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We describe the synthesis of p-fluorinated porpholactones by oxidation of the fluorinated C=C bond of
the pyrrolic subunit in porphyrin using the “RuCls + Oxone®" protocol. The electron-withdrawing effects
of p-fluorine on the absorption, fluorescence, phosphorescence and redox properties of the
p-fluoroporpholactones were studied. A potential application of the $-fluoroporpholactones was demon-
strated in sensitizing near-IR (NIR) emissive ytterbium, giving a high quantum yield (58%) and long lumine-
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Introduction

Introducing electron-withdrawing groups into porphyrinate
compounds is a preferred way to modulate the photophysical
and redox potential properties as well as the reactivities of
the molecules.'® Among all the electron-withdrawing substi-
tuents, fluorine is a quite special one because of its strongest
electronegativity (y = 4), small atom radius (1.47 A) and
unique biological properties imparted when introduced into
organic molecules.””® In fact, introducing fluorine atoms,
unlike its heavier counterparts chlorine and bromine,”™?
into the P positions of tetrapyrrole molecules was once a
difficult task and has been pursued intensively by many
chemists.”*™® For example, p-octafluorine-tetraaryl por-
phyrins were reported by the DiMagno group in 1997,'>'°
and then B-octafluorocorrole’”'® and octafluoroporphyrin'®
were reported by the Chang group in 2003 and 2016
respectively, using the condensation of 3,4-difluoropyrrole®®**
and an aldehyde in the presence of an acid catalyst.
A significant electronic effect of p fluorination has been
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found on the reactivity of metal complexes. For instance,
enhanced water splitting catalytic performance was observed
on cobalt(m) hangman p-octafluorocorrole by Nocera and
co-workers.>” Increased low temperature preferential oxida-
tion of carbon monoxide was achieved with rhodium(u)
B-octafluoroporphyrin by the DiMagno group.”® These
excellent studies stimulated us to expand such an approach to
more tetrapyrrole derivatives.

Porpholactone, in which a porphyrin pyrrole unit is for-
mally replaced by an oxazolone moiety, is an important type of
porphyrinoid. Since the first report on porpholactone by
Crossley et al.,>* several strategies to convert a meso-arylpor-
phyrin to porpholactone have been reported.”>>° Their poten-
tial applications have been demonstrated in optical materials,
biology and catalysis in recent years.’**° However, much less
attention has been paid on the electronic structure of the
macrocycle, and no f-fluorinated porpholactone has been
reported yet, probably due to the limited synthetic method-
ology. A practical method to p-fluoroporpholactone would be
direct modification of the p-fluoroporphyrin and the bottle-
neck of this approach lies in the high stability of the C-F bond
(bond dissociation energy ~105 kcal mol™").*>*" Inspired by
recent work on the electrophilic activation of the C-F bond
using high-valent metal oxo species,*>*® we report here the
transformation of p-fluoroporphyrin to p-fluoroporpholactone
on B C-F bond cleavage catalysed by ruthenium under
oxidative conditions. This protocol enables us to obtain the
first perfluorinated tetraarylporpholactone and to investigate
the electronic effect of p-fluorine on porpholactones as well
as the potential application in sensitizing near-IR emissive
ytterbium.
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Results and discussion
Synthesis of p-fluoroporpholactone

Our previous work showed that the “RuCl; + Oxone®” protocol
was efficient in catalytically oxidizing porphyrin to porpholac-
tone in one step.”® The in situ generated high-valent [RuO] was
believed to be the active intermediate. Enlightened by high-
valent [FeO] and [CuO] in the hydroxylation of the C-F bond,
we wonder whether the [RuO] species could show similar reac-
tivity towards the f C-F bond of porphyrin. We started the
investigation from the oxidation of 2,3,7,8,12,13,17,18-octa-
fluoro-5,10,15,20-tetrakis( pentafluorophenyl)porphyrin  (1a).
To our delight, after the optimization of the reaction con-
ditions, porpholactone (2a, 43%) and porphodilactones (3a, a
mixture of cis and trans isomers, 10%) were obtained with the
“RuCl; + Oxone®” protocol (Scheme 1).

2a was fully characterized by NMR (*H/*’F/**C), HR-ESI-MS,
IR, and UV-Vis spectrometry (see details in the ESI{). The
characteristic carbon signal of the carbonyl moiety appears at
164.2 ppm in the ">C NMR spectrum and at 1796 cm™" in the
FT-IR spectrum. The UV-vis absorption spectra of the products
are shown in Fig. 1. A slight red shift of ca. 3 nm from 393 nm
to 396 nm and a narrowed Soret band are observed upon intro-
ducing the lactone moiety on 1a to give 2a (Fig. 1). Four Q
bands appear for 2a as a result of the lowered symmetry com-

F

F
2a, 43% 3a (cis + trans isomer), 10%

Scheme 1 Oxidation of 1la by the "RuCls + Oxone®" protocol.
Conditions: 1a 0.05 mmol, RuClz:nH,O 0.01 mmol, 2,2’-bipyridine
0.01 mmol, Oxone® 1 mmol, NaOH 1 mmol, 1,2-dichloroethane/H,0 =
1/1 (v/v) 60 mL, 80 °C, 1 h. See the ESI} for details.

—1a

1.0 2a

—3a

c 4
s o8
S
o
a
2
2 0.6
<
°
(7]
N 04
©
£
S
2 0.2

00 T T T — T T

300 400 500 600 700

Wavelength (nm)

Fig. 1 UV-vis absorption spectra of porphyrin 1a (black line), porpho-
lactone 2a (red line) and the mixture of porphodilactones 3a (blue line)
in CHzch
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pared to 1a. These results are in line with our previously
reported porpholactones.?®

To examine the generality of this methodology, we used
several f-octafluoroporphyrins with different meso-phenyl
groups as substrates, including 2,6-difluorophenyl (1b),
p-trifluoromethylphenyl (1c), p-chlorophenyl (1d) and phenyl
(1e). Typical isolated yields are around 40%-50% with the
optimal conversions of around 60%-70% (Table 1). The cata-
Iytic protocol shows good regioselectivity, leaving the meso-aryl
C-F bond and trifluromenthyl group intact. Moreover, the
metal complex Zn-1a could also be oxidized to the corres-
ponding metalloporpholactone Zn-2a, albeit with low yield
(20%) due to the significant disruption of the porphyrin
macrocycle. The chemo-selectivity between B-C-F and C-H
bonds was investigated using 2,3-difluoro-5,10,15,20-tetra-
pentafluorophenylporphyrin  (1f) and 2,3,7,8-tetrafluoro-
5,10,15,20-tetrapentafluorophenylporphyrin (1g) as substrates.
The isolated products showed that the non-fluorinated pyrrole
unit adjacent to the difluoropyrrole unit was selectively oxi-
dized for both compounds, indicating that the C-H bond is
more susceptible to oxidization than the C-F bond.
Interestingly, for 1g, the lactonized products are two isomers
in 1:1 ratio, regarding the relative orientation of the lactone
moiety with respect to the pyrrolic unit.

A preliminary reaction mechanism study was carried out
according to the “breaking and mending strategy” developed

Table 1 Substrate scope of the ruthenium-catalysed synthesis of
B-fluoroporpholactone®

F
R RuCl3 (20 mol%)
Ar. Ar 2,2°-bipy (20 mol%)
E E Oxone® (20 equiv.)
NaOH (20 equiv.)
DCE/H,0=1/1,80°C, 1 h
F E
Ar Ar
F F
1
Ar group

F. F
F. F
F F
F CF3 Cl
1a 1b 1c 1d 1e

64% (43%) 69% (51%) )2

C-H/F selectivity

rRF
CeFs CeFs CeFs CeFs
F
F
CeFs CeFs CeFs CeFs
1f

19
95% (54%)°

70% ( 44% 68% (47%) 62% (38%)

Metal complex

Zn-1a
42% (20%)°

80% (69%)?
“Conversion (isolated yields). See the ESIt for details. ?12 equiv.

Oxone®. °50 °C, 2 h. ¢30 equiv. Oxone®, 15 min. °16 equiv. Oxone®,
2 h, two porpholactone isomers in 1 : 1 ratio.
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A. Briickner's 'breaking and mending' strategy for porpholactone synthesis

Ar, Ar Ar, Ar
OH
OsOy4 MnO,4
L BT L, I
OH
Ar’ Ar Ar Ar
Ch-H

B. Oxidation of 1b with OsO,

R F
Ar, Ar
b F 0s04 Ch-F, not observed
4,
F F B RF ]
Ar’ Ar Ar. Ar
F F F. (o]
2b,17%
F 0
Ar Ar
F F

1b, Ar = 2,6-CgFoHs

dione, not observed

Scheme 2 The reactivity of porphyrin towards OsO,.

by Briickner and co-workers.’® A cis-Diol-substituted chlorin
(Ch-H), formed from the reaction of porphyrin with the mild
oxidant OsQy,, could be converted to porpholactone in the pres-
ence of a strong oxidant such as MnO,4~ (Scheme 2A).”%*"~*° In
this work, we attempted the dihydroxylation of 1b with OsO,,
and however we could not obtain the desired dihydroxyl
product (Ch-F) but 2b in 17% yield after the reaction for four
days at room temperature (Scheme 2B)."” It is well known that
a-fluoroalcohols are highly unstable and undergo facile HF
elimination to give carbonyl compounds.’®** Herrmann et al.
reported that the catalytic oxidation of fluorinated olefins with
0s0, gave dione products.’> However, Crossley’s seminal first
paper on porpholactones showed that the oxidation of dione
(B,p-dioxoporphyrin) gave only a trace amount of porpholac-
tone.>* We therefore hypothesize that Ch-F is prone to oxidiza-
tion to porpholactone even by the weak oxidant OsO, without
the intermediation of dione, in contrast to its hydrogenated
congener Ch-H with high stability.

Metalation of perfluoroporpholactone 2a

To demonstrate the coordination ability of p-fluorinated por-
pholactones towards transition metals, in this work, we chose
2a as an example and investigated the metalation with zinc(u)
and palladium(n) ions. The new porpholactone metal com-
plexes Zn-2a and Pd-2a were synthesized according to literature
methods in 95% and 53% yield respectively (Scheme 3).**
Metalation with zinc commenced immediately and was com-
plete within minutes upon mixing 2a and zinc acetate in 1:1
CH,CH, : CH3;0H solution. Palladium insertion was accom-
plished by refluxing 2a and palladium acetylacetonate in
benzonitrile. Complexes Zn-4a, Zn-5a, Pd-4a and Pd-5a
were prepared as well for the discussion of electrochemical
and photophysical properties in the context (Scheme 3).

This journal is © the Partner Organisations 2017
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5a
Zn-5a
Pd-5a

Fig. 2 Perspective drawing of the crystal structure of Zn-2a (the two
axial pyridines and solvent molecules are omitted for clarity; the lactone
moiety is crystallographically disordered, see the ESIT).

These complexes were characterized by multinuclear NMR,
HR-ESI-MS and IR spectrometry (see the ESIT).

Importantly, a single crystal of Zn-2a suitable for X-ray ana-
lysis was obtained in CHClz/hexane (CCDC 1501201%). As
shown in Fig. 2, the macrocyclic ring is essentially flat and the
hexa-coordinate Zn (with two axial coordinate pyridine mole-
cules) lies in the mean plane of four nitrogen atoms. The C=0
bond length of Zn-2a is 1.27(1) A, similar to that of its hydro-
genated counterpart Zn-5a (1.25(4) A).>® The structure con-
firms the oxazolone moiety of porphyrin in Zn-2a, consistent
with the above structure determination of p-fluorinated
porpholactones.

Photophysical and electrochemical features

To show how fluorine groups at p positions regulate the elec-
tronic structures of porpholactones, the spectroscopic pro-
perties of the representative porpholactone free bases as well
as the spectroscopic and electrochemical properties of metal
complexes (Pd and Zn) were studied (Scheme 3). The absorp-
tion and emission data are given in Table 2 and the spectra are
depicted in Fig. 3.

Fluorine substituents at both meso and p positions are
effective in tuning the UV-vis absorption of porpholactones.
A progressive blue shift occurs from 5a to 2a. Compound 2a
exhibits a Soret band at 396 nm in CH,Cl,, while 4a at 409 nm
and 5a at 418 nm. The four Q bands of the three compounds
show similar blue shifts upon fluorination except that the
Q.(0,0) bands nearly appear at the same wavelength of around
641 nm. The corresponding Zn and Pd complexes show
similar blue-shifted Soret bands upon fluorination, ranging
from 415-422 nm and 399-418 nm respectively. However, com-
pared to Zn-4a (542, 606 nm) and Pd-4a (542, 583 nm), the two

Inorg. Chem. Front.,, 2017, 4, 1539-1545 | 1541
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Table 2 Optical spectroscopy, fluorescence, and photophysics of porpholactones in CH,Cl,

Em. [nm] Stokes shift

Compound Abs. [nm] (z [ns or ps])* [em™] QY’ kobs [s7'] ke[s™']

2a 396, 500, 534, 585, 640 644 (5.8), 714 97 0.075 1.7 x 10° 1.3 x 107
re 409, 510, 545, 589, 642 643 (6.9), 710 24 0.13 1.4 x10° 1.9 x 107
5a° 418, 520, 558, 589, 641 644 (8.1), 709 73 0.065 1.2 x 10° 0.8 x 107
Zn-2a 415, 556, 601 606 (0.84), 665 137 0.025 11.9 x 10° 3.0 x 107
Zn-4a‘ 417, 542, 606 609 (0.86), 667 27 0.040 11.6 x 10° 4.7 %107
Zn-5a 422,557, 602 605 (0.93), 664 82 0.035 10.8 x 10° 3.8x107
Pd-2a 399, 536, 578 768 (367), 853 4280 0.046 2.7 x10° 12.5
pd-4a? 407, 542, 583 770 (472), 847 4166 0.060 2.3 x 10° 12.7
Pd-5a° 418, 537, 578 752 (300), 844 4003 0.061 3.3x10° 20.3

“The emission lifetimes are in the nanosecond scale for free base and zinc complexes and are in the microsecond scale for palladium complexes.
b Referenced to TPP in toluene (& = 0.11) for free bases and to ZnTPP in toluene (@ = 0.033) for metal complexes. Errors for quantum yield values

(+10%) are estimated. ° Ref. 28. ? Ref. 54. “ Ref. 33.

(a) (b) (c)
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Fig. 3 UV-vis absorption (solid line) and emission spectra (dashed line) of (a) porpholactone free bases, (b) zinc complexes and (b) palladium
complexes in CH,Cl, solution at 298 K. The emission spectra of palladium complexes were recorded in degassed solution.

Q bands of Zn-2a (556, 601 nm) and Pd-2a (536, 578 nm) shift
to lower energy, occurring at nearly identical wavelengths to
those of Zn-5a (557, 602 nm) and Pd-5a (537, 578 nm)
respectively.

The fluorescence spectra of the three porpholactone mole-
cules and their zinc complexes are very similar, peaking at 644
and 605 nm respectively with well-resolved vibronic pro-
gressions. They all display good mirror image symmetry with
their respective Q-band absorptions in intensity and spacing
with a small Stokes shift (<150 em™"), indicating that the com-
pounds do not undergo significant reorganization of nuclear
coordinates in the excited states. The fluorescence lifetimes of
the free bases decrease slightly from 8.1 to 5.8 ps in going
from 5a to 2a. The corresponding zinc complexes also show a
reduced fluorescence lifetime, yet to much less degree, from
0.93 to 0.84 ns upon perfluorination. The fluorescence
quantum yields show an increase upon the first fluorination of
meso-phenyl groups but a decrease upon further fluorination
of p positions for both free bases and their zinc complexes.
The deactivation rates of the excited state (k.ps) are calculated
from lifetimes and are listed in Table 2. Increasing magnitudes
of kops are observed for both free bases and zinc compounds
upon fluorination. The radiative rates calculated from the S1
lifetimes and the quantum yields of fluorescence (k¢ = P/zy)
are also listed in Table 2. The radiative rate order follows the
same order observed for the fluorescence quantum yield.

1542 | Inorg. Chem. Front., 2017, 4, 1539-1545

The three palladium complexes show intense phosphor-
escence at room temperature in degassed CH,Cl, solutions
(Fig. 3¢). The emission profile of Pd-2a resembles that of Pd-4a
with the maximum peak at 768 nm, showing a 16 nm blue-
shift to that of Pd-5a at 752 nm. A similar trend was found in
the corresponding platinum porphyrin complex series in an
early report by Chang et al.’® The lifetime of Pd-2a is 367 s,
longer than that of Pd-5a (300 ps), but shorter than that of Pd-
4a (472 ps). In our hands the lifetime of Pd-5a and Pd-4a are
longer than literature reports (157 and 296 ps respectively),***
presumably resulted from the lower air concentration. The
quantum yields of phosphorescence change little after meso-
phenyl fluorination for Pd-4a (0.060), but diminish on further
B fluorination for Pd-2a (0.046).

The electrochemical properties of the porpholactone free
bases and the zinc complexes were investigated by cyclic
voltammetry at 298 K using 0.1 M nBu,NPF, as the supporting
electrolyte in CH,Cl, and the data are tabulated in Table 3 (see
the ESIT for figures). It is clearly shown that the fluorine sub-
stituents at both p positions and meso-phenyl groups are
effective in tuning the redox potentials of the porpholactone
compounds. For free bases, there is no oxidation peak
observed for 2a up to a potential of 1.8 V, while there is one
irreversible peak for 4a at 1.61 V and two quasi-reversible
peaks for 5a at 1.54 and 1.30 V respectively. The six fluorine
substituents on the porphyrin ring bring about a 0.3 V shift to

This journal is © the Partner Organisations 2017
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Table 3 Electrochemical data for porpholactone compounds in
CH,CL,?

Compound EOXZ onl Eredl EredZ Ered3
2a — — -0.23 -0.71 —1.66
4a — +1.61 —0.54 -0.99 —

5a +1.54 +1.30 —0.89 —-1.34 —
Zn-1a’ — +1.70 —0.63 —-1.04 —
Zn-2a — +1.59 -0.51 —0.94 —
Zn-4a‘ +1.61 +1.33 —0.72 —1.16 —
Zn-5a +1.10 +0.87 —-1.14 —-1.54 —

“ Cyclic voltammetry conditions: compound concentration, 1 mM; sweep
rate, 0.1 V s~'; 0.1 M nBu,PFg; Ag/AgCl reference. b Ref. 15. “ Ref. 36.

the anode of the two reversible reduction waves (—0.23 and
—0.71 V for 2avs. —0.54 and —0.99 V for 4a), comparable to the
0.35 V shift brought by the twenty fluorines at meso-phenyl
groups (vs. —0.89 and —1.34 V for 5a). Besides, a third
reduction peak appears at —1.66 V for 2a, indicating the sub-
stantially decreased electron density of 2a.

Similar trends were observed in the corresponding zinc
complexes. Compared to Zn-4a and Zn-5a, Zn-2a shows a posi-
tive shift in potentials for both the porphyrinato oxidation and
reduction, implying a decreased electron density of the macro-
cyclic ring by fluorination at meso-phenyl and p-pyrrolic posi-
tions. For Zn-2a, there is only one oxidation peak at 1.59 V up
to a potential of 1.8 V, whereas there are two reversible oxi-
dative peaks for Zn-4a (1.61 and 1.33 V) and Zn-5a (1.10 and
0.87 V) respectively. The two reduction waves of Zn-2a (—0.51
and —0.94 V) are anodically shifted from those of Zn-4a (—0.72
and —1.16 V) and Zn-5a (—1.14 and —1.54 V). Therefore, Zn-2a
is easily reduced and resistant to oxidation relative to Zn-4a
and Zn-5a. Compared to Zn-1a, introducing the lactone moiety
results in catholically shifted oxidation waves and anodically
shifted reduction waves.

NIR emissive ytterbium complex with enhanced quantum
yield

To demonstrate the potential application of p-fluorinated por-
pholactones, we used them as an antenna ligand for NIR emis-
sive lanthanides. NIR emitters such as Er, Nd and Yb com-
plexes have many attractive potential applications in telecom-
munications, light-emitting devices and biological imaging
but suffer from low quantum yields.>>® Our previous studies
demonstrate that both porphyrin and porpholactone are good
antenna ligands for Yb(m).>>®® Replacing B hydrogens with
fluorine substituents significantly increases the NIR emission
efficiency of Yb as a result of the minimized non-radiative
process caused by C-H bond vibrational quenching.®® In this
work, ytterbium complexes Yb-2a and Yb-4a, sandwiched by
porpholactone and the partly deuterated Kldui ligand were pre-
pared according to our previous procedure (Scheme 4).°9°%3
These complexes were characterized by NMR, HR-ESI-MS, IR,
and UV-Vis spectrometry and single crystal X-ray analysis
(CCDC 1540175 (Yb-2a) and 1540176 (Yb-4a), see details in the
ESIY).
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X=F, Yb-2a
X=H, Yb-4a

Scheme 4 Synthesis of ytterbium porpholactone complexes.

As shown in Fig. 4a, the luminescence lifetime (z) of Yb-2a
(525 ps) is much longer than that of Yb-4a (75 ps) in CD,Cl,.
The emission quantum yield (&) of Yb-2a (58%) is also much
higher than that of Yb-4a (6.8%) in CD,Cl, (Fig. 4b, referenced
to Yb(TPP)(Log), @ = 2.4% in CH,Cl,, estimated uncertainty in
@ is 15%).°" Yb-2a even shows comparable luminescence pro-
perties to our previously best results with Yb-1a (z = 714 ps,
@ = 63% in CD,Cl,),*° indicating that f-lactonization little
affects the sensitization ability of porphyrin towards Yb. It is
worth noting that, for the easy modification of the p-oxazolone
moiety demonstrated by Briickner and us,’*®*™®® yYb-2a is
anticipated to introduce flexibility to functionalize the Yb com-
plexes. On the other hand, the remarkably higher value of the
luminescence lifetime and quantum yield of Yb-2a than that
of Yb-4a demonstrates the key role of the C-F bond in improv-

(a)

J.. - Yb-2a
1.00 § e
'\
a i \\
0.75-
o
| 1
T \tM: 75 ps
N 050
©
E =525
5 TyYb-2a= us
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Wavelength (nm)

Fig. 4 (a) Decay of the NIR luminescence in the ytterbium complexes
in CD,Cl,; (b) emission spectra of the ytterbium complexes under the
same conditions (lex = 425 nm, absorbance = 0.10) in CD,Cl,. The esti-
mated uncertainty in quantum yields is 15%. Experimental relative errors:
7, +2%; @, +10%.
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ing the NIR emission quantum yield of Yb by suppressing the
vibrational quenching.®’

Conclusion

In summary, we report here the synthesis of a new type of por-
pholactone with p-fluorine substituents, via the lactonization
of p-fluorinated porphyrin. A high-valent ruthenium oxo inter-
mediate generated from the protocol “RuCl; + Oxone®” was
proposed as the active intermediate in the cleavage of the pyr-
rolic C-F bond. The perfluorinated porpholactone 2a exhibits
a similar coordination ability towards transition metals to por-
phyrin analogues. Comparative studies of photophysical and
electrochemical properties with non-fluorinated counterparts
show that p-fluorination leads to blue-shifted absorption
bands and anodically shifted the redox potential of the por-
pholactone. As an example of the potential application of
these molecules, we demonstrated that 2a is an excellent
antenna ligand for sensitizing NIR-emissive ytterbium, achiev-
ing a high luminescence quantum yield and a long lifetime.
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