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The simple modification of the Schiff-base ligands often brings significant changes in the coordination

properties of the metal-complexes, providing newer prospects for their unexplored applications. In this

context, the present work utilized the “self-adaptable” acyclic diiminodipyrromethane Schiff's bases (2a

and 2b) for the synthesis of their Zn-based complexes and explored their potential in the ring-opening

polymerization of benzoxazines. The two zinc complexes of composition [Zn{(Ph)(CH3)C(2,6-
iPr2C6H3–

N]CH–C4H2N)(2,6-
iPr2C6H3–N]CH–C4H2NH)}2] (3) and [ZnCl2{(Ph)(CH3)C(Ph3C–NH]CH–C4H2N)2}]

(4) were synthesized in good yields, and the structures were confirmed by single crystal X-ray diffraction

(XRD). Later, zinc complexes (3 & 4) were used as catalysts to reduce the curing (ring-opening

polymerization) temperature of benzoxazine monomers such as Bisphenol-A (BA-a) and Bisphenol-F

(BF-a) benzoxazines. Dynamic scanning calorimetry (DSC) studies revealed that the on-set curing (Tp)

temperatures were reasonably decreased upto 20% for the benzoxazines. Furthermore, the thermal

stabilities of the polybenzoxazines (PBzs) derived in the presence of zinc catalysts (3 and 4) were

compared with PBz obtained in the absence of catalyst under similar conditions. The thermal studies

reveled that there is no significant changes in the initial degradation of polymers. However, the thermal

stability in terms of char yields at 800 �C improved upto 10–21% for the bisphenol-A/F benzoxazines.

Introduction

Polybenzoxazines (PBzs) are a new type of phenolic resin with

good thermo-mechanical properties, which allows overcoming

several shortcomings of conventional phenolic resins.1,2 Also,

PBzs have numerous advantages including innite molecular

design, almost no shrinkage during curing, low dielectric

constant (K), low moisture absorption, high heat and ame

resistance, excellent thermal stability (high Tg, and high

residual char), and good mechanical and dimensional

stability.1,2 However, the major drawback of PBzs is that they

need a high curing temperature for the polymerization process.

Commonly, PBzs are developed by thermally induced ring

opening polymerization of benzoxazines over 200 �C which

limits the industrial application of PBzs. Thus, the reduction of

curing temperature is highly enviable for industrial applica-

tions. Many organic compounds such as organic acids and

bases have been studied to lower the ring-opening polymeriza-

tion temperature of benzoxazines.3,4 However, the reduction of

polymerization temperature achieved by these organic

compounds is still substandard. On the other hand, Ishida et al.

have demonstrated that Lewis acids such as metal halides and

metal triuoromethane sulfonates promote the polymerization

of benzoxazine effectively.5 Though these Lewis acid catalysts

are economical and potent, their miscibility in neat benzox-

azines is limited. Takeshi Endo et al. proved that, acetylaceto-

nato (acac) metal complexes of 4th period transition metals are

highly efficient catalysts for polymerization of benzoxazines at

low temperature without effecting thermal stability of obtained

PBzs.6 This study indicates that, Lewis acids in complex struc-

tures would obviously increase both their stabilities and

miscibility with monomers during the curing process and

therefore, those metal complexes can be act as efficient catalysts

for benzoxazine polymerization. Though, there are many Lewis

acid catalysts reported in the literature, structurally fully char-

acterized metal-complexes supported by acyclic Schiff's based

ancillary ligands particularly for benzoxazine ring-opening
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polymerization with lowering of curing temperature were

missing.

In recent times, N-donor extended dipyrromethanes and

their derivatives emerge as a new class of di-anionic (H2L) and

tetra-anionic (H4L) Schiff base ligands with vast potential as

ancillary ligands for the low-valent transition metals as well as

for the alkali and alkaline-earth metals.7,8 The pioneering works

in this area mainly include the extensive study on the syntheses

of various structurally diversied metal complexes containing

macrocyclic N-donor extended dipyrromethane Schiff base

ligands and their utility in redox catalysis.9,10 However, very less

attention has been paid towards the acyclic N-donor extended

dipyrromethanes, formally known as diiminodipyrromethane

Schiff bases.8b,i,j,11,12 The combination of both pyrrole and azo-

methine group of these ligands makes them unique due to the

highly exible coordination features. One of the factors that

make these diiminodipyrromethane Schiff bases unique is that

this set of ligands also displays pyrrole-imine to azafulvene-

amine tautomerization (both single and double) under certain

reaction conditions (Scheme 1), thus making them “self-

adaptable”. Further, the ability of diiminodipyrromethane

supported metal complexes to stabilize various charged species

through hydrogen bonding interactions renders them quite

unique.13

In this context, here we report the synthesis and structures of

new acyclic N-donor extended dipyrromethanes Schiff base

ligands with chemical formulae [(Ph)(CH3)C(2,6-
iPr2C6H3–N]

CH–C4H2NH)2] (2a) and [(Ph)(CH3)C(Ph3C–N]CH–C4H2NH)2]

(2b) and corresponding zinc complexes of chemical composi-

tions [Zn{(Ph)(CH3)C(2,6-
iPr2C6H3–N]CH–C4H2N)(2,6-

iPr2C6-

H3–N]CH–C4H2NH)}2] (3) and [ZnCl2{(Ph)(CH3)C(Ph3C–NH]

CH–C4H2N)2}] (4). The solid-state structures of acyclic Schiff

base ligand (2a), zinc complexes (3 and 4) were analyzed in

detail using single crystal X-ray diffraction (XRD) study and

further characterizations were also carried out using various

spectroscopic and analytical techniques. The density functional

theory (DFT) calculations were performed to obtain more

insight on the exible coordination behaviour of the both

ligands (2a and 2b). Further, we also report the curing behav-

iour of (ROP) of benzoxazines (BA-a and BF-a) using zinc

complexes (3 and 4) as catalysts with the use of DSC analysis.

The curing studies revealed that the both zinc complexes (3 and

4) are effective in reducing the curing (polymerization)

temperature via coordination–insertion mechanism without

affecting the polymer inherent property including thermal

stability.

Results and discussion
Synthesis of acyclic diiminodipyrromethane Schiff bases (2a

and 2b)

The acyclic N-donor extended dipyrromethane Schiff bases of

composition [(Ph)(CH3)C(R–N]CH–C4H2NH)2] (where R ¼

2,6-iPr2C6H3 for 2a and R ¼ –CPh3 for 2b) were synthesized from

easily assessable starting materials by following literature

reports.8i,j,14 Dipyrromethane of composition [(Ph)(CH3)

C(C4H3NH)2] (1) was obtained according to the literature proce-

dure.14 Formylation at the meso-carbon position of dipyrro-

methane [(Ph)(CH3)C(C4H3NH)2] (1) via Vilsmeier–Haack

reaction yielded mono-meso substituted dialdehyde [(Ph)(CH3)C

{C4H2NH(CHO)}2] (2) in good yield and crystal structure of 2 was

reported in our recent publication.15 The further treatment of 2

with 2,6-diisopropylaniline and triphenyl methylamine under

standard Schiff base condensation method14 afforded acyclic N-

donor extended dipyrromethane of compositions

[(Ph)(CH3)C(2,6-
iPr2C6H3–N]CH–C4H2NH)2] (2a) and [(Ph)(CH3)

C(Ph3C–N]CH–C4H2NH)2] (2b) in very good yields (91% for 2a

and 95% for 2b) (Scheme 2).

The both ligands were characterized by spectroscopic and

analytical techniques. The crystals of suitable dimension for

single crystal XRD analysis for acyclic diiminodipyrromethane

(2a) were obtained aer three days in ethyl acetate/hexane

mixture. The solid-state structure of ligand (2a) was estab-

lished by using single crystal XRD technique. The solid-state

structure of acyclic Schiff base ligand (2a) is shown in Fig. S1

in the ESI† and the details of the structural parameters are given

in Table 1 (see ESI†).

Synthesis of zinc catalysts (3 and 4)

The synthesis of two new zinc catalysts (3 and 4) were achieved

by either direct zinc metalation using suitable Zn(II) agents or by

salt metathesis route. The zinc metalation of acyclic N-donor

extended dipyrromethane Schiff base ligand 2a was achieved

using diethylzinc [ZnEt2] and H2L ligand 2a in 1 : 2 ratio in dry

Scheme 1 Possible pyrrole-imine to azafulvene-amine tautomeriza-

tion (single and double).

Scheme 2 Synthesis of acyclic diiminodipyrromethanes (H2L) (2a and

2b).
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toluene at 80 �C under inert atmospheric conditions via alkane

elimination route yielded a single-site, monometallic, non-

helicate zinc complex of composition [Zn{(Ph)(CH3)

C(2,6-iPr2C6H3–N]CH–C4H2N)(2,6-
iPr2C6H3–N]CHC4H2-

NH)}2] (3) (Scheme 3) with good yield (80%). Though the alkane

elimination method yields high purity of zinc complex 3, The

title zinc complex was also synthesized via one-pot salt

metathesis route under non-inert conditions to evade the usage

of highly reactive and moisture sensitive diethylzinc reagent.

The one-pot salt metathesis route involved the reaction between

acyclic diiminodipyrromethane ligand 2a, alkali-metal bis(-

trimethylsilyl amide) [MN(SiMe3)2] (where M ¼ Li or Na) and

anhydrous ZnCl2 in 2 : 2 : 1 ration under non-inert atmospheric

conditions at elevated temperature (Scheme 3).

The formation of zinc complex 3 was conrmed by the single

crystal XRD analysis and further characterized using

spectroscopic/analytical techniques. The formation of zinc

complex 3 is mainly due to the presence of sterically bulky Schiff

base ligand 2a in the Zn(II) coordination sphere and due to the

presence of phenyl andmethyl groups atmeso-carbon site of the

ligand backbone which restricts the twisting around meso-

carbon centre during the zinc metal coordination. Further the

dangling nature of 2,6-iPr2C6H3 group attached to the imine-

nitrogens of ligand moiety favours the more stable trans like

conrmation. Therefore, the formation of single-site,

monometallic, non-helicate can be successfully achieved. The

crystals suitable for single crystal XRD analysis were obtained

aer 3 days from recrystallization of zinc complex 3 in toluene/

n-hexane mixture at room temperature under ambient condi-

tions. The single crystal X-ray diffraction analysis shows that the

zinc complex 3 so obtained is crystalizes in monoclinic space

group P21/c having 4 independent molecules in the unit cell.

The details of the structural parameters are given in Table 1 in

the ESI.† The solid-state structure of zinc complex 3 was shown

in Fig. 1. In zinc complex 3, the central Zn(II) metal ion is four-

fold coordinated by two mono-anionic diiminodipyrromethane

ligands 2a and forms a distorted tetrahedral geometry around

the Zn(II) cationic centre. Each ligand moiety chelated to the

central metal ion through pyrrolide nitrogen (Npyr) and imine

nitrogen (Nimine) atoms, thus forming a two ve-membered

metallacycles with bite angles of 85.38(6)� (for N1–Zn1–N2)

and 85.02(6)� (for N5–Zn1–N6) respectively.

The typical bond distances and bond angles observed in zinc

complex (3) were given in the Fig. 1. In case of zinc complex 3,

the observed Zn–Npyr bond distances of 2.0305(16) Å (Zn1–N1)

and 2.0203(16) Å (Zn1–N5) are slightly higher than the previ-

ously reported Zn1–Npyr distance of 1.978(3) Å in a bimetallic

Zn2 helicate structures.11 This small discrepancy can be attrib-

uted to the sterically bulky 2,6-iPr2C6H3 groups attached to the

imine nitrogen atom of the ligand 2a and also to the restricted

rotation around themeso-carbon centre of ligand back bone due

to the zinc metalation. The observed Zn1–Nimine bond distances

2.0673(16) Å (Zn1–N2) and 2.0690(16) Å (Zn1–N6) were found to

be in good agreement with previously reported Zn–Nimine bond

distance of 2.068(3) Å in the literature.11 The bond distances of

imine –C]N– group present in the zinc coordination sphere are

a little elongated (C13–N2) 1.302(3) Å and (C55–N6) 1.293(3) Å in

comparison to imine –C]N– bond distance observed in unco-

ordinated ligand fragment (1.272(3) and 1.277(3) Å).

However, the observed imine –C]N– bond distances

corroborates well with previously reported literature.11,16a

Though, the homoleptic zinc complex 3 possesses two mono-

Scheme 3 Synthesis of zinc complex 3.

Fig. 1 ORTEP diagram of zinc metal complex (3) with thermal

displacement parameters drawn at the 30% probability level. Selected

bond lengths [Å] and bond angles[�]: Zn1–N1 2.3015(16), Zn1–N2

2.0673(16), N1–C9 1.355(2), N1–C12 1.384(2), N2–C13 1.302(3), N2–

C14 1.425(2), C12–C13 1.410(3), C11–C12 1.391(3), N3–C29 1.377(3),

N3–C26 1.373(3), N4–C30 1.272(3), N4–C31 1.425(3); N5–Zn1–N2

129.54(6), N5–Zn1–N1 123.56(6), N5–Zn1–N6 85.02(6), N2–Zn1–N6

109.50(6), N1–Zn1–N2 85.38(6), N1–Zn1–N6 128.48(6).

Table 1 DSCa Profile of BA-a, BF-a and their Zn-Cat:(3 and 4) mixtures

Monomer+
[%
of Zn-Cat] Ton-set (

�C) Tpeak (
�C) Tend (�C)

BA-a (Neat) 165 218 278
BA-a + [Zn(2a)2] (3%) 157 215 277

(5%) 143 200 258
(10%) 133 195 252

BA-a + [Zn(2b-I)Cl2] (3%) 149 210 270
(5%) 144 207 265
(10%) 136 199 250

BF-a (Neat) 162 217 278
BF-a + [Zn(2a)2] (3%) 160 210 276

(5%) 139 198 267
(10%) 132 191 252

BF-a + [Zn(2b-I)Cl2] (3%) 151 207 270
(5%) 148 206 273
(10%) 142 198 253

a DSC thermogram data were collected under N2 ow (20 mL min�1)
and a heating rate of 10 �C min�1.

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 36275–36286 | 36277
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anionic diiminodipyrromethane moieties in the zinc coordi-

nation sphere, each ligand selectively coordinates to the central

metal ion in a bidentate fashion through one of the imino-

pyrrolide fragment (particularly chelation via one pyrrolide

nitrogen (Npyr) and one imine nitrogen (Nimine) center). The

other iminopyrrolide fragments of each ligand moiety are

oriented in such way that both nitrogen atoms (Npyr and Nimine)

are dangling away from the metal ion (trans in Zn) and both C2

and C44 meso-carbon centres became asymmetric centres

having a diastereotopic relationship between them. The similar

kind of chelation behaviour was observed in the alkali metal

complex of type [Na{k2-(Ph3CN]CH)2C4H2N}(THF)2] (trans in

Na) in our earlier report.16a To the best of our knowledge, the

crystal structure of zinc complex 3 is the rst example of

a single-site, monometallic non-helicate structure in the eld of

acyclic diiminodipyrromethane metal clusters.

In contrast to the complex 3, the zinc complex 4 was

synthesized via direct reaction between diiminodipyrro-

methane Schiff base ligand 2b and anhydrous ZnCl2 in 1 : 1

ration in toluene at 80 �C temperature (Scheme 4). The main

reason to follow different procedure for obtaining zinc complex

(4) was, unlike acyclic diiminodipyrromethane Schiff base

ligand 2a, the acyclic Schiff base ligand 2b undergoes double

pyrrole-imine to azafulvene-amine tautomerization in the

presence of ZnCl2 via the formation of presumably unstable

zinc complex (5) and then the immediate structural rearrange-

ment in the vicinity of hydrogen chloride leads to the formation

of zinc complex (4) as an air-stable zinc coordination compound

in a very good yield (Scheme 4).

Similar kind of tautomerization was also found in the four-

coordinate metal halide and azide complexes of N-donor-

extended dipyrromethanes [MX2(H2L)] formed between the

tetradentate H2L diiminodipyrromethane ligand [(CH3)2C

{tBu(Me)CHN]CH–C4H2NH}2] and the transition metal halides

MX2 (M ¼ Fe, X ¼ Br; M ¼ Co, Zn, X ¼ Cl).11 1H-NMR spectrum

of zinc complex 4 showed a doublet resonance signal at d 9.92–

9.89 ppm can be best assigned to the N–H protons of Ph3CN-

groups which are found to couple with azafulvene C]C(H)

with a coupling constant of 3JH–H ¼ 12 Hz. A resonance signal

observed at d 7.44 ppm can be assigned to the azafulvene C]

C(H) protons. All other aromatic protons and pyrrole ring

protons were obtained in the expected regions and fully sup-

ported the existence of zinc complex 4 even in the solution state

as such. The crystals suitable for single crystal XRD analysis

were obtained aer recrystallization from hot toluene. The

single crystal XRD analysis shows that the zinc complex 4

crystalizes in triclinic space group P�1 having two independent

molecules in the unit cell. The details of the structural param-

eters are given in table in the ESI.† The solid-state structure of

zinc complex 4 was shown in Fig. 2. In the solid-state structure

of zinc complex 4, the central Zn(II) metal ion is four-fold

coordinated by two mono-anionic chlorine atoms and two pyr-

rolide nitrogen (Npyr) atoms of diiminodipyrromethane ligand

(2b) and forms distorted tetrahedral geometry around the Zn(II)

cationic centre. The ligand (2b) in its double pyrrole-imine to

azafulvene-amine tautomeric form is chelated to the central

metal ion in a bidentate fashion through chelation from two

pyrrolide nitrogens (Npyr) rather than bidentate chelation from

one pyrrolide nitrogen (Npyr) and one imine nitrogen (Nimine)

atom as observed in the case of zinc complex 3. This kind of

structural diversity was mainly due to the presence of highly

sterically bulky triphenylmethyl (–CPh3) group attached to the

imine-nitrogen centres which favoured the formation of amine-

azafulvene tautomer at elevated temperatures. Also a six-

membered metallacycle (N2–C9–C2–C3–N3–Zn1) with a bite

angle of 97.73(9) Å (for N2–Zn1–N3) which is slightly higher

than the bite angles 85.38(6)� (for N1–Zn1–N2) and 85.02(6)�

(for N5–Zn1–N6) were observed for zinc complex 3. The Zn–Npyr

bond distance of 1.979(2) Å (Zn1–N2 or Zn1–N3) was slightly

smaller than the Zn–Npyr bond distance perceived in zinc

complex 3 (2.0305(16) Å). This is presumably due to the steri-

cally less hindered environment around the Zn(II) cationic

centre in complex (4) compared to steric bulk in zinc complex

(3). However, Zn–Npyr bond distance observed in zinc complex 4

was best tted with reported Zn1–Npyr distance of 1.978(3) Å in

bimetallic Zn2 helicate structures in the literature.11

DFT study

The Density Functional Theory (DFT) studies were performed

for better understanding the exible coordination behaviour of

acyclic Schiff bases (2a and 2b) due to their self-adaptable

Scheme 4 Pyrrole-imine to azafulvene-amine tautomerization in the

presence of ZnCl2 and formation of intermediate zinc complex (5).

Fig. 2 ORTEP diagram of zinc metal complex (4) with thermal

displacement parameters drawn at the 30% probability level. Zn1–Cl1

2.2573(7), Zn1–Cl2 2.2301(8), Zn1–N1 1.979(2), N1–C9 1.347(3), N1–

C12 1.392(3), C9–C10 1.414(4), C10–C11 1.366(4), C11–C12 1.416(4),

C12–C13 1.383(4), N2–C13 1.347(3), N2–C14 1.392(3); N1–Zn1–N3

97.73(9), Cl1–Zn1–Cl2 113.57(3), N1–Zn1–Cl1 112.50(7), N1–Zn1–Cl2

109.54(7), N3–Zn1–Cl1 112.63(7), N3–Zn1–Cl2 109.77(7).

36278 | RSC Adv., 2020, 10, 36275–36286 This journal is © The Royal Society of Chemistry 2020
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nature during the complexation with metal centres. The

computational calculations were employed at dispersion cor-

rected uB97XD17 and hybrid density functional B3LYP18 levels

using 6-31g(d) basis set in the gas phase. All the computations

were performed using Gaussian 09 (ref. 19) suite of program.

Molecular geometries of acyclic Schiff base ligands (2a and 2b)

in ground state were fully optimized in the gas phase using

uB97XD/6-31g(d) and B3LYP/6-31g(d) levels. As stated in the

experimental results and discussion part, the Schiff base

ligands 2a and 2b certainly undergoes double pyrrole-imine to

azafulvene-amine tautomerization and hence having different

molecular conformations namely 2a, 2a-I & 2b and 2b-I at

elevated temperatures. The azafulvene-amine tautomerization

of acyclic Schiff base (2a and 2b) to corresponding products (2a-

I and 2b-I) was investigated using DFT.

The transformation of ligands 2a and 2b are relatively more

stable than 2a-I and 2b-I, respectively, which could be achieved

through proton-transfer mechanism. The calculated energy

barriers of transition states (TS-I & TS-II) and the related opti-

mized structures were shown in Fig. 3. The transition states

were conrmed with one imaginary frequency. The theoretical

calculations reveal that the proton transfer requires activation

energy of 23 kcal mol�1 (see TS-II) to form azafulvene-amine

tautomer 2b-I from 2b endothermically and transformation of

2a into 2a-I shows 25.7 kcal mol�1 endothermically as well.

Hence, we concluded that the activation energy of transition

state TS-II is lower as compared to TS-I presumably due to the

presence of Ph3C – which facilitates the proton transfer mech-

anism in 2b. To know the binding site of Zn, the electrostatic

potential calculation was employed at B3LYP/6-31g(d) level of

theory and the structures were depicted in Fig. S2 (ESI).†

Fig. 3 Computed potential energy surface for tautomeric forms of diiminodipyrromethane ligands (2a & 2b) in the gas phase at uB97XD/6-

31g(d) and B3LYP/6-31g(d) level.

Scheme 5 Typical ring-opening polymerization of BA-a and BF-a in

the presence of Zn-Cat:(3 and 4).
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Catalytic study

The new zinc complexes (3 and 4) supported by acyclic diimi-

nodipyrromethane Schiff base ligands (2a and 2b) were used as

catalyst for study the ROP of benzoxazines such as BA-a and BF-

a monomers with 10% catalyst (wt%) and polymerization

process was examined with the help of DSC analysis. The

sample was prepared by physical mixing (�20 min; no solvent)

of BA-a/BF-a monomer with Zn-Cat:(3 or 4) at room temperature

to get homogeneous mixture followed by study of curing

temperature prole of benzoxazine monomers by DSC from

room temperature (RT) to 300 �C under N2 atmosphere. The

curing temperature of the benzoxazines were screened by

introducing 0%, 3%, 5% and 10% catalyst (Zn-Cat:3 or 4wt%) in

to benzoxazine monomers and checked their curing proles

(Scheme 5).

From the DSC analysis, under no-catalyst conditions, i.e.

neat BA-a and BF-a benzoxazines showed maximum curing

temperatures (Tpeak) 218
�C and 217 �C respectively. A slight

modication in the curing temperature was observed when 3%

and 5% catalyst loading was introduced (see Fig. S3 and S4 in

the ESI†), whereas at 10% catalyst (optimized condition)

showed signicant decrease in the curing temperatures (Tpeak)

such as 195 �C (Zn-Cat:3) & 199 �C (Zn-Cat:4) for BA-a and 191 �C

(Zn-Cat:3) & 198 �C (Zn-Cat:4) for BF-a benzoxazines (see Fig. 4).

Fig. 4 DSC curing profiles of BA-a and BF-a in the presence Zn catalysts (3 and 4) with 10% loading.

Fig. 5 DSC thermograms (a and b) and TGA thermograms (c and d) of PBz's obtained from BA-a and BF-a monomers with and without catalysts

(3 and 4).
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According to DSC analysis, the two new zinc complexes (3 and 4)

exhibited a clear catalytic activity and signicant reduction in

curing (ROP) temperatures. Typically, on-set curing tempera-

ture (Ton-set) values dropped for each case reasonably as much as

30–32 �C; maximum curing temperature (Tpeak) values dropped

19–26 �C and end curing temperatures (Tend) values dropped

25–28 �C (see Table 1). Further the successful ring opening

polymerization of PBzs was conrmed by FT-IR (see Fig. S5 in

ESI†). From the FT-IR spectra, the disappearance of peaks at

937 cm�1 and 1032 cm�1 conrms the ring opening of oxazine

ring (C–O–C) of benzoxazines aer polymerization.20

Further, to check the thermal stability (Tg, degradation

temperature, and char residue) of cured PBzs (0, 10% catalyst)

were studied with the help of DSC and TGA analysis. Glass

transition temperature (Tg) of the cured PBzs was checked with

the DSC analysis and obtained Tg graph is shown in Fig. 5a.

From the DSC graph (Fig. 5a), it was observed that in case of

bisphenol-A based PBzs the glass transition temperature was

slightly enhanced from 142 �C (for neat PBA-a polymer) to

144 �C in the presence of Zn-Cat:4. On the other hand, there is

no considerable enhancement in the glass transition tempera-

ture (Tg ¼ 148.6 �C) of bisphenol-F based PBz was observed

(Fig. 5b). In addition, the thermal stability of PBzs (PBA-a and

PBF-a) was studied with the help of TGA analysis from RT to

800 �C under inert conditions. The TGA thermogram results

were shown in Fig. 5c and d, under no-catalyst condition the

char yield for neat BA-a and BF-a PBzs were found to be 27.7%

and 45.8% respectively. Whereas in the presence of Zn-catalysts

(10 wt%), signicant improvement in the char yield 37.1% (Zn-

Cat:3) & 48.5% (Zn-Cat:4) for bisphenol-A PBz (Fig. 5c) and

48.3% (Zn-Cat:3) & 55.8% (Zn-Cat:4) for bisphenol-F PBz were

observed (see Fig. 5d). These results indicate that, the structure,

stability and steric bulk (nature of the ligand) on central metal

ion plays major role on the ring-opening polymerization of

benzoxazines. For instance, according to DSC analysis results,

the Zn-Cat:3 is more effective than Zn-Cat:4 for lowering the

curing temperature. Whereas on the other hand, the TGA

analysis results indicates that, the Zn-Cat:4 is more efficient

than Zn-Cat:3 for improving char yield. This discrepancy may be

due to the structural diversity such as non-helical structure in

the case of zinc complex 3 and double tautomerized zinc halide

structure in the case of zinc complex 4. The presence of chloride

ions in the zinc coordination sphere of Zn-complex 4, further

inuence the polymerization mechanism, curing temperature

and char yield.

Plausible mechanism of [Zn(2a)2] (3) catalysed ROP of BA-a &

BF-a

The plausible mechanism of [Zn(2a)2] (3) catalysed ring-

opening polymerization of BA-a and BF-a was shown in

Scheme 6. Under normal conditions, the zinc complex (3) is

dormant to the polymerization process. However, as the BA-a/

BF-a monomers are mixed with zinc catalyst (3) and supply of

thermal energy, the tetra-coordinated zinc complex [Zn(2a)2]

(3) undergoes structural transformation to form hexa-

Scheme 6 Plausible mechanism of [Zn(2a)2] (3) catalysed ring-opening polymerization of BA-a and BF-a.
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coordinated zinc complex [Zn(2a)(PBz)2] as an intermediate by

leaving one of the bidentate ligand from the coordination

sphere due to the “self-adaptable” nature of the coordinated

acyclic diiminodipyrromethane Schiff's base ligand (2a) and

due to the coordination of oxygen atom of oxazine ring of BA-

a or BF-a to the central Zn2+ cationic centre. In zinc complex

[Zn(2a)2] (3) the coordinated acyclic Schiff's base ligand “2a”

acts as bi-dentate mono anionic ligand, whereas, in zinc

complex [Zn(2a)(PBz)2] the ligand “2a” acts as tetra-dentate di-

anionic ligand. Under these conditions, the active Zn2+

cationic centre may initiate the curing process by cleavage of

C–O–C bond of the oxazine six-membered ring. The further

addition of monomers to the active Zn2+ cationic centre

promotes the coordination–insertion propagation steps that

leads to the formation of PBzs as nal product. As mentioned

in the earlier, the cleavage of C–O–C bond during curing the

process evidence by the disappearance of peaks at 937 cm�1

and 1032 cm�1 peaks in the IR spectrum of PBzs.

Plausible mechanism of [Zn(2b-I)Cl2] (4) catalysed ROP of BA-

a & BF-a

Unlike zinc complex (3) the catalytic behaviour of zinc complex

(4) can be best explained based on intra-structural trans-

formation due to the azafulvene-amine to pyrrole-imine tau-

tomerization in zinc complex (4) at higher temperatures.

Under normal conditions the zinc complex (4) preferably exists

in the form of [Zn(2b-I)Cl2], where “2b-I” acts as bidentate

neutral ligand. However, at higher temperature, the zinc

complex (4) can be transformed to zinc complex (5) [Zn(2b)]

(where “2b” acts as tetradentate di-anionic ligand) and 2HCl as

a biproduct. Hence, the curing (ROP) mechanism of BA-a or

BF-a benzoxazines in the presence of zinc complex (4) can be

anticipated via HCl mediated mechanism (Path-I) and Zn2+

cation mediated curing mechanism (Path-II) as shown in the

Scheme 7. At higher temperatures, due to the intra-structural

transformation, the obtained HCl can promote the polymeri-

zation process by forming hydroxy or amine salts with ben-

zoxazine monomers as shown in the Scheme 7 (see Path-I). The

further interaction of BA-a or BF-a monomers with hydroxy or

amine slats lead the C–O–C bond cleavage and promotes the

further polymerization process. Similar kind of mechanism

was also proposed by Yagci et al. in the case of cyanuric

chloride as potent catalyst for the reduction of curing

temperature of benzoxazines.3a The curing process of ben-

zoxazines in the presence of zinc complex (4) can also be

explained via Path-II mechanism, which is likely to be mech-

anism anticipated in the zinc catalyst [Zn(2a)2] (3). According

to this, the active form of Zinc complex (4) i.e. [Zn(2b)] (5)

interacts with benzoxazine monomers and forms hexa-

coordinated zinc complex [Zn(2b)] (5) as an intermediate

Scheme 7 Plausible mechanism of [Zn(2b-I)Cl2] (4) catalysed ring-opening polymerization of BA-a and BF-a.
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species and followed by structural rearrangements via coor-

dination–insertion mechanism lead the polymerization

process till the end.

Therefore, the present study proved that the zinc complexes

(3 and 4) derived from acyclic diiminodipyrromethane Schiff

bases are good catalysts for the ring-opening polymerization of

benzoxazines. These catalysts are effective in reducing the

curing temperature and improving the thermal stability (Tg,

degradation temperature and char yield) of PBzs. However, the

ne tuning of ligand architecture of diiminodipyrromethane

Schiff's bases and modication in the Lewis acidity of the

cationic metal centres will allow us to develop the more efficient

catalysts for the benzoxazine ring-opening polymerization.

Currently those studies were under investigation in our

research group.

Experimental
General considerations

All manipulations of air-sensitive materials were performed

with the rigorous exclusion of oxygen and moisture in ame

dried Schlenk-type glassware either on a dual manifold Schlenk

line, interfaced to a high vacuum (10�4 Torr) line. Hydrocarbon

solvents (toluene and n-hexane) were distilled under nitrogen

from LiAlH4 and stored under nitrogen atmosphere. HPLC

grade methanol was purchased from Sigma Aldrich and it was

further dried by using 3Å molecular and followed by distillation.
1H NMR (400 MHz) and 13C NMR (100 MHz) spectra were

recorded on a VARIAN INOVA 400 spectrometer at Accu

Analytical, Hyderabad, India. PerkinElmer Spectrum IR version

10.6.0 and Agilent Technologies FT-IR was used for FT-IR

measurement tted in the 450–4000 cm�1 range. Elemental

analyses were performed on a TruSpec Micro CHNS 209-190.

Curing behaviour and glass transition (Tg) temperature of

benzoxazine monomers and PBzs were studied using differen-

tial scanning calorimetry (Hitachi DSC-7020) at a heating rate of

10 �C min�1 under nitrogen atmosphere. Thermal stability of

the PBzs was carried out using thermo gravimetric analysis

(Hitachi STA-7200) at the heating rate of 20 �C min�1 under

nitrogen atmosphere.

The starting materials like pyrrole, acetophenone, 2,6-dii-

sopropylaniline, tritylamine, lithium bis(trimethylsilyl)amide,

sodium bis(trimethylsilyl)amide, anhydrous ZnCl2 and dieth-

ylzinc (1 M solution) were purchased from Sigma Aldrich and

used without further purication. 2,20-(1-phenylethane-1,1-diyl)

bis(1H-pyrrole) (1) and 5,50-(1-phenylethane-1,1-diyl)bis(1H-

pyrrole-2-carbaldehyde) (2) were reproduced by following liter-

ature reports.14,15 BA-a and BF-a benzoxazines were synthesized

according to literature procudures.21

Synthesis of [(Ph)(CH3)C(2,6-
iPr2C6H3–N]CH–C4H2NH)2] (2a)

To a dried methanolic solution (10 mL) of dipyrromethane-5,50-

dialdehyde (2) (2.0 g, 6.841 mmol), methanolic solution (10 mL)

of 2,6-diisopropylaniline (5.45 g, 30.7 mmol) and a catalytic

amount of glacial acetic acid (0.25 mL) were added under stir-

ring at room temperature. The reaction mixture was stirred for

another 12 h at room temperature. The solution was ltered and

the solid was washed with cold methanol (5 mL) and then dried

under high vacuum. Yield 3.80 g (91%). 1H NMR (400 MHz,

CDCl3): d 9.43–9.39 (d, J ¼ 16 Hz, NH), 7.84 (s, 1H, N]CH),

7.34–7.00 (m, 11H, ArH), 6.61–6.60 (d, 3-Pyr, J¼ 4 Hz, 1H), 6.15–

6.14 (d, 4-Pyr, J ¼ 4 Hz, 1H), 1.93 (s, CH3), 1.14–1.11 (m, 24H,

CH3) ppm; 13C NMR (100 MHz, CDCl3): d 152.3 (N]CH), 148.1

(ArC), 146.1 (ArC), 143.0 (ArC), 138.7 (ArC), 129.7 (PyrC), 128.3

(ArC), 127.0 (PyrC), 127.0 (ArC), 124.3 (ArC), 123.1 (ArC), 123.0

(ArC), 116.9 (PyrC), 109.4 (PyrC), 45.5 (meso-C), 27.7 (–C(Me)2),

23.6 (–C(CH3)2), 20.6 (CH3) ppm. FT-IR (selected frequencies, n):

3410 (br, N–H), 3061 (w, ArC–H), 1618 (s, C]N) cm�1.

Elemental analysis: C42H50N4 (610.40): calcd C 82.58, H 8.25, N

9.17. Found C 82.45, H 8.22, N 9.13.

Synthesis of [(Ph)(CH3)C(Ph3C–N]CH–C4H2NH)2] (2b)

To a dried methanolic solution (10 mL) of dipyrromethane-5,50

dialdehyde (2) (2.0 g, 6.841 mmol), methanolic solution (10 mL)

of tritylamine (3.548 g, 13.636 mmol) and a catalytic amount of

glacial acetic acid (0.25 mL) were added under stirring. The

reaction mixture was stirred for another 12 h at room temper-

ature. The solution was ltered and the solid was washed with n-

hexane (5 mL) and then dried under reduced pressure to afford

the nal product as an off-white powder. Yield: 4.00 g (95%). 1H

NMR (400 MHz, CDCl3): d 10.31 (s, NH), 9.26 (s, 1H, N]CH),

7.59–7.02 (m, 35H, CPh3), 6.94–6.93 (d, pyr), 6.22–6.18 (d, pyr),

6.06–6.05 (d, pyr), 2.01 (s, CH3) ppm; 13C NMR (100 MHz,

CDCl3): d 150.36 (N]CH), 147.79 (ArC), 145.86 (ArC), 145.33

(PyrC), 144.84 (PyrC), 132.77 (PyrC), 129.78 (ArC), 128.01 (ArC),

127.85 (ArC), 126.84 (ArC), 122.26 (ArC), 110.55(pyrC), 110.39

(PyrC), 55.43 (CPh3), 45.62 (meso-C), 20.94 (CH3) ppm. FT-IR

(selected frequencies, n): 3400 (br, N–H), 3059 (w, ArC-H),

1625 (s, C]N) cm�1. Elemental Analysis: C56H46N4 (774.37):

calcd C 86.79, H 5.98, N 7.23. Found C 86.74, H 5.94, N 7.22.

Synthesis of [Zn{(Ph)(CH3)C(2,6-
iPr2C6H3–N]CH–

C4H2N)(2,6-
iPr2C6H3–N]CH–C4H2NH)}2] (3)

Direct method. In a pre-dried Schlenk ask, the ligand 2a

(1.0 g, 3.42 mmol) was dissolved in dry toluene. To this, half

equivalent (1.71mmol) of ZnEt2 reagent (15 wt% in toluene) was

added at ice cold temperature with constant stirring. The

reaction mixture was further stirred rapidly at 80 �C for 12 h.

The half-white product obtained from this reaction was

collected and washed with n-hexane. The title zinc complex 3

was obtained as white solid. The crystals suitable for single

crystal X-ray diffraction analysis were obtained aer 3 days from

recrystallization of zinc complex 3 in toluene/n-hexane mixer at

room temperature. Yield: 375 mg (87%).

One-pot salt metathesis method. In a pre-dried 25 mL

Schlenk ask the ligand 2a (200 mg, 0.3276 mmol), lithium

bis(trimethyl)silylamide (219.65 mg, 1.3106 mmol) and anhy-

drous ZnCl2 (22.32 mg, 0.1638 mmol) were mixed with toluene

(10 mL) solvent. The reaction mixture was stirred for 12 h at

room temperature and a white precipitate of LiCl was removed

by ltration. The solvent was removed under reduced pressure

to leave a white residue. The zinc complex 3 was recrystallized

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 36275–36286 | 36283
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from the toluene/hexane mixture. Yield: 175 mg (83%). 1H NMR

(400 MHz, CDCl3): d 9.44–9.40 (d, NH, J ¼ 16 Hz), 8.20 (s, 2H,

N]C–H), 7.87 (s, 2H, N]C–H), 7.36–7.06 (m, 22H, ArH), 6.55–

6.54 (d, 1H, Pyr, J ¼ 4 Hz), 6.44–6.43 (d, 1H, Pyr, J ¼ 4 Hz), 6.04–

6.03 (d, 1H, Pyr, J ¼ 4 Hz), 5.59–5.58 (d, 1H, Pyr, J ¼ 4 Hz), 2.99–

2.89 (m, 8H, –CH(Me2)), 1.83 (s, CH3), 1.28–1.26 (m, 48H,

–CH(CH3)2) ppm; 13C NMR (100 MHz, CDCl3): d 178.8 (Zn–N]

CH), 151.8 (N]CH), 148.6 (ArC), 145.7 (ArC), 142.1 (ArC), 129.9

(ArC), 127.3 (ArC), 127.1 (ArC), 127.0 (ArC), 124.0 (ArC), 123.0

(ArC), 122.7 (ArC), 116.2 (ArC), 109.3 (ArC), 124.0 (PyrC), 123.0

(PyrC), 122.7 (PyrC), 116.2 (PyrC), 45.3 (–CH(Me)2), 28.3

(–CH(Me)2), 23.2 (CH3) ppm. FT-IR (selected frequencies, N–H,

n): 3415 (w, ArC-H), 1624 (s, C]N) cm�1. Elemental analysis:

C84H98ZnN8 (1282.72): calcd C 78.51, H 7.69, N 8.72. Found C

78.49, H 7.63, N 8.71.

Synthesis of [ZnCl2{(Ph)(CH3)C(Ph3C–NH]CH–C4H2N)2}] (4)

Direct method. In a pre-dried Schlenk ask, the ligand 2b

(1.0 g, 1.29 mmol) was dissolved in dry toluene. To this one

equivalent of ZnCl2 (176 mg, 1.29 mmol) in toluene was added.

The reaction mixture was further stirred rapidly at 80 �C for

24 h. The off-white product obtained from this reaction was

collected and washed with n-hexane. The title zinc complex 4

was obtained as white solid. The crystals suitable for single

crystal X-ray diffraction analysis were obtained aer 3 days from

recrystallization of zinc complex 4 in toluene at room temper-

ature. Yield: 990 mg (85%). 1H NMR (400 MHz, CDCl3): d 9.92–

9.89 (d, 2H, N]CH, J ¼ 12 Hz), 7.44 (2H, N]CH), 7.41–7.03 (m,

35H, ArH), 6.68 (d, Pyr, J ¼ 4 Hz), 5.72 (d, Pyr, J ¼ 4 Hz), 2.28 (s,

CH3) ppm; 13C NMR (100 MHz, CDCl3): d 179.2 (N]CH), 150.5

(ArC), 150.4 (ArC), 148.9 (ArC), 146.2 (ArC), 146.0 (ArC), 145.2

(ArC), 130.0 (ArC), 127.0 (ArC), 126.9 (ArC), 126.8 (ArC), 121.8

(ArC), 115.1 (ArC), 110.6 (PyrC), 110.4 (PyrC), 109.4 (PyrC), 109.2

(PyrC), 28.5 (CH3) ppm. FT-IR (selected frequencies, n): 3434 (w,

ArC-H), 1633 (s, C]N) cm�1. Elemental analysis: C56H46Cl2N4-

Zn (908.24): calcd C 73.81, H 5.09, Cl 7.78, N 6.15. Found C

73.77, H 5.05, Cl 7.75, N 6.14.

X-ray crystallographic studies of acyclic Schiff base ligand (2a)

and zinc complexes 3 and 4

Single crystals suitable for X-ray diffraction analysis of all the

compounds (2a, 3 and 4) were obtained at room temperature (for

2a, and 3) and at �35 �C (for 4) under non-inert atmospheric

conditions. Single crystals of suitable dimensions were mounted

on a CryoLoop (Hampton Research Corp.) with a layer of light

mineral oil and placed in a nitrogen stream at 298.15 K and all

measurements were made on an Agilent Supernova X-calibur Eos

CCD detector with graphite monochromatic Mo-Ka (0.71073 Å for

2a) and Cu-Ka (1.54184 Å for 3 and 4) radiation. Crystal data and

structure renement parameters are summarized in Table 1. The

structures were solved by direct methods (SIR92)22 and rened on

F2 by full-matrix least-squares methods; using SHELXL-97.23 Non-

hydrogen atoms were anisotropically rened. H atoms were

included in the renement in calculated positions riding on their

carrier atoms. The function minimized was [
P

w(Fo
2
� Fc

2)2]

(w ¼ 1/[s2(Fo
2) + (aP)2 + bP]), where P ¼ (max(Fo

2,0) + 2Fc
2)/3 with

s
2(Fo

2) from counting statistics. The functions R1 and wR2 were

(
P

||Fo| � |Fc||)/
P

|Fo| and [
P

w(Fo
2
� Fc

2)2/
P

(wFo
4)]1/2. The

Ortep-3 program was used to draw the molecules. Crystallographic

data (excluding structural factors) for the structures reported in

this paper have been deposited with the Cambridge Crystallo-

graphic Data Centre as supplementary publication no. CCDC

1939817 (for 2a), 1900503 (for 3) and 1902678 (for 4).

Conclusions

In this study, the synthesis of sterically hindered, acyclic dii-

minodipyrromethane Schiff base H2L ligands (2a and 2b) and

its unusual zinc metal complexes (3 and 4) were well demon-

strated. The stability and reactivity of all the compounds were

further explained with the help of X-ray crystallography and DFT

calculations. Among the ligands (2a and 2b), the diiminodi-

pyrromethane Schiff base ligand 2b exhibits double pyrrole-

imine to azafulvene-amine tautomerism at elevated tempera-

tures due to the presence of bulky triphenylmethyl (–CPh3)

groups on the imine nitrogen centres. Further, the present

study towards the zinc metalation revealed the new coordina-

tion modes of acyclic diiminodipyrromethanes. In addition,

both the zinc complexes (3 and 4) were screened for the ring-

opening polymerization of BA-a and BF-a benzoxazines and

they were proved to be efficient metal-based catalysts, In the

presence of zinc-complexes, the on-set curing temperature was

signicantly decreased up to 20% and char yield improved up to

10–21%. Both zinc complexes were tolerance tomoisture, highly

active and harmless to the thermal stability of the obtained

PBzs.
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