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ABSTRACT
SYNTHESIS AND REDUCTION OF IRON(I) PORPHINONE COMPLEXES
AND THEIR SPECTROSCOPY STUDIES

Yanyan Huang, B.S.

Marquette University, 2010

The vibrational spectra of iron(l) porphinone, and related species were studied in
this work. The iron(l) complexes were synthesized by the sodium anthracenide
reduction method. The extent of reduction was monitored by UV-visible spectroscopy.
The products were precipitated with heptane. Efforts to obtain single crystals of the
iron(I) complex were unsuccessful, but procedures for further work were developed.
The deuteration of the methylene protons was studied. These macrocycles of these
complexes can be used for further studies by vibrational spectroscopy. The infrared
and resonance Raman spectra of iron(l) porphinone in KBr were obtained and
interpreted. Further studies using deuterated macrocycles and DFT calculations can be
used to better understand the electronic structures of the formal iron(l) state.
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CHAPTER ONE

INTRODUCTION



1-1. Porphyrins and their deuteration

Porphyrins are heterocyclic macrocycles which consist of four pyrrole subunits
interconnected at thei-carbon atoms via methine bridges (=CH-). Porphyrins are
aromatic, and obey Huckel's rule for aromaticity in that they possessi42&2
electrons in total) electrons that are delocalized over the macrbchietesaturation of
one pyrrole double bond results in a chlorin. The reduction of the double bonds forms
bacteriochlorins and isobacteriochlorins. The structures of the porphyrins and the

derivatives are shown in Figure 1-1.

Deuterium exchange reactions of porphyrins provide a method of studying the
electronic structure of the porphyrin macrocycle. Deuterium substitatedaunds have
found wide spread application in physical chemical studies including vibration, NMR and
EPR spectroscopy. The low-yield multistep syntheses of the free basgnmsmwften
make a simple exchange process on preformed porphyrins the best route to these
materials. Label incorporation can be accomplished either by total sgnbhdy an
exchange of one or more sites on the assembled porphyrins. Deuterium labeling of
porphyrins has been largely studied in two positions: exchange at the meso pastions a
exchange at th@ pyrrole position. The acid catalyzed deuteration exchange reaction

occurs at the meso positiéits
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Figure 1-1. Structure formulas of metalopophryin (1), Chlorin (I1), baatatayin (111)
and isobacteriochlorin (1)



1-2. Iron porphyrins and their derivatives

Iron porphyrins and chlorins are formed by substituting an iron atom for the two
central protons of the macrocycle. Iron porphyrins or chlorins may be four, fise or s

coordinate with formal oxidation states for iron ranging from 0 to +4.

Generally speaking, coordination of strong field ligands results in six-natedi
low-spin ferric and ferrous porphyrin or chlorin complexes. The typical structure
five-coordinate ferric porphyrin complex, given in Figure 1-2, shows tieardn atom is
out of the macrocyclic plane by the distance of d. For the six-coordinate iron posphy

the iron atoms are in, or nearly in, the plane of the macrocycle.

The energy levels and electron occupancy of the 3d orbitald' ¢6FeFée' (d°) and
Fe (d) are shown in Figure 123The spin state is determined by both the nature of the
porphyrins and the ligands (including the axial and the substituent ligandshelrage
coordination of the strong field ligands results in six-coordinate, low-spin Fe(l)),
Fe(lll) complexes. Weak field ligands, such as @ -I, will cause both five- and six-
coordinate high-spin complexes. In certain cases, some very weak ligand$Og¢.gn@
SO,CRs 21 give rise to five-coordinate intermediate-spin and spin-admixed
intermediate ferric porphyrins. The uncomplexed ferrous porphyrins, suHERP,

exist as an intermediate-spin compléx*?



o

N Meral

N

Cenrter of plane

Figure 1-2. The structure of five-coordinate iron porphyrin complex
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In the past forty years, iron porphyrins and their derivatives have beeneliensi
studied. Generally, iron porphyrins may be reduced in three discrete sites: at the
porphyrin ring, the iron or the axial ligands. For iron porphyrins, the reduciooacur

at the porphyrin ring or the iron:

F'(P)Cl + & > Fe'(P) +CI (1)
F'(P) + e- > [Fe(P)] 2)

[Fe(P)] +e- > [Fe(P)F  (3)

Iron porphyrin complexes have been studied extensively in their common oxidation
states, iron(ll) and iron(lll). Most properties of the iron(ll) and irdn@brphyrin
complexes are understood or can be predicted with good accuracy and confidence from
x-ray crystal structures, dsbauer, proton NMR and resonance Raman spectra. The

reduction of the Fe(lll) to Fe(ll) porphyrin complexes is quite clear now.

Two electron reduced iron porphyrins tend to be more nucleophilic as compared to
the ferric and ferrous states. The ferric and ferrous states ar@gtdat. The increased
nucleophilicity of low valent metalloporphyrins may be important for their ase a

catalysts.



1-2-1. Reduction of iron tetraphenylporphyrin complexes

The structure of F&'PPCI is shown in Figure 1-4 and is one of the most studied iron
porphyrin systems. The two-electron reduction product 8ffR®PCI, designated as

[Fe(TPP)), is the so called iron(l) porphyrin complex.

The UV-visible spectra of FEPP and its reduction products are shown in Figure 1-5
by Reed®. The UV-visible spectrum of [Fe(TPP)} THF (wavelength/nm) are 392
(Soret), 424 (Soret), 512, 576, 605 and 674. The Q bands (wavelength/niliyBPFrEe

546 and 610 and the Q bands (wavelength/nm) of [Fe(TRIP8]572 and 612.

From Reeld, [Fe(TPP)]was best described as a resonance hybrid between the low
spin S=1/2 iron(l) porphyrin anion ([F&°P]) and the spin-coupled S=1 iron(ll)
porphyrin radical anion ([FeTPP]). The resonance hybrid had sufficient metal/radical

orbital overlap to give an overall S=1/2 state.

Fe'(TPP)CI=S [FETPP] « [F€'-TPR]"

However, the resonance model was questioned by Bbbised on the resonance
Raman spectrum. The high frequency portion of the B-state-excitatigd%7.1 nm)

resonance Raman (RR) spectrum of [Fe(TR&}3hown in Figure 1’6 (bottom).



Figure 14. The structure ciron(lll) tetraphenylporphyrin chloric
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For comparison, the RR spectra of high-spin (top) and low-spin (middle)
iron(ll) tetraphenylporphyrin complexes are also displayed in FigurédBb&an used the
nomenclature of, andv, that came from octaalkylporphyrins by SprtéThe Raman
frequencies (ci) of vs andv, for [Fe(TPP)], low-spin F&(TPP) and high-spin EETPP)

are summarized in Table 1-1.

Table 1-1. The Raman frequencieptindv, modes for metal tetraphenylporphyrin
complexes in DMF

FéTPP | F'TPP (FeTPP) | Zn"TPP| [ZnTPP]

(high-spin)| (low-spin)

va (cm?) | 1344 1354 1356 1351 1346

vy (cm™) | 1540 1559 1555 1548 1531

From Table 1-1, both the andv, modes of FETPP undergo large upshifts upon
conversion of the Feion from high to low spin. However, the andv, bands of
(FeTPP)and FETPP (low-spin) are quite close, which are 1356 versus 135Zacwh
1559 versus 1554 ¢ The frequencies af; andv, observed for [FeTPPindicate a
low-spin formulation for the metal center at room temperature, which is temtsmth
the magnetic measurements from Réead Hickmar. Meanwhile, the subsequent
NMR measurement showed that the unpaired electron resides in thedpetabital

rather than the molecular orbitaf¥.
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1232 1344
1358
1540
1074
FeTPP
1228 13564

FeTPP(Im),

[(FeTPP]~

900 1300 1700
Frequency {(cm-1)

Figure 1-6. Raman Spectra of high-spifl FieRP pe,=413.1nm (top)], low-spin F&PP

[Aex=413.1nm (middle)] and (FETPR).ex=457.9nm (bottom)] in DMF solution (N, N-
dimethylformamide), 0.1M TBAP (tetrabutylammonium perchlord®epk a is due to
TBAP. Peak b is due to FEPP. Solvent modes are denoted by #.
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The resonance Raman (RR) spectra 8TR® and [ZnTPPDby Bocian is also

included in Table 1-1. ZnTPP is known as the porphyrin macrocyclic centeredaaduct

model: ZHTPPS [zn' (TPR)]". The results are consistent with those of the former
study and show that thg band is relatively insensitive to macrocycle centered reduction
whereas the, band is observed to be quite sensitive to the changes in the electron
density of macrocycle. The band downshifts 17 cifrom Zn'TPP to [z (TPR)].

Since there is only 5 cindifference of the, band from FETPP (low-spin) to (FeTPP)
Bocian concluded that the reduction of FEP is a metal centered reduction. Thus, the
reduced product (FeTPRaNn be described safely as an anion with a low spin iron(l)

center. The reduction from the starting materidl 7ePCl can be written:

Fd'(TPP)CIZS [FETPP] + CI

Although the unpaired electron density resides inltherbital, the 5 chtdifference
of v, band between low-spin FEPP and low-spin [F€PP] does allow the assessment
that some of the electron density has been transferred from the pataital to the
porphyrinz orbital via back-bonding. This delocalization of additional charge onto the
ring is appealing because the process provides a means of stabilizing ttaddioinron

ion.

If a 17 crit shift that occurred upon reduction from"ZiPP to [ZA(TPR)]
represents the effect of one addition electron to the macrocycle, a $héfirofv, band

between low-spin F&PP and [F&PP] suggests that of only about ¥ of an electron of
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the electron density was transferred to the macrocycle of porphyrin \Wébading.
Thus, most of the unpaired electron in [FeTP&3ides in the metal-centered orbital
(d,2), paired-electron density in the porphyriﬁ erbitals has been substantially

increased relative to that present in th&TRP complex.

Meanwhile, th@-substituted TPP complexX8s’, [FeTPP(CN)]’, [FeTPP(CNy,
[FeTPPBs] have been reported to henion radicals ([FeP-]) by EPR spectroscopl
And it showed that the electron-withdrawing groups like -CN, -Br af{pgrrole
positions primarily stabilized the porphyrigr*earbitalsw, which would serve as the redox

orbitals for macrocycle-centered reductions.

However, axial ligands like -ClI, -Br in B€rPP)X primarily destabilize the metd)-
orbital which could serve as the redox orbitals for a metal-centered wadulttis
suggests that the substituent groups can dramatically influence thiereldistribution in
the Fé-P reduction process. The fact is the one-electron reduction products of the series
of Fé'(TPP) are influenced mostly by the presence of electron-withdraywmgps on the
macrocycle. The explanation for the effect of flh&ubstituents and the axial ligands will

be discussed later in this section.



15

1-2-2. Reduction of iron octaethylporphyrin complexes

The reduction of FEDEPCI is one of the most studied porphyrin systems besides
Fe"TPPCI. The structure of FOEPCI shown in Figure 127shows us that the iron is

out of the plane by 0.58. The reduction stage can be described as:

Fd'(OEP)CIS Fd'(OEP)= [Fe(OEP)]

A number of spectroscopic techniques and physical measuréhtérfts? such as
electron paramagnetic resonance (EPR), ultraviolet/visible spectyodddpvis),
Mdssbauer, nuclear magnetic resonance (NMR), Fourier transform infpaetdoscopy
(FT-IR), electrochemistry, X-ray crystallography, and resoed&man spectroscopy
have been used in an effort to characterize the system. Resonance Raman (RR)
spectroscopy has been a useful tool in the studies of heme progeids
metalloporphyrin® %% RR has been primarily used to measure the properties of the
porphyrin macrocycle. Some of the RR lines serve as a sensitive indictter of

electronic state, the coordination number, or the core size of iron porphyrins.
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Figure 1-7. Labeling scheme for the porphinato (MOEP) mGiethen M=F¢&'Cl, the
distance of metal from porphyrin plane is 050
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The changes of the UV-visible spectra df @EP)CI to F&(OEP) and the changes
of B bands of F{OEP) to [Fe(OEP)pre shown in Figure 1}8 We can see the
absorption peaks (wavelength/nm) are 372, 400, 502, 529, 630'f@®EP)CI; the
absorption peaks (wavelength/nm) of B bands are 407, 458'f®ER); the absorption

peaks (wavelength/nm) of B bands are 373, 419 and 455 {(D[ER)].

The resonance Raman of thd' ©EPCI, FEOEP and [FeOEPith Aex at 441.6 nm
by Kitagawa® are shown in Figure1-Fheva, vs andvio modes (crit) are summarized in

Table 1-2 for FEOEP and [FeOEPjn THF solution at room temperature.

Table 1-2. The resonance Raman frequencies of iron octaethylporphyrin cesflgx
=441.6 nm)

Frequency Modes FOEP [FeOEP](300K)
vio (cm™) 1637, 1607 1568
va (€M) 1363 1364
vz (cm™) 1475 1492

For FEOEP, on the basis of they frequencie$ ™ 1637 and 1607 ci the
complexes are categorized as four coordinate intermediate-spin ferrousrpe phyl
five-coordinate high-spin states ferrous porphyrins respectively. Hoytbegpure
ferrous intermediate-spin complex provides much more intense peaksirae.

Therefore, the low intensity of the pealvat line in Figurel1-9 (B) suggests that the five-

coordinate high spin state ferrous porphyrin is the major product. Meanwhiig,lthed
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at 1475 critis also within the category of the five-coordinate high spin states ferrous
porphyrins from Kitagaw® Thus, the main component of the first reduction product
Fe'OEP in the THF solution should adopt the high spin five-coordinate structure

designated as FEOEP)(THF).

From Spir&®*and Kitagaw&" >, we know that the, line, which appears in the 1350-
1375 cni region, reflects the number of metaledlectrons. An increase of metal d
electron density will result in the decrease pfrequencies. The effect of électrons on
thev,frequency can be understood because, if the number of metaitdl increases, it
will result an increase of delocalization to the porphytilrbitals (), which are
antibonding with respect to.® bond”® (Figure 1-7). Thus, the N stretching force

which determines the, frequencs® will decrease.

In Figure 1-9 (C) and (D), the resonance Raman of the [Fe@B®&pbtained at
room temperature and at 77 K in THF solution with 441.6 nm excitation. In the frozen
state, Raman lines at 1568, 1387 and 1492 lsetome weaker, but new lines appear at
1602, 1590 and 1497 émSince the large spectral change upon freezing seems
compatible with the spin transition from high to low states upon freezing, as repprted b
Cohen et &f, Kitagawa concludes that at the room temperature, the reduced product

[FeOEP] is high spin.
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Figure 1-82 The UV-visible spectra of iron octaethylporphyrin complexes

(A) Changes of the visible absorption spectra of first reduction'&fGEP)CI to

Fe'OEP in THF; (B) Changes of absorption spectrum in the Soret region upon reduction
from Fé'(OEP) to [Fe(OEP)jin THF.
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Figure 1-9*. The Raman and EPR spectra of iron octaethylporphyrin complexes in
THF solution fex = 441.6nm¥* (A) F€" (OEP)CI; (B) F&(OEP); (C) [Fe(OEP)at
room temperature, 300K; (D) [Fe(OEP3} 77K. (E) EPR spectrum of [Fe(OER){
77K in THF solution
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In Figure 1-9 (E), the EPR spectrum of (FeOEREs peaks g, =2.26 andg;=1.93
indicating the formation of the Eporphyrin, which is expected to yield the
EPR signals of,=2.30 andz,=1.93 from Coheti. Thus, Kitagawa concluded that the
reduction occurred at the d orbital of iron instead ofttbebital of porphyrin, leading to
the iron(l) formulation as the reduced product. Based on the Raman and EPR spectra,
Kitagawa concluded that the reduction product d{®&P)(THF) is [FEOEP] with high

spin state.

However, the conclusion of the high spin state is incompatible with both the room
temperaturéH paramagnetic shifts and magnetic moment determined f@ERj by
Hickmart. Bocian also confirmed that the [EEP] exhibit a low-spin configuration at
room temperature by NMR. Thus Kitagawa’s conclusion about the high-spin
formulation is incorrect. The reduction stages of the iron(lll) octaethyiyorpcan be

described as:

Fe!l(OEP)(THF) € [Fel(OEP)]~

Fd'(OEP)CI =
(high spin) (low spin)
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Conclusion of the two electron reduced iron tetraphenylporphyrin (TPP) and

octaethylporphyrin (OEP) systems:

As discussed above, two electron reduced iron porphyrins can assume several
electronic structures upon the introduction of electron- withdrawing subssitoerhe
porphyrins. The electron-withdrawing substituent on the porphyrin ring can wemse
effects. One is to decrease the energy level of the porphyoimiéal shown in Figure 1-
10", It shows that the Fe(ll) porphyrig kevel decreases due to the electron withdrawing
groups. The other effect is a weakening of the interaction between the iron and the
porphyrin due to a decrease in the electron density at the pyrrole nitrodpen of t
porphyrin ring. According to these effects, the electron structures af/theléctron
reduced iron porphyrin complexes can be roughly classified into four types as shown in

Figure 1-1%*,

In the case of iron porphyrins with weak electron withdrawing substitu@hts (
CHO, -Br etc.) on either OEP or TPP ligands, the energy level of imbigals are much
higher than that of the,- orbitals and there is strong ligation of the porphyrin ligands
(Type ). Consequently, complexes of type | are Fe(l) porphyrin aniomieasiaxial

ligand.

If there is a stronger group, like one “-CN” on the OEP or TPP ring, itesililtrin a

weaker ligation of the porphyrin to the central iron, forming five-coordinag¢l) F
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Figure 1-11. Four types of electronic structures of two electemtuced Iron(lll)

porphyrin complexés:;

Type I: four coordinated iron(l) low spin porphyrin;

type II: five coordinate iron(l) low spin porphyrin;

type llI: four coordinate iron(Il) low spin porphyrin anion radical,
type IV: five coordinated iron(ll) high spin porphyrin anion radical.
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species (Type II). When four strong electron withdrawing groups (-CINaetcadded to
the porphyrin ring, there will be a big decrease of fHeel, which will become even
lower than that of the irod,z orbital. Thus, the unpaired electron occupies e lgtal
instead of thel,2 orbital (Type IlIl). If the electron withdrawing groups (-N€lc.) are
much stronger, theyerbital level will become even lower, the five-coordinate Fe(ll)

porphyrin anion radicals will be produced (Type V).

For Type Il and Type IV, the unpaired electron isn’t restricted toyiwbdigal but
has different degrees of delocalization. Since lugl®tals have the same symmetry with
dy, and ¢, the unpaired electron will delocalize to the ahd g, orbitals, depending on
the energy gap. For a complex of type lll, the structure will be a resohgbiid

between the iron(l) porphyrin anion with the irongtljadical anion, which is:

FEP < (FellP )~

For a complex of type IV, since the energy gap betwgenbiéal of porphyrin and
the d, and g, orbitals of metal is much bigger, the delocalization will be very weak and
can even be ignored. The structure of the reduced product of type IV will mostig be

iron(ll) = radical anior(Fe''P -)~.
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1-3. Iron porphinone complexes

The structur® of iron(lll) porphinone chloride F§OEPone)Cl is shown in Figure
1-12, 1-13 and 1-14. Two types of Fe-N distances are observel] (@EBone)CI:
“short” Fe-N distances to the three pyrroles [Fe-N (1), Fe-N (2), &M Figure 1-13
(a)] range from 2.058(4) to 2.066(4) A and a “longer” Fe-N distance [Fe-N E4yime
1-13 (a)] at 2.125(5) A to the pyrrolinone ring. The macrocycles '8{®EPone)Cl have
a saddled conformation. The iron atom is displaced 0.46 A out of the plane of the
macrocycle and the axial Fe-Cl distances is 2.217 A. These bond distances are
comparable to those high-spin penta-coordinate iron(lll) porphyrin, such as
Fe"TPPCI*which is 0.47 A out of the plane and the axial Fe-Cl distance is 2.241(1)
The pyrrolinone ring of F&(OEPone)Cl has a lengthenegt@; bond at 1.507 A because
of the saturation of the ring. The-Cs bond containing the oxo-substituent is shorter
than the G-Cs bond containing thgemdiethyl group [G-Cpoxo) at 1.479(8) A versus £
Cpgem-diethypat 1.514(8) A], which suggests that the keto group is conjugated with the

system of the macrocycle.

In Figure 1-14 (a), a striking feature of the structure B{G&Pone)Cl is that all
ethyl groups, except orgemdiethyl group, are on one side of the molecule with the
single axial ligand. This type of structural feature is indicativéminimal inter-ringn—r
interactions. Figure 1- 14 (b) shows a top-down view of an inversion-related paig®f ri

For the two iron centers, they are separated by 7.77 A with a mean plane



Figure 1-12. The structure of iron(lffyoxooctaethylporphinone chloride
[Fe" (OEPone)Cl]
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Figure 1-13. Structure of F¢OEPone)CP (continued). (a) Labeled ORTEP diagram (b)
Formal diagram giving the perpendicular displacements of each atom from dten24-
mean plane of macrocycle (in A >30



29

Figure 1-14. Structure of E¢OEPone)CY (continued). (a) Edge-on view and (b) top-
down views othe closest inversion related dimeric unit of EBEPone)Cl
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separation of 3.39 A. Thus, the dimeric'E®@EPone)Cl unit has no direct overlap and

has an “edge-to-edge” orientation.

Figure 1-15 shows the visible spectra obtained during the first and seconinsduc
of F" (OEPone)Cl in THF by OTTLE (Optically Transparent Thin-Layexdiode)
spectroelectrochemisty Spectral information referred to Figure 1-15 are summarized in
Table 1-3. The addition of the first electron led to a red-shift (13 nm) and aasedre
absorbance of the Soret bands. The addition of the second electron' (@&Fene) led
to a dramatic change in both Soret and visible regions with decreased and bgpatienin

Soret bands, and a red-shift of the visible bands (wavelength/nm) from 594 to 645.

Table 1-3. UV-visible spectra of iron porphinone compl&kes
Compounds solvent Amax (NM)

Fe'"(OEPone)Cll THF | 386, 400, 482, 546, 596, 658, 730

F€'(OEPone) | THF | 399, 413, 486, 545, 595, 661

[Fe(OEPone)] | THF | 364, 407, 446, 522, 585, 645
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Figure 1-15. Visible spectra obtained during the first (top) and second (bottom)
reductions of FE(OEPone)Cl in THF by OTTLE spectroelectrochentisty
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The infrared spectra shown in Figure 1-16 were obtained in the matrixredsTihy

Wei*and the data are summarized in Table 1-4 below.

Table 1-4. Infrared spectroelectrochemistry of iron porphinnes
Compounds veo (cmit) other infrared bands (¢t

Fe"(OEPone)Cl | 1719 1563, 1536, 1383, 1268, 1228, 1221,

1209, 754, 732

Fe'(OEPone) 1703 1550, 1530, 1361, 1221, 754, 742

[Fe(OEPonNe)] 1671, 1578 1609, 1548, 1526, 1361, 1219, 728

For the first reduction B¢OEPone)Ch Fd'(OEPone) +CJ the most noticeable
change is thatco shifted from 1719 crhto 1703 crit, which indicates a weakening of
the macrocycle carbonyl band. This is probably due to the increased electroy alensit
the porphyrin ring. Since the back-bonding from Fe(ll) is stronger than that dj k(|

the porphyrin, the electron density increased in the first reduction prodif€ifreone).

Upon further reduction f—’@EPone)Jr:(; [Fe(OEPonNe)] thevco shifted largely from
1703 cni to 1671cn, indicating a further weakening of the porphinone carbonyl group.
As the carbonyl vibration is shifted to lower energy, the coupling between thandng
the carbonyl may happened thus result the split of the carbonyl vibration. DFT
calculation by WeP shows that the carbonyl mode becomes more coupled with the ring

vibrations when shifted to a lower energy.
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Thus, the reduction of iron in iron porphinones can be observed in changes in the
carbonyl infrared band. The carbonyl vibrations are quite sensitive to the tilmerac
between the central metal and the porphinone ring. When ferric porphinones were
reduced to ferrous complexes, the band decreased by 16 ¢nThis downshift is
because of the increased back-bonding from the iron(ll) orbital to the porphinomaé orbit
compared to iron(lll). Further reduction of Fe(ll) porphinone cause a dramatic dtiwnshi
by 32 cm' also a split of theco bands due to the carbonyl vibration’s coupling with the
porphyrin ring vibrations when at lower energy. Thus, the use of FTIR
spectroelectrochemistry combination with DFT calculation is shown to be valmabl

Wei's studies of the reduction of iron porphinone.
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Figure 1-16% FT-IR spectra of iron porphinone complexes in THFagtrix

(A) FTIR spectrum of P&(OEPone)Cl; (B) FTIR difference for H®EPone) and
Fe''(OEPone)Cl; (C) FTIR spectrum of the one electron reduction proBel¢OEPone);
(D) FTIR difference of [Fe(OEPonéind F&(OEPone); (E) FTIR spectrum of the two
electron reduction product, [Fe(OEPoneJjpectra A, C, and E are solvent subtracted.
Solvent: THF-g; electrolyte: TBAP.
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1-4. Aim of this work: Synthesis and reduction of the iron(lll) porphinone complexes and

their spectroscopy studies

To date, only [FeTPP(TPP = tetraphenylporphyrin) and [FEOE@EP =
octaethylporphyrin) and their derivatives have been examined in comparabi& tfetai
However, much less work has been done on the free base porphinone and metal

porphinone complexes.

Porphinones, a third class of tetrapyrrole, have been viewed as the analogues of
hydroporphyrins. The proposed analogy between porphinones and hydroporphyrins was
based upon the similarity of the UV-visible spectra of the two classes of melefacy
However, recent investigations have established that the redox potentials of porphinones
are distinctly different from those of either porphyrins or hydroporphififiisThese

observations imply that porphinones may have unique electronic structures.

The differences can be also found during the reduction of the iron(lll) porphyrin and
porphinone complexes. For comparing the reduction 8{GEPone)Cl with that of
Fe'"TPPCI and FEOEPCI, the half wave potentiéls*®are summarized in Table 1-5. In
Table 1-5, we can seq/ki1value of F& (OEPone)Cl (-0.35V) are 100mV, 227 mV
positive of Fe(OEP)CI (-0.45V) and '#€rPP)CI (-0.577V). The £ »value of
Fe(OEPone)Cl (-1.23V) are 30mV and 212mV positive Sf(EEP)CI (-1.26V) and
Fe(TPP)CI (-1.442V) respectively. As expected, the BndE;/, » values shift in the

negative direction as the porphyrin ring becomes more saturated, which alsthptove
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the presence of the keto group on the ring make it harder for the reduction.

Fé'(P)Cl+ e > F'(P) +CI (1) Bp1

Fé'(P) +e-> [Fe(P)]  (2) B

Table 1-5. Half-wave potential for the reduction of iron porphyrin and porphinone
complexes

Complex Solvent B1(V) (FE"PIFEP) | B2 (V) (FE'P/FEP]) | Ref.
Fe(OEP)CI THF -0.45 -1.26 48
Fe(TPP)CI THF -0.577 -1.443 49
Fe(OEPone)Cl| THF -0.3% -1.23 48

a. Data were obtained versus Ag/Agilfeference electrode.
b. For comparison to the literature valffe®.456 V was subtracted from the data of
Fe"TPPCI to obtain values versus SCE.

In most of the porphyrin studies, highly reduced metalloporphyrins have been
prepared by electrolytic reductin®“® some have been generated in clean conditions
by the sodium mirror contact technidtier sodium anthracenide reducttdmethod. It
has been proven that the sodium anthracenide reduction method is more effioient tha
electrolytic reduction since the electrolysis often produced undesirgiedugts. In this

work, the sodium anthracenide reduction method will be used to reduce the iron(lll)

porphinone chloride.
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Previously, the reduction of E€©OEPone)Cl have been studied by OTTLE
spectroelectrochemistfyand infrared spectroelectrochemiéfriyp our lab. Infrared
spectroscopy is ideally suited to investigate the structure of free baseetald
porphinone complexes because they have ketone groups on the porphyrin rings. The
band in the ring of porphinone in the infrared spectra is significantly strémgemost
of the porphyrin ring vibrations, making it easy to observe. The infrared spéctra

metalloporphyrind®>'and porphinedionéshave both been studied in considerable detail.

However, resonance Raman spectroscopy, which is a powerful tool to study the
porphyrin structures and the electron densities hasn’'t been done yet. Th®neduc
product of iron(lll) porphinone chloride will be characterized by UV-visibleaned and

Raman spectra in this work.



CHAPTER TWO

EXPERIMENT
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2-1. Instrument

The UV-visible spectrarere recorded on a Hewlett-Packard 8452A diode array

spectrophotometer. It is a single-beam, microprocessor-controlled spettrogler,
with a range from 190 nm to 820 nm with 2 nm resolution. The spectrophotometer is
controlled from a computer equipped with the software of OlisGlobalWorks running on

Windows XP.

The Proton-NMRlata were obtained on a Varian Mercury-300 MHz spectrometer.

Spectra were taken with the sample mixed in theGDor CDCE (Aldrich) matrix in

the NMR tubes.

The infrared spectroscopgta were obtained on the Thermo Nicolet Nexus 670

Fourier-transform infrared spectrophotometer. Spectra were taken from 4000400

with the sample mixed in the matrix of potassium bromide (KBr, Aldrich).

Resonance Raman spectroscepy obtained by mixing the sample in the KBr

matrix in tightly covered NMR tubes. The test conditions will be describearately
when giving the resonance Raman spectrum of the specific porphyrin ges\piehe

Result and Discussion part.
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2-2. Chemicals

The following reagents were purchased from Aldrich Chemical Compaeybéise
tetraphenylporphyrin[bTPP], iron(lll) tetraphenylporphyrin chloride [E€TPP)CI], free
base octaethylporphyrin §BEP), octaethylporphyrin iron (I1l) chloride [E€OEP)CI],

and Tetrahydrofuran (THF).

Tetrahydrofuramvas distilled by heating at reflux over sodium in a nitrogen

atmosphere until the dark blue benzophenone anion color was persistent, and then stored

in the glove box.
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2-2-1. Synthesis of the free base porphinon®@EPone) complex

Porphinone (WDEPone¥ ***'was prepared by oxidation obBEP via metal

inserted purification. 2.8 g of JEP was dissolved into 600 mL of gEl, containing 1%
anhydrous pyridine. The solution was degassed for half an hour. To the solution was
added 2 g of Osgin 10 mL of anhydrous ether. The solution was stirred in dark at room
temperature under nitrogen atmosphere for 24 hours, and then the reaction was stopped

by adding 150 mL methanol and gassed 15 minutes of hydrogen suliiele (H

The solution was filtered and evaporated to obtain a residue. The residue was
redissolved in 700 mL of methylene chloride, and then mixed with 20 miQ & HCIQ.
After the solution was stirred for 30 min, the mixture was washed with 600 mlledistil
water for three times. A crude product (2.6 g) was obtained after evagdisti solvent
and was a mixture of @EPone, unreacted,BEP and a small amount of di- or tri-

oxoporphinones.

Purification of the crude product was achieved by chromatography via their
respective zinc complexes on an alumina column. To produce the zinc coripléees
crude products were put into a round bottom flask with zinc acetate dehydrate in
CHCls/methanol (200 mL/100 mL) and heated to reflux for one hour. The reaction was
stopped when the solution’s color turned blue. The solution was rinsed with 300 mL
distilled water three times when it cooled down. The solvent was removed and the

purification was done on an alumina column. Elution was initiated with chloroform. A
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small violet band containing X2, 6-dioxo-OEBC), which did not react with zinc acetate
eluted first ( yield= 5 %). The UV-visible spectra in THF solution dghepeak® A max
(wavelength/nm) at 346, 374, 464, 492, 568, 688, 728. The second band containing
Zn(OEP) (pink, yieldr 40 %) was eluted with CHgtontaining 0.5% methanol. The
UV-visible spectra in THF solution gave pe&lat imax (Wavelength/nm) at 330, 406,
536 and 572. The third band was eluted with GHGhtaining 5% methanol, which
contained Zn(OEPone) complex (blue, yield about 40%). UV-vis (THE), nm ¢,
mM™em?): 402 (158), 486 (9.4), 506 (13), 542 (15), 586 (8.8), 614 (5.8), 642'H13);
NMR (CDCh), 5: -2.90 (2H, NH), 0.34, 0.36, 0.39 (6H total, gem<LH.80-1.89 (18H
total, CH); 2.75 (4H total, gem-Ch); 3.94 (x2), 4.04, 4.07, 4.0942) (quartet, 2H,
CHy); 9.12, 9.83, 9.85, 9.94 (1H each, meso-HOHPone was obtained by washing

with 10% HCI quantitatively. The UV-visible spectra (THE),, , nm &, mM ™ cm™)*
402 (158), 486 (9.4), 506 (13), 542 (15), 586 (8.8), 614 (5.8), 642 (43); Protod?HMR
(CDCl), 6 : -2.90 ( 2H, NH), 0.34, 0.36, 0.39 (6H total, gem<5H.80-1.89 (18 H total,

CHy); 2.75 (4H total, gem-C}), 3.94 2), 4.04, 4.07, 4.0942) (quartet, 2H, Ch);

9.12, 9.83, 9.85, 9.93 (1H each, meso-H).
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2-2-2. Synthesis of iron (Ill) porphinone chloride

Synthesis of FHOEPone)Cl: 25 mg of free base porphinone;(EPone) was

placed in 15 mL of acetic acid containing 40 mg sodium acetate and 25 mg sodium
chloride in a 50 mL flask. After the solution was degassed with nitrogen for 30 min, 50
mg iron (1) acetate was added. The mixture was then heated to a gelfibie boe hour.
The completion of the reaction was detected by the quenching of the bright flnoeesce
with a UV lamp. The solvent was removed under vacuum after the mixture was cooled.
The residue was washed with distilled water several times. The produtttemas

dissolved in benzene and lyophilized to give pure crystals.
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2-2-3. Deuterium exchange of the free base porphinone complex

Deuteration of HOEPoneY: A 250 mL round bottom flask was dried in the oven for

half an hour and then was purged with nitrogen for 15 min. To the flask was added
0.1 mmol of HOEPone, followed by 8.4 mL dimethyl sulfoxide (DMSg)-d’ he
resultant mixture was degassed with nitrogen for thirty minutes after addingD.47

tetrabutylammonium hydroxide (1 M in methanol).

The mixture was heated at L’C7for 24 hours under a slow flow of nitrogen. After
that, the reaction was quenched by adding 10 mL of 1 M HCI and 50 mL of chloroform to
the round bottom flask. Then the organic layer was separated and washed with an
aqueous solution of sodium hydrogen carbonate three times until no more effervescence
was observed. A few grams of sodium sulfate were added to the chloroform solution to
dry the residual water and then the solution was filtered. The chloroformvejasrated
under nitrogen and the remaining water was removed in a vacuum desiccator at room
temperature. The crude product was chromatographed on the alumina colbmn wit
chloroform which was then evaporated under nitrogen gas. The purified sampleesas dri

in a vacuum desiccator at room temperature.
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2-2-4. Reduction of iron (Ill) porphyrins and porphinone complexes

Reduction of FETPPCI, F& OEPCI and F&(OEPone)CH”: The reductant, sodium

anthracenide was prepared by accurate weighing 3 mmol anthracene intwvighvaal
Teflon-lined cap and placed in the dry box 24 hours before it reacted with excess sodium
metal in the double distilled THF (less than 15 mL). The solution was allowedctdoea

24 hours with occasional stirring before it was decanted from the unreacted sodium a

diluted to 15 mL making a 0.2 M solution. The solution was dark blue.

0.25 mmol FEOEPoneCl (FEOEPCI, FE' TPPCI) was dissolved into a 50 mL
round bottom flask with 20 mL of distilled THF. 100- or 200-p L Microtrol syringeen
used to transfer 3 mL of the dark blue sodium anthracenide solution to the stirred
Fe" OEPoneCl (FEOEPCI or FE TPPCI) solution above. After 30 min the solution was
filtered and 80 mL heptane was added. The solution was set aside for precifora®ién

hour and then was filtered to get the final products.
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3-1. UV-visible, hfrared and protc NMR spectrum of the free baporphinone

complexes

The oxidation of EDEF to H,LOEPone is provided by Chang é¥aDsmium
tetraoxide is used as the oxidant, which rearratigeefree basporphyrin to the

porphinone in strong acid solutions. The schemeti@ais shown in Figure-1.

/CH3 HSC\
!
/E/\[/\\l\/é\ OSO4
H.C NH N CH

\/L\x/ e
/ )

“CH, H:C

H.OEP H>-OEPone

Figure 31 Scheme of the oxidation oi,OEP to HOEPon:

The UV-visiblespectrum of the oxidation product HOEPone (pand the startin
material HOEP (3 in THF solutior are shown in Figure 3-2After the oxidation, th
Soret band has red-shatt (\nax Wavelength/nmjrom 398 to 406. The four peaks
H,OEPone Xmax Wavelength/nr) at 406, 510, 548 and 642 are consistent witt
literature resultt.

The IR spectruraf the oxidation product ;OEPone which showm Figure 3-3 were
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obtained in KBr matrix. The peaks, cni*) are at 3335 (NH), 2963, 2932, 28CH)

and 1716(C=0). The results are consistent with the spectrum from Stolzendiétg et
The IR spectrum of the starting materialHEP and the oxidation product®EPone are
shown in Figure 3-4 (b) and Figure 3-4 (a) separately. For startingiah&tgDEP, the
strongest bands (cm?) are at 1012 and1054. After the oxidation, these two bands still
exist, and a new strong band at 1716'adne tovco appears. We can see that theg of

H,OEPone is comparably larger than the other porphyrin vibrations.

The proton NMR spectrum which shown in Figure 3-5 were obtainedJ8l¢ Ehe
chemical shiftsd, ppm) are summarized in Table 3-1. From Table 3-1, we can see the
chemical shift positions of the oxidization product are consistent with thediterat
results from Stolzenbety From the integrated area, we use gemy-&sithe basis.
Because there are 6H for gem-{JH the molecule, there are about 4 meso-H, two N-H,
about 6 H for gem-C§l about 15 H for -ChHand about 19 H for -CHinside the

molecule. The result fits the formulation of®EPonNe.

The UV-visible, IR and proton NMR spectrum we have obtained are all consistent
with that by Stolzenbefg Thus, the oxidation productLBEPone we have produced is

the desired product.



Table 3-1. The proton NMR of J@EPone in CBCl,

49

Chemical shif (ppm)

integrate ares

L

Proton Represer

te&chemical shif (ppm) from

et)

Stolzenbertf
-2.95, -2.91 (singlet) 0.304 (2H) -NH -2.90, -2.85 (broad singl
0.38 (triplet) 0.999 (6H) gem-CH 0.36 (triplet)
1.81~ 1.93 (multiple) |  3.220 (19H) -GH 1.81, 1.82, 1.84, 1.85, 1.86
1.88 (triplet)
2.75 (multiple) 0.999 (6H) gem-GH 2.75 (multiple)
3.95~4.11 (multiple) 2.464 - CH;, 3.94x 2, 4.02, 4.06, 4.09 2
(14.78H)
9.22,9.84,9.95, 10.02 0.619 in total meso-H 9.12, 9.83, 9.86, 9.94

(singlet)

(4H)
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Figure 3-4. Infrared spectrum of (a)®EPone (solid line) and (b),BEP (dash line) in
KBr matrix
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3-2. UV-visible, infrared and proton NMR spectrum of the deuterated free base

porphinone complex

Figure 3-6 shows the UV-visible spectrum of the starting matefi@BPone) and
the deuterated producbf@EPone)-g*%. The peaksk{a, Wavelength/nm) of
H.(OEPone)-g, at 406, 510, 548 and 642 are consistent with thab@EPone¥. After
the deuteration, we had an identical spectrum which indicated that we had obtained the

purified deuterated product without contamination.

The IR spectra of the starting materigDiEPone and the deuteration product
H,OEPone-g» shownin Figure 3-7 wer@btained in KBr matrixThe FTIR spectra of
H,OEPone, HOEPone-g, and their difference spectra are shown in Figure 3-8. There
are three shifts in the difference spectra which are 1457terh441 crit, 1569 crit to
1547 cni and 1709 ci to 1687 crit. The downshifts of the vibration bands indicate a
weakening of the bands which are due to the deuterakidmave been deuterated’®d
group, which increased the weight for the “C-proton” group, results a decrease of th

vibration wavenumber.

The proton NMR spectra of the deuteration prodyCEfPone-g, were obtained by
the 300 MHz NMR spectrometer. Figure 3-9 shows the proton NMRO®ERone-g; in
CD.Cl,. The chemical shifts (ppm) of HOEPone-g, together with that of fDEPone
are summarized in Table 3-2. From Table 3-2, we can see thapdstions are almost

unchanged during the deuteration, except the peak positions of*~@em-CH,”, “-
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CHgs", “gem-CHg” all shift slightly to the higher field. During the deuteration, the protons

of “-“NH” are gone. Thus, the deuteration rate of the proton of “~-NH”" is 100%. Another
thing is that the protons of “~GHleft after the deuteration are orﬂ% X 100% =

28.4%, making the deuteration rate 71.6%

Stolzenberg reported that the methylene positions were 90% deutériettedresult
indicates that we have not achieved the literature results. We didn’t pois@gther in

our work, but, longer deuteration time may be needed to reach the 90% deuteeddion vyi



Table 3-2. The proton NMR of JEPone-¢, and HOEPone in CBCl,
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)

Chemical shifé(ppm) Integrate Area Proton
H,OEPone HOEPone-g, H.OEPone HOEPone-g, Representec
-2.95, -2.91 (singlet) none 0.304 (2H) None -NH
0.38 (triplet) 0.31(triplet) 0.999 (6H) 1.01 (6H) gem-CH
1.81~ 1.93 (multiple) 1.72,1.74,1.77,| 3.220 (19H) | 3.375 (20 H) -GH
1.78, 1.80, 1.82
2.75 (multiple) 2.68 (multiple) 0.999 (6H)| 0.728 (4.36H) gem;CH
3.95~4.11 (multiple) 3.90, 3.93, 3.99, 2.464 0.701(4.21) - CH;
4.02 (14.78H)
9.22,9.84, 9.95, 10.02 9.22,9.83,9.96, 0.619 in total | 0.675 in total (4H)| meso-H
10.04 (4H)
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3-3. UV-visible, infrared and Raman spectrum of the two electron reducétl)ron

tetraphenylporphyrin complex

The UV-visible absorption spectrum of the reduction product [FeaRP$hown in
Figure 3-10. It is consistent with the work done by Reed*&walich showed that the
Amax (Wwavelengh/nm) are 426, 506, 572 and 612. Due to the high concentration, the Soret
band of [FeTPP]s off scale. The bands (wavelengh/nm) at 358 and 378 are due to

anthracene.

The UV-visible spectrum of the reduction product [FeTBR] the starting material
Fe"TPPCI are shown in Figure 3-11. There is a successive red shift of the $aret ba
(wavelengh/nm) from 414 to 426 during the reduction froiTRPCI. It reflects the

extent of stabilization of the porphyrinsystem after the reduction.

The UV-visible spectra of PP), [Fe(TPP)Jand [Fe(TPPJ] in the THF solution
were previously obtained by Rédet al. The FETPP (high spin, HS) ha$nax
(wavelengh/nm) values of 426 (Soret), 539, 610 and [Fe(TRRHAnax (Wavelength/nm)
at 572 and 618, while the,.x (wavelength/nm) of [Fe(TPP)re 426, 510, 572 and 608.
Thus, the reduction product we have obtained is most close to the low spin [FeTPP]

based on the absorption spectrum.

In Figure 3-12, the infrared spectra of' F@PCIl and the reduction product
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[Fe(TPP)] were obtained in KBr matrix. The infrared spectra data are summarized in

Table 3-3 below.

Table 3-3. The infrared spectrum of iron tetraphenylporphyrin complexes

infrared spectrum (ci
Fe' TPPCI [FeTPP]
1030
1069 1069
1159 1156
1174 1177
1201 1201
1227
1277 1261
1298 1297
1335 1337
1364 1366
1388
1440 1441
1485 1487
1505
1527 1526
1547 1551
1570 1575
1596 1597
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From Table 3-3, we find several bandscfri') move to lower frequencies after the
reduction, which are 1159 to 1156, 1298 to 1297, 1527 to 1526 and 1277 to 1261 cm
The band at 1277 ¢hmoved to 1261 cthwhich is a dramatic downshift by 14 ¢m
Some bandsy( cni) move to higher frequencies after the reduction, which are 1174 to
1177, 1335 to 1337, 1364 to 1366, 1440 to 1441, 1485 to 1487, 1547 to 1551, 1570 to
1575 and 1596 to 1597 ¢mThe strong vibrational band at 1174 tfor Fé'(TPP)CI
not only upshifted by 3 cth but also became much weaker after the reduction which is a
big change. The new band at 1227 is produced, while bandsif) at 1030, 1388 and

1505 disappear after the reduction.

The resonance Raman spectrum shown in Figure 3-13 was measured with 1.0-0.9
mW in KBr powder to avoid the decomposition of the products. It was also measured
with higher power (5.0 mW) and the increased power did not cause any changes. For
convenience, we retain the nomenclature traditionally used for octaalkylpogpblgpd
refer to these modes asandv.'”. The Raman spectrum data are summarized in Table 3-

4 below.

From Table 3-4, we can see thatthmode of [FeTPP]s at 1361 cnl, which is
5 cmi* higher than that of low spin [FeTPPgported by Bocian. The mode is 3 crit
lower, which is 1552 cihversus 1555 cth Thev, mode (crit) of [FeTPP]in this work
differ 17 cm®, 7 cm* and 9 crit respectively from high sptf low spirt® and
intermediate spitf of Fé'TPP. Thev, mode (crit) of [FeTPP]in this work differ 12 crit,

7 cm® and 13 crit respectively from high spth low spirt® and intermediate sgifof
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Fe'TPP. However, we found there are 1076'@nd 1236 ci which are due to Fe(ll)

species.

While the UV-visible spectra of [FeTTH consistent with what was obtained by
Reed? Because of the low Raman scattering of [FeT,Thall amount of FeTPP will
dominate the spectrum. Unfortunately, the 457.9 nm excitation which was used by
Bocian for [FeTTP]was not available at this time. As a result, it was difficult to sépar

the weak iron(l) bands from the strong iron(ll) bands.

Table 3-4. The resonance Raman spectrum of the iron tetraphenylporphyriexesnpl

va (cm?) | vy (cm?) Other (cnt) Reference
FeTPP (high spin, in DMF, 1344 1540 1074, 1232 14
dex =413.1 nm)
FeTPP (low spin in DMF, | 1354 1559 1073, 1228 14
hex = 413.1 nm)
FeTPP(intermediate spin, | 1370 1565 1082, 1240 62
in CHyCly, dex = 457.9 nm)
[FeTPP] (low spin, in 1356 1555 1060, 1224 14
DMF, Aex = 457.9 nm)
[FeTPP] (in KBr solid 1361 1552 1076, 1236 this work
matrix, ex = 413.1 nm)

Based on the absorption spectrum we have obtained, we found that the results
matched that from Re& Meanwhile, from infrared spectra, we have a downshift of

several bands, indicating an increase of the electron density on the macnoaegcl



65

There has been little analysis of the infrared spectra of FeTPP and itsrpdoatect. It

is difficult to compare our results with the predicted shifts at this time.
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3-4. UV-visible, infrared and Raman spectrum of the two electron reducetljron(

octaethylporphyrin complex

The UV-visible of the starting material"®@EPCI and the reduction product

[FeOEP]are shown in Figure 3-14. To better analyze the product that we obtained, we

compared our absorption peaks with what have been done by T8iiackable 3-5. The

reduction process can be written as:

Fe"OEPCI + Sodium anthracenide

[Fe(OEP)} CI + anthracene + Na

Table 3-5. The UV-visible spectrum of iron octaethylporphyrin complexes

Compounds B bands (nm) Q bands (nm) Reference
Fe'(OEP)(THF) 407 558 39
(FeOEPY 356, 440 N/A 39
Fe"OEPCI 372, 400 508, 532,630 this work
(FEOEP) 373, 419, 455 N/A 39
[FeOEP] 373, 407, 414, 454 516, 558, 664 this work

From Table 3-5, the Soret region of the reduction product [Fe(Q&Rjffected by

another product of the reduction reaction, anthracene, and also the possible byproduct

Fe'(OEP)(THFF°. The bands of anthracene overlap the iron(l) complex making the
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Soret bands different from that obtained byTerdokBut it is clear that the Soret bands
(wavelength/nm) become broader and have a red shift after the reductiond@edre

product has the absorption peaks (wavelength/nm) at 419 and 454 which are close to that
of (FEOEP) by Teraok&’. However, the absorption peaks (wavelength/nm) at 407 and

558 are close to FEOEP)(THF) by Teraokd Thus, our reduced product is close to

(FETPP) with some impurity F{OEP)(THF) inside based on the UV-visible spectrum.

The IR spectra of the starting materidl ©®PCI and the reduction product [FeOEP]

are given in Figure 3-15. The bands are summarized in Table 3-6 below.

From Table 3-6, we find that new bandscfri’) at 1196, 1248 and 1587 appear but
bands ¢, cm?) at 1122 and 1358 disappear after reduction frothGFePCl. For the
bands at the same wavenumbers, the strength of the absorption is quite diféerent. F
example, the absorption bands ¢m*) at 1146, 1268 and 1313 become much weaker
after reduction. The difference during the reduction of infrared spectrunaieslithe
possibilities of reduction. There has been little analysis of the inframdslof the
reduced product [FeOERhN KBr matrix. It is difficult to compare our result with the

predicted shifts at this time.
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Table 3-6. The infrared spectra of iron octaethylporphyrin complexes

Vibration bandsy, cm™)
F€"OEPCI | [FeOEP]
1109 1109
1122
1146 1146

1196
1213 1213
1252 1248
1268 1268
1313 1313
1358
1371 1371
1468
1494

1587
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line) in THF solution.
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3-5. UV-visible and infrared spectrum of iron(lll) porphinone chloride

The UV-visible spectrum of @EPone and F{OEPone)Cl are shown in Figure 3-
16.The absorption spectrum of H®EPone)Cl are consistent with the result by ¥/ei
which shows that the insertion of ‘€l is successful. For better comparing the
starting material DEPone and the product'H®©EPone)Cl, the absorption data are

summarized in Table 3-7 below.

Table 3-7. The absorption spectra of iron porphinone and free base porphinone
complexes

Compounds (Solution)| B bands (nm) Q Bands (nm) Reference
H,OEPone (THF) 406 506, 548, 582, 642 this work
Fe"(OEPone)Cl (THF)| 386, 486 514, 556, 600, 658 this wolrk
Fe" (OEPone)Cl 384 (11.50 mMcm™), | 517(1.40), 551(1.205), 53
(CH,Cl,) 486 (1.581) 599(2.19), 661(0.436)
Fe" (OEPone)Cl (THF)| 386 (66 mMtm™), 546(6.6), 596(14), 37

482 (8.3) 658(3.5), 730(3.6)

From Table 3-7, we can see the spectrum of the prodli(OE®one)Cl are
consistent with that obtained by €&and Lit*’. Comparing the UV-visible spectrum of
the starting material #DEPone with the product E€OEPone)Cl we obtained, the Soret

band blue shifts from 406 nm to 386 nm and becomes broadened which showedrthat the
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system of the porphinone has been destabilized after the insertion'6€I:Fe

The FT-IR spectrum of EPone and FEDEPoneCl are shown in Figure 3-17 and

Figure 3-18. The vibrations are summarized in the Table 3-8 below:

Table 3-8: The infrared spectroscopy of free-base and iron porphinone cosnpl&&r

compound veo (cm?) | Other bands (ci References

H,OEPone 1716 1585, 1544, 1520, 1454, 1402, 1371 this work
1318, 1262, 1218, 1184, 1096, 1054,

1011

F"(OEPone)Cl| 1713 1668562, 1535, 1490, 14541389, this work
1318,1271, 1225, 1208, 1144, 1119,

1056, 1011

F"(OEPone)Cl| 1719 1563, 1536, 1383, 1268, 1228, 1221, | 38

1209, 754, 732

From Table 3-8, we can see th& ®&EPoneCl we obtained have many bands with the
same or similar wavenumbers as that byX¥V@hevcoband is 1713 cfh which is
6 cm’ lower than that by Wei. For other bands, the similar peaks are highlighted in Table
3-8 which shows that our product is quite close to tH§®EPone)Cl by Wei.
From Table 3-8, we find that when the iron inserted into the free h&3ERbdne, theco
position doesn’t change significantly (1716t 1713crit). For the typical infrared

absorption frequencies, the stretching vibration of C-N is between 1000 and 1250cm
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and the bending vibration of NHKcissoring is between 1550 ¢ro 1650 crit. We
emphasized the IR spectra between 1000 and 1250 ci in Figure 3-19 (a) and 1550
cm™* to 1650 crit in Figure 3-19 (b). From Figure 3-19, we can see the vibrations at 1184
cm™* and 1093 ci disappeared; the band at 1585 cdownshifted to 1562 cihand the

number of the vibration bands became less after the metal insertion.

These vibrational changes probably were due to the electron density had been
changed dramatically. And the symmetry of the molecule increased vitmiglified the

vibration species after the iron(Ill)Cl exchanging two protons in NH positions

In a word, the insertion of -F€I' to free base porphinone is successful. The
structure of F&(OEPone)Cl from Scheidt is shown in Figure 3%2The success of the
reduction can be approved by both UV-visible spectrum and infrared spectrum. The
product is the desired BE®EPoneCl by comparing the infrared spectrum with what was

observed by Wé.

Figure 3-20. The structure of 'F®@EPoneCF
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Figure 3-17. IR spectrum of F€OEPone)Cl in KBr matrix
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Figure 3-19. Infrared spectrum of free base porphinone and iron porphinone complexes in
KBr powder: (a) 1000 cth— 1250 crit; (b) 1550 crit -1650 cni.
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3-6.UV-visible, infrared and Raman spectrum of the two electron redwogd liy

porphinone complex

The UV-visible spectrum of E©EPoneCl and its reduced product, [Fe(OEPgne)]
are shown in Figure 3-21. The absorption spectrum was compared to that obtained by
Liu*" who did the reduction in OTTLE spectroelectrochemistry. The UV-visiblerspec
were summarized in Table 3-9. The reaction for the reduction process is:
Fe"OEPoneCl + Sodium anthracenide

[Fe(OEPone)t CI + anthracene + Na

Table 3-9. UV-visible spectrum of iron porphinone complexes in THF solution

B bands (nm) Q bands (nm) Reference
F"(OEPone)Cl 386 , 482 546 , 596, 658 , 730 37
Fe"(OEPone)Cl 386 , 486 514 , 556 , 600 , 658 this work
[Fe(OEPone)] 364, 407, 446 522,585, 645 37
[Fe(OEPone)] 358,378,394 526,538,572, 584,650 this work
Fe'(OEPone) 399, 413, 48p 545, 594 , 661 37

From Table 3-9, the Soret region of the reduction product [Fe(OEPsredj¢cted
by another product of the reduction reaction, anthracene. The bands of anthracene
overlap the rion(l) complex making the Soret bands different framabtained by Litf .

But it is clear that the Q band at 596 nm for botiGEPoneCl and FOEP have
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completely disappeared, and the new band at 650 nm appears, indicating the complete

reduction to the iron(l) complex.

The infrared spectrum of the reduced product [Fe(OEP@me)(hown in Figure 3-
22. Figure 3-23 gives the infrared spectrum of both the starting matéli@EroneCl
and the reduced product [Fe(OEPoné&)jei examined the infrared
spectroelectrochemical reduction of iron porphinone complexes using
spectroelectrochemistry. To comparing the infrared spectrum with treahetty Wei,

the infrared spectrum data are summarized in  3-10 below.

Table 3-10. The infrared spectrum of iron porphinone complexes

compound veo (Cm) Other bands (ci) Reference

Fe" (OEPone)Cl 1713 1666, 1562, 1535, 1454, 1389, 13[18, this work

1271, 1225, 1208, 1144, 1119, 1056

1011, 960, 916, 860

Fe" (OEPone)Cl 1719 1563, 1536383, 1268, 1228, 1221, 38

1209, 754, 732

Fe'(OEPone) 1703 1550, 1530, 1361, 1221, 754, 74P 38

[FEOEPoNE] 1663, 1580 1603, 1548, 1526, 1430, 1372, 1248, this work

982, 909

[FEOEPone]- | 1671, 1578 1609, 1548, 1526, 1361, 1219, 728 38
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From Table 3-10, we can see our reduction product hasdfa 1663 and 1580 ¢
which are close to 1671 and 1578 tof [FEOEPone]by Wer®. Thevco downshifts
over 50 crit from 1713 crit of F' (OEPone)Cl and splits to two peaks of 1663 and
1580 cni which shows that the reduction are successful vEg@lownshifts from high
energy to lower energy with over 50 ¢indicates a considerably weakening of the

carbonyl group.

For other bands, there are many similarities. For example, the vibrationabands
1548 cni and 1526 crin the IR of our reduction products are also found in Wei’s. And
the 1603 crit and 1372 cm in the infrared spectrum of our reduced product is close to
1609 cm and 1361 cil by Wei. Thus, our reduced product is quite close to the desired
[FeEOEPonNn€]based on the infrared spectrum. Some differences may be due to the KBr

matrix we use as opposed to the THF solution in Wei's work.

For the porphinone complex, the reduction is known to be metal centered. Although
the reduction is primarily on the iron, some of the election density of the itcha(Will
delocalize to the porphinone macrocycle by back-bonding. Although iron(lIl) ar(d)iron
both have back-bonding to the porphinone, iron(l) has two more electrons than iron(lll).
There are more electrons to be used for back-bonding in iron(l) porphinone complex.
Thus, the electron density on the macrocycle oiJE®one]is higher than that of
Fe" OEPoneCl, making the carbonyl group frequency decrease after the reduction.

The resonance Raman spectrum of{fEePone]samples shown in Figure 3-24 were

measured at room temperature in KBr matrix. The excitation line was 406 nimeand t
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power on the sample was 1.0 — 0.9 mW, total collection time was three hours. The sample

had very large background which led to considerable noise in the spectrum.

From Figure 3-24, the RR spectrum exhibits the frequencies at 1137, 1259, 1314,
1378, 1493, 1570, 1609 ¢mSince isotopically substituted [FEEPone]- haven't been

done, it is difficult for us to assign the specific modes.

We know that if the vibration in the molecule changes the dipole moment, this
molecular vibration is IR active; if the vibration changes the polarizabhigyyibration
iIs Raman active. And for some vibrations, they may be both IR and Raman &ctsve, t
can be seen both in IR and Raman spectrum. In Table 3-11 below, the IR and Raman

spectrum of iron porphinone complexes will be compared in detail.

From Table 3-11, Raman spectra of théQE€one] exhibited a vibration at
1671 cn which isthe same as theo of the IR by WeP. There is a 1609 cfband in
our RR spectrum of [F@EPone]which also can be found in the IR spectrum by Wei.
Meanwhile, there are 1570, 1529, 1378 and 1363 lcamds in the RR spectrum of
[F€ OEPone]which are close to 1578dc), 1526, 1372 and 1361 ¢hin the IR
spectrum. What also should be noted is that the 1713 Edf OEPCl,uco ) and 1703
cm* (F'OEP,uco ) could not be found in the Raman spectrum ofQE®Pone]
indicating the high purity of our reduction product. Thus, from the comparison between
the RR spectrum and IR spectrum, we may also conclude that the reduced pribuct is

desired [F®OEPone]with few impurities of iron(ll) or iron(lll) porphinones.
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Table 3-11. IR and Raman Comparison for iron porphinone complexes in KBr matrix

compound Souce Other bands [Om Ref.

Fe"(OEPone)Cl IR 1713 {co ), 1666, 1562, 1535, 1454]  this work

1389, 1318, 1271, 1225, 1208, 1144

1119, 1056, 1011, 960, 916, 860

Fe'(OEPone) IR 1703 (vco ), 1550, 1530, 1361, 1221 38
754, 742
[Fe'OEPone] IR 1671 (vco ), 1578 (veo ), 1609, 1548, 38

1526, 1361, 1219, 728

[FEOEPoNE] IR 1663 (vco ), 1580 (veo ), 1603, 1548, |  this work

1526, 1430, 1372, 1248, 982, 909

[FE OEPoNe] Raman 1671, 1609, 1570, 1529, 1493, 1378, this work

1363, 1314, 1259, 1137

Based on the UV-visible spectrum, infrared spectrum and Raman spectrurewe ha
obtained, we found that the reduction is successful and the reduced product is the desired
[F€ OEPone] During the comparison of the resonance Raman and infrared spectrum of
[FE'OEPone] we found many similarities in the bands, which shows that some peaks are
both Raman and IR active. Since many IR vibrations dfJERone]can be found in the
Raman of [FEOEPone] but the C=0 vibration of Feor F€' porphinone complexes
which are considerably strong peaks, the conclusion is that the reduction of

Fe"OEPoneCl is successful, the product is the desird®ERone]with few impurities.
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Figure 3-21. UV-visible spectrum of (a) [PEPone] (solid line) and (b) FEOEPoneCl

(dash line) in THF solutions.
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Figure 3-24. The low frequency resonance Raman spectrum of [FeOBMtNdP6 nm
excitation line at room temperature in KBr matrix with background coomciihe power
was 1.0 — 0.9 mW and the correction time is three hours.
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3-7. CONCLUSIONS:

The ultimate goal of the work was to obtain the x-ray structure @fRone] The
crystallization was carried out with the method by R&ekhe crude product of
[Fe'OEPone]was dissolved in dibenzo-18-crown-6 in pyridine and THF solution to
obtained the crystal [NaDB-18-crown-6(THJHre(OEPone)] for X-ray analysis.

However, crystallization with dibenzo-18-crown-6 was unsuccessful, andrtiporary
loss of the department x-ray diffractometer prevented further attempigstdllization.
Future studies should incorporate the crown ether into the sodium anthracenide solution

to minimize the synthetic steps and prevent oxidation of the iron(l) product.

The deuteration of porphinone complexes are quite important for the porphinone
studies because: 1) the deuteration can reduathplexity of the infrared spectrum by
eliminating the vibration bands between 1400'¢m1500 crit; 2) the deuteration at

other positions would help with the assignment of the infrared bands.

The reduction of iron(lll) tetraphenylporphyrin and octaethylporphyrin cotapl
were moderately finished with the method by R&add some impurities due to iron(l1)
were observed. The infrared spectra are examined to obtain the reductioesaafon
the vibration modes between 1000tto 1700 crit. However, much better success was

achieved for the iron porphinone, which was the goal of this work.

The Raman spectra of reduction produci@E®one]were obtained in KBr matrix.
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The infrared and Raman spectrum for' (BePone]will allow us to compare the
spectrum data to the DFT calculation results that have done by*Ryaith will help us

better understand the structure and the electron properties ©EFene]
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