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Cellulose levulinate: a protecting group for cellulose
that can be selectively removed in the presence of other ester
groups
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Abstract Levulinate is an important hydroxyl pro-

tecting group in carbohydrate chemistry but has not

previously been so employed in cellulose chemistry,

perhaps because of challenges involved in synthesis of

cellulose levulinates. Herein we describe homoge-

neous acylation of cellulose in N,N-dimethylacet-

amide/LiCl using differently activated levulinic acid

derivatives, including in situ activation with dicyclo-

hexylcarbodiimide, p-toluenesulfonyl chloride, 1,10-
carbonyldiimidazole, or trifluoroacetic anhydride,

providing and comparing several methods to access

cellulose levulinates. Degree of substitution (DS) has

been determined by 1H NMR spectroscopy using

perpropionylated cellulose levulinates, showing that

DS values as high as 2.42 are attainable. Cellulose

levulinate esters were deacylated selectively by

hydrazine without detectable loss of other alkanoate

ester groups (acetate or propionate), indicating strong

promise for levulinate as a useful protecting group for

the synthesis of regioselectively substituted cellulose

and other polysaccharide derivatives.

Keywords Cellulose levulinate � Acylation �
Protecting group � Selective deprotection

Introduction

Advances in the past two decades against the difficult

problem of regioselective synthesis of polysaccharide

derivatives, especially derivatives of cellulose (Fox

et al. 2011; Iwata et al. 1992), have taught us that

regioselectively substituted cellulose derivatives have

properties that are often quite distinct from their

randomly substituted equivalents. For example, key

properties like crystallinity (Iwata et al. 1996a, b),

thermal properties (Iwata et al. 1997), solubility (Kondo

1994), and optical properties (Buchanan et al. 2012)

depend strongly on position of substitution. Initial

regioselective syntheses employed protecting group

chemistry, in particular exploiting the generally higher

reactivity of the primary OH group at C-6 of cellulose to

protect that position (Heinze et al. 1994; Klemm

and Stein 1995); this methodology provided access to

2,3-disubstituted derivatives (Philipp et al. 1995) and
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through them to 2,3-A-6-B trisubstituted derivatives.

Recently, we have developed routes to the same families

of derivatives with similar regioselectivity but avoiding

the necessity of protection/deprotection steps by regio-

selective 2,3-deacylation of cellulose (and amylose)

esters using tetrabutyl ammonium fluoride (TBAF) or

hydroxide (TBAOH) bases (Zheng et al. 2013a, b).

While this provides an efficient route to these deriva-

tives, full exploration of structure–property relation-

ships will require synthetic access to other cellulose

derivative homopolymers, such as cellulose 3,6-diesters

and -diethers. This will require differentiation of the

very similarly reactive 2-OH and 3-OH groups, and

almost certainly will require the development of new

protecting group chemistry. Sterically demanding silyl

ethers like thexyldimethylsilyl have shown some prom-

ise for selective reaction at O-2 versus O-3, as pioneered

by the Klemm and Heinze groups (Koschella et al. 2001,

2006; Koschella and Klemm 1997). Of equal impor-

tance, removal of these silyl ethers requires treatment

with fluoride salts like TBAF (Petzold et al. 2004); as we

note above TBAF is not compatible with ester substit-

uents as it catalyzes their deacylation (Xu and Edgar

2012). As an illustrative example, in an attempt to

deprotect the silyl ether group of 3-allyl-2-thexyldi-

methylsilylcellulose-6-O-acetate with TBAF in tetra-

hydrofuran (THF) (Xu and Edgar 2012), the reaction did

not provide the expected product 3-O-allyl-6-O-acetyl-

cellulose, but rather 3-O-allyl-cellulose (Scheme S1);

TBAF removed not only the silyl group but also the

acetate group.

It is of importance to develop better polysaccharide

protective groups, which can be readily, ideally

regioselectively, reacted with polysaccharide hydroxyl

groups, and can then be removed chemoselectively

without affecting other groups, especially rather sen-

sitive ester groups, to permit regioselective synthesis of

polysaccharide esters. For this purpose, our attention

was drawn to levulinate esters, which are commonly

used as protective groups in small molecule carbohy-

drate chemistry to protect hydroxyls. Derived from the

acid hydrolysis of cellulose (Hegner et al. 2010),

levulinic acid contains two reactive functional groups,

a carboxylic acid and a ketone. Esters of levulinic acid

are widely used in drug delivery systems, and as

solvents, additives, plasticizers (Hegner et al. 2010),

and as protecting groups applied in synthetic organic

chemistry (Greene and Wuts 1999). More importantly,

levulinate esters are acid stable and can, in small

molecule chemistry, be removed by hydrazine selec-

tively with respect to other esters (Jeker and Tamm

1988), due to the potential for reaction of a single

hydrazine molecule with both the ketone and ester

carbonyls of the levulinate group. These characteristics

raised our interest in levulinate as a potential protecting

group for the synthesis of regioselectively substituted

cellulose esters. Alkyl and carbohydrate levulinates

(Bart et al. 1994; Dharne and Bokade 2011; Fernandes

et al. 2012; Ho and Wong 1975; Melero et al. 2013),

and oligosaccharide levulinates (Koeners et al. 1980)

have been well-explored. However, synthesis of poly-

saccharide levulinates has been little investigated. The

Yamada lab (Tsukatani et al. 2003) reported in a

Japanese patent the reaction of cellulose with a

purported mixed anhydride of levulinic acid with p-

toluenesulfonic acid in either pyridine or N,N-dimeth-

ylformamide (DMF), affording cellulose levulinates

with average degree of substitution (DS) approaching

1. A Russian group (Vladimirova et al. 1965) described

reaction of cellulose with a reagent they describe as

‘‘levulinoyl chloride’’, which is not the dominant

species from reaction of levulinic acid with acid

chloride forming reagents such as the thionyl chloride

used by the authors (vide infra). They obtained

cellulose levulinate of DS up to 0.3 by this method.

They reported synthesis of mixed acetate/levulinate

esters by acid-catalyzed esterification using levulinic

acid in the presence of acetic anhydride (maximum

DSLev ca. 1), and also reported synthesis of cellulose

levulinates by nucleophilic displacement of cellulose

tosylates by levulinate ion (maximum DSLev ca. 1).

Neither group systematically explored methods of

cellulose levulinate synthesis, nor did they report the

ability to synthesize high DS cellulose levulinates.

Most importantly, they did not discuss potential

methods for selective removal of the levulinate moiety.

While those experienced with synthesis of poly-

saccharide derivatives will hardly be surprised that

some reactions of small molecule carbohydrates don’t

work well on the less reactive, less soluble polysac-

charides, especially the insoluble, crystalline, heavily

hydrogen-bonded cellulose, still we were surprised at

the lack of prior literature on the subject. Besides the

poor reactivity of cellulose and to a lesser extent other

polysaccharides, there is also the issue of the interest-

ing cyclization chemistry available to levulinic acid.

Exposure of levulinic acid to reagents like thionyl

chloride does not result in the expected simple
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conversion to the acid chloride, but rather in chlori-

nation of a cyclic intermediate, affording 5-chloro-5-

methyl-dihydrofuran-2(3H)-one (ii, Scheme 1) (New-

man et al. 1966). These chlorolactones are much less

reactive towards hydroxyl acylation than are most acid

chlorides. There is surprisingly little discussion of

these issues with regard to acylation of carbohydrates

with levulinate in that body of literature, however as

we will see, the issues impact reaction with polysac-

charides significantly and may help to explain the

paucity of previous studies of polysaccharide

levulinates.

We report herein initial studies of methods for

synthesis and characterization of levulinic acid esters of

cellulose. We attempt to synthesize cellulose levuli-

nates of different degrees of substitution and avoid

issues arising from levulinate cyclization to lactone

species by using various methods for mild activation of

levulinic acid, including dicyclohexylcarbodiimide

(DCC), p-toluenesulfonyl chloride (TosCl), 1,10-car-

bonyldiimidazole (CDI), and trifluoroacetic anhydride

(TFAA) (Scheme 2). In addition to the essential issue

of whether levulinates can be practically attached as

polysaccharide esters, we also address the other critical

issue of whether levulinate esters can be selectively

removed in the presence of other alkanoate ester

groups.

Experimental

Materials

Microcrystalline cellulose (MCC, Avicel PH-101, DP

260) was vacuum-dried before use. 4-Dimethylamino-

pyridine (DMAP), levulinic acid, DCC, TosCl (99? %),

CDI (97 %), and TFAA were purchased from Acros

Organics. N,N-Dimethylacetamide (DMAc), lithium

chloride (LiCl), acetic anhydride, propionic anhydride,

and pyridine (anhydrous) were purchased from Fisher;

all reagents were used without further purification.

Measurements

1H, 13C NMR, HMBC and COSY spectra of the

cellulose esters after peracetylation or perpropionyla-

tion were acquired in CDCl3 on a Bruker Avance II

500 MHz spectrometer at room temperature or 50 �C,

with number of scans of 32, 10,000, 19,200 and 9,400

respectively. DS values were determined by means of
1H NMR spectroscopy.

Product yields were calculated using the following

equation:

Yield ¼ 162B= 162þ 98� DSLevð ÞA

Scheme 1 Reaction of

levulinic acid with thionyl

chloride

Scheme 2 Reaction of cellulose with levulinic acid and DCC, TosCl, CDI or TFAA in DMAc/LiCl
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A is the mass of cellulose, and B is the mass of the

product cellulose levulinate.

Molecular weight of the perpropionylated cellulose

levulinate was determined by size exclusion chroma-

tography (SEC) in chloroform on a Waters Alliance

model 2690 chromatograph with Waters 2414 differ-

ential refractive index (RI) detector and Viscotek 270

dual detector, versus polystyrene standards.

General procedure for dissolution of cellulose

in DMAc/LiCl

Following a known procedure (Edgar et al. 1995), a

mixture of MCC (2.00 g, 12.32 mmol) and DMAc

(74.8 mL) was heated to 156 �C over 26 min under

nitrogen. Anhydrous LiCl (3.4 g) was added and the

mixture was stirred at 165 �C for 8 min. Distillate

(14.4 mL) was collected at 165 �C. The mixture was

cooled down to room temperature and stirred

overnight.

Synthesis of cellulose levulinate via in situ

activation of levulinic acid with DCC

A solution of levulinic acid and DCC with stated molar

ratio (Table 1) in DMAc (20 mL) was stirred for

30 min at 80 �C under N2. The mixture was slowly

added to the pre-dissolved cellulose. DMAP (100 mg)

was added as a catalyst, then the reaction mixture was

stirred for 24 h at 80 �C. The reaction solution was

cooled to room temperature and then precipitated into

200 mL ethanol. The product was isolated by filtra-

tion, washed several times with ethanol, collected, and

dried under vacuum at 40 �C overnight. Example yield

82 % (DS 1.53).

Synthesis of cellulose levulinate via in situ

activation of levulinic acid with TosCl

Levulinic acid and TosCl with stated molar ratio

(Table 1) were dissolved in DMAc (20 mL). The

reaction solution was stirred for 30 min at 80 �C under

N2. The reaction mixture was then added dropwise

into the pre-dissolved cellulose solution over 30 min

and allowed to react at 80 �C for 24 h. The product

was isolated by adding the reaction mixture slowly to

ethanol (200 mL). The precipitate was isolated by

filtration, washed with ethanol (3 9 100 mL), then

dried under vacuum at 40 �C to yield the product.

Example yield 80 % (DS 1.51).

Synthesis of cellulose levulinate via in situ

activation of levulinic acid with CDI

A solution of levulinic acid and CDI with stated molar

ratio (Table 1) in DMAc (20 mL) was stirred for

30 min at 80 �C under N2. The mixture was added

dropwise from an addition funnel to the pre-dissolved

cellulose solution and allowed to stir for 24 h at 80 �C.

The homogeneous mixture was slowly added to

ethanol (200 mL) to precipitate the product. The

product was isolated by filtration and washed several

times with ethanol. It was dried under vacuum at

40 �C overnight. Example yield 84 % (DS 1.64).

Synthesis of cellulose levulinate via in situ

activation of levulinic acid with TFAA

A solution of TFAA and levulinic acid with stated molar

ratio (Table 1) was stirred at 50 �C for 30 min under N2

and was immediately added dropwise into the pre-

dissolved cellulose solution. The solution was stirred at

50 �C for 24 h. After cooling to room temperature, the

reaction solution was slowly added to ethanol (500 mL)

under vigorous stirring. The product was isolated by

filtration, washed with ethanol several times, and dried

under vacuum at 40 �C overnight. Example yield 78 %

(DS 2.42).

General procedures for peracetylation

or perpropionylation

Cellulose levulinates were peracylated for easier NMR

analysis, according to literature procedures (Liebert

et al. 2005; Xu and Edgar 2012; Xu et al. 2011).

Cellulose levulinate (0.3 g), DMAP (15 mg) and acetic

anhydride or propionic anhydride (4 mL) were added to

pyridine (4 mL). After stirring at 80 �C for 24 h, the

crude product was obtained by precipitation into

ethanol (200 mL) and washed with several times by

ethanol. The product was then re-dissolved in chloro-

form (5 mL), re-precipitated into ethanol (200 mL),

and dried under vacuum to give the perpropionylated

product for NMR analysis. DS values for the peracy-

lated product were calculated based on the following
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equations by calculating the ratio of acetyl or propionyl

proton integrals to the backbone hydrogens integral

(Liebert et al. 2005; Xu et al. 2011).

DSAc ¼ 7IAc�CH3=3Ibackbone; I ¼ Integral

DSLev ¼ 3� DSAc

DSPr ¼ 7IPr�CH3=3Ibackbone; I ¼ Integral

DSLev ¼ 3� DSPr

The protons of the methyl group of the propionate

moiety are located at d = 0.95–1.25 ppm and the

propionate methylene protons are at d = 2.19 ppm.

The levulinate methyl protons resonate at

d = 2.12 ppm and four levulinate methylene protons

are visible at d = 2.29–3.07 ppm. The signals

between 3.35 and 5.30 ppm are the backbone protons.

General procedure for the reaction of peracylated

cellulose levulinate with hydrazine

Peracylated cellulose levulinate (0.3 g) was dissolved

in pyridine (5 mL) and propionic acid (1 mL).

Hydrazine monohydrate [0.3 mL, 7.11 mol/mol anhy-

droglucose unit (AGU)] was added and the solution

was allowed to stir at room temperature for 24 h. The

product was dialyzed against DI water for 4 days and

then freeze-dried.

Solubility test

Samples (10 mg) were mixed with a solvent (1 mL)

under vigorous stirring at room temperature. THF,

chloroform, dimethyl sulfoxide (DMSO), pyridine and

ethanol were used for this test. Solubilities were

determined by visual inspection.

Results and discussion

Approaches

We chose initially to explore the straightforward approach

of reaction of levulinic acid with thionyl chloride, to see

whether acylation via the chlorolactone intermediate ii

(Scheme 1) might be feasible. Levulinic acid was reacted

with thionyl chloride, and the product solution was then

added dropwise to a cellulose solution in DMAc/LiCl,

with pyridine as base. However, no levulinate signals

were detected in the 1NMR spectra of the perpropiony-

lated product. The chlorolactone is predominant and

stable with respect to levulinoyl chloride formation; our

observation indicates that direct acylation of cellulose

with this reagent is not practical, consistent with experi-

ence in small molecule carbohydrate chemistry (Hassner

et al. 1975; Newman et al. 1966).

Therefore, we explored other, milder activating

reagents such as DCC, TosCl, CDI and TFAA in hope

of changing the levulinate/lactone equilibrium, and/or

enhancing reactivity towards cellulose hydroxyls

(Scheme S2). DCC is a popular condensation reagent,

which has been frequently applied to activate carbox-

ylic acids and thereby prepare other types of cellulose

esters. Acid anhydrides have been shown to be

reactive intermediates in these reactions (Zhang and

McCormick 1997). In our case, levulinic acid was

allowed to react with DCC for 30 min under N2; this

reaction mixture and DMAP were then added to

cellulose DMAC/ LiCl solution, and the resulting

mixture was allowed to react for 24 h.

TosCl is another useful carboxyl activation reagent.

It has been shown that both mixed anhydrides and acid

chlorides are formed when carboxylic acids were

treated with TosCl (Heinze and Schaller 2000).

Acylation of cellulose by TosCl activation of levuli-

nate was also performed in two steps. TosCl and

levulinic acid were stirred at 80 �C for 30 min and the

resulting mixture was added slowly to cellulose

solution.

Activation of the carboxylic acid with CDI provides

another mild method for ester synthesis. The imidazo-

lide (Staab 1962) of levulinic acid was firstly formed

by reaction of levulinic acid with CDI at 80 �C for

30 min, which was then added to a cellulose solution.

This method is of great interest for cellulose esterifi-

cation, because the only by-products are readily

removed CO2 and imidazole (Graebner et al. 2002).

Reaction of carboxylic acids with TFAA has been

demonstrated to be an efficient esterification system

for cellulose by producing a mixture of acid anhy-

drides (Morooka et al. 1984), even though the strongly

acidic conditions may in some cases cause significant

polymer chain degradation. In our case, levulinic acid

and TFAA were stirred at 50 �C for 30 min. The pre-

mixed solution was then added to the cellulose

solution, followed by reaction for 24 h at 50 �C.
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Preparation of cellulose levulinate with different

DS values

Across the range of acylation approaches attempted, it

quickly became clear that efficiency of acylation with

levulinate is much inferior to that achievable with

simple alkanoates like acetate or propionate; very high

efficiencies are possible with simple alkanoyl chlorides

or alkanoic anhydrides under the proper conditions

(Edgar et al. 1995). In order to determine whether

synthesis of high DS cellulose levulinates was possible,

we explored preparation using different activating

reagents using a range of reagent equiv/AGU at 80 �C

for 24 h (Table 1). Reaction of cellulose with levulinic

acid in the presence of DCC leads to the cellulose

levulinates 1-3. At a molar ratio of 3 equiv each of

levulinic acid and DCC per AGU, a rather small DSLev

of 0.34 was reached within a reaction time of 24 h at

80 �C. Even treatment of cellulose with 6 equiv

levulinic acid and DCC per AGU for 24 h at 80 �C

afforded cellulose levulinate with a disappointing DSLev

of 0.46. Fortunately, we found that 24 h reaction of

cellulose with a large excess of both levulinic acid and

DCC (20 equiv) afforded the potentially useful DSlev of

1.53 (generally for use of levulinate as a hydroxyl

protecting group, DS 1.0 or 2.0 would be the target).

We sought to understand whether other activation

methods could more efficiently afford cellulose levu-

linates with higher DS values, beginning by employ-

ing similar reaction conditions for TosCl-mediated

activation of levulinic acid. Treating cellulose with 3

or 6 equiv TosCl-activated levulinate per AGU again

provided a relatively low acylation extent, with DSLev

below 0.5 (samples 4 and 5). Practical DSLev levels

(1.51, sample 6) were again only achieved when

cellulose was exposed to a large excess of reagent (20

equiv/AGU each of levulinic acid and TosCl, 24 h,

80 �C).

Somewhat disappointingly, even reaction of dis-

solved cellulose with levulinic acid imidazolide pro-

ceeded with rather low efficiency, leading to the

corresponding cellulose levulinates with DSLev of

0.40, 0.48 and 1.64 at molar ratios of AGU/levulinic

acid/CDI of 1/3/3, 1/6/6, and 1/20/20, respectively

(24 h, 80 �C, samples 7–9). Thus, these three different

activation methods (DCC, TosCl and CDI) all gave

similar results: with fewer than 6 equiv of coupling

reagents, low DS (below 0.5) cellulose levulinates

were obtained; excess activation reagent (20 equiv)

afforded cellulose levulinate with DS about 1.5–1.6.

We experimented with lower temperatures and shorter

reaction times, but under these conditions obtained

cellulose levulinates with significantly lower DSLev.

Higher temperatures and longer reaction times did not

afford higher DS. At this point we do not know the

extent to which activated levulinates arise from the ring

open form (i) and to what extent from the lactone form

(iv, Scheme 3). It is possible that low reactivity of the

activated lactone form is the source of the low DS

observed when using only moderate activated levulinic

acid excess, even though activation of the hydroxyl

group of the cyclic lactone form may also occur.

Table 1 Conditions and

results of cellulose reaction

with levulinic acid after

in situ activation

a Mol AGU/mol levulinic

acid/mol (DCC, TosCl,

CDI, or TFAA)

Methods Reaction conditions Cellulose levulinate DP

Molar ratioa Time (h) Temperature (�C) Sample DSLev

DCC 1:3:3 24 80 1 0.34 Not determined

1:6:6 24 80 2 0.46 Not determined

1:20:20 24 80 3 1.53 132

TosCl 1:3:3 24 80 4 0.22 Not determined

1:6:6 24 80 5 0.44 Not determined

1:20:20 24 80 6 1.51 128

CDI 1:3:3 24 80 7 0.40 Not determined

1:6:6 24 80 8 0.48 Not determined

1:20:20 24 80 9 1.64 139

TFAA 1:3:3 24 50 10 0.96 Not determined

1:6:6 24 50 11 1.68 Not determined

1:20:20 24 50 12 2.42 96
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Interestingly, activation by the (more acidic) TFAA

method provided the highest DS. Only 3 equiv of reagent/

AGU was enough to approach DSLev of 1 (0.96), while 6

equiv afforded DSLev 1.68 (24 h, 50 �C). Reaction of

cellulose with 20 equiv/AGU TFAA and levulinic acid

afforded the highest DSLev we observed under any

reaction conditions, providing cellulose levulinate with

DSLev of 2.42. It may be that higher DS values can be

obtained using TFAA because, under acidic conditions,

both activated levulinic acid and its lactone form react

with cellulose. We suspect that the protonated hydroxyl

group of 5-OH-c-valerolactone may act as a leaving

group, thereby creating a resonance-stabilized cation

(vi). Subsequent attack by a cellulose hydroxyl group on

the carbonyl carbon results in ring opening and affords

cellulose levulinate (Scheme 4). We observed much

more severe cellulose backbone degradation at 50 �C

using the TFAA method, presumably due to the strongly

acidic conditions (DP decreased from 260 to 96).

For determination of DSLev values, products 1–12

(see Table 1) were treated with propionic anhydride in

pyridine in the presence of DMAP catalyst, yielding

fully substituted cellulose levulinate propionates with

simplified spectra. Completeness of perpropionylation

was confirmed by the disappearance of the OH band in

the FTIR spectrum (3,460 cm-1). The perpropionylat-

ed products are readily soluble in chloroform. Figure 1

shows the 1H NMR spectrum of cellulose levulinate 9

after perpropionylation in CDCl3. Proton peaks were

assigned based on previous studies, 2D spectra, and

long-range correlation spectra (Wang et al. 2005;

Zheng et al. 2013a, b). Propionate and levulinate DS

values were determined by means of 1H NMR spec-

troscopy, according to the equations in the Experimen-

tal section.

It was important to determine regioselectivity,

although our previous results with much more steri-

cally demanding acylating reagents (pivaloyl chloride,

adamantoyl chloride, and 2,4,6-trimethylbenzoyl

chloride) suggested that high O-6 selectivity was not

to be expected (Xu et al. 2011). Reaction of cellulose

with 20 equiv/AGU CDI and levulinic acid at 50 �C

for 24 h afforded a randomly substituted cellulose

levulinate with DSLev at O-2/3 of 1.03 and DSLev at

O-6 of 0.61. Partial DSPr values of cellulose propio-

nate levulinate were determined directly by the ratio of

partial propionate methyl resonances (O-2/3

1.10–1.25 ppm, O-6 0.95–1.10 ppm) to the integrals

of the cellulose backbone protons (3.35–5.30 ppm).

The partial DSLev value was subtracted from 1 (with

successful perpropionylation there is a total DS of 1 at

each position) to give the DSLev at that position.

Carbon signals (Fig. 2) were completely assigned by

analogy to previous work (Wang et al. 2005). Signals at

d = 62.0 ppm (C-6), between 70.2 and 73.5 ppm (C-2,

C-3 and C-5), at d = 77.5 ppm (C-4), and at

d = 100.0 ppm (C-1) are the backbone carbons. The

propionate methyl, methylene, and carbonyl carbons

resonate at 8.9, 27.4, and 169.8–172.5 ppm, respectively.

Two levulinate methylene carbons are at 28.8 and

39.9 ppm, and the levulinate methyl carbon is at

28.9 ppm.The levulinateketonecarbonandestercarbonyl

carbons are at 206.8 and 173.2 ppm, respectively.

Solubility of cellulose levulinates versus DS

Solubilities of cellulose levulinates with different DS

values were investigated and the results are listed in

Table 2. Compounds 4, 1, and 8 with DSLev below 0.5

were insoluble in any common organic solvents.

Cellulose levulinate samples with DS values of 1.51

(sample 6) and 1.64 (sample 9) had better solubility in

THF, DMSO and pyridine. Compound 12 with the

highest DS of 2.42 was soluble in THF, chloroform,

pyridine, and DMSO. Solubility of cellulose levuli-

nates depends predictably (based on extensive litera-

ture precedent with simple cellulose alkanoates) on the

Scheme 3 Equilibrium in solution between levulinic acid and

its lactone form

Scheme 4 Proposed reaction of 5-OH-c-valerolactone with cellulose in the presence of acid
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DS values; higher DSLev leads to more organic

solubility. Peracylation consistently improved solu-

bility in organic solvents since the resulting cellulose

alkanoate levulinates were more hydrophobic and not

prone to intramolecular or intermolecular hydrogen

bonding.

Selective deprotection of levulinate using

hydrazine

The ability to selectively remove potential alcohol

protecting groups is also an essential feature if they are

to be useful. As we demonstrate above, protection of

Fig. 1 1H NMR spectrum of cellulose levulinate 9 after perpropionylation

Fig. 2 13C NMR spectrum of cellulose levulinate 9 after perpropionylation

Table 2 Solubilitya of

cellulose levulinates vs.

DSLev

a ? Soluble; - insoluble

Sample DSLev Solubility

THF CHCl3 DMSO Pyridine Ethanol

4 0.22 – – – – –

1 0.34 - - - - -

8 0.48 - - - - -

6 1.51 ? - ? ? -

9 1.64 ? - ? ? -

12 2.42 ? ? ? ? -
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cellulose free hydroxyl groups as levulinate esters can

be achieved, and accessibility of either DS 1.0 or DS

2.0 means that sufficient DS may be attainable for

most practical situations. The small molecule litera-

ture indicates that levulinate can be removed by

several reagents, including (a) Grignard reagents

(Watanabe et al. 1992), (b) sodium bisulfite (Ono

and Itoh 1988), (c) sodium borohydride (Hassner et al.

1975), and (d) hydrazine (Glushka and Perlin 1990;

Ho and Wong 1975), among which, hydrazine was

reported to selectively deprotect levulinate in the

presence of other ester groups (O-acetyl, O-propionyl,

O-benzoyl) (Ho and Wong 1975; Jeker and Tamm

1988). However, precedent for deacylation of cellu-

lose alkanoates may not provide encouragement;

Miyamato et al. has described (Miyamoto et al.

1985) that hydrazine catalyzes deacylation of cellu-

lose acetate.

In order to investigate whether hydrazine can

selectively deacylate cellulose levulinate esters in

the presence of acetate or propionate esters, peracet-

ylated or perpropionylated cellulose levulinates were

treated with hydrazine in pyridine and propionic acid

at room temperature for 24 h. The product was

collected by precipitation in water and filtration, and

was peracylated (with an alkanoate not present in the

starting ester) to afford a well-resolved NMR spectrum

for DS determination. Scheme S1 shows the reaction

schemes.

The 13C NMR spectrum of the product of cellulose

levulinate propionate 10 deacylation by hydrazine

after peracetylation is shown in Fig. 3. No carbon

signals of levulinate moieties are observed, confirming

the complete removal of levulinate by hydrazine. DS

values for the products of cellulose acetate levulinate

or cellulose levulinate propionate hydrolysis by

hydrazine after peracylation were determined by 1H

NMR. As shown in Fig. S2, peaks between 1.80 and

2.15 ppm confirm acetate substitutions; peaks at

0.95–1.25 ppm and 2.18–2.42 ppm are propionate

methyl protons and propionate methylene protons.

Peaks for levulinate protons are absent. DSAc values

were determined directly by the ratio of the acetyl

resonances (1.80–2.08 ppm) to the integrals of the

cellulose backbone protons (3.30–5.50 ppm). DSPr

was calculated similarly by comparing integrals of the

backbone protons with the propionyl methyl protons

(0.95–1.25 ppm). As shown in Table S1, the starting

DS acetyl or propionyl, respectively, remains the same

after treatment with hydrazine, proving selective

deacylation of levulinate by hydrazine in the presence

of acetate and propionate.

Conclusions

Cellulose levulinates with a wide range of DS values

(0.22–2.42) were successfully prepared by esterifica-

tion of cellulose in DMAc/LiCl with levulinic acid in

the presence of activating agents DCC, TosCl, CDI or

TFAA. Comparing these four methods investigated,

in situ activation of levulinic acid with TFAA

provided the highest DSLev of 2.42 under comparable

conditions. Efficiency is modest, but for the purposes

of making cellulose ester homopolymers for initial

structure-property investigations, is sufficient. 1H and
13C NMR spectra of cellulose levulinate propionate

were assigned in detail based upon previous literature.

Solubility of cellulose levulinate depends in predict-

able fashion on DSLev. Hydrazine can selectively

cleave the levulinate groups of cellulose acetate

levulinate and cellulose levulinate propionate while

Fig. 3 13C NMR spectrum of the product of cellulose levulinate propionate 10 reaction with hydrazine, after peracetylation
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leaving acetates and propionates unscathed. With the

availability of these methods for protection and mild

deprotection of alcohols, levulinate shows great

potential as a protecting group for synthesis of

regioselectively substituted derivatives of cellulose

and is likely to be of general use in polysaccharide

chemistry. Further studies of subsequent modifications

of the new cellulose esters and applications of

levulinate as protecting group for regioselective

synthesis of cellulose esters are under way.

Supporting information

The online version of this article contains supplemen-

tary material, which is available to authorized users,

and includes the following: 1H and 13C NMR spectra of

peracylated cellulose levulinate. Scheme of reaction of

cellulose levulinate acetate or propionate with hydra-

zine, followed with perpropionylation or peracetyla-

tion. Table of DS values of the products of reaction of

cellulose levulinate acetate or propionate with hydra-

zine after perpropionylation or peracetylation.
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