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SYNOPSIS

Various amines were added to carbanilation reactions of cellulose samples with phenyliso-
cyanate in an effort to aid the preparation of cellulose tricabanilates (CTCs) for determining
molecular weight distributions (MWDs). However, the amines catalyzed the conversion
of phenylisocyanate to its trimer phenylisocyanurate, especially in dimethylsulfoxide
(DMSO) and N,N-dimethylformamide (DMF) media. In some of the reactions to which
amines were added, the CTC products had high-performance size exclusion chromatographic
peaks that tailed badly. The tailing was not caused by incomplete carbanilation. The amines
1,4-diazabicyclo(2.2.2) octane (DABCO) and 4- N,N-dimethylaminopyridine (DMAP) ac-
celerated the dissolution of cellulose during carbanilation, while others retarded the dis-
solution. DABCO in pyridine assisted the carbanilation of cellulose samples, which were
otherwise unreactive in pyridine, although the reactions were slower than in uncatalyzed
DMSO media. However, the reactions in DMSO with added amines gave CTCs with
lower degree of polymerization (DP) values, and the DP reduction was particularly severe
when N-methylimidazole was the added amine. The possible involvement of oxidation by
DMSO in the depolymerization process is discussed. It was concluded that addition of
amines to carbanilation reactions of cellulose has limited application for CTC preparation

for MWDs.

INTRODUCTION

Cellulose tricarbanilate (CTC) has emerged as a
preferred derivative for determining the molecular
weight distribution (MWD) of cellulose with the
aid of high-performance size exclusion chromatog-
raphy (HPSEC).}"'° Its attributes for this purpose
are its stability, and its relative ease of preparation
as the fully trisubstituted product.?2 The CTCs (1I)
for MWD studies are obtained by reacting the cel-
lulose samples with phenylisocyanate (I) in pyridine
at 80°C?51% or in dimethylsulfoxide (DMSO) at
70°C.5™° (Fig. 1). For high MW cellulose samples,
the reaction times are long (ca. 48 h), and while the
reactions proceed in pyridine without degradation
of the cellulose, some degradation occurs during the
reaction in DMSO.!° Certain cellulose samples, e.g.,
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regenerated celluloses, are unreactive to phenyliso-
cyanate in pyridine and must be activated before
derivatization proceeds.>!® We thus sought catalysts
that would accelerate the reactions while maintain-
ing the original degree of polymerization (DP) of
the cellulose samples, and which would obviate the
need for activation prior to the carbanilation reac-
tion.

Tertiary amines are commonly used as catalysts
in isocyanate reactions.!! It was earlier suggested
that their efficacies increase as the basicity of the
amine (in aqueous solution) increases and the steric
shielding of the amino nitrogen decreases. Chang
and Chen'? have recently proposed that the efficacies
of catalysts in the reaction of phenylisocyanate with
alcohols is dependent on the ability of the catalysts
to form hydrogen-bonding complexes and on their
electron donor numbers, rather than on their basic-
ities. For the heterogeneous reaction of cellulose and
phenylisocyanate, the extent of swelling of the cel-
lulose by the reaction medium would also be a critical
factor, as it is necessary for the reagents to penetrate
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Figure 1 Reactions of phenylisocyanate.

the cellulose structure to gain access to the reaction
sites.

Besides promoting the reactions of isocyanates
with active hydrogen-containing compounds, e.g.,
alcohols, the amines catalyze self-condensation re-
actions to give isocyanate dimers, trimers, and poly-
mers.!! Trimerization in the presence of organo-
metallic and amine catalysts is also promoted by
strongly dipolar aprotic solvents such as DMSO and
N,N-dimethylformamide (DMF).* The trimer
phenylisocyanurate (IV) has already been isolated
as a by-product of the reaction of cellulose with
phenylisocyanate in DMSOQ.¥

The amine catalyst 1,4-diazabicyclo(2.2.2) octane
(DABCO) has been used to aid the carbanilation
reaction of cellulose in DMF4; without the catalyst,
the reaction is very slow in this solvent.!® The effi-
cacies of solvents for the reaction decrease in the
order DMSO > pyridine » DMF.'° 4- N,N-Dimeth-
ylaminopyridine (DMAP) has also proved to be an
excellent catalyst for reactions of isocyanates® and
is believed to operate through a base-catalysis
mechanism.'” A third tertiary amine catalyst, N-
methylimidazole (NMI), is a very effective catalyst
for acetylations with acetic anhydride’® and has been
used as a catalyst for urethane formation.'® These
three amines and, for comparison, N,N-dimethyl-
aniline (DMA), triethylamine (TEA), and tri-n-
amylamine (TAA), were used in this study to test
their effect on reactions of various cellulose samples
with phenylisocyanate in pyridine and in DMSO.
Some additional reactions were carried out with
bleached cotton linters in DMF and N,N-dimeth-
ylacetamide (DMAc) media.

EXPERIMENTAL

Analytical Methods

Nitrogen contents of the CTC samples were ob-
tained by the Dumas method and were performed

by the Australian Microanalytical Service, Mel-
bourne. Fourier transform infrared (FT-IR) spectra
were obtained for KBr discs (1% sample, 64 scans,
4 wave number resolution) on an Alpha Centauri
FT-IR spectrometer (Mattson Instruments Inc).
HPSEC of the CTC samples was carried out on col-
umns containing crosslinked polystyrene, eluting
with tetrahydrofuran, and MWDs were calculated
according to a published method.*

Phenylisocyanate Reaction Products

The dimer III, mp 177-179°C (acetone), was pre-
pared by DMAP-catalyzed reaction of phenyliso-
cyanate at ambient temperature.?’ The trimer IV,
mp 284-286°C (acetone), was the product of pro-
pylene-oxide-catalyzed condensation of phenyliso-
cyanate in pyridine at 20°C.?! 1,3-Diphenylurea (V)
was obtained by careful addition of phenylisocyanate
to water and had a mp of 236-237°C (ethanol).
Methyl carbanilate (VI), mp 47-48°C (ether-hex-
ane), was obtained by reaction of dry methanol with
phenylisocyanate at 20°C.

Cellulose Samples

Four cellulose samples were used: bleached cotton
linters (99.3% «a-cellulose) ; partially mercerized Pi-
nus radiata bisulfite dissolving pulp (97.1% a-cel-
lulose), amorphous cellulose (prepared by ball-
milling bleached cotton linters for 112 h), and cel-
lulose II (prepared by regeneration from a solution
of Avicel (FMC Aust Ltd, Melbourne) in phosphoric
acid after standing for 6 weeks).??

Amine-Catalyzed Trimerization of
Phenylisocyanate

Phenylisocyanate (200 mg, 1.7 mmol) and dry pyr-
idine, DMSO, DMF, or DMAc (2.0 mL) were placed
in a 5-mL reaction bottle capped with a PTFE-
coated septum. Various amines (0.4 mmol) were op-
tionally included in the mixtures, and the bottles
were heated in an oven for 72 h at the appropriate
temperatures (70 or 80°C) (Table I). After reaction,
the bottles were cooled, and 0.5 mL dry methanol
was added to the solutions. The mixtures were added
to 40 mL water, and the aqueous solutions were ex-
tracted with ethyl acetate (4 X 20 mL). The com-
bined extracts were placed in a 100-mL volumetric
flask, and the solution was made up to 100 mL with
fresh ethyl acetate. An aliquot of this solution (1.0
or 2.0 mL depending on the expected amount of
methyl carbanilate) was added to a solution of
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TableI Amine-Catalyzed Trimerization of Phenylisocyanate®

% Yield
Temp.
Solvent Amine °C) Trimer (IV) Diphenylurea (V)
Pyridine — 80 — 7.8
Pyridine DABCOP® 80 10.5 6.7
Pyridine DMAP*® 80 2.7 5.4
Pyridine DMA! 80 0.8 7.5
Pyridine NMI® 80 0.5 4.9
Pyridine TEAf 80 6.9 8.3
Pyridine TAA® 80 5.6 2.4
DMSO — 70 2.0 104
DMSO DABCO 70 82.3 13.0
DMSO DMAP 70 86.2 12.1
DMSO DMA 70 30.1 16.7
DMSO NMI 70 24.3 11.2
DMSO TEA 70 44.1 15.6
DMSO TAA 70 50.5 24.3
DMF — 80 21.1 119
DMF DABCO 80 83.3 14.2
DMAc — 80 1.6 13.8
DMAc DABCO 80 12.9 T 173

® 1.7 mmol phenylisocyanate, 0.4 mmol amine, 2.0 mL solvent, 72 h.

b 1,4-Diazabicyclo(2.2.2)octane.
¢ 4-N,N-dimethylaminopyridine.
4 N,N-dimethylaniline.

¢ N-methylimidazole.

f Triethylamine.

# Tri-n-amylamine.

methyl 3,4-dimethoxybenzoate (internal standard)
in methanol (0.1%, 1.0 mL), and the combined so-
lution was evaporated to dryness. The residue was
dissolved in 25 mL methanol and was analyzed by
high-performance liquid chromatography (HPLC).
Column: Waters RESOLVE C-18 5u Radial-PAK
cartridge (8 mm X 10 ¢m). Solvent: 1.0 mL /min;
50% aqueous methanol for 10 min, then gradient
elution during 10 min to 70% aqueous methanol and
elution with this solvent for a further 15 min. De-
tector: UV at 225 nm. Sample volume: 20 uL. Re-
tention times: VI, 11.6 min; IV, 15.3 min; int. stand.,
20.4 min; V, 24.5 min; III, 32.1 min. A calibration
curve was made for each component against the in-
ternal standard, and the amounts of reaction prod-
ucts were calculated from these curves. Beer’s law
was followed within the range of concentrations
used.

Reaction of Cellulose Samples with
Phenylisocyanate in the Presence of Amines

Dry cellulose (50 mg) was treated with phenyliso-
cyanate (1.0 mL) in dry solvent (pyridine, DMSO,
DMF, or DMAc) (10 mL) at 60-100°C in a 15-mL

reaction bottle capped with a PTFE-coated septum.
An amine (2.0 mmol) was also included in some of
the reaction mixtures. The contents of the bottle
were periodically gently swirled to aid the reaction.
After dissolution of the cellulose, dry methanol (1
mlL ) was added, and the CTC was recovered by pre-
cipitation from the reaction solution in 100 mL
aqueous methanol, prepared by mixing seven vol-
umes of water with three volumes of methanol. In
some cases, a drop of saturated aqueous sodium sul-
fate was added and the mixture was swirled vigor-
ously to break the colloidal dispersion that formed.
The derivative was collected by centrifugation,
washed successively with aqueous methanol, twice
with water, and dried. The values obtained for ni-
trogen contents of CTC samples were 8.1 + 0.2%
(caled. for CTC: 8.09%).

RESULTS AND DISCUSSION

Amine-Catalyzed Trimerization of
Phenylisocyanate

Carbanilation of cellulose is typically carried out in
pyridine or DMSO with an excess of phenyliso-
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Table II Effect of Amines on the Carbanilation of Cellulose Samples with Phenylisocyanate®

MWD of CTCs
Amine Temp. Time
Sample Solvent Additive °C) (h) b, P, P,/P,
Amorphous Pyridine — 80 96 b
cellulose Pyridine DABCO 80 72 38 23 1.7
Pyridine DMAP 80 91 36 22 1.6
Pyridine NMI 80 24 37 24 1.5
DMSO — 70 5 39 24 1.6
Cellulose 11 Pyridine — 80 96
Pyridine DABCO 80 77 20 14 14
Pyridine DMAP 80 96 b
Pyridine NMI 80 96
DMSO — 70 5 21 15 1.4
Partially mercerized Pyridine — 80 96 b
pine bisulfite Pyridine DABCO 80 77 ©
dissolving pulp Pyridine DMAP 80 96 b
Pyridine NMI 80 96 b
DMSO — 70 5 2550 456 5.6
Bleached cotton Pyridine — 80 32 4450 1420 3.1
linters Pyridine DABCO 80 20 ¢
Pyridine DMAP 80 19 4400 1450 3.0
Pyridine DMA 80 46 4260 1360 3.1
Pyridine NMI 80 72 4350 1460 3.0
Pyridine TEA 80 30 4400 1420 3.1
Pyridine TAA 80 91 4330 1350 3.2
DMF — 100 96 b
DMF DABCO 80 19 °
DMF DMAP 80 96 b
DMF NMI 80 96 b
DMAc — 100 96 b
DMAc DABCO 80 32 ¢
DMAc DMAP 80 96 b
DMAc NMI 80 96 b
DMSO — 60 48 3970 1420 2.8
DMSO DABCO 60 9 3510 1070 3.3
DMSO DMAP 60 19 3620 1250 2.9
DMSO DMA 60 49 °
DMSO NMI 60 50 533 179 3.0
DMSO TEA 60 96 b
DMSO TAA 60 45 3430 1220 2.8

2 50 mg cellulose, 1.0 mL phenylisocyanate, 2.0 mmol amine, 10 mL solvent.

b Incomplete reaction.
¢ Tailing peak in HPSEC trace.

cyanate, and the soluble tricarbanilate (II) is the
product.'?° After completion of the reaction, the
excess phenylisocyanate is removed by treatment
with methanol to give methyl carbanilate (VI). Un-
less the reactants and solvents are completely dry,
phenylisocyanate reacts with the water to form car-
bon dioxide and 1,3-diphenylurea (V). The phenyl-

1socyanate dimer III and trimer IV are formed from
phenylisocyanate under certain catalytic con-
ditions*! (Table I).

The CTCs are isolated by precipitation into
aqueous methanol.!? Since the solubilities of the by-
products of the carbanilation reaction in aqueous
methanol decrease in the order VI > V > IV > III,



the formation of compounds III-V should be sup-
pressed, as they may coprecipitate with the CTCs.
In addition, phenylisocyanate would be consumed
in the formation of compounds III-V.

To estimate the amount of compounds ITI-V that
would be expected to form during carbanilation of
cellulose in the presence of amines, a series of blank
runs was carried out without cellulose. After reaction
for 72 h, the remaining starting material was de-
composed with methanol, and the products were an-
alyzed by HPLC? (Table I). In every case, the
chromatograms showed no more than three product
peaks, which were assigned to compounds IV-VI;
the dimer III was not a component of any of the
reaction mixtures.

When phenylisocyanate was simply heated in
solvents for 72 h, the yields of trimer in the pyridine,
DMSO, and DMAc reactions were < 3%, although
the trimer yield in the DMF reaction was 21% (Ta-
ble I). When amines were included in the reactions,
the yields of trimer were higher, particularly for the
amines DABCO and 4- N,N-dimethylaminopyridine
(DMAP) and for the solvents DMSO and DMF.
The catalytic effect of amines such as DABCO on
the trimerization of phenylisocyanate in DMSO and
DMF has already been noted.!> The yields of the
diphenylurea V from reactions in DMSO, DMF, and
DMAc were higher than for reactions in pyridine,
which may be indicative of the difficulty of com-
pletely removing water from the former solvents.
Thus the products IV and V are less likely to form
as by-products from reactions of phenylisocyanate
in pyridine and in DMAc than from reactions in
DMSO and in DMF, and formation of the trimer is
promoted by amines.

Effect of Amines on the Carbanilation of
Cellulose with Phenylisocyanate

Four cellulose samples were used in this study; three
were unreactive to phenylisocyanate in pyridine, i.e.,
they did not completely dissolve in the reaction me-
dium after 96 h at 80°C'° and could thus not be used
for MWD studies, and a bleached cotton linters
sample. The celluloses were treated with phenyliso-
cyanate in the presence of amines, and the MWDs
of the resulting CTCs were determined by HPSEC.
The weight and number average DPs (P, and P,,
respectively) and the polydispersities (P, /P,) are
given in Table II.

The three cellulose samples that were unreactive
to phenylisocyanate in pyridine were treated under
the same conditions in the presence of the amines
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DABCO, DMAP, and NMI. Although in the absence
of amines the cellulose was not completely dissolved
after 96 h at 80°C, with added DABCO the samples
dissolved after 72-77 h and gave CT'C products ( Ta-
ble IT). For the amorphous cellulose sample, DMAP
and NMI were also effective catalysts for the reac-
tion. In DMSO solution without added amines, the
three cellulose samples were completely converted
to CTCs after 5 h at 70°C, and these CT'C products
had the same MWD characteristics as those pre-
pared by the amine-catalyzed reactions in pyridine
(Table II), with the exception of the DABCO-cat-
alyzed reaction of the partially mercerized pine dis-
solving pulp. In this case, the HPSEC trace had a
CTC peak that tailed, and it was not possible to
obtain sensible MWD data from the abnormal trace
(see below). Thus DMSO is a better reaction me-
dium than pyridine/amines for carbanilation of
these samples.

Addition of amines to the carbanilation reaction
of bleached cotton linters in pyridine gave differing
effects; the dissolution time was shorter in the pres-
ence of DABCO or DMAP, unchanged with TEA,
but longer with the three remaining amines, requir-
ing 91 h with TAA (Table II). With the exception
of the CTC prepared in the presence of DABCO, all
the products had similar MWD characteristics, al-
though the DPs of the product from the TAA re-
action were somewhat lower than the reaction with-
out an amine additive. The CTC prepared with the
aid of DABCO had an HPSEC peak that tailed, and
the trace did not return to the baseline until well
past the MW range covered by the column system,
shown in Figure 2 together with the trace from the
reaction without an amine additive.

Carbanilation of bleached cotton linters in DMF
or DMAc at 100°C was incomplete after 96 h, al-
though in the presence of DABCO, the reactions

Toluene

1 1 1 1
10 20 30 40
Elution volume {mL)

Figure 2 HPSEC elution curves for cotton linter CTCs
prepared in pyridine at 80°C (lower curve a) and in 0.2
M DABCO in pyridine at 80°C (upper curve b).
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were complete after 19 and 32 h, respectively. The
CTC products had HPSEC curves similar to that of
the CTC from the pyridine-DABCO reaction, which
had a sloping tail. Hall and Horne reported that
CTCs were prepared from various cellulose samples
without degradation of the cellulose by reaction with
DMTF catalyzed by DABCO, although they did not
conduct HPSEC experiments. The amines DMAP
and NMI added to the reactions in DMF and DMAc
at 80°C did not effect dissolution of the cellulose
after 96 h.

The carbanilation of bleached cotton linters in
DMSO was carried out at 60°C. Both DABCO and
DMAP accelerated the dissolution, the former amine
allowing dissolution after 9 h rather than the 46 h
required for the reaction without added amine (Ta-
ble II). With TEA as an additive, the dissolution
was incomplete after 96 h. The three remaining
amines tested had little effect on the dissolution
time. The HPSEC trace of the CTC prepared from
reaction in DMSO in the presence of DMA had a
tailing peak similar to those already discussed.

Reduction of DP of high molecular weight cel-
lulose samples during carbanilation in DMSO was
reported in our earlier paper,® and this DP reduc-
tion is exacerbated by the presence of amines in the
reaction mixtures (Table I). The P, and P, values
obtained for the CTC from the carbanilation reac-
tion in the presence of NMI were remarkably low;
the difference in the HPSEC traces for this product
and for the product of reaction in DMSO without
added amine are illustrated in Figure 3.

The reasons for the reduction in DP of bleached
cotton linters cellulose during carbanilation reac-
tions in DMSO are not clear. DMSO is a known
oxidant,2* and could possibly be oxidizing some cel-
lulose hydroxyl groups, rendering the glucosidic

Toluene

| 1 | 1
10 20 30 40
Elution volume (mL)

Figure3 HPSEC elution curves for cotton linter CTCs
prepared in DMSO at 60°C (lower curve a) and in 0.2 M
NMI in DMSO at 60°C (upper curve b).

Table III Properties of Carbanilation Solvents

Dieletric Electron Donor
Solvent Constant? Number®
DMSO 46.6 29.8
Pyridine 12.3 33.1
DMF 36.7 26.6
DMAc¢ 37.8 27.8

* Data from Ref. 26.
b Data from Ref. 27.

linkages more susceptible to cleavage. However, the
FT-IR spectra of the depolymerized CTC samples
were not different from those of authentic CTC
samples. In particular, there were no additional car-
bonyl absorptions in the spectra, which would be
expected in an oxidized product. The nitrogen con-
tents of the depolymerized CTC samples were those
expected for a CTC. The scope of the depolymer-
ization of cellulose during carbanilation in DMSO
with amines has been examined further® and has
not revealed details of the reaction mechanism.

The factors responsible for the chromatographic
behavior of the four CTC samples from bleached
cotton linters that had tailing HPSEC peaks could
not be ascertained. The FT-IR spectra and nitrogen
contents were those of an authentic CTC, and the
reactions when replicated gave products with iden-
tical chromatographic characteristics, as did the
CTC prepared from cotton linters in pyridine-
DABCO resubjected to the carbanilation reaction.
In general terms, tailing chromatography peaks oc-
cur when there is heterogeneous adsorption between
the solute and the chromatographic medium; in this
case the medium is a nonpolar crosslinked polysty-
rene, and the column could be exhibiting reverse-
phase behavior. This would require the four CTC
samples to have different solution properties than
the normal CTC samples.

From these results and those obtained earlier, !
the efficacy of the solvents for the carbanilation re-
action of cellulose decreases in the order DMSO
> pyridine > DMF ~ DMAc. It has been proposed '
that solvents with high dielectric constants are par-
ticularly effective for promoting urethane formation.
Later, Chang and Chen'? concluded that the efficacy
of solvents in the reactions is related to their electron
donor number. Both of these characteristics for the
carbanilation solvents tested are given in Table III,
and they show no relationship to the ability of the
solvents to assist the reaction of phenylisocyanate



Table IV Ionization Constants K, of Protonated
Amine Ions in DMSO at 25°C

Amine pKa

DABCO 8.9°

TEA 8.4"°

NMI 6.2¢

DMA 2.5°
2 Ref. 28.
b Ref. 29.
° Ref. 30.

with cellulose. Instead, the rate of dissolution of cel-
lulose during the carbanilation reaction is probably
governed by the rate or extent of swelling of the
cellulose by the medium.

The efficacies of the amine additives in the car-
banilation reactions have earlier been correlated
with their basicities in water.'’ A series of pK,
measurements of amines in DMSQ have been
made?3° and are given for the amines tested in this
study in Table IV. There is no correlation between
these values and the ability of the amines in DMSO
to assist the carbanilation reaction of cellulose; thus
although TEA has a relatively high p K, value, it has
a negative effect on the dissolution of cellulose in
carbanilation, whereas DMA did not retard the dis-
solution, even though it had a low p K, value. How-
ever, it should be pointed out that the p K, values
relate to the basicities of the amines and not nec-
essarily their nucleophilicities,®' and the reactivities
of the amines could be a consequence of their nu-
cleophilicities.

CONCLUSIONS

The amines DABCO and DMAP accelerated the
dissolution of cellulose during carbanilation, and
DABCO in pyridine assisted the carbanilation of
cellulose samples, which were otherwise unreactive
in pyridine. However, there were several disadvan-
tages of amine addition to the carbanilation mix-
tures:

1. The phenylisocyanate was consumed in
amine-catalyzed conversion to its trimer
phenylisocyanurate, especially in DMSO and
DMF media.

2. Some of the amines tested retarded the car-
banilation reactions.
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3. Carbanilation in DMSO for the amorphous
cellulose and mercerized cellulose samples
was faster in DMSO than in pyridine/
DABCO.

4. CTCs from amine-catalyzed reactions of cot-
ton linters in DMSO had lower DP values,
especially with N-methylimidazole as the
added amine.

5. Some CTCs from amine-catalyzed reactions
had HPSEC peaks that tailed. This effect was
not due to incomplete carbanilation.

On the basis of these elements, it was concluded
that amines have only limited value as additives to
carbanilation reactions of cellulose.

The authors wish to thank Dr. A. J. Michell, CSIRO Di-
vision of Forestry and Forest Products, for carrying out
the FT-IR experiments and Dr. W. H. F. Sasse, CSIRO
Division of Chemicals and Polymers, Clayton, for valuable
discussions.
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