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A novel series of triazine-appended macrocyclic complexes has been investigated as potential hydrogen bonding
receptors for complementarily disposed heterocycles. Cocrystallization of a melamine-appended azacyclam complex
of Cu" has been achieved with barbitone, the barbiturate anion and thymine. In each case, a complementary
DAD/ADA hydrogen bonding motif between the melamine group and the heterocycle has been identified by X-ray
crystallography. Electrochemical studies of the copper macrocycles in both nonaqueous and aqueous solution
show anodic shifts of the Cu" redox couple of more than 60 mV upon addition of guest molecules with matching
H-bonding motifs. The Zn" analogues have been synthesized via transmetalation of the Cu" complex, and their
guest binding properties investigated by NMR spectroscopy. *H NMR shifts of up to 0.8 ppm were observed upon
addition of guest, and stability constants are similar to those obtained electrochemically.

Introduction 4,4-bipyridinium residues (viologens) are effective redox
) - ) active receptofsas are other organic redox receptors such
A redox active receptor traditionally consists of two ¢ 9,10-phenanthrenequinone and 1,8-naphthalifriiéer

components, a redox active center in close proximity 10 & 4 co-workers have attached the redox active ferrocene
binding site! Cations and anions, being charged entities, subunit to both calixarenesand cavitands to produce
create an electrostatic field around themselves. When bo“ndreceptors capable of binding small solvent molecules such
to a receptor, this electrostatic field exerts an effect on the ;4 DME, DMSO, or EtOH. Tucker and co-workers have also
redox subunit, altering its redox potential. So in effect, this e the ferrocene subunit to produce redox active neutral
electrostatic field is the means by which communication ,qecule receptors that are complementary to carboxylic
between subunits of a receptor occurs. A more challenging 4iqs8 The same group has reported a nucleobase receptor

problem is the design_of redox active re_ceptors for neutral comprising a Zh—cyclen complex attached to a redox active
molecules. Electrostatic hesguest attractive forces cannot anthraquinone moieyThis molecule binds thymidine and

be utilized for guest bindingHowever, noncovalentinterac- | igine selectively. The ferrocenylboronic acid derivatives

tions such as hydrogen bonding ame-r stacking are o shinkai and co-workers detect the presence of saccha-
strongly direction-dependent and may be useful for binding (jjes10 4jthough these rely on covalent modification of host
neutral guests. The interaction between host and guest must, guest, rather than noncovalent interactions
produce a measurable change in the redox potential of the
host through either a guest-induced conformational change (4) (a) Odell, B.; Reddington, M. V.; Slawin, A. M. Z.; Spencer, N.;
or polarization of a nearby functional group. Several notable ~ 3'°qdar fb)FL’i"Vevr']'t"hszF'{Jhmg%?t‘ﬁ' ghﬁz\qhél'mc'ri%fg%ggg
examples of redox active neutral molecule receptors exist.  3733. (c) Smith, E. A.; Lilienthal, R. R.; Fonseca, R. J.; Smith, D. K.
Diederich and co-workers synthesized one of the first redox ~ Anal. Chem1994 66, 3013. (d) Fonseca, R. J.; Colina, J. T.; Smith,
. : . . . D. K. J. Electroanal. Chem1992 340, 341. (e) Bernardo, A. R;;
active molecular receptors in 199@sing an isoalloxazine Stoddart, J, F.: Kaifer, A. EJ. Am. Chem. S0d.992 114 10624.
moiety incorporated into a cyclophane. Electron-deficient (5) (a) Ge, Y.; Smith, D. KAnal. Chem.200Q 72, 1860. (b) Ge, Y.;
Lilienthal, R. R.; Smith, D. KJ. Am. Chem. S0d 996 118 3976.
(6) (a) Beer, P. D.; Chen, Z.; Drew, M. G. B.; Gale, P.JAChem. Soc.,
* To whom correspondence should be addressed. E-mail: P.Bernhardt@ Chem. Commurl995 1851. (b) Beer, P. D.; Gale, P. A.; Chen, Z,;

mailbox.uqg.edu.au. Drew, M. G. B.Supramol. Chem1996 241.

(1) Beer, P. D.; Gale, P. A.; Chen, 4. Chem Soc., Dalton Tran§999 (7) (a) Beer, P. D.; Drew, M. G. B.; Ibbotson, A.; Tite, E. Chem.
1897. Commun.1988 1498. (b) Beer, P. D.; Tite, E. L.; Drew, M. G. B;

(2) Kaifer, A. E.; Mendoza, S. InComprehensgie Supramolecular Ibbotson, A.J. Chem. Soc., Dalton Tran99Q 2543.
Chemistry Gokel, G. W., Ed.; Pergamon: Elmsford, NY, 1996; Vol. (8) Carr, J. D.; Lambert, L.; Hibbs, D. E.; Hursthouse, M. B.; Malid, K.
1, p 701. M. A.; Tucker, J. H. RChem. Commuril997, 1649.

(3) Seward, E. M.; Hopkins, R. B.; Sauerer, W.; Tam, S.-W.; Diederich, (9) Tucker, J. H. R.; Shionoya, M.; Koike, T.; Kimura, Bull. Chem.
F.J. Am. Chem. Sod.99Q 112, 1783. Soc. Jpnl1995 68, 2465.
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Chart 1 (Hg) was added, and the mixture refluxed for 1 h, to afford a
/\ NH, / 0 colorless solution. The mixture was filtered and then concentrated
HN_ NH =< AN NH— N‘( to give a colorless solid (0.31 g, 97% yield). Calcd foptd;
N <: o _</ " g g, y Mo
/CU\ —/N-—~<\ /N HN/ \NH_/N _ CloN1gO10Zn: C, 23.67; H, 4.97; N, 23.01. Found: C, 23.60; H,
HN\__/N” N—( “_< 4.63; N, 22.951H NMR (200 MHz, CD,CN): 1.6-2.0 (m), 2.4
NH; NHa 3.3 (M), 3.49 (broad s), 3:8.1 (m), 5.32 (d), and 5.95 ppm (broad
[Cul"P* [CuLy? s). 13C NMR (200 MHz, CQCN): 28.6, 44.5, 48.0, 50.1, 63.2,
o 167.0, 168.6 ppm. Infrared: 3443, 3215, 2946, 2865, 1667, 1623,
P _{0 1556, 1486, 1454, 1414, 1339, 1288, 1113, 1085, 980, 952, 883,
o o o » 7 N 813, 627 cm.
HN—< HN_< \ (6-(6-Amino-1'H-1'3'5'-triazine-4'-one)-1,4,6,8,11-pentaaza-
o} o 5 cyclotetradecane)zinc(ll) Perchlorate Trihydrate, [ZnLZ|(CIO 4),.*
barbituric acid barbitone thymine 3H,0. The zipc complex of Ewas prepgred in a manner similar
to the melamine analogue [ZH(CIO,),, in 88% yield. Calcd for
NH, o o C12H31CINgO12ZN0: C, 22.96; H, 4.98; N, 20.08. Found: C, 23.18;
(—{\ HZN_/< H, 4.43; N, 19.99!H NMR (200 MHz, CQ:CN): 1.78 (m), 2.6-
N NH NH 3.2 (m), 3.48 (m, broad), 4.08 (m), 5.05 (m), 5.46 (dd), 6.56 (s,
HN—§ H2N—< broad).13C NMR (200 MHz, CRCN): 28.7, 44.6, 45.7, 47.8, 47.9,
o] o] 0 49.9, 50.3, 63.2, 63.4, 159.2, 161.5, 166.7 ppm. Infrared: 3216,
cytosine biuret succinimide 2935, 2867, 1674, 1652, 1628, 1558, 1506, 1472, 1423, 1404, 1338,

1287, 1146, 1113, 1080, 998, 947, 928, 885, 796, 625'cm

Previously, we reported syntheses and characterization of Cocrystals. (6-(4,6-Diamino-1'35-triazinyl)-1,4,6,8,11-pen-
azacyclam Clicomplexes appended with melaminé)(and taazacyclotetradecane)copper(ll) Barbiturate Hydrogencar-

. . . PR, bonate Heptahydrate, [CuLt](HCO 3):(C4H3N,03)-7H,0. Vapor
ammeline (E) tr|a2|n§ rngs (Ch_art 1y Triazines have well- . _diffusion of EtOH into a concentrated aqueous solution of [GuL
documented H-bonding properties. For example, the melamingcyq,), parbituric acid, and N&Os (1:2:1 molar ratio) afforded
ring in L! presents a three-point donor/acceptor/donor (DAD) crystals suitable for X-ray diffraction.

H-bonding edge comprising the apical ring N-atom flanked (5_(# 6-Diamino-1'35-triazinyl)-1,4,6,8,11-pentaazacyclotet-
by the two NH groups. There are many biologically active radecane)copper(ll) Sesquiperchlorate Hemiiodide 5,5-Dieth-
heterocycles (barbiturates, nucleic bases) that offer a compleylbarbituric acid, [CuL (ClO 4)1 5l 05" (CsH12N-O3). Vapor diffu-
mentary (ADA) H-bonding pattern to melamifeand as sion of 2-propanol into a concentrated aqueous solution of
such, they are ideal targets for receptors such ‘asThe [CUL'J(ClO,)2 (1 equiv), barbitone (2 equiv), and a trace of Nal
redox active metal ion (C) bound within the macrocyclic ~ 9ave crystals suitable for X-ray diffraction.

ring offers an electrochemical signal that is sensitive to  (6-(4,6-Diamino-1'3'5-triazinyl)-1,4,6,8,11-pentaazacyclotet-
H-bonding hostguest interactions. In this work, we will ~ radecane)copper(il) Diperchlorate Thymine Trihydrate, [CuL *]-
show that complexes such as [Ci* are both sensitive and ~ (104)2:(CsHeN202)-3H,0. Vapor diffusion of 2-propanol into a
selective redox active receptors for a range of biologically c0rcentrated agueous solution of [CUCIO.), and thymine in 1:2

. . . ratio gave crystals suitable for X-ray work.

important neutral guest molecules. The corresponding dia-

. . Physical Methods.Cyclic voltammetry was performed using a
magnetic ZH complexes have also been prepared, and their g A5 "100B/W analyzer employing a glassy carbon working

guest binding has been investigated by NMR spectroscopy.gjectrode, a platinum auxiliary electrode, and a nonaqueous Ag/
AgNO; reference electrode. Cyclic voltammetry was also performed
Experimental Section on a hanging mercury drop electrode, using a Princeton Applied
Research 303 SMDE, with a Ag/AgCl reference electrode and a
platinum wire counter electrode. Differential pulse polarography
'was performed on the same instrument. All solutions were 0.1 M
in E4yNCIO, and were purged with Nbefore measurement. The
stoichiometry of each electron-transfer process was established by

Safety Note.Perchlorate salts are potentially explosive. Although
no problems were experienced with the compounds synthesized
they should only be handled in small quantities, never scraped from
sintered glass frits, nor heated in the solid state.

Syntheses [CULY(ClO4)2"2H,0 and [Cul](CIOy), were syn- wave-height comparisons with known one-electron redox processes.
thesized according to published methé#s. Infrared spectra of compounds dispersed as KBr disks were
Transmetalations. (6-(4,6'-Diamino-1'3'5'-triazinyl)-1,4,6,8,- measured on a Perkin-Elmer series 1600 FT-IR instrument. NMR

11-pentaazacyclotetradecane)zinc(ll) Perchlorate Dihydrate, spectra were measured on Bruker AC200 FT and Bruker AMX400
[ZnL (ClO4)2:2H,0. The zinc analogue was prepared using a instruments. All chemical shifts are cited versus the methyl

modified transmetalation procedufe[CuL'](ClO,),:2H,0 (0.32 resonance of sodium 3-(trimethylsilyl)-propane sulfonate.

g, 0.5 mmol) was dissolved in 25 mL GEN, and the solution X-ray Crystallography. Cell constants were determined by a

was purged with Blfor 10 min. Approximately 1.6 g of 2% Zn- least-squares fit to the setting parameters of 25 independent
reflections measured on an Enraf-Nonius CAD4 four-circle dif-

(10) Ori, A.; Shinkai, SJ. Chem. Soc., Chem. Comma895 1771. fractometer employing graphite-monochromated Mo tédiation

(11) Bernhardt, P. V.; Hayes, E. lhorg. Chem.1998 37, 4214. (0.71073 A) and operating in the—20 scan mode within the range

(12) (a) Whitesides, G. M.; Simanek, E. E.; Mathias, J. P.; Seto, C. T.; 90 ~ < ; :
Chin, D. N.; Mammen, M.; Gordon, DAcc. Chem. Resl995 28, 2 20 < 50°. Data reduction was performed with XCAB4

37. (b) Lehn, J.-M.; Mascal, M.; DeCian, A.; Fischer,JJ.Chem.
Soc., Chem. Commut99Q 479. (14) Harms, K.; Wocadlo, SCAD4 Data Reductiaon University of
(13) Lampeka, Y. D.; Tsymbal, L. \Russ. J. Inorg. Chen200Q 45, 1049. Marburg: Marburg, Germany, 1995.
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Table 1. Crystal Data

[CULY(HCO3):  [CuLY(ClO4)1slos  [CuLl](ClO4),:
(C4H3N203)-7H,0O (CgH12N203) (CsHgN202)-3H,0
formula Ci7H44Cu- CgoH38C|1_5CU- C17H38C|2CU-
N12013 l0.sN1209 N12013

fw 688.18 770.79 753.03
space group P1 (No. 2) P1(No. 2) P2;/n (No. 14}
a A 8.6441(7) 11.715(1) 7.275(2)
b, A 9.097(1) 12.108(1) 25.739(4)
¢ A 20.291(2) 13.423(2) 16.352(3)
o, deg 79.122(8) 93.58(1)
B, deg 79.505(7) 108.33(1) 95.50(1)
v, deg 71.063(8) 108.82(1)
V, A3 1469.5(2) 1682.1(3) 3048(1)
Z 2 2 4 5
T.°c 23 23 23 Figure 1. ORTEP plot of the [Culj2*/barbiturate adduct (30% probability
4,C L 0.71073 0.71073 0.71073 ellipsoids). Counterions and water molecules omitted. Selected H-bonding
pome 825 12.89 9.73 contacts: N1B-H1B1-+-N7 2.04 A, 174.9 (N1B-+-N7 2.90 A); N9-HIA-
Peaicd g T 1.555 1.522 1.641 --03B 2.03 A, 177.8 (N9---03B 2.89 A); N16-H10A+-O2B 2.09 A,
WR2(F)° 0.1041 0.2315 0.1902

aVariant of P2i/c. ® R(Fo) = Y ||Fo| — |Fel|/Y |Fol. ¢ WR2(F?) = (I W(Fo?
— FAITWRAY2

Scheme 1

NH
=0

within the WINGX suite of programs. Structures were solved by g 0}; NH

direct methods with SHELXS8Band refined by full-matrix least- C"N NHA =<,&a_ A
. . . Cu. N H----OHp

squares analysis with SHELXL9?.All calculations were done HN" "NH~ °

within the WINGX package of programgDrawings of molecules HN—H""O NH

were produced with ORTEFP3.Crystal data appear in Table 1. "ﬁ' iiN)io

Specific refinement details for each structure follow. o]

[CuL YJ(HCO3)(C4H3N,03)-7H;0. All non-H atoms were re- VD PR L
fined with anisotropic thermal parameters. Ligand and barbiturate CHNP“\NHJ w * ;:szo
H-atoms were constrained at calculated positions using a riding / N-H O

model. Water and bicarbonate H-atoms were located from difference H \l-izolco3

maps and then restrained at those positions. HN_H___
[CUL 1](C|O4)1.5| 0'5’(C8H 12N203). The relatively low number of <: Cu/NHF\ = H ° B
observed reflections could not support anisotropic refinement of ‘NHJN_Q N H”}_NH °
N~H--0

all non-H atoms. Atoms C1C5, C11, and C15C18 were refined
isotropically. One of the barbitone ethyl groups was rotationally
disordered, and the two contributors C20A and C20B were refined

at 50% occupancy. The axially bound perchlorate (C2-081) complex is protonated by barbituric adftWe reasoned that

was restrained to 50% occupancy. if 1 equiv of a weak base was added to a mixture of [§#iL
[CUL J(CIO 2)»+(CsHeN205)-3H,0. Non-H atoms were refined ~ @nd barbituric acid, then the DAD/ADA H-bonded adduct
with anisotropic thermal parameters, except for disordered per- (Structure B in Scheme 1) should be accessible.
chlorate O-atoms (O8A011A/08B-011B), which were refined Figure 1 shows the resulting structure where the anticipated
with complementary occupancies and isotropic thermal parameters three-point H-bonded adduct between [C@EL and the
barbiturate anion has been achieved. The H-bonding dis-
tances (N--H and O--H) within this motif lie in the range
2.0-2.1 A, and the N-H:--A angles are close to linear. The
melamine and barbiturate rings are essentially coplanar.
This three-pronged H-bonding motif is omnipotent in solid

Results and Discussion

Cocrystals of [CuL]?". The H-bonding capabilities of
the complex [Cul]?" are now well-established:’® The
DAD H-bonding array of the melamine moiety may be

satisfied by a three-point H-bonding structure (Etter motif
R%(12¢% when coupled with heterocycles bearing the
complementary ADA pattern. The protonated form of the

state structural chemistry. A survey of the Cambridge
Crystallographic Database revealed that the same DAD/ADA
H-bonding motif is found in 97% of all structures where

macrocycle [Cu(HB)]3" bears a DDD H-bond array; this  both H-bonding components are pres&rithe protonation
disrupts the resulting H-bonding, as shown in Scheme 1 sites of the barbiturate anion were identified from difference
(structure A) where a zwitterionic adduct forms when the maps during refinement. As can be seen, the methylene group
(C2B) of the parent acid has been singly deprotonated, and
a pseudoaromatic heterocyclic ring is formed. The €1B
O1B bond (1.283(7) A) is somewhat longer than the
remaining C-O bonds (C3B-0O2B 1.258(7) A, C4B-O3B
1.226(7) A) suggesting that most of the negative charge

(15) Sheldrick, G. MActa Crystallogr., Sect. A99Q 46, 467.

(16) Sheldrick, G. M.Programs for Crystal Structure Analysis (Release
97-2), Institut fr Anorganische Chemie, Universt@attingen: Ga-
tingen, Germany, 1998.

(17) Farrugia, L. JJ. Appl. Crystallogr.1999 32, 837.

(18) Farrugia, L. JJ. Appl. Crystallogr.1997, 30, 565.

(19) Bernhardt, P. Vinorg. Chem.1999 38, 3481.

(20) Etter, M. C.; MacDonald, J. C.; Bernstein Atta Crystallogr., Sect.
B 199Q 46, 256.

(21) Allen, F. H.; Raithby, P. R.; Shields, G. P.; Taylor,Ghem. Commun.
1998 1043.
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Figure 3. ORTEP plot of the [Cul]?*/thymine adduct (30% probability
ellipsoids). Counterions and water molecules omitted. Selected H-bonding
contacts: N1+H11---N7 2.08 A, 176.1 (N11---N7 2.94 A); N9-H9C:

02 2.18 A, 176.0(N9---03B 3.03 A); N16-H10A---01 2.06 A, 169.2
(N10-:-02B 2.91 A).

Figure 2. ORTEP plot of the [Culj2+/barbitone adduct (30% probability ~ 2-18 A. The Cti environment comprises the four macrocyclic
ellipsoids). Counterions and water molecules omitted. Selected H-bonding Cu—N bonds (2.004(72.025(7) A) and axially bound

contacts: N12H12B+++N7 2.05 A, 160.9 (N1B+-N7 2.88 A): NO-HID- perchlorate ligands (GtO3 2.513(7) A: C-O4' (x — 1. y
;;\?15(,}%(1)22,3,31.%2%@---033 2.96 A); N10-H10A+-02B 2.22 A, 157.3 2) 2.597(6) A). The perchlorate ligand bridges adjacerit Cu

centers to form a chain parallel with tleaxis.
resides on O1B. The coordination environment of the metal  Electrochemical Binding Studies Solution electrochemi-
center is tetragonally elongated octahedral with-Giibond cal studies were undertaken to test the effectiveness of
lengths in the expected range (2.004(8)041(5) A). Weakly =~ complexes such as [CE2* as redox active receptors. The
bound aqua ligands (GtO 2.357(4) and 2.621(5) A) occupy method of electrochemical detection is based on a shift in
the axial coordination sites, with the axial elongation arising the host redox potential AE) as a function of guest
from Jahn-Teller distortion of the #lelectronic ground state. ~ concentration according to eq 1
The macrocyclic ring itself adopts the commtnansI|
(RRS$% configuration of its N-donors, with two secondary AE = RT
amine protons pointing up and the other two dd@ithis F
is the most commonly encountered coordination mode in
cyclam complexes, and it allows the two six-membered WhereKq andKreqcorrespond to the 1:1 host/guest complex
chelate rings to adopt the energetically favorable chair in the divalent and monovalent forms of the receptor,
conformation, although one of these rings is distinctly respectively, and the other terms have their usual me&ning.
flattened due to the presence of the trigonal planar N-atom The copper center is sensitive to changes at the melamine
(N5). All structures of [Cul]2* determined to date possess Moiety, since protonation of aring N on the melamine results

1)

1+ K Jguest
1+ K, Jguest]

this conformation. The melamine ring and the Guiane  in @ positive shift in the Clf potential**

approach orthogonality (CertN5---N7 113.F) as a conse- Neutral guest molecules chosen for investigation electro-
quence of the steric requirements of the substituted six- chemically were barbitone, thymine, biuret and cytosine.
membered chelate ring. Although succinimide has an ADA H-bonding edge, it is

Cocrystallization of the charge neutral barbitone with not suitable for electrochemical studies due to its own redox

[CuL12+ was also achieved. Figure 2 shows the structure of activity. It is reduced to the succinimide radical anion in
the H-bonded adduct. The three-point H-bonding motif is acetonitrile or DMF, giving an irreversible response, with a
once again apparent, and the H-bond distances are similarcathc’df peak near1.5 V (vs SCE}’ (about—1.1 V vs

to those in the barbiturate structure. The angles subtended9/Ag™ in our own experiments), which overlaps with the
at each H-atom are distorted by abouf 2fbm linearity. Cu" potential in these systems. Potentials were measured
This distortion is related to a twisting of the nominally USing either cyclic voltammetry for reversible systems or
coplanar melamine and barbitone rings (dihedral angle N9 Sduare wave vo_Itammetry for quasireversible ones. Binding
N7—N12—05 14.9). Given that the barbiturate anion and Was measured in GJEN, DMF, and a 50% aqueous MeCN
barbitone rings present identical H-bonding patterns, the Solution. Water is a very competitive H-bonding solvent, and
ruffled H-bonding motif identified in this structure is most ItS Presence inevitably results in a decrease in the observed
likely attributable to packing effects. The Cenvironment ~ formation constants. However, the use of water in solvent
comprises four macrocyclic GtN bonds (2.00(2)2.01(2) mixtures allows dissolution of a greater range of guest

A) and axially bound iodo (Cal 3.121(3) A) and perchlorate molecules, and studies in aqueous solution are particularly
anions (Ca-O 2.72(2) A), each at half-occupancy. interesting, since few neutral molecule receptors are effective

in this medium. For this reason, all electrochemical data are
reported in 50% aqueous MeCN.

The electrochemical reversibility of the ®ucouples in
50% aqueous MeCN was a useful feature. Copper(ll)

The thymine cocrystal of [CUll?" was isolated, and its
structure is illustrated in Figure 3. In this case, the melamine
and thymine rings are close to coplanarity, and the H-bond
contacts within the three-point motif are in the range 2:06

(23) Moore, M. W.; Finkelstein, M.; Ross, S. Detrahedron198Q 36,
(22) Bosnich, B.; Poon, C. K.; Tobe, M. llnorg. Chem.1965 4, 1102. 727.
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8e-5+ 0 equiv removed all H-bonding between the host and guest. Evi-
0.5 dently, the three-point H-bonding between the melamine

6e-5- 1.3 s group and barbitone is sufficiently strong that as much as a

2 sl ’ 50% aqueous solvent m|xt_ure does not grea_tly aﬁef:t_ _the
z ) outcome. Higher concentrations of water led to irreversibility
§ rers of the CU" couple so this could not be examined in greater
° detail. Furthermore, this solvent mixture was found to be
0 effective for all the other guest molecules investigated, so
other ratios of MeCN to water were not considered. Experi-

-2e-57 ments were also conducted with the guest molecules cytosine
and biuret. Biuret, which is effectively a dimer of urea, does

800 -1000  -1200 ‘ possess an ADA pattern, and binding to [G}dt was indeed

apparent. In contrast, cytosine has a DAA H-bonding pattern
E (mV vs Ag/Ag) and as such is incompatible with [CHE. Indeed, titrations
Figure 4. Cyclic voltammograms of [Cul}*" upon addition of barbitone  \wjth cytosine gave no significant shifts in the @yotential,
(50:50 CHCN/H,O, molar equivalents of barbitone shown). suggesting that no binding is occurring. Similarly, titration
Table 2. Formation Constants (Iolfox/10g Kred) for 1:1 Adduct of the protonated complex [Cu(H)}*t (DDD) with ADA

Formation with the Oxidized and Reduced Receptor Determined from  gyests at low pH gave no significant change in the redox
Electrochemical Titrations (50% Aqueous MeCN)

potential.

[CuLy2 [CuL?? The ammeline appended analogue [@J&Ldemonstrated
oa K B;fsbiione ) a distinctly different selectivity. If present as the keto
Igg K 1:5253 it tautomer, [CuBJ2* has an ADD hydrogen bonding pattern.

Thymine Titration with barbitone (ADA) showed no shift in the &u
log Kred 2.9(1) nb redox potential. Titration of [Cuf]?>* with cytosine (DAA)
log Kox nb nb results in a significant anodic shift and measurable formation

Biuret constants. On this basis, we conclude that [§#ilis indeed
10g Kreq 3.1Q2) nb present in its keto form, which was also identified in the
log Kox 2.6(2) nb
_ X-ray structure of the complei.

Cytosine . . .
log Kred nb 2.6(1) Transmetalation. In order to validate the electrochemi-
log Kox nb 2.0(4) cally determined binding constants, a complementary tech-

anb indicates no apparent or insignificant binding constant. nique was pursued for the characterization of the H-bonded

adducts in solution: in this case, NMR spectroscopy. For

tetraaza-macrocyclic complexes invariably exhibit irrevers- this reason, the diamagnetic 'Zeomplexes of £ and L2
ible electrochemistry in aqueous solution. However, as seenwere prepared by reductive transmetalation of theit' Cu
in Figure 4, the responses are reversible. It would appearanalogues. Pentaaza macrocycles suchtaseé_unstable in
that the acetonitrile present slows disproportionation of the the absence of a bound metal. This is due to the susceptibility
monovalent [Cul]* to a negligible rate on the voltammetric  of the saturated NC—N (aminal) linkages within the six-
time scale. membered chelated ring toward hydroly&igor this reason,

The voltammograms show the presence of a single couplethe ligands E and L2 were originally synthesized via Cu
that shifts anodically with added guest, which is indicative template reactions and isolated as their ensuing complex.
of weak binding The guest-induced anodic shifts are Other metal templates proved problematic, so a diamagnetic
consistent with the Cu center being most sensitive to H-bond metal (Zr') was introduced via reductive transmetalation.
donation at the apical triazine ring N-atom by the-N Traditional methods (Zn/HCI, N&) of reduction were too
moiety of the guest, akin to protonatiéhThe triazine NH harsh, but the transmetalation procedure of Lampeka and co-
groups, which act as H-bond donors to the guest carbonylworkers utilized relatively mild conditions of zinc amalgam
O-atoms, should exert an electron-withdrawing influence on in dry acetonitrile under nitroge¥s.
the host and hence a cathodic shift on thé"Cpotential. NMR Titrations. NMR spectroscopy is commonly used
The experimental data suggest that this influence is very for the determination of small binding constants. It may also
weak by comparison, presumably due to the remoteness ofpe used to identify which groups, if any, are actually
these groups from the metal center relative to the apical participating in H-bond formation. In the crossover from the
triazine ring N-atom. paramagnetic Cuto the diamagnetic Zhanalogues, we

Examination of the formation constants presented in Table assume that the inductive effect of a complexed m
2 shows that the systems are indeed bound quite weakly,should be comparable to that of the'Guomplex, so binding
with values on the order of 2M~* for Kiegand 10 M for constants determined electrochemically and by NMR should
Kox. Binding constants are of the same order of magnitude be similar. Both metals are divalent, and of a similar ionic

for barbitone in both pure acetonitrile (data not shown) and radius (0.72 A for C&t, 0.74 A for Zr#+)% so their electronic
the 50% acetonitrile/water solvent mixture (Table 2). This

is notable, as the competitive nature of water might have (24) Suh, M. PInorg. Chem.198§ 27, 2544.
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influences on the guest should be quite similar. It is assumed A3 (ppm)

that a similar solution structure is retained upon transmeta- .
lation, with solvent molecules occupying the axial coordina- 02 7

tion sites and the macrocycle encircling the metal. The NMR .

data are consistent with this, with a mirror plane symmetry 0.1 1

element apparent from tHéC NMR spectrum of [ZnE]?".

Asymmetry of the ammeline ring in [Zf]?* renders all 01 1

C-atoms magnetically inequivalent. Nevertheless, the posi- o’

tions of the corresponding pairs &iC resonances match 00 7 e

those of higher symmetry [ZA]?*, and thetransisomer of Y

[ZnL?)?" is again assigned on this basis. ' ' '

The melamine proton signals of [ZHE" appearing at 0 0.05 0.10 0.15
around 6 ppm were used as a signal of H-bonding interac-
tions. This is a relatively broad peak, due to proton exchange
processes. Binding was measured in acetonitrile, acetone
and DMSO. The titration procedure was essentially the same
as that employed in the electrochemical procedures. TheTable 3. Formation Constants (lolf) for 1:1 Adduct Formation

. . Determined from NMR Titrations of [Znl]2* (0.1 M solutions) with

guest molecule was added incrementally and the chemicalggpitone and Succinimide
shift observed. A titration curve was generated plotting guest

[succinimide] (M)

Figure 5. NMR titration curve (melaminéH resonance) of [Zn{]?" with
succinimide in CRCN. Curve shows fit to eq 2.

concentration against chemical shift, and the resulting curve CD?CN acetones
was fitted using a nonlinear least-squares analysis teq 2 log Ks Bf;b(g‘)’”e 203)
to generate the 1:1 complex stability constant: Smax (PPM) 0.7(1) 0.8(1)
n Succinimide
2 a . .
AS = % @ + 2 1-— \/1 + wn @) I(;)r?;(ppm) %%((13-5) Jb?‘f((30)5)
[Ril [ 2 2 32
constants obtained from our NMR titrations of the'Zn
S =[R] +i complexes are comparable to those obtained for thé Cu
K, complexes Kox) electrochemically. For example, barbitone
affords similar stability constants for both techniques, with
W=[R] - 1 log Kox Of 2.0 being determined for [CUl? and barbitone
K, in 100% acetonitrile (data not shown), compared withKog
1.9 for the reaction between [ZHB" and barbitone in the
whereAJ¢ is the observed change in chemical shtjmax same solvent. The remaining host-guest complexes could not
is the saturation valu&, andR, are the total concentrations  be studied by NMR and electrochemistry in the same solvent
of guest and receptor, ar, is the binding constant. system, so no other direct comparisons may be made using

As the concentration of guest increased, the melaminethese complementary techniques.
proton peak shifted downfield and broadened (Figure S1). The macrocycle [Zn]?* exhibits a slightly larger binding
Downfield *H NMR shifts occur due to electrostatic attraction constant for barbitone than succinimide, even though both
of the electronegative acceptor, in this case a carbonyl grouppossess the ADA pattern. The preference may be due to the
on the guest molecufé. Broadening can be attributed to  five-membered ring of succinimide, which is likely to prevent
exchange processes again. A sample titration curve can bahe carbonyl groups from a linear alignment with the
seen in Figure 5 with succinimide as the guest, and the melamine primary amines. It was also shown that the
formation constant data appear in Table 3. All curves protonated complex [Zn(H)]3* (DDD pattern) gave no
obtained were of a similar shape. It is apparent that there ischange in chemical shift upon addition of guest molecules
no leveling off after 1 equiv of guest is added, which can be with an ADA H-bonding array.
attributed to the formation of a weakly bound complex. This  The ammeline analogue [ZAJ?" has also been synthe-
is typical for H-bonded adducts in strongly polar solvefits.  sjzed, by the same simple method already detailed. Solubility
The binding constants in acetonitrile and acetone are veryconstraints meant that NMR studies of complementary
similar, particularly for barbitone, reflecting the similar molecules such as cytosine could not be undertaken in the
polarity and hydrogen bonding ability of these solvents. solvents available to us. However, titration of [Zt (ADD
When DMSO is the solvent, much reduced binding constants H-bonding array) with incompatible guests such as barbitone

were apparent, reflecting its greater competitiveness as aand succinimide (ADA) gave no significant variation in the
H-bond acceptor than MeCN or acetone. The binding triazine!H NMR resonances.

(25) CRC Handbook of Chemistry and Physié3rd ed.; Weas, B., Asthe, -

M., Eds.; CRC Press: Boca Raton, FL, 1982, Conclusions
g% pileox, C. /f'b(.::(‘,’frst'u';"ré%?tré‘ﬂgﬂa%”g('ielttlfsﬁ 27, 9563, The triazine-substituted macrocyclic complexes studied
(28) Lehn, J.-M.; Drain, C. M.; Russell, K. €hem. CommurL996 337. here have been shown to be effective neutral molecule
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receptors. Crystallographic evidence shows the presence oheutral guests at millimolar concentrations in mixed aqueous
the anticipated DAD/ADA hydrogen bonding motif in the solvents is notable. The selectivity that we have seen may
solid state. Solution binding studies by both electrochemistry be rationalized on the basis of a match or mismatch between
and NMR spectroscopy have shown that addition of gueststhe H-bonding preferences of the host and guest.

with complementary hydrogen bonding patterns leads to a
perturbation of the electronic environment of the receptor,
even in the presence of highly competitive solvents, including
water. Communication between the hydrogen bonding tri-
azine moiety and the macrocyclic redox active center has
been demonstrated. Negligible shifts in redox potential or
NMR chemical shift are observed for incompatible guest  Supporting Information Available: *'H NMR spectra of
molecules, indicating the selectivity of the receptors. Al- [ZnL']** as a function of added barbitone. Crystallographic
though these receptors are not sufficiently sensitive to beipformation in CIF format. This material is available free of charge
employed in the detection of submicromolar concentrations, Vi& the Intemet at http://pubs.acs.org.

the fact that they remain able to detect the presence of chargeco26000C
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