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Abstract. The oxasmaragdyrins containing one five membered heterocycle such as pyrrole, thiophene and
furan in place of one of the meso-phenyl group were synthesized by acid-catalyzed oxidative coupling reac-
tion of meso-heterocycle substituted dipyrromethane with 16-oxatripyrrane in the presence of catalytic amount
of trifluoroacetic acid followed by oxidation with DDQ. The smaragdyrin macrocycles containing one five-
membered heterocycle at meso-position were characterized by HR-MS and detailed 1D and 2D NMR studies.
The absorption and fluorescence studies revealed that the presence of five membered heterocycle at meso-
position of smaragdyrin resulted in bathochromic shifts in absorption and emission bands with slight reduction
in quantum yields compared to smraragdyrin macrocycle containing six membered meso-phenyl groups. The
electrochemical studies revealed that the meso-heterocycle smaragdyrins are electron deficient compared to
meso-phenyl smaragdyrins.
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1. Introduction

Smaragdyrins are 22−π aromatic pentapyrrolic macro-
cycles in which five pyrrole rings are connected via
three meso-carbons and two direct pyrrole-pyrrole
bonds.1 Smaragdyrins are intense green coloured solids
and first discovered by R. B. Woodward during his
pioneering synthesis of Vitamin B12.2a However, the
first synthesis of smaragdyrins was reported by Grigg,
Johnson and co-workers which they named as ‘nor-
sapphyrins’.2b At the same time, Woodward group also
discovered another pentapyrrolic macrocycle called
sapphyrin which contains four meso-carbons and one
direct pyrrole-pyrrole bond.3 The chemistry of sap-
phyrins developed significantly over the years after the
initial serendipitous discovery of their anion sensing
behaviour by Sessler and co-workers.4 Interestingly,
unlike sapphyrin, the chemistry of smaragdyrin is not
well-developed until recently due to their inherent
unstable nature because of the presence of two direct
pyrrole-pyrrole bonds which induces the strain in the
macrocycle that lead to the decomposition. However,

∗For correspondence

Dedicated to Professor Tavarekere K Chandrashekar on the occasion

of his 60th birth anniversary

Chandrashekar group reported the synthesis of stable
meso-triaryl smaragdyrin by substituting one pyrrole
ring with furan ring.5 The resulted smaragdyrins known
as meso-aryl oxasmaragdyrins are stable and exhibit
novel spectral and electrochemical properties. The oxa-
smaragdyrins exhibit absorption and emission bands in
400–800 nm region with decent quantum yields and
singlet state lifetimes, and are stable under redox condi-
tions. Smaragdyrins are also known to form metal/non-
metal complexes and also show anion binding ability.6 8

However, most of the oxasmaragdyrins known till date
contain only six-membered aryl groups at the meso-
positions. It is advantageous to have one five-membered
heterocycle such as pyrrole, thiophene or furan at the
meso position which not only significantly alters
the electronic properties of the macrocycle but also
the meso-heterocyclic group can be easily function-
alized to extend the chemistry. With this idea in the
mind, here we report the synthesis of mono meso-
heterocycle containing oxasmaragdyrins 2–4 and com-
pare their spectral and electrochemical properties with
meso-triaryl smaragdyrin 1 (Chart 1). The presence of
one five-membered heterocycle at meso-position signifi-
cantly alters the electronic properties of smaragdyrin
macrocycle as reflected in their spectral and electro-
chemical properties.
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Chart 1. Molecular structures of different oxasmaragdyrins 1–4.

2. Experimental

2.1 Chemicals

All the chemicals such as pyrrole and 2,3-dichloro-
5,6-dicyano-1,4-benzoquinone (DDQ) were used as
obtained from Aldrich. All other chemicals used for
the synthesis were reagent grade. The solvents like
dichloromethane, n-hexane and chloroform were puri-
fied and distilled by standard procedures before use.
Silica gel and basic alumina used for column chro-
matography have been obtained from Sisco Research
Laboratories, India. Tetrabutylammonium perchlorate
was purchased from Fluka. All NMR solvents were
bought from Aldrich. The known compounds such
as 5,10- di-(p-tolyl)-tripyrromethane9 5 and 2,2′-(1-
pyrroyl/thienyl/furylethylidene)bis-Pyrrole10 6–8 were
synthesized by following the literature methods.

2.2 Instrumentation

The 1H and 13C NMR (δ in parts per million) spectra
were recorded by using a Bruker AVANCE III 400 MHz
and 500 MHz spectrometer. Tetramethylsilane (TMS)
was used as an internal reference for recording 1H NMR
spectra (residual proton; δ = 7.26 ppm) in CDCl3.
The HR-MS spectra were recorded by Q-Tof micromass
spectrometer working based on electrospray ionization
method. The absorption and steady state flouroscence
spectra were obtained with Jasco V-670 spectrome-
ter and HoribaJobin Yvon Nanolog UV-visible-NIR
spectrofluorimeter, respectively, and quantum yields
were estimated at 420 nm by comparative method
using meso-tetraphenylporphyrin (H2TPP) as standard
(�f). Cyclic voltammetry (CV) experiments were car-
ried out in a BAS electrochemical system, by using
glassy carbon as working electrode, platinum wire as
auxiliary electrode and saturated calomel as reference
electrodes.

2.3 General synthesis of compounds 2–4

The acid-catalyzed oxidative coupling reaction of
tripyrromethane 5 (1 mmol) and appropriate dipyrrome-
thane 6/7/8 (1 mmol) in 300 mL of dry dichloromethane
was carried out in the presence of 0.1 equivalent of TFA
as a catalyst under inert atmosphere at room tempera-
ture for 1 h. Then, 3 equivalents of DDQ were added
to the reaction mixture and stirred in open air for addi-
tional 1 h. The TLC analysis of the reaction mixture
clearly showed the appearance of minor yellowish spot
followed by a major green spot. The solvent was evap-
orated and the crude compound was subjected to basic
column chromatography. The desired oxasmaragdyrins
2–4 were eluted as green band by using petroleum
ether/dichloromethane (70:30) and afforded green solid
of pure 2–4 in 20–22% yield.

2.3a Compound 2: Yield 25% (135 mg); 1H NMR
(400 MHz, CDCl3, 25◦C): δ 9.50 (broad singlet, 1H,
NH), 9.24 (d, 2H, J (H,H) = 4.04 Hz, β-pyrrole H),
9.14 (d, 2H, J (H,H) = 3.92 Hz, β-pyrrole H), 9.09
(d, 2H, J (H,H) = 3.92 Hz, β-pyrrole H), 8.65 (s,
2H, β-furan H), 8.26 (d, 2H, J (H,H) = 4.00 Hz,
β-pyrrole H), 8.04 (d, 4H, J (H,H)= 7.45 Hz, Ar), 7.51
(d, 1H, meso-pyrrole ring), 7.33 (d, 1H, J (H,H) = 2.92
Hz, meso-pyrrole ring), δ7.06 (d, 4H, J (H,H) = 7.60
Hz, Ar), 6.80 (dd, 1H, meso-pyrrole ring), 2.80 (s, 6H,
CH3) ppm. HR-MS calcd. for C41H32N5O (M+H)+ m/z

610.2601, observed 610.2604.

2.3b Compound 3: Yield 22% (135 mg); 1H NMR
(500 MHz, CDCl3, 25◦C): 9.52 (d, 2H, J (H,H) = 4.25
Hz, β-pyrrole H), 9.43 (d, 2H, J (H,H) = 4.25 Hz,
β-pyrrole H), 9.27 (d, 2H, J (H,H) = 4.20 Hz, β-pyrrole
H), 8.81 (s, 2H, β-furan H), 8.49 (d, 2H, J (H,H) = 4.25
Hz, β-pyrrole H), 8.01 (d, 4H, J (H,H) = 7.68 Hz, Ar),
7.95 (d, 1H, J (H,H) = 3.24 Hz, meso-thiophene ring),
7.61 (d, 4H, J (H,H) = 7.70 Hz, Ar), 7.02 (dd, 1H,
J (H,H) = 3.24 Hz, meso-thiophene ring), 7.00 (d, 1H,
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J (H,H) = 1.64 Hz, meso-thiophene ring), 2.80 (s, 6H,
CH3) ppm. HR-MS calcd. for C41H31N4OS (M+H)+

m/z 627.2213, observed 627.2219.

2.3c Compound 4: Yield 20% (135 mg); 1H NMR
(400 MHz, CDCl3, 25◦C): 9.54 (d, 2H, J (H,H) = 4.12
Hz, β-pyrrole H), 9.47 (d, 2H, J (H,H) = 4.32 Hz,
β-pyrrole H), 9.45 (d, 2H, J (H,H) = 4.28 Hz, β-pyrrole
H), 8.81 (s, 2H, β-furan H), 8.51 (d, 2H, J (H,H) =
4.32 Hz, β-pyrrole H), 8.21 (d, 1H, J (H,H) = 2.50
Hz, meso-furan ring), 8.01 (d, 4H, J (H,H) = 7.75 Hz,
Ar), 7.61 (d, 4H, J (H,H) = 7.76 Hz, Ar), 7.53 (d, 1H,
J (H,H) = 6.35 Hz, meso-furan ring), 7.05 (dd, 1H, J

(H,H) = 5.85 Hz, meso-furan ring), 2.80 (s, 6H, CH3)

ppm. HR-MS calcd. for C41H31N4O2 (M+H)+ m/z

611.2442, observed 611.2440.

3. Results and Discussion

The required precursors, 16-oxatripyrrane 5 and
the meso-pyrrolyl/thienyl/furyl dipyrromethanes 6/7/8
were prepared by following the reported procedures.9,10

The mono-five membered heterocycle containing oxas-
maragdyrins 2–4 were prepared by [3+2] acid-
catalyzed oxidative coupling reaction of one equivalent

of 16-oxatripyrrane 5 with one equivalent of appropri-
ate meso-heterocycle dipyrromethane 6/7/8 in CH2Cl2

in the presence of 0.1 equivalent of TFA as catalyst for
1 h under inert atmosphere followed by oxidation with
three equivalents of DDQ in open air at room tempera-
ture (Scheme 1). The TLC analysis showed the forma-
tion of desired oxasmaragdyrin 2/3/4 along with traces
of unidentified less polar compound. The crude reac-
tion mixture was subjected to basic alumina column and
afforded the pure oxasmaragdyrin 2/3/4 as green solid
in 20–25% yield. The compounds 2–4 were freely sol-
uble in common organic solvents and confirmed their
identities by respective molecular ion peak in HR-MS.
The compounds 2–4 were characterized in detail by 1D
and 2D NMR spectroscopy.

3.1 NMR Studies

The 1H and 1H-1H COSY NMR spectra of meso-furyl
smaragdyrin 4 are presented in Figure 1. The com-
pound meso-furyl smaragdyrin 4 showed four sets of
doublets at 9.54 ppm, 9.47 ppm, 9.45 ppm, 8.51 ppm,
for eight β-pyrrole protons and one singlet at 8.81
ppm for two β-furan protons. In addition, we observed
two sets of doublets at 8.21 ppm, 7.53 ppm, and one
doublet of doublet at 7.05 ppm for the three protons

Scheme 1. Synthesis of various oxasmaragdyrins 2–4 having different meso-heterocyclic group.
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corresponding to the meso-furyl rings and a singlet at
2.80 ppm for six meso-tolyl protons (Figure 2). The sin-
glet resonance appearing at 8.81 ppm was assigned to
type a protons of β-furan protons. It is clear from the
the 1H-1H COSY spectrum of compound 4 presented in
Figure 1b that the doublet at 9.47 ppm showed cross-
peak connectivity with doublet at 9.45 ppm whereas the
doublet at 9.54 ppm with 8.51 ppm (Figure 1). Thus, we
assigned the peak at 9.47 ppm as type c proton and peak
at 9.45 ppm as type b proton. Similarly, from correlation
we have assigned peaks at 8.51 ppm and 9.51 ppm

as type d and e- protons, respectively.6 The three pro-
tons of meso-furyl group (types f, g, h protons) showed
correlation among themselves and thus assigned peaks
at 7.53 ppm, 7.05 ppm and 8.21 ppm as types f, g, h
protons, respectively. Similarly, compounds 2 and
3 also exhibited identical pattern of 1H NMR reso-
nances and the resonances were assigned based on 1D
and 2D NMR studies (Table 1). Thus, 1D and 2D
NMR were very useful in deducing the molecular struc-
tures of meso-heterocycle substituted oxasmaragdyrins
2–4.

(a)

(b)

Figure 1. (a) 1H NMR and (b) 1H-1H COSY NMR spectrum of compound 4
recorded in CDCl3 at room temperature. The double crossed peak in (a) and an
asterix marked peak in (b) correspond to CDCl3.
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Figure 2. Comparison of a selected region of 1H NMR spectra of compounds
2, 3, 4 and 1 recorded in CDCl3 at room temperature.

Table 1. 1H NMR data (δ in ppm) of meso-heterocycle oxasmaragdyrins 2–4 along with oxasmaragdyrin 1 recorded in
CDCl3.

β-furan β-pyrrole Heterocyclic ring
Comp Ha Hb Hc Hd He Hf Hg Hh

1 8.72(s) 8.44(d) 9.49(d) 9.38(d) 8.96(d) – – –
2 8.65(s) 8.26(d) 9.24(d) 9.14(d) 9.09(d) 7.33(d) 6.80(dd) 7.51(d)
3 8.81(s) 9.27(d) 9.43(d) 8.49(d) 9.52(d) 7.00(d) 7.02(dd) 7.95(d)
4 8.81(s) 9.45(d) 9.47(d) 8.51(d) 9.54(d) 7.53(d) 7.05(dd) 8.21(d)

The effect of six membered phenyl groups versus five
membered pyrroryl/thienyl and furyl groups is clearly
reflected in the 1H NMR spectra of the compounds
1–4. The comparison of selected region of 1H NMR
spectra of compounds 2, 3 and 4 along with the meso-
triaryl-oxasmaragdyrin 1 is presented in Figure 2. In
all the four compounds 1–4, the eight β-pyrrole pro-
tons of smaragdyrin macrocycle appeared as four dou-
blets and two β-furan protons appeared as one singlet.
It is clear from the Figure 2 that the β−pyrrole and
β-furyl protons of compounds 2–4 experienced down-
field shifts compared to compound 1. This supports the
alteration in the ring current of smaragdyrin macrocy-
cle upon changing the meso-substituent from six mem-
bered phenyl group to five membered pyrroyl/thienyl
and furyl groups.

3.2 Spectral and Electrochemical Properties

The absorption, fluorescence and electrochemical prop-
erties of meso-heterocycle substituted oxasmaragdyrins
2, 3 and 4 were studied along with oxasmaragdyrin 1.
The comparison of absorption spectra of compounds
1–4 is presented in Figure 3a and the data are presented

in Table 2. The compound 1 exhibited one Soret band
at 443 nm with a shoulder at 456 nm and four well
defined Q-bands at 552, 592, 633 and 696 nm.5 Sim-
ilarly, the compound 4 also showed one Soret band
at 451 nm with a shoulder at 472 nm and four
Q-bands at 564 nm, 607 nm, 651 nm and 716 nm.
Thus, the introduction of five membered heterocycle
such as pyrrole/thiophene/furan at the meso position
of oxasmaragdyrin 2–4 in place of six membered aryl
groups showed similar absorption features with 8-10 nm
bathochromic shifts in their absorption maxima. Fur-
thermore, the maximum red shifts in absorption bands
were observed for compound 4. We also recorded
the absorption spectra of protonated oxasmaragdyrins
1H+–4H+ and the comparison of absorption spectra
of 1H+ and 4H+ is shown in Figure 3b. Upon addi-
tion of excess (20 equiv.) amounts of TFA to 1 in
CHCl3, the Soret band shifted to 449 nm with an
appearance of another new band at 482 nm because of
generation of 1H+. All the Q-bands were also shifted
bathochromically and the last Q-band appeared at 722
nm in 1H+. Similarly, the compounds 2–4 also showed
bathochromic shifts in both Soret and Q-bands upon
protonation (Table 2).
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Table 2. Absorption and emission data for compounds 1–4 along with their protonated species.

Soret bands, λabs/nm
Comp (log ε/M−1cm−1) Q-bands, λabs/nm (log ε/M−1cm−1) λem/nm �f

1 444 (5.8), 456(sh) 552 (4.4), 592 (3.9), 633 (3.6), 696 (4.0) 703 0.148
1.H+ 449, 482 604, 658, 722 – –
2 453 (5.6), 469(sh) 562 (3.8), 600 (3.9), 642 (3.6), 706 (4.2) 716 0.142
2.H+ 459, 495 604, 652, 721 – –
3 454 (5.4), 472(sh) 566 (3.9), 604 (3.7), 652 (3.8), 721 (4.2) 721 0.088
3.H+ 456, 494 609, 675, 740 – –
4 452 (5.4), 465(sh) 563 (3.9), 605 (3.8), 651 (3.6), 717 (4.5) 728 0.091
4.H+ 455, 494 615, 674, 744 – –
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Figure 3. Comparison of Q and Soret band absorption spectra of compounds:
(a) 1 and 4, and (b) 1H+ and 4H+ recorded in CHCl3. The concentrations used
were 10−5 and 10−6 M for the Q and Soret bands, respectively. The compounds
1H+ and 4H+ were generated by addition of a drop of trifluoroacetic acid to
1 and 4, respectively, in CHCl3. (c) Comparison of steady state fluorescence
spectra of compounds 1–4 (1 × 10−6 M) recorded in CHCl3 at room temper-
ature. (d) Comparison of cyclic voltammograms of compounds 1 and 4 (1 ×
10−3 M) recorded in dichloromethane containing 0.1 M tetrabutylammonium
perchlorate as the supporting electrolyte recorded at 50 mV s−1 scan rate.

The steady state fluorescence spectra of oxas-
maragdyrins 1–4 recorded in CHCl3 are presented
in Figure 3c. The compound 1 is decently fluores-
cent and exhibits one band around 703 nm. The
meso-heterocycle substituted oxasmaragdyrins 2–4 also
exhibited one fluorescence band which was shifted
bathochromically by 15–25 nm compared to compound
1. However, the meso-heterocycle substituted oxas-
maragdyrins 2–4 are relatively less fluorescent and the

quantum yield of compound 3 is less compared to com-
pounds 2 and 4. Thus, the absorption and emission
studies supported the alteration of electronic properties
of the oxasmaragdyrin macrocycle on changing
six membered phenyl group with five membered
pyrroyl, thienyl and furyl groups at one of the meso-
positions. These effects are attributed to the orienta-
tion of meso-substituent with respect to the macrocyclic
skeleton. The five membered meso-heterocyclic group
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Table 3. Electrochemical redox data (V) of oxas-
maragdyrins 1–4 recorded in dichloromethane containing
0.1 M TBAP as supporting electrolyte using scan rate of 50
mV/sec. E1/2 values reported are relative to SCE.

I II I II
Compound Eox(V) Eox(V) Ered(V) Ered(V)

1 0.54 0.97 −1.28 –
2 0.55 0.79 −1.18 −1.56
3 0.53 0.80 −1.16 −1.50
4 0.54 0.84 −1.14 −1.47

in compounds 2–4 is expected to be more in-plane
arrangement with the smaragdyrin ring resulting in effi-
cient extension of the macrocyclic π-conjugation into
meso-substitutent.

The electrochemical properties of oxasmaragdyrins
1–4 were investigated using cyclic voltammetry (CV)
in dichloromethane with tetrabutylammonium perchlo-
rate as supporting electrolyte. A comparison of cyclic
voltammograms of oxasmaragdyrin 4 and smaragdyrin
1 is shown in Figure 3d and the data for compounds 1–4
is presented in Table 3. The compound 1 smaragdyrin
exhibits two oxidations at 0.54 and 0.97 V and one reduc-
tion at −1.28V. The meso-heterocycle substituted sma-
ragdyrins 2–4 also showed two reversible oxidations,
one reversible reduction and one irreversible reduction.
However, the oxidation potentials of meso-heterocycle
substituted smaragdyrins 2–4 were shifted towards
more positive with slight decrease in their reduc-
tion potentials compared to compound 1 indicating
that the introduction of five-membered heterocycle in
place of six membered phenyl ring makes the resulted
smaragdyrin macrocycles 2–4 more electron deficient
than compound 1.

4. Conclusions

We synthesized mono-meso-pyrroyl/thienyl/furyl sub-
stituted oxasmaragdyrin in decent yields by adopting
TFA catalyzed 3 + 2 acid-catalyzed oxidative coupling
reaction method. The effect of five membered hete-
rocycle such as pyrrolyl/thienyl/furyl group in place
of one six membered aryl group at one of the meso-
position was clearly reflected in spectral and elec-
trochemical properties. The absorption and emission
spectra of meso-five membered heterocycle containing
smaragdyrin macrocycle showed bathochromic shifts

and maximum effects were observed for meso-furyl
oxasmaragdyrin compared to meso-aryl smaragdyrin.
The electrochemical studies indicated that the five
membered meso-substituted smaragdyrins are diffi-
cult to oxidize compared to six membered meso-aryl
smaragdyrin. Thus, the electronic and structural fea-
tures of oxasmaragdyrin macrocycle can be fine tuned
by changing the meso-substituents from six membered
aryl group to five membered heterocycle. The pres-
ence of five membered heterocycle at one of the meso-
positions is also very useful precursor to prepare novel
fluorescent systems and such synthetic efforts are cur-
rently underway in our laboratory.
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