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A range of neutral, hydrogen-bonding ferrocenoyl anion receptors and redox sensors operable in nonaqueous
solvents are reported and a series of anion-binding and -sensing experiments presented. Thioamide-based receptor
L2 binds halide anions more effectively than its carboxamide analdduevith the thioamide (N-H) group

proving to be a better NMR antenna for detecting the recognition event. The binding of this class of neutral
hydrogen-bonding receptor has favoralild® and unfavorabldAS’. Multidentate amide recept®b binds halide

guests more strongly, with the effect of solvent on this binding process being studied. The introduction of a
primary amine functionalityl(4) causes remarkably strong H$Mbinding, the first reasoned report of selectivity

for this acidic anionic guest. Analogously to many biological anion recognition processes, different binding
modes operate dependent on guest acidity. In this way, the chemical properties of the substrate are addressed,
yielding novel anion selectivities. All the receptors investigated exhibit electrochemical anion recognition.
Typically, an EC mechanistic response is observed as ferrocene oxidation “switches-on” electrostatic interactions
with the bound guest. Remarkable cathodic shifts of the ferrocene oxidation wave are also induced (up to 220
mV with HSO,~ and 240 mV with HPO,™) as the proximate bound negative charge stabilizes positively charged
ferrocenium. Difunctional receptds8 shows a large, novel UVvisible spectroscopic enhancement witPiay, .

Introduction

Effective biological function requires the selective recognition
and binding of active substratésinterestingly, the majority
of enzyme substrates are negatively chargaal it is, therefore,
perhaps surprising that the field of anion coordination chemistry
only came to prominence relatively recently. From the first
reports of anion receptors in the late 1960ssearch has
progressed with gathering spetdreceptors can bind anionic
guests with various physical interactions. Polynuclear Lewis
acidic receptors bind anions via the formation of multipibital
overlap interactions®® as do coordination arrays of positively
charged metal ion%. Positively charged quaternized nitrogen
hosts ensnare anionic guests uselgctrostatic interaction$
as do multimetal-centered cagesElectrostatic forces are
supplemented byydrogen bonddor protonated polyammo-
nium? expanded porphyriff, and guanidiniuri' derivatives.
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Neutralhydrogen bond donorkave also been used for anion
binding, with particular interest in ami#eand ure& groups.
Interestingly, reports of the design and synthesis of receptors
capable of opticallf or electrochemicalf{? detecting the bound
anion are rare. An efficient way of achievirggnsingis to
incorporate metal centers into the recepgfoWe have previ-
ously reported the first classes of redox-responsive anion
receptors containing H-bonding amide (€QH) linked co-
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Neutral Ferrocenoyl Receptors

Table 1. Structures of Receptotsl—L8
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Scheme 1. Synthesis of Receptotsl andL2
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ognize anionic guests in polar solvents, functioning via hydrogen HaN R/U\°+
bonds between amide and anion, supplemented by electrostatic choCl
interaction with the cationic metal center. Recently, however, Ngé 2

we also reportedneutral anion receptorsappended with
ferrocene functional grougd8. Ferrocene is a unique functional
handlebecause it does not directly interact with the anion until
it is oxidized to the ferrocenium cation, at which stage
electrostatic interactions with the guest are “switched-on”. In

(o] /__\ o
@/LH HJLO+
Fe L3

CF3COxH 91%

this paper, the preparations of a series of simple amide- CH,Cl,

functionalized ferrocene derivatives are described (Table 1) and

their anion recognition properties investigated. The thermody- o

namics of anion coordination and the effect of solvent on neutral N/_\NH2
H

hydrogen-bond-donating receptors are both reported.

In the past, the development of neutral receptors utilizing
hydrogen-bondlonorshas been stressed as a way of introducing @
anion selectivity analogous to that of enzym@sMost of the
synthetic receptors reported so far, however, selgyi™ over tuning the recognition process and leadingrtavel anion
HSO,~. This would be expected because of the greater basicity selectiities. Emphasis is placed on the potential of all these
of the former anion and its consequent ability to form stronger novel receptors aanion-selectie redox sensors
hydrogen bond&'2 Nature, however, uses a variety of hydrogen-
bonding groupspoth donors and acceptarso discriminate
between anionic guest&-cand we therefore report the incor- . . . .
poration of neutral amine groups into the receptors. These SYnthesis of Anion Receptors. The novel acyclic amide-

groups can act as both hydrogen-bond donors and acceptors?upStitUted f_errocenes were prepared in good yield via conden-
sation reactions. ((Butylamino)carbonyl)ferrocend ) was

synthesized by the condensation of (chlorocarbonyl)ferrocene
with 1-aminobutane and 1 equiv of triethylamine in £Hp
(Scheme 1}°¢ Compound_1 was converted to ((butylamino)-
thiocarbonyl)ferrocene L) by refluxing with Lawesson’s
reagent in toluene.

Receptord. 3—L6 were synthesized using protecting-group
methodology. (Chlorocarbonyl)ferrocene was condensed with
mono-BOC-protected 1,2-diaminoethane, produtiBdn high
yield. Trifluoroacetic acid was then used to remove the BOC
protecting group, giving a high yield of mixed amidamine
receptorL4 (Scheme 2). Receptt5 was synthesized by the
condensation of 1;dbis(chlorocarbonyl)ferrocene with 2 equiv

Fe L4

78%

Results and Discussion
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Table 2. Stability Constants Derived from Proton NMR Titrations
(Errors <10%) Measured at 25C

receptor solvent anion KM™
L1 CDClz Cl- 4.7
L1 CDClg H.POy~ 50
L2 CDCls Cl- 21
L2 CDClz H,PO~ 6.0
L3 CDCl; H.POy~ 5.7
L3 CDCls HSO,~ 8.3
L4 CDCl; NO3~ 15
L4 CDClg HPO,~ 120
L4 CDClz HSO,~ >10 000
L4 CD:CN CI- 17
L4 CDsCN H.POy~ 130
L4 CDsCN HSQ~ 7500
L5 CDCl; Cl- 225
L5 CDCl; Br- 24
L5 CDCl; I~ 23
L5 CDsCN/CDCE (50:50) Cr 29.5
L5 DMSO Cr 5.0

aErrors <33% due to very weak titration profiles.

of monoprotected 1,3-diaminopropane. Deprotection was
achieved using GEO,H/CH,CI; (50/50), forming receptdc6,
which was unstable, especially in solution.

ReceptorL7 was synthesized by reacting (chlorocarbonyl)-
ferrocene with a solution of 2,6-diaminopyridine (1 equiv),
triethylamine (1 equiv), and a small quantity of 2-(dimeth-
ylamino)pyridine in CHCN.1°¢ ReceptoiL8 was synthesized
by condensing 1,1’-bis(chlorocarbonyl)ferrocene with an excess
(10 equiv) of 2,6-diaminopyridine and triethylamine (1 equiv)
in CH2C|2.

Anion Coordination Investigations.?? (a) Proton NMR
studies. The recognition of anions in solution was initially
investigated by*H NMR titrations. This approach allows an
accurate characterization of the interaction between the un-

Beer et al.
157
: N-H  Fc-H
0.5 /9/ 0o -1
| A AH (kdmol™’) -175 -17.7
> 0' //
] ra
/e
-0.57 / [o) _1 _1
o AS(Jmol'K™") -36.6 -39.1

A5 T T
32 34 36 38 4 42 44 48

1000/T (K')

Figure 1. Fitting of VT H NMR data to obtain thermodynamic
parameters.

formed. On lowering of the temperature, a large downfield shift
of the NMR peaks was observed (i.e., the coordination equi-
librium shifts toward the complex). Using a method recently
reported by Davies and co-workeé®s, the thermodynamic
parameters for the anion coordination equilibrium were evalu-
ated (assuming they are invariant with temperature). The
derivedthermodynamic parametefeom both N—-H and Fc H
proton fitting show tolerable agreement (Figure 1), and conse-
quently, although crud®, this method probably gives a good
indication of AH° and AS’ values for this class of H-bond-
donating receptor.AH® is favorable (the formation of an
H-bond releasing energy), whifeS’ is unfavorable (presumably
due to the association of two mobile species and the loss of
receptor conformational freedom). A balance between favorable
AH° and unfavorabl&S’ is a common feature of the recogni-
tion event in both chemistry and biology.

Multidentate anion receptd5 was investigated with halide
anions in CDCGJ. The amide proximate to the ferrocene group
is more perturbed than that close to tieet-butyl site, but as
the size of the anion increases (Ck Br~ < |7), this effect

charged receptors and various anionic guests. The addition ofoeécomes less pronounced. This is possibly because the larger

tetrabutylammonium anion salts to CROCDsCN, or DMSO-
ds NMR solutions of the receptors led to perturbations of the
receptors’ proton resonances. In particular, theH\resonance
shifted downfield, indicative of the formation of a hydrogen
bond between this group and the anionic substrate.
Receptord.1 andL2 were titrated with tetrabutylammonium
chloride in CDC4. The halide guest caused a much larger
perturbation oL.2 (0.6 ppm with 1 equiv) than df1 (0.1 ppm
with 1 equiv). This was also true for the addition ofRD,~

ionic radius of the iodide anion allows it to bridge the two amide
groups more effectively. EQNMR was once again used to
calculate stability constants (Table 1). These binding constants
are higher than those fokl, showing the benefit of a
multidentate binding site Such multidentate binding sites are,
of course, extensively used by enzyrde$erhaps surprisingly,

L5 did not bind chloride more strongly than it bound iodide in
spite of its higher charge density. This may be due to the greater
ability of I~ to bridge the two N-H groups, offsetting its lower

to these receptors. The thioamide therefore acts as a morecharge density, but solvent effects may also be important, with

sensitte NMR antenndor detecting the presence of anionic
guests. The curvature of these titration profiles was used to
evaluate stability constants via the EQNMR computer program
by assuming a 1:1 binding stoichiometry (Table2®)The
binding constants are low (the receptor is neutral and can only
form a single H-bond), but it is notable that the chloride anion
is more strongly bound by thioamid&. This parallels recent
investigations which have shown thioureas to be more effective
for anion binding than their urea analogdés.The observation
can be theoretically justified by the greater acidity of thioamides
compared to carboxamidé$the amide proton being more able
to form hydrogen bonds.

A variable-temperature NMR investigation of a 1:1 mixture
of L2 and tetrabutylammonium chloride in CDQlas per-
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receptor systems.
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tetrabutylammonium chloride showing more aggregation in
nonpolar solvents such as CRhindering its recognition (see
below).

The effect of solvent on anion coordination was investigated.
Tetrabutylammonium halides associate in nonpolar soh@nts.
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(26) Wang, T.; Bradshaw, J. S.; Izatt, R. M. Heterocycl. Cheml994
31, 1097.

(27) (a) Searle, M. S.; Williams, D. H. Am. Chem. S02992 114, 10690.
(b) Inoue, Y.; Liu, Y.; Tong, L.-H.; Shen, B.-J.; Jin, D.-S. Am.
Chem. Soc1993 115 10637. (c) Cuntze, J.; Owens, L.; Alcazar, V.;
Seiler, P.; Diederich, Rdelv. Chim. Actal995 78, 367.
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Figure 2. *H NMR titration curves for receptdr4 with anionic guests 7 i
(in CDCl). W/_\T” @JJ\I\(—\
The importance of such ion pairing was shown by following = H H e
the NMR resonance of the tetrabutylammonium (chloride) cation @ @
in the presence of varying mole fractionsld. In CDCl, the
environment of BuN™ is dependent on the guantity of receptor Mode A Mode B
present. This indicates thab and BuN™ both compete for ,
Hydrogen Bonds Only Electrostatics + Hydrogen Bonds

the anionic guest and highlights the importance of ion-pairing (the ligand is L by virtue of protonation

in CDClz. Obviously in more polar solvents such as DMSO of the primary amine group).
Fhese effects are red_u_ced and the tetrabuty_lammc_)nlum catlon,:igure 4. Two different modes of anion binding operating for
is unaffected. Stability constants fdr5 with CI~ were difunctional receptot.4.

determined in various solvents (Table 2). In DMSO, binding

was very weak, which is a consequence of the amide receptorcontribution of an aggregated component of higher stoichiometry
being heavily solvated, hindering interaction with the anionic (2:1 anjont.4).
guest?® Even in mixed CRCN/CDC, tht;;g(bjipolar solvent can It is therefore proposed tha# shows two different modes
solvate the a”‘[ong"m't'"g trle value &f. . of anion binding (Figure 4). Mode A operates for nonacidic
Difunctional “amide-amine” receptoL.4 strongly binds some gy ests and relies on the receptor donating hydrogen bonds from
anionic guests (Figure 2, Table 2), in particular HSO  the amide (and probably to a lesser extent amifAgyroup to
Normally, hciwever, neutfal hydrogen-bond-donating receptors the guest. Mode B operates for acidic guests and consists of
select HPQ,~ over HSQ™, because the former anion is more  roton transfer followed by hydrogen bonding and electrostatic
basic azqu 1better able to accept hydrogen bonds from thBN  hteraction with the resultant guest anion. It is probable that
groups:t=t Comparison of the stability constants with those  {he moderately strong4RQ,~ binding lies intermediate between
for L3 in CDCls clearly shows that the presence of the amine ihese two modes far4.
group is essential for strong HgObinding (Table 2). Examin- To the best of our knowledge, this is the first report of a

ing the _r(_alative pertu_rbations at th_e differen_t proton$4bfon ~ receptor making use of this type dfiemical selectity to yield
the addition of 1 equiv of guest anion also yields an interesting 5 novel order of anion coordination strength.

conclusion (Figure 3). HSO causes a larger relative perturba- Mixed amide-amine receptok8 was also investigated using
tion at_ the “amine end” of th_e c_ilfunctlonal receptor, while  \vR titration methods. Unfortunately, partial precipitation
HZP?“ _(and als;o ct and_NQ ) |_nteracts more str_or_lgly at during NMR titrations prevented EQNMR analysis, although
the a[nzlflf end”. HSQ is considerably more acidic than ination curves were sharp for bothPO,~ and HSQ~. The
H.PQ;”,#and it is therefore probable that the amine group of R peaks shifted dramatically. Similar to the caseldf

L4 can act as a base,_acceptlng a proton from th's_ guest. e protons most affected during the titration were dependent
guest acidity is indeed important, then carboxylic acids should . ihe guest added, with HSO causing a greater relative
also interact withL4. Bromoacetic acid interacts similarly to perturbation of Ar H, (proximate to amines) andRO;~ a
HSQ,™ with L4 bUt. causes a sm_aller perturbation of NMR greater relative perturbation of Fc H (proximate to amide).
pe_aks. Apart from illustrating the _|mp0rtance Of guest acidity, (b) Electrochemical Studies. An important feature of novel
this also_ proves that.the process Is guest sensiteg;proton receptorsL1—L8 is the incorporation of a redox center
trans(;er '? aCC(_)rrrr]wpa;nled ?.y hydfrogerr]l-bond formatlo; ﬁng anion proximate to the anion-binding site. This gives these receptors
coordination € formation Of a charge-separated Nydrogen ihe capability of electrochemically sensing anionic guests.
bond would be consistent with stronger HS®inding in less The cyclic voltammetry of.1 with anionic guests has been

fi)t?!?tirogsDc?thZhsvri]ti:nang{fgteifs Iisn 'ggtgghgtﬁ:évfgusg;e reported elsewher’é?.C In summary, no electrochemical sh!ﬁ

. i . . of the ferrocene oxidation wave was observed on the addition

line shapes (e.g., Figure 2) which may be explained by the of chloride anions. The reduction wave, however, flattened,

(30) Kolthoff, I. M. Chantooni. M. K.. Bhowmik, SJ. Am. Chem. Soc. the redox process _becomlng irreversible. This is mc_ilcayve of
1968 90, 23. an EC mechanism: after ti@ectron transfer of the oxidation,

(31) Kelly, T. R.; Kim, M. H.J. Am. Chem. S0d.994 116, 7072. achemical process occurs which prevents reduction from being
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Table 3. Electrochemical Data for Free Receptors Measured at 25 The addition of tetrabutylammonium chloride caused the onset

°C of EC mechanistic behavior and a cathodic shift of the oxidation
receptor solvent E12 (V) wave (as forL5). Notably, the amine oxidation peak disap-
L1 CH:CN 0.18 pearedz provit_:ling tentat_ive gvidence for the involvem_ent of this
L2 CH:CN 0.21 group in halide coordination (through the formation of a
L4 CH:CN 027 hydrogen bond}?® Tetrabutylammoniumhydrogen sulfate
. 0.7C* (amine) however, causedr@markable responseA new oxidation peak
I[? g:%“’c"'cb (50:50) g';zl emerged at a potential cathodically shifted 220 mV from that
° 0.95 (amine) of the free receptor (the Iargest. redox response to this guest).
L8 CH:CN 0.49 Therefore, the strong coordination of HSQ(in the form of
0.73 (amine) doubly charged Sg&~ with proton transfer) substantially affects

the ease of receptor oxidation. Once again, the CV became
irreversible, but in this case a reductive stripping peak was
Table 4. Electrochemical Response of Receptors to Anionic Guests observed. This indicates that the oxidised complex is adsorbed

a|rreversible redox wave; thereorgs, quoted.

Measured at 25C onto the electrode surface and then at a particular reduction
receptor solvent anion AEp (mV) potential desorption occurs, a large current being observed.
L1 CH:CN cr 0 Tetrabutylammonium dihydrogen phosphate showed a response

intermediate between the two extremes above. The oxidation

L2 CHCN cl 0 peak shifted 165 mV cathodically but the reduction behavior

tj gﬂ?’gm (H:l;q_ 122 was more complex. The CV became irreversible, and between

L4 CHzCN sto{ 220 2 and 4 equiv of HPO,~ addition, a small stripping peak was

L4 CH:CN BrCH,COOH 0 observed. This stripping peak, however, disappeared on the

L5 CH:CN/CHCL (50:50)  CF 80 addition c_>f fL_thh_er I—jPO{_. This provides further ewdence_for

L5 CH:CN/CHCE (50:50)  Br 45 H,PO,~ binding intermediately b_etween modes A and B (Figure

L7 CH.CN cr 10 4). It should be noted that dihydrogen phosphate caused a

L7 CH:CN H,PO,~ 120 similar stripping reponse of unfunctionalized ferrocene rtout

L7 CHLCN HSQ~ 5 cathodic shiftof the oxidation wavé?* Finally, the effect of

L8 CHsCN cr 50 BrCH,COOH on the receptor was investigated. It caused no

L8 CHiCN H.PO,~ 240 electrochemical response, consistent with its coordination at the

L8 CH:CN HSQ~ 85 amine group (and little interaction with the amide) too distant

a Cathodic shift of oxidation peak after the addition of 5 equiv of O the redox center to communicate its presence. Receptor
guest. L4, therefore, shows an electrochemical response to anionic

guests which mirrors its novel selectivity for H3O This
illustrates the ability of théerrocene functional antenrta detect
and reportsubtle recognition events.

The electrochemical behavior @7 and L8 with anionic
guests was also investigated in acetonitrile solution. Recep-
tor L7 showed a reversible redox wave attributable to the
ferrocene group and a secondary irreversible amine oxidation
wave. Receptot.8 showed an irreversible ferrocene oxida-
tion wave and an irreversible amine oxidation wave. On
immediate repetition of the scan, no redox current was observed,

observed (e.g., adsorption of the oxidized complex onto the
working electrode surface). Receptdt, like L1, also showed

a single reversible CV wave although at a more cathodic
potential, indicating a greater degree of electron withdrawal by
the thioamide, hindering ferrocene oxidation (Table 3). As for
receptorL1, however, the addition of chloride anions caused
no shift of the oxidation wave. The reduction wave, however,
diminished in intensity, indicating a cled&C mechanistic
responseo the addition of chloride anions. The chloride anion

has no effect on the cyclic voltammogram of unfunctionalized """ ™" . .
ferrocene in acetonitrile, proving thresence of the H-bond- indicating that oxidized.8 adsorbs onto the working electrode.
donating amide unit is essentisr ReceptorL7 showed electrochemical behavior with anions

ReceptolL5 was investigated in mixed GEN/CH.Cl, (50: analogous to that dt4,_e>_<c_ept that the cathodic shift induced
50) due to lack of solubility in CECN. The receptor showed ~BY HSQi™ was much diminished (Table 4). Recepld gave
a single reversible redox wave. Halide anions were added in large redox responses with all the anionic guests (Table 4),
substoichiometric quantities, and once again, an onset of ECH2PQs™ causing one of the largest anion-induced electrochemi-
mechanistic behavior was observed, with the reduction peak c@l responses yet reported (240 mV). The redox waveSof
flattening. In this case, however, the potential of txédation remained irreversible. Receptdr8 showed larger redox
peak shifted cathodicallythe coordination of an anionic guest '€SPonses thah7, presumably because of the greater ability
close to the ferrocene group facilitating its oxidation (Table 4). ©f two amide groups teommunicatenion recognition to the
The redox shifts are among the largest reported for electro- férrocene subunit.
chemical halide recognition. Chloride invoked a larger elec-  (c) UV—Visible Spectroscopy. In general, these receptors
trochemical response than bromide probably because of itsshowed minimal UV-visible responses to the addition of
higher negative charge density. Unsubstituted ferrocene wasanionic guest species. ReceptbB, however, showed a
investigated in this solvent mixture (to ensure that simple ion- particularly interesting UV-visible reponse to the addition of
pairing was not the cause of the redox response) but showedH,PO,~ (Figure 5). The e-d band at 443 nm (in C{€N)
no response to halide guests. shifted 10 nm to shorter wavelength and showed a large (500%)

Mixed amide-amine receptoL4 was investigated in C increase in intensity. This change was visible to the naked eye,
CN solution by cyclic voltammetry and showddhmatic redox with the solution becoming brighter in color. The addition of
responses with anionic guest§able 4). A reversible wave tetrabutylammonium hydrogen sulfate caused no such UV
attributable to the ferrocene subunkE & 0.27 V) and an response, the -dd band being perturbed by less than 10%.
irreversible secondary oxidation wave & 0.7 V) probably Interestingly, however, the presence of 5 equiv of HSO
corresponding to the amine oxidation process were observed.inhibited the response of the receptor tgP@,~. This is in
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3.5 These receptors show great potential for the development of
] novel electrochemical sensory devices and indicate the way in
which subtle binding site modifications, inspired by biology,
can lead to dramatic fundamental changes in anion recognition
] properties. It is hoped that, in the future, the simple effects
25 ' discussed will be incorporated into structurally more complex
hosts to achieve selective electrochemical sensing of complex
biologically functional anionic guests.

Experimental Section

Addition of Solvent and Reagent Pretreatment. Where necessary, solvents
H,PO, were purified prior to use and stored under nitrogen. Acetonitrile was
predried over clas4 A molecular sieves (48 mesh) and then distilled
under nitrogen from calcium hydride. Dichloromethane was distilled
from calcium hydride, toluene was dried by distillation from sodium,
and triethylamine was distilled from KOH. Unless otherwise stated,
commercial grade chemicals were used without any further purification.
(Chlorocarbonyl)ferrocen®,1,1-bis(chlorocarbonyl)ferrocerié N-(tert-
butoxycarbonyl)-1,2-ethanediamiffe)-(tert-butoxycarbonyl)-1,3-pro-
panediaminé? and receptorsd.l and L7%° were synthesized via
literature procedures.

Instrumentation. NMR spectra were recorded on either a Bruker
AM 300 instrument or a Varian Unity Plus 500 machine. The Bruker
Figure 5. UV—visible spectroscopic response of recep®ito H,PQ,~ spectrometer operates at 300 MHz f6t NMR and 75.47 MHz for
in CH:CN. 13C NMR. The Varian spectrometer functions at 500 MHz#¥¢MNMR

. . and 125.7 MHz for*3C NMR. In both cases, the solvent deuterium
agreement with the NMR and electrochemical resultsLiar signal was used as the internal reference. All elemental analyses were

dlscusseq abovg. A,C'd'c HSODbinds to the receptor prlmarlly. carried out by the Inorganic Chemistry Laboratory Microanalysis
at the amine units, distant fr_om the ferrocene group and leaving service of this university. Fast atom bombardment (FAB) mass
its UV—vis spectrum relatively unaffected. BasiGROs, spectrometry was performed at the University College of Swansea by
however, binds primarily at the amide units (binding strength the EPSRC service. Infrared spectra were recorded on a Mattson
enhanced by the amine groups) proximate to the ferrocene unit,10410E Polaris Fourier transform spectrometer scanning from 4000 to
causing a large UV perturbation. The presence of bound 400 cnt?, ultraviolet-visible spectrometry was carried out on a Perkin-
HSQ,~, therefore, sterically and electronically hinders@,~ Elmer Lambda 6 UV-vis spectrophotometer, and electrochemical
binding and diminishes the UWis response. Interestingly, ~Mmeasurements were obtained on a Princeton Applied Research poten-

receptor 7, with only one amide substituent, did not show this 2% S8 SR BEE L T ROl G e eectiode
type of UV-visible response to #0O,~. ReceptorL8 is ' P ’

i ) Ag/Ag™ (in CH:CN).
therefore one of the first to incorporate hydrogen-bond-acceptor giAg” (in CHLCN)

d -d . f ion bindi d al f Syntheses of Receptors. [(Butylamino)thiocarbonyl]ferrocene
and -donor sites for anion binding and also a terrocene grOlJp(L2). ReceptorLl (0.1 g) was dissolved in dry toluene (30 mL), and

whichreports on the noel modes of anion recognition by WV the mixture was refluxed fo4 h with Lawesson’s reagent (0.085%).

Intensity (arbitrary units)

0

300 400 500 600 700 800
Wavelength (nm)

visible spectroscopy A color change from yellow to orange-red was observed. The reaction
. mixture was evaporated to dryness. Column chromatography eluting
Conclusions with CH,Cl,/MeOH (98:2), followed by recrystallization from MeOH/

A range of new ferrocene-based neutral anion receptors and20. gave pure product. Yield: 66% (0.07 gi NMR (CDCl): o
sensors operable in nonaqueous solvents have been reporte 23 (1H, b s, N'H), 4.83 (2H, dd obs tX= 1.89 Hz), FcH), 4.27

. ; : : . . 2H, dd obs tJ = 1.88 Hz), FcH), 4.19 (5H, s, FH), 3.78 (2H, q {
ThioamideL2 binds halide anions more effectively thad, h A

ith the thi id - b NMR f = 6.66 Hz), G,—NH), 1.72 (2H, quin § = 7.17 Hz), C-CH,—C),
with the thioamide group proving a better antenna for 4 47 (o sex.J = 7.41 Hz), G-CH,—C), 1.01 (3H, t § = 7.33 H2),
detecting the recognition event. The binding of this class of ¢, " 13c NMR: ¢ 199.3 C=S), 83.87 (FIC—C), 70.94 (FEC—H),
receptor has favorabldH° and unfavorabl\S’. Both recep- 70.59 (FcC—H), 68.54 (FcC—H), 45.38 C—N), 30.43 CH,), 20.19
tors showed EC electrochemical responses to anionic guests(CH,), 13.77 CHs). Anal. Calcd for FegH1oNS-0.5H:,0: C, 58.07;
MultidentateL5 binds halide guests more strongly and elec- H, 6.50; N, 4.51. Found: C, 58.44; H, 5.95; N, 3.77. FABMSz
trochemically senses their presence by cathodic shifts of its 301 (M)*, 236 (M — Cp)", 180 (M — FeCpy, 121 (M — CpCSNH-
oxidation wave. A range of solvent effects was shown to be (CH2)sCHs)*. IR (KBr disk), cn*: 3316 (N-H stretch), 2957/2930

applicable for this type of neutral hydrogen-bond-donating (C—H stretches), 1531 (€S(1)), 1279 (C=S(II)).
receptor. [((N'-(tert-Butoxycarbonyl)-2-aminoethyl)amino)carbonyl]ferro-

The introduction of an amine unit yielded difunctional cene (L3). (Chlorocarbonyl)ferrocene (0.7 g) was dissolved in dry

. . : dichloromethane (25 mL), and the solution was added dropwise under
receptorL4, which is capable of both donating and accepting nitrogen to a stirred solution df-(tert-butoxycarbonyl)-1,2-ethanedi-

hydrogen bonds. This_receptor showed a remarkably_ Strond 4 mine (0.45 g) and triethylamine (0.31 g), also in dry,CH (25 mL).
NMR and electrochemical response to HSO The amine  1he mixture was stirred for 20 h and then washed with watex &0
group therefore yields novel selectivity for acidic anionic guests. mL) and dried over MgS® The solvent was removed in vacuo,
This was attributed to two different binding modes for this type revealing a crude orange product. This was purified by silica gel
of receptor dependent on guest acidity (Figure 7). Receptor
L8 showed a remarkable response tBy~, with an electro-  (32) (a) Benkeser, R. A.; Goggin, D.; Schroll, &.Am. Chem. S0d.954
chemical cathodic shift of 240 mV and a large YVisible 76, 4025. (b) Lau, H. H.; Hart, HJ. Org. Chem1959 24, 280.
spectroscopic enhancement. Once again, different sites of(33) 'fggkows"" H. J.; Pannier, R.; Wende, A. Prakt. Chem1967 35,

primary interaction were proposed for this host dependent on 34y krapcho, A. P.: Kuell, C. SSynth. Commur99q 20, 2559.
guest acidity. (35) Cava, M. P.; Levinson, M. Tetrahedron1985 41, 5061.
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column chromatography, eluting with GEl,/MeOH (90:10). Yield:
91% (0.96 g). 'H NMR (CDCl): 6 6.67 (1H, b s, N-H), 5.13 (1H,
b's, N-H), 4.71 (2H, dd obs s, Fd), 4.33 (2H, dd obs s, Fd), 4.20
(5H, s, FcH), 3.44 (2H, d § = 4.80 Hz), H>—N), 3.36 (2H, t 0 =
4.81 Hz), H,—N), 1.44 (9H, s, Bl3). °C NMR: 6 171.1 C=0),
157.2 C=0), 79.74 C—(CHa)s), 75.86 (FcC—C), 70.37 (FcC—H),
69.71 (FcC—H), 68.12 (FcC—C), 40.99 CH,), 40.59 CH,), 28.39
(CH3). Anal. Calcd for for Fe@H.aN.Os: C, 58.08; H, 6.50; N, 7.53.
Found: C,58.67; H, 7.07; N, 7.72. EIM8yz 372 (M)*, 316 (M—
C(CHg)s + H)*, 272 (M — COOC(CHy)s + H)*, 243 (FcCONHCH
+ H)*, 229 (FCCONH)*, 213 (FcCOJ, 185 (Fc), 121 (FeCp). IR
(KBr disk), cnT®: 3342 (N-H stretch), 3096/2978/2934/2870(E!
stretches), 1703 €0(1)), 1625 (G=0(l)), 1522 (CG=0(ll)), 1468
(C=0(Ily).

[((2-Aminoethyl)amino)carbonyl]ferrocene (L4). ReceptorlL3
was dissolved in C#£O,H/ CH.Cl, (50:50, 10 mL), and the mixture

Beer et al.

1,2-Bis-[((3-aminopropyl)amino)carbonyl]ferrocene (L6). Re-
ceptorL5 was deprotected using standard BOC-deprotection methodol-
ogy as discussed above for the synthesikf A color change from
orange to deep red was observed. The product was isolated as before
but was partially unstable and only characterized by proton NMR.
Yield: 47%. H NMR (CDCl): 0 7.72 (2H, b s, CON-H), 4.50 (4H,
dd obs t § = 1.59 Hz), FcH), 4.35 (4H, dd obs tX= 1.39 Hz), Fc
H), 3.50 (4H, q § = 6.11 Hz), CON-CHy), 2.89 (4H, t { = 6.26 Hz),
CH,—NHy), 1.77 (4H, quin § = 6.36 Hz), G-CH,—C), 1.46 (4H, b s,
NHy). Electrochemistry: single irreversible oxidation wag, =
0.460 V (CHCN).

1,1-Bis[((6-aminopyridyl)amino)carbonyl]ferrocene (L8). 1,1-
Bis(chlorocarbonyl)ferrocene (0.20 g) dissolved in dry dichloromethane
(15 mL) was added dropwise to an excess of 2,6-diaminopyridine (0.42
g) and triethylamine (0.14 g), also in dry @El, (15 mL). The mixture
was stirred fo 3 h under nitrogen. The solution was then washed with

was stirred for 20 min. The solvent was then removed under reduced water (3x 50 mL), dried over NgCOs, and pumped to dryness. The
pressure. The residue was dissolved in concentrated KOH(ag) (30 mL)product was isolated by column chromatography on silica eluting with

and the product extracted into @El, (3 x 50 mL). The organic
extracts were dried over Na0O; and filtered, and the filtrate was
evaporated to dryness. The product did not require further purification.
Yield: 78%. *H NMR (CDCl): ¢ 6.25 (1H, b's, CONH), 4.69 (2H,
dd obs t § = 1.88 Hz), FcH), 4.35 (2H, dd obs t= 1.86 Hz), Fc
H), 4.21 (5H, s, FH), 3.45 (2H, q § = 5.84 Hz), G4,—NH), 2.92
(2H, t (0 = 5.89 Hz), GH—NHy), 1.52 (2H, s, M2). 3C NMR: 6
170.51 C=0), 76.28 (FcC—C), 70.31 (FcC—H), 69.70 (FcC—H),
68.10 (FcC—H), 41.94 C—N), 41.58 C—N). Anal. Calcd for
FeGaH16N,0-0.5H,0: C, 55.54; H, 6.09; N, 9.96. Found: C, 55.40;
H, 6.16; N, 9.90. FABMSm/z 272 (M), 295 (M + Na)*, 405 (M
+ Cs)f, 229 (FCCONH)*, 213 (FcCOY}, 185 (Fc), 121 (FeCp). IR
(KBr disk), cnT®: 3371/3324 (N-H stretch), 3300 (broad Nttretch),
3074/2968/2923 /2909/2862 {& stretches), 1634 (€0(l)), 1537
(C=0(Ily).
1,1-Bis[((N-(tert-butoxycarbonyl)-3-aminopropyl)amino)carbo-
nylJferrocene (L5). 1,1-Bis(chlorocarbonyl)ferrocene (0.61 g) was
dissolved in dry toluene (15 mL), and the solution was added dropwise
to N-(tert-butoxycarbonyl)-1,3-propanediamine (0.89 g) and triethy-
lamine (0.52 g), also in dry toluene (25 mL). The mixture was stirred

CH.CI/MeOH (75:25) and recrystallized from G@l/hexane.
Yield: 51% (0.12 g). 'H NMR (CDCl): ¢ 8.15 (2H, s, CON-H),
7.56 (2H, d § = 7.50 Hz), PyH), 7.41 (2H, t ( = 8.00 Hz), PyH),
6.22 (2H, d § = 8.00 Hz), PyH), 4.83 (4H, dd obs s, Hd), 4.48 (4H,
dd obs s, FH), 4.36 (4H, b s, M,). *C NMR: 6 167.7 C=0),
157.1 (PyC—N), 149.8 (PyC—N), 140.0 (PyC—H), 104.2 (PyC—H),
103.6 (PyC—H), 77.75 (FcC—C), 72.68 (FaC—H), 70.25 (FcC—H).
Anal. Calcd for Fe@HooNeO2°0.5H,0: C, 56.79; H, 4.55; N, 18.06.
Found: C, 56.52; H, 4.59; N, 17.81. FABMS8yz 457 (M + H)*,
479 (M + Na)* IR (KBr disk), cnt: 3450-3200 (\-H + O—H
stretches, broad), 1662 (Py), 1620<0(l)), 1575 (Py), 1532 (€&0O-
(1)), 1453 (Py), 791 (Py H bend).

Proton NMR Titration Studies. Proton NMR titrations were
typically performed by dissolving 5< 107 mol of receptor in a
deuterated solvent (0.5 mL) in an NMR tube. The guest being
investigated was then added as a 0.1 M solution using a microsyringe
in order to add substoichiometric quantities while the NMR spectrum
of the receptor was monitored. Stability constants were evaluated from
titration data using the EQNMR fitting prografh.

Electrochemical Investigations. Typically, 1 x 10°° mol of

for 1 h, and a color change from red to orange was observed. The receptor was dissolved in a suitable solvent (5 mL) and tetrabutylam-

solution was then filtered and the filtrate evaporated to dryness. The

product was dissolved in dichloromethane (30 mL), and the mixture

was washed with water (2 50 mL). The organics were then dried

over MgSQ and filtered, and solvent removed under reduced pressure.

Further purification was achieved by alumina gel chromatography

eluting with CHCI,/MeOH (99:1). Yield: 70% (0.75 g).*H NMR

(CDCl): 6 7.48 (2H, b t, N-H), 5.24 (2H, b t, N-H), 4.58 (4H, dd

obs s, FAH), 4.39 (4H, dd obs tJ= 1.82 Hz), FcH), 3.46 (4H, q {

= 6.02 Hz), NH-CHy), 3.28 (4H, q § = 6.15 Hz), NH-CHy), 1.76

(4H, quin § = 6.08 Hz), C-CH,—C), 1.46 (18H, s, Bl3). 3C NMR:

0 170.6 C=0), 156.7 C=0), 79.31/78.58 (FE—C/C(CHj)3), 70.98

(Fc C—H), 70.60 (FcC—H), 37.42 C—N), 36.19 C—N), 30.10 (C-

CH,—C), 28.44 CHs). Anal. Calcd for FeGgH4:N4Og:0.5H0: C,

56.47; H, 7.28; N, 9.41. Found: C, 56.86; H, 7.46; N, 9.07. FABMS,

m/z. 586 (M), 587 (M+ H)™, 609 (M+ Na)". IR (KBr disk), cnm:
3365/3304 (N-H stretches), 2964/2938 (€H stretches), 1691.5

(C=0(1)), 1645 (C=0(l)), 1555.5 (C=0(l1)), 1530 (C=0(l1)), 1296

(C-O stretch), 1279 (C-O stretch).

monium tetrafluoroborate (0.16 g) was added. The guest under
investigation was then added as a 0.1 M solution using a microsyringe
while the cyclic and square-wave voltammetric properties of the solution
were monitored?®

UV —Visible Spectroscopic Investigations. Typically 2.5 x 1076
mol of receptor was dissolved in a suitable solvent (2.5 mL) (ionic
strength 0.1 made up with tetrabutylammonium tetrafluoroborate), and
the solution was placed in a quartz cuvette. Once again, the guest was
added using a microsyringe (as a 0.1 M solution).
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