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@ Elucidating Atropisomerism in Nonplanar Porphyrins with Tunable

Supramolecular Complexes

Karolis Norvai$a,” John E. O'Brien,” Daire J. Gibbons,” and Mathias O. Senge*® ®!

/Abstract: Atropisomerism is a fundamental feature of substi-
tuted biaryls resulting from rotation around the biaryl axis.
Different stereoisomers are formed due to restricted rotation
about the single bond, a situation often found in substituted
porphyrins. Previously NMR determination of porphyrin atro-
pisomers proved difficult, if not almost impossible to accom-
plish, due to low resolution or unresolvable resonance sig-
nals that predominantly overlapped. Here, we shed some
light on this fundamental issue found in porphyrinoid
stereochemistry. Using benzenesulfonic acid (BSA) for
host-guest interactions and performing 1D, 2D NMR spectro-

-

scopic analyses, we were able to characterize all four rotam-
ers of the nonplanar 5,10,15,20-tetrakis(2-aminophenyl)-
2,3,7,8,12,13,17,18-octaethylporphyirin as restricted H-bond-
ing complexes. Additionally, X-ray structural analysis was
used to investigate aspects of the weak host-guest interac-
tions. A detailed assignment of the chemical signals sug-
gests charge-assisted complexation as a key to unravel the
atropisomeric enigma. From a method development per-
spective, symmetry operations unique to porphyrin atro-
pisomers offer an essential handle to accurately identify the
rotamers using NMR techniques only. )

Introduction

Atropisomers as a subclass of conformers arise from restricted
rotation about a C—C single bond predominantly due to steric
hindrance. The atropisomerism observed in biphenyl deriva-
tives" is very similar to the rotation of phenyl rings in
5,10,15,20-tetraphenylporphyrins (Figure 1a). For a phenyl
group to rotate, it must pass through the plane of the porphy-
rin. This is similar to the situation for two aryl rings in a bi-
phenyl moiety, that must become coplanar in the transition
state. However, the porphyrin ring becomes considerably de-
formed in the transition state, which contributes to the overall
potential-energy barrier.” Typically, increasing the steric bulk
on ortho-substituted phenyls® or meta-substituted phenyls®
increases the barrier of rotation and reduces interconvertibility
(see Figure 2a for porphyrin positions). Therefore, the rotation-
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al barrier to convert one rotamer into another, is usually suffi-
ciently large enough to isolate separate stereoisomers.”’ The
seminal study of atropisomerism in planar porphyrins was re-
ported by Gottwald and Ullman, showing that 5,10,15,20-tetra-
kis(o-hydroxyphenyl)porphyrin could be separated into four
stereoisomers.”

The four porphyrin atropisomers are distinguished by their
position with respect to the location of the meso-substituent
above (a) or below (B) the 24-atom macrocycle plane. The
rotamer with all four groups on one side is denoted as a,
(TTTT), while the others are a,f, (TTIL), a;p (TTTL) and
a,fap (TLTL), respectively (Figure 1b). Since the aryl groups
in planar meso-arylporphyrins are roughly perpendicular to the
porphyrin plane, with limited rotation around the porphyrin-
aryl C—C bond, each atropisomer can be described by symme-

B

a8, as B ay

aB.ap
Figure 1. Representation of rotamers: a) comparison of biphenyl and por-
phyrin derivatives, b) possible porphyrin atropisomers based on meso-sub-

stitution.
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The phenomenon of atropisomerism has played an impor-
tant role in the development of porphyrin chemistry. In the
mid-1970s, Collman et al. utilized the a,rotamer bearing steric
groups in the ortho-positions of 5,10,15,20-tetraarylporphyrin
as a structural scaffold to create “picket fence” porphyrins to
act as biological mimics for dioxygen-binding hemoproteins.”
Porphyrin atropisomers have been utilized in applications as
diverse as induced chirality,” supramolecular strapped sys-
tems,"” molecular recognition™ and coordination chemistry.'?
Moreover, atropisomers in general have attracted significant at-
tention in drug development."”

Atropisomerism and conformational aspects in planar por-
phyrins have been previously reviewed." However, only a
handful of studies have been undertaken to identify the factors
contributing to the ease of arene rotation in nonplanar por-
phyrins." Nonplanar porphyrins, also called highly substituted
porphyrins,'® are a quickly growing research field in sens-
ing,""" organocatalysis"® and regioselective reactions.'” The
well-defined macrocycle deformations in nonplanar porphyrins
can be used as a model system to elucidate the precise mech-
anism of atropisomer interconversion. In a prior study of do-
decaarylporphyrin rotamers, Medforth et al. showed an unusu-
al increase in rotational barrier upon protonation." The ongo-
ing transition to enantioselective systems, with its requirement
to position peripheral substituents in specific facial orienta-
tions,” can only be achieved through access to specific and
fully characterized rotamers. Therefore, a thorough structural
analysis of nonplanar porphyrin atropisomers is of timely im-
portance.

The identification of individual porphyrin atropisomers is a
tedious and exhaustive process. This challenging analytical
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task has been a topic of interest for more than five decades.”

There are few methods that suggest a particular orientation of
porphyrin rotamers. Firstly, statistically speaking, o,5,a.,8; a,f,
asf, and a, atropisomers would form in a 1:2:4:1 ratio; there-
fore, identification of individual rotamers is possible upon sep-
aration and quantification.®"" However, this is the least relia-
ble method due to possible enrichments via atropisomer inter-
conversions during the separation process. A change in the
statistical mixture can be induced by various factors: steric
bulk self-organization® or guest-assisted coordination,”"
thermally-driven orientation in different solvents,*? or central
metal® and ligand®? effects. A more reliable method to iden-
tify a particular rotamer is by its retention time in liquid chro-
matography. Usually, the smallest retention time is observed
for a,,a,; followed by a,f, and a;f with a, being the most
polar entity.®®"*! However, this is applicable only to com-
pletely separable atropisomeric mixtures. In terms of IR and
UV-vis spectroscopies, only marginal differences are usually ob-
served between individual stereoisomers.® "2

By far the most popular porphyrin atropisomer characteriza-
tion technique is NMR spectroscopy. The first observation of
atropisomerism in porphyrins by NMR was reported by Walker
et al. almost 50 years ago.”” The proton NMR spectrum was
found to show multiple resonances for the methyl signal in
5,10,15,20-tetrakis(o-tolyl)porphyrin, which were attributed to
porphyrin atropisomerism and a full 'H and "C characterization
of individual porphyrin rotamers carried out by Abraham
et al.”® Atropisomeric effects have been described not only for
the meso-substituents but also for the porphyrin macrocycle,
with distinct NMR signals observed for (-position protons.
However, in the case of a,f,a,6 and a, the insignificant spec-
tral differences, makes using only 1D or even most 2D?” NMR
techniques inadequate to identify all isomers due to the high
symmetry.

To date, X-ray crystallographic study has been the most relia-
ble approach to pinpoint the conformation of a particular por-
phyrin atropisomer and has been extensively used since the
mid-1970s.®) However, X-ray crystallography has its limitations.
The microscopic sized crystal mounted in the diffractometer
only represents a fraction of the isolated product; moreover,
crystal growth is a complicated process that depends on a
plenitude of physical and chemical properties. To the best of
our knowledge thus far, only in a recent report by us have all
four porphyrin rotamers been identified by X-ray crystallogra-
phy.“”

In this report, we explore the 1D and 2D NMR spectroscopy
of nonplanar porphyrin P1 rotamers complexed with benzene-
sulfonic acid (BSA) (Figure 2a). The studies highlight a new
avenue of atropisomer identification by NMR, while X-ray crys-
tallographic studies provide a better understanding on coordi-
nation of the charged entities by P1.

Results and Discussion

A detailed NMR analysis of porphyrin atropisomers has, in the
past, been hampered by the high symmetry of the planar por-
phyrin macrocycle. To reduce porphyrin symmetry, we chose

© 2020 The Authors. Published by Wiley-VCH GmbH
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to induce nonplanarity by a highly substituted molecular strat-
egy (porphyrins carrying a high number of - and meso-sub-
stituents). As shown in our previous research, the interplay be-
tween all peripheral substituents (i.e. peri-interactions and pe-
ripheral control) of P1 results in a well-defined active site di-
recting to the inner core system for analyte binding and recog-
nition (Figure 2b)."" A counter anion locks in the anion-
selective inner core system and reduces the proton exchange
rate, generating static proton signals for higher resolution
NMR analysis. Sterically overcrowded porphyrins are generally
known to often adopt the saddle 3D shape conformation dem-
onstrated by P1."Y Molecular engineering of a porphyrin with
peripheral binding sites allows us to report an ideal case study
in which P1 atropisomers can stand in rotation-restricted
states for which high-resolution NMR may be available.

NMR analysis of the inner core system

Typically, the "H NMR spectrum of the nonplanar porphyrin
inner core system is distinguished by a relatively broad singlet.
However, coordination of BSA to the center of free base P1
porphyrin produced sharp, fingerprint-like '"H NMR proton sig-
nals of the inner N-H region. One singlet (4H) in TLT, three
QH:1H:H) in TTUL, four (1H:1H:1H:1H) in TTTL and two
(2H:2H) in the TTTT atropisomer (Figure 3). The same 'H NMR
integration ratios of the inner core system is observed in P1 ro-
tamers complexed with methanesulfonic acid (MSA),"" thus
highlighting the anion-independence of the fingerprint-like
systems. Distinctive inner core N—H signals can be utilized for

4H
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Figure 3. Fingerprint-like '"H NMR N—H signals observed with two different
complexing acids: a) methanesulfonic acid (MSA);"" b) benzenesulfonic acid
(BSA) in CD;CN.
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swift and quantitative analysis of atropisomeric porphyrin mix-
tures, as showcased for P1-MSA complexes in Figure S39.
Sharp, well defined inner core signals are important to identify
and completely assign the orientation of each rotamer using
various 2D NMR techniques, as discussed in the 2D NMR sec-
tion.

As the corresponding atropisomers in their complexed form
P1-BSA showed prominent 'H NMR signals, further investiga-
tions were carried out using the "N-'H HSQC technique. The
>N resonances were observed in a range of 125.1-127.3 ppm,
correlating to the 'H of the inner core system (Figure 4).

Mainly there are two ways to obtain a "N NMR spectrum.
First, isotopic enrichment of the sample to achieve the requi-
site signal sensitivity.*® Multiple reports have investigated the
porphyrin inner core nitrogen atoms by "N NMR techniques,
predominantly using "N enriched porphyrins due to its low
natural abundance (0.37%).5" Second, detection of the inner
nitrogen atoms can be accomplished indirectly using hetero-
nuclear correlation "N-'H HSQC.®? However, to obtain a "N-
'H HSQC spectrum, the N—H proton signals must be sharp and
undergo a very slow exchange.® The host being “locked” with
the guest analyte is a valuable asset for "N NMR investigations
of porphyrins without isotope enrichment due to the mini-
mized exchange rates.

Overall, fingerprint-like 'H and "N inner core systems are ex-
citing toolboxes providing intrinsic porphyrin atropisomer
characteristics and could be used as a fast identification
method for a particular orientation.

'\ J — A J

a,8,a,8-P1-BSA

25, 8,-P1-BSA
b 125
{-1.11,1259) . !
126 ) b 128
1421265 'j (-2.18,127.0)
I {-1.40127.2) -
127
bz
-09 -1.0 -1.1 -12 -13 -14 -15 -16 -1.7 -1.8 -1.9 -08 -10 -12 -14 -16 -18 -20 -22 -24
= l, A A \_J\_
a,8-P1-BSA 1 rP1-BSA :
} 124
{-1.38,1259) 1 [
J 126 [
§ (0791251}
(1251270) ( 18212899 ﬂ' ! 125
{-090,127 3) ﬁ ’ }

U 127 {-255,125.8)

0 J
'?" 1 126

128

-7  -09 -11 13 15 17 -05 -10 -15 -20 -25

Figure 4. "N-"H HSQC spectra (ppm) of P1-BSA atropisomers in CD,CN.

Full characterization of atropisomers using 1D and 2D NMR

The full 'H, °C, and "°N assignments have been delineated for
all atropisomers and are listed in Table S1. Beginning with the
'H spectrum, all eight CH; group resonances of P1-BSA rotam-
ers were readily identified as triplets in the region between
—0.19 and 0.74 ppm. The observed CH, resonance signals
(1.78-2.63 ppm) were split in two distinct doublet of quartets
due to the diastereotopic methylene protons (outer) that point
away from each other, toward the phenyl rings and (inner) pro-

© 2020 The Authors. Published by Wiley-VCH GmbH


http://www.chemeurj.org

Chemistry
Europe

European Chemical
Societies Publishing

Full Paper

Chemistry—A European Journal doi.org/10.1002/chem.202003414

tons that point toward each other (see Figure 6). As described
above, the inner core proton signals were found between
—2.58 and —0.82 ppm as sharp singlets (Figure 3b). Moving to
the aryl groups, clearly visible ortho-proton signals were ob-
tained as shifted downfield (8.63-8.92 ppm) doublets due to
the proximity to the porphyrin ring current. In comparison,
other aromatic region signals (meta- and para-) were moder-
ately overlapping (7.85-8.13 ppm). Peripheral NH;* groups
were not observed due to the rapid proton exchange.

Basic assignment of the structure was carried out using a
combination of *C, C-DEPT135, 'H-'"H TOCSY, 'H-"*C HSQC,
and "H-"*C HMBC taken from the Bruker pulse library. This pro-
vided adequate information to identify positional meso-Ar
fragments. In HMBC, with a combination from ethyl groups,
inner N—H showed three- and two-bond correlations identify-
ing the corresponding pyrrole units (Figure 5). Unfortunately,
the long-range heteronuclear correlation between N—H and
Cireso Was not observed, which would have assisted to identify
the order that pyrrole/Ar fragments follow in the porphyrin
macrocycle.

The rotating frame Overhauser effect spectra ("H-'"H ROESY)
were recorded to determine which signals arise from protons
that are close to each other in space. This was vital to obtain
the correct order of the identified Ar and pyrrole fragments
(Figure 6). The two key observations are: firstly, the inner N—H
showed a clear correlation between the adjacent N—H protons;
secondly, ortho-position protons showed a strong correlation
to neighboring ethyl groups. Moreover, the split CH, inner and
outer protons were successfully assigned. Through-space cor-
relations to CH, units were only observed for the outer protons
(that point toward the phenyl rings) (Figure 6). The observa-
tions from 'H-"H ROESY NMR provided intrinsic information on
the linking of pyrrole/Ar fragments to the porphyrin platform.

The last piece to the puzzle was to identify the above or
below macrocycle plane orientation of the pyrrole/Ar frag-
ments. As evidence by the crystal structures discussed below,
the terminal CH; groups of the ethyl fragment freely rotate.
Therefore, 'TH-'H ROESY correlation of the ortho-positions to
the two neighboring CH; groups was observed. As an example,
the TTTT atropisomer showed two different 'H-'"H ROESY

pyrrole Ar
fragment fragment
H AT

"H-"CHMBCH— C
"H-"H TOCSY H s H

Figure 5. Key 'H-"C HMBC and '"H-"H TOCSY correlations of P1-BSA in
[D;]acetonitrile and representation of identified pyrrole and Ar fragments.
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Figure 6. Key 'H-"H ROESY correlations of P1-BSA in CD;CN and representa-
tion of inner and outer CH, protons.

Comno—H to CHj; signal intensities. The stronger signal corre-
sponds to the CH; facing the same side as the proton on the
ortho-position of the phenyl ring due to the closer proximity
and favored interactions, while the weaker correlation can be
attributed to the CH; units predominantly facing away from
the ortho-position protons (Figure 7a). An additional feature
derived from the clear chemical shifts of the inner core protons
was the observation of long-distance through-space correla-
tion between peripheral C,,,—H and inner N—H units suggest-
ing the conformational positions in these atropisomers. For in-
stance, in the TTl! isomer one inner core proton that is
facing below the plane correlates to the two down facing
Comno—H (Figure 7b, green), while the two above the plane
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Figure 7. The key examples of 'H-"H ROESY correlations of P1-BSA: a) in
TTT7T the ortho- to CH, correlation strength dependent on the distance (A)
shown by the «,-P1-BSA crystal structure; b) illustration of TTl{ atropiso-
mer highlighting the long-distance ortho- to N—H correlation.
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Figure 8. Representation of symmetry in P1 atropisomers with corresponding point-group notations {order number} compared to their planar counterparts.”’
In black: dashed lines are mirror planes (o), solid lines represent two-fold rotation around the principal axis (C,) in atropisomers. In red: representation of im-
proper rotation (S,), first a 90° rotation (C,) around C, axis followed by reflection in a perpendicular plane (see Figure S47). X-ray crystal structures of 2 were
used to visualize the symmetrical groups observed in NMR analysis. The matching colors in the structures represent identical signals originating from the sym-

metry elements as indicated by NMR analysis, e.g., in a,5,a,5-P1 four meso-position carbon signals are identical (highlighted in green) whereas, in a;5-P1

they resonated as four different ones.

inner N—H protons correlate to the facing up C,,,,—H protons
(Figure 7b, yellow).

All signals ('H, "C, and "N) with the highlighted orientation
of P1-BSA atropisomers are listed in Table S1. The symmetric
units and corresponding point-group notations of rotamers
observed from NMR analysis are illustrated in Figure 8. The ro-
tational symmetry of order in P1-BSA was observed two-fold
smaller as compared to the planar porphyrin atropisomers pre-
sented by Gust and co-workers."”! This is due to the nonplanari-
ty of the dodecasubstituted porphyrin and ~45° angle phenyl
rotation.®¥ The highest order® 4 symmetry marked in a,-P1-
BSA as C,, (with twofold symmetry axis and two mirror planes)
and o,f,a,5-P1-BSA as S, with improper rotation (rotation-re-
flection) axis (Figure S47). Order 2 symmetry with only one
mirror plane assigned in a,,-P1-BSA as C; and the unsymmet-
rical, chiral a;(-P1-BSA system as C; point-group. Overall, to
accurately identify conformers by using only NMR techniques,
it is crucial to follow symmetry operations as a basis in porphy-
rin atropisomers.

Single-crystal X-ray crystallographic analysis

To further investigate the structural aspects and interactions of
porphyrins described in Figure 2, crystallization of the individu-
al atropisomers allowed X-ray structural determinations. The
structure of the core protonated (CP) porphyrin CP1 hydrogen
bonded complex with BF,™ as well as crystal structures of each
of the a, and a;/3 rotamers in their free base 1, Ni' 2 and pro-
tonated forms P1 (with two different complexing acids H,SO,
and BSA) are reported (Figure 9, Figures S40 and S41).

Chem. Eur. J. 2021, 27, 331-339
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The majority of crystal structure determinations of porphyrin
dication salts have two counter anions hydrogen bonded to
two opposing outward tilted pyrrole N-H protons on each of
the porphyrin faces, forming a linear “I-shaped” complex
(Table S4).29 There are only two prior examples of counter
anions being separated from the core system by intermediate
water molecules in 5,10,15,20-tetraphenylporphyrin (TPP) and
2,3,7,8,12,13,17,18-octafluoro-5,10,15,20-tetraphenylporphyrin
(OFTPP) forming “H-shaped” complexes (Figure S44). In
H,TPP**.[BF, ],[H,0L,[CHCl;] and H,OFTPP**.[ClO, ],[H,0]l,-
[CH,CL,], two water molecules bridge the dications and corre-
sponding counter anions above and below the porphyrin
mean plane.?”

In  the  a,P1[CeH;SO;71,[H,Ol[CD,CN], and  asf-
P1.[C¢HsSO; J[H,0], structures, a water molecule interacting
with inner core system is observed only on the side with a pre-
dominant number of ammonium groups forming a new “T-
shaped” hydrogen-bonding complex feature (Figure 10a). Simi-
larly, in a,P1[SO,>1HSO, 1, and a;B-P1-[HSO, 1[H,50,]
[CH;0H][H,0], structures, a face selectivity in the porphyrin-
anion interactions is observed without the core bridging water
molecule. This interaction forms a Y-shaped hydrogen bonded
complex in which anions form a semi-symmetrical H-bond (Fig-
ure 10b). The distance between two of the closest sulfur
atoms decreases by approximately 2 A from “T-shaped” to “Y-
shaped” complexes due to removal of the inter spaced water
molecule. The opposite side of the macrocyclic system in all
cases has direct N—H interactions with only one of the follow-
ing counter anions interacting with the core system, compara-
ble to the H,TPP**.[HS0, 1,[CH;OH]I, structure with a linear co-
ordination to both sides of the plane.**"

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 9. Side views of the single-crystal X-ray structures determined as single porphyrin units (see Figure S40 and S41 for the top view, or access the struc-
tures from CCDC 2012195-2012200, see Experimental Section). Non-essential hydrogen atoms were omitted for clarity and thermal ellipsoids give 50% proba-
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To test if face selectivity can be obtained with counter
anions giving ‘H-shaped” complexes such as BF, ,*” a,-1 was
recrystallized with an excess of HBF, using methanol and di-
chloromethane slow liquid-liquid diffusion. To our surprise,
structure CP1:[BF, 1,°¥ was obtained displaying the regular "I-
shaped” complexation pattern. Only two of the BF,” units co-
ordinated perpendicular to the N—H of the inner core system.
Two key observations arise: protonation happens first in the
core rather than at the peripheral amines as no peripheral
amine protonation was observed with HBF,>? The selective
core protonation over the periphery strengthens evidence for
the binding mechanism proposed for «,P1-PP; (a,1—a,
CP1—a,P1-PP)"™ Secondly, the combination of peripheral
charge-assisted donors and acceptors appears to be necessary
for "unusual” anion-binding motifs to occur. From this, we can
speculate that symmetrical "H-shaped” type hydrogen bonding
complexes could be formed using a two-sided system with
BSA or a new "X-shaped” complex, by using H,SO, (Figure S44).
Solvent and counter anion operations in porphyrin scaffold to
arrange in different complexed forms calls for a separate, so-
phisticated crystal engineering project.

Our understanding of the conformational flexibility of the
tetrapyrroles usually arises from chemically altering the macro-
cycle and core conformation of porphyrins."® Shelnutt and co-
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workers introduced NSD (normal-coordinate structural decom-
position) as an easy method to delineate, quantify and illus-
trate the various distortions modes present in the tetrapyrrole
macrocycles.”” Upon protonation, planar porphyrins undergo
significant saddle distortion while already nonplanar dodeca-
substituted porphyrins show only a marginal increase in distor-
tion.”"” However, the counter anion itself is typically a neglect-
ed aspect of increasing dodecasubstituted porphyrin macrocy-
cle deformations. The most noticeable feature in the NSD pro-
file of the a,P1-[C4HsSO; 14[H,01[CD;CN], structure is consider-
ably ruffled, this is not present in the other compounds under
study (Figure 11). The macrocycle evidently adapts to the over-
crowded face of the porphyrin. Apparently, bulky counter
anions concentrated on one side of the porphyrin forces the
flexible plane to deform in a ruffling manner. Moreover, the in-
termediary water molecule at the core of the system increases
space the counter anion assembly occupies. If bulky BSA coun-
ter anions are substituted by HSO,~ without intermediate H,0,
no significant ruffling deformation is observed. Similarly, the
orientation of the peripheral amines influences the steric repul-
sion. The degree of ruffling of «;,3-P1-[HSO, 14[H,SO,I[CH;OH]
[H,0l, is less than a third of that observed for TTTT.

Macrocycle deformations presented in linear skeletal plots il-
lustrate similar sterically induced conformations (Figure S45).
The linear skeletal plot of the unique a,-P1-[C¢H;SO; 14[H,0]
[CD5CN], structure is comparable to that of the previously de-
termined highly ruffled and saddled structure of 5,10,15,20-tet-
rakis(tert-butyl)porphyrindi-ium  bis(trifluoroacetate) [H,TtBP]
[CF,CO0 1,,2CF;COOH (Figure 12).29 In solution studies, a,-
P1-BSA was determined to have G,, symmetry. Therefore, the
ruffling profile is either not significant enough for NMR obser-
vations, or the a,-P1-BSA average structure in solution has no
deformations additional to the dominant saddle one. Either
way, one can determine the dominant porphyrin deformations
solely by thorough NMR analysis.

The crystal packing diagrams (Figure S42, S43) for the pro-
tonated porphyrin a,-P1-[C;HsSO; 14[H,0][CD;CN], indicate the
formation of what appear to be large arrays of parallel chan-
nels. These molecular interstices are primarily filled with coun-

4.0
= a,1+[(CH;),SO]s
g 30 4 m a2
g ' m a,-P1+[CsH5SO0574[H,O][CD5CN],
£ a,P1+{SOZ[HSO 1,
g 2.0 A as (-1
8 = azp-2
; 10 1 " a5,B-P1+[HSO4Js[H,SO4][CH;0H][H,0l4
‘—g_ m a3,3-P1:[CeHsSO37]6[H20l,
*g 0.0 ~ 2 — — T - T
o sad ru’ dom wav(x) wav(y) pro doop
-1.0 -

Figure 11. lllustration of the out-of-plane normal-coordinate structural de-
composition results for the TTTT and TTT! atropisomers of free base 1, Ni"
2 and protonated P1 with H,SO, and BSA forms.
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Figure 12. Linear display of the skeletal deviations of «,-P1:[C4HsSO; 14[H,0]
[CD,CNI, (red) and [H,TtBP][CF,COO~1],-2 CF;COOH (purple).*

ter-ions while the porphyrin component «,-P1 occupies only
31.35% of the unit cell. This prearrangement of porphyrins
with bulky anions increases the intermolecular distances signif-
icantly in the solid state, and has implications in the design of
molecular sponges incorporating porphyrin components,“? as
well as photophysical properties where control of intermolecu-
lar distances is important.”

Conclusions

In this study, we have detailed our insight into porphyrin atro-
pisomers and proposed new means for their detection and
analysis. Moreover, X-ray crystallographic studies provided
detail of new supramolecular binding modes and highlighted
the flexibility of the porphyrin macrocycle. The highly saddled
porphyrin P1 rotamers were used for extensive NMR analysis.
The weak interactions between P1 and BSA is a valuable asset
allowing for sharp and well-defined inner N—H proton signals.
The fingerprint-like 'H signals were found to be specific for a
given atropisomer. The rationale of the explicit signals for all
rotamers is the interlocked systems by the counter anions that
reduces proton exchange rates. Further investigation using the
N-"H HSQC technique in natural abundance showed "N sig-
nals correlating well to the inner core protons of the corre-
sponding atropisomers. The symmetry elements and point-
group notions were applied after assigning all the 'H and "C
signals using a variety of 2D NMR techniques such as 'H-'H
TOCSY, ROESY, and "H-"2C HSQC, HMBC. The highest symmetry
marked in TTTT C,, and TLTL S, rotamers, followed by less
symmetrical TTLd C; and then the completely unsymmetrical
TTTL ¢, system. The symmetry order is two-fold lower in com-
parison to the suggested planar porphyrin point-group nota-
tions. The basis for this decrease in symmetry lies in the
saddle-shaped deformations of the porphyrins as determined
by NSD analysis, making distortion a molecular engineering
tool to achieve symmetry reduction in macrocycles.

The symmetry control aspects are potentially useful for ap-
plications in catalysis and detection of specific molecules, e.g.,
using symmetry manipulation to achieve chirality for asymmet-
ric catalysis or detection of chiral pollutants. The method of in-
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terlocking the macrocyclic system with a well-fitting analyte is
extremely appealing not only for detail characterization of do-
decasubstituted porphyrins but also for detailed solution-
based structural analysis of specialized receptor systems. Por-
phyrin atropisomers, upon differentiation, are a promising ad-
dition to the molecular engineering toolbox for supramolecular
assembly for example, variety of interlinked stereoisomers.
Moreover, the accurate determination of atropisomers is rele-
vant in drug design and quality monitoring in pharmaceuticals,
as different peripheral orientation can have a significant
impact in drug activity.

Experimental Section

Porphyrin 2 rotamers were prepared and characterized by previ-
ously described methods."" All NMR studies were carried out in
[Dslacetonitrile with the addition of BSA as a demetalating and
complexing agent. '"H NMR (600 MHz) spectra, *C NMR (151 MHz)
spectra, and "N NMR (61 MHz) spectra were collected at room
temperature.

General information, instrumentation, NMR spectra, crystallograph-
ic studies, and complete structural details of all isolated com-
pounds are given in the Supporting Information.

Deposition  numbers 2012195, 2012196, 2012197, 2012198,
2012199, and 2012200 contain the supplementary crystallographic
data for this paper. These data are provided free of charge by the
joint Cambridge Crystallographic Data Centre and Fachinforma-
tionszentrum Karlsruhe Access Structures service.
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