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Stabilization and Structure of the Cis Tautomer of a Free-Base

Porphyrin

Kolle E. Thomas, Laura J. McCormick,” Hugo Vazquez-Lima® and Abhik Ghosh*?

Abstract. Single-crystal X-ray  analysis of the -
heptakis(trifluoromethyl)-meso-tetrakis(p-fluorophenyl)porphyrin,
H,[(CFs);TpFPP], has revealed the first example of a stable cis
tautomer of a free-base porphyrin, the long-postulated intermediate
of porphyrin tautomerism. The stability of the unique molecule
appears to reflect a dual origin: a strongly saddled porphyrin
skeleton, which alleviates electrostatic repulsion between the two
NH protons, and two polarization-enhanced, transannular N-H:--O-
H---N hydrogen bond chains, each involving a molecule of water.
DFT calculations suggest that the observed tautomer has a lower
energy than the alternative, doubly hydrated trans tautomer by some
6.6 kcal/mol. A fascinating prospect thus exists that
H,[(CFs);TpFPP]-:2H,O and cognate structures may act as
supramolecular synthons, which, given their chirality, may even be
amenable to resolution into optically pure enantiomers.

The fundamental geometrical disposition and dynamics of
the central NH protons of free-base porphyrins were elucidated
in a series of seminal studies during the latter part of the last
century.™ Early X-ray?**% crystal structures and ab initio
calculations®®”® confirmed a linear N-H---H-N arrangement with
each NH proton engaged in symmetric, bifurcated hydrogen
bonding with two neighboring nitrogen atoms. Detailed kinetic
studies further established that the degenerate tautomerism of
free-base porphyrins occurs asynchronously, most likely via the
cis free-base tautomer. 10112 Ap jnjtio and density functional
theory (DFT) calculations established the cis tautomer as a true
minimum, with exact C, symmetry for unsubstituted porphyrin.
1324 No direct, experimental characterization of the cis tautomer,
however, has been reported until now. Here we describe the
serendipitous isolation and single-crystal X-ray structure
determination of the cis tautomer of a free-base porphyrin. The
structure reveals an unusual combination of factors that result in
the existence of the cis tautomer as the energetically preferred
form for the free-base porphyrin in question.

In the course of our continuing studies of electron-
deficient, highly perfluoroalkylated porphyrinoid systems,67
acid-induced demetalation of an inseparable mixture of
CU[(CF3);TpFPP] and Cu[(CF3)sTpFPP] led to the correspond-

Table 1. Crystal and structure refinement data for
Hz[(CF3)7TpFPP]-2HZO.

Chemical Formula

CSl H 23 F25 N 402

[a] Dr. Kolle E. Thomas, Dr. Hugo Vazquez-Lima, Professor Dr.
Abhik Ghosh*
Department of Chemistry
UIT — The Arctic University of Norway
9037 Tromsa, Norway
E-mail: abhik.ghosh@uit.no (AG)
[b] Dr. Laura J. McCormick
Advanced Light Source
Lawrence Berkeley National Laboratory
Berkeley, CA 94720-8229, USA

The X-ray structure described herein has been deposited to the
Cambridge Crystallographic Data Centre and assigned the
deposition no. 1501215.Supporting information for this article is
available on the WWW under
http://dx.doi.org/10.1002/chic.20XXXXXXX.

b (A) 27.9206(18)
cA) 11.9969(11)

a (%) 90

B 104.213(6)

y () 90

VA 4

Vv (A% 4671.0(6)
Temperature (K) 100(2)

p (g/cm?) 1.705
Measured reflections 36249

Unique reflections 7439
Parameters 840
Restraints 56

Rint 0.0398

0 range (°) 2.068 - 26.566
R1, wR2 all data 0.1103, 0.2762
S (GooF) all data 1.042
Max/min res. Dens. (e/A%) 1.452/-1.123

ing free-base porphyrins Hz[(CFs); TpFPP] and H[(CFs)sTpFPP],
which could be readily separated by means of column
chromatography. ™ Of the two products, H,[(CFs)/TpFPP]
proved amenable to single-crystal X-ray structure analysis,
revealing the first example of a stable, cis tautomer of a free-
base porphyrin (Figure 1 and Tables 1 and 2). As expected on
the basis of its sterically hindered character,**?! the porphyrin
core is strongly saddled, with the two central NH groups pointing
above and below the mean N, plane. Each NH group acts as a
hydrogen bond donor to a water molecule, which in turn acts as
a hydrogen bond donor to an unprotonated nitrogen across the
porphyrin. Both the N-H---O and O-H---N hydrogen bonds are
approximately linear and ~2.0 A in length.?2224252627 Figyre 2
shows the location of the peaks of electron density
corresponding to the N- and O-bound hydrogen atoms. The
assignment and modeling of hydrogen atom positions is
described in detail in the Supporting Information.

The unique stability of the cis tautomer appears to result
from a dual origin, comprising both strong saddling and the
hydrogen bond network. By increasing their spatial separation,
strong saddling alleviates the electrostatic repulsion between the
central NH protons of the cis tautomer. Additional stability
accrues via two so-called homodromic,?*282! polarization-
enhanced N-H---O-H---N hydrogen bond chains. DFT
calculations (PBEQF®*1-D3/STO-TZ2P; ADFF? 2016) calculations
on the cis and trans tautomers of a series free-base
porphyrins.®
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Figure 1. Thermal ellipsoid plots (33%) of H,[(CF3); TpFPP]-2H,0: (a) top view and (b) close-up of the porphyrin core with
hydrogen bond distances (A).

(b)

2.22(6) ° .
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J

Table 2. Hydrogen bond metrical parameters (A, °) for H,[(CFs); TpFPP].
D-H---A d(D-H) d(H---A) d(---A) <DHA
N(2)-H(2)---0(2W) 0.73(6) 2.12(7) 2.847(6) 177(7)
O(2W)-H(3W)---N(4) 0.82(5) 2.22(6) 2.983(6) 156(8)
N(1)-H(1):--O(1W) 0.70(7) 2.19(8) 2.873(7) 166(8)
O(1W)-H(2W)---N(3) 0.84(5) 2.14(6) 2.909(6) 153(9)

are consistent with the dual stabilization of the cis tautomer.
(The term homodromic refers to a hydrogen-bonded chain or
ring where the constituent D-H:--A units all have the same
directionality.) Thus, the energy of the cis tautomer relative to
the trans tautomer (in kcal/mol) decreases along the series
Ho[TPP] (8.74), H[BrsTPP] (4.52), H[lsTPP] (2.93),* and
H[(CF3)sTPP] (1.45), paralleling the steep increase in saddling
of the optimized structures. Hydrogen bonding with two water
molecules then tips the energy balance, favoring the cis
tautomer for Hy[(CF3)sTPP]-2H.O by 6.62 kcal/mol relative to
the trans tautomer. As elsewhere,®#! the homodromic
hydrogen bond network found in the cis tautomer appears to
confer much greater stability than the antidromic network
assumed for the trans tautomer.

The calculated stability of the cis tautomer of
H>[(CF3)sTPP]-2H,O by a clear margin of energy potentially
presages the emergence of cis porphyrin dihydrates as a new
supramolecular  synthon. 3¢ Furthermore, the chiral,
approximately C,-symmetric nature of the compounds may
allow successful resolution of the enantiomers, ushering in a
new, inherently chiral chromophore.®”*® Another interesting
aspect of H,[(CFs);TpFPP] and H[(CF3)sTpFPP] is that both
molecules exhibit strong Q bands extending well into the NIR
region (see Figure S3 under Supporting Information),
potentially suggesting applications in photodynamic therapy
and as NIR dyes.P

In conclusion, a detailed X-ray analysis of [J-
heptakis(trifluoromethyl)-meso-tetrakis(p-
fluorophenyl)porphyrin,  H[(CFs);TpFPP], has yielded
unambiguous proof of the existence of a long-postulated

reactive intermediate — the cis tautomer of a free-base
porphyrin. The stability of the unique molecule has a dual
origin, viz. a strongly saddled geometry and a hydrogen bond
network involving two water molecules of crystallization per
porphyrin unit.

Experimental Section

Synthetic protocols and spectroscopic data have been
presented in the Supporting Information, with the present
section focusing on the X-ray structure analysis. X-ray data for
H[(CFs)-TpFPP]*2H,O were collected on beamline 11.3.1 at
the Advanced Light Source, using a Bruker D8 diffractometer
equipped with a PHOTON100 CMOS detector operating in
shutterless mode. The crystal was coated in protective oil prior
to being mounted on a MiTeGen® kapton micromount and
placed under a nitrogen stream at 100(2) K provided by an
Oxford Cryostream 800 Plus low temperature apparatus.
Diffraction data were collected with synchrotron radiation
monochromated using silicon(111) to a wavelength of
0.7749(1) A. An approximate full-sphere of data was collected
using a combination of O and O scans with scan speeds of 4°
per second for the O scans, and 1 second per degree for the O
scans at 20 = 0 and -45, respectively. The structures were
solved by intrinsic phasing (SHELXT)® and refined by full-
matrix least squares on F?> (SHELXL-2014).“Y Absorption
corrections were applied using SADABS.¥¥ Additional
crystallographic information has been summarized in Tables 1
and 2, and full details can be found in the crystallographic
information files provided in the Supplementary Information.



Table 3. Selected PBEO and experimental geometry parameters (A, deg); relative energies (kcal/mol) of the cis tautomers.*

H
H H p
\/p o/
b kA
\ h H H,
h/H pd N_m
\ N .
; N N—" N
N - I
. ' H
", H H
\/" /
X o
trans + 2 H,O Cis cis +2 Hy0
Ecis
trans cis (rel
)
Molecule 0 0 a J 0 0 0 a b c J
H.[TPP] o7 1% 2015 3 3.3 1103 1059 3170 2697 3083 T, | 82
H.[BrsTPP] u28 10 2013 2P| 748 125 1077 3042 2864 3009 o |51
Ha[lsTPP] n27 1 2006 37| sas 123 1075 3027 2876 2994 270 | 49
H.{(CF2)sTPP] us2 O 29079 /% | 1341 129 1073 3049 295 2981 g0 | 11
H[(CF)eTPP]-2H,0 u24 9 2088 /% | 1326 119 1073 3070 3033 3010 77|83
H.[(CF:); TPP]-2H,0 n7eay LO7G) 108.7(4) soa7(ry 30LLE). 29925
(expt) : UL3G) 10764 3.053(6)

* Additional PBEQ hydrogen bond metrical parameters (A) for the two tautomers of Ha[(CF3)sTPP]-2H.0.

CIs

h k

n

p

h

k

m n p

1.019 2.022

0.971

0.967

1.032

1.841

1.995 0.984
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Figure 2. Electron density map surrounding the central porphyrin unit of
H,[(CFs3);TpFPP]-2H,0. Peripheral CF; and CsHsF groups have been omitted for clarity.
Threshold for the electron density map has been set at 0.2 e/A3. The yellow and green
solid polyhedral represent peaks of electron density. The Fopserved-Fcacuaed €l€Ctron density
map is shown as either green or red polyhedral surfaces for positive and negative Fons—
Feac Values, respectively.

Figure 3. Unit cell of H,[(CFs3); TpFPP]-2H.0.

All full-occupancy non-hydrogen atoms were refined anisotropically. A detailed
discussion of the disorder of the CF; groups and the modeling of the N- and O-bound
hydrogen atoms is included in the Supporting Information. Hydrogen atoms attached to
the carbon atoms belonging to the porphyrin unit were included at their geometrically
estimated positions and refined as riding atoms. Once the final model of the porphyrin
unit was obtained, peaks of electron density corresponding to the location of the
hydrogen atoms belonging to the porphyrin pyrrole groups and water molecules of
crystallization were observed. Electron density maps generated using shelXle®? (Figure
2) show that the electron density is localized around two cis porphyrin nitrogen atoms
(namely N1 and N2). Finally, note that each H[(CFs)-TpFPP]-2H,0 unit is chiral and that

there are four such, symmetry-related units, two of each handedness, within each unit
cell (Figure 3). The porphyrin units are organized into layers such that all the units within
a given layer have the same handedness.
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Long the white whale of porphyrin researchers, the elusive cis tautomer of a free-base porphyrin has been isolated and
structurally characterized for the first time.





