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Protonated meso-substituted free-base macrocycles of the form [(Cor)H4]*, [(Cor)Hs]?*, and [(Cor)Hg]** where Cor
is the trianion of a given corrole, were chemically generated from neutral (Cor)H; in benzonitrile by addition of
trifluoroacetic acid (TFA) and characterized as to their relative acidity, electrochemistry, and spectroelectrochemistry.
Three types of protonated free-base corroles with different electron-donating or electron-withdrawing substituents
at the meso positions of the macrocycle were investigated. One is protonated exclusively at the central nitrogens
of the corrole forming [(Cor)H4]* from (Cor)Hs, while the second and third types of corroles undergo protonation at
one or two meso pyridyl substituents prior to protonation of the central nitrogens and give as the final products
[(Cor)HsJ?* and [(Cor)Hg]**, respectively. Altogether the relative deprotonation constants (pKs) for 10 different corroles
were determined in benzonitrile and analyzed with respect to the molecular structure and/or type of substituents on
the three meso positions of the macrocycle. Mechanisms for oxidation and reduction of the protonated corroles are
proposed in light of the electrochemical and spectroelectrochemical data.

Introduction Virtually all free-base tetrapyrrolic complexes can be
protonated in acidic agueous or nonagueous media, leading
toformation of partially or fully protonated compouri@g 5261612
Under these conditions, substantial changes will be observed

in the electrochemical and spectroscopic properties of the

Numerous spectroscopic and electrochemical characteriza
tions of free-base porphyrihand related macrocycles such
as corrole$;* phthalocyanineg,chlorins® and porphyra-
zined have been published in recent years, due in part to
the use of these compounds in doracceptor systerfi®r
a variety of biomedical applicatiors.
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compounds, thus potentially making them either more or less Chart 1

effective in a variety of applications.

Our own interest in free-base tetrapyrroles has recently
focused in part on the electrochemistry and thisible
spectra of protonated free-base corroles in nonaqueous
media? The current work examines the aeidase properties
and UV—visible spectra of protonated free-base corroles and

=
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=
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provides the first comprehensive study of deprotonation £°%¥pe

constants for these compounds in a nonaqueous solvent.

To our knowledge deprotonation constants for only three
[(Cor)H4]* derivatives have been reported in the literature.
One compound was examined in agueous nfealia two
in toluene?® There have been no systematic measurements
of pKa values for protonated free-base corroles with different
structures or different basicities of the macrocycles. There
have also been no measurementskfyalues for free-base
corroles where protonation can occur at multiple sites of the
macrocycle. This is addressed in the current paper where 10
protonated free-base corroles with different electron-donating
or electron-withdrawing groups at the three meso positions
of the macrocycle were characterized as to th&i yalues
in the nonaqueous solvent, benzonitrile. The investigated
compounds are listed in Chart 1 and are divided into three
groups based on the number of pyridyl substituents at the
meso position of the corrole macrocycle. The first group of
compoundsI—7) undergoes protonation exclusively at the
central nitrogens leading to formation of [(Cop]H while
the second (compoundsand9) and third (compound.()
show protonation at one or two pyridyl substituents of the
macrocycle prior to protonation of the central nitrogens.

The examined corroles from the first group of compounds
can be further subdivided into compounds with nonhindered
or hindered meso substituents, and this is done in Chart 1
where the compounds in group A are listed under the
subcategory A-1 or A-2 and arranged according to the

compound R, R, R;
A-1 1 Me —@— Me -@— Me —@—
S S S v
NC NC NC
. O- O- O
FiC FiC FiC
O 9O O
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aGroup type: A-1 represents corroles with nonhindered meso substit-

electron-donating or electron-withdrawing effect of the meso uents, group A-2 represents corroles with sterically hindered meso substit-

substituents, as described by the values!® As will be
demonstrated, the pyridyl substituents on compou)ds

uents, and groups B and C represent corroles with one and two pyridyl
meso substituents, respectively.

and 10 are protonated prior to protonation of the central deprotonation constants Kg calculated using equations
nitrogens, thus leading to the stepwise formation of yaoscriped in the text.

[(Cor)Hy ™ and [(Cor)H]?" in the case of8 and 9 and
[(Cor)H4] ™, [(Cor)Hs)?t, and [(Cor)H)®t in the case oflO.

The doubly and triply protonated compourg)®, and10

have not previously been studied in detail and each was

Each protonated corrole was chemically generated by characterized in the present paper as to their redox properties
addition of trifluoroacetic acid (TFA) to the corresponding and UV-visible spectra before and after the addition or

neutral free-base compound, (Cog)tand the progress of
the reaction followed by UWvisible spectroscopy and

abstraction of electrons.

electrochemistry. The spectroscopic data were then analyzedExperimental Section

as a function of TFA concentration, and the relative
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230.

Chemicals.The investigated free-base corroles were synthesized

as described in the literatut&:’® TFA (99+%) was purchased
from Aldrich Chemical Co. and used as received. Benzonitrile
(PhCN) was obtained from Aldrich Co. and was distilled over
P,Os under vacuum prior to use. Tetrebutylammonium
perchlorate (TBAP) was purchased from Fluka Chemika Co.,
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Scheme 1. Protonation of Compounds—7 in Group A Scheme 3. Protonation of Compound0 in Group C
R

R,
+H*, logK,
pKal

(Cor)H;3 Ic or)H4]‘L

Scheme 2. Protonation of Compound®and9 in Group B

Ky || +H, logk,
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N~ N~

v 7 [(CorH?* [(ConHgJ**

+H", logk, investigated compounds is schematically illustrated in Schem8s 1
R, Rz =—— K R; and the individual protonation steps in the three schemes are given
PKa by egs 3.
Cor)H,]" 2+ K _
((Contt] [(Contis] (ConH, + CF,.COOH== [(ConH,]* + CF,COO™ (1)

recrystallized from ethyl alcohol, and dried under vacuum &0 K
for at least one week prior to use. [(ConH, "+ CF3COOH~—‘—2 [(ConHg*" + CF,CO0 (2)
Instrumentation. Cyclic voltammetry was carried out with an
EG&G Princeton Applied Research (PAR) 173/273 potentiostat/ ot Kq 2 _
galvanostat. A homemade three-electrode cell was used for cyclic  [(ConHs]™" + CRCOOH=[(ConH]"" + CR,CO0  (3)
voltammetric measurements and consisted of a glassy carbon
working electrode, a platinum counter electrode, and a homemade Each of the above reactions involves a combination of depro-
saturated calomel reference electrode (SCE). The SCE was separatetbnation reactions for GEOOH in benzonitrile (eq 4) and the
from the bulk of the solution by a fritted glass bridge of low porosity specific corrole, [(Cor)lE ™, [(Cor)Hs]?", or [(Cor)Hs]3t under the
which contained the solvent/supporting electrolyte mixture. Thin- same solution conditions, the latter of which is given by eq 5 for
layer UV—visible spectroelectrochemical experiments were per- the individual compound$—7
formed with a home-built thin-layer cell which had a light
transparent platinum net working electrddePotentials were
applied and monitored with an EG&G PAR Model 173 potentiostat.
Time-resolved UV~visible spectra were recorded with a Hewlett-
Packard Model 8453 diode array spectrophotometer. [(Cor)H4]+ g (ConH, + HT (5)
Determination of Nonaqueous X, Values. Equilibrium con-
stants (logK) of the protonation reactions were measured at room
temperature. The Hill equation, which analyzes changes in-Uv ~ Where
visible spectra during the titration as a function of the concentration
of added reactarif was used to calculate the equilibrium constant Ky = Ky/Ky (6)
(log K)® which enabled calculation of relativekp values for all
10 corroles in the nonaqueous solvent, PhCN. and
For compoundd—7, only the central nitrogens of the corroles
can be protonated, while in the case of compou®dd, and 10, pK,, = pK, + log K, ©)
protonation first occurs at the meso pyridyl substituents, followed
at higher concentrations of added {TOOH by protonation of the A similar mathematical relationship exists between the experi-
central nitrogens. The overall sequence of reactions for the mentally measure, (eq 2) andKs (eq 3) values for compounds
- - 8, 9, and10 and the calculated nonaqueous,pand Ka3 values
88 lélrna{u)li; 8 ggﬂggé,KMg?bﬁﬂzlrhiggT12,825%1%%%_.1501' for the second and third protonation steps of these compounds. In

(19) Ellis, P. E.: Linard, J. E.; Szymanski, T.. Jones, R. D.; Budge, J. R.; this regard, it should be pointed out that ldpfor CFsCOOH is
Basolo, F.J. Am. Chem. S0d98Q 102, 1889-1896. not available in benzonitrile and the literature value of 0.23

Ky _
CF,COOH==CF,COO + H" @)
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measured in aqueous soluttérwas therefore utilized in the
calculation. This replacement is not of major importance, however,
since the “true” aqueous{a cannot be obtained and the magnitude
of the relative K, values for the 10 corroles are all shifted by a
similar amount in the nonaqueous solvent, PhCN.

Results and Discussion

Spectroscopic Monitoring of (Cor)H; Protonation for
Compounds 1-7. The presence or absence of sterically
hindered meso substituents on the corroles in group A is
reflected in slightly different UV-visible spectra, as previ-
ously discussed in the literatuteThe group A-1 (Cor)H
derivatives in Chart 1 with nonhindered substituerits4)
have a Soret band at 42424 nm and two major visible
bands located at+584 and 620 nm in PhCN (Figure S1),
while the group A-2 corroles with sterically hindered
substituents§—7, Figure S2) have a split Soret band with
maxima at 413416 nm, a shoulder at432 nm, and two
major visible bands located between 566 and 571 and 605
and 609 nm under the same solution conditions. A compari-
son of the two types of U¥vis spectra is given for
[(CFsPh)Cor]Hs (2) and [(MePhx(CNPh)CorlH (5) in
Figure 1, and this figure also shows the spectral changes
obtained during protonation of the two corroles as TFA is
added to the PhCN solution.

Compound in group A-1 has three nonsterically hindered
CsH4(CF3) meso substituents, while compouBdn group
A-2 has two sterically hindered meso mesitykiiz(CHs)3)
substituents. Both corroles undergo only a slight§mm)
red-shift in Amax Of the Soret band as TFA is added to the
PhCN solution forming [(Cor)k]*, and there is no significant
change in the molar absorptivity of this band upon proto-
nation (see Figure 1). In addition, the two visible bands in

Ou et al.

a) [(CF;Ph);Cor]H; 2 [(Cor)H3 +H" [(Cor)H4]*]
422 429 1.0 A =679 nm
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Figure 1. UV-visible spectral changes during protonation of (a)

the spectrum of the neutral corrole disappear upon conversioncompound? (7.71 x 10°® M) and (b) compound (6.26 x 10° M) by

of (Cor)Hs to [(Cor)Hy] ™ and these are replaced by a more
intense visible band located at 679 and 652 nnfand5,
respectively. The exact position of this latter band for all of
the group A corroles is summarized in Table 1 and seems
to correlate with the steric hinderence of the meso substit-
uents, i.e.Amax ranges from 671 to 694 nm for the group
A-1 compounds and from 632 to 652 nm for the group A-2
compounds.

The spectral data during titration of each corrole with TFA
were analyzed by the Hill equatiéhand examples of the
relevant plots are shown in the insets of Figure 1a and b for
2 and5. A linear relationship between lodf( — Ao)/(As —

A)] and log[TFA] is obtained for both compounds, with a
slope of~1.0, thus indicating that only one proton is added
to (Cor)Hs, giving [(Cor)Hy]* as shown in eq 1 and Scheme
1. The calculated equilibrium constant is 3.16 for compound
2 and 3.53 for compoun8. These values are labeled as log
Ken (CN = central nitrogen) in Table 1 along with the
measured equilibrium constants anid.gn) values for the
other five corroles in groups A-1 and A-2. The largest H

binding constant in the group A compounds is for compound

(20) Weast, R. C.; Astle, M. J.; Beyer, W. Handbook of Chemistry and
Physics 66th ed.; CRC Press, Inc.: Boca Raton, FL, 198986.
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addition of TFA in PhCN.

1 (log Ken = 4.33, Kacen) = 4.56) and the smallest for
compound? (log Ken = 1.54, Kaeny = 1.77).

Stepwise Protonation of (Cor)H; to Give [(Cor)H 4],
[(Cor)H 5)?", and [(Cor)Hg]®". Compounds 8 and 9These
two corroles differ from compounds-7 in that they contain
an easily protonated pyridyl group at the jposition of the
macrocycle (see Chart 1). The protonation reactions3for
and 9 each involves a well-defined two-step process, as
shown in Scheme 2, and the spectral changes obtained as a
function of increasing [TFA] are shown in Figure 2 for the
case of compoun8. Similar spectral changes are seen during
the two-step protonation of compougd

The UV—visible spectrum of singly protonategland 9
differs from that of the singly protonated corrolgés 7 in
that the Soret band of the monopyridyl corroles is signifi-
cantly decreased in intensity and has also undergone a
significant red-shift, as compared to only modest changes
in the Soret band position and molar absorptivity after
protonation of the other corroles lacking a meso-substituted
pyridyl group.

The difference in UV-visible spectra between the mono-
protonated or 9 and the monoprotonateld-7 derivatives



Protonated Free-Base Corroles

Table 1. Equilibrium Constants for Protonation of Central Nitrogens (Kgn)) and Spectroscopic/Electrochemical Data of Fully Protonated Corroles
in PhCN

inner core
nitrogens (CN)
group type compd formula lol§cn) pKacny Amak Ey/2 (0x)P So
A-1 1 [((MePh)%Cor)Hy]* 4.33 4.56 694 0.60 —-0.51
2 [((CFsPh)xCor)Hy] " 3.16 3.39 679 0.77 1.62
3 [((CNPh)Cor)H,] * 3.05 3.28 677 0.79 1.68
4 [(((CF3)2Ph%Cor)Hy] 2.41 2.64 671 0.88 2.58
A-2 5 [((CNPh)(Me&Ph)Cor)Hs] ™ 3.53 3.76 652 0.75 —-0.36
6 [((CNPh)(CbPh)Cor)Hs] ™ 2.48 2.71 647 0.84 1.46
7 [((FsPh%Cor)Hy] 1.54 1.77 632 1.04 3.66
B 8 [((pyHT)(MesPh)Cor)Hg] 2+ 2.38 2.61 651 0.86 ¢
9 [((pyH)(CloPh)Cor)Hy] 2+ 1.71 1.94 646 0.98 c
C 10 [((pyH™)2(F2Ph)Cor)H]3* 0.80 1.03 681 1.10 c

aFull spectrum given in Figures S152.° Ey; for 1—7 taken from ref 2¢ 3 o values are not available for compounds with pyridyl groups at the meso
position of the corrole.

macrocycle as shown in Scheme 2. This second protonation

a) Ist step . { (ConH, + H* logK, [(Cor)H4]+} ; . . . . .

pyridyl protonation step, like the first, has well-defined isosbestic points as

illustrated in Figure 2b for compoun®l where the final
e 06)  A=412nm spectrum has two major absorption bands at 464 and 651
30 Toal o nm. The wavelength of the latter band is almost identical to

< 04 ' a band at 652 nm for [(Conff" (5) (Figure 1b), and this

T o ; fiz::égs similarity in Amax can be accounted for by the similar
314 ! structures of the two corroles, i.e., b&tand8 have mesityl

groups at the Rand R meso positions of the macrocycle
(see Chart 1).

The stepwise protonation constants &fas shown in
Scheme 2 were calculated as IKg = 3.95 and logK, =
2.38 from the Hill plots shown in the insets of Figure 2. A
similar calculation for compouné gave logK; = 4.53 and
log K, = 1.71. The second proton addition 8and9 (log

[[ (Copi]* + H logK, - ]ﬂ] K3) occurs at the central nitroglen's of the macrocycle in each
b) 2nd step 4 § case, ano! the measured equmbr_lum cqnstants are labeled as
central nitrogen protonation log Kcny in Table 1 for comparison with the other com-
464 pounds.
4 = | A=estmm Compound 10.This corrole has meso-substituted pyridyl
} 05 groups at the Rand R positions of the macrocycle and can
i ------- " Slope=10 accept three protons in total, one at the each nitrogen of the
%'0-5 | logK,=238 two pyridyl groups and one at the central nitrogens of the
= : macrocycle. The three protonation steps are schematically

030 20 0 00 shown in Scheme 3, and each was spectrally monitored
during a titration with TFA, giving the spectral changes

illustrated in Figure 3. Each of the three proton additions is

accompanied by well-defined isosbestic points and analysis

of the data gives log; = 4.34, logK, = 3.25, and logKs

= 0.80 (Table 2). The third protonation &6, which occurs

at the central nitrogens (logs) is also included in Table 1

and labeled as lo&cny.

—Visi +
Figure 2. UV-—visible spectral changes during the stepwise protonation UV~—Visible Spectra Features of [(ConH™,

of 1.84 x 10°5 M ((MesPh)(py)Corkt (8) by addition of TFAin PhcN.  [(Cor)Hs]**, and [(Cor)He]**. Figure 4 compares the UY
(a) The first step involves protonation of the pyridyl group ([TFA] from 0 visible spectra of fully protonated [(Cor)H (2 and 6),

e 25071, 0, o {)he secondponanof he nher iS3ers((Con i (9), and [(Conhl*” (10) in PhCN. Compounds
2 and6 are protonated at the central nitrogen atoms, while
is consistent with the first proton addition %® and 9 compound® and 10 have one and two additional protons
occurring at the nitrogen of the meso pyridyl substituent, atthe meso pyridyl substituents of the corrole, respectively,
and this protonation step is then followed at higher TFA in addition to a protonation of the central nitrogens. The
concentrations by formation of [(Cor}d" where the second  sterically hindered corrolésand9 in Figure 4b have similar
proton has been added to the central nitrogens of theCgHsCl, substituents at the Rand R positions of the

I T 1
300 400 500 600 700 800
Wavelength (nm)
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a) first step

. . logK
pyridyl protonation [(Cor)H3 + H' £ [(Cor)H,]"
412 [TFA]
L0V 2 421 nm  L.58x10°~1.26x10* M

::.:
B .
E_ L0 i slope = 1.0
5 i logK, =434
2 H

-6.0 -5.0 -4.0 -3.0

log[TFA]
b) second step . . logk, -
pyridyl protonation [(Cor)Hy]" + H === [(Cor)Hs]
Lo 2.51x10™* ~3.98x10° M

~ A =643 nm
< 061
<
2 02/
E_ _______ slope =1.0
§ 02 ' logK, =3.25
- s

-40 -35 30 -25 -20

log[TFA]
c) third step
central nitrogen protonation logK.
4:2 [[(Cor)HS]2+ +H d [(Cor)H6]3*]
3.55x10%~0.28 M
A =681 nm

0.2

slope =1.1
logK; =0.80

log((Ai-Ap)/(Ar-A))
S
[}

300 400 500 600 700 800 20 -15 1.0 -05 00
Wavelength (nm) log[TFA]

Figure 3. UV —visible spectral changes of 1.24 1075 M [(F2Ph)(py}Cor]Hs (10) in PhCN upon the first, second, and third protonation during addition
of TFA.

Table 2. Stepwise Equilibrium Constants (Id¢) for Protonation of monoprotonated corrol2 and triprotonated corrol&0 in
Groups B and C Corroles in PhCN Figure 4a are also virtually superimposable, nanigly, =
first step second step third step 679 nm for2 and 681 nm forlO.
grouptype compd logy pKa logK; pKa logKs pKa The intense visible bands between 646 and 681 nm for
B 8 395 418 238 261 the compounds in Figure 4 are diagnostic for central nitrogen

9 453 476 171 194

- 10 434 457 395 348 080 103 Protonation of the investigated corroles, and the position of

the Soret band is also characteristic for protonation of the
pyridyl groups. This is seen by comparison of the spectral
data for the protonated forms 8f9, and10 which is given
macrocycle, and they also have virtually the same visible in Table 3. The group C corrole [(Cor}Hi* (10) has a Soret
band atlmax = 646—647 nm for the mono- and diprotonated band maximum at 462 nm, while the group B corroles
corroles, respectively. In a like manner, the wavelength [(Cor)Hs]?" (9) and [(Cor)H]?" (8) have a Soret band at
maximum for the visible bands of the nonsterically hindered 459 and 464 nm, respectively. In all three cases, the Soret

aThe last protonation step in each case occurs at the central nitrogens
of the macrocycle, as shown in Schemes 2 and 3.

2780 Inorganic Chemistry, Vol. 46, No. 7, 2007
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a) non-hindered " b) hindered
(Group A and C) (Group A and B)
429 r 423

444

454 "

679 [(ConHy"2 647 [(Cor)H,]' 6

462 W
" 459

681 [(Cor)Hg* 10 & 646 [(Cor)Hs]*" 9

300 500 700 900 " 300 500 700 900
Wavelength (nm) " Wavelength (nm)

Figure 4. UV—visible spectra of [(Cor)i*, [(Cor)Hs]?t, and [(Cor)H]3* in PhCN for selected compounds with (a) nonsterically and (b) sterically
hindered substituents.

Table 3. UV—Visible Spectral Datai(nax M, e x 1074 M~ cm™?) of iy (red)
Neutral and Protonated Group B and C Corroles in PhCN -036 i, (%)

a) [((CNPh)(Me;Ph),Cor)H,]" (5)

gt;%lép compd  form Soret band visible bands ‘ B 1:96
B 8 (ConHs  412(7.5) 430(6.3) 570 (L13) 604 (0.9) [yt

[(ConHy+ 468 (3.7) 593 (0.9)

[(ConHsJ2" 464 (6.1) 651 (1.2)

9 (ConHs  414(10.0) 430(85) 571(1.8) 609 (L.1)

[(ConHi+ 463 (4.8) 577 (1.6)

[(ConHsJ2" 459 (9.3) 646 (1.8)
C 10 (ConHs  421(83) 437(6.1)s 581 (L.6) 612 (1.0) b) [(pyH ) Me:Ph),ConH* (8) Jor

[(ConHdJ* 450 (4.7) 631 (1.7)

[(ConHs]2* 470 (5.0) 643 (2.2)

[(ConHg*+ 462 (8.9) 681 (2.5)

as = shoulder peak.

¢) [((pyH )(C1,Ph),ConH, T (9)

band maximum in PhCN containing TFA is shifted by-41

45 nm as compared to the same compounds in neat PhCN

where no protonation of the pyridyl groups has occurred,

i.e., Amax = 412, 414, and 421 nm foB, 9, and 10,

respectively as seen in Figure S3 and Table 3. . 088
The Soret band maximum of the seven group A non-

pyridyl-containing corroles in acidic media varies from 420

to 429 nm (see Figures S1 and S2) and is dependent only

on the steric hindrance of the meso substituents at the R

R, and R positions of the macrocycle. In summary, the shift ‘ , ‘ , ,

of Amax Of the Soret band from 413 to 429 nm in neat PhCN '° 12 08 04 00 04 08 12

to 459-464 nm is clearly diagnostic for protonation of the _ _ Potentals (Vvs SCE) ,

pyridyl groups while the appearance of a visible band at FOb"eS.  Syeic vllammograms of uly protonated caroes in PhON

632-681 nm, which is not seen for the same compounds in “decomposition products” of the first oxidation.

neat PhCN, is diagnostic for protonation of the central

nitrogens. Both features are present in compou@s and in Figure 5 for5 (group A),8 and9 (group B), andLO (group

10 where multiple protonation occurs. C). A reversible one-electron oxidation is observed for all
Electrochemistry of Fully Protonated Corroles. Cyclic four corroles in the three groups, but a slow chemical reaction

voltammograms illustrating the first oxidation and first or follows the abstraction of one electron from the group C

second reduction of the fully protonated corroles are shown corrole 10. This EC-type mechanism (electron transfer

2.15

d) [(pyH"),(F,Ph)CorH,J** (10)

1.00
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followed by chemical reaction) is characterized by a de- 0.0 7 .
creased cathodic peak current for re-reduction of the singly o
oxidized species a1, = 1.10 V and the presence of small
re-reduction peaks labeled by an asterisk in Figure 5d and  -0.5
located aE, = 0.64, 0.46, and 0.15 V for a scan rate of 0.1 _ o
V/s. The nature of the chemical reaction is discussed in a ¢ o °
following section of the manuscript which presents YV 2 -1.0 1 g g
visible spectra obtained after controlled potential oxidation > 6.
of 8,9, and10in PhCN containing added TFA. B B

Compound10 differs from compounds, 8, and 9 not m o151
only in its oxidation properties but also in its reduction. As §
seen in Figure 5, the triply protonated corrole undergoes two A
irreversible one-electron reductionsgt= —0.26 and—0.88 -2.0 1 " . & &
V for a scan rate of 0.1 V/s whilé, 8, and9 show only a £ £ Z = g
single irreversible reduction at the same scan rate. The single S S S S S
reduction of5, 8, and 9 seems to involve two or more - : - — —
electrons on the basis of the peak currents which are 2 -1 0 1 2 3
approximately double those of the oxidations. The higher overall charge on corrole

reduct|0n peak currents for these Compounds contrasts W|thF|gure 6. Relatlonshlp between reduction peak potentials and overall

. . . charge on the corrole. The reduction potentials of [(Cef)Hand (Cor)H
the case ofl0 where each of the two irreversible reductions ;' pncn are taken from ref 2.

has almost an identical peak current as the single irreversible

oxidation at a scan rate of 0.1 V/s. This is true for both the Scheme 4. Overall Reduction Mechanism for Fully Protonated
] . ’ ’ A Corroles in PhCN

first reduction atE,. = —0.26 and the second reduction at

high concentration of TFA or low scan rate

Eo,c = —0.88 V where, in each casgea)ipox =~ 1.0. pTITTTTIT T ;

+e

In our initial study of [(M&Ph)(CNPh)Cor]H (5), it was | pyH (ConHyI 0D < l<Pyﬂ*)n<C°f>H4l*‘"’§
reported that,gea)ipox = 1.0 in solutions containing 8.0 equiv | \ fmi\/l o
of TFA.2 However, further studies of the same corrole in | fast (©) © §
PhCN solutions show that the ratio of reduction to oxidation § .
peak currents actually depends upon the concentration of; ~ [pyH)(ConHy]® 5 [Py Conps D
TFA added to solution, with thigeq)ipx) ratio varying from
1.0 at less than 10 equiv of TFA t82.0 at higher TFA =0 forcompounds 1.7 [ConHL" \ f‘g'\‘ 12 H
concentration. Similar, but not identical, behavior is also seen |17} freompounds band 3 [Coniig™ fast (©)
for 8 and9 where theipeq)ipox ratio is always>2.0 under [(pyH")y(ConH,] "

conditions where the fully protonated [(CogJ derivatives ) _ _ )

are formed. Thus, on one hand, there appears to be thredh€ ring reduction of [(Conb]™ and the ring reduction of
distinct types of redox behavior for the fully protonated [(CONHe]*", with the latter compound being the easiest to
corroless, 8, 9, and10: compounds, where theipgegipeo ~ €dUCE:

ratio varies from 1.0 to 2.2, compoundsand 9, where As shown in the present study, the reductions of
ipredipoy = 2, and compound0, whereipgedipox = 1.0. [(ConHd* (1-7), [(ConHs]**, (8 and9) and [(Cor)H]**
However, less distinction between the reductive behavior of (10) in PhCN remain irreversible, independent of the
the compounds is seen if one compares the total current forpotential sweep rate or acid concentration in solution. An
the two reductions o0 to that for the single reduction of  irreversible reduction of (Cor)ito generate [(Cor)b)~ was

5, 8, and9. Using this analysis, the main differences between also observed in neat PhCN without added acid as described
the compounds can be described in terms of the peakin an earlier publicatioR This initial electron addition occurrs
potentials for reduction, and these are largely dependent onat the conjugated macrocycle and is followed by a catalytic
the nature of the substituents and overall charge of thereduction of one proton of the (CorjHnacrocycles. We
compound being reduced. This is shown graphically in Figure propose that a similar catalytic reduction of llso occurs

6 where peak potentials for the reduction of [(Cof)H after the one-electron reduction of [(Cog]H (1-7),
(Cor)H,, and the three protonated forms of the corrole are [(Cor)Hs]*" (8 and 9), and [(Cor)H]*" (10) in PhCN
plotted as a function of charge on the overall complex which containing excess TFA, thus giving the overall sequence of
varies from—1 in the case of [(Cor)l~ to +3 in the case  steps shown in Scheme 4.

of [(Cor)Hg]3". The nature of the meso substituents influence  Clear electrochemical evidence for the mechanism pre-
in each case the exact potential value for a given corrole, sented in Scheme 4 is given in Figure 7a for the fully
but when considering all of the data, one can conclude thatprotonated10 whose reductions were investigated as a
each unit increase in positive charge on the corrole resultsfunction of scan rate in a PhCN solution containing 250 equiv
in an approximate 350 mV shift toward easier reduction. of TFA. The ratio of cathodic peak currents between the
There is also an overall difference of almost 1.5 \Eyfor second and first reduction dfo (i,2fip1) approaches 1.0 at
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((py)2(F,Ph)Cor)H; 10 in PhCN scan rate 1.0 a)
(mV/s)
1000 0.8F ° [ 14
a) with 250 equiv TFA 800 . L
600 [ ]
400 5 06r
=
.NQ- .
200 0.4f
100
50
2 02} . °
10
0.0 1 1 1 1 1 J
501 b)
L4 Ist red
b) with 250 equiv TFA 4.0r
scan rate = 100 mV/s Q L4
°
< °
30f e o
LY
°
-0.23 hold 60 sec o ®
O0F o
¢) with 250 equiv TFA {1 20 ° ©oo
scan rate = 100 mV/s o
— 1.0f o
o 2nd red
0.0 = L L L L I
1.0 1.5 2.0 2.5 3.0 3.5

logv
Figure 8. Scan rate dependence of (@Yip1 and (b)ip/v¥? for each
reduction of protonatetiOin PhCN containing 0.1 M TBAP and 250 equiv
of TFA. The value ofv is given in mV/s.
for 60 s at potentials between the first and second reduction
Potential (V vs SCE (Figure 7c) or when the TFA concentration was increased
Cotre 7. Cvels val otential ( fVS ) w0 PhCN N from 250 to 1000 equiv at a scan rate of 0.1 V/s (Figure
igure /. YyCIIC VO tammograms [0} protonat In contalnlng : H
0.1 M TBAP. 7d). The second r_eductlon of protonatéd is al_so barely
seen at low potential scan rates of1ZD mV/s (Figure 7a).
the higher scan rates but is close to zero at low scan ratesUnder these latter experimental conditions, the prevailing

d) with 1000 equiv TFA
scan rate = 100 mV/s

0.4 0.0 -0.4 -0.8 -1.2

as shown in Figures 7a and 8a. process then occurs as shown in the boxed portion of Scheme
At all scan rates, the initial electroreductionldfinvolves 4,
a one-electron conversion of [(pyh3(Cor)Hy]3" to [(pyH")2- The mechanism shown in Scheme 4 applies to compounds

(Cor)Hy)?" (the E step in Scheme 4) followed by a fast 1—7, which have no meso pyridyl substituents. It also applies
catalytic reduction of H from the central nitrogens and to compounds8 and 9, which have one meso pyridyl
formation of [(pyH")(Cor)H)?t at the electrode surface (the substituent. The mono- and diprotonated corroles are all
C step in Scheme 4). The product of the EC mechanism canharder to reduce than the triprotonatsg) and under these
then be re-protonated to give [(pyH(Cor)H]®t, as de- conditions, the second one-electron reduction is proposed
scribed in earlier sections of this manuscript, or it can be to overlap in potential with the first process, leading to an
further reduced by a second electron at a more negativeapparent overall two-electron transfer.
potential to give [(pyH)2(Cor)Hs]* and then [(pyH),(Cor)- Substituent Effect on K, Values As indicated in the
H,]* after a second chemical reaction, as shown in SchemeExperimental Section, the calculateljvalues in Table 1
4. The actual concentration of [(pyhh(Cor)Hs]?" at the are only relative values because a definitiiefor TFA is
electrode surface after the initial EC process will depend not available in PhCN, the only measurement beingi@
upon the potential scan rate, and this will be reflected by The K, values of the 10 investigated corroles do, however,
changes in thg/v2 values for the two reductions, as shown give an indication of how the acidity of each protonated
in Figure 8b. corroles compare to each other. The calculatég \mlues
The peak currents for the second reduction of compoundrange from 1.03 to 4.56 for deprotonation of the central
10 will also depend upon the concentration of TFA added nitrogens of compound$—10 (see fKacn listed in Table
to solution. These currents are well-defined in PhCN 1).
containing 250 equiv of TFA for a scan rate of 100 mV/s It was anticipated that the measured,pvalues of
(Figure 7b) but become negligible when the scan was held compoundd—10 could be related to other properties of the

Inorganic Chemistry, Vol. 46, No. 7, 2007 2783



5.0
a)

\97

3.01

o

1.01

b)

0.9 1

E/;, (0x, V vs SCE)

0.74

0.5 . . T T ]
0.0 1.0 2.0 3.0 4.0 5.0

PKa

Figure 9. Relationship betweenky and (a)Zo or (b) Ey/z (0x) for fully
protonated corroles, [(Cory™ (1—7), [(Cor)Hs]?* (8 and9), and [(Cor)-
Hel3" (10).
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444 [((CNPh)(Me;Ph),ConH,]* 5
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Figure 10. Thin-layer UV—visible spectral changes of [((CNPh)(Me
Ph)Cor)Hs]* (5) during controlled potential oxidation &,y = +1.0 V in
PhCN containing 0.1 M TBAP.

or abstraction of electrons. Unfortunately, the spectral
changes during controlled potential reduction could not be
measured for the protonatéd 8, and9 derivatives due to

the presence of large currents associated with the proposed
catalytic reduction of protons in the thin-layer cell (see
Scheme 4). Only the spectral changes of protonaszbuld

protonated corroles, the two most obvious of which are the be followed, and these spectral changes are shown in Figure
reversible oxidation potentials and the Hammett constants S4.

on the meso substituents of the compounds, both of which
reflect the electron density on tleconjugated system and

In contrast to the reductions, well-defined spectral changes
could be observed during controlled potential electrooxida-

the four central nitrogens of the macrocycle. In our initial tion in the thin-layer cell, and examples of the obtained time-

study of [(Cor)H]*, we showed that a single linear relation-

ship was not observed betweé&n,, for oxidation of the

resolved spectra are shown in Figures-1@ for protonated
group A compoundb, group B compound, and group C

protonated corroles and the sum of the substituent constantsgompoundLO, respectively. The most straightforward spectral

>0, but rather two linear plots were obsen/e@ne was for

changes are seen during controlled potential oxidation of

corroles with sterically hindered meso substituents and the [((MesPh)(CNPh)Cor)H]* (5). Upon application of 1.0 V,
other for corroles with nonsterically hindered meso substit- the split Soret band at 422 and 444 nm and the visible band
uents? The same trend (two distinctly separate linear plots) at 652 nm decrease in intensity and three new broad bands

is observed in the present study when correlatiigyalues

appear at~380, 490, and~750 nm. These changes are

and theXo of the substituents. One linear correlation is with illustrated in Figure 10, and the final UWisible spectrum

1—-4 and the other wittb—7, both of which have aiR =

at the completion of electrolysis is assigned as-eation

0.996. These plots are shown in Figure 9a and do not includeradical of the protonated corrole. The same initial spectrum

compounds8, 9, and10 since ao value is not available in
the literature for the pyridyl substituents.

Surprisingly, a plot of k. for oxidation of the fully
protonated corroles and the measurkd yalues shows only
a single linear correlation wittR = 0.990 for all 10

of [((MesPhR(CNPh)Cor)H]* (5) could be recovered when
the controlled potential was set back to 0.0 V, thus indicating
that the electron abstraction is reversible and that the product
of the one-electron oxidation is stable on the thin-layer
spectroelectrochemical time scale.

compounds. This plot is shown in Figure 9b and is especially The spectral changes obtained during the first oxidation

interesting in that the correlation betwegg, and K, is

of fully protonated corrole8—10 differ from that of5 in

independent of the structure of the compounds (hindered orthat two well-defined sets of spectral transitions are seen as
nonhindered substituents), as well as independent of overallshown in Figure 11 for the group B compou@and Figure

charge of the macrocycle which ranges fréit in the case
of 1-7 to +3 in the case ofl0.

Spectroelectrochemistry of Fully Protonated Corroles.
The four fully protonated corrole§, 8, 9, and 10 were

12 for the group C compounti0. The first set of spectral
changes show isosbestic behavior from 0 to 192 s of electrol-
ysis for compound and from 0 to 126 s of electrolysis for
10, both of which are reversible. The second set of spectral

oxidized and reduced in a thin-layer cell in order to obtain changes with isosbestic behavior occurs at longer electrolysis
the UV—visible spectra after controlled potential addition times of 192-622 s for8 and 126-381 s for10, and here
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464 462 + 3+
' { [((yH")2(F,Ph)Cor)Hy]™" 10
[((pyH+)(Me3Ph)2C0r)H4]2+ 8 Istox at B, =+140V
Istox atE,p =+1.0V
a) lst step
(0-126 sec)
a) 1st step
382 (0-192 sec)

382 462 b) 2nd step
v b) 2nd step Y (126-381 sec)
(192-622 sec)

568 682
334 *
T T T T T T | 300 400 500 600 700 800 900
300 400 500 600 700 800 900 Wavelength (nm)
Wavelength
) ) i_w? ength (nm) Figure 12. Thin-layer UV—visible spectral changes of [((pyh(F2Ph)-
Figure 11. Thin-layer UV-visible spectral changes of [((pyH{(Mes- Cor)Hy3+ (10) during controlled potential oxidation at 1.40 V. The first

Ph)Cor)H]** (8) during controlled potential oxidation at 1.0 V. The first  step illustrated changes during the electron transfer, while the second show
step illustrated changes during the electron transfer, while the second showthe changes during a followed coupled chemical reaction.
the changes during a followed coupled chemical reaction.

both processes are irreversible. These results are COﬂSiSterﬁCheme 5. Electrooxidation Mechanism of Fully Protonated Corroles
) cpd 5

with a sl_ow chemical reaction following the initial Qle_ctron [(ConH,|” =———= [(Cor")H,J**
abstraction from [(Cor)g]?". Compound9 shows similar E
spectral changes as observed 8pmand the relevant UV
vis spectra are illustrated in Figure S5. cpds 8 and 9

The chemical reaction following oxidation of the fully pro-
tonated compoundd 9, and10is proposed to involve a dis-
sociation of one proton from the central nitrogens of the elec- C ‘ slow
trooxidized macrocycle, thus leading to the proposed mech-
anism shown in Scheme 5. The last proton added to the
central nitrogens of the non-oxidized corro®s9, and10
(see Schemes 2 and 3) are only weakly bound, as indicated

e .
[(pyH*Cor)H, > :E [(pyH"Cor®)H,**

[(pyH'Cor")H;]*" + H

by the relatively small lod values of 2.38, 1.71, and 0.80 cpd 10
(Table 2). Protonation of the central nitrogens in these three i
compounds should then become even less favorable after [((pyH),ConH, " =====[((pyH"),Cor*)H "

formation of the cation radical, thus leading to the loss of a
proton from the more highly charged complexes, [((pyH
Cor)Hg)®" (8 and9) and [((pyH").Cor)H,]** (10).

In summary, this paper presents the first spectroscopic data
of electrooxidized free-base corroles in acidic nonaqueouswith one or two meso pyridyl substituents underwent multiple
media. Three types of protonated corroles were examinedprotonation, both at the central nitrogens and at the nitrogens
by thin-layer spectroelectrochemistry in PhCN/TFA mixtures, of the pyridyl substituents. Thekp values for each proto-
and these are represented as [(Cal)H[(Cor)Hs]?t, and nated compound were measured and correlations examined
[(Cor)Hg]®". All of the compounds could be protonated on between K, and the sum of the Hammett constants of the
the central nitrogens of the macrocycle, but three corroles substituents on the meso positions of the corrole. A relation-

C slow

[((pyH"),Cor*H3*" + H

Inorganic Chemistry, Vol. 46, No. 7, 2007 2785



Ou et al.

ship was also observed between the, walues and the Supporting Information Available: UV —visible spectra of
oxidation potentials for the fully protonated corroles. neutral and protonated corrolés-10 in PhCN (Figure StS3),
UV —visible spectral changes during the first reduction of fully
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