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Summary: A neel family of diaminobutane-based poly(propy-

cationic and anionic guests by multisite receptots,the best

leneamine) ferrocenyl dendrimers with aza-crown ethers, DAB- of our knowledge no examples of organometallic heteroditopic

dend-(Fc-A18C§)(2—5: x = 2, 4, 8, 16; Fc-A18C6= {[n*>-
CsH4CONH]Fe[5-CsH4CONCHCH,(OCH,CH;)s] }), has been
prepared by reaction of the mel functionalized ferrocenyl
derivative {[7°-CsH4COCI]Fe[15-CsH4,CONCHCH,(OCH,-
CHa)s]} (1).

dendrimers have been reported to date.

With this in mind and as a continuation of our studies on the
design and synthesis of organometallic dendrimers displaying
electrochemical sensing behavidrerein we present a synthetic
strategy aimed at obtaining dendritic macromolecules containing

The tailored design and synthesis of dendritic macromoleculesredox centers in close proximity to two different host binding

with multiple organometallic units with specific applications

has become a high-priority objective in a wide variety of afeas.

sites for the simultaneous complexation of cationic and anionic
guest species.

Furthermore, the development of new electrochemical sensors  The key starting step in the preparation of the new family of
for the molecular recognition of anions and cations, as well as dendrimers is the previous synthesis and purification of the
neutral molecules, constitutes a very active field of research in highly reactive organometallic derivatiig®-CsH4COCI|Fe-
continuous growtR.In this respect, ferrocenyl dendrimers have  [15-CsH,CONCHCHo(OCH,CH,)s]} (1).5 The reaction of
already been successfully used as receptor systems for aniorquimolar amounts of 1'errocenedicarbonyl chlorideand
recognition> Nevertheless, despite the fact that considerable 1-aza-18-crown-6 in dichloromethane in the presence of tri-
interest is currently being shown in the design and synthesis of ethylamine at room temperature and under an argon atmosphere
heteroditopic receptors capable of simultaneous binding of affords, after workup, the functionalized mononiefScheme
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1), as a red solid which has to be handled under extremely dry

conditions and used immediately after isolation.
Condensation reactions df with 1,4-diaminobutane- and

diaminobutane-based poly(propyleneamine) dendrimers func-

tionalized with terminal—=NH; groups, DAB-dend-(Nk)y (x

= 4, 8, 16), in dichloromethane, followed by the appropriate

workup, afforded compoun2(Scheme 2) and dendrime3s-5,
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(6) Synthesis of: under an inert atmosphere of Ar a solution of 1-aza-
18-crown-6 (0.43 g, 1.63 mmol) and triethylamine (2 mL, excess) in dry
CHxCl, (200 mL) was added dropwise (ave 4 hperiod of time) to a
rapidly stirred solution of 1,¥errocenedicarbonyl chlorid€0.51 g, 1.64
mmol) in dry CHCI, (500 mL). The reaction mixture was stirred at room
temperature for 15 min, and then the solvent was removed under vacuum.
The resulting residue was extracted repeatedly with dry hexane. Solvent
removal from the filtrate afforded as a red solid (0.54 g, 61% yield) that
was kept under Ar*H NMR (300 MHz, CDC}): 6 4.95 (t, 2H, GHa),

4.79 (t, 2H, GH4), 4.72 (t, 2H, GHa), 4.45 (t, 2H, GH4), 3.72, 3.67, 3.65
(m, 24H, NCHz, OCHz).
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1 framework appear around 3.4, 2.5, 2.4, 1.7, and 1.5 ppm. The
ﬁ complete amidation of the peripheral amine groups was sup-
ported by the total absence, in thé NMR spectra, of the-NH;
—3 signals of the starting dendritic polyamines around 1.3 ppm and
the appearance of a new signal in the-884 ppm range due
i 4 0_(} to the amide group, as well as by the integration ratios of the
Na ,@ — different protons, which are in agreement with the expected
ﬁ structures. Thé3C NMR resonances fdt were assigned using
/ one- and two-dimensional experiments, DEPT and HMQC (see
the Supporting Information).
To obtain insight into the binding mode of these new aza-
6 crown ferrocenyl amido dendrimers, NMR studies were carried
out with complex2 in acetoneds (8.5 mM). TheH NMR
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]
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X
X
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respectively (Scheme 3 and Chart 1), as air-stable orange to
brown thick sticky oils, in yields that go from 70% f@& to (9) Selected characterization data fare as followsH NMR (300
8 . : MHz, CDCk): ¢ 8.52 (t, 2H, COMNH), 4.58 (t, 4H, GHy), 4.45 (t, 4H,
39%.for 58 The dlferrocenyl comple>Q, Whl_ch could t_>e CoHa), 4.32 (1, 4H, GHa), 4.30 (t, 4H, GHa), 3.72, 3.65 (m, 48H, NB,,
considered as the generation zero of this family of dendrimers, ocH,), 3.42 (br, 4H, GloNH), 1.75 (br, 4H, CHCH,CH,CHy). 13C{1H}
has been a valuable model not only for the characterization butNMR (125.77 MHz, CDGJ): 6 170.7, 170.1 CON, CONH), 80.6, 79.4,

oo ; ; ) 72.0, 71.3 CsHa), 70.4, 70.3, 70.2 (OHy), 70.1, 69.5 CsHa), 69.4, 69.2,
also for preliminary complexation studies of the aza-crown ether 49.6. 46.9 (@Hy and NCHy). 39.2 CHoNH), 27.0 (CHCHACH,CH). MS

dendrimers of higher nuclearity. (MALDI-TOF): (ditranol) m/z 1091.4 [M+ H*]*; (ditranol + Nal) m/z

The structures of the ferrocenyl dendrim@rs5 have been 1113.4 [M+ Naf]*; M = Cs:H74014NsFe. Selected characterization data
established on the basis dH and 33C NMR and were for 3 are as follows!H NMR (300 MHz, CDC}): 6 8.43 (t, 4H, CONH),
corroborated by matrix-assisted laser desorption/ionization time- g:gi Eﬁq?g'éf"',\]%i'%log‘fg: 4Gi"'(‘8é§u3(2)q($rtt?’Hé,_%:é?\] ,_3;)7353;16(?
of-flight (MALDI-TOF) and electrospray ionization time-of-  8H, NCH,CH,CHoNH), 2.44 (br, 4H, NE&,CH,CH,CH:N), 1.73 (br, 8H,
flight (ESI-TOF) mass spectrometfyin the IH NMR spectra ’f\\lﬂﬁHz%I-lijzgll-;zNg, é.4157(0b8 48I-(|), glz;%HéC;izz%H%)ilgcg 1(')-'% N7|\C/)”'«5’ (%547770 5
(300 MHz, CDCH) key signals arising from the peripheral 76" 69’5 693 530, 51.6, 49.6, 47.0, 38.0, 26.9, 24.7. MS (MALDI-
organometallic moieties are observed in the range 4.3 ppm, TOF): (ditranol)m/z 2323.1 [M+ H*]*; (ditranol + Nal) m/z 2345.0 [M
those corresponding to the methylene groups in the aza-crown+ Na']*; M = Ci12H16/02aN10F€s. Selected characterization data foare
ether appear as two or three broad signals within the range 3.7 2s follows.*H NMR (300 MHz, CDC}): 6 8.40 (br, 8H, COM), 4.68

. : - (br, 16H, GHa), 4.52 (br, 16H, GHa), 4.32 (br, 32H, @Ha), 3.71, 3.65 (m,
3.6 ppm, and the signals of the poly(propyleneamine) dendritic 1951 NG, OCH,), 3.41 (br, 16H, El.NH), 2.53, 2.40 (m, 36H, B
NCH,), 1.76, 1.56 (m, 28H, NCHCH-CH,N, CH,CH,CH,CH;). 13C{ 1H}

(8) Synthesis of compoun#ss: compound? and dendrimer8—5 have NMR (125.77 MHz, CDGJ): 6 170.6, 170.0, 80.3, 79.1, 72.1, 71.0, 70.7,
been prepared byfollowing the same procedure. The synthesis isf 70.6, 70.4, 69.7, 69.4, 52.4, 52.1, 51.7, 49.8, 47.3, 38.1, 27.2, 24.5. MS
described as a representative example. To a solutioh (6f27 g, 0.50 (MALDI-TOF): (ditranol) mvz 4785.3 [M+ H*]*; (ditranol + Nal) m/z
mmol) in 15 mL of dry CHCI, was added dropwise a solution of DAB-  4807.4 [M+ Na']™; M = Cy3H3440s56N22Fes. Selected characterization
dend-(NH)s (0.04 g, 0.05 mmol) and 1 mL of triethylamine in 25 mL of  data for5 are as follows!H NMR (300 MHz, CDC}): ¢ 8.38 (br, 16H,
dry CH,Cl, under an inert atmosphere of Ar. The reaction mixture was CONH), 4.72 (br, 32H, GHa,), 4.53 (br, 32H, @H.), 4.31 (br, 64H, GH4),
stirred fa 2 h under Ar at room temperature and filtered off and the solvent 3.71, 3.65, 3.63 (m, 384H, N, OCHy), 3.41 (br, 32H, E2NH), 2.52,
removed. The residue was redissolved in,CH and washed with water. 2.41 (m, 84H, G2NCHyp), 1.77, 1.57 (m, 60H, NCK¥CH,CH2N, CH,CH,CH2-
The solvent of the organic phase was removed under vacuum and, as columrCHy). 133C{*H} NMR (125.77 MHz, CDCJ): ¢ 170.5, 169.9, 80.1, 78.8,
chromatographic purification under different conditions failed, the resulting 72.0, 71.1, 70.8, 70.6, 70.5, 70.3, 69.6, 69.3, 52.3, 51.9, 51.5, 49.7, 47.2,
oil was treated by successive reprecipitations from dichloromethane into 38.0, 27.1, 24.1. MS (MALDI-TOF): (ditranot Nal) m/z 9732.3 [M+
hexane to affordt as a brown sticky solid (0.11 g, 43%). Na']t; M = Ca72H704011Na6F€E16.
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Figure 1. 1H NMR spectra (500 MHz, acetordg) of 2 (8.5 mM) (A) and of the sample in (A) upon addition of 20 equiv (10 equiv per
aza-crown ether) of KRAB) and changes in the chemical shifts of the amide protons of comm@(@y 2 in the presence of 2 equiv (1
equiv per aza-crown ether) of TBAF (D2,in the presence of 2 equiv of KRFE), and2 in the presence of 2 equiv of KRand 2 equiv
of TBAF (F).

spectrum (500 MHz, acetordy) of this compound shows the  (for 3 and 4) indicates the occasional presence of defective
signal for the amide proton at 8.43 ppm and two resonancesspecies having a cycled terminal chain as well as the possibility
centered at 3.73 and 3.62 ppm corresponding to the methyleneof fragmentation in the MS experimeHthowever, in all cases
in the aza-crown units (Figure 1A,C). When"K20 molar the fully substituted species exhibit by far the highest abundance.
equiv) was added to the solution &fthe aza-crown methylene  When the MALDI-TOF mass spectra of compourids4 were
proton signals split and shifted downfield (to 3.89, 3.82, 3.71, registered on doping the matrix with Nal, the spectra showed
and 3.69 ppm), due to cation complexation by the aza-crown [M + Na']* as the most intense peak, with a higher ionization
unit, which also causes significant perturbations in the reso- efficiency compared to those of the rest of the peaks in the same
nances of the cyclopentadienyl protons (Figure 1B). These spectrum and also compared to those of the respective spectra
changes were accompanied by the signals for the amide NHwithout Nal. In this sense, the spectrum%®fegistered using
proton moving upfield to 8.18 ppm because cation complexation only ditranol as matrix showed no significant results but, after
prevents hydrogen bonding between the amide proton and theaddition of Nal as cationization compound, a peak centered at
oxygen atoms of the aza-crown ether. Interestingly, upon m/z 9732 was observed which matches the calculated value for
addition of 5 molar equiv of F to the solution containing [M + Na‘]™.
complex2 and 20 molar equiv of K, the amide proton signal Electrospray ionization mass spectrometry was used to
shifted downfield slightly to 8.23 ppm, which indicated a weak analyze mixtures containingjand a 4-fold excess of KSCN in
hydrogen-bonding interaction with~F while the aza-crown methanol an@® and an 8-fold excess of KRIh acetone. Singly,
signals remained unchanged. doubly, and triply charged complexes of the different dendritic
To further investigate the fluoride anion binding properties aggregates were observed according to the peak spacing of their
of 2 in solution,'H NMR titration with TBAF was carried out. ~ 1Sotope patternsAm/z =1, 0.5, 0.33, respectively. The ESI-
The resulting titration curve generated from the change in TOF mass spectrum & (8.6 x 10°° M) in the presence of
chemical shift of the NH proton upon addition of the anion (see KPFs (8 equiv) in acetone (Figure 2) exhibits two series of
the Supporting Information) suggests a receptrion stoi-  quidistant signals wittAm/z = 61.3 andA.m/z = 92. Since

chiometry of 1:1. The computer program EQNMRvas used the corresponding cations are triply and dpubly charged, the
to estimate the binding constant, resulting in a value of 52 M @pparent distance translates into a mass difference of 184 Da,
(error <19%). In the presence of 2 molar equiv of fluoride anion Which is in agreement with a successive association of KPF

a significant downfield shift40 = 0.59) was observed for the ~ Molecules.

amide NH protons of (Figure 1D), which is consistent with The electrochemistry of the new ferrocenyl aza-crown ether
the hydrogen-bonding interaction between the fluoride anion terminated dendrimers has been examined by cyclic voltammetry
and the amide group. Figure 1E shows the slight upfield shift in dichloromethane solution with tetrabutylammonium hexafluo-
of the NH resonance d in the presence of 2 equiv of KRF ~ rophophate (TBAH) as the supporting electrolyte. A representa-
(to 8.31 ppm), and upon addition of 2 equiv of TBAF to this tive voltammogram is shown in Figure 3. For each dendrimer,
solution, the NH resonance is very slightly downfield shifted the cyclic voltammograms (CVs) show a single reversible
again to 8.36 ppm (Figure 1F). From these results we can 0Xidation wave. This finding reveals that there is no electronic
conclude that the presence of Weakens the hydrogen bonding  communication between the multiple ferrocenyl centers in one

between the fluoride anion and the amide groug jprobably dendrimer. The observed half-wave potentidg are all in
due to the ion-pairing interaction"k-F-. the ranget0.72 to+0.78 V vs SCE, and they tend to increase

MALDI-TOF mass specta showed peskerd 1001 or 00 SETSITE SeTeralon & ehecton o e e Sere
2,m/z2323.1 for3, andnvz 4785.3 for4, with isotopic patterns 9 g )

matching exactly the calculated values for the protonated coefficients, Do, upon  oxidation for the four ferrocenyl
dendrimers. The observation of some lower mass peaks

(11) Baytekin, B.; Werner, N.; Luppertz, F.; Engeser, M.; @yamann,
J.; Bitter, S.; Henkel, R.; Felder, T.; Schalley, C.IAt. J. Mass Spectrom
(10) Hynes, M. JJ. Chem. Soc., Dalton Tran%993 311. 2006 249-250 138.




Communications

812.97

750

700

Aymiz=61.3

600 —>

Intensity (counts)
8
[e2]
;‘ -
3

500 | 1199.96

A,miz =92

350 —>|

250

200+

150 H
' 935.59
"4

600 700 800 900

781

Intensity (counts)
g

—i

1291.93

il .

[M +2K*+ H*]*
800.31

1383.90 | 1475.87
Ve

Organometallics, Vol. 25, No. 15, 208661

M+ 3K*]*
812.97

[M + 2K*]?
1199.96

BNYEBEBEEEEEEES

Intensity (counts)

o [M + K+ H+]2+
120 1180.98
miz (amu) 100
& i
o] [M+2H J #
1161.99
i ‘L ) M“

i i
1155 1180 1185 1170 1175 1180 1185 1180 1195 1200 1205
m/z (amu)

M+K*T*
2360.96

m/z (amu)

1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 2100 2200 2300 2400 2500

Figure 2. ESI-TOF mass spectrum 8fin the presence of KRK8 equiv). Additional peaks corresponding to'N&ggregates are observed
(denoted with #) and are due to the presence of ah tikece impurity which is common in the instrument line and glassware.

10

51

Current ( uA)

15 1 1

1.4 1.2 1.0 0:8 0:6
E (V vs SCE)

0.4

0.2

0.0

Modification of Pt and glassy-carbon electrodes with these
organometallic dendrimers is possible. The deposition of the
dendrimers has been carried out either by controlled-potential
electrolysis at+1.10 V or by repeated cycling between 0 and
+1.30 V vs SCE, in degassed dendrimer-containingCli
solutions. Unfortunately, the electrodeposited films of these
dendrimers are unstable to extended electrochemical cycling in
CH,CI, or agqueous solution.

In conclusion, we have developed a synthetic approach to
ferrocenyl dendrimers decorated with aza-crown ethers which,
to the best of our knowledge, illustrate the first examples of
redox-active organometallic heteroditopic dendrimers. Prelimi-
nary NMR studies confirmed that the dendrimers are capable
of simultaneous coordination to cations and anions, thanks to

Figure 3. Representative cyclic voltammogram obtained with a pe presence of aza-crown ether and amide binding sites. NMR

GC working electrode (0.07 cinin solution containing dendrimer
4 (1 mM in ferrocene centers) and TBAH (0.1 M) in @El,. Scan

rate: 0.10 V s

dendrimers in CELCl, have been calculated from C¥resulting
in values ofD, = 4.9x 1076, 2.8x 1076 2.6 x 1077, and 1.3
x 1077 cm? s71 for 2—5, respectively. As expected, values of

and electrochemical studies on the binding and sensing of
different guests by these dendrimers are currently in progress.
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