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Abstract 

in order to rule out any possible 'chela, :' iron-proton interaction which could be responsible fi~r the dramatic changes observed in the 
Fc'/Ft" redox potential on puoton addition m a series of N-substituted ammomethyl ferrocenes ( 4a-d ), we report the results of electrochemical 
|itration experiments with strong acids on the free amines in protic and aprotie solvents and the X-ray diffraction structure t~f ( ferroccnyl- 
methyl)propylammonium p,toluenesulfonate, 14all I IOTsl. Crystals of 14all ] IOTsl are orthorhombic, space group P2~2j2~. with 
a ~ 11,919( 2 ), b ~, 21,313( 3 ), c ~ 8.246( 2 ) ~, Z = 4. The conlormation of tide FcCIt:NII,C~H7 ' cation, which prevents any intramolecular 
iron-proton interaction, seems imposed by the intermolecular N-H...O hydrogen bonds that tide amino 11 atoms Iorm with oxygen atoms 
irom potoluenesullonate anions. (O 1998 Elsevier Science S.A. 

/(°¢~,tv~Jt'd~' ('l'ySt~d sIIUt'IUI~,'S; N,stlbslinlled ~mlmolli~'thyl complexes; i:errt)cLrnt r ¢oinplexes 

I, I , t roducl lon  

l:emDccnc (i:c), a mLflcculc which undergoes a reversible 
one°electron LJxidntion to the stable f~rrocenium ion (Fc ' ), 
has frequently been incorporated into multicomponen| recep° 
tots, with the ~lit11 tfl' adding to the system a I'ragment capable 
of a redox response upon the complexation o t ' a  cltarged 
substrate Among many examples, ferroeene-bearing polyaza 
I II ,  polyoxo 121 and polythia 131 macrocyclic and macro- 
bicyclic ligands must be mentioned, in which complexation 
of metal cations by the macrocyclic component results in an 
anodic shift of the F c '  /Fc redox potential. In unost cases, the 
binding component is chosen st) that it contains at least one 
amino group and functionali,,.ation leads to systems t~,aturing 
(N-substituted) aminomethyl ferrocene fr,'tgments, as in the 
representative examples I, 2 and 3 { ReI~. I I I, 12al and 13 !, 
respectively ). 

In this kind o1' system, besides metal cations, another 
ch,'trged species should be able to change dramatically the 
Fc +/F¢ redox potential, i.e. the proton. Even in nonoaqueous 
solvents, the presence of trace quantities of adventitious water 
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s,,,~j$" 
aa R ~ n-C3H,t, R '=  H 
4b: R = n.C16H33, R' = H 
4c: R = R' :; CH3 
4d: R -- R' = eyelotaexyl 

may result m signilicant prolonation of Ihe amin¢~ grcmp 
which bears tile FcCH2- function, especially in Ihe case in 
which the I'unctionalized receptor is used as a sensor and very 
low concentrations are thus employed. Under this light, we 
undertook the synthesis and studied the electrochemical 
behavior in CH~CN, CH2CI2 and water of a series of N- 
substituted aminomethyl ferrocenes (4a-d) ,  both in their free 
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and protonated forms. Moreover, the crystal and molecular 
structure of [4aH! [OTsl (OTs =p-toluenesulfonate) has 
been determined, in order to rule out any possible *chelate' 
iron-proton interaction which has been suggested to take 
place in related ferrocene systems [4]. 

2. Experimental 

2, !. Syntheses and materials 

4¢ was obtained f r o m  Fluka and used without further 
purification. 4a, 41) and 4(! were prepared by refluxing 
[ FcCH:N(CH~).~ ] ! [ 5 ] with the stoichiometric quantity of 
nopropyl amine, n-cetyl amine and dicyclohexyl amine. 
respectively, in water (4a) or water/ethanol mixtures (4b 
and 4(I). Reaction mixtures were evaporated to dryness. 
treated with I M NaOH and extracted with diethyl ether. 
which, after drying, gave the pure products as oils. By treat- 
ment of free FcCH:NRR' with gaseous HCI in diethyl ether 
solution the pure, solid ammonium salts of 4a. 4b and 4d 
were obtained, which gave correct elemental analysis. Pure 
free bases for DPV experiments were prepared by suspending 
the ammonium salts in 2 M aqueous NaOH, extracting with 
ether and evaporating the solid under vacuum after efficient 
dry ing .  

Table I 
EsWtlmemal data fiw the X:ray diffraction studie~ of 14nit I 10% 1 

2.2. Data collection, structure determination and 
refinement of l4aHllTsO! 

The crystallographic data and the most significant experi- 
mental details are reported in Table !. Unit cell parameters 
were determined from the e values of 33 ( O,X,t p) ~,u reflections 
found in a random search in the 13< 0< 18 ° range of the 
reciprocal lattice. All the measurements were carried out at 
295 K using the graphite monochromatized Mo Ka radiation 
in the 0/20 scanning mode. The intensity of one standard 
reflection, monitored every 100 reflections, showed no sig- 
nificant fluctuation. The intensities were calculated from pro- 
file analysis following Lehmann and Larsen 161 and 
corrected for Lorentz and polarization el'feels. No correction 
for absorption effect was applied. Only the 2282 observed 
reflections were used in the s{ructure solution and 
refinements. 

The structure was solved by Patterson methods using 
SHELX86 17 ] and then completed by a Fourier A F map ,.and 
relined by the full-matrix least-squares method asing 
SHELX76 18]. The refinement was carried out first with 
isotropic and then with anisotropic thermal parameters for 
the non-hydrogen atoms, except for the carbon atoms of the 
unsubstituted cyclopentadienyl ring, disordered over two dif- 
ferent orientations with site occupancy factors 0.5. Isotropic 

Fomtula C~,1t ~ #°¢NO,S 
Cry~lal ~y~It~lli ol111otholll|ii¢ 

C~II p~ratl~tvr~ a~ ~'~ K "  
a (A)  II qlU(~) 
h ( A )  ~1 I l I ( i )  

l 4 

Mot¢¢ul~ weigh! 42~, ~56 
Linear abso~tloa ¢i~flietem ( ci11 ~ ) 8 ,II 

Scan ty~ 0/2o 

Sea~ width (°) 10 O.f~,~ I , j 0 ,,. 0 r~,~ 4 3 AA 'tg O j 
Rad|Mion ( ~ ) Mo K~ l l)71 O? ) 
~0 Range (o) 6~.AO 

A~Ix~tl~I~t ~twt~,q.ii ~a:l~liva|et~! observed r~ilecti~),s i)..OIt~) 
No. v~ables 2~'~7 
M:ax, ~ t ~  ~ last ¢yc1¢ 0.07 

G t ~  I ~w~ ~IAFt 5t( NO - NV ) l ~ ~' I .(~3 

Un|! ~ | |  l)~llll~ti~B w ~  ~l~lill~u'd by I~ ls l - .~u~s allaly~is of lh~ .~llillg a,gl~s of .t 1 c¢lll¢I~nl I¢tl¢clions foUlld i ,  a raado|, .sea[t-h on Ihe reciprocal space. 
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temperature factors for all the ,atoms involved in the static 
disorder were assumed. 

Since the space group P2t212, leads to a chirai configura- 
tion in the structure, one independent final cycle of refinement 
was carried out using the - x ,  - y ,  - z  coordinates. No 
improvement in the R value was obtained (R(x,y z) = 0.0428; 
R( - x, - y, - z) = 0,0497).  The lbrmer model was selected 
and the reported data refer to this model. All the hydrogen 
atoms were localized in the A Fmap and refined isotropically, 
excepting those in the disordered cyciopentadienyl units, 
which were calculated. The highest remaining peak in the 
final Fourier A F  map was equivalent to 0.60 e A,- ~. In 
the final cycles of  refinement a weighting scheme w =  
kl t r (F , ) ] -"  was used; at convergence the k value was 
0.7527. The atomic scattering factors, corrected for real and 
imaginary parts of the non-hydrogen atoms were take, frolla 
Cromer and Waber 191; the values o fAf '  and A f" were those 
of Cromer and lbers [ I 0 ]. The geometrical calculations were 
pertbrmed by PARST [ I I 1. All the calculations were carried 
out on a Gould Encore 91 computer of the 'Centre di Studio 
per ia Strutturistica Diffrattometrica del C.N.R.' (Parma, 
Italy), The final atomic coordinates fi)r the non-hydrogen 
atoms ate reported in Table 2. 

3. Result~ 

DPV experin~ents on unprotonated specio.~ 4a-d  disphiycd 
a reversible, oneoelectron oxidation wave (to I'crrocenium 
species) in both CHaCN and CH~CI: as solvents ', at potential 
values silnihir to Illose found fnr phiin fcrrocene (E,/2u in 
Tiible 3). Additioll o1' sullsloichii)nlelric quantities ofpololu o 
eliesulliini¢ it¢id (TsOH) iiillkes ti sccnnd wave iippelu' al 
l i iOltr pos i l i v¢  p t l le l i lh i l s ,  w h i c h  co r l vsponds  I l l  Ihc ox id i l l i i l i l  

ot' Ihe pi°olonaled I I : c C H : N H I t R ' I  ' SlWCic~, i te l l i i i l ' k i l lqy ,  

t i le cur ren t  i n tens i t y  o f  the new peak hlcrel ises wh i l e  thai o f  

the less anod ic  peak decreases w i th  a l inear  dependance  on 

the equ iva len ts  o f  added  acid° in par i i cuh l r ,  the ox ida t i on  

peak or I FcCH~NHIR'I ' rel iches the n iax i l i lU ln  ¢urrenl  

i n t e n s i t y  v a l u e  a t  1.0 equivalents o1" a d d e d  a c i d ,  at  w h i c h  

point the signal relative to the free amine disappears (addition 
of more acid does not change further the electrochemical 
response). 

The potential values at which oxidation of I FcCH:- 
NHRR'! ' takes place arc listed in Table 3 (/7/:p) and arc 
Imticeably higher than the corresponding Et ~,u values, with 
AE (EInp-Ei~2u) values ranging fronl 140 to 200 inV. 
This indicates a strong electrostatic interaction between the 
pmtonated amino group and the proximate Fc center, making 
the oxidation of the latter much more diflicult than m the free 
amine (for comparison, Fc oxidation potential illcreascs of 

Solutions were tli|lde 0, I M in letriihntyhinlllloninlil perchlorate in both 
solvenls. Concenlralion of Iht; exiuiiined samples were iu the 5 × l l )  4 
I x  10 -~ M range, Potential values were delel'lnint~d with an illlcrnal 
[ Fe"(pheuanlhroline) ~ ] 2, siand.'u'd and referred to the Fc ' / Fc  couple of 
plain ferrocene. 

Table 2 

Frictional atomic cotmlmates ( × 10a~ and equp,'alent lsotropic Ihermal 
parameters t,/lt-'x I(P! ~,,,'ilh e .sd.s  in parentheses for the non-hydrogen 
atoms of 14all ! ! (iTs I 

AlOln .lta r ib  : /c  U.,l ~ 

Fe 5526, 
S( I ) 2779, 
O( I ) 26•9, 
O(2) 2588, 
O(3) 2175, 
N( I ) 2241, 
C ( I A )  5974, 
C(2A)  4881~ 
C(3A)  4222, 
C(4A) 4916 
C( 5A ) 5984, 
C( Ill ) 6532, 
C( 2111 5MO, 
C( 3B ) 4738, 
C( 4B ) 5200, 

C(SB ) 6301, 
C( I B' ) " 5009, 
C I2B ' )  5715, 
C(311') 6817, 
C(4B' )  6857, 
C16) 4598, 
C( 7 ) 5729( 

C18) 65251 
C191 611.ll 
(?(IO) 49991 
C( II 1 42251 
C112) 77711 
C( 13 ) 30091 
C( 14 ) I(MOi 
C1 I ~ ) 2751 
('1 Ih) i)21,1 

I ) 663410 
2) 4021( I 
4 ) 4484( 2 

4 ) 4304( 2 

3) 3452(2 
3 ) 5676( 2 

6) 5737(4 
7) 587113 
4) 60431 3 
7) 601513 

7) 582514 
14 ) 731)I ~ 7 

9) 7287(4 
II ) 748716 
14) 7552(8 
14 ) 742918 
15) 751319 
19 ) 743818 
12) 7258(7 
121 712317 
7) 326314 
71 ~13()14 
7) 354114 
7) 410014 

6) 42541 3 
5 ) 384 i ( <~ 
6 ) ~3791 5 
,t1 621913 
5 ) 514631 oi 

5 ) '4 ~ 241 .t 
5 ) .~491H 

54301 I ) 5881 3 
5513( 31 630t 8 ) 
4211161 6841201 
708216) 801124 
522218) 1153127) 
5793(7) 458121) 
4843(14) 7581391 
4342(12) 663(33) 
5664( 101 475126) 
70591 !0) 5781 34) 
65231 i 2 ) 76814111 
44961 ~I0 ~ 483147 
36361 10) 8801 27 
4529121 I 45914! 
6213125 ) 472149 

6117(25) 664156 
5278( 27 ) 6081 ~7 
6771121) 771,;( 65 
6(?26( ! 8 ) 521145 
4237( 24 ) 656t 5~ 
481219) 8451 34 
47781 I0) 858( !8 
5~52112) 7921 !7 
5983112 ) 9119145 
60h()( l I) t 727~ ~h 
51,16~1 ~ ) 8211 2.1 ) 
53201 II ) 1171141 
%5,41 I1)) 511)~ 77) 
'~h71112) 5r,21 ~2) 
58781 I j  ) 8 {91 4111 
ei141')1 l? ! II l l i !~l i i  

"l]tllllvalenl I'W~ll'oplt' l/delincd a,, tllieothllt] ttI the tta~;e t~l the oliht)~r~mal 
lied l!,, tent,all 
" 1t' l abe l , ,  t i le  CIill'itln ~ih)i|l,.~ o] | h c  a l te l l la l l~ , t ,  ! ) r l t ' l l ld l l i in  in Ihl2 tll~llldVl¢i,J 

cyclupelttildlellyl |1rig 

Table 3 
D I i V  illPil~tnl..nltrlll ~, 

CI I ,CN " (,I ! :(TI ~ ~ 

411 186 0 140 () 
4h 16h It~ I~ll) .... 12 
4c 210 17 161 () 
4d 189 I~ 14o ,~,I 

" DPV llle:)~itlrelllellt~i carried oul . i  (?iI,(?N. nlad¢ O, I M will1 t¢trahi|tyl 
l l l l l l l lOIliUll l  |~rchlorlile Pt~lellnal~ are referred to itlternill tL'lTOCellC ,4andard 

124 and 188 mV in ihe case ()t 2, after ct.nplexa|ion with 
Na ' and K ' in CH~CN solution [ 21; complexation (Xligand 
i with Ni ~' and of ligand 3 witl i Cu ~' leads I~, potcnlial 
shifts el" + 20 and + 40 inV, respectively, in CH~CN soluli(m 
11,31). 

When the water soluble 4a and 4e species arc taken into 
consideration, a similar behavior can bc fimnd in aqticou~ 
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i~tm~w (my) vs SeE 

Fig, I, DPV profiles for unbut'fered aqueous solutions containing 4a, at 
different oH values, pH ranges from 9,04 (more anodic, single peak curve. 
¢orrcspondi~q to [FcCH:NH~C~H~] ") to 13,0 (less anodic, single peak 
curve, co,.;~..,I)onding to tbe free amine), It is to be noted that in the fifth 
curve. ~asured at pH ~ 10,30. the current intensity is identical for the two 
peaks, 

solutions 2: titration of the free amine with standard perchloric 
acid makes a new, more positive wave aFpcar and increase 
in intensity with decreasing pH, as shown in Fig. ! (E~/:u 

191 and E~/:p~ 321 mV versus SCE in the case of 4a; 
E i / :u -  178 and Ej/~p '~ 338 mV versus SCE in the case of 
4¢). Signil|eantly, 50% of current intensity is found for both 
signals at a pH-=pg, (pg, values of 10.25 and 9.58 have 
~¢n determined for la and 1¢ by means of inde~ndent 
potentiometrt¢ titration experiments). Finally, it musl be 
mentioned that when DPV experiments are carried out on 
h~q]ered aqueous solutions, what is observed is a si.gle peak 
shifting between the limiting ~i/~u and Et/~p values on 
changing the pH at which tl~e solution is buffered, in 
agr~ment with what has already been described for 
Fc(CH~)~COOH species 1121, 

Finall),, although a 'chelate' direct interaction of the pro- 
tonated amino group with the iron center (i,e. Fe...H~ 
Wt ' (RR')~H:~)  could be put forward on the basis of what 
is re~rtoJ for a related fem~ene derivative 141 (an effect 
which could be responsible for the unusually high A E values 
found in this work), this hypothesis can be ruled out in the 
case :~f protonated , tad .  Quaternarization of 1¢ with CHJ 
leads in fact to IFcCH:N(CH~).~] ' ,  which is oxidized to 
r e ~ e n i u m  species at 241 and 178 mV versus plain ferrt~- 
~ne  in CH~CN and CH.~Ci:, respectively, displaying AE 
values with ¢¢:spect to i~¢ 1¢ even higher than in the case of 
ptotonation~ 

Moreover, the Xoray diffraction structure of protonated 4a 
~finitely rules out metal-proton interactions. The configu- 
ration o{ the (fe~enylme~hyl)propylammonium cation 

a,~:~d¢ ~} l M ~ NaCIOa~ Samples concentrations ~,~ere 

° •  c(7] /P 

~ ( 6 )  ?0(3) 

~ I ~161 

Fig. 2. A perspective view of the FcCH,NH,C ~H7 " cation and of the OTs - 
anion in [4aH] tOTs] with the atom numbering scheme. 

obtained from the crystallographic study of [4art] lOTs] is 
displayed in Fig. 2. The most relevant geometrical parameters 
are reported in Tables 4 and 5. 

The FcCH:NH:C~H~ ÷ cation shows a pseudo C~ symme- 
try (the mean least-squares plane through the non-hydrogen 
atoms of the side chain roughly bisects the C( I A)-C(5A) 
bond) with the two amino H atoms pointing away from the 
Fc moiety. The appended chain orientation, which prevents 
any 'chelate' iron=proton interaction, seems imposed by the 
two N-H,..O hydrogen bonds that the amino H atoms or the 
cation fi~rm with the O( I ) oxygen atoms from two symmeto 
rical!y related p°loluenesulh~nate anions. 

In Ih¢ Fc moiety the unsubstituted Cp uni| is disordeicd 
between two diffcren! orientations: [ C( I B)C(2B)C3B ~o 
C(4B)C(SB)], shown in Fig, 2. and iC(IB')C(2B)-  
C( 2B' )C( 3B' )C(4B' ) I, with the C(2B) atom in common° 
The Cp(A) and the Cp( B' ) rings are approximately parallel 
and eclipsed, whereas the Cp( A ) and the Cp( B ) rings, which 
form a dihedral angle of 6.1(5) °. are out or the eclipsed 
orientation by a mean angle of 16.9(9) °. The low barrier tbr 
rotation in metalkrcene derivatives has been already pointed 
out [131~ 

The Fe~C(Cp) distances in the substituted Cp ring (from 
2.010(6) to 2.043(9) A) are quite comparable with the cal. 
ues observed in other Fc derivatives, while a larger range is 
observed in the F~C(Cp) distances of the two disordered 
Cp rings ( 1.98(2)=2.18(I) A). 

The distances between the metal center and the centroids 
of the substituted and unsubstituted Cp rings show no signif° 
icant differences (1.631(8) venus 1.648(9) (av.) A,) so the 
introduction of the (methyl) propylammonium substituent 
at one Cp ring seems to exert a negligible effect upon the 
bonding to the metal. 

The comparison of the structure of the present cation with 
that of the related (N-dimethyl-ethyi)-aminomethyI ferro- 
cene[ 141 shows a shortening of the C-N bond length in the 
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Table 4 
Relevant bond distances t ~. ) and angles (°) for ! 4all ] [OTs ! 

Fe-C(IA) 2.04319) 
Fe-C( 2A ) 2,01018 ) 
Fe---C(3A) 2.01016) 
Fe-C(aA) 2.01818) 
Fe-C(SA) 2.02119) 
Fe-C( IB)  2.02(2) 
Fe-C(2B ) 2.04( I ) 
Fe-C(3B) 2.18( ! ) 
Fe-C(4B) 2.10(2) 
Fe-C(SB) 2.0112) 
Fe -C( IB ' )  1.98(2) 
Fe-C(2B')  2.05(2) 
Fe-C(3B'  ) 2.09( ! ) 
Fe-C(4B') 2.1412) 
C(IA)~C(2A) 1,396111 ) 
C(2A)-C(3A) 1.393112) 
C(3A)-C(4A) 1.4181 II ) 

C(2A)-C(IA)--C(5A) 105.9(8) 
C(IA)-C(2A)-C(3A) 110.417) 
C(2A)-C(3A)-C(4A) 107.217) 
C(3A)-C(4A)-C(5A)  106.617 ) 
C(4A)~C(SA)-C(IA) 110,018 ) 
C(2B)-C(IB)-C(5B) 11212) 
C(IB)-C(2B)~C(3B) 110( I ) 
Ct2B)~C(3B)-C(4B) 1041 I) 
C(3B)~C(4B)~C(SB } I0711 r 
C(IB)+C(SB)-C(4B) 107(2) 
C(2B)~C(IB')-C(2B') 11312) 

C(4A)--C(SA) !.407(12) 
C(SA) -C( IA)  !.398(15) 
C( IB) -C(2B)  ! 28, 2) 
C(2B )-C138) 1.37~ 2) 
C(3B )-C(4B) 1.5013) 
C(4B )-C(5B) 1.34(2) 
C(IB)--C(5B) 1.39(3) 
C(2B) -C( IB ' )  !.62(3) 
C( ! B' ) -C(  2B' ) 1.50( 3 ) 
C ( 2 B ' ) - C ( 3 B '  ) i .5013) 
C ( 3 B ' ) - C ( 4 B '  ) ! .50(2)  
C(4B' )-C(2B) 1.57(2) 
C( 3A )-C(13 ) !.494(7) 
N( I )-C(13) i.480(7) 
N( I )-C(14) 1.489(7) 
C( 14)-C(15) 1.477(II ) 
C( IS)-C(16) 1.480(9) 

C( I B' )-C( 2B' )-C( 3B' ) I01 ( 2 ) 
C( 2B' )-C( 3B' )-C(4B' ) 11911 ) 
C( 3B')-C(4B' )-C(2B ) 1041 1 ) 
C(4B'-C( 2B )+C(IB') 10311) 
C(2A)-C(3A)-C(13) 127 415) 
C(4A )-C( 3A )-C(13) 125,415 ) 
C( 13 )+-N( I )-,C(14) 112,314) 
C(3A)-C( 13)-N( I ) 113,714) 
N( I )-C( 14)-C(15) 112.215) 
C114 )-C( 15 )+C(16) 113,415 ) 

Table 5 
Rclcva.I h~lermtflccular hydrogen l~oml~ 

N ( I ) , , , ( ) ( I )  2,1~91(6) I I ( I N )  .()( I)  
N( I )~  ()(1 ')  2844(81 11(2N) , ( ) ( I ' )  

It)611) N I I ) , I I t l N )  ()(71) 14711 
1,90(I) N( I ) ~It(2N ) .()1 I') 149( I~ 

Symmetry code: ' I/2 -~ ~, I .... ~1 , ! / 2 '~ ;1 

FcCH~N moiety (I.48017) versus i.52713) ~). It seems 
reasonable to attribute this to the smaller sleric demand ol'lhc 
two H atoms of the protonated amino group with respect to 
the corresponding methyl groups in the (N-triaikyl)-amino- 
methyl ferrocene cation I 14 !. 

The bond distance and angles in the OTs anion are as 
expected. However it is worth noting the high thermal motion 
which affects the OTs anion oxygen atoms that are not 
involved in hydrogen bonds. 

4. Supplementary material 

A list of the thermal pararneters for the non non-hydrogen 
atoms (Table SI), a list of the atomic coordinates o1' the 
hydrogen atoms (Table SII), and a full list of the bond dis- 
tances and angles (Table Sill) are available t'r-m the authors 
on request. 
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