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Polyurethanes (PUs) are synthesized by the reaction of diisocyanates and diols and are widely 

used in furniture foams, thermal insulation, coatings, and adhesives. In this work, a 1,2,3-triazole-bridged 

dioxime (compound 6) as a diol source was synthesized from isomannide via tosylation, azidation, and 

cyclization-addition and used in the syntheses of new PUs. A new carbohydrate-based linear P-1 was syn-

thesized by the reaction of 6 and 1,6-hexamethylene diisocyanate (1,6-HMDI). Besides, three new linear 

PUs (P-2, P-3, and P-4) were synthesized by the reaction of 6, isomannide compound (used in different 

molar ratios), and 1,6-HMDI. The thermal properties of the new PUs were determined by thermogravime-

try (TG), their molecular structures were characterized by FTIR, 1H- and 13C-NMR, and the molecular 

weights of some polymers were determined by GPC/SEC. Additionally, the surface characteristics of the 

synthesized PUs were examined via scanning electron microscopy (SEM). 

 

Keywords: poly(oxime-urethane), polyurethane, 1,6-hexamethylene diisocyanate, isomannide,  

azide, dioxime, 1,2,3-triazole 

 

 
СИНТЕЗА И КАРАКТЕРИЗАЦИЈА НА НОВИ 1,2,3-ТРИАЗОЛ-МОСТОВНИ  

ОКСИМ-ПОЛИУРЕТАНИ ДОБИЕНИ ОД ДЕРИВАТ НА ИЗОМАНИД  

 

Полиуретаните (PUs) се синтетизираат во реакција на диизоцијанати и диоли, а широко се 

користат во пени за мебел, термичка изолација, премази и лепила. Во овој труд 1,2,3-триазол-

мостовен диоксим (соединение 6) како извор на диол беше синтетизиан од изоманид преку реакција 

на тозилирање, азидација и циклизација-адиција и беше употребен за синтеза на нови PUs. Беше 

синтетизиран нов линеарен Р-1 на основа на јаглехидрат во реакција на 6 и 1,6-хексаметилен 

диизоцијанат (1,6-HDMI). Покрај тоа беа синтетизирани и три нови PUs (Р-2, Р-3 и Р-4) во реакција 

на 6, изоамидно соединение (користено во различни моларни односи) и 1,6-HMDI. Термичките 

својства на новите PUs беа определени термогравиметриски (TG), нивната молекулска структура 

беше карактеризирана со FTIR, 1H- и 13C-NMR, додека молекуларната маса на некои од полимерите 

беше определена со GPC/SEC. Дополнително, површинските карактеристики на синтетизираните 

PUs беа определени со скенирачка електронска микроскопија (SEM). 

 

Клучни зборови: поли(оксим-уретан); полиуретан; 1,6-хексаметилен диизоцијанат; изоманид; 

азид; диоксим; 1,2,3-триазол 

 

 

1. INTRODUCTION 

 

Polyurethanes (PUs), urethane (or carba-

mate) groups containing polymers, were firstly 

discovered in 1937 by Otto Bayer and co-workers 

and prepared by the reaction of monomers contain-

ing diisocyanate and hydroxyl groups. PUs offer 

various usages, such as furniture/insulating materi-
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als, fuel binders, sealants, materials for increasing 

crashworthiness, and agents for the controlled re-

lease of drugs or therapeutics [1–4]. Most mono-

mers used in PUs' synthesis are petrol-based except 

when used for biomedical purposes, for which nat-

ural monomers are preferred. Additionally, PUs 

have hard and soft segments in their structure. The 

soft segment, which comes from a long carbon 

chain of a diol monomer, provides elasticity. In 

contrast, the hard segment, resulting from several 

carbon atoms in the diisocyanate monomer, con-

tributes to strength and rigidity [2–9]. 

The design of new polymer materials from re-
newable resources has offered an enormous potential 
to replace the depleting fossil feedstock and is con-
sidered to be an environmental alternative [10]. 
1,4:3,6-Dianhydrohexitols — three isomers (iso-
sorbide, isomannide, and isoidide) of high im-
portance in this context — were widely used as mon-
omers and building blocks in polymer chemistry to 
prepare chiral polycondensates. They are thermally 
stable and easily available from cereal-based poly-
saccharides and provide stereochemical diversity [3, 
11–15]. The synthesis of linear sugar-based PUs is 
generally accomplished by the reaction of sugar-
based diols and diisocyanates in a varied range of 
conditions, either in solution or in bulk, leading to 
[AABB]-type PUs [10, 13]. PUs from protected sug-
ar derivatives and 1,6-hexamethylene diisocyanate 
(1,6-HMDI) have been reported [16]. 

1,2,3-Triazoles are a noteworthy class of 
heterocyclic compounds that have attracted a great 
deal of attention from chemists due to their poten-
tial biological activities, such as antiviral, antimi-
crobial, antiallergic, and anti-HIV activities and 
their applications in anticonvulsants, dyes, corro-
sion inhibitors, sensors, and photo-stabilizers [17–
23]. Only a few general methods for the synthesis 
of 1,2,3-triazoles have been described, i.e., a) 
Huisgen [3+2] 1,3-Dipolar Cycloaddition, b) Cop-
per-Catalyzed Azide-Alkyne Cycloaddition (Cu-
AAC) [20], c) Ruthenium-Catalyzed Azide-Alkyne 
Cycloaddition (RuAAC) [19], d) Dimroth reaction, 
as a cycloaddition of azides with active methylene 
compounds in the presence of basic conditions [24, 
25]. A highly efficient copper(I)- or ruthenium-
catalyzed method for the chemo- and regioselec-
tive-synthesis of 1,2,3-triazoles from organic az-
ides and alkynes is the most frequently used. Bes-
set et al. reported the investigation of their polyad-
dition by CuAAC in solution or by solvent and 
copper-free thermal Huisgen polyaddition of anhy-
drohexitols [26, 27]. 

As a member of the imine family, oximes, 
which are multifunctional materials containing an 
–OH group, are usually generated by the condensa-

tion of hydroxylamine and aldehydes or ketones 
[28]. Although the reactions of oxime and isocya-
nate have been known since 1889 [29], poly(ox-
ime-urethanes) were reported by Campbell et al. in 
1959 [30]. In their study, poly(oxime-urethane) as 
a condensation polymer obtained from the reaction 
of diisocyanates (3,3'-dimethoxy-4,4'-biphenylene 
diisocyanate, methylene bis[4-phenyl isocyanate], 
hexamethylene diisocyanate) with four symmet-
rical dioximes (1,4-cyclohexanedione dioxime, 
dimethylglyoxime, terephthalaldehyde dioxime, 
and 2,6-pyridine dialdoxime) are reported. Similar-
ly, poly(oxime-urethanes) are also prepared from 
the uncatalyzed polyaddition of multifunctional 
oximes and hexamethylene diisocyanate at ambient 
temperature [28]. Additionally, there are also stud-
ies on photochemical degradation of poly(oxime-
urethanes) used as amine photobase generators. 
These polymers can generate amines by decompos-
ing the N–O bond with the photolysis of oxime-
urethane linkage [31, 32]. Recently, Xu et al. re-
ported the dynamic poly(oxime-urethanes) with 
excellent self-healing ability, malleability, and me-
chanical properties [33].  

In this paper, we synthesized a new 1,2,3-
triazole-bridged ketoxime as a diol source from 
isomannide via tosylation, azidation, cyclization, 
and condensation reactions. The new poly(oxime-
urethanes) were generated from the polyaddition 
reaction of the new dioxime compound 6 with 1,6-
HMDI — a commercial diisocyanate. In addition 
to the two-component PUs, three-component PUs 
containing isomannide derivatives were also pre-
pared. The thermal properties of all the polymeric 
materials were investigated by TG. 

 
 

2. EXPERIMENTAL 
 

2.1. General мethods 
 

All the starting materials, solvents, and other 
chemicals were purchased from Merck, Alfa Ae-
sar, or Sigma-Aldrich and used without further 
purification. The melting points were determined 
using a BI 9200 Branstead Electrothermal melting 
point apparatus with the open-capillary method and 
were uncorrected. The IR spectroscopy was carried 
out with a potassium bromide (KBr) disc on a Per-
kin Elmer Spectrum 100 FTIR spectrophotometer. 
1D and 2D NMR spectra (1H, 13C, NOESY, CO-
SY, HSQC, and HMBC) were recorded on a Vari-
an AS 400 MHz spectrometer, which operated at 
400 MHz for 1H nuclei and 100 MHz for 13C nu-
clei in deuterated chloroform (CDCl3) or dimethyl 
sulphoxide (DMSO-d6). The chemical shifts (δ) 
were given in parts per million (ppm) using the 
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residue solvent peaks as references relative to tet-
ramethylsilane as the internal standard. Coupling 
constants (J) were presented in hertz (Hz). The 
signals were abbreviated as a singlet, s; doublet, d; 
doublet-doublet, dd; triplet, t; and multiplet, m. 
The high-resolution mass spectra (HRMS) anal-
yses were performed on an Agilent 6230 TOF-MS 
equipped with Jet Stream ESI source operated in 
positive ion mode. All the IR, NMR, and MS spec-
tra were offered in supplementary materials. All 
the reactions were monitored by thin-layer chroma-
tography (TLC) using precoated silica gel G-60 
F254 (Merck 5554) aluminum plates with detection 
under UV light (254 nm) and sprayed with 20 % 
H2SO4 solution in water followed by heating at 120 
C or basic KMnO4 solution. Mesh silica gel 
(70  230, Merck 7734) was used for open column 
chromatographic studies with the indicated solvent 
mixture. 

 

2.2. Synthesis of 1,4:3,6-dianhydro-2,5-di-O-(p-

toluenesulfonyl)-D-mannitol (3) 
 

Tosyl chloride (45.5 g, 0.239 mol, 3.5 eq.) in 
pyridine (70 ml) was slowly added to 1,4:3,6-
dianhydro-D-mannitol (isomannide) (1) (10.0 g, 
0.0684 mol) in pyridine (30 ml) in an ice bath. The 
reaction mixture was stirred at ambient tempera-
ture for 24 h. The reaction was monitored by TLC. 
After 24 h, the reaction mixture was added into 2M 
HCl and ice water and stirred at room temperature 
(rt) for 2 h. The reaction was filtered and dried at 
rt. The residue was recrystallized from MeOH. The 
compound 3 structure was elucidated by FTIR 
(KBr disc, cm–1; Spectrum 1). Colorless solid, 
yield: 84 %; mp: 92–93 C (lit.: 91–92 C) [34]. 
FTIR (KBr disc, cm–1); 3006 (Aromatic C-H), 
2936–2876 (alip. C-H), 1562, 1680 (arom., –C=C–), 
1368, 1192 (-SO2-), 1086 (C-O-C). 

 

2.3. Synthesis of 2,5-Diazido-2,5-dideoxy-1,4:3,6-

dianhydro-L-iditol (4) 
 

Sodium azide (14.0 g, 0.215 mol, 8.0 eq.) 
was dissolved in dimethylformamide (DMF), and 
it was added to the 1,4:3,6-dianhydro-2,5-di-O-
tosyl-D-mannitol (3) (15.0 g, 0.027 mol) in DMF 
(80 ml). The mixture was refluxed and stirred at 
100 ºC for 24 h. After the 24-h reflux, the reaction 
mixture was added into the ice water (400 ml), and 
it was stirred for 2 h. The mixture was extracted 
with dichloromethane (DCM; 3 × 50 ml), and the 
combined organic layers were washed with water 
(100 ml), dried over anhydrous Na2SO4, and con-
centrated under reduced pressure. The residue was 
subjected to column chromatography on silica gel 

eluting with DCM [34]. The compound 4 structure 
was elucidated by FTIR (KBr disc, cm–1; Spec-

trum 2). Colorless syrup, yield: 72 %. FTIR (KBr 
disc, cm–1); 2950, 2882 (aliph. C-H), 2104 (-N3), 
1094 (C-O-C). 

 

2.4. Synthesis of {1-[2′,5′-Dideoxy-1′,4′:3′,6′-

dianhydro-L-iditol-2′,5′-diyl]bis[5-methyl-1H-

1,2,3-triazole-1,4-diyl]}bis(ethan-1-one) (5) 
 

Anhydrous potassium carbonate (8.80 g, 
0.0637 mol, 2.5 eq.) was added into the solution of 
compound 4 (5.0 g, 0.0255 mol) and 2,4-
pentanedione (7.9 ml, 0.0764 mol, 3.0 eq.) in 60 
ml DMF, and then the mixture was continuously 
stirred at 80 ºC for 4 h. The progress of the reac-
tion was monitored by TLC (Toluene-MeOH, 9:1). 
At the end of the reaction time, the reaction mix-
ture was poured into 300 ml of ice-water and 
stirred for 1 h for precipitation. The precipitate was 
filtered, washed with water, and air-dried. For fur-
ther purification, the light-yellow solid was recrys-
tallized from dichloromethane/hexane. The struc-
ture of compound 5 was determined by FTIR (KBr 
disc, cm–1), 1H-NMR, 13C-NMR, 2D-NMR (CO-
SY, NOESY, HMBC and HSQC), and LC-MS 
(ESI-positive mode) spectra of (Spectrum 3–18). 
Colorless solid (5), yield: 89 %, mp: 181.5–182.0 
C. FTIR (KBr disc, cm–1); 2958, 2884 (aliph. C-
H), 1680 (C=O), 1560, 1422 (triazole ring), 1080 
(C-O-C).1H NMR (400 MHz, CDCl3) δ 5.22 (s, 
2H, H-3′ and H-4′), 4.94 (dd, 2H, J1′a,2′ = J5′,6′a =5.8 
Hz, J1′b,2′ = J5′,6′b =2.8 Hz, H-2′ and H-5′), 4.42 (dd, 
2H, J1′a,1′b = J6′a,6′b =10.0 Hz, H-1′a and H-6′a), 4.27 
(dd, 2H, H-1′b and H-6′b), 2.58 (s, 12H, 2 × tria-
zole-CH3 and 2 × acetyl-CH3) ppm; 13C NMR (100 
MHz, CDCl3); δ 194.1 (2 × C=O), 143.6 (2 × C-4), 
136.6 (2 × C-5), 88.2 (C-3′ and C-4′), 72.3 (C-1′ 
and C-6′), 62.8 (C-2′ and C-5′), 27.6 (2 × acetyl-
CH3), 9.0 (2 × triazole-CH3) ppm. TOF-ESIMS: 
calc’d for C16H21N6O4 [M+H]: 361.1624, found: 
361.1597; calc’d for C16H20N6O4Na [M+Na]: 
383.1444, found: 383.1413. 

 

2.5. Synthesis of {1-[2′,5′-Dideoxy-1′,4′:3′,6′-

dianhydro-L-iditol-2′,5′-diyl]bis[5-methyl-1H-1,2,3-

triazole-1,4-diyl]}bis(ethan-1-one) dioxime (6) 
 

Hydroxylamine hydrochloride (4.82 g, 
0.0693 mol, 5.0 eq.) and sodium acetate trihydrate 
(5.66 g, 0.0416 mol, 3.0 eq) were added into the 
solution of compound 5 (5.0 g, 0.0139 mol) in 60 
ml absolute ethanol, and the reaction mixture was 
stirred at 80 ºC for 4 h. At the end of the reaction, 
the solvent was evaporated under reduced pressure, 
and the solid residue was triturated with boiling 
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water three times. Then, the white solid (6) was 
obtained and air-dried. The structure of compound 

6 was elucidated by FTIR (KBr disc, cm–1), 1H-
NMR, 13C-NMR, and 2D-NMR (COSY, NOESY, 
HMBC, and HSQC), and TOF-ESIMS spectra of 
(Spectra 19–25) yield: 83%, mp: 234-235 C. 
FTIR (KBr disc, cm–1); 3350 (-OH), 2958-2864 
(aliph. C-H), 1628 (C=N), 1560 and 1422 (arom. 
triazole ring, C=C), 1094 (C-O-C). 1H NMR (400 
MHz, DMSO-d6) δ 11.10 (s, 2H, =N-OH), 5.21 (s, 
2H, H-3′ and H-4′), 5.20 (dd, 2H, J1′a,2′ = J5′,6′a =5.6 
Hz, J1′b,2′ = J5′,6′b =3.2 Hz, H-2′ and H-5′), 4.37 (dd, 
2H, J1′a,1′b = J6′a,6′b =10.2 Hz, H-1′a and H-6′a), 4.16 
(dd, 2H, H-1′b and H-6′b), 2.50 (s, 6H, 2 × oxime-
CH3), 2.21 (s, 6H, 2 × triazole-CH3) ppm; 13C 
NMR (100 MHz, DMSO-d6): δ 149.6 (2 × C=N–), 
141.4 (2 × C-4), 131.6 (2 × C-5), 87.8 (C-3′ and C-
4′), 72.5 (C-1′ and C-6′), 63.1 (C-2′ and C-5′), 12.3 
(2 × triazole-CH3), 9.7 (2 × oxime- CH3-C=N–) 
ppm. TOF-ESIMS: calc'd for C16H23N8O4 [M+H]: 
391.1842, found: 391.1961. 

 

2.6. Synthesis of the two-component polyurethanes 

(P-1) and (P-5) 
 

2.6.1. Synthesis of the new polyurethane (P-1) 
 

1,6-Hexamethylene diisocyanate (1.30 g, 1.0 
eq.) was added into the solution of compound 6 

(0.0077 mol) in anhydrous DMF and stirred under 
argon at 80 ºC for 6 h. The mixture was then 
cooled to room temperature and poured into cold 
methanol. The precipitate was filtered, washed 
with methanol, and air-dried. The polymeric mate-
rial was further dried in a vacuum oven at 80 ºC for 
five days. The compound P-1 structure was deter-
mined by FTIR (KBr disc, cm–1), 1H-NMR (400 
MHz, DMSO-d6), and 13C-NMR (100 MHz, 
DMSO-d6) spectra of (Spectra 27-29) yield 71 %. 

 

2.6.2 Synthesis of the two-component PU (P-5) 

containing isomannide only 
 

Only isomannide (1.695 g, 0.012 mol) as a 
diol source was reacted with 1,6-HMDI (1.95 g, 
0.012 mol, 1.0 eq.) according to the synthesis pro-
cedure of P-1, yield 64 %. 1H-NMR (400 MHz, 
DMSO-d6), and 13C-NMR (100 MHz, DMSO-d6) 
spectra of (Spectra 42–45). 

 

2.6.3. General procedure for the synthesis  

of the three-component PUs (P-2-4) 
 

1,6-HMDI was added into the solution of 
compound 6 and isomannide (used in the different 

molar ratio 25 %, 50 % and 75 %, Table 1) in an-
hydrous DMF, and it was stirred under argon at 80 
ºC for 6 h. The mixture was then allowed to cool to 
room temperature and poured into cold methanol. 
The precipitate was filtered, washed with metha-
nol, and air-dried. The polymeric material was fur-
ther dried in a vacuum oven at 80 ºC for five days. 
The structures of the three-component PUs (P-2-4) 
compounds were elucidated by FTIR (KBr disc, 
cm–1), 1H-NMR (400 MHz, DMSO-d6), and 13C-
NMR (100 MHz, DMSO-d6) spectra of (Spec-

trum 30–41). 
 

 

T a b l e  1  

 

The composition as an equivalent and yields  

of two- and three-component PUs 
 

 
Compound 

6 

1,6-

HMDI 
Isomannide 

Yield 

(%) 

P-1 1.00 1.00 – 71 

P-2 0.75 1.00 0.25 68 

P-3 0.50 1.00 0.50 62 

P-4 0.25 1.00 0.75 72 

P-5 – 1.00 1.00 64 

 

 

3. RESULTS AND DISCUSSION 

 

To obtain the diol source (6) (Scheme 1), 

firstly, isomannide was converted into ditosylate 

ester (3) in 84 % yield and then into diazido de-

rivative (4) with 72 % yield by a substitution reac-

tion by inversion of the configuration according to 

the literature [34, 35]. In the FTIR spectra of 3 

available in the supplementary material, a charac-

teristic peaks at 3006 cm–1 (aromatic C-H), 1562 

cm–1, 1680 cm–1 (aromatic, –C=C–), 1368 cm–1, 

1192 cm–1 (–SO2–) were observed. 

The FTIR spectra of 4 and 5 were investi-

gated to observe that the peaks of tosyl groups in the 

structure disappeared and a strong azide peak (4) at 

2104 cm–1 appeared. The bis-triazole- derivative 5 

was obtained in 89 % yield via the Dimroth reaction 

of 4 and 2,4-pentanedione in the presence of K2CO3. 

For the structural elucidation, FTIR, 1H-, 13C-NMR, 

NOESY, HSQC, HMBC, and mass spectra of addi-

tion-activated methylene groups of compound 5 to 

azides were performed. The disappearance of the 

characteristic azide peak in 2104 cm–1 in the FTIR 

spectrum and the observation of carbonyl peak at 

1680 cm–1 indicated that the cyclization reaction 

was completed.  
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Scheme 1. Synthesis of new dioxime compound 6 used as a diol source 
 

 

Compound 5, which is not found in the liter-

ature, appears to have the same triazole groups in 

the molecular structure, with the two sides of the 

molecule being symmetrical as depicted in Scheme 

2. In addition to the protons of the bicyclic ring 

structure, twelve protons of the two triazole rings 

bounded acetyl and methyl also exhibited sharp 

singlet peaks at 2.58 ppm. Geminal diastereotopic 

methylene protons (H-1a,bʹ-H-6a,bʹ) were observed 

at 4.44/4.26 ppm with J~10 Hz as an ABX pattern. 

The singlet peak of H-3′ and H-4′ was observed at 

5.22 ppm. It was interesting to observe the interac-

tion of these protons with each other and with oth-

er vicinal protons. 
The interactions of H-2′/H-3′ and H-4′/H-5′ 

protons were unobservable due to the trans-
orientation (Scheme 2). In the COSY spectrum, the 
correlation, typical of singlet two protons of H-3′ 
and H-4′ at 5.22 ppm, was not observed with H-3′ 
and H-4′, respectively (Spectra 9–10). The correla-
tion of the two protons (H-2′ or H-5′) at 4.94 ppm 
as dd was shown with H-1′a or H-6′a at 4.44 ppm 
and H-1′b or H-6′b at 4.22 ppm, respectively. Fur-
ther correlation of H-1′ and H-6′ protons was also 
observed very clearly. 

 
 

 
 

Scheme 2. (i) Numbered atoms for NMR analysis; (ii) confirmed conformation structure via 1H NMR of compound 5  
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In the NOESY spectrum (Spectra 11–12), as 

expected for the structure of compound 5 in 

Scheme 3, strong NOE signals were detected for 

H-3′/H-4′ at 5.22 ppm with H-2′/H-5′, H-1′/H-6′, 

and triazole-CH3 at 2.58 ppm. Furthermore, we 

observed the correlation signals of H-2′/H-5′ with 

H-1′/H-6′ and each other. 

The HSQC and HMBC spectra were used to 

fully assign the in-chain carbons of 5. The HSQC 

correlation showed ABX protons at 4.42 and 4.27 

ppm with carbon atoms at 72.3 ppm (Spectra 13–

14). The correlation of carbon atoms at 62.8 ppm 

with protons at 4.94 ppm indicated C-2′ and C-5′; 

similarly, the proton-carbon interactions were also 

found (Scheme 3). The carbons in the triazole ring 

were observed at 143.6 (2 × C-4) and 136.6 (2 × C-

5) ppm (Scheme 2). The HMBC spectrum (Spectra 

15–17), although not a very clear spectrum, cor-

roborates some data from HSQC, NOESY, and 13C 

NMR. One of the most prominent peaks at 13C 

NMR (Spectrum 8) was the carbonyl peak at 194.1 

ppm, whereas the others of C-4 and C-5 of the tria-

zole rings were observed at 143.6 and 136.6 ppm, 

respectively. It was understood that the peak of the 

C-5 carbon, to which the methyl group in the tria-

zole ring is attached, shifted from 136.6 ppm to the 

upfield zone. The peak at 143.6 ppm shifted to the 

downfield because of the electrons attracted from 

the ring of the acetyl group fused to the triazole 

ring. The signals of the methyl groups and the me-

thyl groups of two acetyl groups were also ob-

served to be fused to a triazole ring at 9.0 ppm and 

27.6 ppm, respectively. The [M+H] and [M+Na] 

peaks were determined in the mass spectrum using 

liquid chromatography (LC)-electrospray ioniza-

tion method (ESI) (Spectrum 18). 
 
 

 
 

Scheme 3. NOESY and HMBC correlations of compound 5 
 

 

Compound 6 was obtained from the reaction 

of compound 5 with hydroxylamine hydrochloride 

in 83 % yield and was subsequently used as a diol 

source (Scheme 1). The FTIR spectra of 6 dis-

played bands of mainly 3350 cm–1 and 1628 cm–1, 

which arose from the stretching vibration of the     

–OH and C=N– bonds of the oxime groups, re-

spectively. The investigation of the overlapped 

FTIR spectrum 20 of 5 and 6 showed that the 

peaks of carbonyl peak of 5 disappeared, and 

strong oxime OH peaks of 6 appeared at 3350 cm–1. 

The compound 6 structure was elucidated by 1H 

and 13C NMR spectrum (Spectra 19–24). The 1H 

NMR spectrum displayed a proton signal for an 

oxime OH at 11.10 ppm. Furthermore, the observa-

tion of the imine (C=N–) carbon peaks at 149.6 

ppm in the 13C NMR spectrum evidenced the ox-

ime groups in the structure. 

Comparing the chemical shift value of the 

methyl groups adjacent to the imine groups at 9.7 

ppm of 6 with acetyl methyl groups in compound 5 

revealed that they shifted to an upfield zone. Be-

sides, the observation of the [M+H] peak in the 

mass spectrum obtained by the LC-ESI method 

also proved to be the exact determination of the 

structure of the target compound (Spectrum 25). 

 
3.1. Preparation of PUs 

 

In our study, polymers P-1 to P-5 were pre-

pared from the reaction of compound 6 and/or 

isomannide with diisocyanate 1,6-HMDI, respec-

tively. The polymerization of diisocyanates with 

various ratios of compound 6 and/or isomannide in 

Table 1 was carried out by polyaddition in DMF at 

80 ℃ for 6 h without catalysts with good yields, as 

shown in Scheme 4. All of the obtained PUs except 

for P-5 [36] were synthesized for the first time. P-5 

was further synthesized as a reference for 

determining the peaks of isomannide in NMR 

spectra of other new PUs. 
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Scheme 4. Preparation of novel two- and three-component PUs 
 
 

Two-component PUs were prepared from 

dioxime 6 as the diol source and 1,6-HMDI 

(Scheme 4). The new three-component PUs were 

obtained from compound 6 and isomannide in dif-

ferent molar equivalents, as given in Table 1, with 

diisocyanate 1,6-HMDI using the method in the 

synthesis of the two-component PUs (Scheme 4). 

FTIR and NMR spectroscopy were used to deter-

mine the structure of two- and three-component 

new polyurethane compounds. 

 
3.2. Characterization of PUs 

 

3.2.1. FTIR analysis 
 

When the FTIR spectra (Spectra 26 and 42) 

of the two-component polyurethane derivative (P-1 

and P-5) was recorded, the characteristic peak of 

cumulated diene –N=C=O around 2250 cm–1 was 

absent, indicating that all of the diisocyanate start-

ing materials reacted. The PUs exhibited a distinc-

tive broad amide –NH– peak at 3298–3240 cm–1 

and strong carbonyl stretching absorption bands of 

amide at 1740–1744 cm–1 and 1662–1668 cm–1. 

Hydrogen-bonded N-H bending bands were ob-

served at 1502–1530 cm–1. The asymmetric and 

symmetric C-H stretching bands were detected at 

2860–2936 cm–1, and the band at 1092–1094 cm–1 

was attributed to the C-O-C dissymmetry stretch-

ing vibrations of the etheric group in the ring of 

isomannide. These data showed that the two-

component PU in Scheme 4 was formed. Further 

structural elucidation was attained from NMR 

spectroscopy. 

Similar absorption bands in the FTIR spectra 

of the three-component PUs (P-2-P-4) were ob-

served as well (Spectra 30, 34, 38). The bands at 

2982 and 2858 cm–1 were attributed to C-H stretch-

ing vibrations. The amide group (–NH–) peak at 

3322 cm–1 and hydrogen-bonded NH stretching 

bands were seen at 1510–1538 cm–1, and a carbon-

yl group (C=O) stretching transmittance at 1722–

1744 cm–1. The C-O-C stretching vibration bands 

were observed in the area from 1068 to 1096 cm–1. 

 

3.2.2. 1H NMR analysis 
 

In the 1H and 13C NMR spectra of PUs pre-

sented in the supplemental material, DMSO-d6 was 

used as the solvent. The spectra were provided 

comparatively for a better understanding of the 

differences and similarities between the NMR 

spectra of the polymers (Figure 1). 

From the comparison of the 1H NMR spectra 

of the two-component P-1, P-5, the following re-

sults were obtained (Scheme 4; Spectra 27, 28, 43, 

and 44): (a) The starting material, isomannide de-

rivative dioxime compound 6, was provided for an 

easier determination of the peaks in the polymer 

chain. (b) The observed peaks around 11.10 ppm 

come from the group =N-OH in the spectra of the 

polymers indicated that the -OH groups remained 

at the terminal position. (c) The peaks occurring 

between 4.00 and 5.50 ppm were assigned to the 

bicyclic ring protons of isomannide of the dioxime 

compound. (d) Two different methyl groups were 

also detected at 2.00 to 3.00 ppm in both the mon-

omer and the polymer. (e) In P-1, apart from the 

protons of compound 6, the –CH2- groups from the 
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aliphatic hexamethylene were resonated at about 

1.00–1.50 ppm. 

The 1H NMR spectra (Scheme 4, Spectra 27, 

28, 31, 32, 35, 36, 39, 40, 43, and 44) of hexa-

methylene diisocyanate (HMDI)-derivative three-

component polyurethanes P-2, P-3, P-4 with P-5 

and two-component polymer P-1 and isomannide 

were provided in the supplementary materials. 

While the protons in the isomannide ring appeared 

between about 3.50 and 3.90 ppm and at approxi-

mately 4.90 ppm, the methylene protons of HMDI 

appear between 1.00 and 1.50 ppm using the spec-

trum of two-component P-5. The oxime -OH peak 

at about 11.00 ppm was also not observed. 
 

 

 

 

 
 

Fig. 1. Comparative 1H NMR spectra of compound 6, P-1 to P-5 (400 MHz, DMSO-d6) 

Compound 6 

P-1 

P-2 

P-3 

P-4 

P-5 
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3.2.3. 13C NMR analysis 
 

The comparison of the 13C NMR spectra of 

two-component P-1 (Fig. 2, Spectrum 29) manifested 

that the carbon atoms of the triazole ring of the 

isomannide derivative dioxime compound 6 and the 

–C=N– peaks resonated at 130–150 ppm, the bicyclic 

isomannide ring at 60–90 ppm, and the methyl peaks 

at 10–15 ppm. The carbonyl resonances appeared 

between 160 and 165 ppm and methylene (–CH2–) 

carbons in the P-1 compound at 30–40 ppm. 

For comparative purposes, 13C NMR spectra 

(Spectra 29, 33, 37, 41, and 45) of the three-

component products of hexamethylene diisocya-

nate-derived polyurethanes P-1, P-2, P-3, P-4, and 

P-5.are given in Figure 2. Urethane carbonyl peaks 

were observed at about 162 ppm, bicyclic ring car-

bons in the range of 60–90 ppm, methyl peaks 

around 10–15 ppm, and methylene groups of hex-

amethylene diisocyanate in the range of 25–30 

ppm.

 

 
 

 
 

Fig. 2. Comparative 13C NMR spectra of compound 6, P-1 to P-5 (100 MHz, DMSO-d6) 
 

 
 

3.2.4. Thermogravimetric analysis 

 

Thermogravimetric (TG) measurements of 

the PU samples were performed with PerkinElmer 

Diamond TA/TGA from 25 C to 600 C at a 10 

C heating rate at a constant flow rate of 20 ml/min 

under nitrogen gas. The thermal stabilities of PUs 

were evaluated by TGA-dTG analysis. According 

to the TG diagram of PUs in Figure 3, the thermal 

degradation of aliphatic PUs starts at around 200 

C [37]. Although the increase was observed for 

the first degradation peak, the temperatures of the 

second degradation and 50 % of the mass were 

decreased, and the thermal stability of the PU ma-

trix was decreased by increasing the amount of 

isomannide and decreasing the amount of com-

pound 6. The number of residues after the thermal 

degradation was slightly decreased (Table 2). 

Both the thermal stability of the PU matrix 

and the residues after the thermal degradation were 

decreased by increasing the amount of isomannide 

and decreasing the amount of compound 6. 

 

 

Compound 6 

P-1 

P-2 

P-3 

P-4 

P-5 
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Fig. 3. TGA diagrams for P-1, P-2, P-3, P-4, and P-5 
 
 

                   T a b l e  2  
 

TGA results of PUs 
 

     Sample 

Code 

Degradation  

(First peak, C) 

Degradation  

(Second peak, C) 

50% of  

degradation 

Residue 

(%) 

P-1 216 and 286 436 411 25 

P-2 211 and 286 451 391 24 

P-3 192 and 232 362 and 452 402 17 

P-4 278 363 and 458 363 9 

P-5 318 373 and 463 348 2 

 

 

3.3. Gel permeation chromatography (GPC) 
 

Number average molecular weights and pol-

ydispersity index (PDI) of PUs were determined by 

gel permeation chromatography (GPC) on an Ag-

ilent GPC Model 1100 Instrument incorporating a 

pump and a refractive index detector using the mo-

bile phase consisting of N,N-dimethylformamide 

(DMF) containing 0.1 M LiBr at a flow rate of 0.7 

ml/min. Before the injection, the polymer solutions 

were filtered using a 0.45 μm PFTE filter. Accord-

ing to the linear poly(methyl methacrylate) stand-

ards for calibration, the calibration range of 

mp = 2,500–270,000 g/mol was employed. The 

results compiled in Table 3 manifest that the mo-

lecular weights ranged from 9,700 to 34,000, cor-

responding to a high degree of polymerization 

[38]. The molecular weight of the HMDI system 

PU was decreased by increasing isomannide and 

decreasing HMDI. 

 T a b l e  3  
 

Molecular weights of PU series 
 

 (Mw) PDI (Mw/Mn) 

P-1 34,000 1,889 

P-2 32,000 1,600 

P-3 9,700 1,386 

 

 

3.4. Scanning electron microscopy (SEM)  

of PU matrices 
 

SEM photographs were produced using a 

JEOL SEM-7100-EDX instrument at a magnifica-

tion of 1000× or 1500×. The reaction of the ali-

phatic compound transformed the morphology to a 

bulky structure. The exchange between compound 

6 and isomannide also affected the morphology of 

the PU matrices. 
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A porous and bulky polymer matrix was ob-

served as a result of the HMDI and compound 6. 

The diameters of these cavities ranged from around 

100 nm to 2000 nm (Fig. 4 a and b).  

Both the porous surfaces with lesser cavities 

and the bulky surfaces were observed due to add-

ing 50 % isomannide instead of compound 6 in the 

polymerization mixture. In Figure 4, a rough and 

bulky polymer matrix was observed as a result of 

1,6-HMDI and isomannide. The polymer matrix 

acquired a stricter structure. 

 

 

 
 

Fig. 4. Scanning electron micrographs of: a) P-1 at a magnification of 5000×; b) P-1 at a magnification of 10000×;  

c) P-3 at a magnification of 5000×; and d) P-5 at a magnification of 5000× 
 

 

4. CONCLUSION 

 

In the present research, we described bi-

obased isomannide-derived new polymers synthe-

sized from HMDI via a simple one-pot polyaddi-

tion reaction. Isomannide-derived 1,2,3-triazole 

bridged bis(ketoxime) (compound 6) was used as a 

diol source in different ratios for the synthesis of 

linear poly(ketoxime-urethane). This isomannide-

derived bis(ketoxime) was synthesized from azide 

with 2,4-pentanedione by a Dimroth reaction. 

Modern techniques, such as FTIR, NMR, MS, 

GPC, TG, and SEM, were employed for the struc-

tural elucidation of the new molecules/polymers 

and their physical properties. During the last few 

years, it has been realized from the studies that the 

application areas of the biobased polymers have 

been gradually increasing. Although the related 

literature does not incorporate many application 

areas for linear 1,2,3-triazole-bridged poly(keto-

xime-urethanes), it is clear that these new polymers 

will provide researchers with a different perspec-

tive, especially on polymeric biomaterial develop-

ment because of the versatile functions of triazoles. 
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