Lawrence Berkeley National Laboratory
Recent Work

Title
Spectroscopic and Electrochemical Characterization of a Bis-macrocyclic Di-iron Compound

Permalink
https://escholarship.org/uc/item/3593w2dqg

Journal
Inorganic Chemistry, 33(9)

Authors

Mountford, H.S.
MacQueen, D.B.
Li, A.

Publication Date
1994-01-05

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/35g3w2ds
https://escholarship.org/uc/item/35g3w2ds#author
https://escholarship.org
http://www.cdlib.org/

PO
-y

LBL-35032
UC-401
Preprint

Lawrence Berkeley Laboratory

UNIVEIIRSITY OF CALIFORNIA

r '

STRUCTURAL BIOLOGY DIVISION

Submitted to Inorganic Chemistry

Spectroscopic and Electrochemical Characterization
of a Bis-macrocyclic Di-iron Compound

H.S. Mountford, D. B. MacQueen, A. Li, J.W. Otvos,
M. Calvin, R.B. Frankel, and L.O. Spreer

January 1994

931B[NJJ L)
10N sa0q
| AdOD 3JONIYI4TY |

*Adedqiy @s "BpLg

1 Ado)
Ze05e-1a1

Prepared for the U.S. Department of Energy under Contract Number DE-AC03-765F00098




DISCLAIMER

This document was prepared as an account of work sponsored by the
United States Government. Neither the United States Government
nor any agency thereof, nor The Regents of the University of Califor-
nia, nor any of their employees, makes any warranty, express or im-
plied, or assumes any legal liability or responsibility for the accuracy,
completeness, or usefulness of any information, apparatus, product,
or process disclosed, or represents that its use would not infringe pri-
vately owned rights. Reference herein to any specific commercial
product, process, or service by its trade name, trademark, manufac-
turer, or otherwise, does not necessarily constitute or imply its en-
dorsement, recommendation, or favoring by the United States Gov-
ernment or any agency thereof, or The Regents of the University of
California. The views and opinions of authors expressed herein do
not necessarily state or reflect those of the United States Government
or any agency thereof or The Regents of the University of California
and shall not be used for advertising or product endorsement pur-
poses.

This report has been reproduced directly from the best available copy.

Lawrence Berkeley Laboratory is an equal opportunity employer.



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



LBL-35032

SPECTROSCOPIC AND ELECTROCHEMICAL CHARACTERIZATION
OF A BISSMACROCYCLIC DI-IRON COMPOUND

H. S. Mountford *, D. Brent MacQueen™, Aiping Li*, John W. Otvos®™,
Melvin Calvin®, Richard B. Frankel* and Larry O. Spreer’

*Department of Chemistry
University of the Pacific
Stockton, CA 95211

“Department of Chemistry
University of California
Berkeley, CA 94720

and

**Structural Biology Division
Lawrence Berkeley Laboratory
University of California
Berkeley, CA 94720

#Department of Physics
California Polytechnic State University
San Luis Obispo, CA 93407

o October 1993

This work was suppaorted by the Director, Office of Energy Research, Office of
Basic Energy Sciences, Chemical Sciences Divjsion, of the U.S. Department of
Energy under Contract No. DE-AC03-76SF00098.



Abstract

The properties cf the complex, [Fe,(CyH;:Ne) (CH.CNY.J (C1O;),,
have been extensi&ely investigated by optical and Mdssbauer
spectroscopy as well as by electrochemistry. The binucleating
ligand, TIED (tetraiminoethylene dimacrocycle), is an
exceptionally good 7w acceptor as indicated by the Mdssbauer
spectrum, which shows a low value for the Center Shift and a high
value for the Quadrupole Sé&itting Parameter. This behavior is
consistentvwith the unusually high value for the first oxidation
potential (1.18 V vs. NHE) since Fe? is a much better = donor
than Fe?*'. Also, e#tensive back-bonding from iron to an
unoccupied 7 orbital of the ligand may help produce the very
short Fe-N (imine) distance 1.89 A that was found in the complex.
Electrochemical oxidation apparently occurs at the metal centers,
since the potential shows a large solvent dependence, which we
attribute to axial ligand exchange by coordinating solvent
molecules. Electrochemical reduction, while forhally occurring
at the ligand, shows indications of extensive mixing of ligand
and metal orbitals. There»is a change from two, well-separated
one-electron reductions in CH,CN to closely overlapping
reductions in DMF and H,0. Another indication of orbital mixing
is the fact that substitution of Ni for Fe in the complex causes

a large shift of 780 mV in the first ligand reduction potential.

4+
H_| | I | H
N\F e’N =\—/= N\Fe :
N/ \NI\zN’ \N



Iptroduction

The study of multimetallic molecules is important for both
practical and fundamental reasons. For example, dicobalt (II)
co-facial porphyrin dimers act as efficient electrocatalysts-for'
the four-electron reduction of O, to H,0.! Multiple metal systems
are common in nature and are often involved in multiple-electron
redox reactions.? Consequently, there has been a great deal of
work aimed at synthesizing;biomimetic multinuclear models which
may provide insight into the actual structure of the
metalloenzyme or the mechanism of the catalysis. Multimetallic
systems are also important to the inorganic chemist for more
fundamental studies. These types of investigations include
magnetic exchange coupling, extent of mixing of metal and ligand
orbitals, and optically induced intrasystem charge transfer.

We recently described’ the structure of a di-iron compound
that is unique in that it contains a conjugated bridge between
metals in two macrocycles. As isolated from acetonitrile each

low-spin iron (II) has two axial acetonitrile ligands

4+
H ] [ ] H
<: Fe _/_\:C Fe :>
WL | LI

[Fe, (C,¢H3¢Ng) (CH,CN),] (C10,),. - The [Fe,(TIED) (CH,CN),]* species

(TIED = tetraiminioethylene di-macrocycle) exhibits several
unusual properties, among which is an intense absorption band

with € = 24,600 M?! cm™ at 874 nm in acetonitrile.



In this report we describe further characterizatién of the
di-iron complex with an emphasisvon the solvent dependence éf its
optical séectrum and of ' its electrochemical behavior. The
Mbéssbauer épectroscopic déta are also included.

Recently, a second example, a di-nickel compound, wiﬁh the .
same bi-nucleating ligand was reported.* Comparison of the redox
properties of the di-iron aﬁd di-nickei complexes is eépécially
interesting. Oxidation of both of these bimetallic systéms
in&olves the metal atom while reduction processes in both
compounds are assigned to placing electrons in the conjugated
portion of the ligand. What is unusual is the large difference
between reduction potentials; the square planar di-nickel
compound is reduced 780 mV more positive than the di-iron

compound. This suggests extensive mixing of metal orbitals and

ligand orbitals.

Experimental

Materials. 'The 1,4,8,11—Tetraazacyclotetradecane (cyciam), was
purchased from Lancaster Synthesis Inc. Iron perchlorate
‘hexahYdrate was obtained from Johnson Matthey Electronics.
vAcétonitrile and dimethyl formamide (DMF) were from
Burdick-~Jackson Chemical.. Aéetonitrile‘was distilled from CaH,
and twice from P,0, immediately prior to use. Tetrabutylammonium
hexafluoropﬁosphate (TBAF) and tetfabﬁtylammoniumAperchlorate
(TBAP) were purchased from Fluka. TBAF was recrystallized from

hot absolute ethanol three times and then dried in low vacuum at



dded to the yellow'solutlon -%hls was‘stirred for

two hours o give a purple solutlon which was then filtered to
1remove brown hydrous iron ox1de The purple filtrate was put
1nto a:; 1oose1y covered beaker and the solutlon was allowed to
stand After two days, dark green crystals of

[Fe, (Con“NB) (CH3CN) ](C104)4 - 2 CH,CN, referred to as
[Fez(TIED)(CHgnﬂ4](ClOQ4, formed on the bottom and sides of the

- heaker.T The supernatant (purple solution) was carefully decanted

to a 250 ml beaker The crystﬁls were then. washed with CHC1,

AT

iseveral tlmes to remove re51dual mother llquor and hydrous brown

ckly w1th 50 CH,CN-50% CHC1, +

three?timesal The shlnY dar“g en X-ray quallty crystals were

2 '.d

drled under Ar gas. The yleld was typically 0.14—0.16 grams.

vThe 125 ml of supernatant sol ;on_in a 250 ml beaker was placed
in an 800 ml beaker in whlch here was 20 ml diethyl ether. This
was then covered with plastlc fllm so that the diethyl»ether'

slowly diffused into the purp;e'Solution.'jAfter two days, an



additional crop of [Fez(TIED)(CH3(:Ti)4](ClO)4 crystels were
‘separated from the purple solution. Typlcal yields were
0.05-0.07 grams The total conver51on yleld was 4°-5' based on

.the orlglnal macrocycle

Measurements. The electrochemlcal mea rements were performed .

;w1th anAIBM ﬁc 225”‘Vb1tammetr1c.Analyzer or with a PAR Model
175 Potentlostat equipped Wlth a PAR Model 173 Controller and a
Model 179 Dlgltel Coulometer. Potentlals were measured vs a
Anonadueous Ag/Ag* (BAS) electrode at room temperature. The
potential of the Ag/Ag* reference electrode was calibrated.versus
the ferrocene/ferrocinium couple. Cyclic Qoltammograms were done
in CH,CN and DMF under Ar with 0.1 M TBAF as the electrolyte.
Tetramethylammonium perchlorate (TMAP) was used as the
velectrOIYte in water. To examine further the electron transfer
steps for the reduction process iﬁ DMF and water, differential
pulse polarography_(DPP) was performed. Solutions used for
cyclic voltammogrems and DPP were of millimolar cehéentrationr
Glassy carbon or Pt disk electrodes were used as_the working
electrode, and Pt wire as the counter electrode for both CV and
DPP. The E,;,, values from cyclic voltamme;ry were calculated from
half the sum Qf the'Ep‘velues for the anodic and cathodic waves. .

UV-Visible spectra were obtained on a Lambda Array 3840
Perkin-Elmer spectrophotometer with a 7500 Professionai Compﬁter
using 1 cm quartz cells.. For the near-IR region, a Laﬁbda'S
Perkin-Elmer spectrophotometer was used. |

Mbssbauer spectroscopy was done by Professor Richard B.



Frankel, Physics Department, California Polytechnic State

.University, San Luis Obispo.

uThefsequence of reactions*that_produCes_thedconjugated

:_4mecrocycle”fs-remarkable iniitself,v The ‘saturated macrocycle

1, 4 8,11- tetraazacyclotetradejane (cyclam) is stirred with
Fe(OHQ )C104)2 in acetonitrile with oxygen present A brown
prec1p1tate first forms (hydrous iron ox1des) but within 30
minutes a deeply colored purple solution forms. After several
days, dark green crystals of [Fe, (TIED) (CH,CN),] (C10,), form. In
this process, a total of four carbon-nitrogen double bonds are
formed from single bonds and a new carbon-carbon double bond is
formed. Also, a total of 12 protons are released. The
cheracteristic intense near-infrared band can be observed in a
diluted aliquot of the reaction.solution within 15 minutes of
initiation of the reaction. If oxygen is excluded the solution

~remains dark purple but [Fez(TIED)(CHJHH)]“ does not form.

A reasonable hypothesis about the mechanism of formation of

[Fez(TIED)(C}gCN) 1* can be form Jated on the basis of previous
;“work (Figure 1) A number of tren81tlon metal ions are known to
promote conversion of coordlnated amine llgands to imines. For
the group VIII metals, Fe and Ru, these oxidative dehydrogenation

reactions are often effected by molecular oxygen under normal
conditions of temperature and pressure. Of particular relevance

to the formation of [Fe,(TIED) (CH,CN),]1*, Busch and co-workers



established®’ that in the presence of oxygen iron promotes the .

formation of imine bonds in saturated tetraazamacrocycles The

'detalled mechanlsm offmost metal- pro' dvoxldatlve

dehydrogenatlon reac,
of [Fe,(TIED) (CHBCN)*
a 6—meﬁbef}che1atevrfixh” It seehis ea onable to postulate a
second oxidative dehydrogendtlon reectlon to produce a B-diimine.
' It is approprlateato note thatyBusch, et al, concluded from
their work that an Fe(II) a-diimineﬁsystem hes special |
stabiiity;’ In concurrence with that, chromatography of the
mother liquor of the crystals of [Fe,(TIED) (CH,CN),]*, indicates
that major iron components are di and tetra-ene species with C=N
double bonds in the five—membered chelate rings. The next step
in the proposed sequence involves loss of a proton to form a
resonance stabilized anion. It is well-known that six-membered
metal chelates with ﬁ double bonds readily do this. Subsequent
oxidation would produce a radical; coupling between-two radicals
would lead to formation of a dimer linked by a single bond. Here
again there is precegent in the literature. Several studies have
appeared in which siﬁgie—bond 1inkedi£is-macrocyc1es have been
formed‘by electroche@ical or chemical oxidation of metal

8% In even more closely related work, Endicott

tetraezanullenes.
and co-workers found“'that when a Co(II) B-diimine macrocycle is
exposed to oxygen in ah acidic medium, a dimeric molecule is
formed. |

In none of the cases cited above is there clear evidence



ion. ©f a carbon-carbon

teric interaction of

obviousiy fééi;efthhis can be asdribed3tp-resonance
stabilization of the cross-conjﬁéaﬁgd, delocalized system. These
.observatidné;have.led.usito dupl{éate"the electrochemical -

ox1dat10n of nlckel tetraazannullenes with no methyl groups

_present _}0bservatlon of this system indicated formation of

‘double bond llnked dlmers 12

Mbssbauer

.ngsléﬁer "pegﬁrum oﬁA:v (CHQCN)4](C1CQ)4H'at 90 K

nélsts of a

and‘a;quadrupole spllttlng, AEq, of 1. 63 mm/sec. These values

w-sp;nh six- coordlnate Fe(II) com

tetraaéamacrocycllc llgands. Slnce_the axial llgands play an

1mportant role in the magnltude of the C.S. and Q.S. values, our



complex and a phtha-o yanln

-?x*;* & 0’a

ht the low end.o alues for:thisnSeries of'closely related

.?éomplexes.l At’the same tlme, the quadrupole spllttlng parameter
.of 1.63 mm/sec 1s ‘high compared to reported values. The center
shift is 1nversely related to. the amount of s electron density at
the nucleus.® ngands that are good sigma donors lead to

1ncreased s electron dens1ty at the iron nucleus and hence lower

the o valuegnﬁ__so, d-electron'density can influénce s electron

.density by éc enlngzthe ] electrons from the nucleardcharge;

related 14- memﬁered tetraazamacrocycles can be used for

comparison. _As noted,_the 1.63 mm/sec value is on the high side




9

slexes. While o

environment, should be directly comparable. The low center shift
and high quadrupole splittings of [Fe,(TIED) (CH,CN),]1* clearly

indicapeséhat-the cross-conjugated B imine groups are excellent = -

acceptors. -This conclusion is consistent with the observed

o

exdépﬁibhéll? short Fe-imine Nfbond lengths (1.89 A) in the

compound .*

Electronlc‘séectra
The electronlc spectrum of [F'e2 (TIED) (CH3CN) ]‘“

acetonltrlle is shown in Flgure 3. There are max1ma at 240, 340
~and 874 nm. The most unusual feature of the spectrum is the

1ntense peak (e = 24,600 M? cﬁ*) in the near4infrared. Very few
transition metal complexes or organlc molecules have such 1ntense

bands in this region. The high intensity clearly rules out



’

10

asgignment as a d-d transition.: The band cduld be due to an =

" Busch and co-workers’ have investigated “numerous complexes of

1ron (II) w1th unsaturated tetraazamacrocycles. All of these di,

trl, or. tetra imine macrocyclic compounds have bands in the 300
to 550 region_which,they assign to a MLCT transitionS®-®
Interestingly, the more imine bonds the macrocyclic ligand

contains, ‘the lower the energy of the observed MLCT transition.

.ﬁ, .

However, none. of these reported iron (II) macrocycllc complexes

has an 1ntense electronlc band anywhere near the low energy band

for:[Fez(TIEQ)(CHgCN)J‘*.34Ev1dently the conjugatlon in the

tetraiminoethYlene unit fﬁslng_the two macrocycles is essential

1nfrared ‘band.

ThlS conjugated m01ety'somewhat resembles tetracyanoethylene'

(TCNE), whlch is a good electron acceptor and forms numerous
charge.transfer complexes. . Several complexes have recently been

reported19 w1th low spin Fe(II)NJg,'systems where the trans L

ligands are TCNE. - These spec1es glve long wavelength (850- 950

nm) high-intensity bands which have been assigned as MLCT



11
transitiqns. Therefdre, it seems reasonable to assign the

near;iﬁfrared baﬁd‘observed in [Fez(TIE5)(CEgCN) ]1** to transfer of

an electron from fllled.dm, dyz orbital” of_Fe(II) to a

rly low lv1na empty W* orbltal ofg the tetralmlnoethylene:

’v The energles of the two longest wav”length transitions are

extremely sen51t1ve to solvents Flgure 3 ‘shows spectra of

.;,a.

Fez'I‘IED‘h 1n acetonltrlle dlmethylformamlde, and water. NThe

latter . two solvents weréFdegassed to prevent reaction w1th
’oxygen. .The near—lnfrared band changes from 874 nm in
acetonitrile to 1075 nm in dimethylfotﬁamide. While the UV peak
changes from 340 nm in acetonitrile to 390 nm in DMF. The energy
of any type of electronic transition that involves a change in
dipole moment from the ground to the excited state will exhibit
a solvent dependence, and this deﬁendence can often be correlated
with some function of the optical dipole moment of the solvent.?
In the present case, however, the shifts are much larger than
expected for this type of external solvent interaction, and
further do not correlate® with any of the usual functions of
optical dipole moment or with Gutman donor numbers.?

We concltde from these observations that there must be
ligand exehange, i.e., the'axial acetonitrile ligands in
[Fe, (TIED) (CH,CN),]* can be replaced by coordinating solvent
molecules or by other added ligands. Moreover, the consequent

changes in the chemical environment of the iron atoms affect not

only the position of the near-infrared band but that of the UV



‘Electrochem Ty

at -0.16 V and 0. 48 V. Plots of peak amplitude versus (scan

rate)*/? 1nd1ca:evthe flrst ox1datlon and first reduction steps

are quite revems1b1e wh11e the second oxidation and reduction

<

processes are best clas51f1ed as quasi- -reversible. Our

interpretation;ls that_the_ox1dations involve the iron atoms

while the reductlon processes dnvolve placing electrons on the

'11gands. Th, complex then exhlblts a total of five oxldatlon
levels. |

The flrst ox1datlon produces a mixed- valence spec1es. In a

mlxed-valence spec1es as the first low spin example of a Robin
and Day Class III delocallzedlcomplex (Fe2-5*/Fe?5*). which retains

.thlS property even to 4 2 K. The,second oxidation gives the

iso-valent (Fe“/Fe3+ 1on, however the appearance of thlS second

ox1datlon wave is very{dependent ‘on the presence of water. If

. -water is added or the_sdlvent not thoroughly dried, anodic



“the higher-potential’ increases ivéniflicantly-;i_aﬁd 'a _new

eml"cal_pajr_amet'ers in-'- CH,CN and DME,‘.' First, there is a

16V \' (CH3CN), .__-o 13 \Y (DMF))

K lower energy in g01ng from CH3CN to DMF as DMF molecules replace

jThlS correlates well Wlth the fact that

the axia CH3CN llgands.
“the ox:.&at:.on of the complex is much easier in DMF.

The cyclic voltammogram shows a change from two one-electron




24

';a“s;ﬁéie wav correspond"g:to two

'he reductlon

AE = E, -
reactions. The approach eluc1dated by Rlchardson and Taube* to
analyze DPP curves where E, and E, are close 1n value has been>
widely apprled. We find a puzzllng result when we use their

analysis on_our data. An important parameter is the width of the

peak"at half the-maximum current. The value from our data is 290 .

mV. The Rlchardson, Taube analys1s clearly 1nd1cates that with

such a w1dth two well resolved peaks should ea51ly be observed '

in the DPP We do not understand this dlscrepancy.

Another puzzle is why"two qulte distinct one- -electron

"f;reductlon waves; w1th a separatlon of 320 mV were found in

:;acetonltrlle,'whlle in DMF and water these two reductlon steps

occur at very nearly the same potentlal By comparlson, the -

square planarAdl nlckel analogue exhlblts two dlstlnct reductlon

ﬁ-waves with separatlons of about 220 mv 1n both acetonltrlle and

water.

One rationalization of.these results is that in



15

ands on the:iron atoms

HOMO

acetonitrileHSXialvligands DMF or H,0 axial ligands

N

During‘tﬁh'reduCtion steps two electrons are placed”sequentially

into the LUMO: The’potentlal difference between the first and

second reducilon steps may be due to the added electrostatic

Nenergy nece, put the second electron into a partially

;‘occupied.orbital.

- square planar nlckel analogue with 1ts two separated reductlon

£ this picture is correct, then the

waves must also have a similar energy dlagram. In contrast the

LUMO and SLUMO orbltals may be much ser 1n energy when the
2 | . ' i 1In this case the added
Qeiectrons can-;o into separate orbit A:at nearly the same
potentlal Ev1dent1y the chemical env1ronment of the 1ron atoms
can have a marked effect on the relatlve energles of the LUMO and
SLUMO orbltals.. ;_d

Another intergsting observation is the large difference

‘between the potentials for the first reductions in the di-iron
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_ghd:di—nickel_complexes.-Chgﬁéiﬁéﬁéhé’metalAshéuld.not alter the

.Similé;l?* \talloporphyrlﬁ cohplexes with metals in the same
:oxidééion state do not show large»potentlal ranges in reductions
" involving the porphyrln ring. There are not many studies
available 1nvolv1ng reductions: of the bridging™ llgand in

binuclear complexes. However, for (OC),MLM(CO), where L is the

w—deldcaliééd7bichelating ligand .2, S;biS(z-pyridYI) pyrazine,

the potentlal'range for the f_rst reductlon was 170 mV for the

-drbitals;iﬁhicﬂ_would also ibhg coﬁﬁiing between the

© two metal centers?. Efforts are in progress to further probe

the electronic nature of thisfintefésting new di-iron complex.
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Table 1 Mossbauer Parameters® for Some Tetraaza Macrocyclic 20
«Iron Complexes R

i Compound | 6 rnm/sec : A Eq mm/sec

[F%(TIED)(CHsCN)J“ 0. 34:-‘ L6

‘é?<fzféﬁﬁeﬁ
=
4
Y

v 040
VI 0.40
X © 04
* FeTPP(Py) 0.51
FePc (Py)2 - 046
t—nN N— - N

| A
N;N _. N: v jN ‘Ni::
Xt S

‘ta. Values ‘from Reference 13 except for [FEZTIED(CH3CN)4] (ClO,‘)4 .
'~ complexes except for TPP and PC have axial CH;CN ligands and ClO4 as counter
#ion. - 7

5
I




Figure Captions 21

Proposed;scheme for the formatlon of [FezTIED(CHCN)]4+
' complex in

& Vo tammogrqms of Fe;TIED“’
dlSk worklng“elec rode,
potentla

Glassy carboh worklng electrode; 0.1 M TBAF,f scan
rate 5 mV/sec; ~pulse amplltude 10 p amps.
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