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Abstract: It is well-known that treatment of -octaethylporphyrin with 
H2O2/conc. H2SO4 converts it to the corresponding -oxochlorin as 
well as all all five isomers of the ’-dioxo derivatives: two 
bacteriochlorin-type isomers (-oxo groups at opposite pyrrolic 
building blocks) and three isobacteriochlorin-type isomers (-oxo-
groups at adjacent pyrrolic building blocks). By virtue of the presence 
of the strongly electronically coupled -oxo auxochromes, none of the 
chromophores are archetypical chlorins, bacteriochlorins, or 
isobacteriochlorins. We firstly present here, inter alia, the single 
crystal X-ray structures of all free-base diketone isomers and a 
comparative description of their UV-vis absorption spectra in neutral 
and acidic solutions, fluorescence emission properties and singlet 
oxygen photosensitization properties, Magnetic Circular Dichroism 
(MCD) spectra, and singlet excited state lifetimes. DFT computations 
uncover underlying tautomeric equilibria and the electronic 
interactions controlling their electronic properties, adding to the 
understanding of porphyrinoids carrying -oxo functionalities. This 
comparative study lays the basis for their further utilization. 

Introduction 

All naturally occurring tetrapyrrolic macrocycles, the ‘pigments of 
life’, carry alkyl substituents at their -pyrrolic positions.[1] While 
-octaalkylporphyrins and -chlorins, such as protoporphyrin IX or 
the chlorophylls, are readily available in quantity from 
slaughterhouse wastes[2] or plant sources,[3] respectively, their 
derivatization is hampered by regioselectivity problems. Thus, 
total syntheses and semi-syntheses of -alkylhydroporphyrins 
were developed by the groups of Battersby, Eschenmoser, 
Montforts, Kishi, Smith, Jacobi, Scherz, Lindsey, and others.[4] 
Particularly the methodologies adapted or developed over the 
past decade by Lindsey and co-workers made the efficient total 
syntheses of (functionalized) -alkylhydroporphyrins feasible with 
unprecedented flexibility with respect to the number, type, and 
arrangement of the - and meso-substituents that can be 
established,[4i-k] including -oxo-functionalities.[5] Irrespective of 
this progress, these syntheses remain non-trivial. 
-Octaethylporphyrin (OEP) remains the most readily accessible 
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synthetic -alkylporphyrin;[6],[7] its symmetry simplifies its 
functionalization.[8] 
The introduction of -oxo functionalities into the porphyrinic 
chromophore strongly affects its electronic properties.[5a, 5c, 9] For 
example, Lindsey and co-workers synthesized a series of mono- 
and dioxochlorins, such as 7,17-dioxobacteriochlorin 1, and 
studied the auxochromic effects of the oxo-functionality.[5] The 
electronic structure of the potent singlet oxygen photosensitizer 
1[10] was characterized as a red-shifted chlorin — and not a typical 
bacteriochlorin as the substitution pattern might suggest.[5b] We 
found that the octaethyl-7,17-dioxobacteriochlorin framework is 
less basic and more difficult to metallate when compared to the 
corresponding oxochlorin or porphyrin.[9f] 
The strong electronic influences of the -oxo-functionalities are 
also reflected in the porpholactones, such as when comparing the 
properties of the isomers 27,17 and 27,18,[11] or the members of the 
isobacteriochlorindilactone series.[11c, 11d] Furthermore, work by 
the groups of Shen, Sessler, and Zhang on the aromaticity 
differences between reduced bacteriochlorindilactone isomers 
demonstrated the profound and frequently unexpected electronic 
influences of the -oxo-functionalities.[12] 
’-Dioxochlorin chromophores are also found in nature. For 
example, a 2,7-dioxoisobacteriochlorin framework is found in 
heme d1 (3), the prosthetic group in microbial nitrite reductases.[13] 
A 7,17-dioxobacteriochlorin chromophore is the basis of 
tolyporphin A (4), one member of a family of green tetrapyrrolic 
pigments isolated from a cyanobacterium-microbial ecological 
unit of unknown function, but endowed with intriguing medicinal 
properties.[14] Model systems for both chromophores were 
studied.[5b, 9f, 15] 

 

Figure 1. Literature-known ’-dioxo-substituted porphyrinoids. 

The simplest synthetic methodology that introduces -oxo 
functionalities into -alkylporphyrins is their treatment with H2O2 

in conc. H2SO4. The reaction harkens back to studies by the group 
of Fischer in the 1930’s, albeit the reaction products were not 
correctly identified at the time.[16] The true connectivity of the 
major product oxochlorin 5 as the result of the treatment of OEP 
with H2O2/H2SO4 was identified in 1964 by the group of Johnson 
(Scheme 1).[17] The chromatographic separation of all products 
formed in reaction of OEP by the group of Inhoffen and later 
Chang allowed the isolation and identification of oxochlorin 5 and 
all isomers of the diketones: the three possible isomers of the 
dioxoisobacteriochlorin series 6 to 8, the two isomers of the 
dioxobacteriochlorin series 9 and 10, as well as triketone 
pyrrocorphins, meso-oxo-substituted phlorins, and ring-opened 
products.[18] We focus here exclusively on oxochlorin 5 and the 
isomers of the dioxoderivatives 6 through 10. 
The oxochlorins were likely formed along single and double 
epoxidation  epoxide opening by water  pinacol-pinacolone 
rearrangement of the resulting trans-diol pathways.[17] None of the 
intermediates were observed. However, chlorin cis-diol 11 can be 
prepared independently and shown by Chang and co-workers to 
be susceptible to a pinacol-pinacolone rearrangement, forming 
oxochlorin 5.[19] The applicability of the H2O2/H2SO4 reaction to 
other porphyrins than OEP was also demonstrated.[18b, 20] 
The chemical properties of the OEP-derived oxochlorins — 
primarily that of oxochlorin 5 — with respect to reduction,[21] 
carbonyl C-methylation,[18b] N-methylation,[22] meso-deute-
ration,[23] osmylation,[24] and thionation[25] reactions were studied. 
We also found oxochlorin 5 to be a starting material for the 
preparation of a pyrrolinone-expanded product.[8h, 26] The group of 
Stolzenberg, and others, studied the metal complexes of 5 
(specifically, their Co(II),[27] Ni(II), Cu(II),[28] Zn(II), Al(III)(OH), 
Mg(II), and Fe(III)Cl[29] complexes).[21a, 30] The Pt(II) complex of 5 
was used as an optical oxygen sensor.[31] We reported the 
reactivity of the free-base and Ni(II) complex of oxochlorin 5, their 
oximes,[8h] the free-base N-oxide,[8b] and meso-chlorides.[8c] 
Fewer studies of the dioxochlorins were published, but a low-
resolution structure of free-base dioxobacteriochlorin 9 is 
known;[25] we recently studied the insertion of Co(II), Ni(II), Cu(II), 
Zn(II), Pd(II), Ag(II), Cd(II), and Fe(III) into 9 and determined the 
solid-state structures of its Ni(II), Cu(II), Pd(II), and Ag(II) comple–
xes.[9f] Likewise, the Ni(II),[32] Co(II),[27] Fe(III),[15a] and Cu(II)[15] 
complexes of dioxoisobacteriochlorin isomer 6 were described. 
Thus, oxochlorin 5 and at least some of the dioxochlorin isomers 
were not left entirely unexplored in the 50 years since their 
discovery. Nonetheless, provided that -oxochlorin 5 and all 
isomers of the ’-dioxochlorins can be prepared in a single step 
from a commercially available starting material, it is surprising that 
no detailed comparative study of their structures and electronic 
properties was reported to date. This account closes this gap.  
We thus report the single crystal X-ray structures of all free-base 
diketone isomers, their optical properties (UV-vis absorption 
spectra in neutral and acidic solutions, fluorescence emission 
properties, including quantum yields and singlet state lifetimes, 
and MCD spectra), as well as their singlet oxygen (1O2) 
photosensitization properties. We included OEP and -oxochlorin 
5 as benchmarks. DFT computations help to derive an 
understanding of the underlying tautomeric equilibria and 
electronic effects controlling these properties. In so doing, we 
define more clearly the effects the number and particularly 
distribution of the -oxo-substituents around the ring have on the 
electronic properties of these ’-dioxoporphyrinoids. 
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Scheme 1. Oxidation of OEP to the corresponding -oxochlorin, ,’-dioxoisobacteriochlorin-, and ,’-dioxobacteriochlorin-type isomers.[17a, 18a, 18b]` Shown also is 
the numbering system used to formally name the (di)oxochlorins. 

Results and Discussion 

Oxochlorin Syntheses 
The syntheses of the -oxochromophores 5 through 10 from OEP 
proceeded as principally described by Inhoffen,[18a, 18c] and later 
Chang:[18b] OEP (in 2-5 g batches) was reacted in 96% H2SO4 
(200-500 mL) with a large stoichiometric excess of 3% H2O2 at ice 
temperatures (< 5 °C) over the course of about 15 min, at which 
point the starting material was near-quantitatively converted. 
Column chromatography allowed the isolation of, in order of 
increasing polarity, first oxochlorin 5 (pink), followed by a mixture 
of dioxochlorins 9, 8, and 10, and then in distinct bands 6 
(greenish purple), and finally 7 (light green); subsequent 
preparative plate chromatography or automated medium 
pressure chromatography separated dioxochlorins 9 (purple), 8 
(blue), and 10 (brown) from each other. The yields, UV-vis, and 
1H NMR spectroscopic data of the products were in close 
agreement with those reported in literature.[18a, 18b] We acquired 

an expanded set of spectroscopic data of the compounds, 
including 13C NMR, 1H,1H-COSY and HSQC spectra, to further 
characterize the compounds and to provide a basis for their 
further derivatization.[33] Specifically, the HSQC spectra correlated 
the carbonyl carbon signals to the neighboring β- or α-pyrrolic 
(between 130 to 165 ppm) and meso-carbons (between 85 to 105 
ppm); for details and a reproduction of the spectra, see ESI. 
Decreasing the acid concentration from 96% to 80% in 4% 
increments (temperatures all held at < 5 °C) slowed the reaction 
rate, concomitant with the reduction in yields of the ‘over-oxidized’ 
products (ring-opened products, triketones, oxo-phlorins). 
However, the formation of the desired oxo- and dioxochlorins was 
also suppressed, with the rare products (such as 8 and 10) not 
being formed at all below 96 and 85% H2SO4, respectively. At 
80% H2SO4, only traces of oxochlorin 5 are formed. The 
replacement of H2O2 by 3 equiv K2S2O8 (based on the amount of 
OEP) is possible and led to a slightly reduced yield of 2,7-
dioxoisobacteriochlorin 6 (4%) but furnished an increased yield 
(up to 2%) of 7,17-dioxobacteriochlorin 10. We could find no other 
advantage of using this oxidant. For further details, see ESI. 
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Figure 2. Stick presentations of the molecular structures of compounds indicated, top (left column) and oblique (middle column) views. All hydrogen atoms except 
when bound to N, disorder, and solvent, when present, were omitted for clarity; when present only one representative molecule of two non-equivalent molecules in 
the crystal is shown. The 24 values listed are root-mean-square values of the deviation from planarity of the C20N4 macrocycle √ 1

24
(𝑥1

2 +  𝑥2
2 +  … +  𝑥24

2 ), i.e. omitting 
the -oxygen atoms from that determination; the C values similarly indicate the deviation of the eight β-pyrrolic carbon atoms from the mean plane. Normal mode 
Structural Decomposition (NSD) analysis of the chromophore conformations (right column).[34] For details to the structural determinations, see ESI. Structures of 
OEP[35] and 5[8h] were reported previously and are included for comparison; all other this work. 

Since the combined yields of products 6, 7, plus 8 and products 9 
plus 10, respectively, are essentially the same, the introduction of 

a second oxo-functionality to 5 is not subject to any (major) 
regioselectivity with respect to the formation of isobacterio- versus 
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bacteriochlorin-type chromophores. This distinguishes this 
reaction from many other reactions that convert chlorins to either 
bacterio- or isobacteriochlorins.[36] We attribute the absence of the 
typical regioselectivity of the conversion of chlorins to the fact that 
the reactions take place under extremely acidic conditions on the 
protonated chromophores. 
There are, however, some differences in the formation among the 
relative quantities of the five individual dioxoisomers. Four of the 
five dioxo-regioisomers are formed in comparable yields; the 
slight differences of their isolated yields likely reflect as much the 
different degrees of difficulty of their chromatographic isolation as 
intrinsic reactivity differences — with one exception: 7,13-
Dioxoisobacteriochlorin 8 is formed in about an order of 
magnitude lower yield than all other isomers. It is also the only 
isomer in which two gem-diethyl groups face each other. 
However, the computed heats of formation of all five dioxo-
isomers suggest that this arrangement of the two gem-diethyl 
groups introduces no steric strain into the molecule (Table 1). 
While the bacteriochlorins are generally more stable than the 
isobacteriochlorin series – an effect likely linked to the greater 
steric strain between the inner NH hydrogen atoms in the adj-
tautomers of the isobacteriochlorins (for a more detailed 
discussion, see below), isomer 8 does not have a higher heat of 
formation than any of the other dioxoisobacteriochlorin isomers.  
The findings of the occurrence of different amounts of the isomers 
are comparable to, for example, the dynamics of the formation of 
the meso-tetraarylporphodilactone regioisomers, though here 
some electronic and steric effects could be deduced to play a 
role.[11c, 37]  
Table 1. Relative heats of formation (Hf) of the compounds indicated (in their 
most stable tautomeric form; cf. to Figure 4). 

Compound Relative Heats of 
Formation (Hf)[a] 
[kJmol-1] 

6ad 6.1 

7ad 7.2 

8ac 5.5 

9ac 0.4 

10ac 0.0[b] 

[a] Conformation computed using M06/6-311+G(d,p), most stable tautomer, re-
optimized with the BHandHLYP/def2SVP method; for details to the 
computations, see ESI. [b] By definition; reference compound. 

,’-Dioxochlorin X-Ray Single Crystal Structures 
X-ray diffraction-quality single crystals could be grown for all 
oxochlorin isomers by vapor diffusion techniques, confirming their 
spectroscopically assigned connectivity (Figure 2). Like the 
conformation of the parent porphyrin OEP,[35] most are idealized 
planar, with only minor deviations spread over many of the 
principle out-of-plane deformation modes,[38] with one notable 
exception: Dioxoisobacteriochlorin 8 possesses a modest but 
notable saddling (B2u normal coordinate) distortion.  
Porphyrin OEP, oxochlorin 5, and dioxobacteriochlorin isomers 9 
and 10 are, as expected, present in the tautomeric form that 
places the NH hydrogen atoms at opposite positions on pyrrole 
moieties; also as expected, the dioxoisobacteriochlorin isomers 6 
through 8 are, present in the tautomeric form that places the NH 
hydrogen atoms on the adjacent pyrroles.[39] The computational 

and spectroscopic data presented below will present a more 
refined picture of the tautomers present in solution. 
The introduction of the oxo- and gem-diethyl moieties do, on their 
own, impose no major steric demands on the macrocycle. 
Oxochlorin 5 is, in fact, more planar than OEP, that exhibits a 
slight doming (A2u normal coordinate) deformation. We rationalize 
the deviation from planarity of dioxoisobacteriochlorin isomer 8 by 
the presence of the two gem-diethyl moieties facing each other. 
This arrangement induces a slight conformational restraint into 
the macrocycle that then exacerbates the steric clash of the 
adjacent NH groups by preventing effective evasion. Note that 
both NH-carrying pyrroles are tilted into the same hemisphere, 
whereas in the other molecules they are pointing into opposing 
hemispheres. 
UV-vis Absorption and Fluorescence Emission Properties 
The UV-vis absorption spectra of oxochlorins 5 through 10, and 
the benchmark porphyrin OEP, in neutral and protonated (in the 
presence of TFA) forms, and their fluorescence emission spectra 
in the neutral form are shown in Figure 3 (data tabulated in Table 
2). 
All spectra of the neutral chromophores are typical for 
porphyrinoids (strong Soret band with a number of Q-bands) and 
are as described before,[18a, 18b] but a number of observations are 
notable. Oxochlorin 5 derives its name from its chlorin-like UV-vis 
spectrum (strongest absorbing Q-band is the max band); it also 
exhibits a chlorin-typical single emission band. The spectra of the 
dioxo-isobacteriochlorin and -bacteriochlorin families are clearly 
differentiated from each other, as are the spectra of each isomer 
within a family, highlighting the strong electronic influence of the 
oxo-functionality on the chromophore. This is not unlike the 
effects of the carbonyl groups in the porphodilactones.[11] The 
spectrum of the 7,17-dioxochromophore (such as present in 
compound 9) was shown to be more chlorin- than bacteriochlorin-
like.[5b] Upon first inspection, this can also be said for its isomer 
10. The spectra of the isobacteriochlorin family (6, 7, and 8) 
appear to be more typically isobacteriochlorin-like.[40] 
The single major band fluorescence spectra showing the 
porphyrinoid-typical small Stokes shift (10-11 nm for the 
dioxoisobacteriochlorin, and 1-2 nm for the dioxobacteriochlorin 
series) are all hydroporphyrin-like, with one exception: 
Dioxoisobacteriochlorin isomer 7 shows a strong two-band 
spectrum. Computations presented below (and fluorescence 
studies, see ESI) will suggest the origin to lie in the presence of 
two tautomers of different optical properties.  
The fluorescence quantum yields of all dioxochlorins investigated 
(in CH2Cl2) range between 12.5 and 17.1%, not varying much 
from those of oxochlorin 5 (16.1%) or OEP (14.4%) (Table 2). 
The relative positions of the protonated spectra with respect to the 
corresponding spectra of the neutral species vary broadly; the 
Soret bands of the protonated species could be red- (e.g., for OEP 
and dioxoisobacteriochlorin isomer 7) or blue-shifted (e.g., for 
oxochlorin 5), or remain essentially unshifted (for dioxoiso-
bacteriochlorin isomer 8). Likewise, the shifts of the max bands 
upon protonation show no unified trends, even within a 
chromophore class, and could be red- (e.g., for dioxoisobacterio–
chlorin isomer 7) or blue-shifted (e.g., for both dioxo-
bacteriochlorin isomers 9 and 10), or remain largely unshifted (for 
dioxoisobacteriochlorin isomer 8). The protonation behavior of 
compounds 5, 9, and 10 was studied before.[9f] Compared to the 
basicity of OEP, the basicity of oxochlorin 5 was shown to be 
reduced and linear Hill plots for its spectrophotometric protonation 
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could be derived.[9f] On account of the presence of the second 
oxo-functionality and their bacteriochlorin-like chromophore, the 
basicity of the dioxobacteriochlorins 9 and 10 was further reduced 
significantly and complex, multi-site protonation events were 
observed.[9f] Here, we did not characterize the degree of 
protonation, or the protonation sites, except that all protonated 
spectra were derived under conditions that assured full 
protonation. 

A connection between the degree of aromaticity and the longest 
wavelength of absorption (max) was derived in the porpholactone 
series.[12] We measured the degree of aromaticity as the spread 
of the chemical shifts between the meso- and inner NH protons 
(meso-NH) that are subject to the shielding and deshielding 
effects, respectively, by the diatropic ring current; we also 
computed this parameter (Table 2). 

 

Figure 3. UV-vis (CH2Cl2, blue solid traces; CH2Cl2 + 0.41 M TFA, red solid traces) and fluorescence emission spectra (CH2Cl2, dotted blue trace) of the compounds 
indicated. excitation = Soret. Sufficient TFA was added to a sample recorded in blue to achieve full protonation, with dilution errors < 2%. The photographs display the 
colors of the samples in their neutral and protonated forms. 

While the computed meso-NH values are systematically about 3 
ppm larger than the experimental values (except for 
dioxoisobacteriochlorin 8 that was computed as only one of two 
tautomers), the experimental trends are preserved. Among the 
dioxoisobacteriochlorins, only a weak correlation of max and 
meso-NH can be identified. While the compound with the longest 

max (7, 699 nm) possesses the largest meso-NH, the two 
compounds with very similar max values (6, 650 nm; 8, 652 nm) 
exhibit much different meso-NH values. Among the two 
dioxobacteriochlorins 9 and 10, the predicted correlation   
between meso-NH and max holds. 
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Table 2. Photophysical data for dioxochlorins isomers 6–10 in comparison to those of OEP and oxochlorin 5, in CH2Cl2, if not indicated otherwise. All data from this 
work, unless indicated otherwise. 

 UV-vis (nm)[a] Fluorescence 
Emission 
(nm) [rel. 
intensity] 

Fluores-
cence 
Quantum 
Yield 
(%)[b] 

Emission 
Lifetime S 
(ns) 

Radiative 
Rate  
Kf (s-1) 

Singlet 
Oxygen 1O2 

(1Δg) Quan-
tum Yield[c] 

Average meso-NH 
(ppm) 

Soret-
band(s) (nm) 
[log ]  
(M-1cm-1) 

Q-bands (nm) [log ] 
(M-1cm-1) 

     Compu-
ted[d] 

Experi-
mental[e] 

OEP 398 [5.11] 499 [4.09], 532 [3.93], 
566 [3.75], 619 [3.63] 

624 [1.00],  
694 [0.22] 

14.4 11.7 ± 0.02 7.3 x 107 0.66 ± 0.08 17.0 13.8 

5 405 [5.03] 484 [sh], 508 [3.73], 
546 [3.86], 585 [3.52], 
641 [4.35] 

644 [1.00],  
674 [0.07],  
714 [0.04] 

16.1 5.3 ± 0.05 1.58 x 108 0.71 ± 0.04 15.6 12.6 

6 402 [4.20], 
418 [4.29], 
438 [4.30] 

543 [3.30], 583 [3.53], 
636 [3.58], 650 (sh) 

638 [1.00],  
668 [0.25] 

12.5 3.19 ± 0.107 2.74 x 108 0.66 ± 0.07 13.0 9.0 

7 416 [4.93], 
434 [5.06] 

537 [sh], 592 [3.98], 
630 [4.33], 699 [3.46] 

643 [1.00],  
707 [0.82]  

14.1 1.55 ± 0.005 5.54 x 108 0.67 ± 0.05 13.9 10.8 

8 405 [5.02] 519 [3.76], 557 [4.03], 
599 [4.11], 652 [4.59] 

667 [1.00],  
716 [0.23] 

17.1 2.44 ± 0.006 3.41 x 108 0.69 ± 0.14 7.8 6.7 

9 400 [5.09], 
410 [5.18] 

483 [3.42], 511 [3.65], 
553 [3.84], 622 [3.61], 
653 [3.76], 686 [4.94] 

688 [1.00],  
725 [0.06] 

14.6 3.31 ± 0.10 2.58 x 108 0.69 ± 0.04 15.6 12.0 

10 378 [4.78], 
399 [5.07], 
419 [5.46] 

482 [3.68], 513 [4.07], 
549 [4.11], 612 [3.84], 
640 [3.72], 672 [4.64] 

675 [1.00],  
718 [0.13] 

15.6 2.65 ± 0.01 3.18 x 108 0.88 ± 0.16 13.5 11.0 

[a] For UV-vis data in CHCl3, see ESI or ref. [18a]. Sh = shoulder. [b] Reference compound meso-tetraphenylporphyrin.[41] [c] All in benzene, reference compound 
OEP: 1O2 quantum yield 0.66 ± 0.08.[42] [d] Computed structures using conformation computed using M06/6-311+G(d,p), most stable tautomer; for details to the 
computations, see ESI. [d] From experimental section, see ESI. 

Magnetic Circular Dichroism (MCD) Spectroscopic Properties 
MCD spectroscopy was shown to be valuable to gain deeper 
insight into the classification of porphyrinic chromophores.[43] The 
MCD spectra of all oxo-derivatives are, next to the benchmark 
spectra of OEP, presented in Figure 4. In the case of oxochlorin 
5, the Qx band is shifted from 618 nm in OEP to 642 nm with 
substantial growth in intensity. This band is associated with the 
negative MCD signal observed at 640 nm. The Qy band in 
oxochlorin 5 is also shifted to lower energy (547 nm) compared to 
the Qy band in OEP (530 nm). The Qy band in oxochlorin 5 is 
associated with a strong, positive MCD signal centered at 545 nm. 
The Soret band in oxochlorin 5 was observed at 405 nm. Similar 
to the parent porphyrin OEP, the MCD spectrum of 5 has a 
complex structure in the Soret band region, which is dominated 
by a pair of positive-to-negative (in ascending energy) signals at 
412 and 399 nm that form an MCD Faraday pseudo A-term. 
The UV-vis and MCD spectra of dioxoisobacteriochlorins 6-8 are 
significantly more complex compared to those of the other 
chromophores considered here. The lowest energy B-term in the 

MCD spectrum of dioxoisobacteriochlorin isomer 6 (657 nm) has 
a negative amplitude and correlates well with the shoulder (at 658 
nm) observed in its UV-vis spectrum; it furthermore is dominated 
by a pair of well-separated Faraday B-terms (at 637 and 581 nm), 
which correlate well with the bands observed at 636 and 583 nm 
in its UV-vis spectrum. Although the Soret bands in isomer 7 are 
also well-separated, both Q- and Soret band regions in the UV-
vis spectrum of this compound are less complex than those in 
isomer 6. More interestingly, a Faraday pseudo A-term (centered 
at 634 nm) dominates the MCD spectrum of 
dioxoisobacteriochlorin isomer 7. The presence of such a pseudo 
A-term is rather unique among the dioxoisobacteriochlorins and 
can be rationalized on the basis of our DFT and TDDFT 
calculations presented below. Finally, the Soret band region in the 
UV-vis and MCD spectra of isomer 8 clearly consist of a large 
number of transitions, while four well-resolved bands observed in 
its Q-band region correlate well with MCD signals (at 667, 606, 
550, and 521 nm). 
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Figure 4. Left column of structures: The most stable tautomer considered. Left column of spectra: Experimental UV-vis and corresponding Magnetic Circular 
Dichroism (MCD) spectra (CH2Cl2) of the compounds indicated. Right column of spectra: Experimental (CH2Cl2) and TDDFT-simulated UV-vis absorption spectra 
of the major and minor tautomers indicated (and shown in the right column of structures), computed as the octamethyl derivatives. Tautomers considered and their 
room-temperature contribution to the spectra are shown, with the letters following the compound numbers indicating the presence of the NH hydrogen atom at 
pyrrolic rings a, b, c, or d, as shown.
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The UV-vis and MCD spectra of dioxobacteriochlorins 9 and 10 
are similar, but not identical. The intensity of the Qx band 
dominates the Q-band region. The lowest energy Qx band is 
observed at 686 nm for isomer 9 and at 671 nm for isomer 10 and 
both bands are associated with negative MCD signals. The Qy 
bands of both dioxobacteriochlorins, at 553 and 550 nm, 
respectively, are associated with corresponding positive 
amplitude MCD B-terms centered at 555 and 550 nm, 
respectively. The Soret band in dioxobacteriochlorin 9 is centered 
at 410 nm and is associated with an MCD pseudo A-term, 
whereas the Soret band region for isomer 10 consists of three 
clear transitions (centered at 378, 399, and 419 nm); the most 
intense band at 419 nm is associated with an MCD pseudo A-
term.  
The energy differences between the Qy and Qx bands (i.e., also 
the lowest energy negative and positive MCD signals) in the Q-
band region for the series of -oxochromophores 5-10 varies 
between 273 and 3441 cm-1 and show no clear structural trends, 
although the largest Qx-Qy splitting are observed in dioxobacterio-
chlorins 9 and 10. In the case of dioxoisobacteriochlorins 6-8, Qx-
Qy splitting varies between 273 and 3189 cm-1. The lowest energy 
MCD signal for all compounds was always observed as an MCD 
B-term with a negative amplitude. This situation is typical for octa-
alkyl- and meso-tetraaryl-porphyrins; it is indicative of the 
∆HOMO being larger than the ∆LUMO (∆HOMO is the energy 
difference between the a1u and a2u Gouterman’s orbitals and 
∆LUMO[43-44] is the energy difference between the eg pair of 
Gouterman’s orbitals, with the symmetry labels used for 
porphyrins in D4h point group notation).[40, 45] This observation is 
quite unusual compared to some chlorins, isobacteriochlorins, 
and bacteriochlorins in which a reversed energy order was 
typically observed (associated with a positive MCD signal at lower 
energy and negative MCD signal at higher energy),[46] though 
some OEP-derived hydroporphyrins show also a similar 
sequence than observed here for compounds 5-10.[46-47] 
DFT Calculations – Tautomers 
To rationalize the optical properties of the oxochlorins 
investigated, a series of DFT calculations using BP86 (GGA), 
MN12L (meta-GGA), TPSSh, and M06 (both hybrid) exchange-
correlation functionals were conducted as it was expected that the 
predicted energies for the individual tautomers are dependent on 
the exchange-correlation functional chosen.[48] In the cases of 
oxochlorin 5 and dioxobacteriochlorins 9 and 10, and in accord 
with the literature description of the preferred NH-tautomers of the 
chlorin and bacteriochlorin-type hydroporphyrins,[10, 11d, 39, 49] a 
single tautomer carrying the NH protons on opposite pyrrolic rings 
was found to be energetically highly favored. However, the cases 
of the dioxoisobacteriochlorins 6-8 are more complex and we find 
that several possible NH tautomers, each with its own optical 
signature (Figure 4), are close enough in energy to be in 
equilibrium with each other (Table 3).[11d, 39, 49] Only tautomers that 
were similar ( 2.5 kcal/mol) in energy to the most stable 
conformation are shown and were taken into consideration in the 
modeling of the spectra, as only they could contribute > 2% to the 
room-temperature UV-vis and MCD spectra. 

Table 3. Dioxoisobacteriochlorin tautomers considered, their relative energies, 
and corresponding Boltzman distribution to the equilibrium mixture. 

 

  Relative Energy (kcal/mol) 

Tautomer[a,b] BP86 MN12L TPSSh M06 

6ac’ 1.01 1.03 1.39 1.26 

6bd’ 1.23 1.08 1.33 0.78 

6ad’ 0[c] 0[c] 0[c] 0[c] 

7ac’ 1.82 1.52 2.07 1.92 

7ab’ 0[c] 0[c] 0[c] 0[c] 

8ac’ 0.36 0[c] 0.26 0[c] 

8ad’ 0[c] 0.14 0[c] 0.59 

[a] Because of the two-fold axial symmetry of compounds 7 and 8, no further 
tautomers need to be considered. [b] Computed as the octamethyl derivatives 
X’. [c] By definition; reference compound in the isomer series 6, 7, and 8, 
respectively. 

The tautomers computed to be present balance the combination 
of sterically unfavorable arrangements of two NH hydrogen atoms 
on adjacent pyrroles with electronically favorable ‘inner-inner-
outer-outer’ conjugation pathways (such as 6ad’ or 7ab’) against 
the combination of sterically more favorable arrangements of both 
NH hydrogen atoms at opposite pyrroles with unfavorable 
electronics, i.e., forcing an ‘inner’ conjugation pathways through 
an NH nitrogen lone pair, such as in 6ac’ or 6bd’).[39] 
To our surprise, we found that the tautomeric preferences vary 
with the particular dioxoisobacteriochlorin isomers. In the cases 
of the dioxoisobacteriochlorins 6 and 7, the “adj” tautomers (6ad’ 
and 7ab’) are the most stable and energetically well-separated 
(>1 kcal/mol in most cases) from the “opp” tautomers (6ac’, 6bd’, 
and 7ac’). This prediction is consistent across all tested 
functionals (Table 2). The energy difference between tautomers 
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8ac’ and 8ad’ was predicted to be significantly smaller using two 
functionals (BP86 and TPSSh), and predicting 8ad’ to be the 
lowest energy tautomer. The remaining two functionals (MN12L 
and M06) predicted 8ac’ to be the lowest energy tautomer. Below 
we will confirm that the UV-vis spectra of the NH tautomers of 
each specific dioxochlorin class are much different from each 
other. As a consequence, the UV-vis and MCD spectra of the 
oxochlorins need to be modelled as a superposition of all NH 
tautomers present at ambient temperature. 

DFT Calculations – UV-Vis and MCD Spectra 
The DFT-predicted frontier orbitals shapes and electron density 
distributions (Figure 5) as well as the molecular orbitals energy 
diagram (Figure 6) for the compounds of interest (computed as 
their octamethyl derivatives X’) in their most stable tautomeric 
form highlights the energetic differences between all 
-oxohydroporphyrins. Similar to the parent free-base OEP’, the 
HOMO of all compounds 5’-10’ possesses Gouterman’s “a1u” 
character while the HOMO-1 has Gouterman’s “a2u” character (in 
D4h point group notation). In all cases, the LUMO and LUMO+1 
resemble Gouterman’s “eg” pair of molecular orbitals.[40, 45]  

 

Figure 5. DFT-predicted (M06/6-311+G(d,p)) frontier molecular orbitals for the most stable tautomers of OEP and the oxochromophores 5 through 10; computed 
as their octamethyl derivatives. For details, see ESI.
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Figure 6. DFT-predicted energy level diagram for the most stable tautomers of 
OEP’ and compounds 5’-10’. Connectivity for the LUMO and LUMO+1 in adj-
6ad’, 7ab’, and 8ad’ is shown in red. Computed as their octamethyl derivatives 
X’. For details, see ESI. 

Following the perimeter model,[43] one might expect that the 
negative to positive MCD signals with ascending energy will 
correlate with a ∆HOMO > ∆LUMO relationship (see also above). 
Except for four cases (7ac’, 8ac’, 8ad’, and 9’; M06 functional), 
the DFT calculations predict a ∆HOMO > ∆LUMO relationship. 
This correlates well with their experimental MCD spectra (see ESI 
Table S3 for details). In the cases of dioxoisobacteriochlorins 
7ac’, 8ac’, and 8ad’, the DFT calculations predicted the inverse 
∆HOMO < ∆LUMO relationship, which was attributed to the 
observed reversed MCD signal sequence in the Q-band region 
(i.e. positive to negative MCD amplitudes for B-terms with 
ascending energy). According to the DFT calculations, however, 
the contribution of dioxoisobacteriochlorin tautomer 7ac’ is small 
(4%; M06 functional). Outliers aside, the cumulative experimental 
MCD spectra correlate well with the DFT calculations. 
To correlate the experimental UV-Vis and MCD spectra with the 
DFT-predicted electronic structures of the target compounds, 
TDDFT calculations were performed on all of the systems 
(Figure 4). In the case of parent OEP’, the TDDFT-predicted UV-
Vis spectrum confirms its expected correlation with Gouterman’s 
four-orbital model, i.e., the Q-band region can be described by 
single electron excitations originating from the HOMO and 
HOMO-1 to the nearly degenerate LUMO and LUMO+1. Likewise, 
the energies and intensities of the Soret band region also fit 
Gouterman’s model. 
In the case of oxochlorin 5’, the TDDFT calculations also predict 
that the first excited state is dominated by the HOMO to LUMO 
single electron excitation. Contrary to OEP’, however, the second 
excited state in the Q-band region of oxochlorin 5’ is predicted to 
be a superposition of almost equal HOMO to L-UMO+1 and 
HOMO-1 to LUMO single electron excitations (see ESI for 
details). 
In the cases of dioxobacteriochlorins 9’ and 10’, the TDDFT 
calculations predict that the first excited state is dominated by the 
HOMO to LUMO single electron excitations while the second 
excited state should consist of nearly equivalent excitations from 
HOMO to LUMO+1 and from HOMO-1 to LUMO. 

The experimental UV-vis spectra of dioxobacteriochlorins 6’-8’ 
should be the superposition of the two or three NH tautomers that 
are in equilibrium with each other (at ambient temperature) 
(Table 2, Figure 4). In the case of dioxoisobacteriochlorin 6’, the 
TDDFT-predicted spectra for opp-tautomers 6ac’ and 6bd’ are 
very similar to each other (~28% of the total contribution), while 
the TDDFT-predicted UV-vis spectrum of adj-tautomer 6ad’ 
(~72% of the total contribution) is quite different in the Q- and 
Soret-band regions. This explains the rather broad Q-band region 
and narrow Soret band region in the experimental UV-vis and 
MCD spectra of 6. For all three tautomers, TDDFT calculations 
predict that the lowest-energy transition will be dominated by the 
HOMO→LUMO single-electron excitation and has y-polarization 
(the x-axis in 6ab’ was assumed to be parallel to the NH protons). 
We speculate that the opp-tautomers 6ac’ and 6bd’ are 
responsible for the lowest energy transition in the experimental 
UV-vis and MCD spectra of 6 (at 658 nm and 657 nm, 
respectively), while the more energetically favorable adj-tautomer 
6ad’ forms the intense bands in the experimental UV-vis spectrum 
MCD spectra (at 636/583 nm and 637/581, respectively). 
In the case of dioxoisobacteriochlorin 7, DFT calculations predict 
that the adj-tautomer 7ab’ will contribute ~96% of the intensity to 
the UV-vis and MCD spectra of 7 (Table 2, Figure 4). Not 
surprisingly, the UV-vis and MCD spectra of 7 are significantly 
less complex than those of the multi-component spectra of 6. 
Similar to adj-tautomer 6ad’, TDDFT calculations predict much 
smaller (~2.8 times) Qx-Qy energy splitting in 7ab’ compared to 
that in 7ac’. This could be the reason for the presence of the MCD 
pseudo A-term experimentally observed between 640 and 629 
nm. More interestingly, polarization of the lowest energy band in 
7ab’ is opposite to that in the 6ad’ and 8ad’ tautomers (Table 2). 
In the case of dioxoisobacteriochlorin 8, DFT predicts that its UV-
vis and MCD spectra should be a superposition of the adj- and 
opp-tautomers 8ad’ (27%) and 8ac’ (73%), respectively. For both 
tautomers, TDDFT predicts that the Qy band will have the lowest 
energy and will be dominated by the HOMO→LUMO single-
electron excitation. The TDDFT-predicted Qx transition has nearly 
equal contributions from the HOMO→LUMO+1 and HOMO-
1→LUMO single-electron excitations. 
Emission Lifetimes, Quantum Yields, and Singlet Oxygen 
Generation 
The fluorescence quantum yields of all dioxochlorins did not very 
outside a range between 12.5 and 17.1 %, i.e., they lie broadly 
within the range found for oxochlorin 5 (16.1 %) and OEP 
(14.4 %) (Table 2). Thus, the differences between the various 
dioxochlorin isomers are generally smaller than some of the 
differences in the optical properties among the dilactone 
isomers.[11-12] In contrast, the emission lifetimes vary more broadly 
when comparing the lifetimes for OEP (11.7 ns), oxochlorin 5 (5.3 
ns) with those of the dioxochlorins (ranging from 1.55 to 3.31 ns) 
(Table 2, Figure 7). Thus, their lifetimes show some structure-
properties correlation as they generally decrease with the number 
of oxo-functionalities. Detailed investigations of the excited state 
dynamics of all dioxochlorins are underway.  
The radiative rates for OEP, oxochlorin 5 and all dioxochlorins 
were calculated using the quantum yield (QY) and radiative 
lifetime and are tabulated in Table 2. The rates suggests a 
systematic 2-fold increase in the radiative relaxation rate with the 
addition of each -oxo group over the rate for the benchmark 
compound OEP, i.e., a two-fold rate increase for 7-oxochlorin 5 
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and ~4-fold increase for dioxo-bacterio/isobacteriochlorins 
(Figure 7). 

 
Figure 7. Graphical representation of radiative rate and emission lifetime for the 
oxoporphyrins investigated in comparison to the data for OEP. 

Free-base porphyrins and hydroporphyrins are generally 
excellent photosensitizers for the conversion of triplet (3O2) to 
singlet (1O2) oxygen.[50] This is the basis for their utilization as 
photochemotherapeutics or in technical applications.[51] The 
singlet oxygen quantum yields measured for the dioxochlorins  by 
direct emission of the singlet oxygen (in benzene) (Table 2) fall, 
with one exception, within a narrow range between 66 to 69% and 
are not much different from those of meso-tetraphenylporphyrin 
(63%) and oxochlorin 5 (66%). Only dioxobacteriochlorin isomer 
10 is slightly higher (88%). The efficacy of the oxochlorins 5 to 10 
to photo-generate singlet oxygen was also tested in DMF using 
the 1O2 chemical trap 1,3-diphenylisobenzofuran (DPBF) (see 
ESI). Here, the dioxoisobacteriochlorin isomers were generally 
more efficient photosensitizers than OEP, though the 
dioxobacteriochlorin isomer 10 and oxochlorin 5 performed only 
slightly better than OEP, and dioxobacteriochlorin isomer 9 
appeared to photodegrade the most rapidly. 

Conclusion 

We prepared the well-known -oxochlorin 5 and all five isomers 
of the ’-dioxochlorins along known methodologies. We  firstly 
presented their comprehensive comparative structural and 
spectroscopic characterization. Apart from the most strained 
isomer, all isomers are essentially planar. The electronic 
properties of the chromophores show the strong influences of the 
’-dioxo-substituents in that, for example, none of the 
bacteriochlorin- or isobacteriochlorin-like architectures show 
bacteriochlorin- or isobacteriochlorin-type spectroscopic proper-
ties. All compounds are singlet oxygen sensitizers, some 
dioxoisobacteriochlorins even more so than the parent porphyrin 
OEP.  
The performance of the TDDFT calculations to model the optical 
properties of the -dioxochlorins is excellent overall. Indeed, the 
M06 calculations were able to reproduce all experimentally 
observed key features in the UV-vis and MCD spectra of all 
chromophores investigated. The TDDFT-predicted energies of 
the Qx and Qy bands were found to be within 0.1-0.15 eV without 

any artificial energy shifts, while the predicted Qx-Qy energy 
splitting also correlates very well with the experimental data. The 
more complex nature of the UV-vis and MCD spectra of 
isobacteriochlorins 6 and 8 could be confidently explained based 
on contributions from several NH tautomers, while the simpler 
spectral profile of 7 correlates well with the presence of only a 
single dominant NH tautomer and a different polarization of the 
lowest energy transition. 
Thus, this contribution adds to the understanding of porphyrinoids 
carrying the -oxo auxochrome. It further lays the foundation for 
the further utilization of these readily accessible ’-dioxo-
derivatized porphyrinoid chromophores. 

Experimental Section 

Materials: Solvents and reagents were used as received. OEP[6] was 
converted to the oxochlorins using the procedure described by Inhoffen 
and Chang.[18a, 18b] For spectroscopic and analytical details of all 
compounds prepared, see ESI. 

Aluminum-backed, silica gel 60, 250 μm thickness analytical plates, 20  
20 cm, glass-backed, silica gel 60, 500 μm thickness preparative TLC 
plates, and standard grade, 60 Å, 32-63 μm flash column silica gel were 
used. Alternatively, flash column chromatography was performed on an 
automated flash chromatography system, on normal-phase silica gel 
columns. 

UV-Vis and Fluorescence Measurements. UV-Vis data were obtained 
on Cary 100 or Jasco V-670 spectrophotometers in the solvents indicated.  

Fluorescence Yields. Emission spectra were recorded on a FluroMax 
(Jobin-Yvon) spectrometer for quantum yield () measurements. The 
fluorescence quantum yields () were determined in CH2Cl2 relative to that 
of meso-tetraphenylporphyrin ( = 0.13 in CH2Cl2).[41] Oxochlorins and 
reference compound were excited at 416 nm and emissions collected with 
gradually decreasing concentration to calculate .  

Singlet Oxygen Yields. Steady-state 1O2 phosphorescence spectra were 
recorded using an FLS1000 (Edinburgh), equipped with an extended red 
photomultiplier (PMT980) and InGaAs detector (spectral range 870 nm – 
1650 nm). The singlet oxygen quantum yield of OEP (0.68 in benzene)[42] 
was used for the comparative determination of the quantum yields of the 
oxo-derivatives investigated. 

Singlet State Lifetimes. Emission lifetimes were measured with the 
TCSPC technique using a Mini-Tau lifetime spectrometer (Edinburgh 
instruments).[52] Samples were dissolved in 1 cm quartz cuvette in CH2Cl2. 
TCSPC measurements were carried out by exciting the oxochlorins with a 
410 nm NanoLed source with an instrument response function of ~300 ps. 

MCD Spectroscopy. MCD data were obtained using a Jasco V-1500 
spectropolarimeter (1.5 T electromagnet). Two spectra were recorded for 
each sample, one using a parallel field and the other using an antiparallel 
field. Spectral intensities were expressed as molar ellipticity per T.[53] 

Computations. All DFT and TDDFT calculations were performed using 
the Gaussian 09 software.[54] The starting geometries for all compounds, 
computed as their octamethyl derivatives X’, were optimized using the 
BP86,[55] MN12L,[56] TPSSh,[57] and M06[58] exchange-correlation 
functionals. The equilibrium geometries were confirmed with the frequency 
calculations and more specifically, by the absence of imaginary 
frequencies. All atoms were modelled using the 6-311+G(d,p) basis set.[59] 
For the TDDFT calculations, the solvent effects were calculated using the 
PCM approach[60] with DCM as a solvent. The QMForge[61] program was 
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used to compile molecular orbital contributions from the single-point 
calculations. 

X-Ray Crystal Structure Analyses 

Data of 10 were collected using a Bruker Quest CMOS diffractometer with 
Mo-K radiation ( = 0.71073 Å). Data of 6C, 7A, 8 and 9 were collected 
using a Bruker AXS X8 Prospector CCD diffractometer with Cu-K 
radiation (λ = 1.54178 Å). The instruments were equipped with IS 
microsources with a laterally graded multilayer (Goebel) mirrors for 
monochromatization and with Oxford Cryosystems low temperature 
devices. Single crystals were mounted on Mitegen micromesh mounts 
using a trace of mineral oil and cooled in-situ to 100(2) K for data collection. 
Data were collected, reflections were indexed and processed, and the files 
scaled and corrected for absorption using APEX2 and SADABS or 
TWINABS. The space groups were assigned and the structures were 
solved by direct methods using XPREP within the SHELXTL suite of 
programs and refined by full matrix least squares against F2 with all 
reflections using Shelxl2013 using the graphical interface Shelxle.[62] 

If not specified otherwise H atoms attached to carbon, boron and nitrogen 
atoms as well as hydroxyl hydrogens were positioned geometrically and 
constrained to ride on their parent atoms. C-H bond distances were 
constrained to 0.95 Å for aromatic and alkene C-H moieties, and to 0.99 
and 0.98 Å for aliphatic CH2 and CH3 moieties, respectively. N-H bond 
distances were constrained to 0.88 Å for planar (sp2 hybridized) N-H 
groups. Methyl CH3 H atoms were allowed to rotate but not to tip to best fit 
the experimental electron density. Uiso(H) values were set to a multiple of 
Ueq(C/N/O) with 1.5 for CH3 and OH, and 1.2 for C-H, CH2 and N-H units, 
respectively. 

Key crystal structure and refinement data for dioxochlorins isomers 6–10 
are provided in Table 4. Details of the data collection and structural 
parameters for the structure elucidation, descriptions of disorder and 
hydrogen atom treatment, and software packages used, can also be found 
in the ESI.  

Table 4. Crystal structure and refinement data for dioxochlorins isomers 6–10.[a] 

Head 1[a] 6 7 8 9 10 

empirical formula C36H46N4O2 C75H99N8O4 C36H46N4O2 C36H46N4O2 C36H46N4O2 

formula weight 566.77 1176.62 566.77 566.77 566.77 

crystal size [mm³] 0.14 × 0.12 × 0.10 0.26 × 0.22 × 0.04 0.41 × 0.26 × 0.19 0.07 × 0.04 × 0.01 0.55 × 0.15 × 0.08 

crystal system Monoclinic Triclinic Monoclinic Triclinic Monoclinic  

space group P21/n P1̅ P21/c P1̅ P21/n 

a, b, c [Å] 8.142 (2),  
22.128 (6),  
17.692 (4) 

10.6513 (7),  
18.5944 (11),  
19.0109 (11) 

9.9015 (5),  
12.3381 (7),  
25.0912 (12) 

9.826 (2),  
12.957 (3),  
13.040 (3) 

17.6467 (7),  
15.1535 (5),  
24.838 (1) 

,  [°] 90,  
96.427 (18),  
90 

87.039 (3),  
84.070 (4),  
82.506 (4) 

90,  
98.878 (2),  
90 

69.915 (10),  
88.994 (10),  
85.649 (10) 

90,  
99.309 (1),  
90 

V [Å³] 3167.4 (15) 3710.3 (4) 3028.6 (3) 1554.7 (6) 6554.4 (4) 

Z 4 2 4 2 8 

 [Mg/m³] 1.189 1.053 1.243 1.211 1.149 

F(000) 1224 1274 1224 612 2448 

µ [mm–1] 0.58 0.51 0.60 0.59 0.07 

Tmin, Tmax 0.452, 0.753 0.456, 0.753 0.620, 0.753 0.669, 0.753 0.702, 0.745 

-range [°] 3.2–67.3 2.4–66.9 3.6–67.0 3.6–66.3 2.3–25.7 

hkl-range h = -9 9,  
k = 0 26,  
l = 0 20 

h = -12 12,  
k = -21 22,  
l = -22 22 

h = -10 11,  
k = -14 14,  
l = -29 29 

h = -11 11,  
k = -14 15,  
l = -15 15 

h = -21 21,  
k = -18 17,  
l = -30 30 

collected refl. 5568 37789 29260 16472 53513 

Independent reflections 5568 12779 5344 5378 12419 

obs. refl. (I > 2(I)) 4249 7489 5190 4328 10083 

data / restraints / parameters 5568 / 63 / 430 12779 / 70 / 831 5344 / 0 / 388 5378 / 0 / 387 12419 / 0 / 773 

Completeness  to  = 67.679° 
(95.6 %) 

to  = 67.118° 
(96.3%) 

to  = 67.155° 
(98.8 %) 

to  = 67.012° (96.8 
%) 

to  = 25.696° (99.6 
%) 

goodness-of-fit (F²) 1.09 0.96 1.06  1.04 
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R1, wR2 (I > 2(I)) 0.102 0.080 0.036 0.040 0.042 

R1, wR2 (all data) 0.296 0.205 0.090 0.111 0.103 

residual electron density [e/Å³] 0.33, -0.32 0.59, -0.30 0.28, -0.21 0.22, -0.20 0.29, -0.21 

CCDC # 1994809 1994810 1994811 1994812 1994813 

[a] For software used, see ESI. 

 

CCDC-1994809 (6), CCDC-1994810 (7), CCDC-1994811 (8), CCDC-
1994812 (9), and CCDC-1994813 (10) contain the supplementary 
crystallographic data for this paper and can be obtained free of charge 
from The Cambridge Crystallographic Data Centre via 
www.ccdc.cam.ac.uk/data_request/cif.  
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The single crystal structures of all octaethyl-’-dioxo isomers and a description of their UV-vis absorption spectra in neutral and 
acidic solutions, fluorescence emission properties, MCD spectra, and their singlet oxygen photosensitization properties is presented. 
DFT Computations reveal the underlying tautomeric equilibria and the strong electronic interactions of the -oxofunctionalities with 
the porphyrinic π-system. 
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