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Phosphorescent Rhenium-Dipyrrinates: Efficient Photosensitizers 
for Singlet Oxygen Generation  
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A series of rhenium(I) dipyrrinato complexes (Re1–Re8) have been prepared and characterized; their crystal structures, 

phosphorescence and singlet oxygen generation studies are reported. The aromatic substituents, such as thienyl, p-

bromophenyl, p-fluorophenyl, m-fluorophenyl, pentaflurophenyl, N-butylcarbazole, N-phenylcarbazole, and N-

butylphenothiazine, are linked to the C5 position of Re-dipyrrinates. Varying the electronic nature of substituents from 

electron donating (e.g., carbazole) to electron withdrawing (e.g., pentaflurophenyl) allowed the change in the structural, 

electrochemical, and spectroscopic properties in these complexes. In particular, the Rhenium dipyrrinates showed 

phosphorescence in the near IR region with sufficiently longer triplet state lifetimes ( = 9–29 s). Also, large Stokes shifts 

( = 5682–6957 cm—1) were witnessed for all the rhenium dipyrrinates. Triplet emission reflected in the efficient singlet 

oxygen generation yields (~ 0.75–0.98) along with the distinct photo-stability. Density functional theory (DFT) 

calculations revealed that the electron density is spread over dipyrrin unit in most of the complexes. Rhenium dipyrrinate 

having a phenothiazine substituent exhibited the smallest HOMO-LUMO band gap (2.820 eV) among all the Re-complexes.  

Introduction 

In past three decades, the chemistry of dipyrromethanes has gained 

popularity
1, 2

 primarily because they have been used as key 

precursors for preparation of various porphyrins, corroles and 

norcorroles.
3-7

 The oxidized form of dipyrromethane is known as 

dipyrromethene or dipyrrin that has emerged as a resourceful 

ligand in rich coordination chemistry;
8, 9

 the planar dipyrrin unit 

consists of two nitrogen atoms as donor sites, which provide a 

versatile pattern for complexation to metal ions.
  

Dipyrrins have 

been used as a bidentate nitrogen donating ligand to form stable 

metal complexes, i.e., metal dipyrrinato complexes.
10

 To date, 

dipyrrins have been extensively used for the preparation of a wide 

range of boron difluoride dipyrromethene dyes (namely BODIPYs).
11

 

The highly emissive BODIPYs and their derivatives have found 

applications as biological labelling’s, photosensitizers in PDT 

(photodynamic therapy)
12, 13

 energy transfer systems, light 

harvesting devices and chemosensors.
14, 15

 Extended conjugation 

across the two pyrrole rings in the dipyrrins makes them rich in 

photophysical and electrochemical properties and structural 

modifications were conducted to alter the spectrochemical 

properties of the ligand for different applications.  

Not only for main group elements, variety of dipyrrinato 

complexes have been reported with 3rd-to-5th row transition 

metals.
16, 17

 Nishihara and co-workers have used this feature and 

reported luminescent In(III) and Zn(II) containing heteroleptic 

complexes with high quantum yields.
18-20

 The heavy transition 

metal dipyrrin complexes have potentials for the phosphorescent 

emitters in organic light emitting diodes (OLED) applications by 

taking advantage of their strong spin orbit couplings. In analogy to 

the well-known iridium(III)-based emitters, rhenium (I) complexes 

are also gathering attentions for OLED applications because of high 

photo-luminescence efficiency and short luminescence lifetime.
21

 

Recently, Roy and co-workers reported highly emissive tricarbonyl 

Re(I) phenanthroline complexes
22

 with blue coloured solid state 

emission and their  application in electroluminescent devices. 

Furthermore, a variety of Re(I) complexes have been developed for 

applications as luminescent bio-imaging probes
23, 24

 and triplet 

sensitizers in photocatalysis,
25, 26

 photovoltaics,
27

 and triplet-triplet 

annihilation (TTA) upconversion. 
28

 

In an effort to seek the efficient light-harvesting capability, 

rhenium(I) dipyrrinato complexes prepared by Telfer and co-

workers,
29, 30

 which exhibited intense luminescence in the 
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visible range and this property has been utilized in the area of 

solar energy conversion and biological labelling, and radio-

imaging applications.
31, 32

 Such heavy metal dipyrrin complexes 

can be used as photosensitizers for singlet oxygen generation 

(
1
g); which in turn can be used for water disinfection and 

photodynamic therapy (PDT).
33-35

 In fact, ideal sensitizers 

require efficient 
1
O2 generation quantum yields, good 

photostability under strong laser irradiation and high 

absorption coefficients in red region. However, there is a need 

to develop better singlet oxygen sensitizers for practical 

applications. In this regard, elucidation of the structure-

property relationship of the Re(I) dipyrrinato complexes is of 

importance for the rational design of dual-modal molecules 

with high phosphorescence and singlet oxygen generation 

yields.  
In this work, novel rhenium(I) dipyrrinato complexes 

possessing various electron-donor and withdrawing groups at the 

C5 position of the dipyrrin core such as 2-thienyl, p-bromophenyl, 

p-fluorophenyl, m-fluorophenyl, pentaflurophenyl, N-

butylcarbazole, N-phenylcarbazole and N-butylphenothiazene are 

presented. The substitution effect on the photophysical and 

electrochemical properties of rhenium dipyrrinates has been 

discussed systematically. The phosphorescent emission lifetime, 

quantum yields and singlet oxygen generation ability of the 

complexes were analysed. Density functional theory (DFT-D3) 

calculations were conducted to understand the electronic 

structures in details.  

 

Results and Discussion 
Synthesis and characterization  
As shown in the Scheme 1, the corresponding rhenium complexes 

(Re1-Re8) were synthesized in a stepwise manner. Firstly, the key 

precursor dipyrromethanes (1-8) having  different electron-

donating and withdrawing moieties were synthesized as per the 

literature reports.
36

 The dipyrromethanes were then oxidized with 

p-chloranil in dry dichloromethane (DCM).
37

 The resulting crude 

dipyrrins 1-8 were then purified by neutral alumina column 

chromatography.  The pure dipyrrins were further treated with 

Re(CO)5Cl in toluene for 1 h, followed by the addition of 

triphenylphosphine in the presence of triethylamine (Scheme 1). 

The progress of the reaction was monitored by thin layer 

chromatography (TLC) and reaction was stopped when the dipyrrin 

was consumed. The reaction mixture was then subjected to neutral 

alumina column chromatography to obtain pure rhenium 

dipyrrinates, Re1–Re8 as orange solid in 45-88% yields.                                                 

All compounds were characterized by mass, IR, 
1
H and 

13
C NMR 

spectroscopies (cf. supplementary information). In the IR spectra of 

metal complexes Re1–Re8, energies of the vibrations observed 

were corresponded to the structure of the dipyrrins
 
dependent on 

the functional groups.                        

The three characteristic C-O stretching vibrations (asymmetric and 

symmetric) for carbonyl groups were observed around 2020, 1926, 

1896 cm
-1 

for Re1.  This is the typical pattern observed for three CO 

units in fac isomer arrangements for all the rhenium dipyrrinates.
38

 

Importantly, the wavenumbers of CO stretches are very sensitive to 

the electronic structures of the rhenium complexes; and the 

constancy of the wavenumbers suggests equal perturbation of the 

metal centre by various substituents on the dipyrrin core. Similar to 

the reported Re(I) dipyrrin complexes
29 

, the complexes, Re1–Re8 

contains low spin d
6
 rhenium metal and all the compounds are 

diamagnetic. The 
1
H and 

13
C NMR spectra of the compounds Re1–

Re7 were recorded in CDCl3, whereas for Re8, DMSO-d6 was used 

due to the solubility issue (cf. supplementary information). 

 

 
Scheme 1. Synthetic route for rhenium dipyrrinates (Re1-Re8). 

 
31

P NMR spectra of compounds Re1-Re8 were recorded in CDCl3 (cf. 

supplementary information). Typically, the free PPh3 group in 

phosphorous NMR appear as a singlet around -6 ppm; whereas in 

case of Re1-Re8 
31

P signal showed up between 10.55 to 15.84 ppm 

(cf. supplementary information). The downfield shift in 

phosphorous NMR signal w.r.t free PPh3 ligand can be explained on 

the basis of lower electron density on P atom due to metal 

complexation in Re1-Re8. However, the electron withdrawing or 

electron donating nature of the substitutents at the C5-position of 

dipyrrin unit had little effect on the chemical shift values of 
31

P 

signal in these compounds.  
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Single Crystal X-ray Diffraction Analysis 

The structures of the six rhenium dipyrrinates Re1 and Re3–Re7 

were established by X-ray crystallographic analysis (Figure 1 and 

Table S2). ORTEP views of the solved crystal structures are 

presented in Figure 1 and the selected bond lengths and torsion 

angles are given in Table 1. The colour of the crystals of Re1 and 

Re4 were orange and red respectively with P21/n (#14) space 

group. Re3 and Re7 gave orange plate crystals with P21/c (#14) 

space group. Re5 and Re6 produced orange plate crystals with Ia 

(#9) space group. The compounds, Re1 and Re3-Re7 displayed 

monoclinic crystal system. These rhenium dipyrrinates have 

distorted octahedral geometry about rhenium(I) centre and possess 

Cs symmetry. The dipyrrin core is substantially lying in the same 

plane as that of rhenium centre and two carbonyl ligands. The PPh3 

and third carbonyl ligand are spread out in opposite directions, in 

trans position and both are perpendicular to the dipyrrin plane. The 

Re-N1 and Re-N2 bond distances were between 2.15(5) to 2.18(6) 

Å; the N1-Re-N2 bond angles were in the range of 84.25(11)° to 

85.08(2)° in these complexes. The observed Re-N (dipyrrin) 

distances were slightly shorter than the reported rhenium 

dipyrrinato complexes. The Re-P (phosphine) lengths were in the 

range of 2.479(5) to 2.528(2) Å; these values were marginally higher 

than the reported Re-P distances of mixed ligand Re(I) dicarbonyl 

complexes.
39

 The Re-C(O) distances between Re and carbonyl 

groups were in the range of 1.916(2) to 1.968(18) Å, these values 

are comparable with the previous report.
29  

Generally a donor group trans to CO would be expected to cause 

weakening of CO bond, which can be reflected in the increase of C-

O bond lengths. However, the C-O bond lengths appeared to be 

similar ranging from 1.139(8) to 1.152(6) Å for the carbonyls 

opposite to dipyrrinato ligand in the complexes. Also, the C-O bond 

lengths of carbonyls trans to phosphine group were between 

1.119(8) to 1.152(9) Å; thus regardless of the trans ligand bonds of 

similar nature are of comparable length across the series of 

rhenium dipyrrinates (Table 1). For Re1, Re3 and Re4 the torsion 

angles [C6-C5-C10-C15, C4-C5-C10-C11] between the dipyrrin plane 

and the bulky aromatic group at C5 position were between 63.7(7)° 

to 66.3(4)°.  For Re5 and Re6 the dihedral angles [C6-C5-C10-C15, 

C4-C5-C10-C11] were in the range of 68.8(16)° to 73.4(8)°; these 

torsion angle values were slightly higher than the Re1. The higher 

values of dihedral angle [C6-C5-C10-C15, C4-C5-C10-C11] 80.9(5)° 

and 83.3(5)° were observed for Re7 having 4-bromophenyl group 

on the dipyrrin core. The higher degree of torsion angles between 

C5 aromatic moieties and the dipyrrin core indicated less effective 

electronic interactions between the two units in compounds Re5, 

Re6 and Re7.  

Photophysical Properties 

          The UV-vis absorption studies of the complexes were carried 

out in toluene and the data are presented in Table 2. As shown in 

Figure 2, all complexes exhibited an intense absorption band 

centred around 490–500 nm. This strong absorption band arises 

due to S0 to S1 transition (primarily -)
 
of dipyrrin ligand.

40-42
 

 

 

 
Figure 1. ORTEP representations (50% probability level) of the single 

crystal X-ray structures of Re1 and Re3–Re7. Hydrogen atoms are 

omitted for clarity. 

 

The corresponding extinction coefficients () of the major 

absorption bands are in the range of 22,000 to 39,000 M
–1

cm
–1

. 

Small shoulders are also present in the absorption spectra around 

400–420 nm in all the rhenium dipyrrinates, which are attributed to 

the S0 to S2 transitions centred on dipyrrin unit. This absorption 

feature is akin to the reported iridium-dipyrrinato complexes;
43

 

which indicates that the transition energy of the major absorption 

band is relatively insensitive to the identity of metal ion.
44  

The high 

intensity low energy absorption bands of Re1-Re8 were significantly 

red shifted (~125 nm) w.r.t. the phenanthroline Re(I) tricarbonyl 

complexes bearing one water soluble phosphine group.
45

 
 
 Whereas, 

the absorption maxima of low energy band of Re1-Re8 displayed 

about 40-60 nm red shifts w.r.t. Re(I) tricarbonyl complexes having 

single 1,10-phenanthroline or 2,2’-bipyridyl groups.
38, 46

 The 

considerable red shifts could be  attributed to the presence of 

dipyrrin ligand in Re1-Re8, which is responsible for intra-ligand -
 

transitions. The absorption maxima of major absorption band in 

Re1-Re8 were ~60 nm red shifted in comparison to the 

triphenylamine substituted dipyrrinato Zn(II), Ni(II) and Pd(II) 

complexes; which may be due to the complexation of heavy metal 

Re(I)  with the dipyrrin unit.
9  
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 Table 1. Selected bond distances, bond angles and torsion angles of the 

rhenium dipyrrinates. 

 

Furthermore, the comparison of absorbance spectra of complexes 

revealed that, various meso-substituents at C5 position of the 

dipyrrin ligand did not cause significant shifts in their absorption.  

Whether the substituents at C5 position of dipyrrin unit are 

electron rich bulky aromatic groups such as carbazole or 

phenothiazine derivatives (in Re1-Re3) or electron withdrawing 

halobenzene groups (in Re5-Re7);  they have negligible influence on 

the absorption maxima. This trend is analogous to the previously 

reported metal-dipyrrinato complexes.
44, 45 However, the Re4 and 

Re8 exhibited 11-12 nm red shifts in the absorption band as 

compared to the reported meso-phenyl rhenium(I) dipyrrinato 

complex (489 nm).
29

  

Metal dipyrrinato complexes containing heavy metals like Re(I), 

Ir(III), Pt(II) and Ru(II)  are known to be phosphorescent in nature 

with potential applications in materials and biology
16, 17, 43, 47, 48

. 

Luminescent properties of the complexes, Re1–Re8 were observed 

at room temperature in deaerated toluene (Figure 2). All complexes 

showed vibrationally structured emission spectra with an intense 

peak around 680-736 nm and a moderate band between 743-814 

nm. The negligible fluorescence could be ascribed to the rapid 

singlet-triplet intersystem crossing in these rhenium dipyrrinates. 

The relative quantum yields calculated for Re1-Re8 were quite low 

(in witnessed for all the rhenium dipyrrinates and the values were 

in the range of 5682-6957 cm
-1

. The bulky electron rich aromatic 

groups like carbazole and phosphine derivatives on the meso-

position of dipyrrin unit (in Re1-Re3) displayed high energy 

phosphorescence maxima between 681-692 nm with relatively 

smaller Stokes shift. On the other hand, electron withdrawing 

halobenzene groups on the meso-position of dipyrrin unit exhibited 

lower energy phosphorescence maxima around 698-736 nm with 

fairly larger Stokes shift. The lowest energy phosphorescence band 

was observed at 736 nm for Re4 having an electron withdrawing 

pentafluorophenyl moiety on the C5 position of dipyrrin unit.  

Table  2. Absorption data (in Toluene) and phosphorescence data (in 

toluene) of rhenium dipyrrinates. 

Compl

ex 

abs 

(nm), 

log 

em  

(nm) 

 

Stokes 

shift 

(cm—1) 

PL
a

(%) 

PL
b


s

 

kr 

(103 s—1) 

 

knr 

(103 s—1) 

Re1 492, 

4.51 

692, 
755 

5874 0.001 8.0 2.87 122.12 

Re2 491, 

4.59 

681, 
743 

5682 0.002 29.0 1.54 19.03 

Re3 493, 

4.34 

688, 
749 

5749 0.006 9.0 3.60 107.51 

Re4 500, 

4.52 

736, 
814 

6413 0.001 4.2 2.19 235.90 

Re5 492, 

4.56 

690, 
748 

5742 0.002 17.5 1.59 55.55 

Re6 493, 

4.55 

698, 
755 

6957 0.002 11.7 1.36 84.11 

Re7 492, 

4.51 

695, 
756 

5847 0.002 14.0 1.53 69.90 

Re8 501, 

4.43 

719, 
789 

6052 0.001 3.8 6.81 256.34 

a
ex485 nm. Triphenylamine substituted corresponding  

rhenium dipyrrinate was used as standard [PL = 0.5% in DCM]. 
b
ex = 532 nm. 

    

 The phosphorescence decays of rhenium dipyrrinates were 

determined by TCSPC method and analyzed by monoexponential 

curve fittings. The microsecond time scale of the lifetimes (3.6s -

29 s) supports that the emissions are originated from the triplet 

states (Table 2). Re2 showed the relatively longer T1 lifetime 

followed by Re5 i.e., 29s and 17.5s respectively. All complexes 

showed higher values of non-radiative decay constant (knr) than the 

radiative one (Table 2). Higher values of Stokes shifts, long triplet 

Complex Dihedral Angles 
(°) 

Bond 
Angles (°) 

Bond Distances (Å) 

 
Re1 

 
C4–C5–C10–C15  

63.99(7) 

 
N1–Re–N2  
84.66(18) 

 
Re–P1  

2.523(15) 

 
Re–C46  
1.921(6) 

 C6–C5–C10–C11  
63.69(7) 

 Re–N1  
2.150(5) 

Re–C47  
1.959(6) 

   Re–N2  
2.153(4) 

Re–C48  
1.926(6) 

 
Re3 

 
C4–C5–C10–C11 

66.28(4) 

 
N1–Re–N2 
84.27(11) 

 
Re–P1  

2.528(2) 

 
Re–C44  
1.926(7) 

 C6–C5–C10–C15 
64.00(4) 

 Re–N1  
2.179(6) 

Re–C45  
1.932(8) 

   Re–N2  
2.169(6) 

Re–C46  
1.935(8) 

 
Re4 

 
C4–C5–C10–C11  

65.46(2) 

 
N1–Re–N2  

84.48(6) 

 
Re–P1  

2.479(5) 

 
Re–C34  

1.925(18) 
 C6–C5–C10–C15  

64.17(2) 
 Re–N1  

2.168(18) 
Re–C35  

1.968(18) 
   Re–N2  

2.172(15) 
Re–C36  
1.916(2) 

 
Re5 

 
C4–C5–C10–C15  

73.47(8) 

 
N1–Re–N2  

84.72(2) 

 
Re–P1  

2.524(19) 

 
Re–C34  
1.934(7) 

 C6–C5–C10–C11  
71.84(8) 

 Re–N1  
2.168(5) 

Re–C35  
1.934(7) 

   Re–N2  
2.172(5) 

Re–C36  
1.947(7) 

 
Re6 

 
C4–C5–C10–C11  

68.77(16) 

 
N1–Re–N2  

85.08(2) 

 
Re–P1  

2.528(2) 

 
Re–C34  
1.930(7) 

 C6–C5–C10–C15  
73.05(16) 

 Re–N1  
2.180(6) 

Re–C35  
1.938(8) 

   Re–N2  
2.169(6) 

Re–C36  
1.934(8) 

 
Re7 

 
C4–C5–C10–C11  

83.35(5) 

 
N1–Re–N2  
84.25(14) 

 
Re–P1  

2.527(12) 

 
Re–C34  
1.932(5) 

 C6–C5–C10–C15  
80.93(5) 

 Re–N1  
2.160(4) 

Re–C35  
1.941(5) 

   Re–N2  
2.160(4) 

Re–C36  
1.923(5) 
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state lifetime at room temperature and the quenched emission 

quantum yield confirms the emission from excited triplet state of 

rhenium complexes.
29

    

300 400 500 600 700 800

0.0

0.2

0.4

0.6

0.8

1.0

0.0

0.2

0.4

0.6

0.8

1.0

300 400 500 600 700 800

0.0

0.2

0.4

0.6

0.8

1.0

0.0

0.2

0.4

0.6

0.8

1.0

300 400 500 600 700 800

0.0

0.2

0.4

0.6

0.8

1.0

0.0

0.2

0.4

0.6

0.8

1.0

300 400 500 600 700 800

0.0

0.2

0.4

0.6

0.8

1.0

0.0

0.2

0.4

0.6

0.8

1.0

300 400 500 600 700 800

0.0

0.2

0.4

0.6

0.8

1.0

0.0

0.2

0.4

0.6

0.8

1.0

300 400 500 600 700 800

0.0

0.2

0.4

0.6

0.8

1.0

0.0

0.2

0.4

0.6

0.8

1.0

300 400 500 600 700 800

0.0

0.2

0.4

0.6

0.8

1.0

0.0

0.2

0.4

0.6

0.8

1.0

300 400 500 600 700 800

0.0

0.2

0.4

0.6

0.8

1.0

0.0

0.2

0.4

0.6

0.8

1.0

Re1

N
o
rm

a
li
z
e
d
 P

L
 I

n
te

n
s
it
y

N
o
rm

a
li
z
e
d
 A

b
s
o
rp

ti
o
n

Wavelength (nm)

Re2

N
o
rm

a
li
z
e
d
 P

L
 I

n
te

n
s
it
y

N
o
rm

a
li
z
e
d
 A

b
s
o
rp

ti
o
n

Wavelength (nm)

Re3

N
o
rm

a
li
z
e
d
 P

L
 I

n
te

n
s
it
y

N
o
rm

a
li
z
e
d
 A

b
s
o
rp

ti
o
n

Wavelength (nm)

Re4

N
o
rm

a
li
z
e
d
 P

L
 I

n
te

n
s
it
y

N
o
rm

a
li
z
e
d
 A

b
s
o
rp

ti
o
n

Wavelength (nm)

Re5

N
o
rm

a
li
z
e
d
 P

L
 I

n
te

n
s
it
y

N
o
rm

a
li
z
e
d
 A

b
s
o
rp

ti
o
n

Wavelength (nm)

Re6

N
o
rm

a
li
z
e
d
 P

L
 I

n
te

n
s
it
y

N
o
rm

a
li
z
e
d
 A

b
s
o
rp

ti
o
n

Wavelength (nm)

Re7

N
o
rm

a
li
z
e
d
 P

L
 I

n
te

n
s
it
y

N
o
rm

a
li
z
e
d
 A

b
s
o
rp

ti
o
n

Wavelength (nm)

Re8

N
o
rm

a
li
z
e
d
 P

L
 I

n
te

n
s
it
y

N
o
rm

a
li
z
e
d
 A

b
s
o
rp

ti
o
n

Wavelength (nm)  

Figure 2: Normalized absorption (olive line) and phosphorescence (red 

line) spectra of Re1–Re8 in deoxygenated toluene. Excitation 

wavelength was their respective absorption maxima.  

 

 

Singlet Oxygen Generation 

The appropriate photophysical properties, e.g., intense absorption 

in visible region and their long lived triplet states of the rhenium(I) 

complexes, Re1-Re8 allowed us to examine the capability for 

photosensitization of singlet oxygen generation. Singlet oxygen 

quantum yields () were determined by comparing the intensity of 

the singlet oxygen phosphorescence peak at 1270 nm in the air-

saturated solution with that of an optically matching reference 

sensitizer; tetraphenylporphyrin (TPP) was used as a standard 

(
TPP

 = 0.66).
49

 The values are presented in Table 3. As the result, 

all the complexes showed remarkably high values for  up to 0.99. 

These high 
1
O2 generation quantum yields could be originated from 

the fact that the long lived triplet states (> 5 s)  of the 

photosensitizers facilitates the energy transfer (Dexter) to the 

dioxygen.
49

 This is indeed the case with most of the rhenium 

dipyrrinates, particularly for Re2 and Re5. The values were 

found to be much better that the reported Re(I) phenanthroline 

and Ir(III) benzo[h]-quinoline complexes (0.56 and 0.54 

respectively.
 46

 

Furthermore, to confirm the singlet oxygen generation activity of 

the complexes, the photo-oxidation of 1,5-dihydroxynaphthalene 

(DHN) was investigated under the visible light irradiation (> 500 

nm). In presence of the rhenium complexes, the photo-oxidation 

reaction effectively proceeded and the formation of oxygenated 

product, 5-hydroxy-1,4-naphthaquinone (Juglone),
50, 51

 was 

monitored by optical spectrometry. 

 

Figure 3. Phosphorescence decay profiles of Re1–Re8 in deoxygenated 

toluene. All data collected at wavelength mentioned in the figure (ex = 

532 nm). 

Table 3.  Singlet oxygen quantum yield () and chemical yields of 

Juglone formed after 60 min.  

 

The gradual decrease in the absorption peak of DHN at 301 nm, 

with the simultaneous appearance of a new peak at 427 nm, 

indicated formation of Juglone (Table 3).  

 

Sensitizer 
b % Yield of Juglone 

after 60 min 

Re1 0.89 87 

Re2 0.98 77 

Re3 0.82 86 

Re4 0.74 99 

Re5 0.99 94 

Re6 0.75 95 

Re7 0.79 97 

Re8 0.81 99 
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The respective chemical yield of the product as a function of 

irradiation time for the photo-oxidation of DHN is given in Figure 4, 

which indicates that Re4 showed the highest chemical yield for 

Juglone formation i.e.,  99%. In contrast, in the absence of the 

sensitizers, the chemical yield of Juglone was only 4%, which 

suggests the rhenium complex is essential for this singlet oxygen 

generation under light. 

  According to the fact that the moderate singlet oxygen quantum 

yield of Re4 showed the highest chemical yield of Juglone, we 

carried out the photochemical stability analysis of all the rhenium 

complexes. The absorption spectra of rhenium dipyrrinates were 

recorded upon irradiation by visible light (> 500 nm, Xe lamp 

300W). From the analysis it was observed that, the molecule Re4 

was found to be a photochemically robust compound. In contrast, 

Re2 with highest singlet oxygen generation quantum yield is getting 

degraded easily on irradiation (Figure 5). This result highlights that 

the good photostability of the sensitizers is crucial for practical 

applications, e.g., PDT.  
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Figure 4. Plot of chemical yield as a function of irradiation time for the 

photo-oxidation of DHN using Re1–Re8. 
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Figure 5. Plot of the change in absorption maxima of the Re complexes 

upon photoirradiation. 

 

Electrochemical Studies 

In order to understand the electrochemical properties of Re1-Re8, 

cyclic voltammetry studies were carried out in dry DCM containing 

0.1 M tetrabutylammonium perchlorate (TBAP) as supporting 

electrolyte. The redox potential data and a comparison of reduction 

waves are summarised in Table 4 and Figure S70 (supplementary 

information, S38) respectively.  

 

Table 4. Electrochemical redox data (V vs. SCE) of compounds Re1–Re8 in 
DCM, containing 0.1 M TBAP as supporting electrolyte recorded at 50 mV/s 
scan speed and energy levels calculated from optical spectra. 
 

 

All the complexes showed one quasi-reversible reduction and two 

irreversible oxidations; which are associated with the dipyrrin 

ligand. The oxidation and reduction potentials were thus affected 

by the presence of electron donating/withdrawing groups at the C5 

position of the dipyrrin ligand. Complexes containing electron 

donating moieties, Re1, Re2 and Re3 exhibited first oxidation 

potential between 0.30 to 0.34 V (vs. SCE) and the second oxidation 

peak in the range of 0.95 to 1.28 V (Table 4). For complexes Re4 to 

Re8, the first oxidation waves were observed between 0.26 to 0.42 

V and the second oxidation peaks were in the range of 1.27 to 1.44 

V (Table 4). Only one quasi-reversible reduction potentials were 

observed in cyclic voltammetry; and the reduction potentials of 

Re4-Re8 were found in the range of –1.28 to –1.53 V. Among the 

eight rhenium dipyrrinates reported here, the higher value of first 

oxidation potential at 0.42 V was found in case of Re5 having p-

fluorophenyl moiety. The irreversible responses and similar values 

of the oxidation potentials of all the rhenium dipyrrinates suggested 

that the oxidation is associated with dipyrrin ligand.
52, 53

 Typically, 

the reported rhenium mixed ligand complexes showed metal-

centred oxidation waves between 1.59 to 1.63 eV.
38

 However, the 

metal complexes Re1–Re8 showed mainly dipyrrin centric 

electrochemistry including one electron redox processes which is 

consistent with the literature reports.
54, 55

 

On this basis, the HOMO-LUMO energy gaps were 

determined by using measured redox potentials (Table 4). Likewise, 

the optical band gap
56 

 was calculated for compounds Re1–Re8 

from the absorption data (Table 4). The energetic stabilization for 

the LUMOs was slightly more in the compounds Re4 and Re8 than 

Com

plex 

E1/2(ox) [V] 

1st         2nd 

E1/2(r

ed) 

[V] 

 

HOMO 

[eV] 

LUMO 

[eV] 

ΔE 

[eV] 

(fro

m 

CV) 

ΔE 

[eV] 

(from 

Abs.) 

Re1 0.34 0.95 –1.55 –4.76 –2.87 1.89 2.40 

Re2 0.30 1.28 –1.52 –4.72 –2.90 1.82 2.41 

Re3 0.34 0.95 –1.47 –4.76 –2.95 1.81 2.41 

Re4 0.26 1.44 –1.28 –4.68 –3.14 1.54 2.34 

Re5 0.42 1.43 –1.53 –4.84 –2.89 1.95 2.42 

Re6 0.32 1.33 –1.41 –4.74 –3.01 1.73 2.40 

Re7 0.31 1.35 –1.42 –4.73 –3.00 1.73 2.39 

Re8 0.35 1.27 –1.33 –4.77 –3.09 1.68 2.36 
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the rest of the rhenium dipyrrinates. On the other hand, the HOMO 

of compound Re5 was slightly lower in energy as compared to the 

other rhenium dipyrrinates. The HOMO-LUMO gap E was highest 

for compound Re5 among all rhenium dipyrrinates; the pattern of 

electrical band gap of Re1–Re8 obtained from CV measurements 

correlated with the observed values of optical band gap (Table 4).  

The optical band gap for Re2, Re3 and Re5 were slightly higher than 

the other compounds. According to electrochemical data, 

compound Re4 having a narrowest band gap, should have the most 

red-shifted absorption (vide supra). Indeed, this is the case and 

these electrochemical studies corroborate with the optical 

measurements. The lowest optical bandgap was observed for Re4 

among all the compounds; indicating that a pentafluorophenyl ring 

at C5-position has maximum effect on the electronic spectra of the 

compound. 

 

Theoretical Calculations 

Rhenium metal complexes, Re1–Re8 was subjected to full 

geometry optimization by DFT-D3 methods using the Gaussian 

09 program suite. The structural parameters of optimized 

geometries of the ground state Re1–Re8 are incorporated in 

Table 5. The gas phase optimized geometrical structures of all 

the rhenium dipyrrinates in ground state are shown in 

supplementary information.  In the optimized structures, the 

aryl substituents are non-coplanar with the dipyrrin core. The 

rhenium atom has distorted octahedral geometry with the two 

carbonyl group arranged in trans fashion w.r.t. dipyrrin core. 

The calculated metal−ligand bond distances in the optimized 

structure of all metal complexes are comparable (±0.05 Å) to 

those observed in the crystal structures. The marginal 

deviations in bond length data suggest good agreement 

between the molecule structures obtained by DFT and X-ray 

crystallography.  

As depicted in Figure 6, there is a clear difference between the 

electron-rich derivatives, Re1 and Re3 and the others, Re2, Re4-

Re8. The electron densities of Re1 and Re3 in HOMO are mainly 

spread on the C5 substituents; and those of LUMOs are localized on 

the dipyrrin core. In rest of the complexes Re2, Re4–Re8, the 

HOMOs consist of dipyrrin unit only; and the LUMOs are distributed 

between dipyrrin ligand and C5 substituents. Therefore, the 

complexes Re1 and Re3 may have intramolecular CT character, 

though the corresponding optical bands were negligibly observed. 

The DFT calculated LUMO energy level of Re4 is slightly lower than 

those of other rhenium complexes, which is reflected in the lower 

reduction potential of the compounds measured by cyclic 

voltammetry (Table 4 and Figure 6). The experimentally obtained 

electrical and optical band gap harmonized with the calculated 

band gap of Re2 and Re5, which showed slightly higher HOMO-

LUMO gap as compared to other Re-dipyrrinates. Also, for other 

rhenium dipyrrinates the trend of HOMO-LUMO band gap, 

calculated by DFT is rather similar to the one obtained by cyclic 

voltammetry technique (Table 4). 

 

 

Table 5. Calculated bond angles and lengths of optimized structures of 

Re1-Re8. 

 

Complex    Bond Angles (°)              Bond Distances (Å) 

 
Re1 

 
N1-Re-N2 83.43 

 
Re-P1  2.558 

 
 Re-C46  1.942 

Re-N1  2.205  Re-C47  1.961 

Re-N2  2.199  Re-C48  1.943 

 

Re2 

 

N1-Re-N2  83.37 

 

Re-P1  2.555 

 

 Re-C46  1.942 

Re-N1  2.198  Re-C47  1.943 

Re-N2  2.204  Re-C48  1.961 

 

Re3 

 

N1-Re-N2 83.31 

 

Re-P1  2.557 

 

 Re-C44  1.942 

Re-N1  2.199  Re-C45  1.942 

Re-N2  2.206  Re-C46  1.961 

 

Re4 

 

N1-Re-N2  84.41 

 

Re-P1  2.532 

 

 Re-C34  1.939 

Re-N1  2.206  Re-C35  1.969 

Re-N2  2.207  Re-C36  1.943 

 

Re5 

 

N1–Re–N2  83.46 

 

Re–P1  2.563 

 

Re–C34  1.942 

Re–N1  2.207 Re–C35  1.943 

Re–N2  2.200 Re–C36  1.959 

 

Re6 

 

N1–Re–N2  83.55 

 

Re–P1  2.563 

 

Re–C34  1.943 

Re–N1  2.201 Re–C35  1.942 

Re–N2  2.206 Re–C36  1.959 

 

Re7 

 

N1–Re–N2  83.44 

 

Re–P1  2.558 

 

Re–C34  1.943 

Re–N1  2.204 Re–C35  1.961 

Re–N2  2.201 Re–C36  1.943 

 

Re8 

 

N1–Re–N2  83.32 

 

Re–P1  2.551 

 

 Re–C46  1.962 

Re–N1  2.206  Re–C47  1.942 

Re–N2  2.201  Re–C48  1.942 

 

The vertical excitation energies of the lowest 10 excited singlet 

states of Re1-Re8 were calculated by TDDFT method at the B3LYP 

level with the 6-31G** basis set for non-metals and the SDD basis 

set for Re atom in toluene and are given in supplementary 

information. The calculated absorption maxima are blue shifted as 

compared to the experimentally observed values; the consistent 

underestimation of λmax for all the molecules is due to the inherent 

limitations of vertical approximation. The most intense calculated 

singlet transition for Re1 was observed from S0S2. In the 

electronic transition of Re2 major contribution is from H-3 → LUMO 

(40%) and HOMO → LUMO (51%). Major electronic transition in 

Re3 is from S0S2. In the case of Re4-Re8, the most intense singlet 

transition was observed from S0S1. The calculated absorption 

maxima of Re4 and Re8 were red shifted as compared to other 

molecules. This trend is exactly matching with the experimental 

absorption data. Along with the singlet excited state calculations, 

we calculated the triplet state energies using the same level of 
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parameters. The energies were comparable with the experimental 

data (supplementary information S48). 

Figure 6. DFT calculated frontier orbitals and their HOMO/LUMO 

energies of Re1–Re8. 

 

Conclusion 

In summary, a series of rhenium dipyrrinates comprising 

variety of aromatic C5 substituents have been synthesized and 

characterized.  The absorption maxima were red shifted (12 

nm) for rhenium dipyrrinates having pentafluorophenyl (Re4) 

and thienyl (Re8) groups. Upon excitation at their respective 

absorption maxima, moderate phosphorescence was observed 

at room temperature in between 681 to 736 nm. Large Stokes 

shifts (from 5682 to 6957 cm
–1

) were observed for all the 

complexes. The phosphorescence lifetimes of the complexes 

are varied by the substituents in the micro-second order, and 

these long-lived triplet rhenium dipyrrinates are capable of 

sensitizing for efficient singlet oxygen generation ( : 75–

99%). In part, electron-deficient substituents in the 

photosensitizers (e.g., Re4) may play a role in the 

photostability as inferred from the lowering HOMO energies 

observed in the electrochemical study. These observed 

spectral features were well interpreted by the dispersion-

corrected DFT calculations. Therefore, the current 

photosensitizers prepared in this work would serve as 

potential PDT agents for biological treatment. Further 

investigation of the modified dipyrrinato metal complexes is 

underway in our laboratory. 
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Supporting Information   
The characterization data like Mass, 

1
H, 

13
C, 

31
P and 

19
F NMR 

spectra; 2D-COSY NMR spectra for selected compounds are 

provided. The DFT optimized structures of the compounds 

Re1–Re8 are available. Also, the total energy and coordinates 

used for DFT calculations of compounds Re1–Re8 are shown. 

The corresponding CIF files of compounds Re1 and Re3–Re7 

are provided separately.  

 

Experimental  
Instrumentation and Reagents 

Unless otherwise mentioned, all the reagents and solvents were 

purchased from Aldrich, Acros Organics or Merck and used without 

further purification. Pyrrole was distilled under vacuum prior to use. 

Neutral Alumina (Brockman Grade I–II) and silica gel (60–120 mesh 

size) were used for column chromatography. The NMR spectra of 

compounds were recorded with Bruker Avance III 500 MHz NMR 

spectrometer. ESI-MS spectra of compounds were recorded on 

Water Synapt–G2S ESI-Q-OTF mass instrument. MALDI mass data of 

compounds were recorded on Bruker Daltonics MALDI-TOF 

instrument. IR spectra of samples were recorded on Perkin Elmer 

L1600300 Spectrum TWO LITA.  Absorption spectra were recorded 

with UV-1700 (Shimadzu, Japan). Phosphorescence spectra and 

absolute quantum yields of emission were measured with 

phosphorescence quantum yield measurement system (C9920-02, 

Hamamatsu).  Cyclic voltammetry (CV) studies were carried out 

with an electrochemical system (CH1660E, CH instruments, USA) 

utilizing the three electrode configuration consisting of a glassy 

carbon (working electrode), platinum wire (auxiliary electrode) and 

saturated calomel (reference electrode) electrodes. The 

experiments were done under nitrogen atmosphere in dry DCM 

using 0.1 M n-tetrabutylammonium perchlorate as supporting 

electrolyte. All potentials were calibrated vs. saturated calomel 

electrode by the addition of ferrocene as an internal standard, 

taking E½ (Fc/Fc
+
) = 0.38 V vs. SCE. 

Computational Methodology  
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Each metal complex structure Re1–Re8 was subjected to full 

geometry optimization by DFT-D3 methods
57

 using the Gaussian 09 

program at the Becke’s three parameter exact-functional combined 

with gradient-corrected correlational functional of Lee, Yang and 

Parr (B3LYP)
58, 59

 level with the 6-31G** basis set for non-metals 

and the SDD
60

 basis set for rhenium atom. The crystal data for six 

molecules are available, thus X-ray crystal structures were used for 

geometry optimization without symmetry restrictions. All the 

Density functional theory (DFT) calculations were performed using 

Gaussian 09 molecular modelling software.
61

 The solvent was 

described by CPCM.
62

 Low-lying singlet and triplet excited states at 

the ground-state geometry were calculated by TDDFT.
63

 For 

visualization of the optimized geometries and the molecular 

orbitals, GaussView
64

 software was used. 

Singlet Oxygen Quantum Yield   

For the Singlet oxygen quantum yield calculation, an air saturated 

solution of complexes in a quartz cell was excited at 512 nm using a 

HORIBA SPEX Fluorolog-NIR at room temperature. The generation 

of singlet oxygen was monitored at 1270 nm and the quantum 

yields were determined by relative quantum yield calculation 

method using tetraphenylporphyrin (
TPP

 = 0.66) as a standard. 

Catalytic Reaction 

To analyze the catalytic activity of the complexes, a oxygen 

saturated CH2Cl2: MeOH (9:1) solution containing 1,5-

dihydroxynaphthalene (DHN) (3.6 X 10
-4

 M) and a sensitizer (10 

mol% vs DHN) was place into a 10 mm width quartz cell. Then the 

solution was irradiated using Xenon lamp (Asahi Spectra, MAX301, 

300 W, through band pass filter at 500 nm). UV-vis absorption 

spectra were recorded at the intervals of 2-10 min on a UV-3150PC 

spectrometer. The progress of the reaction was monitored by 

decrease in the absorption peak of DHN at 301 nm with the 

appearance of a new peak at 427 nm, typical for Juglone. The 

concentration of DHN and Juglone was calculated by using molar 

extinction coefficients. (DHN = 7240; Juglone = 3370). 

Photostability 

3.6 X 10
-4

 M solution of Re-complexes in CH2Cl2: MeOH (9:1) was 

placed into a quartz cell with path length 10 mm and oxygen was 

bubbled for 10 min. The solution was then irradiated using visible 

light (> 500 nm). Absorption spectra of these samples were 

recorded at intervals of 2-10 min. 

General Synthesis of Dipyrrins 

Dipyrromethanes
[22] 

(300.00 mg, 0.77 mmol) dissolved in dry DCM 

(21.00 mL) and solution of p-chloranil (265.47 mg, 1.08 mmol) in dry 

DCM (4.10 mL) was added drop wise and then allowed to oxidize at 

room temperature with continuous stirring for 19 h. Column 

chromatography was carried out on neutral alumina using DCM/ 

hexane mixture. 

Compound 1: General synthesis was performed. The desired 

compound was purified by neutral alumina column using 90% 

DCM/hexane mixture. Yield: (192.00 mg, 64%); m.p. 178 °C; IR 

(neat, cm
-1

): 2920, 2848, 1565, 1513, 1450, 1387, 1224, 1009, 804, 

740, 720, 604; 
1
H NMR (500 MHz, CDCl3,ppm): 8.17 (d, J = 8Hz, 

2H, Ar-H), 7.75 (dd, J = 2Hz, 2H, Ar-H), 7.69 (m, 4H, -pyrrolic-H and 

Ar-H), 7.54 (d, J = 8Hz, 2H, Ar-H), 7.46 (m, 2H, Ar-H), 7.33 (m, 2H, Ar-

H), 6.76 (d, J = 4Hz, 2H, -pyrrolic-H), 6.47 (m, 2H, -pyrrolic-H); 
13

C 

NMR (125.7 MHz, CDCl3, ppm): 143.9, 140.6, 138.5, 136.2, 132.3, 

128.9, 126.1, 125.9, 123.6, 120.4, 120.2, 117.8, 109.7, 30.8; ESI-MS: 

C27H20N3
+
 [M+H]

+
: calcd  m/z 386.1657, found  m/z 386.1544. 

Compound 2: General synthesis was followed. The desired 

compound was purified by neutral alumina column using 90% 

DCM/hexane mixture. Yield: (108.00 mg, 38%); m.p. 150 °C; IR 

(neat, cm
–1

): 2923, 2848, 1555, 1466, 1380, 1355, 1330, 1245, 1211, 

1120, 1005, 880, 800, 745, 720; 
1
H NMR (500 MHz, CDCl3,ppm): 

8.25 (s, 1H, Ar-H), 8.09 (d, J = 8Hz, 1H, Ar-H), 7.67 (s, 2H, -pyrrolic-

H), 7.63 (d, J = 8Hz, 1H, Ar-H), 7.49 (d, J =7.5 Hz, 1H, Ar-H), 7.45 (m, 

2H, Ar-H), 7.26 (d, J = 7Hz, 1H, Ar-H), 6.70 (d, J = 4 Hz, 2H, -pyrrolic-

H), 6.42 (d, J = 3.5 Hz, 2H, -pyrrolic-H), 4.36 (t, J = 7Hz, 2H, N-CH2-

C-), 1.92 (m, 2H, -C-CH2-C-), 1.48 (m, 2H, -C-CH2-CH3), 0.99 (t, J = 7 

Hz, 3H, -C-CH3); 
13

C NMR (125.7 MHz, CDCl3, ppm): 143.6, 142.9, 

141.3, 140.9, 129.36, 129.1, 128.0, 126.1, 123.4, 122.7, 122.2, 

120.5, 119.3, 117.3, 108.9, 107.6, 43.1, 31.1, 20.6, 13.8; ESI-MS: 

C25H24N3
+
 [M+H]

+
: calcd m/z 366.1970, found  m/z 366.1868. 

Compound 3: General synthesis was followed. The desired 

compound was purified by neutral alumina column using 70% 

DCM/hexane mixture. Yield: (122.30 mg, 41%); m.p. 79 °C; IR (neat, 

cm
–1

): 2921, 2850, 1564, 1460, 1380, 1350, 1246, 1120, 1095, 1041, 

1005, 960, 805, 745, 720, 595; 
1
H NMR (500 MHz, CDCl3,ppm): 

7.62 (s, 2H, -pyrrolic-H), 7.283 (m, 2H, Ar-H), 7.15 (m, 2H, Ar-H), 

6.92 (m, 3H, Ar-H), 6.68 (d, J = 4 Hz, 2H, -pyrrolic-H), 6.39 (m, 2H, 

-pyrrolic-H), 3.90 (t, J = 7 Hz, 2H, N-CH2-C-), 1.85 (m, 2H, -C-CH2-C-

), 1.50 (m, 2H, -C-CH2-CH3), 0.98 (t, J = 7 Hz, 3H, -C-CH3); 
13

C NMR 

(125.7 MHz, CDCl3, ppm): 146.2, 144.6, 143.3, 141.1, 140.8, 131.4, 

130.4, 129.7, 128.6, 127.5, 127.3, 124.4, 124.1, 122.7, 117.4, 115.5, 

114.2, 47.3, 29.1, 20.2, 13.8; ESI-MS: C25H24N3S
+
 [M+H]

+
: calcd m/z 

398.1691, found  m/z 398.1661. 

Compound 4: General synthesis was followed. The desired 

compound was purified by neutral alumina column using 30% 

DCM/hexane mixture. Yield: (135.00 mg, 45%); m.p. 153 °C; IR 

(neat, cm
–1

): 2921, 2855, 1585, 1644, 1520, 1495, 1380, 1350, 1115, 

1075, 990, 820, 760, 745, 600, 570; 
1
H NMR (500 MHz, 

CDCl3ppm): 7.65 (s, 2H, -pyrrolic-H), 6.47 (d, J = 4.5 Hz, 2H, -

pyrrolic-H), 6.42 (d, J = 4 Hz, 2H, -pyrrolic-H); 
13

C NMR (125.7 MHz, 

CDCl3, ppm): 145.3, 140.3, 126.9, 123.9, 118.9; ESI-MS: 

C15H8F5N2
+
 [M+H]

+
: calcd m/z 311.0608, found m/z 311.0500. 

Compound 5: General synthesis was performed. The desired 

compound was purified by neutral alumina column using 90% 

DCM/hexane mixture. Yield: (157.00 mg, 32%); m.p. 146 °C; IR 

Page 9 of 13 Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 1
5 

Ja
nu

ar
y 

20
19

. D
ow

nl
oa

de
d 

on
 1

/2
1/

20
19

 1
:1

1:
04

 A
M

. 

View Article Online
DOI: 10.1039/C8DT04540B

http://dx.doi.org/10.1039/c8dt04540b


ARTICLE Journal Name 

10 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

(neat, cm
–1

): 2918, 2850, 1600, 1560, 1505, 1410, 1331, 1225, 1160, 

1090, 1045, 975, 810, 775, 726, 560; 
1
H NMR (500 MHz, 

CDCl3,ppm): 7.63 (s, 2H, -pyrrolic-H), 7.47 (dd, J = 3, 5.5 Hz, 2H, 

Ar-H), 7.13 (m, 2H, Ar-H), 6.56 (d, J = 4 Hz, 2H, -pyrrolic-H), 6.39 

(dd, J = 1, 3.5 Hz, 2H, -pyrrolic-H); 
13

C NMR (125.7 MHz, CDCl3, 

ppm): 143.7, 140.9, 140.6, 133.3, 132.5, 132.5, 128.5, 117.7, 

114.8, 114.6; ESI-MS: C15H12FN2
+
 [M+H]

+
: calcd m/z 239.0985, found 

m/z 239.0911. 

Compound 6: General synthesis was performed. The desired 

compound was purified by neutral alumina column using 40% 

DCM/hexane mixture. Yield: (107.00 mg, 36%); m.p. 94 °C; IR (neat, 

cm
–1

): 2931, 2857, 1610, 1585, 1565, 1485, 1385, 1228, 1119, 1095, 

1005, 1045, 880, 775, 719, 520; 
1
H NMR (500 MHz, CDCl3, ppm): 

7.65 (s, 2H, -pyrrolic-H), 7.41 (d, J = 7 Hz, 1H, Ar-H), 7.27 (d, J = 8 

Hz, 1H, Ar-H), 7.21 (m, 2H, Ar-H), 6.58 (d, J = 4 Hz, 2H, -pyrrolic-H), 

6.40 (d, J = 4Hz, 2H, -pyrrolic-H); 
13

C NMR (125.7 MHz, CDCl3, 

ppm): 143.9, 140.6, 140.1, 139.4, 129.1, 128.5, 126.5, 117.8, 

117.7, 117.6, 115.8, 115.7; ESI-MS: C15H12FN2
+
 [M+H]

+
: calcd m/z 

239.0985, found  m/z  239.0911. 

Compound 7: General synthesis was performed. The desired 

compound was purified by neutral alumina column using 0.1% 

methanol/DCM mixture. Yield: (218.00 mg, 73%); m.p. 151 °C; IR 

(neat, cm
–1

): 2921, 2847, 1568, 1485, 1382, 1329, 1264, 1176, 1120, 

1045, 1010, 935, 875, 795, 775, 720, 515; 
1
H NMR (500 MHz, CDCl3, 

ppm): 7.6 (s, 2H, -pyrrolic-H), 7.59 (d, J = 8 Hz, 2H, Ar-H), 7.37 (d, 

J = 8 Hz, 2H, Ar-H), 6.56 (d, J = 4 Hz, 2H, -pyrrolic-H), 6.41 (d, J = 4 

Hz, 2H, -pyrrolic-H); 
13

C NMR (125.7 MHz, CDCl3, ppm):  143.9, 

140.6, 140.3, 136.2, 132.3, 130.9, 128.8, 123.4, 117.8; ESI-MS: 

C15H12BrN2
+
 [M+H]

+
: calcd  m/z 299.0184, found  m/z 299.0103. 

Compound 8: General synthesis was followed. The desired 

compound was purified by neutral alumina column using 50% 

DCM/hexane mixture. Yield: (177.00 mg, 59%); m.p. 128 °C; IR 

(neat, cm
–1

): 2921, 2850, 1547, 1379, 1338, 1225, 1115, 1090, 1039, 

985, 789, 702, 540, 460; 
1
H NMR (500 MHz, CDCl3, ppm): 7.64 (s, 

2H, -pyrrolic-H), 7.54 (d, J = 5 Hz, 1H, Ar-H), 7.37 (d, J = 3.5 Hz, 1H, 

Ar-H), 7.160 (t, J = 4 Hz, 1H, Ar-H), 6.95 (d, J = 4 Hz, 2H, -pyrrolic-

H), 6.43 (d, J = 4 Hz, 2H, -pyrrolic-H); 
13

C NMR (125.7 MHz, CDCl3, 

ppm): 143.7, 140.6, 138.1, 131.7, 128.9, 128.7, 126.9, 117.7, 

108.4; ESI-MS: C13H11N2S
+
 [M+H]

+
: calcd  m/z 227.0643, found  m/z 

227.0562. 

General Synthesis of Re(I) Dipyrrinato Complexes 

In a 100 mL round bottom flask, Re(CO)5Cl (1 equiv.) and dipyrrin (1 

equiv.) were dissolved in dry toluene (1.61 mL) and allowed to 

reflux at about 100 °C under inert atmosphere. At 100 °C 

triethylamine (2 equiv.) was added and heating continued for 1 h, 

then added triphenylphosphine (1 equiv.) and reaction mixture 

allowed to heat for another 1 h. Reaction progress was monitored 

by TLC, the initial dipyrrin spot vanishes and two new spots 

observed. All volatiles were removed under rotary evaporator 

before purifying by column chromatography. Then column 

chromatography on neutral alumina was performed using (10–15%) 

DCM/ hexane as eluent. 

Compound Re1: General synthesis was followed. The desired 

compound was purified by neutral alumina column using 20% 

DCM/hexane mixture. Yield: (66.00 mg, 88%); m.p. 191 °C; IR (neat, 

cm
–1

): 2923, 2852, 2020 (CO), 1926 (CO), 1896 (CO), 1604, 1548, 

1495, 1452, 1379, 1242, 1033, 995, 726, 693; 
1
H NMR (500 MHz, 

CDCl3,ppm): 8.17 (d, J = 7.5 Hz, 2H, Ar-H), 7.75 (s, 2H,-pyrrolic-

H), 7.60 (m, 2H, Ar-H), 7.5 (m, 5H, Ar-H), 7.34 (m, 5H, Ar-H), 7.26 (m, 

6H, Ar-H), 6.95 (m, 6H, Ar-H), 6.73 (d, J = 8 Hz, 1H, Ar-H), 6.55 (d, J = 

4 Hz, 2H, -pyrrolic-H), 6.37 (d, J = 4 Hz, 2H, -pyrrolic-H); 
13

C NMR 

(125.7 MHz, CDCl3, ppm): 196.3, 154.5, 146.7, 140.7, 137.6, 136.6, 

133.5, 133.5, 131.7, 131.2, 130.9, 130.6, 130.0, 128.4, 128.3, 126.0, 

125.6, 125.2, 123.5, 120.4, 120.2, 118.9, 109.7; 
31

P NMR (202.4 

MHz, CDCl3, ppm): 11.40; ESI-MS: C48H34N3O3PRe
+
 [M+H]

+
: calcd 

m/z  918.1895, found m/z 918.1787. 

Compound Re2: General synthesis was followed. The desired 

compound was purified by neutral alumina column using 15% 

DCM/hexane mixture. Yield: (63.12 mg, 86%); m.p. 171 °C; IR (neat, 

cm
–1

): 2918, 2849, 2016 (CO), 1920 (CO), 1891 (CO), 1602, 1543, 

1379, 1342, 1241, 1035, 995, 727, 694; 
1
H NMR (500 MHz, 

CDCl3,ppm):
 
8.12 (s, 1H, Ar-H), 8.03 (d, J = 7.5 Hz, 1H, Ar-H), 7.71 

(d, J = 15 Hz, 2H,-pyrrolic-H), 7.50-7.35 (m, 7H, Ar-H), 7.25 (m, 5H, 

Ar-H), 7.11 (s, 1H, Ar-H), 6.96 (m, 6H, Ar-H), 6.65 (d, J = 7.5 Hz, 1H, 

Ar-H), 6.47 (s, 2H, -pyrrolic-H), 6.29 (d, J = 6 Hz, 2H, -pyrrolic-H), 

4.34 (t, J = 7Hz, 2H, N-CH2-C-), 1.92 (m, 2H, -C-CH2-C-), 1.48 (m, 2H, -

C-CH2-CH3), 0.99 (t, J = 7Hz, 3H, -C-CH3); 
13

C NMR (125.7 MHz, CDCl3, 

ppm): 196.5, 153.8, 140.9, 140.2, 137.5, 133.6, 133.5, 132.3, 

132.3, 131.0, 130.7, 129.9, 129.3,128.4, 128.3, 125.9, 122.6, 122.5, 

122.6, 122.5, 122.1, 119.0, 118.4, 109.0, 107.0, 43.1, 31.2, 20.6, 

13.9; 
31

P NMR (202.4 MHz, CDCl3, ppm): 10.68; MALDI-MS: 

C46H38N303PRe
+
 [M+H]

+
: calcd m/z 898.0088, found m/z 898.440. 

Compound Re3: General synthesis was followed. The desired 

compound was purified by neutral alumina column using 18% DCM/ 

hexane mixture. Yield: (45.20 mg, 71%); m.p. 163 °C; IR (neat, cm
–1

): 

2919, 2855, 2016 (CO), 1923 (CO), 1890 (CO), 1602, 1544, 1463, 

1379, 1341, 1242, 1034, 994, 747, 695; 
1
H NMR (500 MHz, 

CDCl3,ppm): 7.70 (bs, 2H, -pyrrolic-H), 7.35 (m, 3H, Ar-H), 7.19 

(m, 8H, Ar-H), 6.92 (m, 7H, Ar-H), 6.81 (d, J = 8 Hz, 1H, Ar-H), 6.72 

(d, J = 6.5 Hz, 1H, Ar-H), 6.50 (d, J = 4 Hz, 2H,-pyrrolic-H), 6.34 (d, J 

= 7.5 Hz, 1H, Ar-H), 6.30 (bs, 2H,-pyrrolic-H), 6.10 (s, 1H, Ar-H), 

3.88 (t, J = 7 Hz, 2H, N-CH2-C-), 1.84 (m, 2H, -C-CH2-C-), 1.47 (m, 2H, 

-C-CH2-CH3), 0.98 (t, J = 7 Hz, 3H, -C-CH3); 
13

C NMR (125.7 MHz, 

CDCl3, ppm): 196.5, 196.4, 190.20, 154.2, 154.1, 147.1, 145.2, 

144.8, 136.7, 133.5, 133.4, 131.8, 130.8, 130.4, 130.0, 129.8, 129.3, 

128.7, 128.4, 128.3, 127.5, 127.4, 124.4, 122.5, 118.5, 115.5, 113.6, 

47.3, 29.1, 20.3, 13.8;
 31

P NMR (202.4 MHz, CDCl3, ppm): 10.76;  

MALDI-MS: C46H38N303PReS
+
 [M+H]

+
: calcd m/z 930.1929, found 

m/z 930.706. 
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Compound Re4: General synthesis was followed. The desired 

compound was purified by neutral alumina column using 10% 

DCM/hexane mixture. Yield: (72.08 mg, 88%); m.p. 183 °C; IR (neat, 

cm
–1

): 2926, 2893, 2021 (CO), 1926 (CO), 1891 (CO), 1655, 1561, 

1498, 1381, 1343, 1243, 1033, 989, 888, 751, 694; 
1
H NMR (500 

MHz, CDCl3ppm): 7.48 (s, 2H,-pyrrolic-H), 7.31 (d, J = 7 Hz, 3H, 

Ar-H), 7.22 (m, 5H, Ar-H), 7.08 (m, 7H, Ar-H), 6.38 (d, J = 4 Hz, 2H, -

pyrrolic-H), 6.20 (d, J = 4.5 Hz, 2H, -pyrrolic-H); 
13

C NMR (125.7 

MHz, CDCl3, ppm): 196.3, 189.4, 188.8, 155.7, 145.7, 135.4, 133.5, 

133.4, 130.7, 130.3, 129.9, 129.6, 128.4, 128.3, 120.0, 113.4, 113.2, 

113.0;
 31

P NMR (202.4 MHz, CDCl3, ppm): 15.84; ESI-MS: 

C36H22F5N2O3PRe
+
 [M+H]

+
: calcd m/z 843.0846, found m/z 843.0773.  

Compound Re5: General synthesis was followed. The desired 

compound was purified by neutral alumina column using 8 % 

DCM/hexane mixture. Yield: (69.00 mg, 71%); m.p. 168 °C; IR (neat, 

cm
–1

): 2921, 2850, 2017 (CO), 1922 (CO), 1893 (CO), 1607, 1547, 

1380, 1341, 1241, 1034, 994, 816, 730, 695; 
1
H NMR (500 MHz, 

CDCl3,ppm): 7.70 (d, J = 1 Hz, 2H,-pyrrolic-H), 7.33 (m, 4H, Ar- 

H), 7.22 (m, 6H, Ar-H), 7.05 (m, 1H, Ar-H), 6.932 (m, 1H, Ar-H), 6.90 

(m, 6H, Ar-H), 6.47 (m, 1H, Ar-H), 6.37 (d, J = 4.5 Hz, 2H, -pyrrolic-

H), 6.30 (m, 2H, -pyrrolic-H); 
13

C NMR (125.7 MHz, CDCl3, ppm): 

196.3, 189.4, 163.6, 161.6, 154.4, 154.4, 146.6, 136.7, 134.5, 134.5, 

133.5, 133.4, 131.9, 131.8, 131.6, 131.4, 131.3, 130.9, 130.5, 129.9, 

129.9, 128.4, 128.3, 118.7, 114.2, 114.0, 113.9, 113.7; 
31

P NMR 

(202.4 MHz, CDCl3, ppm): 11.27; ESI-MS: C36H26FN2O3PRe
+
 [M+H]

+
: 

calcd m/z 771.1223, found m/z 771.1191.  

Compound Re6: General synthesis was followed. The desired 

compound was purified by neutral alumina column using 10% 

DCM/hexane mixture. Yield: (55.10 mg, 57%); m.p. 186 °C; IR (neat, 

cm
–1

): 2920, 2857, 2018 (CO), 1924 (CO), 1892 (CO), 1612, 1547, 

1379, 1342, 1245, 1034, 993, 812, 723, 694; 
1
H NMR (500 MHz, 

CDCl3,ppm): 7.71 (d, J = 9.5 Hz, 2H,-pyrrolic-H), 7.33 (m, 4H, Ar-

H), 7.24 (m, 6H, Ar-H), 7.16 (m, 1H, Ar-H), 7.11 (m, 1H, Ar-H), 6.92 

(m, 6H, Ar-H), 6.39 (s, 2H, -pyrrolic-H), 6.31 (s, 2H, -pyrrolic-H), 

6.17 (d, J = 9.5 Hz, 1H, Ar-H); 
13

C NMR (125.7 MHz, CDCl3, 

ppm):196.3, 190.0, 189.4, 162.4, 160.4, 154.5, 145.9, 140.5, 

136.2, 130.8, 130.4, 130.0, 128.3, 126.0, 126.0, 125.5, 118.9, 117.5, 

117.3, 117.1, 116.8, 114.9, 114.8; 
31

P NMR (202.4 MHz, CDCl3, 

ppm): 11.27; ESI-MS: C36H26FN2O2PRe
+
 [M+H]

+
: calcd m/z 

771.1223, found m/z 771.1191.  

Compound Re7: General synthesis was followed. The desired 

compound was purified by neutral alumina column using 8% 

DCM/hexane mixture. Yield: (46.32 mg, 55%); m.p. 182 °C; IR (neat, 

cm
–1

): 2932, 2852, 2017 (CO), 1924 (CO), 1891 (CO), 1547, 1380, 

1342, 1245, 1035, 994, 727, 694; 
1
H NMR (500 MHz, DMSO-

d6,ppm): 7.69 (s, 2H, Ar-H,-pyrrolic-H), 7.62 (m, 2H, Ar-H), 7.46 

(m, 3H, Ar-H), 7.36 (m, 7H, Ar-H), 6.88 (t, J = 9 Hz, 6H, Ar-H), 6.52 (d, 

J = 7.5 Hz, 1H, Ar-H), 6.4 (d, J = 4 Hz, 2H, -pyrrolic-H), 6.34 (d, J = 

4.5 Hz, 2H, -pyrrolic-H); 
13

C NMR (125.7 MHz, DMSO-d6, ppm): 

196.3, 190.0, 189.4, 154.5, 146.2, 137.4, 136.3, 133.5, 133.4, 131.7, 

131.6, 131.3, 130.8, 130.5, 130.3, 130.0, 129.9, 128.4, 128.3, 122.3, 

118.9;
 31

P NMR (202.4 MHz, CDCl3, ppm): 10.66;  MALDI-MS: 

C36H26BrN203PRe
+
 [M+H]

+
: calcd m/z 831.0422, found m/z 831.196.  

Compound Re8: General synthesis was followed. The desired 

compound was purified by neutral alumina column using 10% 

DCM/hexane mixture. Yield: (45.03 mg, 45%); m.p. 174 °C; IR (neat, 

cm
–1

): 2917, 2852, 2016 (CO), 1924 (CO), 1890 (CO), 1542, 1379, 

1340, 1241, 1035, 993, 813, 721, 694; 
1
H NMR (500 MHz, DMSO-

d6,ppm): 7.76 (d, J = 5 Hz, 1H, Ar-H), 7.67 (s, 2H, -pyrrolic-H), 

7.46 (m, 3H, Ar-H), 7.36 (m, 6H, Ar-H), 7.15 (m, 1H, Ar-H), 7.03 (s, 

1H, Ar-H), 6.92 (t, J = 9 Hz, 6H, Ar-H), 6.66 (d, J = 4 Hz, 2H,-

pyrrolic-H), 6.39 (d, J = 4 Hz, 2H, -pyrrolic-H); 
13

C NMR (125.7 MHz, 

DMSO-d6, ppm): 196.4, 189.4, 154.6, 140.1, 138.7, 137.0, 133.5, 

133.4, 131.8, 130.8, 130.5, 130.1, 129.9, 128.4, 128.3, 126.4, 125.8, 

118.7;
 31

P NMR (202.4 MHz, CDCl3, ppm): 12.14; MALDI-MS: 

C34H25N203PReS
+
 [M+H]

+
: calcd m/z 759.0881, found m/z 759.289.  
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