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Abstract 

have been extensively investigated by optical and Mbssbauer 

spectroscopy as well as by electrochemistry. The binucleating 

ligand, TIED (tetraiminoethylene dimacrocycle), is an 

exceptionally good n acceptor as indicated by the Mossbauer 

spectrum, which shows a low value for the Center Shift and a high 

value for the Quadrupole SpUitting Parameter. This behavior is 

consistent with the unusually high value for the first oxidati0!1 

potential (1.18 V vs. NHE) since Fe2 • is a much better n donor 

than Fe 3
•. Also, extensive back-bonding from iron to an 

unoccupied n· 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 formally 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 CH3CN to closely overlapping 

reductions in DMF and H20. 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. 



Int.l·oduction 

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 r~duction of 0 2 to H20. 1 Multiple metal systems 

are common in nature and are often involved in multiple-electron 

redox reactions. 2 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 described3 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 

[Fe 2 (C20H36N8 ) (CH3CN) 4 ] (Cl04 ) 4 • The [Fe2 (TIED) (CH3CN) 4 ] 
4

' species 

(TIED = tetraiminioethylene di-macrocycle) exhibits several 

unusual properties, among which is an intense absorption band 

with E = 24, 600 M- 1 cm· 1 at 874 nm in acetonitrile. 
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In this report we describe further characterization of the 

di-iron complex with an emphasis on the solvent dependence of its 

optical spectrum and of·its electrochemical behavior. The 

Mossbauer spectroscopic data are also included. 

Recently, a second example, a di-nickel compound, with the 

same hi-nucleating ligand was reported. 4 Comparison of the redox 

properties of the di-iron a~d di-nickel complexes is especially 

interesting. Oxidation of both of these bimetallic systems 

involves 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 (cyclam), was 

purchased fr~m Lancaster Synthesis Inc. Iron perchlorate 

hexahydrate was obtained from Johnson Matthey Electronics. 

Acetonitrile and dimethyl formamide (DMF) were from 

Burdick-Jackson Chemical. Acetonitrile was distilled from CaH2 

and twice from P20 5 immediately prior to use. Tetrabutylammonium 

hexafluorophosphate (TBAF) and tetrabutylammonium perchlorate 

(TBAP) were purchased from Fluka. TBAF was recrystallized from 

hot absolute ethanol three times and then dried in low vacuum at 
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60.°C for· two hours. purified by threefold 

solid was then · ~; 

•.. ,\~'!!t:a3,'-ri'41~"J.~,_;\clo > • ,:·rFe',.:,·(C' H.· N- >· ·cc~··Ci:-, .. ·_ 1 (clo >· , · 2CH
3

CN_·:_:'_,_' ·: •. 
#~' . 4 4 '. ·""~'~"-"'·2· .. 20 -36-.8- . ., ... :3.-.. """''''4 . . ,. 4_ 4.-. ' ·-.. r ·_· · · ·<<:-::·~--:~~t ... -~:::,,;~~:t ·:·:~~_ .. · ~ ·~·_<t.,:~~ ·.--:·~- · ___ ·:·. -~::~-~:"tii( ~ .:- ·.-).: 

. dissolving·~'~ ~{:g ~!(14.{,3. mrripl.;:)_ of.,.~e.( Cl04 ) 2 • . 6H20 
:' ·.. ·. :;:LYt,·,·'r;;~~it;~~J~·: ' --~~::_., :··-?~ ~r:::;>;· ~i::)~:. -;, ., ' ·""{· · 

xTn~·gn,;;;,ted-ac;~ton:l~~~-re. Then::-t.x· .. ;o. g:~:J4~.99··mmol. ).~ 

to the yellb~ s.olutlon .··' ··;t;~is w~~ stirred fg; 

two hours to· give a purple solution which was then filtered to 

·remove _b;own hydrous iron oxide. The purpl.e filtrate was put 

into a: loos'ely-covered beaker and the solution was allowed to 

stand. After two days, dark green crystals of 
.. fi.:: 

[Fe2 (C20H36N8 ) (CH3CN) 4 ] (Cl04 ) 4 • 2 CH3CN, referred to as 

[Fe2 (TIED) (CH3CN) 4] (Cl04 ) 4 , formed on the bottom and sides of the 
·. 

beaker... The supernatant (purine solution) was carefully decanted-

The cryst~ls were then ·washed with CHC13 . ~- . 
to a'250, ml~_-beaker. 

-~-- .,_. -~.j- ·. 

·several times to remove re~~p~a,.;L mother liquor and hydrous brown 
. ::.;_~·-<':·.' ::_--.-~_§.-:.~f/~3- : .... :·. . .. :·=--~·~~~~:-.. _~_~):~~~~~~:?' .·:-.·· ... '_ ·. --~---·~-.::· • ."· .... 
i¥()n o~iqes~: a:Oq_ then rinse ·'!:'"·<-;:·:• 6kly with 50~f~~'CH3CN-50% CHC13 .i' 
, .. -~:: '. _",?"'!~(, '.~";_: .. - :,. • ... ,:~,i-· ,_. ,, }_::,~·- .. , _, .. :.,~ti•' 
three· times ... The shiriy dark>g;-een X-ray quality crystals were 

.. . :;_-;f."· .. } .. 

dried under Ar gas. The yield ,.~as 
. . . . ; .· -~;~ ·<>~.: 

The 125 ml,~of supernatant soigt.ion 
. . .·· -~~·---

;./lt'· 

in an 8 0 0 ful beaker in which 'there 
i ·.-:, 

-~·,.. 

typically 0.14-0.16 grams. 

in a 250 ml beaker was placed 

was 20 ml diethyl ether. This 
.. -

was then covered with plastic film so that the diethyl ether 

slowly diffused into the purple solution. ·.·After two days, an 



additional crop of [Fe2 (TIED} (CH3CN) 4 ] (Cl04 ) 4 crystals were 

·separated from the purple solution. Typical yields were 

.0.05-0.07 grams. The total conv~rsi~n.:yield was 4%-5% based on 
. / . ·-· .. -. 

.. the origin.al macrocycle. 
. . : ... :. .·. . ~::.-· .... ··1.•:. - ' ,_ .:' J,:·. :.·---~ : .... -

Measureneii.ts. 
,: - . ::~;::· <\ · .. 

Tfl~ electrochemical meaf?~rements were performed . 
,;_:,_ '··. ·i~~ .'':~_: . 

. Mith an IBM EC: ;25~A Voltammetric Analiyier or with a PAR Model 
.·.,· 

175 Poteptiostat equipped ~th a PAR Model 173 Controller and a 
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Model 1.79 Digiteil Coulometer. Potentials were measured vs a 

nonaqueous Ag/Ag• {BAS) electrode at room temperature. The 

potential of the Ag/Ag+ reference electrode was calibrated versus 

the ferrocene/ferrocinium couple. Cyclic voltammograms were done 

in CH3 CN and DMF under Ar with 0.1 M TBAF as the electrolyte. 

Tetramethylammonium perchlorate (TMAP) was used as the 

electrolyte in water. To examine further the electron transfer 

steps for the reduction process in DMF and water, differential 

pulse polarography (DPP) was performed. Solutions used for 

cyclic voltammograms and DPP were of millimolar concentration. 

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 E112 values from cyclic voltammetry were calculated from 

half the sum of the EP values for the anodic and cathodic waves. 

UV-Visible spectra were obtained on a Lambda Array 3840 

Perkin-Elmer spectr~photometer with a 7500 Professional Computer 

using 1. em quartz cells .. For the near-IR region, a Lambda 9 

Perkin-Elmer sp~ctrophotometer was used. 

Mossbauer spectroscopy was done by Professor Richard B. 



5 

Frankel, Physics Department, California Polytechnic State 

University, San Luis Obispo. 

~ :;~ ·-~9: .. -. 
·synthesis .. "_,··· 

. . . -

Th~,··Seqll,-~nce of reactions~i~tha1;:.. pJ;:oduces the. conjugated 
~ -~· 

b1.i~-m~crocycie .,is remarkable iri-~i~~elf~· The -saturated rnacrocycle 

1, 4, 8,11- tetraazacyclote~~adeG.ane (cyclam) is stirred with 
• , , I' . : • . ;:..~ .·, . ' ' 

·. ~ ., 

Fe,_(0?2 ) 6 ) cr04 ) 2 in acetonitrile with oxyg;m present. A brown 
j• 

~recipitate first forms (hydrous. iron oxides) but within 30 

minutes a deeply colored purple solution forms. After several 

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 

characteristic 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 [Fe2 (TIED) (CH3CN} 4 ] 
4

+ does not form. 

A reasonable hypothesis about the mechanism of formation of 

[Fe2 (TIED) (CH3CN) 4 ]
4+. can be fo~\J~ated on the basis of previous 

'·:·--~~~-~-.:.~--

"'work. (Figure 1} A number of !transition metal ions are known to 

promote conversion of coordinated amine ligands to irnines. For 

the group VIII metals, Fe and Ru,···these oxidative dehydrogenation 

reactions are often effected byrnolecular oxygen· under normal 
'l>,j_{,._-. 

conditions of tempera~ure and pressure. 5 Of particul~r relevance 

to the formation of [Fe2 {TIED) (CH3CN) 4 ] 
4+, Busch and co-workers 
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established6
•

7 that in the presence of oxygen iron promotes the 

formation of imine bonds in saturated tetraazamacrocycles. The 

detailed mechanism of\;rnc>st metal-pr6~()t~d': oxidative 

d~h~.d;6~~nati~n reac:~~~ns, remains u~~{~~r. In any case f?qrmation 

of [Fe~ (TIED) (CH)CNf4),~t must involve.~iiri,.',iJ;}termediate with a C=N in 
' ,' . -"·t';'.<'< ' :,. : ;,,':::,·:;:: :: ' 

a 6 -meffiber' chelate ri:rtg<: It ·seefiis \~eas'Onable to postulate a 
.. ··!, ~ . 

second oxidative dehyd:rogenat:'ion reaction to produce a ~-diimine. 
·;:, 

It is appropriat~f'.to note that;··Busch, et al, concluded from 

their work that an Fe (II) a-diimine:·system has special 

stability. 7 In concurrence with that, chromatography of the 

mother liquor of the crystals of [Fe2 (TIED} (CH3 CN} 4 ]
4 +, 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 p double bonds readily do this.· Subsequent 
.•.--

oxidation would produce a radical; ~oupling 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 sirig!~-bond linked.bis-macrocycles have been 

formed by electroche~ical or chemical oxidation of metal 

tetraazanullenes. 8 •
9 In even more closely related work, Endicott 

and co-workers found10 that when a Co(II) ~-diimine macrocycle is 

exposed to oxygen in an acidic medium, a dimeric molecule is 

formed. 

In none of the cases cited above is there clear evidence 



. ._;,-:-.-;.~:-: -:;:·.-:-' _.:.• ·;··y_'~- . ~, .-.<·.----~,~~-~~;.--···:::.~--·~:·~..-·.JL· . · ' ' .. -... ,.,;--_ · ::..>' '!!!._:·:..,••- :: :.;.i":'-. ·> ••• ••· • 

;l.that --further -b:Xidation leads .tO'.'~.forma:tion'. of .a carbon-carbon 
r.~~~t~))-··''i :.,./_ji.~,~·}''::~~~~~:J~\~*f(-x.~: ~; . . . -. .. ·.~~~:c,;-: .. ·. ';:: -·-· . . . 
t··:aouble ~:hond .. '·,::;.T.fiis.·'is' most -liker ,rr:•b.,_$teric interaction of 

r~I~.h·e ~¢;h~i-.:-~ilf~D~1~t~:i;~(~~~p~~~.~~ :~i~"· _ ,. :_:~~ty~-~ibbn . a t.~m~ of . t;he 

tdt§ix.f-m~ii\R~.i;~~igli~£i~~~~i~!~s§ik~il~~tJ;I~~~Ci1t~~;t,J):gJ..:e.·s::~tif~\;#~¥~r 1:. a 

;~_:fi:Ccke/414~~11il~~~~~~~~®3¥:r~~f~1lt~~ll~~9-~~cyC::h:fs,~~it,h -:ant~';~ .· ···. 
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· .-:~i>P .. a:· r'e~ifl:Y~~~-; 

-~~~{~ _n. ·,_e_·. !_E !ll'·' 

·.~;·{Fe~· (T~¥ot~~Jc~~-CN> 4 J 4 <:_,: 

in ~-~s,~~~J~,~ly. 
· .... ~-. 

•.t.~ ~e,),_...,.. .,....,.-'7-•.. ·."' 

::;~;;~;-~ .. 

_}-; 
:~--::~:·· ... _:- •. ··.~ 

... ,. ... :r,~·:·".-.. .. =."'··~ .. ·- ~- ,)oth:~ · f in,al :>· 
.... 

s-macrocycle is 

obviously facil.~: ·· ·This can be ascrib~d to ·resonance 
. ,·, 

stabilization of the cross-conjugated, d~localized system. These 
~-~ . 

. observations ;have led us·' to duplicate· the electrochemical· 

oxidation-of n.ickel tetraazannullenes with no methyl groups 

presen~~ _, _qps7~a.t~on, .•. of. this syste'!ll indicated formation of 

double ~bbnd .l'iifked · dim~~s . i~ 
_, ·· ·· ~::. :- ::~·~ , t\;i 

Mossbauer 

-;~·::;'~-~~h,e_:,'~a_ss;;>~ueJ: ~pec;~rt1m of \f~~~;(T~~q~~,<CH3CN) 4] (clq,> 4 at 90 K 

I''~~:~.~H~~~re1~?:(~~,~~~~~;·~ ~~§s of a ' • 
qua rupole ... S.p.l.i,t de.ublet .,with.· a:.~cente~,t\shift I o I of o. 34 mm/ sec 
·· :.~ .. -- -~~~:- ~.-.. :.,_:~-- :· :~ .. · ----~:: :A~-~ .. . ·· -. ~--t~ -~ . -~· ~~-· ~-;·~~-' .·,!_:~ :;.~>~!-:-~~;_ · .. :.~~~/ 
ana· ~ quad:t;Jlpole spiittingl AEql o~.~--~. 63 mm/sec. These values 
~~ .. ~-~. • • < • •. ~-· .• _·_ ... ·,·;·.:. -~ ' . _:_.,'·,_·_-:J ~.:_~-~-: . ·.· 
~- ':' .· 

can be compared with those-in the literature for a number of 
;~\~~;::·: -t.;·· . ··: ~·~ ';· ·=~i-_ ~ "> . ~;-~~~ <--~ '.;~ ;.·: . . . . 
1:9}'1-:Spinl. six-coordiriC!te .Fe( II) ·com:J?:J.:~*~s ·,with 
~~-~1~~~--,~::-.:~~;:;:.~· >_... ' .. "'~ :: . :-:~: ... ~. ::~-~~:. --:~_ ..... ~-~': .. <:.~~:.~.-~:~-~-?·:~~~-\~ 

t.~traazamacrocyclic·l~g~nds. Since·the axial ligands play an 

;i,mportant role in the magnitude ot' J:h~ C. S. and Q. S. values 1 our 
c~~ ,. . --· ... ; -
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to ~:Omplexe~·· h~ving ax,-_ .. _1,· ~~ .... s.~.·-3_·._.5i' ligands.:~ 
~ -~:. ~-~?:~ , t ~ 

,.,,...._,.,,.....,...or· ·-have done Mos 

:.-,. 

lSE111J:>:f~~~,s :~~~mi.'¥~!fL-~~1±~P.±~"1&\1f10E[t;:~fi.,?.~e ,p¢rc::.!t.JZ§J;=at.~·~.,<=l5-:::.:the.·' .. ~~;f: 

· .. · ___ -.·~·· .sori\~~iap~~, -~~o~:~y"~)~;~j~_s. ··Al·s:.•1 

po·fitA¥;;c.~;n and a pht:hal£oc'y:anin ,, 
~~~:~~7t' 
giv~n?i:re 

~~;~i-~~.::i 
~;.:~~ ' . • -~l;.:::-_._. :· 
!'-:".\.'V·, . 

,..f:_~ -:The t . 
~ .. < . '• . -., "'"'"''--~~ .......... • .... 1 ..... -c' ~for- [Fe2 {TIED)· (CH3CN) 4 ] 

4
+ is 

'.' r. -~ "-~t 
' . . . ~ . 

for' t;.his ~.series of closely related 

. ;complexes. 
·-"5;'7:! 

At-'·'the ·same time,· the qliadrupole splittf~g parameter 

of 1.63 mm/seci's high .compared;to reported valu~s. The center 
... "!\. 

shift is inversely related to the amount of s electron density at 

the nucleus. 14 Ligands that are good sigma donors. __ lead to 

-increased s el~ct:ron density at the iron nucleus and hence lower 
. -._· ·~--· ·: . . · ·i- ~~\. 

the o value~ · A.i1so, d electron.'density can influence. s electron 
·:F ....... -::.. - . . .·· 

.. density by sc&t*ril~g -the s ~lectrons from the nuclear charge. 
; ' . ... ~- .:·:,. ·' :·. . :--· •. : . ; . . . 

. ';,\" . 

Ligarids that-~··a~~._t~good .7r acceptor ligands withdraw electron 
•",~ I" • : 

density from d·>i\~):tjr,bitcils, which. leads to increas~d s,,·=density 

~;~I'd; therel~~~\~~~~?ti.n~~~~ift values. Bus~~, 13 ~~t al, . ', ,;•~ 
'l' comment that ir}pr~q,sing the unsaturation in the macro6ycie lowers 

~;,i~ .. :·.·· .. ·' I. .'-~ :.·:.. .. .... _:.:{i~4: .:· /. i·. ~:~<: :~ • . .:~.·: .· :· . 
'Xthe observedJ'c.~ij.t~r shift and ~he most likely re~son tor this is 

·.·. • _ .. )1 .. (')·:··:~:: .. ,'::.~~-· .. _. tJ~ ':. ._~;- . : .... 
·> the increase in•/1r .. accepting power of the imine · group. 
-· -. ..;~ ~}i:~i~~~- ~-- :.~· _·:· ,; .. ; :. ~ J;.J.<. . ~ 

The 6. Eq yalues obtained15'·· for the same series of closely 
. . .. )-~ ~:#~.'_:,i ·: .·· " . -· . --~· : ;:-~. --~ ' . 
"• related 14-men&;_eb:ed' tetraazama.crocycles can be used for 

0 r•' •, 

comparison. _Asfz;_oted, the 1. 63 mm/sec value is on the high side 
">:''· 
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::at:: b~A~;:a::::e:::e:h::Mrt~~:::r2e~~d~t:jj~£r::~er:::::g: · 
;th,¢: cepJ .. ~~\~_§'h,_itt . v~lue' . t_fl,~ /ffi;!~<il:V.pql,~e· .. i:il?;t:i;~ti ti;!fg}~m~aE!u:r-es the~:'':) 

tit:e:f.~i:-~f!q;§~~p@i£weu~:r.!::;(thef?,~:-~~t;.~g)f(~~~.~9i;:,s:~m:j~;J:;tp:e"'i~:P~~~!i9~.£/q~~oo41ifL',:: 
:~ 

. .1f.~'ac'c-e-. cy~]igaii'a's sue .,,···-:(i~q/~·g:E~t.::;'1¥F.~R·a~f!Y'';}e~g- to';r.: 

,~;:::aft~;:::;::::rsi;f~ 0'~,t~~ ¥~ena~,:~~(:~he center s~:f: 
~Sl.:~~'~§t~:Igp~;e,-_s.plitting'f3:::.Q:~' ~~~;f3~z:1.es of_ 14-~e~~ered .. ~- ·-· 
.. ~~:;··~"'> · ::~ 1-~:<'LC .. ·- i_ . · • . '}~.til~~ · ~~~·)·\~ >·~:- : ··- . · .; ·· : -,~~~6':~\ . . -, 
t'etraaza crocyclic complexes c)f.,,aow-spin Fe (I;J:J::if'.:·all with trans ... 

;~" "< ~,li;_~~~J<J:1'·:· ..•. Y~~.~i: . .· :},; ~,:,:. Pi:{ F~~ , ..... '. ~: . 

acetorr:L't,r~;le. ' They found a negative slope in a plot of l!. Eq vs 6 
,r·· . <··. 

for theiJ; series, which implies that 1r effects predominate. Our 
. ~ :-: .. ' 

complex;,:::&hich also has iron in this same basic ligand 

environment, should be directly comparable. The low center shift 

and high quadrupole splittings of [Fe2 (TIED) (CH3CN) 4 ] 
4+ clearly 

indicate:-that the cross-conjugated {3 imine groups are excellent 1r · 
··.· .. ··· 

acceptof's. This conclusion is· consistent with the observed 
,·i ,, ... _ .. 

except.'ionally short Fe-imine N- bond lengths (1. 89 A) in the 

compound. 3_· 

E~ect~orii~ ··-~pectra 'c:.· 
·rt .. :f .~ · · <~.~;~~~~~~.'· . ,~> .~ ·:· ·. · 

The electronic spectrum of ' [Fe2 (TIED) ( CH3CN) 4] -'• in 

acetonitrile is shown in Figure'. 3. There are maxima at 240, 340 

and 874 nm. The most unusual feature of the spectrum is the 
.. 

intense· peak (e = 24,600 M-1 cm-1 ) in the near-infrared. Very few 

transition metal compl.exes or organic molecules have such intense 

bands in this region. The high intensity clearly rules out 
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asE?,'ignment as_·a d-d trans~tfon. The bandcduld be due to an 
i )~t;?:~/~·. . ~t::~r: · .. ·:~ . · ·. -- --_< .. ~- · . .._ _ · ,_ :. :~ , -<~~{¥:%{: ..... _.. _·: ....... :. .. . ~ 

:i:hterna).·,: 7f:~ to/.1r* transition¥ass_opi~tedwitu,·l•· ......... "" 

i~~:~!f~t~~~;:~ii~:ii·/:;i~g}+··~"'-··~i~""t':· ....... · ... ~~i.i'¥ .... ~~~,J,~.n: 
conjugated part.;.· 

~ . . . 

Busch· a:rid. co-workers ·;:have investigated::humerou·s complexes .of 
. _;.(::. ... (: _.·· 

iron (II) with unsaturated tetraazamacrocycl·~s. All of these di, 

tri 1 or teti~ imine macrocyclic compounds have bands in the 300 

to 550 region which they assign to a MLCT transition6
•
18

• 

Interestingly, the more imine bonds the ~acrocyclic ligand 
·' -.·.• 

contains, the lower the energy of the observed MLCT transition. 
·;:-· ';'•f 

However, none.,of these reported iron (II) m~cr6cyclic complexe_s 
',i.'~~;:;;. ; 

has an intense electronic;9~nd anywhere 
0 -~:~z~·-,:~~_:.:•·. 

for · [Fe2 (TIED} (CH3CN) 4 ] 4+. · Eyidently the 
'!;?_.::··,, 

nea~. the low energy band 

co~jugation in the 
. .i 'i . 

tet:raimino~~;t:lylene unit fusing_the two macrocycles is essential 

~?7%~h~ 4,~~~~t,~frared ba;~lti ( c ~ > .. '! __ .... · 

. , .. This conjugated mo~ety,·~~ome'what resembles tetracyanoethylene 
.,,.. ·..__:!.~---: '?'· 

(TCNE) 1 which· is a good ele9tron acceptor and forms numerous 

charge transfer complexes. ..• Several complexes have recently been 
,. 

reported19 with low spin J"e p:I) N4L2 , systems where the trans L 

ligands are TCNE. These sp~cies g:i..ve lmig wavelength (850-950. 

nm) high-intensity bands wh~9h ~ave been assigned as MLCT 
•·'. 
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transitions. Therefore, it seems reasonable to assign the 
,. 

near-infr.ared band observed in [Fe2 (TIEDL{CH3CN) 4 ) 
4

+ to transfer of 
~~ -~·. . ; : •.:. 

an,.electron from filled ~z' <iyz orbital of Fe (II) to a 
.. _,_ . _:... <:<r:>. :·:· .( ~" -~--
p~-~~~~~.1-~~ly low-lvinci .kmotN· 11"* orbital o:f€ the tetraimiooethvle~e: 
mo~ety·.· ., · 

.'>::-:·:: .,. . 

"> ,, The energies of< .. the: two-longest wavtiilength transitions are 
,_._ ; . ' -::::_ ._i:;,~~-- . 

... ,·:.;.•· ... · 
extremely. sensitive to solv~nts. 

-·-·- " ... :.;;. ....., ... : -·-. . . ~~- . 

;f.: 

Figure 3 shows spectra of .. ·:.,._, . . · 

Fe2 TIED4
• in acetonitrile, dimethylformamide, and water. The 

:•. . .l " '\ . . .· :··~: -.: . 

latter two solvents .. we~ci.~ (ie'<-gassed to prevent reaction with· 
. . .-:::';j:· ··.• 

oxygen. The near-infrared band changes from 874 nm in 

acetonitrile to 1075 nm in dimethylformamide. 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 dependence can often be correlated 

with some function of the optical dipole moment of the solvent. 20 

In the present case, however, the shifts are much larger than 

expected for this type of external solvent interaction, and 

further do not correlate21 with any of the usual functions of 

optical dipole moment or with Gutman donor numbers. 22 

We conclude from these observations that there must be 

ligand exchange, i.e., the axial acetonitrile ligands in 

[Fe2 {TIED) (CH3CN) 4 ] 
4

• 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 



ElectrochemiYstcy -~f.:' . ;>: 
:_. ).t}~;~,rFrJ:. < - - _ - -',f; · . · <-~,~;r;" · · - .· · ,_ -- ·--

The sd'l~eri:t :deperiderice~_ oe<t'fie .. ·oxidation and· r~duction 

.:Pote~t~alsA~~;- ~~~~-~~~i~i~oh.;q~~j,fJ- .... ,-~ ~e":interestin~·-~t:~d- ?tre related 

•):~t~t~~-;t!~'qly~pt:::'n'Ci~:n~§,~;jp1Jii:£1!~.1E[§:t;:::t:Q~ic _:~§!P~¢t,:~~:i·••·_-)-~ cygJ:ic~,~~ 

jjicii1::a~mqg£'~lff§['i.Q$J¥c\:t,h~~-;;co,mp+_Ei~l~~i~iJi<P.~F,:-·•·•_arid --W:~i;.e#,l.{~r~;\given -.;.·:-~ 

i.tl:ir::f±_~;e -- _ · .-.- ~·~1~~i~gi~~~i1r~t~~kj,l• ...... +, .. _ ..... -s tpN:be ··-·d.~~~u-~rt~~d-;abou~ti/~ 

::~~~- value'•. otit-r·.-·.a· e· ~?Pot:. and·;;~a:ntitative ·' 
.. ·:.;..;···;; ....... ... 

qhanges as, tlie~~-61V:~nt'"~.:i~:~-~~if~~Eigi;~ 
.-:· .. : -~·· .;·::;,' ";·<t~ 

, __ , In_~-~~~~~~~~+¥~ -~~e~"Y'~~~~~~~~~t~~ '"there;· are· oxidation waves 

at 1. 18 V {cq:,I.¥:Potentialf?.;,'~S-~ ~)__ arid 1. 68 v and two reductions 
-~- · ~r~~~A-- _ -- ,~---·· -----
at -0. f6 V and•:~__;o. 48 ,_.'-{,.. .Plots· o:¢-:~peak amplitude versus (scan 

(•• '.· . - . ~ · .. :·:;: 
",·~,-: :::-

rate) 1 '
2 indicate _the first oxid~tion and first reduction steps 

, .. :.' 
::1' ... 

are quite reversible while ~he second oxidation and reduction 
.; -~:;- '' .··;,:·:. 

processes ar~ ];)est classified ~s quasi-reversible. Our 
.; .. (". ·~' ~- ... ~~·::.< 

interpretatio:d>':_if3 that the. oxi;~at.ions involve the iron atoms 
. . }' ~i~f·:·::· .. ·. ' .. ·' ·' ~ ... -. :. ·.::-.· ,~ .. 

while the r~~~9,tiori processe;3 Ji{volve placing electrons on the 
. '4~·~ .. ~\>~~~-~::: .. ~:,... . ... . .. ·. :--~i~/): .. : .· 

ligands. T}j.~/;.t.ompl~x then exhibits a total of five oxidation 
.. ·. i· . .:'." ~~:;·. ' 

levels. . .. , ... ·: .... 
'.: .; ... .~; . ~;~ .. 

The fi:t;S.t::i:.Oxidation- prod*<::~,~ a mixed-valence species. In a 
· . · t~~;~~~;~j~z;~ ~:~·~- .:~ ... .. <i~~.~·~:~·tt~·~ .. ·-· ... ~ ·:.:.:. _\>f:t.::~~-~>::~t.~~fr,: ··.. . 

fi3ep~rate reR9~~~~- w~': have d~sc;~~~d the characterization of this 
.··;~ . ~ ,. ·,~·;tt.:Z· :-~c ... :·.-~. •. , . ·:·.~~(~~t~~ .. :. . 

mixed...:valenc~ _specie,~ as the fAts~ low-spin example of a Robin 
t· .. ~.:·.-··, ,.· ·.' ·_.·j·. 

and Day Class III delocalized complex {Fe2
· 5•/Fe2 · 5 •). which retains 

this property even to-'.',4 .2 K. The_ second oxidation gives the 

. is;-valent . {Fe3~ /Fe3~):i;:fio~; howe.,;.~~ the appearance of th_is second 
', ' _-;•·_·--: ·-:--:' -;e,,,.,.(<' ' 

oxidation wave is v~b:y dependent- on the- presence of water. If 

.water is added or the solvent not thoroughly dried, anodic 

. .-: 
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;.·:;:·:.··.··~g'~:bif~~{io~-~-b.~~~J3~J:J.t;,:i~t~@~,\\~!le0.:-f~~i#§'~~~~9!~:W:~Y.-e:o,-~~iti~¥:_:t(:'§:~ty:::~in. 

'c:H~c'N•~~?wiE~Ili£cf&"'£f.~f:~"ox:llaai±on.~ro~a~a~~'F;:e·3~t~~:.:-,.~tttn&;~i~J~~:.~ -

~.mah3~:il)·~~b~'Eit.vfr.~iltii~r?.~I~W'~~)>$f1P~minfl'•····:rt:tt:~~QWin}s:%ranctrwithilaxfiil:. 

:~?etdni~~~t;e:.· i~g~d,s;. mu~~p-~eipJJ;:iz,e :" lo~;:~·~~~~~a%~on.- ~:5.~_tef/:; .. :'''' 

-~ecause~eTri·~:~-'ls. a, _muc:;flj::·J2.e.!tt~~ik7T,_d:>no~ ~~i~::-~ron (III).-.~~ ~he. ~,_. ... 

:~:i~~~J~~~rr~~ri~~p:~~:o::~::~::: :::::~]+;:~:::.. 
is an;:·~~de.pt'ionally gooq·;·'Jt::..ac~eptor ligand.·< 

'fl:let:e' a~e: se=v-eral y~ry interesting differences between the 
:-:~;:;-~_.;:~_:. -~·:· .: ·'· :~~t·.~-~ ;·. ~ ' . 

electro:9li.e.mical pa]:ameters in CH3CN and D~-~ First, there is a 
.:i:. ·~·.-.. •. ·. .-;.'- . :. 

subst~rltial shift in the first oxidation potential and second~ 
.'. ·- .. -~-\ - ' 

there_,is a_ ch~~ge from $:wo~•;well""'separated:~;reduction waves -in 
-.-.-~~. ~ f .:···. ....,_;,:,,:-\: . .- :..-: :·. :·:: ··: -..~.':_'-:(:··· 

CH3 CN ;~:th' a single····'wa~e -:Jd~prese~ting a tot~l;·~f two electrons in 
; .· ,-~·-.:~:···= "· ' ,':~~-• p: :·, :·/ '.· ;~~;:.?::.;·):.':.~·:;·:';."··"I ;,· ... ~·.-/::.~ '· ·.·.' .•· -~- • 

DMF. Tij~.;E0112 Vi3:lue foi',~th_e&;oxidation wave.shifts from 1.18 V in 
. ~;~~:~!~~::·-;:··_;. . . ~~~:~;~;:- . . : ·. ·.. ... . l.. • 

_: CI!3 CN tq:' G? 70-~V in DMF ~hj,le t~e first reduction, in CH3CN and DMF 
:'·:t·i::-~ ..... -~-... . . ~.:~·~<:. -~i;~~.t~·- .. ~ . f:;:_' , .. _ . ._ .. ; • .. · ,_;~ .•. ~-. 

are aparoximately the,~e;~rqe (-·o~~l6 v (CH3CN) i -0 •. 13 v (DMF)) . 

.. ···. "::~~;~~~~ist~ti:~~Ji~~i}nte.;i.fd~ of the ' 
· .. near- ~g:i\~#red electronj,~~{:-b~nd}:~s.,_·:an MLCT~/~cl.n'd,'!r'wi th the large 

.: ::t~ .·"'i~~~-:~: ,-;_.. ·. ;· . -'~ '· --.~~'\; 

~.solve:~t;;l~~;spifts of this tr~nsit~j:m. The band shifts to a much 
. ";,.",,{,:_•·7~ .. ~-,.;:: .·}· . :~·-· . .-.- _:·:.- ~·: ~--~·:.-

·lowez!'· :~HE7F'gy: in going f~pm CH3cN to DMF as DMF . molecules replace 
.. , .· .. -~; ... ~~~~~~;: .. <. '·' ,··.: -~. ...... . . ~ ._:· ,_: 

·the axia.:r~; CH3CN ligands. This correlates well with the fact that 
. . -t;<~·:-:.··:. ·:.->~-:-: -1: -~:::· :. · ..• : ,. : ··~ 

the oxfCiation.o'f the complex is much easier in DMF. 

The c:::yclic voltammogram shows a change from two one-electron 
_ .. \~.r· ~£H . .. ···_ .... 
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,. ·.:-;.t·. • .. --·. 'r::, :'-."f' . '~~.:~~-,~ ·-·~-.-~:£··- ~ ;· .. ~. :·· • . - -- ' ' .,. . . 

reductJ.on~ ~; in{i;c:!H3~:\~1:9. a single wave_ corresponding:. to two 

~:: ~:~. 
:m.u.cn::h.et~t~~1i§1i~~~_g.;t\t:~%9J~£~1i~~:~~~t!:!9£~~~+~-~t:~§li~~jj.~~.f ~:r::cs)2~P/!3,I 

~.~$~t: ~~;v;~~i~~~fiP9"§@.tl£g;~l!~~J~~'mlie.:~£t?.g·!tt~¥ort:~m~~~m~~or· t~e '· ·; 
~;~ . . . ' 

·. . .. -~- -.. 

. ·" · .. 

·resolved.~? ""';:.'I'll.¢~':: p;e,.~techn:i,~e:hJias . f:t;equently b¢;~n·{J,used to: ·obtaJ.n: 
._;··· "r:~--\:~-;~:::':(~ck;·~~~~:- .. _: ···-~----..... -_ . _... ,--::~r{/~'- .. :·-.. _;:· -. -,' :- · ~~::·~-- ---~- .-: . ,·- - --_:,~::·: 

1::. E = E2 ·~- E1 .;for ·subsequent",·multiple:.:.step electron transfer 
...:·~: .:')~_::. .-: 

reactions. ·The .. approach elucidated by Richardson and Taube24 to 
-.:·. 

analyze DPP curves where E1 and E2 are close in value has been 

widely applied. We find a puzzling 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 fre>m our data is 290 
.. -·:_f~!:~::~--: 

mV. The Ri~h~i-ds'on, Taub~ analysis clearly indicates that with 
' • _ ; ~- • w.· '-.~: :B:.~~~- '. • . 0 ~;\t• ,. ··~·\.. ·. 

such a width,:-~two well-resolved peaks should easily be observed 
:·~.~:I;: .... • '• • • •- ' • 

in the DPP. We ·do riot understand this discrepancy., 

. ' ;reduct ion waves,}\.ti th a 

w}ly;t'tfl'O quite distinct one-electron 
~ ...... · :- •• • :.. ·0 ,• ~· 

s~~~;,~~ion o( .32_0 mv wer~·:(:found in 
;.;_;' 

Another puzzle is 
• . ' .:.1.· 

·.acetonitrile,:while in DMF and water these two reduction steps 
.. ·_ .. \:(:·.y·: ... :.• 

occur at very n:~arly the same potential. By comparison, the 

square-planar. ·9-~-nickel analogue exhibits two distinct reduction 
·1·.• ...... :·. 

,. waves with separations of. about 220 mV in both acetonitrile and . 

water. 4 ·,'· 

.. · One rationalization o~>these results is that in 
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.. ·· 

., .. '!::~t· :~;:·~::~!~~~~"-,~~llro · 
· ... , HOMo·· 

---.,..,..,...____,;.,........--- -..... '' ·.' 
~ 'J.:· .. :·~··''" .... ~ • 

. ~- ··: __ : ~_:. .. 1\· <.1~- . .-.: -~:: -:..~:)\~t::~ . 

· .. ·:·· 

HOMO 

acetonitrile axial:ligands DMF or H20 axial ligands 
(' 

During tl'ie r~duct'i.on steps two electrons are placed)sequentially 
·J.,'• 

• ·.1~(" .. 

into the·· LUMO~ 9' Tl.'!e' potential difference between the· first and 

second 

.energy 

_.t" .• :· 

reduction steps may be due to the added electrostatic 
. .·: : .. ····: .• .:: J-~ . 

. . .. <.':::-:;..::.·.: 
necessary: t:O.,put the second electron into a partially 

. \ . ~· :"{>~·:._· '··\;./~?:: ·.· . 

· _occupied orbi~al ~~t'Jf 
. . . _:1-~ . . . ·J~~:T:::_ 

this picture is .c.orrect, then the 
.· . . ,_ ... _···-~::'. 

"square -plap~:r nick,:~l analogue wit1:1. it~ytwo separated reduction 

waves ,JUUst alsc:> h~~~ a similar energy< diagram. In contrast, the 
• ·.·!.~ .. -~~;: .• ~-~t~(' ...... 

LUMO and SLUMO orbitals niay be much closer in energy when the 
. ~.:.· .... _ .. ~~, . .'::\_. ... ;ri~---:.;: .. -- .. ~~~-.<~};~~~-.f~:~~---.·. :.· . ~ ··_ ,· ... . . :····<:.r; .. :~~ ..... _·· ::·:· ·, ·:>- . . .... ·:_. 

axial ligands:':'9n :·'tile i:r¢n are D~F. :or~f>!~· :,,· In·;this case_ the added 
': .; . • ·: . ·,,::; -~· .. ·.::_,• .. ." .' ·~ ~· ·.~·: '; ·:· ~:,•'·'lo>i~·~;'·\:~, I·~ • .: 

,·electrons c'an go ihto separate orbitals at ·~early the same 
. : .. · ·-·~: .. 

potential. Evidently the chemical env;ronment of the iron atoms . . ~ .. . 

can have a marked effect on the relative energies of the LUMO and 

·'-sLUMO orbitals .. 
. -~=:.~-

Another interesting observation is the large difference 

between the potentials for the first reductions in the di~iron 



and· di -nickel complexes. c~~~§.gi~,g;,'f~;~.~i metal s,~61lZ;;d 
~-educti;n;i~6tentia·l much ................. ~... ..... <::;; .,. • is ·.rn:··:.ti?t 

95?.W~};,~x,., 
·r~dub~X 
' ;\i~'- . ' ·>f> .,._ . : 

. ~ ··..:: .· ·:: :~'-·o.,·· 

-~ ~ 

16 .·.··· 

not alter the 

going into . a ' 

.l~gand:'::based-";~.reductions: f'Or·.!= -~~c:lmJ;>J.~~--• liga~d reduct~n .: 
, ... .~~~~-: ·->x7·-~t~·;_:;~~:;~~~~?~~:·-~:;: < ·-·/ ·_ ~ _.. · -· · ~~ .. -- ~;r .. _ ~- .. 
for ~Ee,{:l,)p~)1j2j,,;,,:Ru (bpy) /+, and o~ Cppy~ ~2+ are. at,:;;~ 1. 26, : -1. 25, and 
· ~ · ~, )s: :. · ,. t~\12·'t.:%:~ii>rc. f:·x · tt:. ·.-_ - -,. .· >: . _ :--;",~~~· . . . , "~· · 
-1.19 V/ E!:$p_(eqtive1y (all ~P DMF under the."s~me conditions) 25 

• 

.. ,~-~-;~~/~::~\.\ \~*~~~f~, <P~ · ·· .. · · ·: · 1::·--~ ... ,< ..... • : .... ffn\~ 
Similarly~.: .•rtiet:alloporphyrin complexes with metals· in the same 

oxidation stille do not show large potential ranges in reductions 

involving the"'J?orphyrin ring.·· There are not many studies 
..... 

available inv<=!l ving reductio~s· of the bridging·· ligand in 

binuclear complexes. However, for (OC) 4MLM(C0) 4 where L is the 
:":+-':;::,~-·- . 

7T-delocaliz.ecC b~chelating ligand,. 2, 5-bis (2 -pyridyl) pyrazine, 
,'} 

the potential'range for the first reduction was 170 mv for the 
. -~ -~ .. . . ·~ .. ,: ':- } 

series M · = cr, · Mo, W26 • The e;c~e.J;h:ionally large metal effect on 
·. ·:;:.'~;:;;~· . ")~, :. ·.:·)\ . · . .-

the reductio~ potential of t:h~n:l;,in-qcreating ligand, TIED, 
t~();~~··:·· .... .. . "\ ... · ,. . . 

probably stems from extensiv~;.~i~ing, of metal and ligand 
·.•• • ~--· .i!,, w,..... .-,.f{'·-'· . 

orbitals,- ~hi6~ would also ~~$ai:ic;·~~;~~~ong coupling between the 
·-~.:_.:_'.· ·i;: .... :·~. .. ·:;~~~~t~;·::~~i· ..... _.-; .. ·:;;·.~~1G~;;~~~~:-~:r . · -

two metal centers23
• Effort~.~'~re iri progress to further probe 

the electronic nature of this inter.esting new di-iron complex. 
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Table 1. '·Mossbauer Parametersa for Smne Tetraaza Macrocyclic 
: · .... 

·· · - .. Iron Complexes 

Ll Eq mm/sec .:'· · · ~·o J:Il.llllsec · .· ·;_J·~ Compound 
.· : : .. ~· ; .. .-·.·.· 

. [F6;(TffiD)(CH CN) ]4: •.·· .. 0.34 • , . . 3 4 
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·.~-a. Values 'from Reference 13 except for ~TIED(CH3CN)4] (Cl04) 4 .. all 
-~·~ ... complexes except for TPP and PC have axial Cli:JCN ligands and Cl04 as counter 

~,-?:·~'ion. "' · · · · 



Figure Captions 

~' Fc:isn1fe 1 .. 
.. !;.{:;:~~: .c' •:#;. 

.. ;~..<r· 

Prop9sed :~cherne' for the formati6n of :.[Fe2TIED (CH3CNh) 4 + 

from· the.;:;ftl~.l.:Y .saturated irori (II)..,,:oc6mplex in · 

.oxygen~~e~~·a,~i:;fiJ;titr~_le. · · :{;:;_\> :~i~/~; : -- ·. · . 
''rfgure 2_, ,,Mpssbalfer<t~~m~q~f1lm of_. [Fe2TI~It(cH3~N)~) (Cl04)~;-~at .,"Q_q~)<. 

::,~~-~_t_ ... ·· . Cente:t;,,:,~-:t?:~~t:;:~~~Q;_; ~.4 mm/s~_q.,:;:<;p~J:~t1.Y~ .to sta1:q}::e,§J3 _):: 
. .. steel)(; -~i,zQua¢lry.ppl~ Splitti:IlfJ;,= ~;1. 63 mm/ sec. - ~ > 

. ,·<': .. · · ;, , , ., :&1~~~/;,;~>.~~¥~?~~F' ." --- "~J~,.t:;.:~,;·~·- .;.;. · -~~".; _ .. _~,;-;,. _ ·~',·_ :. 
•-· Figure·} Optical' sp~qt;ra.t .. of Fe2TIED4

\' in-:-: .<Ic~~qnitrilE;!~::p!1Ff'· and .· 

•··~~~r~.\~t:······~~·;i~!~~,~~:k 0i;:iit~:~J~~~(9~~;~~·· . 
) :' electrol. ·.:te'j,0'SC~n; .. rate 200 mV /sec;. potent1als .:.Versus. 

·~. ¥,. fu!E .t~-' ·;~-Wt~.•;·~~~})"r_*~~l.:;'·_/~ . ,;:~·<: ,, , ·:· ' > . . Y.·~~tiJ:~.r-,~~,; : ,, . 
Fi'gure 5 Differe!1t;:~al~~~til!se Polarogram of .. J(e2 TIED4

• in A?.MF. 
Glassy carbon wc;>rking electrode; 0.1 M TBAF ;_i scan 
rate 5 mV/secf 'pulse amplitcide 10 J1. amps. 
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