive, as some embodiments can be combined with one or more other
embodiments to form new embodiments.

[0009] Features that are described in the context of an embodiment may
correspondingly be applicable to the other embodiments, even if not explicitly
described in these other embodiments. Furthermore, additions and/or combinations
and/or alternatives as described for a feature in the context of an embodiment may
correspondingly be applicable to the same or similar feature in the other
embodiments.

[0010] The present disclosure relates to a method of synthesizing cellulose carbonate.
Specifically, the present disclosure relates to a method of synthesizing cellulose
carbonate from cellulose and an organochloride, using CO, and an organic base.
[0011] Advantageously, the present method is beneficial to the environment as it
utilizes CO, as a feed stock, which is an abundant greenhouse gas, and converting the

greenhouse gas CO» into cellulose carbonate.
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[0012] The present method serves as an economic route for synthesizing cellulose
carbonates as it utilizes common and inexpensive feed stocks, such as CO, and
organochlorides, instead of expensive and toxic materials, such as chloroformates.
[0013] The present method is versatile in that it is not limited to a specific type of
organochlorides but various types of organochlorides cah be utilized for synthesizing
cellulose carbonates. Various types of cellulose carbonates can therefore be
synthesized from the various types of organochlorides.

[0014] Advantageously, the present method allows for synthesis of cellulose
carbonate using mild reaction conditions, i.e. room temperatures of 20°C to 40°C and
1 atm (101,325 Pa) CO..

[0015] In the present method, cellulose, which is known to have difficulty dissolving
in water and most organic solvents, can be rapidly dissolved in dimethyl sulfoxide
(DMSO) through the use of an organic base, and converted to cellulose carbonate
anion using CO;. The organic base may be an aprotic organic base including, but not
limited to, 2-tert-butyl-1.1,3,3-tetramethylguanidine (BTMG). The cellulose carbonate
anions, which possess the -OCOO™ groups, act as strong nucleophiles that can attack
an alpha-carbon of an organochloride to form cellulose carbonate.

[0016] Having outlined various advantages of the present method, definitions of
certain terms are first discussed before going into details of the various embodiments.
[0017] The term “aprotic” as used herein refers to a substance that does not donate
hydrogen or hydrogen ion. For example, an aprotic organic base would refer to an
organic base that does not donate hydrogen or hydrogen ion.

[0018] The term “alkyl” as used herein, as a group or part of a group, refers to a
straight or branched aliphatic hydrocarbon group, including but not limited to, a C—
Cy alkyl, C;—Cj, alkyl, a C;-Cyg alkyl, a C;-Cg alkyl. Examples of suitable straight
and branched C,-Cg¢ alkyl substituents include methyl, ethyl, n-propyl, 2-propyl, n-
butyl, sec-butyl, t-butyl, hexyl, and the like. Alkyl groups may be substituted or
unsubstituted.

[0019] The expression “cellulose-OCOO™ as used herein refers to a cellulose

carbonate anion.
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[0020] The expression “cellulose-O™ as used herein is to specifically refer to a
deprotonated cellulose or that the hydroxyl group of the cellulose has been
deprotonated.

[0021] The expression “cellulose-OH” as used herein is to specifically refer to the OH
group attached to the cellulose. For example, when a molar ratio of BTMG to
cellulose-OH 1is 1:1, this means that the molar ratio of BTMG with respect to a
hydroxyl group of the cellulose is 1:1, and the molar ratio of BTMG to one repeating
unit (see scheme 3 in the example section) of cellulose would be 3:1.

[0022] The word “substantially” does not exclude “completely” e.g. a composition
which is “substantially free” from Y may be completely free from Y. Where
necessary, the word ‘“‘substantially” may be omitted from the definition of the
invention.

€697 <
a

[0023] In the context of various embodiments, the articles “a”, “an” and “the” as used
with regard to a feature or element include a reference to one or more of the features
or elements.

[0024] In the context of various embodiments, the term “about” or “approximately”
as applied to a numeric value encompasses the exact value and a reasonable variance.
[0025] As used herein, the term “and/or” includes any and all combinations of one or
more of the associated listed items.

[0026] Unless specified otherwise, the terms "comprising" and "comprise”, and
grammatical variants thereof, are intended to represent "open" or "inclusive" language
such that they include recited elements but also permit inclusion of additional,
unrecited elements.

[0027] Having defined the various terms as mentioned above, details of the various
embodiments are now described below.

[0028] In the present disclosure, there is provided for a method of synthesizing
cellulose carbonate, the method comprising mixing a solution comprising dimethyl
sulfoxide and cellulose with an organic base in the presence of carbon dioxide to form

a cellulose solution comprising cellulose carbonate anions, wherein the organic base

is represented by a formula of:
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RZ\N/LN/R:)\

Lok
wherein each of Rj, R; and Rj is C-Cyy alkyl, wherein each of R4 and Rs is hydrogen
or C;-Cy alkyl, contacting the cellulose solution with one or more organochlorides in
the presence of carbon dioxide to form cellulose carbonate, and adding an alcohol or
water to precipitate the cellulose carbonate.
[0029] The first part of the method, which involves mixing the solution comprising
dimethyl sulfoxide and cellulose with the organic base in the presence of CO», e.g. at
room temperature, helps to dissolve the cellulose rapidly to form a cellulose solution
comprising a “self-forming switchable” cellulose carbonate anion. Such a cellulose
solution may be referred to as a “switchable system” in the present disclosure. While
the first part of the present method is carried out at mild reaction conditions, the
cellulose not only dissolves in the dimethyl sulfoxide solvent but also dissolves faster
compared to conventional solvents. An example of the mild reaction conditions may
be 1 atm (101,325 Pa) CO, and 22°C.
[0030] The switchable system is different in nature compared to conventional
switchable ionic compounds. The switchable system refers to the solution of cellulose
carbonate anion which is switchable as shown in the scheme below, depicting BTMG

as a non-limiting example of the organic base. “n” in the scheme below may be from

1 to 100,000.

OH H )4
~
. N
e} X
o SN
oH R .
Cellulose BTMG Cellulose carbonate anion [BTMG-H]"

[0031] From the scheme shown above, the switching can be triggered by CO,, which
is abdundant in nature, without any alcohol. Hence, the use of alcohol for the
dissolution of cellulose can be circumvented. As the reaction allows the cellulose

carbonate anion to be converted (i.e. switched) between cellulose and cellulose
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carbonate anion, the present solution system may be called a “switchable system” or a
cellulose solution of “self-forming switchable” cellulose carbonate anion.

[0032] Even though the first part of the present method is mainly used to dissolve
cellulose, the cellulose that has been dissolved in the first part can be regenerated
before contacting the one or more organochlorides based on the scheme above. The
cellulose can be regenerated into useful materials, such as fibres and films. The
regenerated cellulose can be re-dissolved based on the switchable system shown in the
above scheme.

[0033] As described above, dimethyl sulfoxide serves as the organic solvent for
cellulose to be dissolved in. That is to say, the organic base is not a solvent for
dissolving the cellulose. Rather, the organic base is used to deprotonate cellulose.

[0034] As mentioned above, the organic base is represented by the formula below.

N
R2\N/kN/R3

Ll
[0035] In various embodiments, each of R;, R, and Rj; in the above formula may be
C;-Cyp alkyl, C-Cyg alkyl or C;-Cg alkyl. In various embodiments, each of R4 and Rs
in the above formula may be hydrogen or C;-Cyg alkyl, C;-C;g alkyl or C;-Cq alkyl.
Organic bases encompassed by the above formula and usable in the present method
may comprise 2-tert-butyl-1,1,3,3-tetramethylguanidine (BTMG), 1,2,3-
triisopropylguanidine (TIPG), 2-butyl-1,3-diisopropylguanidine (BDPG), or their
combination thereof. The organic bases used in the present method may be called
aprotic organic bases as they do not donate, but accept hydrogen or hydrogen ion(s)
when used for deprotonating cellulose. In some embodiments, the organic base may

be BTMG. The organic bases mentioned above are shown below.
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BTMG TIPG BDPG
(2-tert-butyl-1,1,3,3-tctramethylguanidine)  {1,2,3-triisopropylguanidine)  (2-butyl-1,3-diisopropylguamdine)

[0036] While there may be conventional chemicals such as 1,1,3,3-
tetramethylguanidine (TBG), 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) and
phosphazene base (P,-Et) that can be used to dissolve cellulose by forming switchable
ionic systems, the cellulose carbonates resulting from the use of such conventional
chemicals unfortunately tend to suffer from poor degree of substitution (DS), i.e. only
a small number of hydroxy groups are transformed to cellulose carbonates in the

product. The chemical structure of these conventional chemicals and BTMG are

K :

1 N
\N/kN/ \N)I\N/
o | |

BTMG T™MG
2-(tert-butyl)-1,1,3,3-tetramethylguanidine 1,1,3,3-tetramethylguanidine

N ~ /L
CO v NNy
N N—P=N—P—N
N /) oo

shown below.

P N N
bBU P,-Et
1,8-Diazabicyclo[5.4.0lundec-7-ene Phosphazene Base

[0037] Advantageously, aprotic organic bases such as those disclosed herein,
including but not limited to, BTMG, produces cellulose carbonates with DS up to 1.8,
which is not expected for the present method where cellulose carbonates are
synthesized from common feedstocks (i.e. CO, and organochlorides) at mild
conditions (room temperature and 1 atm (101,325 Pa) CO,). Therefore, the present

method is advantageous for the synthesis of cellulose carbonates.
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[0038] In various embodiments, the mixing may be carried out at a temperature of
20°C to 40°C, 25°C to 40°C, 30°C to 40°C, 35°C to 40°C, 20°C to 35°C, 25°C to
35°C, 30°C to 35°C, 20°C to 30°C, 25°C to 30°C, 20°C to 25°C, etc. In some
embodiments, the mixing may be carried out at a temperature of 22°C.
Advantageously, the present method of synthesizing cellulose carbonate does not
require temperatures higher than room temperatures, such as the temperatures
specified above.

[0039] In various embodiments, the carbon dioxide in the mixing step, and the
contacting step, rhay have a pressure of at least 1 atm (101,325 Pa). For example, the
CO, pressure may be 1 atm (101,325 Pa) to 20 atm (2,026,500 Pa). In various
embodiments, the CO; pressure may be 1 atm (101,325 Pa).

[0040] The present method is also advantageous because it is not restricted but
applicable to various types of cellulose. In various embodiments, the cellulose used
may comprise microcrystalline cellulose, amorphous cellulose or cotton. The cellulose
used may also be a combination of such celluloses.

[0041] In various embodiments, the cellulose dissolution in the first part of the
method (i.e. the mixing step) may occur at different molar ratios of organic base to
cellulose-OH. The molar ratio of organic base to cellulose-OH is used to specifically
refer to the molar ratio between the organic base and a hydroxyl (OH) group of the
cellulose. This is not to be confused with a molar ratio of organic base to cellulose, as
cellulose is made up of repeating units each having three hydroxyl groups, where a

single repeating unit is shown below.

puormos

OH

O

HO
OH

Cellulose

[0042] If the molar ratio of organic base to cellulose is used instead of organic base to
cellulose-OH, then a molar ratio of 3:1 should be used instead of 1:1. Having
discussed the significance of the expression of “cellulose-OH”, the mixing may be
carried out based on a molar ratio of organic base to cellulose-OH ranging from 0.50

to 3.00 according to various embodiments. Advantageously, by employing a ratio as
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discussed above, a higher concentration of cellulose in the solution may be obtained.
In some embodiments, the molar ratio of organic base to cellulose-OH may be 1 to 1.
In some instances, where BTMG is used as the organic base, the BTMG may be
mixed with the cellulose in a molar ratio of BTMG to cellulose-OH ranging from 0.50
10 3.00, 1 to 1, etc.

[0043] In various embodiments, the cellulose solution, formed from the mixing step,
may further comprise cellulose-O™ anions and/or a protonated form of the organic
base. This is because the cellulose-OH loses the hydrogen to the aprotic organic base
and form an intermediate deprotonated cellulose, i.e. cellulose-O". The intermediate is

shown in the scheme below, where the circle illustrates the backbone of cellulose.

WK

\T" ril/

—N
Microcrystalline \ .
cellulose with BTMG CO, [BTMG-H}
hydrogen bonding

network

Cellulose carbonate anion

l R/\CI
O
O)I\O/\R

Cellulose carbonates

[0044] As shown in the above scheme, the intermediate deprotonated cellulose may
react with CO; for the reaction to proceed to form cellulose carbonate anions. Where
BTMG is used as the organic base, the protonated form of the organic base may
comprise [BTMG-H]". Thus, in embodiments where BTMG is used, the cellulose
solution, formed from the mixing step, may further comprise [BTMG-H]" and/or the
cellulose-O™ anions.

[0045] In various embodiments, the second part of the method involves contacting the
cellulose solution with one or more organochlorides. The contacting may be carried
out at a temperature of 20°C to 40°C, 25°C to 40°C, 30°C to 40°C, 35°C to 40°C,
20°C to 35°C, 25°C to 35°C, 30°C to 35°C, 20°C to 30°C, 25°C to 30°C, 20°C to
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25°C, etc. In some embodiments, the mixing may be carried out at a temperature of
22°C. The contacting may be carried out in the presence of CO,. The CO, may be at a
pressure of at least 1 atm (101,325 Pa). For example, the CO, pressure for the
contacting step may be 1 atm (101,325 Pa) to 20 atm (2,026,500 Pa). In various
embodiments, the CO; pressure for the contacting step may be 1 atm (101,325 Pa).
[0046] In various embodiments, the contacting step may be carried out for a duration
of 1 hour to 72 hours. The duration may be used to control the degree of substitution
of the resultant cellulose carbonate. By employing a longer duration for the reaction, a
higher degree of substitution may thus be obtained.

[0047] In various embodiments, the one or more organochlorides may be selected
from the group consisting of benzyl chloride, 4-(trifluoromethyl) benzyl chloride, 4-
methylbenzyl chloride, 4-(tert-butyl)benzyl chloride, 4-methoxybenzyl chloride, 3,4-
dichlorobenzyl chloride, 2,4-dichlorobenzyl chloride, N-(4-(chloromethyl)phenyl)-4-
(trifluoromethyl)benzamide, N-(4-(chloromethyl)phenyl)benzamide, 4-chloro-N-(4-
(chloromethyl)phenyl)benzamide, and ethyl chloroacetate. Some examples of

organochlorides are shown below.

o cl cl a cl ci cl
c
¢l
CFy CH; tBu OCH, a cl
(@) {b) {© {d) 0 (@

) {e)
Benzyl Chloride  4-(trifluoromethyl)  4-methylbenzyl chioride  4-(ferf-butyl)benzyl ~ 4-methoxybenzyl  3.4-dichlorobenzyi 2 4-dichlorobenzyl
benzy! chloride chioride chioride chioride chioride

F, CO—NH Q
! )/"@“\ QN;_@_\ m@w ~ )J\/C,
0 a d ol O}"@ﬂm 0
h i a0 {0

(h}
N-(4-{chloromethyl)phenyl)- N-{4-{chloromethyljphenyljbenzamide  4-chloro-N-{d-{chloromethyljphenyljbenzamide  Ethyl chioracetate

4-rifluoromethyl)benzamide
[0048] After the cellulose carbonate is formed from reacting the cellulose carbonate
anions with the one or more organochlorides, the resultant cellulose carbonate may be
obtained by precipitation. In various embodiments, the cellulose carbonate may be
precipitated by using alcohol or water. The alcohol, for example, may comprise
methanol or ethanol. Other suitable alcohols may be used. The water may comprise
deionized water.
[0049] In various embodiments, the cellulose carbonate, as synthesized from the

present method, may comprise repeating units each represented by a formula of:
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[0050] wherein each of the R may be independently selected from the group

consisting of
- - - > g/ .~
SR :
O °
o

[0051] CF3 CHa Bu , OCH, ¢ &

FSC@NH C NH D c:@-m C
o n'«f\“’ , o , 3 ,
o
\/\o)k/?

[0052] In various embodiments, the resultant cellulose carbonate generated via the

and

present method may also be represented by the formula:

OR
-~ OR o=< 7
0{ 0
0
O N
// o
B o A4n
o
OR

[0053] wherein R is as defined above and n may be from 1 to 100,000.

[0054] The cellulose carbonates generated in the present method can further undergo
acetylation. Thus, after generating the cellulose carbonates according to the present
method, there may be a step of mixing the cellulose carbonate(s) with an organic

medium comprising dimethylformamide, pyridine and acetic anhydride. The mixing
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may be carried out for 24 hours at 50°C to 70°C. Thereafter, an aqueous medium
comprising NaHCO3 may be added.

[0055] While the methods described above are illustrated and described as a series of
steps or events, it will be appreciated that some steps, for example, may occur in
different orders and/or concurrently with other steps or events apart from those
illustrated and/or described herein. In addition, not all illustrated steps may be
required to implement one or more aspects or embodiments described herein. Also,
one or more of the steps depicted herein may be carried out in one or more separate

acts and/or phases.

Examples

[0056] The present disclosure relates to a method of synthesizing cellulose carbonate.
In summary, the present method involves a rapid step of dissolving cellulose with an
organic base in the presence of CO, to form a cellulose solution. One example of the
organic base is 2-(fert-butyl)-1,1,3,3-tetramethyl guanidine (BTMG), and the CO,
may be at 1 atm (101,325 Pa). In the obtained cellulose solution, the cellulose
carbonate anions, i.e. cellulose-OCOO™ groups, was converted from cellulose-OH.
Subsequently, an organochloride is added to the cellulose solution. A nucleophilic
substitution occurs between the cellulose carbonate anions and organochloride at
room temperature (e.g. 20°C to 40°C) and 1 atm (101,325 Pa) CO, to produce
cellulose carbonates. The reaction condition is mild and the feed stocks (CO, and
organochlorides) are common and inexpensive. All the obtained cellulose carbonates
are useful materials.

[0057] The present method and uses of the cellulose carbonates derived from the
present method, are described in the examples below.

[0058] Example 1: Materials and Characterization Used

[0059] All manipulations were carried out under an atmosphere of nitrogen or argon
by using standard Schlenk line techniques. 'H and “C-NMR (nuclear magnetic
resonance) spectra were recorded in DMSO-ds on a BRUKER 400 MHz spectrometer.
FT-IR (Fourier Transform-Infrared) spectra were recorded on Perkin Elmer Spectrum

2000 FT-IR Spectrometer. Benzyl chloride (99%), 4-(trifluoro)benzyl chloride (98%),
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4-(tert-butyl)benzyl chloride (99%), 4-methylbenzyl chloride (98%), 4-
methoxybenzyl chloride (98%), ethyl chloroacetate (99%) and 2-(tert-butyl)-1,1,3,3-
tetramethylguanidine (BTMG, 97%) were purchased from Sigma Aldrich.
Microcrystalline cellulose (MCC), 3,4-dichlorobenzyl chloride (98%) and pyridine
(99%) were purchased from Alfa Aesar. 2,4-dichlorobenzyl chloride (99%) and acetic
anhydride (99%) were purchased from Acros Organics. N,N-dimethylforamide was
purchased from TEDIA. Anhydrous DMSO was purchased from Sigma Aldrich.
DMSO-ds was purchased from Cambridge Isotope Laboratories. All chemicals and
solvents were used as received. CO; gas was purchased from Air Liquid.

[0060] Example 2a: Discussion - Rapid Activation of Cellulose and Subsequent

Transformation to Cellulose Carbonates

[0061] In order to transform cellulose to cellulose carbonates, the present method has
been developed. The present method involves dissolving and activating cellulose, for
example, with aprotic BTMG in 1 atm (101,325 Pa) CO,. 'H and *C-NMR revealed
that cellulose-OH was converted to cellulose carbonate anions, i.e. cellulose-OCOO"
groups, which were activated and ready for transformations.

[0062] As the cellulose-OCOO™ anion may act as a strong nucleophile, it can attack
the alpha-carbon atom in an organochloride, leading to a nucleophilic substitution to
form cellulose carbonate at room temperature (e.g. 20°C to 40°C) (see scheme 1
below). In light of this, various organochlorides were added to the cellulose solution
for developing the present method. After stirring for 1 to 3 days at room temperature,
the product was precipitated by the addition of DI (deionized) water, followed by
washing with DI water, methanol and ether, and dried in vacuum overnight at room
temperature. Scheme 1 below specifically shows the hydroxyl group of the cellulose,
the deprotonated cellulose and the cellulose carbonate anion, as illustrated by the -OH
group attached to the circle, the -O" group attached to the circle and the -OCOO"
group attached to the circle, respectively. The circle represents the cellulose backbone.
[0063] Scheme 1: Rapid dissolution of cellulose and subsequent transformation to

cellulose carbonates
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cellulose with BIMG {BTMG-H]}
hydrogen bonding

network

Cellulose carbonate anion

l R/\Cl
(o}
O)ko/\R

Cellulose carbonates

[0064] Since the product is a polymer, its isolation and quantitative yield was easily
established. The formation of cellulose carbonate is confirmed by FT-IR with the
Dc—o of carbonate at about 1750 cm'l, and the presence of BC-NMR shift of carbonate
at about 155 ppm. All the obtained cellulose carbonates are soluble in DMSO.

[0065] Example 2b: Discussion - Synthesis of Cellulose Carbonates with Various

Organochlorides

[0066] Various cellulose carbonates were synthesized from different organochlorides
(see scheme 2 below). The structures of the resultant cellulose carbonates derived
from each of the various organochlorides in scheme 2 are shown in scheme 3 below.
Scheme 3 specifically depicts the chemical structure of the basic repeating unit of the
cellulose carbonates and the various groups for each of the R in that chemical
structure. The values of DS (degree of substitution) are listed in table 1 below.

[0067] Scheme 2: Organochlorides used for synthesis of cellulose carbonates
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N-{4-(chloromethyl)phenyt)}-
4-{trifluoromethyl)benzamide
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N-(4-{chloromethyi)phenyi)benzamide  4-chioro-N-(4-(chloromethyl)phenyfjbenzamide

[0068] Scheme 3: Structure of synthesized cellulose carbonates

S o e e R
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-~ OR o{ 7
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// 'e)
_ 0 i
o<
OR

Basic repeating unit of cellulose carbonate

(R can be any of the substituents shown below)

chioride

[¢]
\/\0 )J\/Cl

(k)
Ethyl chioracetate

Ci

Cl

O O =0 b

[0069] Table 1: Degree of substitution

Time Chemical Uceoin

Entry | Product | Chloride shift of C=0 n DS?
(days) in BC-NMR FT-IR

1 1 a 1 154.33 1751.7 1.15°

2 1 a 3 154.33 1751.7 1.83°

3 2 b 1 154.16 1758.3 1.48°

4 3 c 1 154.28 1752.0 1.29°

5 4 d 1 154.52 1751.9 1.38°
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6 5 e 1 154.44 1739.9 1.25°
7 6 f 1 153.99 1748.3 1.49°
8 6 f 2 154.00 1748.3 1.60°
9 6 f 3 154.00 1748.3 1.82°
10 7 g 1 153.98 1752.5 1.74°
11 7 g 3 153.98 1752.2 1.83°
12 8 h 3 154.34 1752.2 1.29°
13 9 i 3 154.41 1746.3 0.77°
14 10 i 3 154.50 1746.8 0.55°
15 10 ] 3 154.31 1746.8 1.01°
16 11 k 1 154.10 1751.4 0.86¢

Reaction conditions: MCC 0.19 g, DMSO 0.95 g, BTMG 0.855 g, at room
temperature (22°C) and 1 atm (101,325 Pa) CO,.

*DS (degree of substitution) was determined by 'H-NMR after acetylation.

®The molar ratio of cellulose-OH to organochloride is 1:3.

“The molar ratio of cellulose-OH to organochloride is 1:1.

YConditions: MCC 0539 g DMSO 9.0 g BTIMG 1.71 g, cellulose-
OH/organochloride = 1:3, at 22°C and 1 atm (101,325 Pa) COa.

[0070] The organochlorides a to g and k are commercially available. The three bulky
substrates h, i and j were synthesized (see scheme 4 in example 3c). For 24 hours run
at room temperature, the chlorides a to g and k gave DS values of 1.15, 1.48, 1.29,
1.38, 1.25, 1.49, 1.74 and 0.86, respectively (entries 1, 3 to 7, 10 and 16, respectively).
In comparison, the three substrates b, f and g, which have strong electron withdrawing
groups, gave higher DS values of 1.48, 1.49 and 1.74, respectively (entries 3, 7 and 10,
respectively) compared to the others.

[0071] For substrates a, f and g, when the reaction time was extended from one day to
three days, the DS values increased from 1.15, 1.49, 1.74 to 1.83, 1.82 and 1.83
(entries 2, 9 and 11), respectively. For substrate f, the effect of reaction time was
investigated. When the reaction time was prolonged from 1 day to 2 days and further
to 3 days, the DS increased from 1.49 to 1.60 and further to 1.82, respectively.

[0072] For the bulky substrates h, i and j, when the molar ratio of cellulose-OH to
organochloride was 1:1 for a reaction duration of 3 days, the obtained DS values are

1.29, 0.77 and 0.55 (entries 12 to 14), respectively. This result showed that the
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substrate h bearing strong electron withdrawing CF; group gave higher DS compared
to substrates 1 and j without CF; group. For substrate j, when the molar ratio of
cellulose-OH to organochloride was increased from 1:1 to 1:3, the DS value was
increased from 0.58 to 1.08 (entry 15).

[0073] Example 3a: Experimental - General Procedure for Synthesis of Cellulose

Carbonates at Room Temperature and 1 atm (101,325 Pa) CO»
[0074] Anhydrous DMSO was added to a 100 mL dried Schlenk tube charged with a

desired amount of cellulose and stirred to form a suspension. The reactor was
vacuumed and re-filled with CO; twice using a CO, gas balloon. Subsequently, the
desired amount of BTMG was added within 1 minute, and cellulose dissolved
instantly to give rise to a clear solution. After stirring for 10 minutes, a desired
amount of organochloride was added dropwise to avoid precipitation of cellulose.
After the reaction was run at room temperature (e.g. 20°C to 40°C) and in 1 atm
(101,325 Pa) CO;, for 1 to 3 days, the product was precipitated out from the reaction
mixture by the addition of 40 mL DI water. The solid product was filtered, washed
with DI water (3 times of 40 mL), methanol (3 times of 40 mL), diethyl ether (3 times
of 40 mL), and dried in vacuum overnight. The product was characterized with 'H-
NMR, C-NMR and FT-IR. DS (degree of substitution) was determined with 'H-
NMR after acetylation.

[0075}] Example 3b: Experimental - General Procedure for Acetylation of

Cellulose Carbonates

[0076] Cellulose carbonate (100 mg) and 5 mL DMF were added to a 100 mL dried

Schlenk tube, and stirred to form a solution. Subsequently, pyridine (5 mL, 61.8 mmol)
and acetic anhydride (5 mL, 52.9 mmol) were added. The reaction mixture was stirred
at 60°C for 24 hours. The product was then precipitated out from the reaction mixture
by the addition of 50 mL of an aqueous solution (NaHCOs3, 1 wt%), then filtered and
washed with DI water (2 times of 50 mL) and methanol (2 times of 50 mL). The
product was dried in vacuum overnight.

[0077] Example 3c¢: Experimental - Synthesis of 4-(chloromethyl)-4'-R-

benzanilides
[0078] 4-(chloromethyl)benzoyl chloride was first synthesized by adding thionyl

chloride (30 mL, 1 mmol/mL in dichloromethane) to 4-(chloromethyl)benzoic acid
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(10 mmol). The solution was refluxed for three days in N, atmosphere. After that, the
unreacted thionyl chloride was removed by vacuum. This is shown in scheme 4 below.
[0079] Scheme 4: Synthetic procedure for substrates h, i and j of scheme 2.

~_OH O _Cl

o)
O O
SOCl, o HN“@"R
h : R = CF3, yield 93%
cl l i :R=H, yield 98%
j :R=Cl, yield 91%

[0080] For the synthesis of substrates h, i and j, the mixture of corresponding aniline
(9 mmol) and triethylamine (10 mmol) in dichloromethane (30 mL) was added
dropwise to the dichloromethane solution of 4-(chloromethyl)benzoyl chloride (10
mmol) at room temperature under stirring. The reaction mixture was refluxed for 8
hours in N, atmosphere. After cooling to room temperature, the mixture was slowly
poured into ice water (50 mL). The solution was subsequently extracted with
dichloromethane and the organic phase was dried with sodium sulfate anhydrous.
After removal of the dichloromethane, the solid residue was purified by
recrystallization with dichloromethane/ether to give the corresponding compound.
The yield and NMR characterization results are provided below.

[0081] (R=CF3, substrate = CF3: h): Yield 93%. '"H-NMR (400 MHz, DMSO-dj) & =
4.85 (s, 2H), 7.61 (d, J c.u = 8.1 Hz, 2H), 7.73 (d, J c.u = 8.6 Hz, 2H), 7.98 (d, Jcu =
8.2 Hz, 2H), 8.01 (d, J c.s = 8.5 Hz, 2H), 10.61 (s, 1H); *C-NMR (100 MHz, DMSO)
0 =46.22, 120.98, 124.54 (q, J c.r = 31.8 Hz, 1C), 126.80, 129.18, 129.69, 135.19,
142.30, 143.62, 166.46. Elemental analysis calc. for CsH;CIF;NO (%): C, 57.43; H,
3.53; N, 4.46. Found: C, 57.31; H, 3.68; N, 4.31.

[0082] (R=H, substrate = i): Yield 98%. 'H-NMR (400 MHz, DMSO-dy) & = 4.83 (s,
2H), 7.09 (t, J c.u = 7.4 Hz, 1H), 7.34 (t, J c.u = 7.9 Hz, 2H), 7.57 (d, J c.n = 8.2 Hz,
2H), 7.75 (d, J cu = 7.8 Hz, 2H), 7.93 (d, J c.u = 8.2 Hz, 2H), 10.25 (s, 1H); *C-
NMR (100 MHz, DMSO-dys) & = 46.29, 121.23, 124.58, 128.90, 129.48, 129.63,
135.70, 139.96, 141.88, 165.96. Elemental analysis calc. for Ci4H,CINO (%): C,
68.44; H,4.92; N, 5.70. Found: C, 68.30; H, 5.11; N, 5.53.

[0083] (R=CI, substrate = j): Yield 91%. "H-NMR (400 MHz, DMSO-dg) 8 = 4.83 (s,
2H), 7.41 (d, J c.u = 8.6 Hz, 2H), 7.59 (d, J c.u = 8.2 Hz, 2H), 7.79 (d, J c.u = 8.9 Hz,
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2H), 7.92 (d, J cu = 8.2 Hz, 2H), 10.38 (s, 1H). Elemental analysis calc. for
Ci14H11CLLNO (%): C, 60.02; H, 3.96; N, 5.00. Found: C, 59.88; H, 4.11; N, 4.83.
[0084] Example 4: Advantages of Present Method, Commercial and Potential

Applications
[0085] Compared to the synthesis of cellulose carbonates using conventional

chloroformates, or dimethylcarbonate in ionic liquids, the present method has at least
two advantages.

[0086] First, common and inexpensive feed stocks, i.e. CO; and organochlorides, are
used instead of toxic and expensive chloroformates. The present method is thus
advantageous in that it is an environmentally beneficial and sustainable method as it
utilizes the greenhouse gas CO, as a feed stock, making the present method of
transforming CO; into functional materials attractive.

[0087] Second, many organochlorides in the market can be compatibly utilized for the
present method to synthesize various cellulose carbonates. Such new functional
materials may find applications in films and fibres. In comparison, there are only a
limited number of simple chloroformates in the market, such as benzyl chloroformate
and ethyl chloroformate, which only lead to a limited number of cellulose carbonates.
The other conventional method of using dimethylcarbonate in ionic liquids is limited
to synthesis of cellulose methylcarbonate.

[0088] The present method has been developed to synthesize cellulose carbonates
using CO; and organochlorides at room temperature in 1 atm (101,325 Pa) CO,.
Various organochlorides can be used in the present method to produce a family of
cellulose carbonates. The present method is beneficial for the environment as it uses
CO, as feed stock, which is a major greenhouse gas. The obtained cellulose
carbonates can be used as functional materials.

[0089] While the invention has been particularly shown and described with reference
to specific embodiments, it should be understood by those skilled in the art that
various changes in form and detail may be made therein without departing from the
scope of the invention as defined by the appended claims. The scope of the invention
is thus indicated by the appended claims and all changes which come within the
meaning and range of equivalency of the claims are therefore intended to be

embraced.
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CLAIMS

1. A method of synthesizing cellulose carbonate, comprising:
mixing a solution comprising dimethyl sulfoxide and cellulose with an organic
base in the presence of carbon dioxide to form a cellulose solution comprising

cellulose carbonate anions, wherein the organic base is represented by a formula of:

N
RZ\N/MN/R3
oA,
wherein each of Ry, R; and Rj is C;-Cyg alkyl;
wherein each of R4 and Rs is hydrogen or C-Cy alkyl;
contacting the cellulose solution with one or more organochlorides in the

presence of carbon dioxide to form the cellulose carbonate; and

adding an alcohol or water to precipitate the cellulose carbonate.

2. The method according to claim 1, wherein the organic base comprises 2-tert-
butyl-L1,3,3-tetramethylguanidine (BTMG), 1,2,3-triisopropylguanidine (TIPG), 2-
butyl-1,3-diisopropylguanidine (BDPG), or their combination thereof.

3. The method according to claim 1 or 2, wherein the mixing is carried out at a

temperature of 20°C to 40°C.

4. The method according to any one of claims 1 to 3, wherein the cellulose

comprises microcrystalline cellulose, amorphous cellulose or cotton.

5. The method according to any one of claims 1 to 4, wherein the carbon dioxide
in the mixing step and the contacting step has a pressure of at least 1 atm (101,325

Pa).
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6. The method according to any one of claims 1 to 5, wherein the carbon dioxide
in the mixing step and the contacting step has a pressure of 1 atm (101,325 Pa) to 20
atm (2,026,500 Pa).

7. The method according to any one of claims 1 to 6, wherein the mixing is
carried out based on a molar ratio of organic base to cellulose-OH ranging from 0.50

to 3.00.

8. The method according to any one of claims 1 to 7, wherein the cellulose
solution further comprises cellulose-O anions and/or a protonated form of the organic

base.

9. The method according to any one of claims 1 to 8, wherein the protonated

form of the organic base comprises [BTMG-H]".

10.  The method according to any one of claims 1 to 9, wherein the contacting is

carried out at a temperature of 20°C to 40°C.

11. The method according to any one of claims 1 to 10, wherein the contacting is

carried out for a duration of 1 hour to 72 hours.

12.  The method according to any one of claims 1 to 11, wherein the one or more
organochlorides are selected from the group consisting of benzyl chloride, 4-
(trifluoromethyl) benzyl chloride, 4-methylbenzyl chloride, 4-(tert-butyl)benzyl
chloride, 4-methoxybenzyl chloride, 3,4-dichlorobenzyl chloride, 2,4-dichlorobenzyl
chloride, N-(4-(chloromethyl)phenyl)-4-(trifluoromethyl)benzamide, N-(4-
(chloromethyl)phenyl)benzamide,  4-chloro-N-(4-(chloromethyl)phenyl)benzamide,

and ethyl chloroacetate.

13.  The method according to any one of claims 1 to 12, wherein the alcohol

comprises methanol or ethanol.
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14. The method according to any one of claims 1 to 13, wherein the water

comprises deionized water.

15.  The method according to any one of claims 1 to 14, wherein the cellulose

carbonate comprises repeating units each represented by a formula of:

OR
- OR o:< 7]
O O
O
O .
L O a
o=
OR ;

wherein each of the R is independently selected from the group consisting of

S I G G 4
cl
FiC NH
¢ s
, CFs  CHy gy  OCHy C ¢ o A

Q:%’ cu~< >—:H O | \/\O)Ok/g".

, and

b



