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Synthesis and Electrochemical Studies of a Series of Fluorinated Dodecaphenylporphyrins
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Dodecaphenylporphyrins with varying degrees of fluorination of the peripheral phenyl ripD®KE) were
synthesized as model compounds for studying electronic effects in nonplanar porphyrins, and detailed
electrochemical studies of the chloroiron(lll) complexes of these compounds were undertaken. The series of
porphyrins, represented as FeDPPCI and asePCl wherex = 4, 8 (two isomers), 12, 20, 28, or 36, could

be reversibly oxidized by two successive one-electron transfer steps in dichloromethanestecgtian radicals

and w-dications, respectively. All of the compounds investigated could also be reduced by three electrons in
benzonitrile or pyridine. In benzonitrile, three reversible reductions were observed for the unfluorinated compound
FeDPPCI, whereas the FEHPPCI complexes generally exhibited irreversible first and second reductions which
were coupled to chemical reactions. The chemical reaction associated with the first reduction involved a loss of
the chloride ion after generation of [F&DPPCIJ". The second chemical reaction involved a conversion between
the initially generated Fe(ll) porphyrim-anion radical and the final Fe(l) porphyrin reduction product. In pyridine,
three reversible one-electron reductions were observed with the second reduction affording stable Fe(ll) porphyrin
sr-anion radicals for all of the complexes investigated.
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donating or electron-withdrawing abilities of the substituents)
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R1 R2 M Abbreviation

1 ethyl phenyl 2H
2 ethyl NO, 2H
3 Br phenyl 2H
4 phenyl phenyl 2H
5 H phenyl Fe""Cl/Co"
6 Br phenyl Fe"'Cl/Co"
7 H methyl Nit
8 H ethyl Ni"
9 H i-propyl Ni"
10 H t-butyl Ni"
11  phenyl 4-fluorophenyl 2H H,F4DPP
12 4-fluorophenyl phenyl 2H H,FsDPP (8)
13 phenyl 2,6-difluorophenyl 2H H,FgDPP (meso)
14  4-fluorophenyl 4-fluorophenyl 2H H,F1,DPP
15 phenyl pentafluorophenyl 2H H,FoDPP
16  4-fluorophenyl pentafluorophenyl 2H H,F,3DPP
17  3,5-difluorophenyl pentafluorophenyl 2H H,F36DPP
18  2,6-difluorophenyl pentafluorophenyl 2H H,F3¢DPP
19  pentafluorophenyl pentafluorophenyl 2H H,FeoDPP
20  2,6-difluorophenyl phenyl 2H H,FcDPP
21  pentafluorophenyl phenyl 2H H,F4oDPP

Figure 1. Structures of the porphyrins discussed in this work.

uents was used to vary the degree of porphyrin nonplanarity transfer between an initially generated Fe(ll) porphyrianion
while the electronic properties of the substituents were held radical and a final Fe(l) porphyrin species is observed.
relatively constant! In the work presented here, a series of ) )
porphyrins are described for which the converse should be true, Experimental Section
namely, that electronic effects should predominate because the spectroscopyH and%F NMR spectra were measured at frequen-
steric effects of the substituents, as demonstrated by molecularcies of 300 and 283 MHz, respectively. Spectra were typically recorded
modeling studieg? are reasonably constant. at ambient temperature (2985 K) using 2-5 mM solutions in CDGJ.

The series of porphyrins synthesized are based on the'H chemical shifts were referenced to the chloroform solvent peak at
dodecaphenylporphyrin (DPP) framewory @nd have a total 6_7:26.19F cher_mcal shifts were referenced to Ok, at —8.0 ppm?%
of 4, 8 (two isomers), 12, 20, 28, or 36 fluorines on the Visible absorption spectra were recorded on a Hewlett-Packard 8450A

. . - spectrophotometer using GEl, as solvent. High-resolution FAB or
peripheral phenyl rlngS].G.—l?). The fluorinated DPPs (BPPs) EFI) masg spectra were ogl’)tained from the UCgRiverside facility. Low-
were chosen for this work because they offered the greatest,osqytion MALDI spectra were obtained at UC Davis as described
potential for varying electronic effects while at the same time previously?*
minimizing differences in the steric effects of the substituents, = Electrochemistry. Benzonitrile was distilled over s under
and because existing synthetic methodology could be appliedvacuum, and pyridine was distilled over Captior to use. Tetraxr
to the preparation of these materials. An investigation of the butylammonium perchlorate (TBAP) was recrystallized from ethyl
electrochemical properties of the chloroiron(lll) complexes of alcohol and dried in a vacuum oven at 4D for at least 1 week prior
DPP and the fDPPs (abbreviated as FeDPPCI and,E4tPCls) to use. Cyclic voltammetry was carried out using an EG&G Model
confirms the dominance of electronic changes in the series; 173 potentiostat coupled with an EG&G Model 175 universal program-
oxidation of the macrocycle (in Ci€1,) becomes more difficult mer or a BAS 100 electrochemical analyzer. Currerdltage curves

and reduction of the macrocycle or iron atom (in benzonitrile were recorded on an EG&G Princeton Applied Research Model RE-
4 0151 XY recorder. A three-electrode system was used and consisted

pr pyridine) mortlai facile as the degrge of flgorlnatlon IS of a glassy carbon working electrode, a platinum wire counter electrode,
increased. In addition, the electrochemical studies reveal thatyng 5 saturated calomel reference electrode (SCE). The reference
the site of the second reduction is strongly dependent on theelectrode was separated from the bulk solution by a fritted-glass bridge
macrocycle substituents and on the solvent. For theBRePCI filled with the solvent/supporting electrolyte mixture. Ferrocene was
complexes in benzonitrile a novel intramolecular electron used as the internal standard, but all potentials were referenced to the
SCE. Solutions containing the metalloporphyrins were deoxygenated
by a stream of nitrogen for at least 5 min prior to running the
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R. G.; Smith, K. M.; Cancilla, M.; Voss, L.; Lebrilla, C.; Ma, J.-G.; M.; Smith, K. M.; Shelnutt, J. A.; Lebrilla, C. BEur. Mass Spectrosc.
Shelnutt, J. A. Manuscript in preparation. 1997 3, 439.
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experiments and were also protected from air by a nitrogen blanket found 279.1251 (M 100). Anal. Calcd for GH;7NO2: C 77.40, H
during the experiment. Thin-layer spectroelectrochemical measurements6.13, N 5.01. Found: C 77.71, H 6.18, N 5.10.

were carried out with a Tracor Northern 6500 multichannel analyzer/
controller coupled with an EG&G Model 173 universal programmer
using an optically transparent platinum thin-layer working electrdde.
ESR spectra of the doubly reduced EHPPCI generated electro-
chemically were taken on a JEOL JES-RE1XE by using an electrolysis
cell designed for ESR measuremetft3he controlled-potential elec-
trolysis of FeRoDPPCI was carried out in benzonitrile containing 0.2
M TBAP in the ESR cavity.

Syntheses of Pyrroles and Precursors. 3,4-Bis(4-fluorophenyl)-
pyrrole. The title compound was prepared by adapting a procedure
used to prepare 3,4-diphenylpyrréfeA 2 L three-necked round-
bottomed flask was filled with anhydrous MeOH (1400 mL), NaOMe
(211.7 g, 3.9 mol), and dimethi{-acetyliminodiacetaté (79.6 g, 0.39
mol) and brought to a gentle reflux under an inert atmospheré. 4,4
Difluorobenzil (96.4 g, 0.39 mol, Aldrich) was added, and the solution
was refluxed for an additional 25 min, after which the reaction contents
were poured into deionized,B (6 L). A precipitate formed and was
filtered off, and the aqueous filtrate was washed with diethyl ether (2
x 1 L). The residual diethyl ether and MeOH present in the aqueous
solution were removed by partially stripping off the solvent in vacuo.
The cooled concentrated aqueous solution was acidifidgd@i HCI,
resulting in the precipitation of a mix of diester and partially hydrolyzed
diester diphenylpyrroles (34.2 g), which was filtered off.

To afford a complete saponification, the crude diester diphenylpyr-
roles (32.3 g) were dissolved in 10% aqueous KOH (350 mL) and
refluxed for 20 min. The stirred solution was chilled in an ice bath and
neutralized by the additionf@& M HCI, which precipitated the diacid
pyrroles. Filtration of the precipitate afforded a mixture of 3,4-bis(4-
fluorophenyl)pyrrole-2,5-dicarboxylic acid, 3,4-bis(4-methoxyphenyl)-
pyrrole-2,5-dicarboxylic acid, and 3-(4-fluorophenyl)-4-(4-methoxy-
phenyl)pyrrole-2,5-dicarboxylic acid as a brittle tan solid (32.1 g). The
formation of methoxylated pyrroles presumably takes place via nu-
cleophilic substitution of the aryl fluorines by methoxide.

The diacid diphenylpyrrole mixture (32.1 g) was dissolved in
ethanolamine (200 mL) and refluxed for 2 h. The cooled reaction
solution was poured into a mixture ob@ (1 L) and saturated aqueous
NaCl (500 mL), and the aqueous phase was extracted wittCGKB
x 300 mL). The pooled organic extracts were dried over anhydrous
NaSO, and stripped of solvent in vacuo to yield a dark brown residue.

3-(4-Fluorophenyl)-4-(4-methoxyphenyl)pyrrole:isolated as an oil
or glasslike material. EIHRMS: calcd 267.1059, found 267.1057 (M
100).

3,4-Bis(3,5-difluorophenyl)pyrrole. 3,5,3,5 -Tetrafluorobenzil was
prepared by adapting a standard procedure for the condensation of
benzaldehyde into benzéffollowed by an oxidation to the corre-
sponding benzit® Thiamine hydrochloride (11.0 g, 0.033 mol) was
dissolved in deionized 0 (32 mL), followed by the addition of 95%
ethanol (85 mL), 10% sodium hydroxide (32 mL), and 3,5-difluo-
robenzaldehyde (45.0 g, 0.317 mol, Indofine Chem. Co.). The mixture
was stoppered, shaken vigorously, and allowed to sit for 3 days. The
solution was then filtered and the filtrate washed with deionize@ H
and vacuum-dried to afford 3,5,3-tetrafluorobenzoin (36 g, 0.13 mol).

3,5,3,5-Tetrafluorobenzoin (36 g, 0.13 mol) and aqueous acidic
cupric acetate (16 mL of 10% acetic acid containing 0.48 g of cupric
acetate dihydrate) were then dissolved in a solution of ammonium nitrate
(12.7 g, 0.158 mol) in glacial acetic acid (80 mL). The reaction mixture
was refluxed for 90 min, cooled, and filtered, and the filtrate was washed
with deionized HO. The crude product was recrystallized from MeOH
to afford 3,5,35-tetrafluorobenzil (28.0 g, 0.099 mol) in 62% yield
(based on starting 3,5-difluorobenzaldehyde)NMR (CDCL): 6 7.5
(M, 4H, Hong), 7.1 (M, 2H, Har). 1°F NMR (CDChk): 6 —108.0 (m,
Frety. Mp: 135.0-136.5°C. EI" HRMS: mVz for C14HsF4O, M (not
found); however, a fragment (found: 141.0136) correspondstighaO
(calcd: 141.0151), presumably resulting from cleavage of theCC
bond. Anal. Calcd for @HeF:O2: C 59.59, H 2.14. Found: C 59.66,
H2.11.

3,4-Bis(3,5-difluorophenyl)pyrrole was prepared by adapting the
procedure used to prepare 3,4-diphenylpyrféla.2 L three-necked
round-bottomed flask was filled with anhydrous MeOH (600 mL),
NaOMe (65.0 g, 1.20 mol), and dimetHytacetyliminodiacetate (110.4
g, 0.544 mol), and the solution was refluxed for 15 min under an inert
atmosphere. The reflux was temporarily stopped to allow the addition
of 3,5,3,5-tetrafluorobenzil (75.0 g, 0.266 mol), after which the solution
was refluxed for an additional 40 min and poured into deionize@ H
(6 L). In some cases, a precipitate was observed when the reaction
mixture was poured into deionized,®, and this was most evident
when the reaction was carried out on a smaller scale. The precipitate
was a reaction byproduct resulting from the benbinzilic acid

The residue was chromatographed on silica gel eluted with gradient rearrangeme#tof 3,5,3,5 -tetrafluorobenzil and was filtered off. The

mixtures of CHCl./petroleum ether. After several columns and
crystallizations from ChCl,/cyclohexane, three diphenylpyrroles were
isolated in pure form. The least polar fractions afforded 3,4-bis(4-
fluorophenyl)pyrrole (6.8 g, 0.027 mol, 6.9% yield based on starting
4,4 -difluorobenzil), while the most polar fractions afforded 3,4-bis-
(4-methoxyphenyl)pyrrole (4.5 g, 0.016 mol) in 4.1% yield. Of
intermediateR on silica gel was 3-(4-fluorophenyl)-4-(4-methoxyphe-
nyl)pyrrole (3.5 g, 0.013 mol), which was isolated in 3.3% yield.
Characterization data for these compounds are as follows.
3,4-Bis(4-fluorophenyl)pyrrole. '"H NMR (CDCL): 6 8.29 (br s,
1H, NH), 7.19 (m, 4H, B, 6.95 (M, 4H, Hew), 6.78 (d,J = 2.7
Hz, 2H, pyrrole-H,). 1*C NMR (CDCk): ¢ 115.06 (d,J = 21.2 Hz,
Cierd, 117.23 (s, ), 122.52 (s, G), 129.93 (d,J = 7.7 Hz, G,
131.50 (dJ = 2.7 Hz, Gyso), 161.39 (dJ = 244.3 Hz, Gary. 19F NMR
(CDClg): 0 —119.2 (M, Farg. Mp: 138-140°C. EI* HRMS: calcd
255.0860, found 255.0865 (M100). Anal. Calcd for @Hi:FN: C
75.28, H 4.34, N 5.49. Found: C 75.30, H 4.37, N 5.51. Alternate
preparation: European Patent 0 334 147.
3,4-Bis(4-methoxyphenyl)pyrrole.*H NMR (CDCl): 6 8.20 (br
s, 1H, NH), 7.18, 6.81 (d, 4H eachofdo, Hmeta J = 8.9 Hz), 6.79 (d,
2H, Hy), 3.76 (s, 6H~OCH;). 133C NMR (CDCL): 6 55.14 (-OCHj),
113.62 (Guetg, 116.75 (@), 122.96 (G), 128.42 (Gpso), 129.53 (Grino),
157.76 (Gary- Mp: 110.5-112.5°C. EI" HRMS: calcd 279.1259,

aqueous solution was washed with diethyl etherx(2 L), and the
residual diethyl ether and MeOH present in the aqueous solution were
removed under vacuum. The cooled concentrated aqueous solution was
basified by the addition of NaOH (600 g) and boiled irotd/L beakers
for 30 min. The solutions were allowed to cool for 6 h, placed in ice
baths, and acidified by the dropwise additidréavi HCI to precipitate
the diacid pyrrole. The precipitate was filtered off and dried in vacuo,
yielding 3,4-bis(3,5-difluorophenylpyrrole)-2,5-dicarboxylic acid as a
tan solid (16.7 g; El HRMS: calcd 379.04677, found 379.04662).
3,4-Bis(3,5-difluorophenylpyrrole)-2,5-dicarboxylic acid (16.7 g) was
dissolved in ethanolamine (250 mL) and refluxed for 2 h. The cooled
solution was poured into a mixture of deionized@H(500 mL) and
saturated aqueous NaCl (250 mL) and extracted with@H3 x 150
mL). The combined organic extracts were washed with a mixture of
deionized HO (500 mL) and saturated aqueous NaCl (250 mL), dried
over anhydrous N&Q, and stripped of solvent in vacuo to afford a
thick brown oil. This oil solidified upon storage at60 °C and also
remained a solid when warmed to room temperature. This material was
chromatographed on a silica gel column eluted with,Chito afford
3,4-bis(3,5-difluorophenyl)pyrrole (4.9 g, 0.017 mol) in 6.4% yield
(based on 3,5,F -tetrafluorobenzil)XH NMR (CDCkL): 6 8.41 (br s,
1H, NH), 6.92 (d, 2HJ = 3.5 Hz, pyrrole-H), 6.75 (m, 4H, Hno),
6.66 (tt, 2H, Harg. °F NMR (CDCk): 6 —112.3 (M, Fety. Mp: 185
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(26) Ohya-Nisiguchi, HBull. Chem. Soc. Jpri979 52, 2064.

(27) Friedman, MJ. Org. Chem1965 30, 859.

(28) Medforth, C. J.; Senge, M. O.; Smith, K. M.; Sparks, L. D.; Shelnutt,
J. A.J. Am. Chem. S0d.992 114, 9859.

(29) Williamson, K. L.Macroscale and Microscale Organic Experiments
D. C. Heath and Co.: Lexington, MA, 1989; p 534.

(30) Wilcox, C. F. J.Experimental Organic Chemistry, A Small Scale
Approach MacMillan Publishing Co.: New York, 1988; p 427.

(31) Selman, S.; Eastham, J.®. Re.. Chem. Socl196Q 14, 221.



Fluorinated Dodecaphenylporphyrins

°C. FAB HRMS: [M]" calcd 291.0671, found 291.0675. Anal. Calcd
for CigHoF4N: C 65.98, H 3.11, N 4.81. Found: C 65.75, H 3.03, N
4.78.

Syntheses of PorphyrinsH,DPP was prepared using the Lindsey
type reaction described in our earlier DPP pagétshe fluorinated

Inorganic Chemistry, Vol. 38, No. 9, 1992191

8.2 (v br, 8H, meso-kiny), 7.1 (v br, 16H,8-Horthg), 5.4 (v br, 8H,
meso-Hiing), 4.96 (S, 8HS-Hpard, 4.8 (v br, 16H 8-Homno). 1°F NMR
(CDCl): ¢ —110.3 (M, -Fpay. FAB HRMS: [M — CI]* calcd
1348.3791, found 1348.3753. Visible (@F2): Amax (nmM) 450 €
90 300), 530 (17 600), 574 (13 000).

dodecaphenylporphyrins were prepared later using the same reaction H:FsDPP (8) (12). Benzaldehyde (208 mg, 1.96 mmol) and 3,4-

or the modified Adler-Longo reaction described by Takeda and
Sato?>3 The modified Adler-Longo reaction was used for the

bis(4-fluorophenyl)pyrrole (500 mg, 1.96 mmol) were treated as
described in the preparation oLFDPP to afford HFsDPP (3) (435

preparation of the dodecaarylporphyrins because it could be done on amg, 0.318 mmol) in 65% yield!H NMR (CDCly): ¢ 7.52 (d, 8H,
larger scale due to the much higher reactant concentrations. However meso-Hmo), 6.95 (t, 4H, meso-fkJ, 6.83 (t, 8H, meso-ket), 6.60

it was not used to make HsDPP (meso), bFDPP, HFsDPP, or

(M, 16H,8-Hortng), 6.38 (t, 16H-Himery. 19 NMR (CDCh): 6 —118.9.

H,F3sDPP because the percentage yields obtained from the modified Mp: >300 °C. MALDI FT-ICR MS: [MH]" calcd 1367.4, found

Adler—Longo reaction are significantly lower than those obtained from
the Lindsey reactiof®
H.DPP (4).H.DPP was prepared as described previotkly.
FeDPPCI. Iron was inserted into HDPP using a standard proce-
dure®* H,DPP (72 mg, 0.059 mmol) was dissolved in a mixture of
pyridine (10 mL) and glacial acetic acid (10 mL), and the mixture was
heated to 90C under an inert atmosphere. Saturated aqueos®dre
(4 mL) was added, and the solution was heated overnight at@00
The mixture was diluted with C¥Cl, (100 mL) and the organic layer
washed with 0.02 M HCI (2« 250 mL). The organic layer was dried
over anhydrous N&O, and filtered, and the solvent was removed in

1367.4. Visible (CHCIL,): Amax (hm) 464 € 170 000), 562 (11 000),
612 (10 600), 718 (5200); (1% trifluoroacetic acid in £Hb) Amax (NM,
rel int) 384 (19.7), 490 (100), 720 (23.2).

FeRsDPPCI (). Iron was inserted into HrsDPP (3) (30 mg, 0.022
mmol) using the procedure described for'"FeDPPCI and afforded
Fe''FsDPPCI ) (15 mg, 0.010 mmol) in 45% yieldH NMR
(CDCly): 6 12.88 (br s, 8H, meso+kdiy), 9.51 (br s, 16HS-Hmety, 8.1
(v br, 8H, meso-kking), 6.8 (v br, 16H,6-Horing), 5.5 (v br, 8H, meso-
Horno), 5.45 (br s, 4H, meso-fdy), 4.6 (v br, 16H,5-Horng). 1F NMR
(CDCly): 6 —110.7 3-Fpard. FAB HRMS: [M — CI]* calcd 1420.3414,
found 1420.3459. Visible (C¥lo): Amax (NM) 450 € 85 200), 534

vacuo to afford crude FeDPPCI. This material was chromatographed (17 000), 574 (12 600).

on a silica gel column using gradient mixtures of MeOHACH
(starting with neat CkCl,). The combined fractions were washed with
0.02 M HCI (250 mL), dried over anhydrous p&O,, filtered, and the
solvent removed in vacuo. This afforded FeDPPCI (48 mg, 0.037 mmol)
in 62% yield.'H NMR (CDCl; plus KCN in CD;OD): ¢ 9.55 (br,
8H) 7.69 (br, 16H), 7.23 (br t, 8H), 6.81 (br, 16H), 5.81 (br, 4H), 4.02
(br, 8H). FAB HRMS: [M— CI]* calcd 1276.4167, found 1276.4186.
Visible (CH.Cly): Amax (nm, rel int) 454 (100), 536 (21.3), 576 (16.0).
H.F,DPPCI (11). This compound was prepared by adapting a
published Adler-Longo type procedure for the preparation of dode-
caphenylporphyrin&32 4-Fluorobenzaldehyde (566 mg, 4.56 mmol)
was dissolved in acetic acid (38 mL) and brought to reflux. Subse-
quently, 3,4-diphenylpyrrole (1.00 g, 4.56 mmol) dissolved in warm
acetic acid (22 mL) was added to the refluxing solution. Reflux was
continued for 14 h, after which time DDQ (1.04 g, 4.56 mmol) was

H2FsDPP (Meso) (13)H.FsDPP (meso) was prepared by adapting
a published Lindsey type procedure for the preparation of dodecaphe-
nylporphyrins®? A solution containing 3,4-diphenylpyrrole (0.90 g, 4.1
mmol) and 2,6-difluorobenzaldehyde (0.58 g, 4.1 mmol) in,Chi
(500 mL) was purged with Nfor 10 min, after which time B§OEb
(0.25 mL, 2 mmol) was added via syringe. The reaction mixture was
shielded from the light and stirred for 24 h. After removal of the solvent
in vacuo the solid obtained was refluxed @ h with DDQ (0.75 g,
3.3 mmol) in toluene (250 mL). The cooled solution was treated with
triethylamine (0.5 mL), and the solvent was removed in vacuo. The
resulting material was chromatographed on a silica gel column using
gradient mixtures of MeOH/C}LI, (starting with neat CkCl,). The
porphyrin-bearing fractions were crystallized from £H/cyclohexane,
giving HoFsDPP (meso) (1.1 g, 0.80 mmol) in 81% yiefdd NMR
(CDCly): 6 —1.09 (s, 2H, NH), 6.18 (dd, 8H}imnp = 8.5 HZ,Jimr =

added to the reaction mixture and reflux was continued for another 60 7 Hz, meso-keid, 6.68 (t, 4H,Jnprm = 8.5 Hz, meso-kh), 6.73~

min. The cooled reaction solution was poured into a mixture of

6.78 (M, 24H,-Hpara f-Hmewd, 6.90 (M, 16H,5-Horng). F NMR

deionized water (300 mL) and saturated aqueous NaCl (300 mL) and (CDCh): 6 —108.55 (meso-§ung). LSIMS: [MH] " calcd 1367.4, found
neutralized with aqueous NaOH. The agueous layer was extracted with 1368. Visible (CHCI): Amax (nm) 452 € 215 000), 546 (17 600), 624

CH.CI; (3 x 200 mL), and the combined organic extracts were washed
with aqueous 5% NaOH, dried over anhydrous®@;, and stripped

(7300), 689 (2400).
FeRDPPCI (Meso).Iron was inserted into HFsDPP (meso) (48

of solvent in vacuo. The resulting material was chromatographed on a Mg, 0.035 mmol) using the procedure described for,B€PCl and

silica gel column using gradient mixtures of MeOH/&CHb (starting
with neat CHCI, and finishing with neat MeOH). The porphyrin-
bearing fractions were crystallized from @Ei,/cyclohexane, affording
H2F4DPP (424 mg, 0.327 mmol) in 29% yieltkd NMR (CDCl): 6
7.47 (g, 8H, meso-ko), 6.39 (t, 8H, meso-kky), 6.75 (M, 40H,
p-phenyl protons)*F NMR (CDCk): 6 —118.33 (m, meso+&y. FAB
HRMS: [MH]* calcd 1295.4676, found 1295.4680. Visible (1%NEt
in CH.CLL): Amax (NM) 464 € 182 000), 560 (8000), 612 (7200); (1%
trifluoroacetic acid in CHCl,) Amax (NnM, rel int) 486 (100), 714 (20.9).
FeF,DPPCI. Iron was inserted into HF,DPP using a standard
procedure* FeCh+(H20), (30 mg) was added to a refluxing solution
of HoF,DPP (40 mg, 0.031 mmol) in DMF (6 mL). After 30 min the
reaction mixture was allowed to cool to room temperature and 0.1 N
HCI was added. A precipitate appeared, which was filtered off and

afforded FeEDPPCI (meso) (30 mg, 0.021 mmol) in 60% yiekH
NMR (CDCls): 6 13.0 (br s, 4H, meso-kky), 12.6 (br s, 4H, meso-
Hmetg, 10.5 (br s, 8HS-Hmety, 10.4 (br s, 8HS-Hmety, 7.7 (v br, 8H,
P-Honng), 6.4 (br s, 4H, meso-KJ, 5.1 (v br, 8H,5-Horng), 5.1(br s,
8H, -Hpary. 1%F NMR (CDCk): 6 —80.3 (meso-Fing), —74.8 (meso-
Forthg). FAB HRMS: [M — CI]* calcd 1420.3414, found 1420.3361.
Visible (CHCL,): Amax (nm) 398 € 71 600), 436 (93 600).

H,F1.DPP (14).4-Fluorobenzaldehyde (486 mg, 3.92 mmol) and
3,4-bis(4-fluorophenyl)pyrrole (500 mg, 1.96 mmol) were treated as
described in the preparation otFADPP, and afforded #,DPP (462
mg, 0.321 mmol) in 33% yield*H NMR (CDCl): 6 7.47 (q, 8H,
meso-Hiino), 6.61 (M, 16HS-Horng), 6.54 (t, 8H, meso-kkw), 6.47 (t,
16H, f-Hmety. **F NMR (CDChk): 6 —117.9 B-Fpary, —116.4 (meso-
Foard. FAB HRMS: [MH]* calcd 1439.3922, found 1439.3978. Visible

washed with water. The precipitate was chromatographed on grade 111 (2% E&N in CH,Cl,): Amax (Nm) 462 € 182 000), 558 (11 100), 608

alumina with a 50:50 mixture of Ci€l,/cyclohexane. The iron complex
fraction was collected, washed with 0.1 M HCI, and evaporated to
dryness to afford a residue, which was crystallized from,Clkin-
hexane. This gave FeBPPCI (18.5 mg, 0.013 mmol) in 43% yield.
IH NMR (CDCl): ¢ 12.2 (br, 8H, meso-kk), 10.2 (br, 16Hp-Hmer),

(32) Takeda, J.; Sato, Mnorg. Chem.1992 31, 2877.

(33) Takeda, J.; Sato, MChem. Pharm. Bull1994 42, 1005.

(34) Fuhrhop, J.-H.; Smith, K. M. liforphyrins and Metalloporphyrins
Smith, K. M., Ed.; Elsevier: Amsterdam, 1975.

(10 000), 712 (5000); (1% trifluoroacetic acid in @) Amax (NM, rel
int) 488 (100), 716 (27.4).

FeF,DPPCI. Iron was inserted into kF1.DPP (40 mg, 0.028 mmol)
using the procedure described for fEBPPCI and afforded FefPPPCI
(23 mg, 0.015 mmol) in 54% yieldH NMR (CDCl): ¢ 12.5 (br,
8H, meso-Hety, 9.7 (br, 16H,5-Hmety, 8.0 (v br, 4H, meso-kino),
6.9 (v br, 8H,S-Horho), 5.4 (v br, 4H, meso-k), 4.5 (v br, 8H,
B-Hortho)- *°F NMR (CDCE): 6 (ppm)—109.3 3-Fparg, —107.9 (meso-
Fpard. FAB HRMS: [M — CI]* caled 1492.3037, found 1492.3072.
Visible (CHCL,): Amax(nm) 448 € 88 700), 534 (17 400), 576 (13 000).



2192 Inorganic Chemistry, Vol. 38, No. 9, 1999

H2F20DPP (15).Pentafluorobenzaldehyde (2.00 g, 10.2 mmol) and

Kadish et al.

(29 mg, 0.015 mmol) in 78% yieldH NMR (CDCls): 6 6.5 (br, 16H,

3,4-diphenylpyrrole (2.24 g, 10.2 mmol) were treated as described in 5-Horno), 4.9 (br, 8H,5-Hpary. *°F NMR (CDChk): 6 —97.1,—103.6

the preparation of HFsDPP (meso) to afford HF0DPP (1.74 g, 1.1
mmol) in 44% vyield.*H NMR (CDCl): 6 7.00 (br, 40H,5-Hpnheny)-

F NMR (CDCk): 6 —137.5 (d, 8F, B, —156.2 (t, 4F, Bar,

—166.9 (t, 8F, Fewy. MALDI FT-ICR MS: [M + H]" calcd 1583.3,
found 1583.3. Visible (CkCly): Amax (nm) 444 € 164 000), 538
(10 200), 618 (1970); (1% trifluoroacetic acid in @) Amax (NM, rel

int) 472 (100), 612 (6.54), 666 (5.12).

FeF,oDPPCI. Iron was inserted into HFDPP as described else-
where3® Acetonitrile (50 mL) was refluxed for 30 min in oven-dried
glassware under an inert atmosphere. €@H.0) (899 mg, 4.52
mmol) was added to the refluxing mixture, and subsequentisd
DPP (143 mg, 0.090 mmol) dissolved in degassed GKIA mL) was
added to the reaction mixture in a dropwise fashion. Stirring was
continued for 10 min after complete addition of the porphyrinic solution.
The reaction mixture was poured into @H, (200 mL) and washed
with 0.5 M HCI to convert the product to its FeCl form. The resulting

(br, 4F each, mesoshno), —107.0,—108.3 (br, 8F eaclfi-Fmety, —147.5
(br, 4F, meso-f), —153.5,—154.2 (br, 4F each, mesanky). FAB

HRMS: [M — CI]* calcd 1924.078, found 1924.060. Visible (&H
Clp): Amax (nm, rel int) 391 (65.6), 430 (100), 560 (15.6).

Results and Discussion

Synthetic Studies.The series of fFDPPs presented in this
paper are the most recent additions to a growing collection of
porphyrins based on the DPP framewéRS At present, it
appears that the preparation @DPPs with even more electron-
withdrawing fluorophenyl groups is not feasible. For example,
we attempted to prepare 3,4-bis(2,6-difluorophenyl)pyrrole in
the hope that it could be reacted with pentafluorobenzaldehyde
to afford the more electron-withdrawingFssDPP isomerl8.

material was chromatographed on a silica gel column using gradient However, when 2,6!% -tetrafluorobenzil was used in the same

mixtures of MeOH/CHCI, (starting with neat CkCl,). Porphyrin-
bearing fractions were washed with 0.5 M HCI, dried over anhydrous
NaSQ,, and stripped of solvent in vacuo to give RgPPPCI (122
mg, 0.073 mmol) in 81% yieldH NMR (CDCl): 6 10.84 (br s, 16H,
B-Hmew, 7.7 (v br, 8H,8-Hortng), 5.3 (br s, 16HS-Hortho, f-Hpary. F
NMR (CDCl;): 6 —98.1,—102.6 (br, 4F each, mesark,), —152.0
(br, 4F, meso-fr9, —156.0,—156.1 (br, 4F each, mesands). 'H NMR
(CDCl; + KCN in CD;0D): 6 7.95 (d, 16H,8-Horno), 7.35 (t, 16H,
B-Hmetd, 7.20 (t, 8H,5-Hpary. 2F NMR (CDCk + KCN in CD;OD):
0 —160.3 (Meso-ke), —156.3 (Meso-f), —117.2 (MesSo-kiny). FAB
HRMS: [M — CI]* calcd 1636.2283, found 1636.2275. Visible (£H
Clp): Amax (nm, rel int) 400 (76.7), 430 (100).

H2F2sDPP (16).3,4-Bis(4-fluorophenyl)pyrrole (500 mg, 2.0 mmol)

and pentafluorobenzaldehyde (0.24 mL, 2.0 mmol) were treated as

described in the preparation ofRRDPP (meso) and afforded,Fs-
DPP (150 mg, 0.087 mmol) in 17% yieltHd NMR (CDClg): ¢ —1.51
(br's, 2H, NH), 6.73 (t, 16H3-Hmet9, 6.94 (M, 16Hp-Hortno). 19F NMR
(CDCls): 6 —136.14 (meso-frng), —153.02 (meso-f), —164.42
(meso-Fiew), —113.68 [-Fpar). MALDI FT-ICR MS: [M + H]* calcd
1727.2, found 1727.2. Visible (GBI,): Amax (nm) 442 € 174 000),
538 (17 200), 616 (7100); (1% trifluoroacetic acid in £LHp) Amax (NM,
rel int) 490 (100), 630 (10.4), 692 (9.7).

FeFRsDPPCI. Iron was inserted into HF,sDPP (52.2 mg, 0.031
mmol) using the procedure described for [EPPCI and afforded
FeRgDPPCI (41 mg, 0.023 mmol) in 75% yieltH NMR (CDCly): o
10.3 (br s, 8HB-Hmety, 10.2 (br s, 8HS-Hmet), 7.7 (very br s, 8H,
B-Hortno), 5.2 (very br's, 8HpB-Horng). 1°F NMR (CDCh): 6 —155.4
(meso-fet), —155.1 (MesO-Fer), —149.9 (meso-f), —106.4 (3-
Fparg, —103.1 (Meso-ino), —97.9 (Meso-Fino). *H NMR (CDCl; +
KCN in CD;OD): ¢ 8.12 (m, 16H ,8-Honno), 7.16 (t, 16H,B-Hmet).
1%F NMR (CDCk + KCN in CD3sOD): 6 —160.0 (Mmeso-fety, —155.3
(meso-Fary, —117.3 (MesSo-king), —116.3 B-Fpard. FAB HRMS: [M
— CI]" calcd 1780.1529, found 1780.1488. Visible ({CH): Amax(nm)
387 (¢ 61 400), 430 (94 000).

H2F3DPP (17). 3,4-Bis(3,5-difluorophenyl)pyrrole (1.00 g, 3.43
mmol) and pentafluorobenzaldehyde (0.673 g, 3.43 mmol) were treate
as described in the preparation offsDPP (meso). Silica gel column
chromatography (CHGEluent) afforded the desired product along with
a red contaminant which runs at the saR@n silica gel and cannot

base-catalyzed reaction employed to make 3,4-bis(3,5-difluo-
rophenyl)pyrrole, the only product isolated was methyl 2,62
tetrafluorobenziloate (some methyl benziloate was obtained in
the synthesis of 3,4-bis(4-fluorophenyl)pyrrole, and the methyl
benziloate was the major product obtained from the synthesis
of 3,4-bis(3,5-difluorophenyl)pyrrole). The fact that the methyl
benziloate becomes the major product as the fluorination of the
benzil is increased is consistent with a report in the literature
that fluorination increases the rate of the benzilic acid rear-
rangement’ A second route involving a base-catalyzed con-
densation was also used in an attempt to prepare 3,4-bis-
(2,3,4,5,6-pentafluorophenyl)pyrrole, which upon reaction with
pentafluorobenzaldehyde might yield the perfluorododecaphe-
nylporphyrin HFgDPP (19). However, reaction of 1-cyano-
1,2-bis(2,3,4,5,6-pentafluorophenyl)ethene with ethyl isocy-
anoacetafé actually yielded 2,4-dicarbethoxy-3-(2,3,4,5,6-
pentafluorophenyl)pyrrole as the principal product; a similar
reaction has been reported during the attempted preparation of
3,4-dialkylpyrroles using the same methodoldgy.

Given the difficulties encountered in preparing 3,4-diphe-
nylpyrroles with highly fluorinated phenyl rings, as well as the
problems inherent in condensing electron-deficient pyrroles with
aldehydeg? we turned our attention to the recently reported
Suzuki coupling reaction of aryl boronic acids wighto give
dodecaarylporphyrin®-The Suzuki coupling reactions worked
well with phenylboronic acid, 4-chlorophenylboronic acid, and
3,5-dichlorophenylboronic aci#.However, the reactions of 2,6-
difluorophenylboronic acid or 2,3,4,5,6-pentafluorophenylbo-
ronic acid with3 did not give the expected productsfsDPP
(20) or HyF40DPP @1). Further investigations of the uses of
the Suzuki coupling reaction to prepare novel DPPs will be

qreported shortly?

Electrochemical Studies.The electrochemistry of iron por-
phyrins has been studied in a variety of nonaqueous solf®&fits.
Low valent iron porphyrins are known to react with chlorinated

be removed in this fashion. The red contaminant was removed by hydrocarbons such as GEl, to give o-bonded Fe(lll) deriva-

crystallization from CHCI,/cyclohexane, which gave pure crystalline
H,F3sDPP (175 mg, 0.094 mmol) in 10.9% yielkH NMR (acetone-
de): 0 7.01 (m, 24H)1%F NMR (acetoneds): 6 —165.7 (MeSO-fet),
—154.2 (meso-fay, —135.3 (Meso-Fing), —111.4 (-Frey. FAB
HRMS: [M]* calcd 1870.1583, found 1870.1629. Visible (CH):
Amax (NM) 444 € 179 000), 540 (15 000), 572 (6690), 620 (5450); (1%
trifluoroacetic acid in CHCl,) Amax (nm, rel int) 480 (100), 616 (6.9),
676 (7.2).

FeFssDPPCI. Iron was inserted into sFssDPP (35 mg, 0.019 mmol)
using the procedure described for EEHPPCI and afforded FefOPPCI

(35) Langry, K. C. Ph.D. Thesis, University of California at Davis, 1982.

(36) Guilard, R.; Perie, K.; Barbe, J.-M.; Nurco, D.; Smith, K. M.; Van
Caemelbecke, E.; Kadish, K. Nnorg. Chem.1998 37, 973.

(37) Chamber, R. D.; Clark, M.; Spring, D.d.Chem. Soc., Perkin Trans.
11972 2464.

(38) Barton, D. H.; Zard, S. Z1. Chem. Soc., Chem. Comm@@85 1098.

(39) Ono, N.; Maruyama, KBull. Chem. Soc. Jpri988 61, 4470.

(40) Kaesler, R. W.; LeGoff, EJ. Org. Chem1982 47, 5246.

(41) Zhou, X.; Tse, M. K.; Wan, T. S.; Chan, K. $. Org. Chem1996
61, 3590.

(42) Kadish, K. M.Prog. Inorg. Chem1986 34, 435.

(43) Kadish, K. M. Inlron Porphyrins Lever, A. B. P., Gray, H. B., Eds.;
Addison-Wesley: Reading, MA, 1983; p 161.
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Table 1. Half-Wave PotentialsHi,, V vs SCE) for Oxidation of 1n PECN, 0.1 M TBAP

Chloroiron(lll) Porphyrins in CECl,, 0.1 M TBAP FeDPPCI
porphyrin first ox. second ox. Aox
OEP?243 1.08 1.30 0.22
TPpi243 1.14 1.43 0.29
DPP 0.73 1.19 0.46
F.DPP 0.78 1.16 0.38
FsDPP (3) 0.82 1.19 0.37
F1.DPP 0.84 1.18 0.34
FsDPP (meso) 1.06 1.41 0.35
F20DPP 1.36 1.64 0.28
FsDPP 1.45 a
FsDPP 1.40 a In pyridine, 0.1 M TBAP
ArLuoriNATION® +0.72 +0.45 [FeDPP(py),1*
2 Process occurs at potentials too positive to meadig.at a scan —
rate of 0.1 V/s* Anodic shift for most highly fluorinated derivative d/ﬁ
versus least fluorinated derivative.
Scheme 1 [FeF20DPP(py)o1*

_e' e
Fellpcl —=—= [Fe'PCl* === [Fe'"PCI}?*

tives# so we used CKCl, as a solvent only for oxidation
reactions. Benzonitrile or pyridine was employed for the

reduction reactions. +08 404 00 -04 -08 -12  -16  -20
Electrooxidation in CH,Cl,. Table 1 summarizes the half-
wave potentials for the oxidations of each investigated complex Potential (V vs. SCE)

along with those for the well-studied FeTPPCI and FEOEPCI g e 2. cyclic voltammograms for the electroreduction of chlor-
under the same experimental conditions. THeRP derivatives  oiron(lll) porphyrins in benzonitrile/0.1 M TBAP or pyridine/0.1 M
with x = 0—20 undergo two well-defined one-electron transfer TBAP. Scan rate= 0.1 V/s.

processes while FefDPPCI and FefDPPCI show only a

single oxidation within the anodic potential range of the solvent. in part to differences in the reported Hammettvalues for

The redox reactions are straightforward, and the overall reactionsfluorophenyl substituents and in part to the fact that these values
proceed as shown in Scheme 1, where P represeﬁBFFand were not available for some substituents. A more detailed

the final products are formulated as Fe(lll) porphyrimadical investigation of the substituent effects in these and other F
cations andr-dications, respectivel§z43 DPP complexes is in progress and will be reported shéftly.
As was earlier reportetf, FeDPPCI is much easier to oxidize Finally, a comparison of the oxidation potentials for FeDPPCI

(Ex> = 0.73 V) than either FeTPPCE(, = 1.14 V) or and FelzDPPCI s_hows Fhat_the potential difference is somewhat
FeOEPCI Ey, = 1.08 V), something which would not be greater for the first oxidation (630 mV) than for the second
expected on the basis of the electronic effects of the substituents@Xidation (450 mV). Indeed, the second oxidation of the FeF
The easier oxidation of FeDPPCl is consistent with the fact that DPPCIs is virtually unaffected by the addition of 4, 8, or 12 F
the compound adopts a very nonplanar conformation in solu- 9roups at the para position of the phenyl rings in DPRFP,
tion 1:3:46 FsDPP, or F.DPP. This lack of a substituent effect of the F
The oxidation potentials of the F@BPPCls show the  9roups on the second oxidation is reflected in the absolute
expected increase with the degree of fluorination of the potential separation between the two redox processes of a given

peripheral phenyl rings, WithAruormation for the first compound fox) Which systematically decreases from 0.46 V
oxidation potential changing by approximately 720 mV within for FeDPPCI to 0.34 V for FeRDPPCI (Table 1).
the series (Table 1). However, gy, values for oxidation of Electroreduction in Benzonitrile. Figure 2 shows the reduc-

FeDPPCI, FefpPPCI, FegDPPCI 3), and FelDPPCI do not tion of FeDPPCI and FetDPPCI in benzonitrile containing
show a simple linear relationship with the number of F groups 9-1 M TBAP. Two types of behavior are observed. The first is
on the porphyrin macrocycle. This and other data in Table 1 for FeDPPCI, which undergoes three reversible one-electron
suggest that the electron-withdrawing abilities of the fluoro reductions aki, = —0.36,—0.99, and—1.76 V. A different
groups depend, on one hand, on where they are located on thdype of behavior is seen for the fluorinated derivatives, where
phenyl group (i.e., at the ortho, meso, or para position) and, onthe fi_rst two reductions are gene_rally coupled with chem.ical
the other hand, on where the substituted phenyl groups are®actions and show large separations between the cathodic and
located on the porphyrin macrocycle (i.e., at the mes@or anodic peak potentials (see Table 2 and Figure 2). The
positions). Attempts were made to correlate the oxidation separations between the anodic and cathodic peak potenuals,
potentials seen for the FEBPPCI complexes with empirical ~ |Epa — Epdl, @ré equal to 0.68 and 0.51 V for the first reduction
measures of the electron-withdrawing ability of the substituents ©f the F0and kg derivatives and 0.73 V for the first reduction

(Hammetto values), but the analysis was not conclusive, due of FeE_GDPPCI:
The irreversible nature of the Fe(lll)/Fe(ll) process for the

(44) Lexa, D.; Mispelter, J.: Saveant, J. M.Am. Chem. Sod981 103 FeRDPPCI complexes is characterized by curreniltage
6806.

(45) Takeda, J.; Sato, MChem. Lett1995 939. (47) Kadish, K. M.; Van Caemelbecke, E.; D'Souza, F.; Lin, M.; Forsyth,

(46) Barkigia, K. M.; Renner, M. W.; Furenlid, L. R.; Medforth, C. J.; T. P.; Medforth, C. J.; Krattinger, B.; Nurco, D. J.; Smith, K. M.;

Smith, K. M.; Fajer, JJ. Am. Chem. Sod.993 115 3627. Shelnutt, J. A. Manuscript in preparation.
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Table 2. Potentials (V vs SCE) for Reduction of Chloroiron(lll) a b B
Porphyrins in Benzonitrile Containing 0.1 M TBAP PhCN,0.2 M TBAP pyridine, 0.2 M TBAP
first red. second red. 4 i
. Eoxe Epa A* Ex  Ep  A? thirdred.
porphyrin ()] n N an am (v) Ew(ll) g 1st %
OEP —0.54 —1.26° g . 3
@ d
PP ~0.29 ~1.060 ~1.73 2, ' " rocion g
DPP ~0.39 ~0.99 -1.76 =
F.DPP —0.34 -0.01 0.33 -1.31 —-0.90 041 -1.66
FsDPP (3) —0.33 0.01 0.34—-141 —-0.87 054 -1.63 e pos 7(')0 pos géo 0 4(')0 5‘00 6;)0 7(‘)0 aoo o0
F1.DPP —0.28 0.04 0.32—-1.24# —-0.84 040 -1.58
FsDPP (meso) —0.27 0.15 042-142 —-0.91 051 -1.67 ; i
F20DPP —0.10 0.58 0.68—-1.14 —-0.56 058 -1.37
FosDPP —0.04 0.47 051-1.12 —-046 0.66 —-1.28
FssDPP +0.12 0.85 0.73-0.88 —0.30 0.58 -1.10 ond
n
ArLuorinaTion® +0.47  +0.86 +0.43 +0.69 +0.66

reduction

Absorbance
Absorbance

2 A = |Epc — Epd. P Ex2 value.© Additional reversible reaction seen
at—0.90 V.9 Additional peak potential at1.18 V. ¢ Anodic shift for
most highly fluorinated derivative versus least fluorinated derivative.

Scheme 2
e by iy
FellPcl —<——=[Frel'PCl] g |, 9
' - 3nd S
: \/T I cl 5 t 5|, \
cl g reduction  $
+e 2 i 2 4
Fellp]t —~—= Fe''P (PhCN)
e ) S|
300 400 500 600 700 800 900 300 400 500 600 700 800 900
Scheme 3 Wavelength, nm Wavelength, nm
Fellp _te_ FePl Figure 3. Spectral changes for the first, second, and third one-electron
eP —== [FeP], Foma reductions of FeDPPCI in (a) benzonitrile/0.2 M TBAP and (b)
il pyridine/0.2 M TBAP.
+e l intramolecular electron transfer
II

corresponding iron(l) porphyrin species. This conversion may
[FeP]” Form B involve a loss of one or two benzonitrile ligands bound to the
iron(ll) sz-anion radical. A change in the coordination of the

metal ion could switch the electron transfer site from the

curves similar to those reported for FeTPPCI or FeOEPCI under S - o
porphyrin ring to the metal ion as has been reported earlier in

several experimental conditiofd*3The prevailing mechanism : . : . .
for these reductions is shown in Scheme 2, where proce'sses |the case of nickel(ll) porphyrirf$. The gltlrpate iron(1) species
and | correspond to the reduction and reoxidation peaks of the's then reQX|d|zed via process Il to give'fre o
Fe(ll)/Fe(ll) process as indicated in Figure 2. Our assignment of form A as an Fe(ll) porphyriranion
The formation of a spectrally detectable Fe(ll) porphyrin radical for the FefpPPCI compounds is consistent with the

e ; ; h more difficult reduction versus reoxidation (el =
product containing bound Clafter reduction of FeTPPCI (i.e., muc -
[FE'TPPCI[") has been documented in the literattfteThe —1.31 V andEg, = —0.90 V for RDPP) and the fact that the

mechanism in Scheme 2 was confirmed by the addition of excesssecond reducuo_ns of t.he.‘[gpp’ RDPP, and EZDPP derivatives
occur at potentials similar to those for the first macrocycle-

TBACI to solutions of the FePPPCI complexes, which ;

resulted in a completely reversible first reduction. The iron(Il) celzterze?/ reduF::gonlole\\/I/DAIZIr w(l;g_r(_a M ﬁn (_1'%4 .V)’ cu K

product generated after loss of Gtom [Fe'PCI] is designated (=1.32V), or . €13 . )'. h addition, the reoxidation pea

Fe'P(PhCN), as previous studies on porphyrins containing after the chem|ca[ reaction |nvol\(|ng doubly reduced,[E¥FPCI

electron-withdrawing groups have shown an increased affinity ©¢CUS at potentials more positive than those for the metal-

for axial ligandd® and one or two benzonitrile molecules may centered Fe(l)/Fe(ll) reaction of FeDPPCI, consistent with a

bind to the Fe(ll) form of the porphyrin. metal-centered reoxidation whoBEg, has been shifted by the

The electrochemical data in Table 2 and Figure 2 might at electron-.vv_lthdrawmg F groups. ) .

first suggest a similar “box mechanism” involving the slow loss UV—visible spectroele(_:trochemlcal data were optalned for

FeRoDPPCI and are consistent with the electrochemical results.

of CI~ upon the conversion of [FeBPPCI]" to its doubly - X

reduced form (reaction’). However, on the basis of electro- The spect_ra_l changes upon the f'.rSt reduction of 6eRPCI
chemical and spectroscopic data, the “box mechanism” was " Penzonitrile are illustrated in Figure 3, and a summary of
rejected in favor of the one where forms A and B are assigned the spectral data is given in Table 3. The spectral changes during

: ; ; ; duction are similar to those reported for other iron(lll)
as an Fe(ll) porphyrinz-anion radical and an Fe(l) porphyrin, ® . X L Lo o -
respectively (Scheme 3). In this case, the second electron transfePC"Phyrins bearing an anionic axial ligatft,’and the data in

for the fluorinated compounds occurs at the macrocycle (process

' i (49) Kadish, K. M.; Franzen, M. M.; Han, B. C.; Araullomcadams, C.;
II") and the electrogenerated compound is converted to the Sazou. D.J. A, Chem. Sod991 113 512,
(50) Grinstaff, M. W.; Hill, M. G.; Labinger, J. A.; Gray, H. Gscience
(48) Kadish, K. M.; Rhodes, R. Kinorg. Chem.1983 22, 1090. 1994 264, 1311.




Fluorinated Dodecaphenylporphyrins

Table 3. Absorption Maxima for FelpDPPCI and Its
Electroreduced Products in Benzonitrile and Pyridine Containing 0.2
M TBAP

redox reactn solvent Amax, NM
none benzonitrile 389 432
pyridine 348 441 586
first red. benzonitrile 327 432 534 568
pyridine 351 447 551 588
second red. benzonitrile 319 422 605 738
pyridine 323 430 609 794
third red. benzonitrile 311 486 574
pyridine 310 475 568 736

Figure 3 are consistent with the generation of eithe! fz¢
DPPCI[" or Fe'F,0DPP as a final reduction product after
addition of one electron. The currentoltage curves for this

electrode reaction are consistent with an EC mechanism where

the chemical step, C, involves Ctlissociation. Thus, B&,e-
DPP is the expected final porphyrin product after complete
electrolysis of FE F,;DPPCI at—0.5 V. The spectral changes
after reduction of FefgtDPPCI by one electron are reversible,
and the U\~visible spectrum of the initial Fe(lll) porphyrin
could be regenerated by controlled-potential oxidation at 0.8
V. This spectrum could also be recovered by switching the
potential back to 0.8 V after theecondone-electron reduction
of FeRDPPCI.

The UV-visible data does not unambiguously distinguish
between electrogeneration of an Fe(ll) porphyrianion radical
or an Fe(l) porphyrin in the second one-electron addition.
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(a) x790

/ 2=2.003
g1 =2.168
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(b) % 200 |
\ £=2.003
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Figure 4. ESR spectra of doubly reduced ReBPPCl at 77 K in (a)
benzonitrile/0.2 M TBAP and (b) pyridine/0.2 M TBAP. The spectra
were generated in situ after chemical reduction of the porphyrin using

However, because the second reduction is irreversible by cyclic 2 €quiv of Ru(bpyy".

voltammetry at a scan rate of 0.1V/s in benzonitrile (see Figure

2), the porphyrin product detected in solution by thin-layerV
visible spectroelectrochemistry should be form B (i.e.! e
DPPY) on the slower spectroelectrochemistry time scale. Iron-

The reduction site for Fe(ll) porphyrins had been a major
point of controversy in the literature for a number of years prior
to the definitive ESR study by Bocian and co-workémshich

(I) porphyrins have been reported to have a split Soret band showed that an iron(ll) porphyrin-anion radical or an iron(l)

and broad absorption bands between 700 and 806'rangd
both of these Fe(l) features are present in the-Wigible
spectrum generated after complete electrolysis ¢Fp®PP
at—1.4 V.

The initial generation of an Fe(ll) porphyrin-anion radical

porphyrin could be observed depending upon the substituents
on the macrocycle. Porphyrins with the most electron-withdraw-
ing substituents favored reduction at the macrocycle, as the
porphyrin g orbitals were at lower energy than the metal ¢

and ¢ orbitals. Alternatively, porphyrins with the least electron-

and the subsequent conversion to an Fe(l) porphyrin as a finalWithdrawing substituents underwent reduction at the iron center

product of the two-electron reduction are further confirmed by
the ESR spectrum for doubly reduced EERPPCI in benzoni-
trile (Figure 4a). When the doubly reduced BgPPPCl was
generated chemically by the reduction of EEFPPCI (1.0 mM)
with 2 equiv of Ru(bpyy™ (2.0 mM) in benzonitrile, the ESR
spectrum taken just after the reduction at 77 K in Figure 4a
shows both an isotropic signaj & 2.003) and an anisotropic
signal characteristic of an axially symmetric spin system~
1.955 andgg = 2.168). The isotropic signal can be assigned to
an Fe(ll) porphyrinz-anion radical, while the anisotropic signal
is similar to those of [P&PP]" (g, = 1.93 andgy = 2.28%?
and [FETPPBE]~ (g = 1.96 andyn = 2.21)% When the doubly
reduced FejppDPPCIl was generated electrochemically, the

because thedorbitals were lower in energy than the porphyrin
g orbitals. A similar explanation can be offered for the DPP
and RDPP complexes investigated in this study, where reduction
of the electron-deficient FgBPPCls also takes place at the
macrocycle. More significantly, the FPPPCI complexes
clearly demonstrate the conversion of an Fe(ll) porphyrin
sr-anion radical to an Fe(l) porphyrin via intramolecular electon
transfer.

The third reduction of FelPPPCI is spectrally and electro-
chemically reversible in benzonitrile (see Figures 2 and 3) and
is proposed to involve a conversion of the Fe(l) porphyrin to
an Fe(l) m-anion radical, thus giving the electron transfer
processes shown in Scheme 4 for the overall three-electron

anisotropic signal was mainly observed with a trace amount of reduction of the compounds investigated. Each ,BEPCI

the isotropic signal. Thus, the two-electron reduction of zeF
DPPCI results in the initial formation of the Fe(ll) porphyrin
sr-anion radical, which is then converted to the Fe(l) porphyrin
via intramolecular electron transfer. The two-electron reduction
of FeRgDPPCI (1.0 mM) with 2 equiv of Ru(bpy) (2.0 mM)
also results in the formation of both the Fe(ll) porphyrianion
radical @ = 2.004) and the Fe(l) porphyrig(= 1.954 andyy

= 2.158).

(51) Donohoe, R. J.; Atamian, M.; Bocian, D.F.Am. Chem. Sod.987,
109 5593.
(52) Yamaguchi, K.; Morishima, Ilnorg. Chem.1992 31, 3216.

derivative has a potential separation of 7820 mV between
E1p of process Il andsp, of process I, which is similar to the
770 mV separation between processes Ill and Il of FeDPPCI
where the second reduction involves formation of Fe(l) followed
by formation of an Fe(l)z-anion radical at more negative
potentials.

The reduction potentials of the FEHPPCI complexes in
benzonitrile (Table 2) clearly show the same anodic shifts seen
when the compounds were oxidized in &b (Table 1). The
range of potentialsXr uorinaTion) Seen for the metal-centered
reduction process [Fe''PCl— Fe'PCI]~ was 450 mV, versus
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Scheme 4
_tel
Fel'PCl  <——[Fre''PCl]
r cr
Cr
+e‘
[Fel'P]* =~—— Fe''P (PhCN), <—= [Fe"P] * (PhCN),
r
intramolecular transfer
+e'
[Fe[P] ———= [Fe'P|*e
I
Table 4. Half-Wave Potentials (V vs SCE) for Reduction of as a mixture of Fe(ll) and Fe(lll) forms of the porphyrin in

Chloroiron(lll) Porphyrin Complexes in Pyridine Containing 0.1 M pyridine, which is perhaps not unexpected given the extremely

TBAP positive Fe(lll)/Fe(ll) reduction potential of 0.45 V.
_ first red. secondred.  third red. The spectral changes upon controlled-potential reduction of
porphyrin process | process Il process Ill FeRoDPPCI at 0.2 V in pyridine are similar to those after
OEP“::‘: —0.02 —-1.80 reduction in benzonitrile (see Figure 3) and indicate that a pure
TPP 0.17 —145 iron(Il) form of the compound is electrogenerated in both cases.
DPP —-0.01 —1.58 —1.85 The spectral changes are reversible, and the-U¥ spectrum
E@EE (%’;5 *1-23 *1-32 of [Fe F,dDPP(py)] ™ could be fully regenerated upon controlled-
E DPP@ 0.07 :1'44 :1'74 potential oxidation at 0.6 V. The iron(ll) porphyrin electrogen-
F,DPP (meso) 012 _149 176 erated in pyridine has a UWisible spectrum which differs
F»DPP 0.45 —1.19 —1.53 from that of the electrogenerated iron(ll) complex in benzoni-
F2sDPP 0.53 -1.07 —1.44 trile, consistent with the known binding of pyridine to Fe(ll)
FaDPP 0.58 -0.88 -1.27 porphyrins?348
ArLuorinaTION® 0.59 0.70 0.58 The Soret and visible bands collapse during the second one-
a Anodic shift for most highly fluorinated derivative versus least €lectron reduction of FeEDPPCI, while the band at 351 nm
fluorinated derivative. blue shifts to 323 nm and two new bands emerge at 609 and

794 nm. The data in Figure 3 resemble those obtained during
the second reduction of the same compound in benzonitrile.
However, closer examination of the data in Table 3 suggests
that the doubly reduced product in the two solvents has a
different formulation. This would be consistent with the different
electrochemical behavior of the REPPCI complexes in
benzonitrile and pyridine, i.e., the second reduction is reversible
in pyridine by both regular and thin-layer cyclic voltammetry.
The doubly reduced product in pyridine is proposed to exist as
the Fe(ll) porphyrinz-anion radical [F&F,;DPP(py)] —* where

x =1 or 2. This is confirmed by the ESR spectrum of doubly
reduced FefpDPPCI (1.0 mM) produced by the reduction with

2 equiv of Ru(bpyy™ (2.0 mM) in pyridine (Figure 4b). In this
&ase, only an isotropic ESR signal due to an Fe(ll) porphyrin

430 mV for the macrocycle-centered second reduction process,
I' [FE'"P — F€'P7] and 660 mV for the macrocycle-centered
third reduction process Il [FB— FEP~]. ArLuorinaTion Values
for the corresponding reoxidations were larger, with process |
giving ArLUuorRINATION = 860 mV and process Il ShOWing
ArLuorinaTion = 690 mV. These can be compared to a
ArLuorinaTiON Value of 720 mV for the first macrocycle-centered
oxidation process.
Electroreduction in Pyridine. Figure 2 also illustrates cyclic
voltammograms for the reduction of FeDPPCI and fgBPPCI
in pyridine with 0.1 M TBAP. The potentials for each redox
process are summarized in Table 4, which also includes data
for FeOEPCI and FeTPPCI. Each RBIPPCI complex under-
goes three one-electron transfers, which are labeled as process
I—=Ill. The reversible half-wave potentials shift in a positive z-anion radical § = 2.003) is observed. No anisotropic signal
direction (easier reduction) with increased degree of fluorination. due to an Fe(l) porphyrln was seen in Py ridine, in contragt to
A 340-570 mV anodic shift in the Fe(lll)/Fe(ll) process is also 1€ results obtained in benzonitrile (Figure 4a). A similar
observed for each given compound upon going from benzonitrile isotropic signal § = 2.004) was observed for doubly reduced
to pyridine as a solvent, and this can be interpreted in terms of F €2eDPPCl in pyridine.
[FeRDPP(py)]* formation in the coordinating pyridine solvent. [Fe'F20DPP(py)] ™ is further reduced to an Fe(l-anion
A similar assignment has been made in the case of FeTBpEI.  radical as shown by the fact that the bVisible spectra of
Figure 3 illustrates the U¥visible spectroelectrochemical  triply reduced FefrDPPCl are virtually the same in benzonitrile
results for the first, second, and third one-electron reductions @nd pyridine (see Figure 3). The overall electroreduction
of FeRDPPCI in pyridine. A summary of the spectral data in Mechanism in pyridine for each investigated FeFPCI
Figure 3 is also given in Table 3. The wavelengths of maximum complex is thus that shown in Scheme 5.
absorbance in pyridine differ significantly from values in The tendency for the FeBPPCls in pyridine to be reduced
benzonitrile, as seen in Figure 3 for the case of H8PPCI. at the macrocycle but not to undergo electron transfer to the
The spectrum of the neutral compound in pyridine has a single metal site can be interpreted in terms of axial ligation raising
Soret band at 441 nm and a broad visible band at 586 nm. Inthe energy of the 4 orbital and effectively destabilizing the
contrast, the spectrum in benzonitrile has a Soret band at 432iron(l) porphyrin compared to the iron(ll) porphyrim-anion
nm, a shoulder at 389 nm, and no well-defined visible bands radical®! Finally, it should be noted that the large anodic shifts
between 500 and 800 nm. The singly reduced product of the (ArLuorinaTioN Values) previously seen in the REPPCI series
[FE"FoDPP(py}]* complex has a 588 nm band in pyridine, for oxidation in CHCI, (Table 1) or reduction in benzonitrile
and this suggests that the initial porphyrin may actually exist (Table 2) are also seen for reduction in pyridine (Table 4). The
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(a2) MDPP in PhCN (b) MF,(DPP in PhCN or CH,Cl, (¢) MF,DPP in pyridine

P

I‘f 077 —>]

-1.76

#’0‘39 —)‘
M=Cu {"0.39 4 M= Zn

—>

M= Ni ’(-— 0.48 4%

Potential (V vs SCE)

Figure 5. Cyclic voltammograms of (a) MDPPs in benzonitrile/0.1 M TBAP, (b) MFPPs in benzonitrile/0.1 M TBAP or Gi&l,/0.1 M TBAP,
and (c) MRDPPs in pyridine/0.1 M TBAP. M= Zn, Fe, Cu, or Ni.

Scheme 5 Table 5. Half-Wave Potentials (V vs SCE) for Reductions of
e e MDPP and MiDPP Complexesin Benzonitrile, CHCI,, or
[(PFe(py),]" === (P)Fe(py), === [(P)Fe'(py)J" Pyridine with 0.1 M TBAP
I I porphyrin metal ion firstred. second redA (V)
MDPP (benzonitrile) FeCl —0.99 —1.76 0.77
x=1or2 I +e Zn —-1.34 —1.70¢ 0.36
y=0,10r2 Ni —1.24 —-1.72 0.48
Cu —-1.22 —-1.61 0.39
MF2DPP (benzonitrile  P&CI —-1.14 —-1.37 0.23
[(P)Eel(py),]** or CH,Cly) Zn -1.04  —1.43 0.39
’ Ni —0.96 —1.45 0.49
MF20DPP (pyridine) FECI -1.19 —-1.53 0.34

fluorination shifts range from-580 to+700 mV for the three 7n 093 138 045
processes observed. Ni ~083  -1139 0.56
Electroreduction of DPP and KDPP Complexes with
Other Metals. The electrochemical data obtained for DPP and
MF20DPP complexes with other metals (Figure 5 and Table 5)
ggﬁ%ﬂ%ﬁ;@i : Sa ;“fer f: ggce esélc;r: ttr]zt g]:t;efnngltigdrgaeg c)_peak potential for reoxidation of [FedOPP]™ in benzonitrile

. X o is located at a potential almost 500 mV m@esitive thanEp,
cycle, respectively, in benzonitrile. The macrocycle-centered o I . pa
reductions of CuDPP, NiDPP, and ZnDPP are located at for reoxidation of the other [MigDPPY derivatives, which is

potentials of—1.22 to—1.34 V. In contrast, the potential for consistent with the metal-centered nature of the reoxidation

the reduction of FeDPPCI in benzonitrilE;, = —0.99 V) is  "eaction for this species.
lower and is similar to that seen for the first metal-centered
reduction of CoODPPHy, = —0.97 V in CHCly).*> As expected,
the Fe(ll) complex also shows a larger absolute potential We have synthesized the dodecaphenylporphyi®PP)
difference between the two reductios € 0.77 V) compared and11-17 (FDPPs) with the aim of preparing a series of very
to the Zn(ll), Cu(ll), and Ni(ll) DPP complexes\(= 0.39— nonplanar porphyrins with different electronic properties but
0.49 V). These results are in contrast to those obtained for thesimilar steric (nonplanarity) effects. Electrochemical investiga-
corresponding ;DPP derivatives (Table 5), where the reduction tions of the chloroiron(lll) complexes of these porphyrins
potential of the FeDPP complekf. = —1.14 V) is similar to (abbreviated as FeDPPCI and KBPPCIs) reveal the anodic
those seen for the macrocycle-centered reductions of ZnDPPshifts expected upon fluorination, with the first oxidation
and NiDPP Ej;; = —1.04 and—0.96 V). Note that the anodic  potential (FePCt [FePCI]™) increasing by+720 mV between

aDetails of the syntheses of the other metal complexes are given
elsewheré? b Reference 45° E, for irreversible process.

Conclusions
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FeDPPCI and FegDPPCI in CHCI,/0.1 M TBAP and the are also trying to determine if the effects of electron-withdrawing
porphyrin macrocycle and iron atom also becoming easier to groups on very nonplanar porphyrins differ from those on
reduce (e.g., [F&P] — [FE'P]~ = +700 mV for FeDPPCland  nominally planar porphyrins, and to what extent, if any,
FeReDPPCI in pyridine). Significantly, the electrochemical fluorination changes the structures of DEP®n the latter point,
studies also show that the site of reduction for the iron it should be noted that since we began this project some time
complexes (i.e., porphyrin ring or central metal) depends upon ago a number of crystal structures have been reported for DPP
the solvent and whether the macrocycle is fluorinated. The site and RDPP system&?253 These investigations have shown that
of reduction in iron(ll) porphyrins had been an area of all of the dodecaphenylporphyrins display very nonplanar
controversy in the field of porphyrin electrochemistry prior to structures compared to porphyrins without peripheral steric
the definitive ESR studies by Bocian and co-worRé&wghich crowding. In addition, they have also revealed a higher degree
indicated that the iron(ll) porphyrim-anion radicals or iron(l) of structural heterogeneity (i.e., more types of nonplanar
porphyrins could be obtained depending upon the electron- distortions) compared to other classes of highly substituted
withdrawing abilities of the substituents. The electrochemical nonplanar porphyring. Further studies should reveal what
and ESR data presented here show that reduction of (nonflu-influence, if any, such structural heterogeneity has on the
orinated) FEDPP in benzonitrile yields an iron(l) porphyrin  chemical, electrochemical, spectroscopic, and dynamic proper-
whereas reduction of the FgFPP complexes in benzonitrile  ties of the DPPs, as well as the effect of fluorination on the
produces an iron(ll) porphyrim-anion radical. Unusually, in  porphyrin conformation.
the case of the FgPPP complexes the conversion of the
initially produced iron(ll) porphyrinz-anion radical to a final
iron(l) porphyrin species can also be observed. In contrast to
the behavior seen in benzonitrile, all of the complexes yield
iron(Il) porphyrin z-anion radicals when electroreduced in
pyridine.

Additional studies of the JDPPs described here are currently
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