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Molecular Receptors for Adenine and Guanine Employing Metal Coordination,
Hydrogen-Bonding and n-Stacking Interactions

James E. Kickham, Stephen J. Loeb* and Shannon L. Murphy

Abstract: Thiacyclophane ligands 1 and 2,
containing a mera-xylyldithiaether unit,
an aromatic spacing unit and a polyether
chain, were prepared in good yield in a
threc-step synthesis. The macrocyclic
organopalladium  complexes  [Pd(L)-

Binding occurs through simultaneous
first- and second-sphere coordination.
This involves three separate interactions:
first-sphere ¢ donation from an aromatic
N atom to the Pd centre, second-sphere
hydrogen bonds between the NH, group

of the substrate and the electron-rich uro-
matic spacing units of the receptor.
'HNMR spectra exhibit chemical shift
changes indicative of the H-bonding and
n-stacking interactions in solution. X-ray
structures for thiacyclophane 1, metal-

(MeCN)JIBF,] (3: L =1; 4: L = 2) were
prepared through palladation of the re-
spective thiacyclophane ligand by reac-
tion with [Pd(MeCN) JBF,},. These
complexes act as metalloreceptors to aro-
matic amines such as p-aminopyridine
(pap), m-aminopyridine (map) and the

_ _ pi interactions
DNA nucleobases adenine and guanine.

Introduction

A substrate molecule may interact with a transition metal con-
taining receptor such that it occupics sites in both the first and
second coordination spheres. This phenomenon is known as
simultaneous first- and second-sphere coordination.!") We have
recently reported that organopalladium crown ether complexes
can act as metalloreceptors through o donation to the transition
metal (Pd) and hydrogen bonding to peripheral ether oxygen
sites on the ligand (Scheme 1).*! This type of multiple-point
binding has been applied to the molecular recognition of DNA
nucleobases cytosine!® and thymine,*! barbiturates,”? and

to)

»Substrate

qnm

Scheme 1. Schematic representation of a metallorceeptor capable of binding a sub-
strate molecule by employing a combination of 1) metal coordination, 2) = stack-
ing and 3) hydrogen bonding.
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and polycther O atoms, and & stacking
between the electron-poor aromatic rings
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loreceptor  [Pd(1)(MeCN)J[BF,]  (3),
metalloreceptor/model  substrate com-
plexes [Pd(D(pap)l[BF,] (8) and [Pd(2)-
(pap)l[BF,] (7). and metalloreceptor/nu-
cleobase complexcs [Pd(1)(adenine)][BF,]
(13), [Pd(2)(adenine)][BF,] (14) and
{Pd(1)(guanine-BF;)][BF,] (15b) show de-
tails of these interactions in the solid state.

amino acids'® as well as to the design of receptors for binding
amines and the hydrazinium ion.*’

Most metalloreceptors reported to date employ hydrogen
bonding as the primary noncovalent, second-sphere interaction
to bind a substrate.l? “%! There is, however, a great deal of re-
search into the design and synthesis of organic hosts that em-
ploy m-stacking interactions (Scheme 1),!”! since this type of
charge-transfer interaction has been identified as occurring be-
tweenn DNA base pairs in the double helix.[8!

In a previous communication, it was demonstrated that palla-
dium metalloreceptors based on thiacyclophane ligands 1 and 2
(Scheme 2) were sclective for the purine nucleobases adenine
and guanine over the pyrimidine nucleobases cytosine and
thymine.'* These preliminary binding studies suggested that the
organopalladium complexes act as metalloreceptors by employ-

=
o
s

Scheme 2. Thiacyclophanes 1 and 2 with para- and mera-substituted aromatic spac-
ing units, respectively, and crown ether binding sites.
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ing three different types of bonding interactions: & Table 1. Summary of crystallographic data for ligand 1. metalloreceptor 3 and complexes 5 and 7 with
. . ; del substrate p-aminopyridine (pap).

donation to the palladium centre, 7 stacking of the model substrate p-aminopyridine (pap)
substrate with the aromatic units of the receptor 1 3 5 7

and hydrogen bonding to the peripheral ether oxy-

. . . formuls C,,11,,0,8, C,oH . .BFE,NO,PAS, C,,H,.BF,N,0,PdS, C,,H,,BF,N,0,PdS,
gen sites (Scheme 1). In this article, we report the ;;mu ' 49’(‘;02;’ T ey T 7;23_9; M 78323_9; G
syntheses of these macrocyclic metalloreceptors a. A 15.157(4) 12.076(2) 14.329(3) 9.310(5)
along with the detailed solution and solid state b A 15.361(6) 12.314(2) 15.123(2) 24.202(5)
) L . . e A 5.658(2) 11.730(2) 3.832(1) 15.518(4)
investigations of their binding properties. 2" 99.96(3) 109.59(1) 99.04(1) _
B 93.20(3) 106.18(1) 97.22(2) 105.93(3)
“, 80.53(3) 75.73 (1) 114.83(2) -
. . space group P1 (no. 2) P71 (no.2) P1 (no. 2) P2,in (no. 14)
Results and Discussion V. A3 1279.2(8)  1555.3(4) 1675.8(6) 3362(2)
p.gem? 1.29 1.56 1.55 1.55
Synthesis and Ch ization of 1 and 2: This z . 2 2 :
ynthesis an aracterization of 1 and 2: . iacy- foom” ! 540 791 7 41 7.41
clophanes 1 and 2 were prepared by a straightfor- 2. A 0.7017 0.7017 0.7017 0.7017
ward, threc-step process employing commerciall r.°C 23 23 23 23
R p P 4p ymeg . .y goodness of fit  1.59 2.14 1.32 1.62
available starting materials as outlined in R(E). % [a] 345 418 351 519
Scheme 3 for 1. The ring closure step involved the R (F). % [b] 468 4.51 3.98 5.44

rcaction between dithiol and dichloride by Kel-
logg’s Cs*-mediated method in DMF solution.!”!
This synthetic route produced 1 and 2 as colour-
less, crystalline materials in moderate overall
yields of 20 and 34% based on the starting : ) C(28)
hydroxybenzyl alcohol.

[a] B =S/F| — IEUZIENL D] Ry = (Zw(lE| = [EDHZwI)Y and w =1i6*(F).

OH HO .
on s c@n
OTs TsQ 2 Na/EtOH C(24)
+ —— -
o o reflux, 22 h s} (o} A C(23)
OH - C(14
Q o HALSC =
_/ c@2)
c(13)(y c(21)
SOCI;Ipyridin CH2C12, C(12)fy
RT 0(4)
oMEM 0
c(15)
c(19)
% o@
_Cs:COJDMF (@\ . ce) ®)
o] o) )
55 °C 48h  sSH  SH & > cony )
0 O (o] o] Figurc 1. X-ray structure of thiacyclophane 1 showing the atom numbering
\ / / scheme.
1
Table 2. Selected bond lengths (A) and angles () for thiacyclophane 1.
Scheme 3. Qutline of the synthetic route to thiacyclophane 1.
S(H-C(7) 1.821(4) S(1)-C(8) 1.796(4)
S(2)-C(27) 1.806(4) S(2)-C(28) 1.817(4)
. o1y -C(12) 1.375(4) O(1)-C(15) 1.419(5)
The 'HNMR spectrum of 1 contains well-separated reso- 0(2) CU6) 1.423(5) 0(2;,(;E17) 1.417(5)
nances attributable to three sets of OCH, protons, two types of 0(3)- CU18) 1.414(5) 0(3)-C(19) 1.398(5)
. ) o o ) 0O(4)-C(20) 1.438(5) O(4)- C(21) 1.363(5)
benzylic protons and two. d1§tlngulshable sets of aromatic pro C)-CO8) 1503(5) Ct6)-Ci7) 1.497(6)
tons due to the 1,3-xylyldithioether fragment and the para-sub- C(8)-C(Y) 1.512(6) C(15)-C(16) 1.499(6)
stituted aromatic spacer group. For 2, a very similar pattern is a9y Ceo) 1.491(6) C24)-c@n 1.508¢5)
observed; however, the two sets of aromatic protons overlap C(7-S(H-C(8) 98.4(2) C(27)-8(2)-C(28) 100.1(2)
. . . ) . . 13011 C12)-0(1)-C(15) 118.8(3) C(16)-0(2)-C(17) 113.6(4)
and the benzylic resonances are coincidental. The '°C{ I‘-Ij CU18)-003)-C19) 114.4(4) C(20)-0(4)-C(21) 1710
NMR spectra for these ligands showed well-resolved peaks for S(1)-C(7)-C(6) 114.6(3) $(1)-C(8)-C(9) 111.4(3)
all carbon atoms, and full spectral interpretations were relative- (C(S)'C(")‘C(m) 121.7(5) C8)-C9)-C(14) 19.7¢5)
o ] - o . ] (1)-C(12)-C(13) 114.8(4) O(1)-C(12)-C(11) 123.1(4)
l? straightforward. Ll.gdnd .1 was further characterized b){ a O(11-C(15)-C(16) 107.0(4) 0(2)-C(16)-C(15) 12.2(4)
single-crystal X-ray diffraction study (Table 1). A perspective 0(2)-C(17)-C(18) 109.7(4) 0(3)-C(18)-C(17) 111.0(4)
ORTEP drawing of macrocycle 1 is shown in Figure 1, and O(3)-C(19)-C(20) H02(4 O(4)-C0)-C(19) 108.9(4)
S(2)-C(27)-C(24) 113.2(3) $(2)-C(28)-C(2) 115.5(3)

some relevant bonding parameters are listed in Table 2.

1204 ———— @ VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1997 (1947-6539/97/0308-1204 $ 17.50 + .500 Chem. Eur. J. 1997, 3. No. 8



Molecular Receplors

1203-1213

Synthesis and Characterization of Metalloreceptors 3 and 4: The
palladium centre and ancillary acetonitrile group were incorpo-
rated into the macrocycles 1 and 2 through direct metalation of
the xylyl aromatic ring by reaction with [Pd(MeCN),][BF,], in
acetonitrile solution. The complexes 3 and 4 are yellow, air-sta-
ble crystalline solids, which are soluble in most polar organic
solvents and appear to be air-stable in solution for prolonged
periods of time (Scheme 4).

Scheme 4. Metalloreceptors 3 and 4 prepared from thiacyclophanes 1 and 2. Each
contains a Pd" coordination site (with a labile acetonitrile ligand) in addition to the
aromatic spacing units and crown ether binding site.

The 'HNMR spectra indicate that metalation produces
chemical shift changes similar to those observed in other meta-
lated thiacyclophanes.[* 1% In particular, disappearance of the
aromatic resonance attributable to the proton at the 2-position
of the 1,3-xylyldithioether fragment, and the downfield shift and
broadening of the benzylic resonances are diagnostic of pallada-
tion. A single broad resonance for the meta-xylyl S-benzyl pro-
tons indicates that the size of the macrocyclic cavity is such that
inversion at sulfur is facile at room temperature.'?- 1% This is in
contrast to some previously studied palladated macrocycles of
this type in which a smaller polyether ring prevented inversion
at sulfur and resulted in an AB pattern for these protons.[?- 19

Complex 3 was further characterized by a single-crystal X-ray
diffraction study. A perspective ORTEP drawing is shown in
Figure 2 and some relevant bonding parameters are listed in
Table 3. The Pd centre adopts a slightly distorted square-planar
geometry in which three of the four coordination sites are occu-
pied by the rigid S,C chelate of the metalated macrocycle. The
fourth coordination site trans to the Pd—C bond is occupied by
a molecule of acetonitrile. The bound MeCN molecule is orient-
ed into the cavity of the macrocycle between the aromatic spac-
ing units, which are almost perpendicular to each other with a
dihedral angle of 83.5°. This demonstrates that a substrate
bound in place of the labile solvent would be positioned inside
the cavity with potential for noncovalent binding, as designed.

In order to investigate this hypothesis, two separate sets of
binding studies were performed with metalloreceptors 3 and 4.
The first involved 1:1 binding of the model substrates para- and
meta-aminopyridine and the second involved interaction with
the DNA nucleobases adenine and guanine.

Synthesis and Characterization of Metalloreceptor— Aminopy-
ridine Complexes: Metalloreceptors 3 and 4 were each treated

with an equivalent of para-aminopyridine (pap) and meta-
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Figure 2. X-ray structure of 3 showing the atom numbering scheme. Metallorecep-
tor 3 contains three different binding sites for multiple point interaction with a
substrate: 1) Pd" coordination site (occupied by a labile acetonitrile ligand) for o
donation, 2) aromatic spacing units for m-stacking interactions and 3) a crown
ether binding site for hydrogen bonding.

Table 3. Selected bond lengths (A) and angles (*) for [PA(I)(MeCN)J[BF,] (3).

Pd(1) - S(1) 2.316(2) Pd(1)-S(2) 2.310(2)
Pd(1)- N(1) 2.131(3) Pd(1) C(1) 1.988(5)
S(1)-C(7) 1.821(6) S(1) - C(8) 1.828(6)
S(2)-C(27) 1.828(6) S(2)-C(28) 1.818(6)
O(1)-C(12) 1.373(6) o(1) -C(15) 1.435(7)
0(2)-C(16) 1.417(8) 0QR)-C(17) 1.418(7)
O(3)-C(18) 1.394(3) 0(3) - C(19) 1.423(8)
O(4)-C(20) 1.431(7) 0(@)--C(21) 1.370(7)
N(1)-C(29) 1.119(7) C®) C(7) 1.503(8)
C(2)-C(28) 1.503(8) C(29)-C(30) 1.465(8)
C(8)-C(9) 1.496(7) C15)-C(16) 1.495(9)
C(17)-C(18) 1.491(9) C(19)-C(20) 1498 (9)
C4)-CQT) 1.517(8)

S(1)-Pd(1)-S(2) 167.68 (6) S(1)-Pd(1)-N(1) 92.3(1)
S(1)-Pd(1)-C(1) 84.9(2) $(2)-Pd(1)-N(1) 99.2(1)
S(2)-Pd(1)-C(1) 83.4(2) N(1)-Pd(1)-C(1) 175.6(2)
C(7)-8(1)-C(8) 103.3(3) C(27)-8(2)-C(28) 99.8(3)
C(12)-0(1)-C(15) 118.9(5) C(16)-0(2)-C(17) 113.1(5)
C(18)-0(3)-C(19) 114.1(5) C(20)-0(4)-C(21) 18.2(5)
C(1)-C(2)-C(28) 118.2(5) C(3)-C(2)-C(28) 121.7(6)
C()-C(6)-C(7) 120.3(5) C(5)-C(6)-C(7) 120.2(6)
S(1)-C(7)-C(6) 110.8(4) S(1)-C(8)-C(9) 107.4(4)
C(8)-C(9)-C(10) 123.5(6) C(8)-C(9)-C(14) 119.1(6)
O(1)-C(12)-C(11) 124.1(6) O(N)-C(12)-C(13) 116.0(6)
O(1)-C(15)-C(16) 109.2(6) O(2)-C(16)-C(15) 108.3(5)
O(2)-C(17)-C(18) 113.3(6) O(3)-C(18)-C(17) 108.7(6)
0O(3)-C(19)-C(20) 107.7(5) OA-CM-C(19) 106.0(5)
O(4)-C(21)-C(22) 125.0(6) 0@)-C21)-C(26) 114.8(5)
C(23)-C(24)»-C2T) 120.4(6) C(25)-C24)-CT) 120.1 (6}
$(2)-C(27)-C(24) 112.5(4) $(2)-C(28)-C(2) 108.4(4)
N(1)-C(29)-C(30) 179.2(7)

aminopyridine (map) to yield the complexes [Pd(1)(pap)][BF.]
(3), [Pd(1)(map)][BE,] (6), [Pd(2)(pap)][BF,] (7) and
[Pd(2)map)][BF,] (8) in essentially quantitative yield. The inter-
action between metalloreceptor and substrate was then studied
in solution by 'H NMR spectroscopy and, where possible, in the
solid state by X-ray diffraction.
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Table 4 shows a comparison of substrate chemical shifts in the
"H NMR spectra of free p-aminopyridine, 5, 7 and the adduct
[Pd(9)(pap)l[BF,] (11), wherc 9 is the acyclic dithiaether 1,3-

Table 4. "H NMR spectral evidence of n stacking and hydrogen bonding in metal-
foreceptor complexes of p-aminopyridine (pap).

Complex H, [a] H, NH,
praminopyridine (pap) 8.04 6.54 4.82
[PA9)pap)l|BF,] (1) 8.04 6.64 5.14
{Pd(1)(pap)]l{BF,] (5) 6.75 5.91 5.39
[PA(2)(pup)|[BF,] (7) 7.10 6.27 5.28

[a] All chemical shifts are in ppm relative to TMS. H, and H, are the protons ortho
and mera 1o the pyridine nitrogen atorm of pap.

bis(r-butylthiomethyl)benzene (Scheme 5). This data 1s consis-
tent with the occurrence of three different types of interaction
between the metalloreceptor and substrate: coordination
through a first-sphere Pd-N ¢ bond, sec-
ond-sphere NH - --O hydrogen bonding
and m-stacking interactions. There is a

+

S—P|d~S slight downfield shift of both the substrate
INI aromatic protons H, and H; (ca. 0.1 ppm)
‘ and of the substituent NH, protons
10 (0.32 ppm) upon coordination of p-

aminopyridine to Pd in complex 10. Al-
though somewhat smaller than sometimes
observed,?! these shifts must be due to for-
mation of the first-sphere Pd-N ¢ bond,
since no hydrogen-bonding or m-stacking
interactions are possible. For complexes 5
and 7, in which one or both of the para-
NH, hydrogen atoms could be directed to-
wards the polyether chain of the metallore-
ceptor, a further downfield shift of 0.25 (5)
and 0.14 (7) ppm is observed for the amino protons. This is
attributed to the second-sphere hydrogen-bonding interaction
between the substrate amino group and the polyether oxygens
of the metalloreceptor. The evidence for n stacking interactions
between the electron-poor substrate and the electron-rich aro-
matic spacing units of the receptor is quite compelling as the
aromatic protons H, and H,, show significant upfield shifts rang-
ing from 0.37-1.29 ppm in complexes 5 and 7. The direction
and size of the chemical shift changes are consistent with signif-
icant second-sphere charge-transfer interactions occurring be-
tween the bound substrate and the aromatic spacing units of the
metalloreceptor.

The X-ray structures of 5 and 7 were determined and provide
evidence to support the nature of the metalloreceptor —substrate
interactions proposed from NMR spectral data in solution. A
perspective ORTEP drawing of §is shown in Figure 3 and some
relevant bonding parameters are listed in Table 5. The coordina-
tion geometry of the PA(S,C) unit remains unperturbed by the
binding of a substrate, and the bonding parameters associated
with the unit are similar to those found for 3. The receptor
binding site rrans to the Pd—C bond is occupied by the pap
substrate, which is coordinated through the aromatic N atom.
This arrangement orients the parg-amino group towards the

Scheme 5. Complex
10. prepared by pal-
ladation  of  the
acyclic dithiacther 9,
was used specifically
for observing coor-
dination of pap and
map in the absence
of m-stacking or H-
bonding
1ions.

interac-
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Figure 3. X-ray structure of complex S showing the atom numbering scheme. The
model substrate p-aminopyridine is coordinated to the Pd atom, while stacking with
one of the aromatic units and hydrogen bonding to the polyether unit; N(2)- - O(3)
31 A.

Table 5. Selected bond lengths (A) and angles () for [Pd(1){pap)]{BF,] (5).

Pd(1) S(1) 2.312(2) Pd(1)-S(2) 2.300(2)
Pd(1)~N(1) 2.146(5) Pd(1) C(1) 1.988(6)
S(1)-C(7) 1.818(6) S(1)-C(8) 1.833(7)
S(2) €27 1.828(7) S(2)-C(28) 1.836(6)
o(1) C(12) 1.370(8) O(1)-C(15) 1.448(8)
0(2)- C(16) 1.406(9) 0(2)-C(17) 1.408 (9)
0(3)-C(18) 1.421(8) 0(3)-C(19) 1.431(8)
O()- C(20) 1.433(8) O4)-C21) 1372(7)
N(1)-C(29) 1.339(8) N(1)-C(33) 1.344(7)
N()-C(31) 1.376(8) C(2)-C(28) 1.497(8)
C6)-C(T 1.497(9) C8)-C 1.512(%
C135)-C(16) 1.50(1) CUn Cis) 1.48(1)
C(19)-C(20) 1.482(9) C4)-C(27) 1.507(9)
S(1)-Pd(1)-8(2) 160.00(6) S(1)-Pd(1)-N(1) 91.2(1)
S(1)-Pd(1)-C(1) 84.8(2) S(2)-Pd(1)-N(1) 101.1 (1)
S(2)-Pd(1)-C(1) 83.5(2) N(1)-Pd(1)-C(1) 175.3(2)
CN-S(H-CB) 98.4(3) C(27)-8(2)-C(28) 101.2(3)
C(12)-0(1)-C(15) 116.8(6) C(16)-0(2)-C(17) 115.1(6)
C(18)-0(3)-C(19) 112.5(5) C(20)-0(4)-C(21) 118.3(5)
C(29)-N(1)-C(33) 116.5(5) S(1)-C(N-C(6) 109.7(5)
SH-C(8)-C(9) 112.5(5) O(1)-C(15)»-C(16) 107.0(7)
O(2)-C16)-C(15) 113.4(7) O2-CUAT)-C(8) 109.7(6)
O(3)-C(18)-C(17) 109.7(6) 0(3)-C(19)-C(20) 110.0(6)
O(4)-C(20)-C(19) 108.3(6) SQ2)-C2T)-C(24) 110.2(4)
$(2)-C(28)-C(2) 108.1(4)

polyether chain of the receptor, and an intramolecular hydro-
gen-bonding interaction occurs [H(N2B)---O(3) 2.310(6) A
and N(2)-H(N2B)---O(3) 142.1(4)"]. An intermolecular hy-
drogen bond also occurs in the solid state between substrate
and BF, anion [H(N2A)---F(1) 2208(4)A and N(2)-
H(N2A)---F(1) 142.3(4)"]. This hydrogen-bonding scheme is
accompanied by the = stacking of one of the aromatic rings of
the mctalloreceptor with the aromatic ring of the pap substrate:
the dihedral angle is 2.03°.

A perspective ORTEP drawing of 7 is shown in Figure 4, and
some relevant bonding parameters are listed in Table 6. Again,
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C4)

Figure 4. X-ray structurc of complex 7. The model substrate p-aminopyridine is
coordinated to the Pd atom, while stacking with one of the aromatic units and
hydrogen bonding to the polyether unit, N(2) - O(3) 3.13(5) A.

Table 6. Selected bond lengths (A) and angles () for [Pd(2)(pap)}[BE,] (7).

Pd(1)-S(1) 2.309(5) Pd(1)-S(2) 2.305(5)
Pd(1)-N(1) 2.11(1) Pd(1)- C(1) 2.00(2)
S(1)-C(7) 1.81(2) S(1)-C(8) 1.83(2)
$(2)-C(27) 1.77(2) S(2)- C28) 1.84(2)
O(1)-C(13) 1.35(2) O()-C(15) 1.44(2)
0(2) C(16) 1.41(2) 0QR)-C(17) 1.41(2)
0(3) C18) 1.43(2) 0(3)-C(19) 1.40(2)
0(4)- C(20) 1.42(2) O(4)-C(21) 1.33(2)
N(1)-C(29) 1.36(2) N(1) C(33) 1.31(2)
N(2)-C(31) 1.34(2) C(2)-C(28) 1.50(2)
C(6)-C(7) 1.50(2) C@8) CY) 1.51(2)
C(15)-C(16) 1.51(2) C(17)-C(18) 1.44(2)
C(19)-C(20) 1.46(3) C(25)-C27) 1.56(2)
C(29)-C(30) 1.36(2) C(30)-C(31) 1.38(2)
C31) C(32) 1.42(2) C(32)-C(33) 1.37(2)
S(1)-Pd(1)-S(2) 163.8(2) S(1)-Pd(1)-N(1) 98.2(4)
S(1)-Pd(1)-C(1) 82.5(5) S(2)-Pd(1)-N(1) 97.7(4)
$(2)-Pd(1)-C(1) 81.5(5) N(-Pd(1)-C(1) 178.3(6)
C(7)-8(1)-C(®) 101.6(8) C(27)-S(2)-C(28) 100(1)
C(13)-0(1)-C(15) 118(2) C(16)-0(2)-C(17T) 114(2)
C(18)-0(3)-C(19) 116(2) C(20)-0(8)-C21) 119(2)
C(29)-N(1)-C(33) 117(2) S(1)-C(7)-C(6) 108(1)
S(1)-C(8)-C(9) 112(1) O(1)C(15)-C(16) 107(2)
0(2)-C(16)-C(15) 111(2) 0(2)-C(1T)-C(18) 112(2)
0(3)-C(18)-C(17) 110(2) 0(3)-C(19)-C(20) 112
O(4)-C(20)-C(19) 112(2) S(2)-C(27)-C(25) 15(1)
S(2)-C28)-C(2) 108(1)

there is little perturbation of the Pd(S,C) fragment and the
bonding parameters associated with this unit are similar to those
found for 5. The receptor binding site frans to the Pd--C bond
is occupied by the pap substrate, which is coordinated through
the aromatic N atom. The para-amino group interacts with the
polyether chain of the receptor, and an intramolecular hydro-
gen-bonding interaction occurs [H(N2A)---O(3) 2.40(1) A,
and N(2)-H(N2A)---0O(3) 134(1)°]. An intermolecular hydro-
gen bond is also formed between substrate and anion
[H(N2B)---F(3) 214(2)A and N(2)-H(N2B)---F(1)
167.5(9)°]. This hydrogen-bonding scheme is also accompanied
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by the n stacking of one of the aromatic rings of the metallore-
ceptor with the aromatic ring of the pap substrate: the dihedral
angle is 2.44°.

The only difference between the binding of pap in 5 and 7 is
in the orientation of the para- or meta-substituted aromatic
spacing unit not involved in 7 stacking to the substrate. For 5 the
para-substituted aromatic spacer makes an angle of 37.3" with
the pap substrate, while the same angle is 47.8” in 7, where the
spacing unit is meta-substituted. This difference is likely to be
insignificant. These results with model substrates pap and map
suggest that when the substrate is ancheored to the metal at least
one spacing unit can become involved in « stacking, while allow-
ing for simultaneous hydrogen bonding. The different para and
mela substitution patterns in the metalloreceptors do not appear
to require significantly different binding modes, since both n
stacking and hydrogen bonding are possible with either arrange-
ment.

Synthesis and Characterization of Metalloreceptor— Purine Com-
plexes: The addition of one equivalent of adenine or guanine
to a solution of metalloreceptor in MeCN/MeOH resulted in
isolation of the purine adducts [Pd(1)(adenine)][BF,] (13),
[Pd(2)(adenine)][BF,] (14), [Pd(1)(guanine)][BF,] (15) and
[Pd(2)(guanine)][BF,] (16). Although some features of the re-
ceptor—substrate interactions could be inferred from the
"HNMR spectra, the poor solubility of these complexes. espe-
cially those of guanine, precluded a detailed analysis in solution.
However, the solid state structures of 13, 14 and 15b were deter-
mined (Table 7) and yielded a great deal of insight into the
interaction between these metalloreceptors and the nucleobases
adenine and guanine.

Table 7. Summary of crystallographic data for complexes with DNA nucleobases.

13 14 15b [¢]

formula €, Hy BE,N,O,PdS, C,,H  BF,N,O,PdS, C,H,.BCHLE,N,-
O,PdS,

M, 824.00 824.00 1027.18

a A 11.725(3) 11.334(5) 14.589 (6)

b A 13.755(3) 13.732(3) 20.444(6)

e A 10.809(3) 22.658(3) 14.849(4)

a, " 91.52(2) -

b 100.49(2) 101.61(2) 110.78(2)

- 96.88(2)

space group  PT (no.2) P2,/n (no. 14) P2 (no. 14)

v, A3 1699.7(7) 3454(1) 4140(4)

p.gem 1.61 1.58 1.65

Z 2 4 4

. ocm™! 7.22 7.26 8.10

A A 0.7017 0.7017 0.7017

r.°C 23 23 23

goadness of fit 1.69 2.06 2.51

R(F). % [a] 449 5.29 s

RUE). % [b] 577 6.26 5.92

la] R=XNF] = |FNZIRN [B] Ry = (Xw(E] — [FDEZwEDY and w =1,
a(F). [c] X-ray structure contains onc molecule of CHCl; per molecule of com-
plex.

From Scheme 6, it can be seen that adenine has three poten-
tial pairs of metal-coordination and hydrogen-bonding sites.
Arrangement A involves N(3) and N(6) and is reminiscent of the
observed interactions with p-aminopyridine, B utilizes N(1) and
N(6), the sites employed in Watson—Crick base-pairing, and C
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between both the aromatic rings of the metalloreceplor, as is
clearly illustrated in Figure 6.

FULL PAPER S.J Loeb et al.
H\N'H H\N/H H H Pd Table 8. Selected bond lengths (A) and angles (°) for [Pd(1)(adenine)][BF,] (13).
N
~ _N Pd\ S _N S _N Pd S(1) 2277(3) Pd-S(2) 2.295(4)
N \> N \> N N\ . Pd--N(3)A 2.129(7) Pd-C(1) 1.99(1)
L _ L L > adenine g, () 1.85(1) S(1)-C(8) 1.82(1)
N™ N N" N NT TN SQ2)-C27 1.84(1) S(2)-C(28) 1.80(1)
I H H H o(1)- C(12) 1.37(1) O(1)-C(15) 1.42(1)
Pd 0(2)- C(16) 1.42(2) 02)-C(17) 1.33(2)
A B c O(3)-C(18) 1.42(1) 03)- C(19) 1.41(1)
O(4)-C(20) 1.45(1) O4) -CQY 1.39()
Cl> o Pd C(2)-C(28) 1.44(2) C(6)--C(7) 1.42(2)
H., N | / C(8)-C(9) 1.51(1) C(15)-C{16) 148 (2)
N \> H‘N N C(17)-C(18) 1.48(2) C(19)-C(20) 1.49(2)
H. * Z \> guanine C(24)-C(27) 1.47(1) CHA-C(5HA 1.41(1)
N° N N H\N/'\N/ N CHA-CEIA 1.39(1) N(A-C@)A 1.34(1)
H I H h v N(DA C6)A 1.36(1) N(G)A-C(2)A 1.34(1)
Pd H H N()A - CDA 1.36(1) N(6)A-C(6)A 1.36(1)
D E N(7)A- C(HA 1.37(1) N(THA C(8)A 1.34(1)
) N(9A - C(4A 1.36(1) N(9A-C(R)A 1.33(1)
Scheme 6. DNA nucleobases adenine (A, B, C) and guanine (D, E) showing the
poasiblc metal-basc interactions. S(l)-Pd—S(Z) 168.5(1) S(1)-Pd-N(3)A 93.2(2)
S(1)-Pd-C(1) 85.2(4) $(2)-Pd-N(3)A 98.1(2)
$(2)-Pd-C(1) 83.7(3) N(3)A-Pd-C(1) 173.3(4)
] ] ) Pd-S(1)-C(7) 99,8 (4) Pd-S(1)-C(8) 111.7(4)
involves N(7) and N(6), the sites of Hoogsteen-type base-pair- C(7)-S(1)-C(®) 99.2(5) Pd-S(2)-C27) 113.5(4)
ing. A perspective ORTEP drawing of 13, in which adenine is Pd-s(z)-(?(22)1 100.4(5) Q(27)-S(27)-C(23) 99.2(6)
bound to the Pd centre in receptor 3, is shown in Figure 5 and 8:;;821‘:(21;; 1}3'8()9) Egg;gig;gg; }12((;38)
some relevant bonding parameters are listed in Table 8. S(1)-C(7)-C(6) 109.8(9) S(1)-C(8)-C(9) 113.7(9)
The receptor binding site trans to the Pd—C bond is occupied O(1)-C(15)-C(16) 1091) O(@)-C(16)-C(15) H2(1)
s o } R 0(2)-C(17)-C(18) 121 O(3-C(18)-C(17) 113(1)
by the adenine substrate, which is coordinated through N(3) of 0(3)-C(19)-C(20) 109(1) O)-C20)-C(19) 108(1)
the six-membered aromatic ring. This orients the amino group $(2)-C(27)-C(24) 112.6(8) 5(2)-C(28)-C(2) 112(1)
S o ; : COA-NMDA-C6)A  117.3(8) Pd-N(3)A-C(4)A 127.7(7)
tO‘Wd.rdS the polyether chain of the regeptor, gnd a pair PANG)A-COIA 118.9(6) COANGACHA  1134(8)
of intramolecular hydrogen-bonding interactions occur CHA-NDA-CRIA  103.59) CAA-NDA-CR)A  102.7(9)
[HIN6AA ---O(3) 2.251(8) A, N@GA-H(NGAA - O(3) Eg)ﬁgg;igg;ﬁ ﬁiﬁ()% Ilj(;;/;-gg;ﬁ-g(z)): }é;;tig;
. o )A-C - 2 (9)A- -C( .
159.1(6)° and H(N6A)A---O(2) 2.518(9) A, N(OA- N(DA-C(HA-CAA  107.0(9) N(T)A-C(5)A-C(6)A  135(1)
H(N6AA -+ O(2) 126.7(6)°]. This hydrogen-bonding scheme CAA-CHA-COA  118(1) N(DA-C(6)A-N(G)A  116.4(9)
is accompanied by the 7 stacking of the planar adenine molecule ~ NDA-COA-CHA - 119.6(9) N(O)A-COA-CBIA - 124(1)
N(DA-C(RIA-NOA  117(1)

Figure 5. X-ray structure of complex 13 showing the atom numbering scheme.
Adenine interacts with the metalloreceptor utilizing three different binding modes:
1) dircet o donation to the Pd centre through N(3A, 2) = stacking of the planar,
clectron-poor base between the electron-rich aromatic units and 3) hydrogen bond-
ing of the peripheral amino group [N(6)A. to crown ether oxygens at the base of the
macroeycle. N(GYA ---O(2) 318 (1} A, N(6)A --- O(3) 3.16(1} A]

1208 — & VCH Verlagsgesellschaft mbIl, D-69451 Weinheim, 1997

Figure 6. Two views of complex 13. Left: parallel stacking (~3.5 A) of the adenine
substrate between the p-aromatic spacing units of the metatloreceptor. Right: “off-
set” nature of the n stacking between the Pd-bound adenine substrate (shaded) and
the p-aromatic spacing units of the metalloreceptor.
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The binding mode observed for 13 corresponds to A in
Scheme 6. As in the binding of pap, the coordination to N(3)
orients the amino group for hydrogen bonding, while simulta-
neously allowing for m-stacking interactions. Interestingly,
adenine—metal binding usually occurs through the more basic
N(7) site.!' 11 In fact, this is only the second structurally charac-
terized example of a monometallic adenine complex bonded
through N(3). Houlton and co-workers recently reported the
first example of a mononuclear complex of adenine bound
through N(3) in which this atypical metal adenine interaction
was directed by a chelating NCH,CH,N tether.[*?! This sup-
ports the idea that hydrogen bonding in the second sphere
can direct the nature of the metal-substrate interaction and
is important in the metalloreceptor—substrate recognition
event.

The significant difference between the binding of adenine and
the binding of pap is that the electron-poor aromatic ring system
of adenine can be oriented so that the fused-ring carbon atoms
C(4) and C(5) are positioned exactly between the centres of the
parallel aromatic rings of the receptor, an “offset” arrangement
that optimizes the m—n interaction.!!® The three aromatic units
are essentially parallel, with interplanar distances between re-
ceptor and substrate of approximately 3.35 A and dihedral
angles of 3.33 and 7.58°.

Exactly the same type of binding of adenine occurs when the
aromatic spacing unit is meta-substituted. A perspective OR-
TEP drawing of 14 is shown in Figure 7, and some relevant
bonding parameters are listed in Table 9.

The adenine substrate is coordinated through N(3), which
orients the amino group towards the polyether chain of the
receptor, and intramolecular hydrogen-bonding interactions

Figure 7. X-ray structure of complex 14 showing the atom numbering scheme.
Adenine interacts with the metalloreceptor utilizing three different binding modes:
1) direct o donation to the Pd centre through N(3)A, 2) n stacking of the planar,
clectron-poor base hetween the electron-rich aromatic units and 3) hydrogen bond-
ing of the peripheral amino group, N(6)A, to crown ether oxygens at the base of the
macrocycle [N(6)A - -~ O(2) 3.00(1) A, N(6)A --- O(3) 3.26(1) Al.
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Table 9. Selected bond lengths (A) and angles (%) for [Pd(2){adenine)}[BF,] (14).

Pd-S(1) 2.286(3) Pd $(2) 2.296(3)
Pd-N(3)A 2.128(8) Pd-C(1) 1.98(1)
S) C(7) 1.82(1) S(1)-C(8) 1.82(1)
$(2)-C(27) 1.83(1) S(2) C(28) 181 (1)
O(1)- C(13) 1.34(1) O(1)-C(15) 1.46(2)
O(2)-C(16) 1.39(2) 0(2)-CU17 137(2)
0(3)-C(18) 1.18(2) 0(3)- C(19) 1.39(2)
O(4)-C(20) 1.43(2) O -Ccn 1.36(1)
C(2)-C(28) 1.48(2) C(6)-C(T) 1.49(2)
C8)-C(9) 1.51(2) C(15)-C(16) 1.47(2)
ca7n cas) 1.45(2) C(19) - C(20) 147(2)
C(25)-C27) 1.50(1) N(DA  C(D)A 1.32(1)
N(DA C(6)A 133(1) N(3)A-C(2)A 1.32(1)
NGA CAA 1.35(1) N(OYA—C(6)A 1.34(1)
N(HA-C(5)A 1.36(1) N(DA-C®A 1.35¢1)
NEA-C(4)A 1.36(1) N©A C®A 1.31(1)
C(5)A-CH)A 1.37(1) COIA- C(5A 14102
S(1)-Pd(1)-S(2) 166.2(1) S(1)-Pd(1)-N(3)A 95.6(2)
S(1)-Pd(1)-C(1) 84.0(3) S(2)-Pd(1)-N(3)A 98.0(2)
S$(2)-Pd(1)-C(1) 82.6(3) N(®A-P(H-C(1) 176.7(4)
PA(1)-S(1)-C(7) 100.1(4) Pd(1)-S(1)-C(8) 108.4(4)
C(7)-8(1)-C(8) 99.6(6) Pd(1)-8(2)-C(27) 114.0(4)
Pd(1)-8(2)-C(28) 97.8(4) C(27)-8(2)-C(28) 101.0(6)
C(13)-0(1)-C(15) 116(1) C(16)-0(2)-C(17) 114(1)

C(IR)-0(3)-C(19) 124(2) C(20)-0(4)-C(21) 17(1

S(1)-C(7)-C(6) 108.7(9) S(1)-C(8)-C(Y) 110.7(9)
O(1)-C(15)-C(16) 107(1) 0(2)-C(16)-C(15) 1

0(2)-C(17)-C(18) 112(1) 0(3)-C(18)-C(17) 127(2)

O(3)-C(19)-C(20) 109(2) 0@)-C(20)-C(19) 109(1)

S(2)-C(27)-C(25) 111.6(9) S(2)-C(28)-C(2) 108.2(9)
CA-NMA-COA  118(1) PA(1)}-N(A-CHA  124.8(8)

PA(1)»-NQ)A-CHA  122.9(8)
CHANDA-CEA  103.1(9)
NOA-CQANDA - 129(1)
NGA-CHA-C(HA  125(1)
N(MA-C(HA-C(OA  135(1)
COA-CHA-CHA  117(1)
N(DA-COA-CHA  119(1)
N(TA-CRIA-N@A  115(1)

COANRA-CA  112(1)
CAA-NOA-CERIA  104(1)
NG)A-CAHA-NDA  127(1)
NOA-CHA-CA  109(1)
N(DA-COIA-CHA  109(1)
N(DA-COA-N@GA  118(1)
NBA-C(EA-CHHA  123(1)

occur [H(N6BIA---O(2) 2.257(9) A, N(6)A-H(N6EB)A - --
0(2) 134.3(7)° and H(NGB)A---O3) 2.41(1) A, N(6)A-
H(N6B)A - - - O(3) 149.7(7)°]. This hydrogen-bonding scheme is
also accompanied by the n stacking of both of the aromatic rings
of the metalloreceptor with the fused aromatic ring system of the
adenine substrate (dihedral angles of 9.08 and 13.44°). This
receptor containing the meta aromatic spacing units does not
appear to allow all three interaction types to optimize as well as
the para compound. This is clearly illustrated by the two views
shown in Figure 8.

Scheme 6 shows that guanine has only two potential pairs of
metal-coordination and hydrogen-bonding sites. Mode D in-
volves N(3) and N(2), while E makes use of N(7) and N(2). In
our attempts to grow X-ray quality crystals of 18, crystals of a
complex 15b, containing an N(9)-substituted BF, adduct of
guanine, were isolated. Although the source of the BF, group
must certainly be the BF, anion of the metalloreceptor, at-
tempts to rationally synthesize this side product and determine
the mechanism of formation have been unsuccessful to date. A
perspective ORTEP drawing of 15b, in which the guanine
derivative is bound to the Pd centre in receptor 3, is shown in
Figure 9, and some relevant bonding parameters are listed in
Table 10.

The receptor binding site rrans to the Pd—C bond is occupied
by the N(7) atom of the five-membered aromatic ring. This
orients the amino group on the opposite side of the six-mem-
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Figure 8. Two views of complex 14. Left: parallel stacking (=3.5 A) of the adenine
substrate between the m-aromatic spacing units of the metalloreceptor. Right: “off-
set’ nature of the 7 stacking between the Pd-bound adenine substrate (shaded) and
the m-aromatic spacing units of the metalloreceptor.

0of2) 0o(@3)

Figure 9. X-ray structure of complex 15b showing the atom numbering scheme.
The guanine derivative interacts with the metalloreceptor as follows: 1) direct o
donation to the Pd centre through N(7)G. 2) = stacking of the planar, electron-poor
hase between the clectron-rich aromatic units and 3) hydrogen bonding of the
peripheral amino group, N(2)G. 1o crown ether oxygens at the base of the macro-
eyele [NQ)G -+ O2) 3.16(1) A. N(2)G -+ O(3) 2.87(1) A].

bered ring towards the polyether chain of the receptor, and a
pair of intramolecular bifurcated hydrogen bonds occur
[H(N2B)G---O(2) 24799 A, NQ)G-H(N2B)G:- 0(2)
128.5(6)° and H(N2B)G---O(3) 2.140(8)A, NQ)G-
H(N2B)G - --O(3) 132.9(6)"]. This hydrogen-bonding scheme
is accompanied by the n stacking of both of the aromatic rings
of the metalloreceptor with the fused aromatic ring system of

1210 ——— ©
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Table 10. Selected bond lengths (A) and angles (%) for [Pd(1)(guanine-
BE,)[BF,]. CHCL, (15b).

Pd-S(1) 2.297(3) Pd S(2) 2.294(3)
Pd-N(G 2.153(7) Pd - C(1) 2.00(1)
S(1)-C(7) 1.84(1) S(1)-C(8) 1.83(1)
S(Q)-CeD 1.82(1) S(2)-C{28) 1.81(1)
O(1)-C(12) 1.36¢1) oy CU 1.44(1)
0(2)-C(16) 1.4t (1) o) € 13102
0O(3)-C(18) 1.34(2) O(H-C(19) 1.41(1)
0(4)-C(20) 1.40(1) Od)-Cn 1.39(1)
O6)G-C(6)G 1.23(1) NG -C(5G 1.39(1)
NG C8)G 1.31(1) NG -C6)G 1.42(1)
NG C2)G 1.36(1) N3)G-C2)G 1.32(1)
NG -CEAG 1.38(1) NG - C@G 1.34(1)
NG -C(R)G 1.37(1) NQIG-CQG 1.32(1)
C(2)-C(28) 1.53(1) C(6)-C(7) 1.47(1)
C(8)~C(9) 1.50(1) C(15)-C(16) 1.49(1)
C(17)-C(18) 1.47(2) C(19)-C(20) 1.51(2)
C3)G-CA)G 1.38(1) CH-C(27) 1.50(1)
C(5)G-CO)G 1.38(1)

S(1)-Pd-$(2) 168.6(1) S(1)-Pd-N(NG 98.4(2)
S(1)-Pd-C(1) 84.5(3) S(2)-Pd-N(T)G 92.3(2)
S(2)-Pd-C(1) 84.9(3) N(7)G-Pd-C(1) 177.1(4)
C(T)-S(H-C(®) 100.9(5) C27)-S(2)-C(28) 98.9(5)
C(12)-0(1)-C(15) 117.5(8) C(16)-0(2)-C(17) 116(1)
C(18)-0(3)-C(19) 116(1) C(20)-0(4)-C(21) 118(1)
CHG-N(NG-CEG 1061 (8) CIG-NG-COG  126.1(9)
COIG-NGG-CAHG 1201 (8) CHG-NO)G-C®G  103.5(8)
S(1)-C(7-C(6) 106.1(7) S(1)-C(8)-C(9) 111.6(8)
O(1)-C(15)-C(16) 108.4(9) O(2)-C(16)-C(15) 110(1)
0(2)-C(IN-C(18) 116(1) O(3)-C(18)-C(17) 131
0(3)-C(19)-C(20) 112(1) O(4)-C(20)-C(19) 108(1)
S(2)-C27)-C(24) 113.3(8) $(2)-C(28)-C(2) 109.9(8)
N(NG-CIG-COYG  131.6(9) N(G-C5)G-CEAG  105.6(8)
CO)G-C(YG-CAG  123(1) 0(6)G-C(6)G-NI)G  117(1)
N(DG-CQ)G-NBG  118(1) N(G-C(6)G-C5HG  112.0(9)
NGG-CRG-NRG  122(1) N(DG-CQR)G-N2)G  122(1)
NGIG-CEG-CG  120.6(9) NGIG-C@G-NOG  128.3(9)
N(HG-CBG-NOG  113.5(9) NOG-CAIG-C(HG  111.0(9)

guanine (dihedral angles are 1.90 and 2.97°). The orientation of
the aromatic rings in this stacking interaction is clearly illustrat-
ed in Figure 10, and the binding mode corresponds to E in

Figure 10, Two views of complex 15b. Left: parallel stacking (3.5 A) of the gua-
nine derivative between the p-aromatic spacing units of the metalloreceptor. Right:
“off-set” nature of the m stacking between the Pd-bound guanine derivative (shad-
ed) and the p-aromatic spacing units of the metalloreceptor.
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Scheme 6. The overall “fit” of guanine into this metalloreceptor
is quite impressive, with all three types of interactions exhibiting
nearly ideal interaction parameters.

Conclusion

The metalloreceptors studied in this work were designed to em-
ploy the complimentary interactions of metal coordination, hy-
drogen bonding and = stacking. It is evident from NMR spec-
troscopic studies that all three of these interactions can occur in
solution. The solid state structures presented allow an examina-
tion of the separate components and an evaluation of how the
interactions operate in concert in a molecular recognition event.

Experimental Section

All starting materials—triethylene glycol di-p-tosylate, 4-hydroxybenzyl alco-
hol, 3-hydroxybenzyl alcohol, m-xylene-u,o'-dithiol, p-aminopyridine (pap),
m-aminopyridine (map), pyridine (py), guanine, adenine, deuterated solvents
and anhydrous N,N’'-dimethylformamide (DMF )}—were purchased from
Aldrich Chemicals. All rcactions were performed under an atmosphere of
N, (g) using standard Schlenk or dry-box techniques, and all solvents and
liquid starting materials were dried and degassed prior to use. 'H and '*C
NMR spectra were recorded on a Britker AC 300 spectrometer locked to the
deuterated solvent at 300.1 and 75.5 MHz respectively, and infrared spectra
were recorded on a Nicolet 5 DX or BOMEM Michelson 100 FTIR spectrom-
cter. LSIMS data were obtained on a Kratos Profile mass spectrometer.
Elemental analyses were performed by Canadian Microanalytical Service,
Delta, British Columbia.

Triethylene glycol di-p-hydroxybenzyl ether: 4-Hydroxybenzyl alcohol (10.8 g,
87.0 mmol) was added to a solution of Na (2.00 g, 87.0 mmol) dissolved in
anhydrous ethanol (200 mL). Triethylene glycol di-p-tosylate (199 g,
43.5 mmol) was added slowly, and the solution refluxed for 22 h. The result-
ing mixture was filtered to remove sodium tosylate, and the solvent removed
in vacuo. The resulting solid residue was extracted with CH,Cl, (100 mL),
and this organic fraction extracted with H,O (2 x 50 mL) and then dried over
anhydrous MgSO, . After filtration and removal of solvent, the crude product
was isolated and recrystallized from CH,Cl,. Yicld 11.5 g (73%). 'HNMR
(CDCly): 0 =7.23(d,4H,J =83 Hz, Ar),6.87(d,4H, J = 8.3 Hz, Ar), 4.57
(s, 4H. Bz), 4.10 (t, 4H, J = 4.7 Hz, ArOCH,), 3.84 (t, 4H, J = 4.7 Hz,
OCH,), 3.73 (s, 4H, OCH,), 1.77 (brs, 2H, OH). '*C{*H} NMR (CDCl,):
0 =158.53, 133.43, 128.68, 114.83 (Ar), 70.99, 69.90, 67.61 (OCH,), 65.10
(Bz). Anal. caled for C, H, O4: C 66.27; H 7.24. Found: C 66.20; H 7.19.

Triethylene glycol di-m-hydroxybenzyl ether: The same procedure was em-
ployed as described for triethylene glycol di-p-hydroxybenzyl ether, except
that 3-hydroxybenzyl alcohol was substituted for 4-hydroxybenzyl alcohol.
Yield 16.13 g (93%). "HNMR (CDCl;): § =7.21-6.79 (m, 8 H. Ar), 4.59 (s,
4H, Bz), 4.09 (t, 4H, J = 4.8 Hz, OCH,), 3.83 (t, 4H, J = 48 Hz, OCH,),
3.72 (s, 4H, OCH,): '*C{'H} NMR (CDCl,): 6 =155.95, 13597, 129.96,
119.30, 114.71, 113.89 (Ar), 71.00, 69.91, 67.59 (OCH,), 64.99 (Bz). Anal.
caled for C,,H,,O,: C 66.27; H 7.24. Found: C 66.22; H 7.19.

Triethylene glycol di-p-chlorobenzyl ether: A solution of SOCI, (1.97 g,
16.6 mmol) in CH,Cl, (50 mL) was added a solution of triethylene glycol
di-p-hydroxybenzyl ether (3.00g, 8.28 mmol) and pyridine (1.31g,
16.6 mmol) in CH,Cl, (50 mL). The addition was performed over a period
of 3 h, and the solution was allowed to stir for a further 22 h. The volume of
the CH,Cl, solution was reduced to 50 mL and then extracted with H,O
(2x50mL) and 0.1M NaOH (2 x50 mL}. The organic fraction was then
dried over anhydrous MgSO,,. After filtration and removal of the solvent, the
crude solid was recrystallized from CH,Cl,. Yield 2.02 g (61%). '"HNMR
(CDCl,): 6 =7.27(d.4H, J = 8.6 Hz, Ar), 6.86 (d, 4H, J = 8.6 Hz, Ar), 4.53
(s,4H, Bz),4.10(t,4H.J = 4.8 Hz, OCH,).3.84(1,4H,J = 4.8 Hz, OCH,),
3.73 (s. 4H, OCH,). "*C{'H} NMR (CDCl,): 5 =158.84, 129.99, 129.65,
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114.79 (A1), 70.85 (OCH,), 69.69 (OCH,), 67.46 (OCH,). 46.23 (Bz). Anal.
caled for C,yH,,C1L,0,: C 60.14: H 6.07. Found: C 60.09: H 6.00.

Triethylene glycol di-m-chlorobenzyl ether: The same procedure was employed
as described for triethylene glycol di-p-chlorobenzyl cther, except that tri-
ethylene glycol di-m-hydroxybenzyl cther was substituted for tricthylene gly-
col di-p-hydroxybenzyl ether. Yield 9.23g (84%). 'HNMR (CDCl,):
§ =7.22-6.85(m, 8H, Ar). 4.51 (s, 4H, Bz). 4.11 (t, 4H. J = 4.8 Hz, OCH,).
3.84 (t, 4H, J = 48 Hz, OCH,), 3.73 (s, 4H, OCH,). *C{'H} NMR (CD-
Cly): 6 =159.12, 138.97, 129.85, 121.10. 114.93, 114.81 (Ar}. 71.00, 69.87,
67.58 (OCH,), 46.29 (Bz). Anal. caled for C, H,,C1,0,: C 60.14; H 6.07.
Found: C 60.11; H 6.02.

Thiacyclophane (1): Cesium carbenate (7.65 g, 23.4 mmol) was suspended in
DMF (400 mL) under an atmospherc of N,(g). To this mixture was added
triethylene glycol di-p-chlorobenzyl ether (4.69 g, 11.7 mmol) and m-xylene-
a,a/-dithiol (2.00 g, 11.7 mmol) in DMF (200 mL). The addition was per-
formed over a period of 48 h with the reaction temperature maintained at
55-60"C. After addition, the DMF was removed under vacuum and the
resulting solid residue extracted with CH,Cl, (150 mL). This CH,Cl, solu-
tion was extracted with H,0O (1 x 50 mL) and 0.1M NaOH (2 x 50 mL), and
then the organic fractions were dried over anhydrous MgSO, . After filtration
and removal of the solvent, the crude product was recrystallized from
CH,Cl,/ethanol. Yield 2.69 g (46%). "HNMR (CDCl;): d =7.30 (s, 3H,
Ar),7.12(d,4H,J = 8.4 Hz, p-Ar), 6.83 (s, 1B, Ar), 6.80(d,4H.J = 8.4 Hz,
p-Ar), 4.08 (t,4H,J = 4.6 Hz, OCH,), 3.88 (t, 4H. J = 4.6 Hz. OCH,). 3.74
(s, 4H, OCH,), 3.51 (s, 4H, Bz), 3.49 (s, 4H, Bz). *C{'H} NMR (CDCly):
6 =157.87, 137.83, 130.27, 130.02, 129.08, 127.50. 114.73 (Ar). 70.97, 69.72,
67.59 (OCH,), 34.82. 34.49 (B7). Anal. calcd for C,,H,,0,S,: C 67.70; H
6.51. Found: C 67.57; H 6.44.

Thiacyclophane (2): The same procedure as described for 1 was employed,
except tricthylenc glycol di-m-chlorobenzyl ether was substituted for tri-
ethylene glycol di-p-chlorobenzyl ether. Yield 2.53 g (44%). 'HNMR (CD-
Cly): 6 =7.24-6.76 (m, 12H, Ar), 4.05 (t, 4H, J = 4.6 Hz, OCH,). 3.82 (t,
4H, J =4.6 Hz, OCH,), 3.72 (s, 4H, OCH,), 3.58 (s. 8H, Bz). *C{'H]
NMR (CDCl,): 0 =158.85, 139.53, 38.11. 129.60. 129.44, 128.76, 127.60.
121.42, 115.17, 113.46 (Ar), 70.98. 69.82. 67.46 (OCH,), 35.86, 35.67 (Bz).
Anal. caled for C,4H;,0,S,: C 67.70; H 6.51. Found: C 67.60; H 6.41.

|Pd(1)(MeCN)I[BF,] (3): Thiacyclophane 1 (0.28 g, 5.6 mmol) was dissolved
in acetonitrile (60 mL) and heated to reflux. To this solution was added
[Pd(MeCN),][BF,], (250 mg, 5.6 mmol) in acctonitrile (10 mL). The resulting
solution was stirred and refluxed for a further 22 h. The acetonitrile was
removed and the resulting solid residue recrystallized from CH,Cl,/jacetoni-
trile. Yield 250 mg (76 %). "H NMR (CDCl,): § =7.35 (d. 4H, J = 8.6 Hz.
p-Ar), 6.92 (m, 3H, Pd—Ar), 6.87 (d, 4H. J = 8.6 Hz, p-Ar), 4.31 (brs, 8H,
Bz), 411 (t, 4H, J = 4.1 Hz, OCH,), 3.77 (t, 4H. J = 4.1 Hz, OCH,). 3.61
(s, 4H, OCH,). Anal. caled for C,H,,BF,NOPdS,: C 49.36: H 4.70.
Found: C 49.14; H 4.52.

[PA(2)(MeCN)IBF,] (4): The same procedure as described for 3 was em-
ployed cxcept 2 was used in place of 1. Yield 290 mg (88 %). 'H NMR
(CDCly): 6 =7.26—-6.85 (m, 11H, Ar), 430 (s. 8H, Bz). 4.18 (t, 4H,
J =4.0Hz, OCH,), 3.82 (t, 4H, J = 4.0 Hz, OCH,), 3.66 (s. 4H. OCH,).
Anal. caled for C;,H,,BF,NO,PdS,: C 49.36: H 4.70. Found: C 49.19; H
4.61.

[Pd(1)(pap)l[BF,] (5): Complex 3 (25.0 mg, 0.034 mmol) and p-aminopyridine
(pap) (3.2 mg, 0.034 mmol) were added to acetonitrile (S mL) and stirred for
24 h. The solvent was evaporated and the resulting solid residue recrystallized
from CHCl,/acetonitrile. Yield 24.9 mg (93 %). '"HNMR (CDCl,): 6 =7.03
(m, 3H, Pd—Ar), 6.99 (d, 4H, J = 8.5 Hz, p-Ar), 6.74 (d, 2H. J = 6.4 Hz,
pap-Ar), 6.45 (d. 4H, J = 8.5 Hz, p-Ar). 591 (d. 2H, J = 6.4 Hz, pap-Ar),
5.39 (s, 2H, NH,), 4.49 (s, 4H, Bz), 4.24 (s, 4H, Bz), 3.99 (1, 4H, ArOCH,),
3.77 (t, 4H, OCH,), 371 (s, 4H. OCH,). Anal caled for
Cy,H,,BE,N,0,PdS,: € 50.62: H 4.77. Found: C 50.55; H 4.70.

[Pd(1)(map)|IBF,] (6): The same procedure as described for 8§ was employed
except that m-aminopyridine (map) was substituted for p-uminopyridine.
Yield 25.1 mg (94%). '"HNMR (CDCl,): § =7.44 (s, 1 H, map-Ar), 7.41 (d,
4H,J = 8.6 Hz, p-Ar), 7.41 (s, 1 H, map-Ar), 7.01 (m, 2H, map-Ar). 6.94 (m,
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3H. Pd-Ar), 6.89 (d, 4H, p-Ar), 4.51 (brs, 2H, NH,), 4.35 (s, 8 H, Bz), 4.10
(s. 4H, OCH,). 3.74 (m, 4H, OCH,), 3.56 (s. 4H, OCH,). Anal. calcd for
C,,H,,BF,N,0,PdS,: C 50.62; H 4.77. Found: C 50.47; H 4.68.

{Pd(2)(pap)liBF,| (7): The same procedure as described for 5§ was employed
except that 4 was substituted for 3. Yield 26.5 mg (100%). '"HNMR (CD-
Cly): 6 =7.16 (m. 2H, m-Ar), 7.10 (d, 2H, J = 6.3 Hz, pap), 7.05 (m, 3H,
Pd—Ar), 6.84 (d, 2H, m-Ar), 6.69 (d, 2H, m-Ar), 6.62 (s, 2H, m-Ar), 6.27 (d,
2H.J = 6.3 Hz, pap), 5.28 (s, 2H, NH,), 4.49 (s, 4H, Bz), 4.21 (s, 4H, Bz),
4.05(t,4H, OCH,), 3.79 (1, 4H, OCH,), 3.72 (s, 4 H, OCH,). Anal. calcd for
C,,H,,BF,N,0,PdS,: C 50.62; H 4.77. Found: C 50.50; H 4.66.

|Pd(2)(map)]|BF,] (8): The same procedure as described for 6 was employed
except that 4 was substituted for 3. Yield 24.8 mg (93%). '"H NMR (CDCl,):
d =7.08 (m, 2H, map), 6.99 (m, 3H, Pd Ar), 6.96-6.55 (m, 10H, m-Ar,
map), 4.45 (s, 2H, NH,), 4.25 (s, 8H, Bz), 4.05 (s, 4H, OCH,), 3.72 (s, 4H,
OCH,), 3.52(s,4H, OCH,}. Anal. caled for C,;H;,BF,N,0,PdS,: C 50.62;
H 4.77. Found: C 50.58; H 4.75.

1,3-Bis(n-butylthiomethy[}benzene (9): #-Butanethiol (3.15 g, 38 mmol) was
added to anhydrous ethanol (100 mL), in which Na metal (0.87 g, 38 mmol)
had been dissolved. This mixture was stirred for 4 h. «,¢'-Dibromo-m-xylene
(5.00 g, 19 mmol) was added and the reaction mixture stirred for a further 4 h.
The ethanol was removed and the resulting pale yellow oil extracted with
CH,CI, (50 mL). The organic solution was washed with water (2 x 50 mL)
and then dried over anhydrous MgSO,,. Removal of the CH,Cl, gave a clear
colourless oil. Yield 5.08 g, (95%). '"HNMR (CDCl,): 6§ =7.24 7.14 (m,
4H. Ar), 3.66 (s,4H, Bz), 2.38 (t, 4H, SCH,), 1.52 (qnt, 4H, CH,), 1.33 (sxt,
4H. CH,), 0.86 (t, 6H, CH;). Anal. caled for C,,H,,S,: C 68.01; H 9.29.
Found: C 67.92; H 9.22.

{Pd(9)(MeCN)I[BE,] (10): [Pd(MeCN),][BF,], (513 mg, 1.15 mmol) and 9
(326 mg, 1.15mmol) were combined in MeCN (50 mL) and the mixture
stirred for 8 h. The solution turned form orange to bright yellow in colour.
Diethyl ether (40 mL) was added and the resulting yellow precipitate isolated
by filtration. Yield 344 mg (58%). '"HNMR (CDCL): 6 =7.09 (n, 3H,
Pd- Ar), 4.13 (br, s, 4H, Bz), 3.25 (1. 4 H. SCH,), 2.26 (s, 3H, MeCN), 1.77
(qnt, 4H, CH,), 1.46 (sxt, 4H, CH,). 0.90 (1, 6H, CH;). Anal. caled for
C,4H,¢BF,NPdS,: C41.91; H 5.48. Found: C 41.77; H 5.39.

[Pd(9)(pap)lIBE,] (11): 10 (21.2 mg, 0.041 mmol) and p-aminopyridine (pap)
(3.9 mg, 0.041 mmol) were added to acetonitrile (10 mL) and stirred for 24 h.
The solvent was evaporated and the resulting solid residue recrystallized from
MeCN. Yield 23.1 mg (99%). 'HNMR (CD,CN): 6 =8.04 (d, 2H,
J = 5.6 Hz, pap-Ar), 6.99 (m, 3H, Pd-Ar), 6.64 (d, 2H, J = 5.6 Hz, pap-
Ar), 5.14 (s, 2H, NH,), 4.33 (s, 4H, Bz), 2.89 (s, 4H, SCH,), 1.61 (s, 4H,
CH,), t.30 (m. 4H, CH,), 0.86 (m, 6H, CH;). Anal. caled for
C,oH; BF,N,PdS,: C 43.13; H 5.62. Found: C 42.99; H 5.57.

[Pd(9)(map)|[BF,| (12): Compound 10 (31.3 mg, 0.061 mmol) and m-
aminopyridine (map) (5.7 mg. 0.061 mmol) were added to acctonitrile
{10 mL) and stirred for 24 h. The solvent was evaporated and the resulting
solid residue recrystallized from MeCN. Yield 33.7 mg (97%). "H NMR
(CD,CN): ¢ = 8.04 (s, 1 H, map-Ar), 7.88 (d. 1 H, map-Ar), 7.16 (m, 2H,
map-Ar), 7.00 (m, 3H, Pd—Ar), 4.72 (s, 2H. NH,), 4.32 (s, 4H, Bz}, 2.90 (s,
4H.SCH,). 1.60 (s,4H, CH,).1.29 (m,4H, CH,),0.79 (m, 6 H, CH,). Anal.
caled for C,oH,,BF,N,PdS,: C 43.13; H 5.62. Found: C 43.00; H 5.51.

|Pd(1)(adenine)||BF,] (13): Compound 3 (25.0 mg, 0.034 mmol) and adenine
(4.6 mg, 0.034 mmol) were stirred in MeCN (S mL) and CH,OH (5 mL) for
24 h. The solvents were removed in vacuo to yield a light yellow solid. The
solid was washed with diethyl ether (5 mL) and recrystallized from MeCN/di-
ethy! ether. Yield 22.1 mg (79%). 'HNMR (CD,CN): § =10.40 (s, 1H,
NH), 7.95 (s, 1 H. H(8A)). 7.73 (s, 1H. H(2A)), 7.04 (m, 3H, Pd—Ar), 6.74
(d. 4H, J =79 Hz, p-Ar), 6.19 (brs, 2H, NH,), 6.01 (d, 4H, J =7.9 Hz,
p-Ar), 4.55 (brs, 4H, Bz). 4.24 (s, 4H, Bz). 3.85 (m. 12H, OCH,). Anal. calcd
for Cy;Hy BE,N,O,PdS,: C 40.81: H 3.80. Found: C 40.64; H 3.68.

|Pd(2)(adenine){[BF,] (14): Compound 4 (25.0 mg, 0.034 mmol) and adeninc
(4.6 mg, 0.034 mmol) were stirred in MeCN (S mL) and CH;OH (5 mL) for
24 1. The solution was filtered to remove a small amount of unreacted
adenine and the product precipitated by the addition of diethyl ether (10 mL).
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The solid was washed with dicthyl ether (5 mL) and recrystallized by slow
evaporation of a MeCN solution of the compound. Yield 22.4 mg (80%).
'HNMR (CD,CN): 6 =10.39 (s, 1 H, NH). 7.95(s, T H, H(8A)), 7.73 (s, 1 H,
H{ZA}».7.02 (m.3H, Pd-Ar), 6.74(d,4H. J = 8.0 Hz, p-Ar}. 6.19 {brs. 2 H,
NH,), 6.01 (d, 4H, J = 8.0 Hz, p-Ar), 4.55 (brs, 4H, Bz), 4.24 (s, 4H, Bz),
3.85 (m, 12H, OCH,). Anal. caled for C,,H,;BF,N.O,PdS,: C 40.81; H
3.80. Found: C 40.57; H 3.70.

|Pd(1)(guanine){BF,] (15a): Compound 3 (25.0 mg, 0.034 mmol) was dis-
solved in MeCN (5mL), and guanine (5.2 mg, 0.034 mmol) in CH,OH
(5 mL) was added with stirring. After 24 h, an off-white solid was isolated by
filtration. Yield 18.6 mg (65%). '"HNMR (CDCl,): § = 9.81 (s, 1H, NH).
8.59 (s, 1H, NH), 7.23 (d, 4H, J = 8.3 Hz, p-Ar; overlap with 1 H, H(8)G),
7.01 (m,3H, Pd-Ar),6.38(d,4H. J = 8.3 Hz, p-Ar), 5.67(s.2H, NH,), 4.31
(s, 8H, B2),4.12 (s, 4H, ArOCH,), 3.78 (s, 4H, OCH,), 3.62 (s, 4 H, OCH,).
Anal. caled for Cy3H, BF,N,O,PdS,: C 40.03; H 3.73. Found: C 40.24;: H
3.66.

|Pd(1)(guanine-BF,)|[BF,] (15b): A solution of 3 (0.8 mL, 0.0 M) was sonicat-
ed for 15 min with a 10-fold excess of solid guanine and the mixture filtered.
The solvent was evaporated and the resulting solid residue redissolved in a
1:1 solution of CHCl;/MeCN. After approximately one week, several small
crystals of the product were isolated and used in a single-crystal X-ray diffrac-
tion study. Not cnough material was isolated to obtain reliable NMR spectra.
Atterapts to repeat this procedurce to obtain more material for further spectro-
scopic analysis have not been successful to date.

[Pd(2)(guanine)][BF,] (16): Compound 4 (25.0 mg, 0.034 mmol) and guanine
(5.2 mg, 0.034 mmol) were stirred in MeCN (5 mL) and CH,OH (5 mL) for
24 h. The resulting precipitate was washed with diethyl ether (5mL) and
reerystallized from MeCNjdiethyl ether. Yield 17.6 mg (62%). 'HNMR
(CDCL,): 6 =11.13 (s, 1H, NH), 9.68 (s, 1H, NH). 7.50 (s, 1H, H8G).
7.19-6.84 (m, 3H, Pd—Ar; 8H, m-Ar), 5.29 (s, 2H, NH,). 4.48 (s, 4H, Bz),
4.28 (s. 4H, B7), 3.95 (s, 4H, ArOCH,), 3.82 (s. 4H, OCH,). 3.68 (5. 4 H.
OCH,). Anal. caled for Cy3;H(BF,N,O,PdS,: C 40.03; H 3.73. Found: C
39.87; H 3.58.

X-ray structure analyses: Colorless crystals of 1 were grown by slow evapora-
tion of a CH,Cl, solution of the compound. Yellow to yellow-orange crystals
of 3, 5 and 7 were grown by vapour diffusion of diethyl ether into an acetoni-
trile solution of the complex. Orange crystals of 13 and 14 were obtained by
vapour diffusion of diethyl ether into an acetonitrile solution of the complex.
Orange-red crystals of 15b-CHCI, were isolated by slow evaporation of a
CHCI, solution of 15a during an atiempted recrystallization of that complex.
Diffraction experiments were performed on a four-circle Rigaku AFC 68 or
AFCS5R (15b-CHCI, only) diffractometer with graphite-monochromatized
Moy, radiation. The unit cell constants and orientation matrices for data
collection were obtained from 25 centred reflections (15 < 20 < 357). Machine
parameters, crystal data, and data collection parameters are summarized in
Tables 2, 7 and S-f (deposited at CCDC). The intensities of three standard
reflections were recorded every 150 reflections and showed no statistically
significant changes over the duration of the data coliections. The intensity
data were collected using the w—26 scan technique, in four shells (20 < 30, 40,
45, and 50°). Absorption coefficients were calculated and corrections applicd
to the data. The data were processed using the TEXSAN software!' ™ package
running on an SGI Challenge XL computer. For 1, the positions of the sulfur
atoms were determined by direct methods from the E-map with highest
figure-of-merit, while for the metal complexes the position of the palladium
atom was determined by conventional Patterson methods. For each com-
pound the remaining non-hydrogen atoms were located from a series of
difference Fourier map calculations. Refinements were carricd out by using
full-matrix least-squares techniques on F by minimizing the function
Sw(F, — F.)*, where w =1/¢*(F,) and F, and F, are the observed and calculat-
ed structure factors. Atomic scattering factorst!*! and anomalous dispersion
terms!t® were taken from the usual sources. In the final eycles of relinement,
all non-H atoms were assigned anisotropic thermal parameters except for the
carbon atoms in 7 and 15b. Fixed H atom coutributions were included with
C-H distances of 0.95 A and thermal paramecters 1.2 times the isotropic
thermal parameter of the bonded C atoms. These H atoms were not refined.
but all values were updated as refinement continued. Details of the data
collection are summarized in Tables 1 and 7, and selected bonding parameters
are listed in Tables 2. 3, 5, 6, and 8§-10.117!
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