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ABSTRACT: Free-base corroles have long been known to be acidic, readily undergoing
deprotonation by mild bases and in polar solvents. The conjugate base, however, has not
been structurally characterized until now. Presented here is a first crystal structure of a free-
base corrole anion, derived from tris(p-cyanophenyl)corrole, as the tetrabuylammonium salt.
The low-temperature (100 K) structure reveals localized hydrogens on a pair of opposite
pyrrole nitrogens. DFT calculations identify such a structure as the global minimum but also
point to two cis tautomers only 4−7 kcal/mol above the ground state. In terms of free
energy, however, the cis tautomers are above or essentially flush with the trans-to-cis barrier
so the cis tautomers are unlikely to exist or be observed as true intermediates. Thus, the
hydrogen bond within each dipyrrin unit on either side of the molecular pseudo-C2 axis
through C10 (i.e., between pyrrole rings A and B or between C and D) qualifies as or closely
approaches a low-barrier hydrogen bond. Proton migration across the pseudo-C2 axis entails
much higher activation energies >20 kcal/mol, reflecting the relative rigidity of the molecule
along the C1-C19 pyrrole-pyrrole linkage.

■ INTRODUCTION
The tautomeric structures of free-base porphyrin-type com-
pounds reflect a fascinating interplay of hydrogen bonding,
aromaticity, steric effects, and solvation.1 Tautomerism is also
critical to applications of the compounds as components of
emerging molecular-electronic and memory-storage devices.2,3

A great deal of study, accordingly, has been devoted to the study
of tautomerism in porphyrins,4−14 N-confused porphyrins,15−18

porphycenes,19−24 hydroporphyrins,25−35 phthalocya-
nines,36−39 expanded porphyrins,40,41 and corroles.42−47 Even
when presenting the very first synthesis of a corrole, Johnson and
Kay noted that it forms a stable anion.48 Subsequently, several
researchers observed deprotonation of corroles by mild bases
and even simply by polar solvents such as DMF,49−52 while
Gross et al. determined the apparent acidity constant of an
amphiphilic corrole.53 Corrole anions were found to exhibit
more intense Q bands relative to the neutral, free-base forms.54

Kadish and coworkers found that corrole anions (H2Cor−)
undergo electrooxidation and electroreduction to yield neutral
radicals (H2Cor•) and anion-diradicals (H2Cor•2−), respec-
tively.55−57

A key aspect of free-base corrole anions, however, has
remained unclear: their structure (Scheme 1). While there is
extensive evidence that free-base corroles exist as a pair of
essentially equienergetic tautomers,58−61 key questions remain
about the tautomeric structure of the anions. Is the trans
tautomer, the one experimentally observed in this study, the only
low-energy tautomer? Do the two equienergetic trans tautomers
(AC and BD in Scheme 1) readily interconvert? If so, are cis
tautomers (one or more among AB, CD, BC, and AD) involved
as intermediates? Might the cis tautomers prove observable or

even isolable? Herein, we present the X-ray structure of free-base
tris(p-cyanophenyl)corrole anion and a set of DFT calculations
that shed light on the these questions.

■ RESULTS AND DISCUSSION
Synthesis and Structural Characterization. Free-base

5,10,15-tris(p-cyanophenyl)corrole (also, for simplicity, abbre-
viated as H3Cor) was synthesized via the water−methanol
method reported by Gryko and Koszarna,62 with all spectro-
scopic data matching those reported earlier.63 The free-base
corrole anion, H2Cor−, was obtained as the tetrabutylammo-
nium salt, TBA[H2Cor], in ∼50% yield by treating the neutral
free base with tetrabutylammonium fluoride (TBAF) in
dichloromethane followed by crystallization from a mixture of
dichloromethane and hexane. The salt was fully characterized by
standard spectroscopic techniques, including UV−vis absorp-
tion, fluorescence, FT-IR, and 1H NMR spectroscopies, ESI
mass spectrometry, and single-crystal X-ray diffraction analysis
(see the Supporting Information). Deep blue crystals of
TBA[H2Cor] were isolated from a solution of the free-base
corrole and TBAF in CH2Cl2-hexane mixtures upon slow
evaporation at room temperature. The crystal structure (Figure
1 and Table S1) reveals several notable features: (a) First, the
corrole core is almost strictly planar, unlike that of a neutral
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corrole, which is invariably strongly puckered as a result of steric
repulsion among the three central NH hydrogens. (b) Second,
the four central nitrogens are arranged in the form of an isosceles
trapezoid in which the longest side (∼3.0 Å) is antipodal to the
direct pyrrole-pyrrole Cα−Cα linkage, while the other three sides
are each about 2.6 Å. (c) Third, an ordered trans arrangement of
the central NH hydrogens is observed, with each NH hydrogen
within hydrogen-bonding distance of two neighboring unproto-
nated nitrogens. Note that the apparently short N−H bond

distances ∼0.9 Å merely reflect the fact that X-ray diffraction
measures electron density, not nuclear position, which, for
hydrogen, is a key distinction. It is clear nonetheless that each
NH group engages in two hydrogen bonds of different lengths, a
point that we will revisit below with DFT calculations. (d)
Finally, the crystal structure reveals supramolecular chains of
H2Cor units held together by C−H···N interactions involving
the p-cyanophenyl groups. Locally, the C−H···N interactions
form R22(10) and R21(5) rings, to use Etter’s terminology.64

Scheme 1. Tautomers of Free-Base Corrole and Corrole Aniona

aThe pyrrole rings are designated A−D. The corrole anion tautomers are designated by a two-letter symbol such as AC, which indicates that the
NH protons reside on rings A and C. Meso-aryl groups have been omitted for clarity. In the present study, the meso aryl groups do not exert a
significant impact on the relative energetics of the tautomers; thus, we shall see that trans tautomers AC and BD (or for that matter cis tautomers
AB and CD) are essentially equienergetic
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Such a structure results in voids, which are occupied by
tetrabutylammonium cations (see the Supporting Information
for details).

DFT Calculations. DFT (OLYP-D3 and B3LYP-D3)
calculations with large all-electron STO-TZ2P basis sets
afforded a great deal of additional insight into the structure
and potential energy surface of H2Cor− (Figures 2 and 3 and
Table 1). Consistent with the crystal structure (Figure 1), the
ground state corresponds to either AC or BD, i.e., the protons
are attached to either pyrrole rings A and C or pyrrole rings B
and D. The two tautomers are not identical, as a result of the
asymmetry created by the meso-phenyl groups, but are
equienergetic for all practical purposes. Both tautomers exhibit
bifurcated hydrogen bonding, where each central NH interacts
with two neighboring unprotonated nitrogens, much as in a free-
base porphyrin. Unlike in porphyrin, however, the bifurcated
hydrogen bonding here is asymmetric, with each NH group
interacting via an ultrashort hydrogen bond (∼1.8 Å) and a
somewhat longer hydrogen bond (∼2.4 Å). The shorter
hydrogen bonds always involve a pair of pyrrole rings on one
side of themolecular pseudo-C2 axis (such as pyrroles A and B or
C and D), whereas the longer hydrogen bonds span a pair of
pyrrole rings on opposite sides of the pseudo-C2 axis (pyrroles A
and D or pyrrole B and C).

Figure 2 presents DFT geometrical highlights and energies of
the tautomers and trans-to-cis transition states of H2Cor−. In
terms of electronic energy, the cis tautomers BC and AD are
remarkably stable, about 0.15−0.25 eV (3.5−6.0 kcal/mol)
above the ground state (Figure 2). Their stability undoubtedly
reflects the fact that they both preserve the ultrashort hydrogen
bonds between pyrroles A and B and between pyrroles C and D.
The low energies of the cis tautomers are somewhat reminiscent
of isobacteriochlorin, for which the trans and a cis tautomer are

essentially equienergetic and typically found to coexist.24,27,30 In
contrast, the cis tautomer of a simple porphyrin is about 7−8
kcal/mol above the trans ground state.9 (It may be mentioned in
passing that substituent and environmental effects may result in
the stabilization and isolation of a cis tautomer for certain
porphyrins.65−69) In contrast, cis tautomers AB and CD exhibit
much higher energies, about 2/3 of an eV (16 kcal/mol) relative
to the trans ground state, reflecting loss of preferred hydrogen
bond pathways.

Proton migration appears to be most favorable along the
ultrashort hydrogen bonds, i.e., from pyrrole A to B, or vice
versa, or from pyrrole C to D, and vice versa. Exceedingly low
activation energies (electronic energies) are associated with
these migrations, only about a quarter to a third of an eV (6.5−
7.5 kcal/mol) relative to the trans ground state. Again, for
comparison, the activation barrier for proton migration is ∼12
kcal/mol for the conjugate base of free-base porphine and ∼16
kcal/mol for neutral free-base porphine. In contrast, much
higher activation energies, on the order of an eV (23 kcal/mol),
are associated with proton migration between rings A and D and
between rings B and C of H2Cor−.

Free energy calculations add an interesting twist to the above
picture (Figure 3 and Table 1). As it happens, the free energy of
the transition state (A-B)C‡ is lower than that of the cis
intermediate BC (see Figure 2 for an explanation of our notation
for transition states). In other words, the lowest vibrational state
of the cis intermediate is energetically higher than the transition
states separating it from the trans tautomers. A similar scenario
also applies to the cis intermediate AD whose free energy is
almost flush with that of transition state A(C-D)‡. Our
calculations thus suggest that the cis tautomers are unlikely to
be observable as true intermediates. Instead, they are a part of
the energy barrier through which one trans form tunnels to the
other. In this respect, free-base corrole anion differs from both
free-base porphyrin, for which the cis tautomer is a true
intermediate on the potential energy surface,9,12−14 and free-
base isobacteriochlorin, for which the trans and one cis tautomer
coexist in equilibrium.24,27,30

In the absence of a free energy barrier for trans-to-cis
tautomerization, the hydrogen bonds in H2Cor− appear to
satisfy the criteria for (or very closely approach) a true low-
barrier hydrogen bond.70−73 Such hydrogen bonds have been
invoked (albeit controversially74−76) as responsible for reaction
rate enhancements in enzymatic catalysis. Recently, low-barrier
hydrogen bonds have also been implicated in enzyme
cooperativity.77 Against this backdrop, the free-base corrole
anion may serve as a well-characterized and readily accessible
model system for low-barrier N−H···Nhydrogen bonds (several
examples are known involving oxygen78−80). Additional
spectroscopic studies are clearly warranted, of which NMR
spectroscopy and nitrogen 1s X-ray photoelectron spectroscopy
seem particularly promising. The latter technique has shed
substantial light on the charge asymmetry of low-barrier
hydrogen bonds in porphycenes.20

Photophysical Properties. Figure 4 depicts the UV−vis−
NIR and fluorescence spectra of free-base H3Cor and TBA-
[H2Cor] in CH2Cl2, with key numerical data summarized in
Table 2. Like other free-base corroles, H3Cor exhibits a strong
Soret band at ∼427 nm and three weaker Q bands at 585, 620,
and 655 nm. In contrast, TBA[H2Cor] exhibits a red-shifted
Soret band at 455 nm, along with Q bands at 554, 600, and 653
nm. Upon excitation at 430 nm, the neutral free base exhibits
strong emission with a maximum at 676 nm, a quantum yield of

Figure 1. Crystal structure of TBA[H2Cor]: (a) thermal ellipsoid plot
at 50% probability; (b) selected distances (Å) in the corrole core.
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6.5% (referenced to coumarin81), and a fluorescence lifetime of

3.79 ns. The H2Cor− anion is also emissive, with a maximum at

675 nm, but with a much lower quantum yield of 3.3% and

somewhat lower fluorescence lifetime of 3.03 ns.

Figure 2. OLYP-D3 and B3LYP-D3 electronic energies (eV, in order) of trans-to-cis transition states and cis intermediates of H2Cor−. Selected N-H
(black) and N···N (blue) distances (Å) are shown. A notation such as (A-B)C‡ is used for transition states, which indicates that a proton is migrating
between pyrrole rings A and B, while pyrrole ring C carries a localized proton.
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■ CONCLUSIONS
In summary, we have presented the first crystal structure of a
free-base corrole anion. The structure exhibits localized NH

hydrogens on a pair of opposite pyrrole rings, which we may
designate as rings A and C or equivalently as B and D. A key
feature of the structure is the short-strong N−H···N hydrogen
bond within each dipyrrin moiety on either side of the molecular
pseudo-C2 axis through the C10 meso-carbon. DFT calculations
identify AC and BD as equienergetic global minima with the two
cis tautomers AD and BC only 4−7 kcal/mol above the global
minima (in terms of electronic energy). In terms of free energy,
however, the cis tautomers are just above or essentially flush with
the trans-to-cis barrier heights. Accordingly, the hydrogen bonds
in free-base corrole anion qualify as or closely approach low-
barrier hydrogen bonds. Proton migration across the molecular
pseudo-C2 axis, on the other hand, entails much higher
activation energies of >20 kcal/mol. Given the overall mobility
of the low-barrier hydrogen bond system, we find it gratifying
that our low-temperature crystal structure has revealed a single,
ordered tautomer.

■ EXPERIMENTAL SECTION
General. Unless otherwise mentioned, all chemicals were obtained

from Merck. For spectroscopic studies, HPLC-grade solvents were
used. Free-base 5,10,15-tris(4-cyanophenyl)corrole was prepared as
previously reported.61 Elemental analyses were carried out with a Euro
EA elemental analyzer. UV−vis absorption spectra were acquired on a
Perkin-Elmer LAMBDA-750 spectrophotometer. Emission spectra
were recorded on an Edinburgh FLS920 spectrofluorimeter equipped
with a Ge-detector using an optical cell with 1 cm path length. FT-IR
spectra were recorded on a Perkin-Elmer spectrophotometer with
samples prepared as KBr pellets. NMR spectra were obtained on a
Bruker 400 MHz NMR spectrometer. Chemical shifts are expressed in
parts per million (ppm) relative to residual acetonitrile (δ = 1.93).
Electrospray mass spectra were recorded on a Bruker Micro TOF−QII
mass spectrometer.

Synthesis of TBA[H2Cor]. To a solution of free-base tris(p-
cyanophenyl)corrole (50 mg, 0.08 mmol) in dichloromethane (25
mL), an excess of tetrabutylammonium fluoride (0.40 mmol) was
added. After 10 min of continuous stirring, the reaction mixture was
filtered. To the filtrate, hexane (10 mL) was added to facilitate
crystallization. After 2−3 days at room temperature, deep blue block-
shaped crystals of TBA[H2Cor] were isolated by filtration. Yield: 50%
(37mg). λmax (nm−1, ε/M−1 cm−1) in CH2Cl2: 455 (5.7 x 104), 554 (7.6
x 103), 600 (9.2 × 103), 653 (2.26 × 104). 1H NMR (400 MHz,
chloroform-d) δ: 8.98 (d, J = 4 Hz, 2H), 8.74 (d, J = 4.5 Hz, 2H), 8.64
(d, J = 4Hz, 2H), 8.43 (d, J = 4.6 Hz, 2H), 8.40 (d, J = 8.2 Hz, 4H), 8.26
(d, J = 8.2 Hz, 2H), 8.03 (d, J = 8.3 Hz, 4H), 7.98 (d, J = 8.1 Hz, 2H),
2.17−2.15 (m, 8H), 0.94−0.87 (m, 8H), 0.86−0.77 (m, 8H), 0.74−
0.71 (m, 12H) (Figure S6). 13C{1H} NMR (101 MHz, CDCl3) δ:
150.1, 147.4, 140.6, 140.4, 136.2, 135.4, 132.7, 132.0, 131.1, 130.3,
125.3, 125.0, 122.0, 119.8, 118.7, 115.8, 112.1, 109.8, 109.2, 106.9, 57.1,
23.0, 19.0, 13.4. HRMS (ESI) m/z: [TBA]+ Calcd for C16H36N
242.2848; Found 242.2767 and m/z: [H3Cor + H]+ Calcd for
C40H24N7 602.2093; Found 602.2531 (Figure S27).

Crystal Structure Determination. Single crystals of TBA-
[H2Cor] were grown from the solution of TBA[H2Cor] in dichloro-
methane layered over hexane followed by slow evaporation under
atmospheric conditions. X-ray crystallographic data on TBA[H2Cor]
were collected on a Rigaku Oxford diffractometer (Cu Kα radiation) at
100 K, with all key parameters listed in Table S1. The data were
corrected for Lorentz polarization and absorption effects. The structure
was solved with intrinsic phasing methods (SHELXT4082) and refined
by full matrix least squares on F2 (SHELXL-20184183). Hydrogen
atoms were included in the refinement as riding atoms. Contributions
of H atoms for the water molecules were included but were not fixed.
Disordered solvent molecules were taken out using the SQUEEZE
command in PLATON.84 The corresponding CCDC no of
TBA+[H2Cor−] is 2258522.

Figure 3. OLYP-D3 free energies (eV) of key stationary points on the
potential energy surface of H2Cor−. Results for trans minima, cis
intermediates, and transition states are indicated in blue, green, and red,
respectively.

Table 1. Energetics (eV) of Selected Stationary Points for
H2Cor−a

species ΔE (OLYP-D3) ΔG (OLYP-D3) (ν/i) ΔE (B3LYP-D3)

BD 0.00 0.00 0.00
AC 0.00 0.00 0.01
AD 0.15 0.15 0.19
BC 0.25 0.23 0.27
AB 0.65 0.68 0.68
CD 0.65 0.68 0.68
(A-B)C‡ 0.32 0.20 (−1074.1) 0.40
(B-C)A‡ 0.97 0.90 (−1558.8) 1.06
(A-B)D‡ 0.28 0.16 (−1161.9) 0.35
(A-D)B‡ 0.99 0.92 (−1351.2) 1.06

aOLYP-D3 imaginary frequencies (cm−1) are indicated for transition
states.

Figure 4. UV−Vis spectra of H3Cor (black) and TBA[H2Cor] (red) in
dichloromethane. Inset: corresponding emission spectra.

Table 2. Photophysical Data of H3Cor and TBA[H2Cor] in
CH2Cl2 at 298 K

λabs/nm (ε/105 M−1 cm−1)
λem

(nm) Φem
a

τ
(ns)b

H3Cor 427 (1.1), 585 (0.2), 620 (0.14),
655 (0.08)

676 0.065 3.79

TBA[H2Cor] 455 (0.57), 554 (0.08), 600
(0.09), 653 (0.22)

675 0.033 3.03

aEmission quantum yields were calculated using coumarin (Φem =
0.54) as the reference in degassed CH2Cl2.

80 bEmission lifetimes were
measured in degassed CH2Cl2 solution.
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W.; Cyranśki, M. K.; Gryko, D. T. Covalently Linked Bis(Amido-
Corroles): Inter- and Intramolecular Hydrogen-Bond-Driven Supra-
molecular Assembly. Chem. − Eur. J. 2019, 25, 9658−9664.
(62) Koszarna, B.; Gryko, D. T. Efficient synthesis ofmeso-substituted

corroles in a H2O−MeOH mixture. J. Org. Chem. 2006, 71, 3707−
3717.

The Journal of Organic Chemistry pubs.acs.org/joc Article

https://doi.org/10.1021/acs.joc.3c01125
J. Org. Chem. 2023, 88, 13022−13029

13028

https://doi.org/10.1021/ja065170b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nchem.1804
https://doi.org/10.1038/nchem.1804
https://doi.org/10.1038/nchem.1804
https://doi.org/10.1021/jp506150r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp506150r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.1c03020?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.1c03020?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.1c03020?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00550a037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00550a037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0009-2614(81)80002-4
https://doi.org/10.1016/0009-2614(81)80002-4
https://doi.org/10.1016/0009-2614(81)80002-4
https://doi.org/10.1002/anie.198900761
https://doi.org/10.1002/anie.198900761
https://doi.org/10.1002/anie.198900761
https://doi.org/10.1021/j100194a020?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100194a020?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/BF00659156
https://doi.org/10.1007/BF00659156
https://doi.org/10.1021/j100144a012?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100144a012?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp964069y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp964069y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp964069y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp964069y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo981260q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo981260q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo9918955?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0009-2614(00)01459-7
https://doi.org/10.1016/S0009-2614(00)01459-7
https://doi.org/10.1021/acs.joc.5b00137?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.5b00137?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00279a084?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00279a084?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0301-0104(89)80049-7
https://doi.org/10.1016/0301-0104(89)80049-7
https://doi.org/10.1016/0301-0104(89)80049-7
https://doi.org/10.1364/OL.25.001633
https://doi.org/10.1364/OL.25.001633
https://doi.org/10.1364/OL.25.001633
https://doi.org/10.1126/science.1144366
https://doi.org/10.1126/science.1144366
https://doi.org/10.1126/science.1144366
https://doi.org/10.1021/jo101856h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo101856h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo101856h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00568?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00568?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.19970030523
https://doi.org/10.1002/chem.19970030523
https://doi.org/10.1002/chem.19970030523
https://doi.org/10.1021/jp305325e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp305325e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp305326x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp305326x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1142/S1088424605000058
https://doi.org/10.1142/S1088424605000058
https://doi.org/10.1021/jp411033h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp411033h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s10812-022-01374-w
https://doi.org/10.1007/s10812-022-01374-w
https://doi.org/10.1039/jr9650001620
https://doi.org/10.1039/a903247i
https://doi.org/10.1039/a903247i
https://doi.org/10.1142/S1088424603000057
https://doi.org/10.1142/S1088424603000057
https://doi.org/10.1142/S1088424608000029
https://doi.org/10.1142/S1088424608000029
https://doi.org/10.1142/S1088424608000029
https://doi.org/10.1007/s10812-019-00894-2
https://doi.org/10.1016/S0040-4039(03)00174-6
https://doi.org/10.1016/j.cplett.2017.04.011
https://doi.org/10.1016/j.cplett.2017.04.011
https://doi.org/10.1016/j.cplett.2017.04.011
https://doi.org/10.1021/ic051729h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic051729h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic051729h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1142/S1088424607000321
https://doi.org/10.1142/S1088424607000321
https://doi.org/10.1142/S1088424617500602
https://doi.org/10.1142/S1088424617500602
https://doi.org/10.1142/S1088424617500602
https://doi.org/10.1007/s11120-021-00824-4
https://doi.org/10.1007/s11120-021-00824-4
https://doi.org/10.1021/jp511188c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp511188c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp511188c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.201701674
https://doi.org/10.1002/chem.201701674
https://doi.org/10.1002/chem.201701674
https://doi.org/10.1002/chem.201901254
https://doi.org/10.1002/chem.201901254
https://doi.org/10.1002/chem.201901254
https://doi.org/10.1021/jo060007k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo060007k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/joc?ref=pdf
https://doi.org/10.1021/acs.joc.3c01125?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(63) Gryko, D. T.; Koszarna, B. Refined methods for the synthesis of
meso-substituted A3-and trans-A2B-corroles. Org. Biomol. Chem. 2003,
1, 350−357.
(64) Etter, M. C. Encoding and decoding hydrogen-bond patterns of

organic compounds. Acc. Chem. Res. 1990, 23, 120−126.
(65) Thomas, K. E.; McCormick, L. J.; Vazquez-Lima, H.; Ghosh, A.

Stabilization and Structure of the cis Tautomer of a Free-Base
Porphyrin. Am. Ethnol. 2017, 56, 10088−10092.
(66) Thomassen, I. K.; McCormick, L. J.; Ghosh, A. Molecular

structure of a free-base β-Octaiodo-meso-tetraarylporphyrin. A rational
route to cis porphyrin tautomers? Cryst. Growth Des. 2018, 18, 4257−
4259.
(67) Thomas, K. E.; Slebodnick, C.; Ghosh, A. Facile Supramolecular

Engineering of Porphyrin cis Tautomers: The Case of β-Octabromo-
meso-tetraarylporphyrins. ACS Omega 2020, 5, 8893−8901.
(68) Thomas, K. E.; Conradie, J.; Beavers, C. M.; Ghosh, A. Free-base

porphyrins with localized NH protons. Can substituents alone stabilize
the elusive cis tautomer? Org. Biomol. Chem. 2020, 18, 2861−2865.
(69) Kielmann, M.; Senge, M. O. Molecular engineering of free-base

porphyrins as ligands�the N− H···X binding motif in tetrapyrroles.
Angew. Chem., Int. Ed. 2019, 58, 418−441.
(70) Gerlt, J. A.; Gassman, P. G. Understanding the rates of certain

enzyme-catalyzed reactions: Proton abstraction from carbon acids, acyl
transfer reactions, and displacement reactions of phosphodiesters.
Biochemistry 1993, 32, 11943−11952.
(71) Cleland, W. W.; Kreevoy, M. M. Low-barrier hydrogen bonds

and enzymic catalysis. Science 1994, 264, 1887−1890.
(72) Cleland, W. W.; Frey, P. A.; Gerlt, J. A. The low barrier hydrogen

bond in enzymatic catalysis. J. Biol. Chem. 1998, 273, 25529−25532.
(73) Klinman, J. P. Low Barrier Hydrogen Bonds: Getting Close, but

Not Sharing. ACS Cent. Sci. 2015, 1, 115−116.
(74) Schutz, C. N.; Warshel, A. The low barrier hydrogen bond

(LBHB) proposal revisited: The case of the Asp··· His pair in serine
proteases. Proteins: Struct., Funct., Bioinf. 2004, 55, 711−723.
(75) Perrin, C. L. Are short, low-barrier hydrogen bonds unusually

strong? Acc. Chem. Res. 2010, 43, 1550−1557.
(76) Oltrogge, L. M.; Boxer, S. G. Short hydrogen bonds and proton

delocalization in green fluorescent protein (GFP). ACS Cent. Sci. 2015,
1, 148−156.
(77) Dai, S.; Funk, L.M.; von Pappenheim, F. R.; Sautner, V.; Paulikat,

M.; Schröder, B.; Uranga, J.; Mata, R. A.; Tittmann, K. Low-barrier
hydrogen bonds in enzyme cooperativity. Nature 2019, 573, 609−613.
(78) Schiøtt, B.; Iversen, B. B.; Hellerup Madsen, G. K.; Bruice, T. C.

Characterization of the short strong hydrogen bond in benzoylacetone
by ab initio calculations and accurate diffraction experiments.
Implications for the electronic nature of low-barrier hydrogen bonds
in enzymatic reactions. J. Am. Chem. Soc. 1998, 120, 12117−12124.
(79) Garcia-Viloca, M.; González-Lafont, A.; Lluch, J. M. Theoretical

study of the low-barrier hydrogen bond in the hydrogen maleate anion
in the gas phase. Comparison with normal hydrogen bonds. J. Am.
Chem. Soc. 1997, 119, 1081−1086.
(80) Kong, X.; Brinkmann, A.; Terskikh, V.; Wasylishen, R. E.;

Bernard, G. M.; Duan, Z.; Wu, Q.; Wu, G. Proton probability
distribution in the O··· H··· O low-barrier hydrogen bond: A combined
solid-state NMR and quantum chemical computational study of
dibenzoylmethane and curcumin. J. Phys. Chem. B 2016, 120, 11692−
11704.
(81) Rurack, K.; Spieles, M. Fluorescence quantum yields of a series of

red and near-infrared dyes emitting at 600-1000 nm. Anal. Chem. 2011,
83, 1232−1242.
(82) Sheldrick, G.M. SHELXT - Integrated Space-Group andCrystal-

Structure Determination. Acta Crystallogr., Sect. A: Found. Adv. 2015,
71, 3−8.
(83) Sheldrick, G. M. Crystal Structure Refinement with SHELXL.
Acta Cryst.allogr., Sect. C: Struct. Chem. 2015, 71, 3−8.
(84) Spek, A. L. PLATON SQUEEZE: a tool for the calculation of the

disordered solvent contribution to the calculated structure factors. Acta
Crystallogr., Sect. C: Struct. Chem. 2015, C71, 9−18.

The Journal of Organic Chemistry pubs.acs.org/joc Article

https://doi.org/10.1021/acs.joc.3c01125
J. Org. Chem. 2023, 88, 13022−13029

13029

https://doi.org/10.1039/b208950e
https://doi.org/10.1039/b208950e
https://doi.org/10.1021/ar00172a005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar00172a005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201701965
https://doi.org/10.1002/anie.201701965
https://doi.org/10.1021/acs.cgd.8b00629?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.8b00629?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.8b00629?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.0c00517?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.0c00517?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.0c00517?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0OB00452A
https://doi.org/10.1039/D0OB00452A
https://doi.org/10.1039/D0OB00452A
https://doi.org/10.1002/anie.201806281
https://doi.org/10.1002/anie.201806281
https://doi.org/10.1021/bi00096a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00096a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00096a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.8009219
https://doi.org/10.1126/science.8009219
https://doi.org/10.1074/jbc.273.40.25529
https://doi.org/10.1074/jbc.273.40.25529
https://doi.org/10.1021/acscentsci.5b00215?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.5b00215?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/prot.20096
https://doi.org/10.1002/prot.20096
https://doi.org/10.1002/prot.20096
https://doi.org/10.1021/ar100097j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar100097j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.5b00160?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.5b00160?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41586-019-1581-9
https://doi.org/10.1038/s41586-019-1581-9
https://doi.org/10.1021/ja982317t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja982317t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja982317t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja982317t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja962662n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja962662n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja962662n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.6b08091?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.6b08091?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.6b08091?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.6b08091?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac101329h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac101329h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1107/S2053273314026370
https://doi.org/10.1107/S2053273314026370
https://doi.org/10.1107/S2053229614024218
https://doi.org/10.1107/S2053229614024929
https://doi.org/10.1107/S2053229614024929
pubs.acs.org/joc?ref=pdf
https://doi.org/10.1021/acs.joc.3c01125?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

