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Probing substrate binding inside a paramagnetic
cavity: a NMR spectroscopy toolbox for combined
experimental and theoretical investigation7}
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Peter P.-Y. Chen {2 *" and Sankar Prasad Rath {2 *2

Protein cavities often rely on the paramagnetic metal present in their active site in order to catalyse various
chemical transformations in biology. The selective detection and identification of the substrate is of
fundamental importance in environmental monitoring and biological studies. Herein, a covalently linked
Fe()porphyrin dimer-based paramagnetic sensory cavity has been devised for the accurate detection
and simultaneous identification of phenol (substrate) binding within the cavity that provides a unique
spectroscopic signature with valuable structural and environmental information. These substrates within
the paramagnetic cavity leave the fingerprints of the specific binding modes (exo vs. endo) which are
well distinguished with the help of various spectroscopic studies viz. UV-vis, *H, and *°F NMR and in their
respective crystal structures also. The theoretical °F NMR analysis plays a pivotal role in replicating the
observed NMR trends with large chemical shifts of the phenolato species which in turn helps in
deciphering the selective binding modes of the phenols and thereby recognizing the chemical
environment within the cavity. These findings will help develop an excellent diagnostic tool for in situ
monitoring of subtle conformational changes and transient interactions.

Introduction

Nature provides us with a rich toolbox of various functional
micro- and nano-compartments, e.g. lipid vesicles, organelles,
protein cages, virus capsids, etc. Among them, protein cages/
cavities are very special and interesting types of natural nano-
compartments due to their unique structural features, robust-
ness and uniform size.' These protein cavities often rely on the
paramagnetic metal present in their active site in order to
catalyse various chemical transformations as observed in the
case of cytochrome P450, catalases and peroxidases to name
a few.” The selective detection and identification of substrates is
of fundamental importance in environmental monitoring and
biological studies. In this context, the binding of the substrate
within the paramagnetic cavity sometimes provides a unique
spectroscopic signature (fingerprint) that allows precise and
simultaneous identification of such substrate binding in
a complex mixture.®* However, metal complexes possess rich
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magnetic resonance properties based on paramagnetic effects
of the metal centre and investigation is often complicated and
challenging. Therefore, it is highly desirable to develop sensing
platforms that provide outputs with effective analyte finger-
prints which not only allows an accurate analysis of the complex
mixture but also provides valuable structural information.
Binding of the tyrosine moiety to heme is well-known in
biology* and also in model complexes.** In this work, a cova-
lently linked Fe(m)porphyrin dimer, that produces a para-
magnetic cavity (Fig. 1), has been utilized to investigate
preferential binding of several substituted phenols as
substrates. Based on the bulk of the substituents, phenols bind
either in the exo-endo or exo-exo fashion. The previous reports
by Nolte and coworkers were mainly focused on the host-guest
exchange of viologen guests within the porphyrin cage and
determination of the binding efficiencies with the help of 1D
EXSY measurements® but utilization of paramagnetic NMR as
a spectral toolbox to demonstrate the differential binding of the
guests remained elusive. Herein we delineate the maiden
example of the influence of the paramagnetic metal ion on
substrates which has been thoroughly exploited in the 'H and
F NMR spectral studies to reveal two different chemical
environments (exo vs. endo) in solution. Moreover, these two
modes of binding have been well distinguished using UV-vis
spectral studies along with significant differences in the
respective structural and geometrical parameters. DFT calcula-
tions have played a pivotal role in replicating the experimental
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Fig.1 (A) Synthetic outline of the complexes. (B) UV-vis spectra of 2b

(black) and 2f (magenta) in CHCl; at 298 K and (C) schematic repre-
sentation displaying critical geometrical parameters upon substrate
binding in the exo—endo fashion.

F NMR spectra of the phenolato species that allow precise
binding and identification of the substrate inside or outside of
the paramagnetic cavity.

Results and discussion
Synthesis

Addition of various phenols into the chloroform solution of
pyrrole-bridged u-oxo porphyrin dimer, 1, led to the generation
of corresponding five-coordinate phenolato species (Fig. 1A).
Fig. 1A shows the synthetic outline and the various phenolato
complexes reported here along with their abbreviations used.

UV-vis spectroscopy

The preferential mode of binding of various substituted
phenols can be differentiated from their respective UV-vis
spectra. Taking pentafluoro phenol (Fig. 1B) as a representa-
tive example, the corresponding phenolate species 2b exhibited
a split Soret band at 372 and 394 nm along with three Q-bands
centred at 504, 584 and 628 nm suggesting the formation of
a five-coordinate complex.*® This Soret band splitting is
possibly because of the Kasha's exciton coupling of the
obliquely arranged chromophores in space.® All the complexes
having exo-endo conformations behaved similarly (Fig. S11). In
contrast, the phenolate complex with bulky substituents such as
2,4-ditertiarybutylphenol, 2f, was found to bind in the exo-exo
fashion having an intense Soret band at 403 nm along with
a shoulder at 350 nm and three Q-bands centred at 492, 534 and
610 nm (Fig. 1B). Phenolate species with bulky substituents
exhibited similar UV-vis spectral signatures indicating the
obvious exo-exo binding mode (Fig. S2). The UV-vis spectra of

17408 | Chem. Sci., 2024, 15, 17407-17417

View Article Online

Edge Article

exo—endo and exo-exo species are calculated based on time-
dependent density functional theory (TD-DFT), which virtually
reproduced the experimental spectra of 2b and 2f (Fig. S3 and
S4}). The most significant effect was the development of a split
Soret band in the case of exo-endo and a shoulder for exo-exo
species (vide supra). As shown in Fig. 1B, 2b has split Soret
bands observed at 372 and 394 nm which correspond to
HOMO-6 to LUMO+7 (oscillator strength f = 0.37) and
HOMO-5 to LUMO+6 (f = 0.17), respectively (Fig. S31).
However, for 2f, the shoulder and the Soret band observed at
350 and 403 nm are related to HOMO—6 to LUMO+1 (f = 0.69)
and HOMO-2 to LUMO+1 (f = 1.99), respectively (Fig. S4%).
Thus, UV-vis spectra carry the hallmark of the differential
binding of the substrates between exo-endo and exo-exo.

Crystallographic characterization

Dark brown needle-shaped crystals of 2a, 2b and 2f were grown
via slow diffusion of n-hexane into dichloromethane solutions
of the respective complexes in air at room temperature (Fig. 2

Fig. 2 Perspective views of (A) 2a, (B) 2b and (C) 2f at 100 K (H atoms
have been omitted for clarity) (N(H)---O distance in 2a is 2.937(5) A).
Molecular electrostatic potential mapped on the van der Waals surface
of (D) 2a, (E) 2b and (F) 2f; electron density is represented on a scale
from —0.02 (red) to +0.02 (blue).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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and S5-S71).” All the complexes have two iron centres, each in
a five-coordinate square-pyramidal geometry. X-ray structures of
2a and 2b clearly display exo-endo binding of the substrates,
while 2f demonstrates such binding in an exo-exo mode.

Differential binding of the substrate can easily be identified
in the structural and geometrical parameters observed in their
X-ray structures. The average Fe-N, distances for 2a and 2b are
2.060(3) and 2.062(6) A for core I and 2.054(3) and 2.055(4) A for
core II, respectively; whereas in the case of 2f it is 2.071(13) A
(Table 1), which is within the observed range of high-spin (S =
5/2) iron(wm)-porphyrinates.®® These values are in good accord
with the previously reported Fe-N,, distances for axial phen-
oxide coordinated iron(ur)porphyrinates.*® The average Fe-N,,
distances of the endo phenolate bound Fe(m)porphyrin (core I)
is longer than that of the exo phenolate bound Fe(ur)porphyrin
(core II) unit in the cases of 2a and 2b.

However, for the exo—exo bound species, like 2f, this distance
is much larger. In the case of the exo-endo dimer, the endo-
bound phenolate is sandwiched between two adjacent porphy-
rins (Fig. 2). Indeed, the endo-phenols (Cs plane) are nearly
coplanar with the pophyrinato core (exo) having a mean plane
separation of 3.15 and 3.09 A for 2a and 2b, respectively, sug-
gesting strong m-1 interactions between them. The endo
binding of the substrate is further facilitated due to the H-
bonding interactions between the pyrrolic N-H of the host
with the O-atom of the nitro group of the endo-bound phenolate
in 2a (Fig. 2A).

An interesting aspect of the differential binding of the
substrate is the off-axis tilt angles (Fig. 1C) which are quite
different between exo and endo binding. For example, the endo
phenolate (7.74°) is much more tilted than the exo bound
phenolate (0.92°) for 2a and for 2b it is 1.56° and 0.10°,
respectively. But for the exo-exo species 2f, the value is very
small (0.04°). The Fe-O distances observed for 2a and 2b are
1.918(3) and 1.874(4) A for core I, respectively, while for core IT
the values are 1.911(3) and 1.914(4) A. But for 2f, the value is
1.818(13) A. These values are comparable to the Fe-O distances
reported so far for iron(ur)porphyrin with phenolato coordina-
tion.** The Fe-O distance has been found to increase with
increasing electron withdrawing substituents on the phenols;
this is due to the fact that an electron withdrawing substituent
with a strong inductive effect (—I) reduces the electron donating

Table 1 Selected structural and geometrical parameters
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ability of the oxygen atom coordinated to the iron centre,
thereby increasing the Fe-O bond length. The Fe-O-C angles
for core I and core II are 128.5(2)° and 126.7(3)° in 2a and
126.6(4)° and 121.9(4)° in 2b. But for 2f, the angle is 151.55(11)°.
An increase in the Fe-O-C angle leads to an increase in the s
character of the phenolate oxygen atom leading to the short-
ening of Fe-O distance. Therefore, 2f with bulky 2,4-ditertiar-
ybutylphenol having the maximum Fe-O-C angle resulted in
the shortest Fe-O distance (Table 1) whereas 2a shows the
longest Fe-O distance due to weaker binding of 2,4,6- trini-
trophenol to the Fe(i) centre, owing to the very strong —I effect
and resonance (—R) effects of the three electron-withdrawing
nitro substituents. Interestingly, the exo and endo bound
phenolate species in the exo-endo complexes have very different
Fe-O-C angles: the endo bound phenols have a larger angle as
compared to that of the exo bound phenolates (Table S11). The
trends in structural and geometrical parameters of 2a, 2b and 2f
were also found to correlate nicely with the theoretical ones
(Table S27).

The porphyrin macrocycles in diheme phenolate complexes
are highly distorted, while the ring is planar in the related
monomeric phenolate complexes (Table 1). As evident, the
interaction between two rings in diheme results in larger ring
deformation of the individual porphyrin centres. This has also
been reflected in the average atom displacements from the
mean porphyrin plane (A,,) and iron displacements therein
(A%$) (Table 1). Notably, in the exo-endo complexes, the rings are
deformed to different extents. The porphyrin core with the endo
bound phenolate (core I) is less distorted compared to the
porphyrin core with exo bound phenolate (core II) (Fig. 4F). The
average displacement of atoms from the mean porphyrin plane
(Az4) is 0.08 A (core-I) and 0.12 A (core-II) for 2a and 0.02 A (core-
T) and 0.16 A (core-II) for 2b whereas for 2f, both the cores are
equally distorted with a value of 0.12 A (Fig. S8%).

The electrostatic potentials have also been mapped onto the
van der Waals surface of three representative molecules such as
2a, 2b and 2f, which show quite substantial effects of the
phenols in the exo-endo and exo-exo conformers (Fig. 2D-F).
The values of the electrostatic surface potential (ESP) are rep-
resented by different colours that vary from red (most negative
electrostatic potential) to blue (most positive electrostatic
potential); the green part represents the zero-potential regions.

Complex Fe-N,,* Fe-O” Fe-O-C‘(f) Afed Ayl + o Fe---Fe” Ref.!

2a Core I (endo) 2.060(3) 1.918(3) 128.5(2) 0.46 0.08 7.74 25.89 6.78 tw
Core II (ex0) 2.054(3) 1.911(3) 126.7(3) 0.42 0.12 0.90

2b Core I (endo) 2.062(6) 1.874(4) 126.6(4) 0.39 0.02 1.56 34.79 6.33 tw
Core II (ex0) 2.055(4) 1.914(4) 121.9(4) 0.47 0.16 0.10

of exo 2.071(13) 1.818(11) 151.55(11) 0.47 0.12 0.04 2.69 6.21 tw

[Fe"(OEP)(2,4,6- 2.049(2) 1.930(1) 123.87(12) 0.40 0.02 0.66 — 4c

(NO,);0Ph)]

¢ Averaged value (in A). ” Distance (in A) of the axial ligand. ¢ Angle (in ©). ¢ Displacement (in A) of iron from the least-squares plane of the C,N,
porphyrinato core. ¢ Average displacement (in A) of atoms from the least-squares planes of C,oN, porphyrinato cores. / Tilt-angle (in °). £ Inter-
planar angle between the least-square planes of the C,,N, pophyrinato cores (in °). ” Non-bonding distance (in A) between two iron(m) centres

in a molecule. * tw, this work.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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For 2a, the exo bound 2,4,6-trinitrophenol moiety induces the
charge to the porphyrin ring to a different extent than that of the
endo bound one (Fig. 2D). In contrast, 2f with bulky 2,4-diter-
tiarybutylphenol which prefers exo-exo mode of binding exerts
very symmetrical charge distribution on two porphyrin rings
(Fig. 2F).

'H and "°F NMR spectroscopy

The structure and the properties of these complexes in solution
can be obtained from the "H NMR spectra.***? The solid-state
structural conformations are also preserved in the solution as
is reflected in their respective "H NMR spectra. The signals are
broad and situated in both upfield and downfield regions
indicating 7-spin delocalization from the Fe(u) centre to the
phenolate moiety. The basic resonance pattern of the
porphyrin core in the complexes is grossly similar with meso-
substituted five-coordinate Fe(u)porphyrins of type [XFe"!(-
meso-R-OEP)].** Due to extreme broadening of the 'H signals,
2D NMR has not been much informative. It is interesting to
compare the "H NMR spectra between the exo-endo and exo-exo
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8
€ 50
[0]
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Fig. 3 H NMR spectra (in CDCls, at 298 K) of (A) 2¢c and (B) 2g. (C)
Schematic representation showing the nomenclature used in *H NMR
peak assignments. Curie plots of the respective meta protons of
phenoxide are shown in the inset.
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conformers taking 2c and 2g as two representative examples
(Fig. 3A and B).

Highly deshielded methylene (spanning between 31.2 and
44.7 ppm), two downfield shifted bridging signals (at 77.3 and
97.9 ppm), four highly shielded meso signals (at —37.5, —41.4,
—46.6, and —50.2 ppm), two sets of sharp meta signals (at 52.2
and 62.5 ppm) and a very broad ortho signal at —78.6 ppm have
been observed in the case of 2c. Methylene peaks appeared
between 6 = 30.1 and 50.8 ppm in 2g; however, there have been
one set of signals with two meso resonances with a 2 : 1 intensity
ratio at —54.1 and —59.1 ppm, one bridging signal at 74.2 ppm
and one meta signal at 70.4 ppm in the complex.

Variable temperature 'H NMR studies have been performed
and it was found that two meta protons of bound phenolate ions
behave very differently in 2c (Fig. 34, inset) reflecting the fact
that these two signals originated from two different chemical
environments which further confirms the intactness of the exo-
endo conformation in solution, whereas for 2g, only one set of
meta signals was found which clearly reflects the symmetrical
mode of binding of the phenols in these exo-exo species
(Fig. 3B, inset). Thus, the behaviour of the meta protons serves
as a diagnostic tool to discriminate between these two binding
modes. A schematic diagram displaying the nomenclature used
for "H NMR peak assignments is shown in Fig. 3C. The "H NMR
spectral behaviours of other exo-endo and exo-exo complexes
are shown in Fig. S9 and S10.}

In this context, the "H NMR studies of monomeric Fe(ui)
porphyrins with axial phenolate coordination performed nicely
by Arasasingham et. al. are worth mentioning.* A series of
substitutions varying from electron donating to electron with-
drawing groups on the phenolate moiety have been utilized. The
'H NMR spectra of these protoporphyrin (IX) dimethyl esters
display spectral features similar to the pattern observed here for
the symmetrical exo-exo binding mode in which only one set of
signals is observed.* In contrast, the 'H NMR spectral investi-
gation of the asymmetrical binding of catechols to the mono-
meric Fe(m) octaethylporphyrins investigated by Rath and co-
workers* produced two different sets of meta-proton signals
similar to the dimeric complexes reported here with exo-endo
binding mode. In complexes with substituted catechols, the
Fe(m) centre can bind either of the two available oxygen atoms
of catechol, and hence two sets of downfield shifted meta-
proton signals are observed in the "H NMR spectra which
reflects the inequivalent mode of binding, a scenario somewhat
similar to what we have obtained in the exo-endo mode of
binding reported here in the dimeric complexes.

The Mulliken spin densities of the phenolate carbon atoms
of 2¢ are calculated by using DFT, in which the observed spin
densities are positive at the ortho and para positions but are
negative at the meta position (Fig. S11%). As a result, the ortho
and para protons are shifted upfield, while the meta proton is
shifted downfield, as observed in the "H NMR spectra of the
molecules. These contrasting chemical shifts with opposite
signs of the spin densities for the meta protons versus the ortho/
para protons (Fig. S121) are indicative of 7-spin delocalization
on the phenolate ligand.** The temperature dependence of the
"H NMR signals follows the Curie law and a representative

© 2024 The Author(s). Published by the Royal Society of Chemistry
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example of 2a has been shown which indicates a single spin
state throughout the temperature range (Fig. S131).4°*2

F NMR has been a powerful probe for structural and
mechanistic studies due to the presence of the 100% abundant
spin 1/2 nucleus with high sensitivity and is particularly
attractive for paramagnetic systems in the field of bioinorganic
chemistry.*® The differential binding of the substrate inside and
outside the paramagnetic cavity can easily be visualized using
F NMR also upon using fluorinated substrates in which
signals are largely upfield and downfield shifted as demon-
strated for 2b, 2d, 2e and 2h (Fig. S141). For 2b, two sets of ortho,
meta and para-F resonances and for 2d two sets of ortho-F
signals, owing to exo-endo binding, have been observed. The
exo and endo resonances have been assigned by comparing '°F
NMR of a series of complexes containing fluorinated substrates
along with DFT calculations (vide infra). For 2b, the ortho, para
and meta-F signals of the exo bound phenol appear at —14.6,
29.7 and —210.2 ppm and for the endo bound phenol ortho-F
resonates at —218.3, 18.7 ppm and meta-F appears at

(A)
o OH
m ; E
p
F F
100 50 0 -50 -100 ;450’200 -250 -300
®) A
,”’:’( ‘\“\‘r\nexo
Pergl o N g,
100 50 0 -50 -100 -200 -250 -300
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Pendo
pexooexo
Oend‘oAA F F F
100 50 O -50 -100-150-200-250-300 © %
(D) mexo
Peo O J |
NG !
100 50 0 -50 -100 -200 -250 -300 F

Fig. 4 °F NMR spectra (at 298 K in CgDg) of (A) free pentafluoro
phenol and (B) 2b. (C) DFT calculated *°F NMR spectrum of 2b. (D) *°F
NMR spectrum (in CDCls; at 298 K) of the pentafluorophenolato
analogue of the cis-ethene bridged diiron(i)porphyrin dimer (exo—exo
form, Scheme S1f). (E) Schematic representation of the exo—-endo
conformer upon pentafluoro phenol binding. (F) Out-of-plane
displacement of the porphyrin core atoms of 2b from the least—
squares plane of the C,oN4 porphyrinato core. The horizontal axis
represents the bond connectivity between atoms.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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—226.5 ppm. However, para-F resonance for endo bound phenol
was too broad to be detected experimentally. The calculated *°F
resonances for 2b were found to match well with the experi-
mental spectrum (Fig. 4C). Interestingly, the corresponding
pentafluorophenolato complex of the cis-ethene bridged diir-
on(m)porphyrin dimer, however, gets stabilized in the exo-exo
conformation exclusively (Fig. 4D, Scheme S17).** In the case of
2d, two ortho-F resonances appear at —28.8 and —171.7 ppm for
the exo and endo bound phenolates, respectively, while 2h with
bulky substituent 2-ethyl-4-fluoro phenol showed only one set of
para-F resonance which is in sharp contrast to that observed for
the exo-endo phenols. The para-F resonance has been observed
at 97.1 ppm for 2h. Therefore, '°’F NMR spectroscopy serves as
a powerful tool for distinguishing the exo-endo and exo-exo
modes of binding.

To further confirm the differential behaviour of the exo and
endo '°F resonances, variable temperature '°F NMR in CgDg was
performed for 2b (Fig. S15%). As the temperature decreases, the
ortho and para-F resonances of the exo bound pentafluoro
phenol moiety are increasingly downfield shifted whereas its
meta-F resonances are shifted in the upfield region. But the endo
bound pentafluoro phenol gives different '°F resonances: one of
the ortho-F resonances is increasingly downfield shifted
whereas an upfield shift is observed for the other ortho-F reso-
nance. The meta-F resonance gets increasingly upfield shifted as
the temperature decreases.

Estimation of '°F NMR chemical shifts using computational
studies

To understand the large upfield and downfield shifts in the *°F
NMR spectra, the total NMR chemical shifts (6ops), eqn (1),
including orbital (Jor,), metal-centred dipolar shift (63},) and
contact (d.on) contributions are evaluated using density func-
tional theory (DFT) mentioned below (detailed in the ESI})."**

6obs = 60rb + 6(]}/1[;): + 6con (1)

By incorporating DFT calculations alongside NMR analysis
of 2b (see details in the ESI}), it is observed that the orbital
shifts and contact shifts demonstrate similarities for the cor-
responding fluorine atoms in both exo-phenol and endo-phenol
positions, as shown in Table 2. The contact term is highly
dependent on the magnitude of the electron magnetic moment
positioned at the nucleus, as expressed by eqn (2) in which Aj,
is the hyperfine coupling constant, v; is the gyromagnetic ratio
of the nucleus I, gis, is the isotropic g factor of the spin system
and uB is the Bohr magneton. In addition, two methods are
usually used to evaluate the dipolar shift, namely the metal-
centred point-dipole approximation, eqn (3),"* and the deriva-
tion of the anisotropic part of the hyperfine tensor from elec-
tronic structure calculation, eqn (4),"** where ¢ indicates the
angle between the metal-nucleus (N) vector and the main axis (z-
axis), @ represents the angle between the projection of the iron-
F vector on the xy plane and the x-axis, r refers to the distance
between the metal and the nucleus, g,,; means the anisotropic
part of the g-tensor, and A, is the dipolar part of the hyperfine
coupling tensor.

Chem. Sci., 2024, 15, 1740717417 | 1741
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Table 2 Experimental and DFT calculated °F NMR data of 2b
ppm o-F m-F p-F
Experimental
Sobs (ex0)* —14.6 —210.2 29.7
exo-Phenol
Oorb’ —135.6 (—137.2, —134.0) —152.0 (—154.7, —149.3) —151.0
Ocon” 99.1 (62.3, 135.9) —86.6 (—85.3, —87.8) 170.3
NS (Feexo)” 21.9 (55.0, —11.2) —3.3 (12.9, —19.5) -4.8
Bobs’ —14.6 —241.9 14.5
o —11.5 (—5.8, —17.1) 1.1 (—2.5, 4.6) —22.5
Oobs® —48.0 —237.5 —3.2
endo-Phenol

0-F(1), 0-F(2) m-F(1), m-F(2) p-F
Borb —137.1, —133.7 —157.2, —158.7 —153.2
Ocon 60.6, 151.0 —65.9, —93.7 184.6
N (Feenao)” —67.8,24.8 24.6, 8.5 -9.5
O8S (Feewo) —39.8, —17.6 -11.7, 8.1 —27.0
Bobs' —184.1, 24.5 —210.2, —235.8 —5.1
o —107.1, —14.7 2.4, 31.9 —55.6
Oobs’ —183.6, 2.6 —220.7, —220.5 —24.2

“ Experimental data (at 298 K) assigned for exo-phenol of 2b. ? Averaged orbital shift. © Averaged contact shift within the exo-phenol. ¢ Averaged

dipolar shift within the exo-phenol according to eqn (3). ¢ dobs = Oorb + Ocon *

OMS (Feexo)- | Averaged dipolar shift within the exo-phenol

according to eqn (4). £ dobs = Gorb + Ocon + ovc. h Dipolar shift within the endo-phenol corresponding to Fe,,q, and Fe,,, respectively, according

to eqn (3).

_ S(S+ Dy
600[1 - 3'YIkT gSAlSO (2)

o u3S(S+1) 1
0y = s e (2 g - ) Beostd - 1)

+3 (gf(x - g§y> sin*6 cos2¢] ; 3)
Gua = ~ [(3c0s20 — 1)];
axial — }"3 )

Gihombic = rl3 3 sin’6 cos2¢];

S(S + 1),U,BT

6PC _
M Ov,kT '

[g aniA dip] (4)

Drawing upon DFT-calculated 4;, values obtained from the
optimized 2b structure, it's evident that exo-phenol's rotation in
solution is not considered. Remarkably, a substantial difference
in contact shifts is observed for the two ortho-fluorine atoms
(62.3 and 135.9 ppm), while the two meta-fluorine atoms exhibit
comparable values (—85.3 and —87.8 ppm). Conversely, this
disparity is evident in both the o-F and m-F configurations of
endo-phenol within the same computational analysis, with o-F
values of 60.6 and 151.0 ppm and m-F values of —65.9 and
—93.7 ppm. However, if we acknowledge that exo-phenol can
rotate freely in solution due to the lack of steric hindrance,

17412 | Chem. Sci, 2024, 15, 17407-17417

Bobs = Oorb + Ocon + Odin(Feendo) + Odin(Feexo).” Dipolar shift within the endo-phenol according to eqn (4). ¥ dobs = Gorb + deon + Ons -

involving rotations of both its Fe-O and O-Ph single bonds, all
chemical shift components for ortho- and meta-fluorine atoms
can be averaged, respectively. In contrast, the endo-phenol,
being positioned inside the cavity created by two Fe(u)
porphyrin units along with a pyrrole-bridge, is no longer able to
rotate freely in solution. Consequently, unlike the scenario with
exo-phenol, the various components of the chemical shifts
cannot be averaged.

Likewise, it could be posited that the spatial orientation of
phenol will also significantly influence the dipolar shift. Unlike
the contact shift, the dipolar shifts for the fluorine atoms in exo-
phenol are primarily influenced by its Fe,,, centre. In contrast,
endo-phenol is situated in close proximity to both Fe centres
(Feenao and Fe,y,), resulting in all fluorine atoms experiencing
dipolar shifts originating from them. This dipolar shift, as
defined in eqn (3), can be evaluated using the G.yia and Gihombic
factors, along with the g values specified in the text. The cor-
responding Gayia1 and Ginempic Structural factors for the fluorine
atoms in exo- and endo-phenols are illustrated in Table S3.] It is
noteworthy that, when considering their respective coordinated
Fe(m) centres, the Gaya1 and Gihompic factors for both exo- and
endo-phenols exhibit similarities. Unlike the exo-phenol, the
non-coordinating iron centre (Fe,,,) significantly impacts the
Gaxial and Grompic factors of the endo-phenol as well. Thus, as
indicated by eqn (3), the total G factors for fluorine atoms in
endo-phenol consistently far exceed those in exo-phenol.
Consequently, their dipolar shifts are expected to exhibit
notable distinctions, except when the values of both
2g;, — g — &y and g, — g7 approach zero.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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After comparing the total Gaxia and Ginombic factors for both
exo- and endo-phenols in Table S3,i significant positive
increases were observed in the G, differences for all o-F (27.17
and 16.45), m-F (6.97 and 13.51), and p-F (8.06) atoms for the
endo-phenol. These differences contributed to chemical shifts
with either all positive or all negative values dependent on the
value of 2¢7, — g — g5 . Notably, a distinct difference in values
from positive to negative was observed only for o-F atoms (4.62
and —13.78) on Gpombic, Which will also result in positive and
negative dipolar shifts with g3 — g7 .

Utilizing the fitting g values (g« = 2.10, gy, = 1.94, and g, =
1.99) as described in the ESLi the expressions
28, — Ga — &y = —0.2534 and g, — g7 = 0.6464 were derived.
These g values in conjunction with the Gaxia and Grhombic factors
in eqn (3) are applied to the dipolar shifts of exo- and endo-
phenol, respectively. The dipolar shifts of exo-phenol at o-F
atoms, 55.0 and —11.2 ppm, exhibit a notable difference, yet
these values are averaged (21.9 ppm) to accommodate permis-
sible rotation. Additionally, the averaged dipolar shift of the two
m-F atoms is —3.3 ppm, and for the single p-F atom, it is
—4.8 ppm, as depicted in Table 2. In comparison to its contact
shift, the dipolar shift contributes a small amount to the para-
magnetic shift. Comparing the dipolar shifts calculated using
eqn (4), all these values indicate similarly small impacts on the
paramagnetic shift as well. Specifically, they are —11.5 ppm (o-
F), 1.1 ppm (m-F), and —22.5 ppm (p-F). For endo-phenol with
restricted orientation, the dipolar shifts are revealed as follows:
—107.6 ppm (—67.8 ppm from Fe,, 4, and —39.8 ppm from Fe,,,)
and 7.2 ppm (24.8 ppm from Fe,, 4, and —17.6 ppm from Fe,,,)
for the two o-F atoms, respectively. Comparatively, for the two
m-F atoms, one exhibits a dipolar shift of 12.9 ppm (24.6 ppm
from Fe,,q, and —11.7 ppm from Fe,,,), while the other displays
a shift of 16.6 ppm (8.5 ppm from Fe,,, and 8.1 ppm from
Fe.,). The dipolar shift for the p-F atom is —36.5 ppm
(—9.5 ppm from Fe,,;, and —27.0 ppm from Fe,,,). Notably, the
magnitude of the overall dipolar shift in endo-phenol surpasses
that of exo-phenol only when considering the influence of Fe,y,.

In accordance with the previously discussed orbital shifts,
contact shifts, and dipolar shifts, the overall chemical shifts of
the two o-F atoms in endo-phenol exhibit considerable separa-
tion. Specifically, one of them is observed at 24.5 ppm, but the
other resonance is noteworthy for its extreme upfield position at
—184.1 ppm. In contrast, the m-F and p-F atoms exhibit reso-
nances comparable to those of exo-phenol, with the m-F reso-
nating in the upfield region and the p-F resonating in the
downfield region, as illustrated in Fig. 5.

The parallel scenario is observed in the DFT-calculated NMR
spectra for the mono- and disubstituted fluorophenols within
the exo-endo dimers, particularly (2d) and (2e), as depicted in
Fig. 6. The top panel of Fig. 6A displays the calculated '°F NMR
spectrum of 2d considering a potential free rotation for both
exo- and endo-phenol. This spectrum displays only downfield
chemical shifts similar to those observed in the o-F atoms of the
exo-phenol of 2b (—40 to —70 ppm). Conversely, when consid-
ering that the phenol within the endo-monomer is anchored
between two porphyrin rings, akin to the configuration
observed in the endo-phenol of 2b, the calculated NMR peak of

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

exo_phenol endo_phenol
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Fig. 5 DFT-calculated orbital and contact shifts along with dipolar
shifts for the exo—endo dimer 2b.

the o-F (endo) reveals at —165 ppm. This spectrum notably
aligns closely with the experimental distribution, depicted in
the lower panel of Fig. 6A.

In the computational analysis of 2e, assuming free rotation
for both exo- and endo-phenol, the upper panel of Fig. 6B shows
an overlap between the o-F (endo) and o-F (exo) peaks, located at
approximately —80 ppm, with two closely situated p-F peaks
(endo and exo) observed around 10 ppm. Nevertheless, this
pattern deviates from the experimental results. Similar to 2b
and 2d, only when endo-phenol is anchored in a preferred
orientation while allowing unrestricted rotation of exo-phenol
does the resulting '°F NMR spectrum replicate the distinctive
upfield-downfield signals observed experimentally, as depicted
in the lower panel of Fig. 6B. The DFT-calculated 'F NMR
spectra align seamlessly with the experimental spectra,
providing robust support for the assertion that the phenol
within the endo-monomer is securely positioned between two
porphyrin rings in solution (Fig. 6C and D).

In addition, Fig. 7A demonstrates that the fluorine atoms in
both exo- and endo-phenol of 2b exhibit similar total spin
densities. This suggests that the transfer of the high-spin iron
centre to phenol through bonds is identical for both configu-
rations. However, the real impact on the chemical shift arises
not directly from these spin densities, but from the spin density
on the nuclear centre, represented by (y2(a) — y2(8)). It is
important to note that the nuclear spin density is significantly

Chem. Sci., 2024, 15,17407-17417 | 17413
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Fig.6 DFT calculated °F NMR spectra of (A) the single o-F substituted
phenol exo—endo dimer 2d and (B) the o- and p-F substituted exo—
endo dimer 2e (the upper panel in each case represents spectra with
phenols capable of free rotation, while the lower panel depicts the
scenario where endo-phenol is held in a preferred orientation inside
the cavity), and experimental *°F NMR spectra (at 298 K in CDCls) of (C)
2d and (D) 2e.

reduced from the total spin density and may exhibit different
anisotropies due to respective spin polarization.

This anisotropy leads to anisotropic hyperfine constants (Ayy,
Ayy, and A,,). The averaged hyperfine value, A;s, = (Axx + Ayy + Az,)/
3, determines the magnitude of the contact shift, as shown in
eqn (2). Generally, atoms with similar total spin densities have
similar Ajs,. Therefore, when the dipolar shift is disregarded,
the chemical shifts for exo- and endo-phenols are quite close.
This approach is commonly adopted for most 'H NMR of
paramagnetic species as those protons are relatively far from
the metal centre."*'* However, deviations in the hyperfine
constants from A;,, result in noticeable differences in NMR
chemical shifts, as described by eqn (4). Even a slight change in
anisotropy can lead to a significant difference in dipolar shifts
due to the spin (S). Fig. 7B highlights the distinct anisotropies of
the two o-F atoms, with the size and shape of the ellipsoid
representing their hyperfine tensors. This difference in anisot-
ropy explains the observed dipolar shift differences. Magnetic
field lines proposed to be induced by the spin densities of the
two iron atoms are depicted in Fig. 7C.

To get more insights about the contributions of steric
hindrance in the axial phenoxide complexes, geometry optimi-
zations of 2b and 2f have been performed in exo-exo, exo-endo
and endo-endo conformations. It has been observed that in the

17414 | Chem. Sci, 2024, 15, 17407-17417
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exo-phenol

Fig. 7 (A) Spin density of the exo-endo dimer obtained for 2b using
the ZORA-scalar-BP86/TZ2P (COSMO/CH,Cl,) level of theory. The
spin density of exo- and endo-phenol is highlighted in enhanced solid
colour, with other areas displayed at 50% transparency (blue: positive
density; red: negative density). (B) Hyperfine coupling tensor of exo—
endo dimer 2b, with the red dotted box highlighting the anisotropic
differences of the two o-F atoms in exo-F and endo-F, respectively
(clamp eigenvalues = 3). (C) A pictorial demonstration displaying
differential magnetic fields induced by the spin densities of two iron
centers on the exo and endo substrates.

case of 2b which has smaller substituents around the periphery
of the phenolato moiety, the exo-endo conformation was found
to be more stable compared to endo-endo and exo-exo modes by
15.0 and 17.0 kcal mol ™", respectively in the solution phase
(Fig. S16A%). Contrastingly, for 2f with bulky substituents such
as the 2,4-ditertiarybutyl group on the phenol, the exo-exo
conformer was found to be the most stable followed by exo-endo
and endo-endo conformers (Fig. S16B}). Phenols containing
bulky substituents stabilize the exo-exo conformation whereas,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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for smaller substituents, the exo—endo conformation is found to
be more stable (Fig. S16%).

Conclusions

An intricate account of structural and spectroscopic study
stated here helps discriminate between different axial phen-
oxide binding inside and outside a paramagnetic cavity created
using a pyrrole-bridged Fe(m)porphyrin dimer. The UV-vis, '"H
and '°F NMR spectroscopies display very characteristic features
in deciphering the phenolato binding in the exo-endo and exo-
exo modes. The behaviours of the meta protons in the 'H NMR
spectra serve as a crucial tool in discriminating two different
types of binding modes. Moreover, the ’F NMR spectra play
a pivotal role in identifying substrate binding inside or outside
of the paramagnetic cavity with large chemical shifts and
thereby recognizing the chemical environment of the cavity.
NMR studies also reveal that the solid-state conformations
remain unaltered in solution. Complexes with bulky substitu-
tion led to the stabilization of the exo-exo conformation
whereas with smaller substituents exo-endo conformation is the
favoured mode of binding. Computational calculations repro-
duce the experimentally observed modes of binding in these
complexes also. These findings pave the way for making an
excellent probe to develop a diagnostic tool for monitoring
subtle conformational changes and transient interactions.
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