J. Am. Chem. S0d.997,119,12849-12858 12849

Molecular Recognition and Reactivity of Ruthenium(ll)
Bipyridine Barbituric Acid Guests in the Presence of
Complementary Hosts: Ruthenium(ll) Promoted Enolization of
Barbituric Acids in GuestHost Complexes

Teen Chin, Zhinong Gao, Isabelle Lelouche, Yeung-gyo K. Shin, Ashok Purandare,
Spencer Knapp,* and Stephan S. Isied*

Contribution from the Department of Chemistry, Rutgers, The Stateelhity of New Jersey,
Piscataway, New Jersey 08855

Receied May 7, 1997

Abstract: The binding of the hodti1 (N,N'-bis(6-pivalamidopyrid-2-yl)-3,5-pyridinedicarboxamide) to three different
ruthenium polypyridine complexes with an attached barbituric acid and barbital moiRi€x1( RuG2, RuG3)
(whereG1 = 5-[4-(4-methyl)-2,2-bipyridylidene]-2,4,6-(H,3H,5H)-pyrimidinetrionge G2 = 5-[4-(4-methyl)-2,2-
bipyridyllmethyl-2,4,6-(H,3H,5H)-pyrimidinetrione, ands3 = 5-ethyl, 5-[4-(4-methyl)-2,2-bipyridylJmethyl-2,4,6-
(1H,3H,5H)-pyrimidinetrione) andRu = (4,4-di-tert-butyl-bpyyRu (bpy = 2,2-bipyridine) has been studied in
chlorinated solvents by NMR and fluorescence titrations. Significant binding was only observed betlveed

the RuG2 series, while steric hindrance significantly diminished binding betwé#rand RuG1 or RuG3. The

high binding constant foRuG2 was related to the presence of the enolate form of the barbituric acid guest which
forms strong H-bonds with the complementary hid&t For the organic barbituric acid and barbital guests, the keto

and enol bind only weakly tei1 (K ~ 102 M~1); binding is further increased in the presence of base to generate the
enolate. In contrast, formation of thRuG2 enolate occurs upon binding t$l without any additional base. The
ruthenium polypyridine cation (compared to the organic barbituric acid derivatives) facilitates ionization of the enol

to enolate thus producing a better complementary H-bonding site between the guest and host. Molecular mechanics
calculations confirmed the experimental observatons that the enolate has the highest binding constant to the Host
H1, while the corresponding enol form has the weakest binding.

The design of synthetic guest and host molecules which describing charge transfer processes that occur across H-bonding
undergo molecular recognition using weak noncovalent interac- interfaces have been reported?®

tions is an emerging fieldvith many potential applicatiorfs:® We have demonstrated the presence of efficient long-range
Multiple noncovalent interactions between guest and host electron-transfer pathways in conformationally rigid peptides

mC|)|ECl:|eS 'I(':k?n result Iln' sttron% binding tla)ven n h|gh|3t/ .Eo![ar that are covalently linked to metal ion donors and acceptas.
Solvents. ese weak interactions can be major contributors, extending these studies to noncovalently linked donors and

to the binding of drugs to proteins and DNA targets and can : - o
. . . acceptors, we selected ruthenium(ll) polypyridine barbituric
form the basis for developing sensors to monitor the concentra-
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Figure 2. Keto, enol, and enolate forms of barbituric acid derivatives
which are possible when C-5 has one or more protons attached to it.

RUG1 RuG2 RuG3
Figure 1. Molecular structure of the Host1, and three different . L

ruthenium polypyridine guests. F&uG1 and RuG3, R = 4,4-di- 4,4-d|-tert-_buty|-bpy (bpy= 2,2'_—b|pyr|d|ne), and forRuG2,
tert-butyl-bpy (bpy= 2,2-bipyridine), and forRuG2, R = 4,4-di- R = 4,4-di-tert-butyl-bpy, 4,4-dimethyl-bpy, and bpy.
tert-butyl-bpy, 4,4-dimethyl-bpy, and bpy The synthesis of1 is shown in Scheme 3. The pivaloyl

) o ) ) group was used in order to increase the solubility and reduce
acid derivatives as guest molecules with H-bonding molecular aggregatiof? of the host molecules in low polarity solvents

recognition properties for specific complementary host (such as ChCl, and CHCH) where the binding oH1 to

a e I
molecules® Alkylated barbituric acid guests and 2,4,6-triami- it ric acid derivatives was studied. The organic barbituric
nopyrimidines and 2,6-d|am|nopyr|d|ne amide h.OSt.S have peen acid derivatives were characterized by NMR, HPLC, and mass
used to probe molecular recognition by H-bonding interactions spectrometric techniques, as described in the Experimental

. 89
in several studie: Section. In addition, UV+visible absorption, emission spectra,

This paper reports on the interaction between ruthenium(ll) 4 oxidation/reduction potentials were measured for the
polypyridine barbituric acid derivatives with a complementary i aniim guest molecules. The complexes are all soluble in

host (N,N-bis(6-pivalamidopyrid-2-yl)-3,5-pyridinedicarbox- CH.CI . ;
> ; ) AN LCl, as their hexafluorophosphate salts, WRG2 being
arkr]nc:]e)Hrlt(hH?‘:Jrr?] 1|? UPexp;%ci:]edlg ?tl)?th rti)mdlri]c? Ist(i)br?e\l;\\//i(tef? the most soluble. The absorption and emission spectra of the
en a rutheniu (I po ypy € barbituric acid catio ( ruthenium polypyridyl barbituric acid derivatives (Table 1) bear
a;]pp[)opélate rp?]leculalr archlt(ta)cu:)re) blndsgtg, compared tﬁ close similarities to those of the parent compound [Ru-
the binding of the analogous barbituric acid derivatives without N . h
(bpy)]?t.2® The oxidation and reduction potentials for the

the ruthenium(ll) polypyridine. These high binding-constants . . .
are discussed in terms of the ketenol equilibria of the ruthenium complexes (in GJEN) are shown in Table 2.

barbituric acid induced by the substitution of ruthenium(ll) ~ Binding of Ruthenium Barbituric Acid Derivatives to H1

polypyridine at the C-5 carbon of the barbituric acid. Host. The binding toH1 of three closely related ruthenium
bipyridine barbituric acid complexes (Figure 1), which differ
Results and Discussion in the mode of attachment of the barbital ring to the ruthenium
bipyridine, was studied by NMR and fluorescence techniques.
Synthesis and Characterization of Guest and Host Mol- Only RuG2, the saturated analogue, can undergo etwol

ecules. The guest molecules in our studies were either equilibria (enolization of theRuG1 and RuG3 barbituric acid
dialkylated, unsaturated, or saturated at the barbituric acid C‘5complexes at C-5 is not possible). The binding of these
position (Figure 1), but only the saturated derivatives can rythenjum complexes tbl1 was carried out by following the
undergo kete-enol equilibria (Figure 2). Comparative binding change in the NMR chemical shift of amide protongHf (and
of the barbituric acids, and their analogous ruthenium deriva- i, some cases. the amide groups of the barbituric acid ring).
tlvegl,_btc_)Hl can be best discussed in terms of this ketaol Alternatively, changes in the fluorescence intensityRoiG1,
equilibna. o . o o RuG2, andRuG3 were followed add1 was added? Titration

The barbituric acid derivatives shown in Figure 1 were 5f 41 with RuG1 or RuG3 did not show any measurable
synthesized from the corresponding aldehydes and barbituricchanges in the NMR of the amide protonsHf (in CDCl) or
acid (Scheme 1), except f@3, which was synthesized using 5, measurable changes in the fluorescence signal intensity (in

gnﬂ%dgie.j "\t;é?éu;ﬁ g[ﬂ;ﬁi‘gﬁgiigﬁ&% 3 0:?:2% rlz:[?:étive CH,Cl,). These results are consistent with immeasurably small
-Cshe indi i
unsaturated precursors. The synthesis of the guetsG2 binding betweerH1 andRuG1 andRuG3, respectively.

and their respective ruthenium(ll) complex@eG1, RuG2 is WhenRuG2 was titrated wittH1 (in CDCL), large changes
shown in Scheme 1G3 and corresponding ruthenium complex, ~Occur in the amide protons ¢11 and those of the barbituric
RuG3, are shown in Scheme 2. FRuUG1 andRuG3, R = acid ring ofRuG2 as shown in the NMR spectra in Figure 3.

(19) Isied, S. S.; Moreira, I.; Ogawa, M. Y.; Vassilian, A.; Arbo, B.; (22) Tamiaki, H.; Nomura, K.; Maruyama, Bull. Chem. Soc. Jpri994
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1993 176, 589. von Zelewsky, A.Coord. Chem. Re 1988 84, 85.

(21) Ciana, L. D.; Hamachi, I.; Meyer, T. J. Org. Chem1989 54, (24) Schneider, H. J.; Kraemer, R.; Simova, S.; Schneided. Am.

1731. Chem. Soc1988 110, 6442.
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Scheme 1.Synthesis of the Guests1 and G2 and the CorrespondinguG1l andRuG2 Complexes

CHjg
AN 1. Raney-Ni

| 2 2. Se0,, dioxane
N reflux 24 h

H,, 10% Pd-C

MeOH, 24 h
G2
(4,4'-Rybpy),RuCl, (4,4'-Rybpy),RuCl,
50 % aq EtOH 50 % aq EtOH
reflux 5 h reflux 5 h
X
HN™ "NH

H,, 10% Pd-C
MeOH, 24 h

Ru-G2
=
Scheme 2.Synthesis of the Gue€3 fluorescence changes that resulted when controlled amounts of
o Br H1 were added to dilute solutions BuG2 (<5 umol) (Figure
H CHg CHg 4).
— = 1. NaBH,, EtOH = = To show that the binding is only sensitive to the barbituric
\ N/ \N p 2.48% gﬁ&xcsart{ HS0,  \ N/ \N / acid substituted bipyridine derivative, three different complexes

acid were synthesized and studied. These arédiért-butyl-
bpypRUG2, (4,4-dimethyl-bpy»RuG2, and (bpyjRuG2. The

1. diethyl 2-ethylmalonate, ~ O=( solubility of these complexes in GBI, as Pk salts decreased
NaH, DMF HN as the size of the alkyl substituent decreased; however, the
2 OOk similar binding constants observed for these ti@@alerivatives

with H1 (Table 3) is strong evidence that they bindH in an
almost identical manner.

The difference in binding of the respective ruthenium
complexes tdH1 is related to the molecular architecture of the
ruthenium barbituric acid complexes and to the cavity of the
These changes are indicative of high binding constants. TheH1 host. InRuG1, the olefinic carbon extends the planarity
NMR titration is used to obtain information on the stoichiometry of the bipyridine ring, making the barbituric acid a poor fit for

(1:1) and binding oH1 to RuG2 and also to provide evidence the cavity ofH1. This poor fit, as shown by molecular modeling

with substituents on the bipyridines not attached to the barbituric

on the molecular nature of the interaction betwd¢h and (vide supra), can explain the immeasurably low binding constant

RuG2 (Figure 3). Additionally a Jobs plot of fluorescence betweenRuG1 andH1. For RuG3, higher binding toH1 is
changes also showed the 1:1 stoichiométryThe binding predicted by molecular modeling methods; however, the binding
constants for these 1:1 complexes were determined from theis still not measurable experimentally. RuG3 (where a-
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Scheme 3.Synthesis of the Hodtl1l (R = Methyl andtert-Butyl)

N
| N
NS 1. SOCl,, reflux ° Z
HOQC/“/\)\COZH 2. 2,6-diaminopyridine | N HN
_N
NH, HP
Table 1. Spectroscopic Data for the Ru(ll) Polypyridyl
Compounds in CkCl; at 290 K
compounds Awier (nm) Aer(NM)
[(DTB-bpy)Ru(G1)]?* 462 610
[(DTB-bpy):Ru(G2)]?* 462 610
[(DTB-bpy)Ru(G3)]?* 462 610
[(DTB-bpy)sRulP* 460 607
[(bpy)Ru(G2)]?" 460 610
[(4,4'-(CHs)zbpy)Ru(G2)]1%* 462 610
[(bpy)sRUP* 454 594
Table 2. Oxidation and Reduction Potential®r the Ru(ll)
Polypyridyl Compounds
oxidatiorf reduction$
E° (+2/+3) E°(+2/+) E°(+l¢) E°(¢pl—)
compound V) V) V) V)
[(DTB-bpy)Ru(G1)]?* +1.18 -1.48 —-1.69 —2.05
[(DTB-bpy).RuG2)1?>* +1.18 -1.49 -1.74 1.97
[(DTB-bpy)RUG3)]?*  +1.14 -1.48 —1.67 -1.96
[(DTB-bpy)sRuP* +1.11
[(bpy)sRu +1.28 -1.35 -155

aScan rate= 0.2 V/s.? As their PF salts.¢ Potentials are measured
vs SSCE in 0.1 Mh-BuyNPF; in acetonitrile.

CH, group connects the bipyridine ring and the barbituric acid
C-5 position), the dihedral angle between the barbituric acid
ring and the bipyridine ring is nearly perpendicular and thus
not planar (compared t®RuG1l). This lack of planarity is
expected to improve the steric effect of the bipyridine ring on
the H1 cavity, resulting in a better fit and higher binding;
however, the bulky pivaloyl groups dfl reduce the binding

of RuG3 to H1, and thus no measurable binding is observed
for this guest/host pair. Replacing the pivaloyl group with a

Chin et al.

N
| N
(o] Pz (0]
2 equiv RCOCI | A NH HN | A
i X THF, EtzN _N N>
N~ OYNH HNYO
NH R H1: R=C(CHy); R

In agreement with this model, replacement of the pivaloyl
groups onH1 with less sterically demanding alkanoyl groups
should result in even higher binding constantsRaG2 to these
new hosts.

Binding of Organic Barbituric Acid Derivatives to H1.
In comparison to the high binding constant R6G2 to H1,
the binding of barbituric acids tel1 was only modest under
the same conditions (in CHEChnd CHCIy). Their binding
constants were determined from the change in the position of
the amide N-H resonances dfi1 upon binding to the different
barbituric acid€® Four derivatives soluble in CHgand CH-
Cl, (Figure 6) were examined for the effect of ketenol
equilibria on their binding constants tél. For theBC3zHg,
BCF3, both keto- and enol-forms are accessible (as seen by
changes of the NMR chemical shift of the amide protons of
H1 in Figure 7)27-30 while for the alkylated Barbital) and
unsaturatedBCsH3 barbituric acids, only keto forms are
accessible.

The amount of the keto- and enol-forms of the barbituric acids
in different solvents can be determined from the assignment of
the multiplet C-H resonance for the carbon connecting the
barbital to the organic group. From this assignmentRfigH;
exists only in the keto-form in CHgland in acetone, while
BCF; exists in both the keto- and enol-forms (6.5:1) in CEICI
and only in the enol-form (Figure 7b) in the more polar solvent
acetone.Barbital andBC3H3 exist only in the keto form. The
binding to H1 of Barbital, BC3H3, and BC3Hg are all very
similar (Table 3), since they have similar structures and all exist
in the keto-form in CDGJ. For BCF3, where the presence of
the electron withdrawing group (GF(compared toBCsHg)
enhances the enol formation (6.5:1 enol/keto in CD& lower
binding constant td¢11 is observe. This is consistent with the

less sterically demanding butanoyl group makes this host moreenol form disrupting the symmetry of the H-bonding network

accomodating for the bulky ruthenium polypyridine moiety. The
binding of RuG3 to a host with the n-butanoyl (instead of the
pivaloyl) group becomes measurable from chemical shifts of
the amide bonds in an NMR titratiodK (~ 80 M~1).25

The binding ofRuG2 and RuG3 to H1 is expected to be

similar, since the absence of the ethyl group on the barbituric

acid ring inRuG2 is not expected to be significant. Instead,
the kete-enol capability oRuG2 (Figure 2) provides a major
difference betweeRuG2 and RuG3, which accounts for the
additional four to five orders of magnitude increase in binding
constant ofRuG2 to H1 over RuG3. The enolate form of
RuG2 (with a negative charge delocalized over the two oxygen

atoms of the barbituric ring) provides a strong hydrogen bonding

to H1.

In order to generate the enolate form of one of the barbituric
acids,BCF3; was studied, since it already exists predominantly
in the enol form in CDQ (in contrast toBC3Hg). An NMR
titration of a 1:1 complex oH1 andBCF3 with 1 equiv of the
base (1,8-bi?{,N-dimethylamine)naphthalene (Proton Sponge))
is shown in Figure 8. Large changes in the amide chemical
shift observed upon addition of this base are an indication of a
strong binding. Four different types of protons show additional
shifts upon titration oBCF3:H1 with base. These are the four
amide protons o1 (a,b), the two NH of the barbituric group
(c) and the CHprotons of the carbon that connects the barbituric

(26) (a) Wilcox, C. S.; Cowart, M. Dletrahedron Lett1986 27, 5563.

network with six contacts between the outer amide protons of (b) Wilcox, C. S. Frontiers in Supramolecular Organic Chemistry &
Hl and the negatlvely Charged Oxygen atoms Of the barblturlc PhoE)OChemlStr}/SChelder, H. J, Durr, H, Eds, VCH: Welnhelm, Germany,

acid ring (Figure 5). The enol form &8uG2 cannot have high
binding to H1, because the conjugation at the C-5 of the

barbituric acid is broken and the hydrogen bonding symmetry 48

required to match the host is disrupted.

(25) Ghaddar, T.; Isied, S. Manuscript in preparation for publication.

(27) Ascenso, J.; Candida, M.; Vaz, T. A.; Frausto da Silva, J. J. R.
Inorg. Nucl. Chem1981, 43, 1255.
(28) Neville, G. A.; Avdovich, H. W.; By, A. WCan. J. Chem197Q
, 2274.
(29) Glasel, J. AOrg. Magn. Reson1969 1, 481.
(30) Kelly-Rowley, A. M.; Lynch, V. M.; Anslyn, E. V.J. Am. Chem.
Soc 1995 117, 3438.



Ruthenium(ll) Bipyridine Barbituric Acid Guests J. Am. Chem. Soc., Vol. 119, No. 52, 12853

[e] H /N I e
e ——HN" “NH=—¢ Oy g 0o
NH H®HN
[e} 7z i \ / Z I
N b Na
/ R._ _NH HN_ _R
/N\Ru"(4,4'-R2bpy)2 \(I-])/ ~~— . P \lo]/

11.5 11.0 10.5 10.0 9.5 9.0 8.5 8.0
Chemical Shift (ppm)

Figure 3. NMR Titration of H1 (in CHCls) with varying amounts oRuG2. The guest and host are labeled and their assignment is labeled on the
molecule and on the spectra as the binding between the guest and the host proceeds.
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Figure 5. The molecular structure of thRuG2:H1 complex (with
the guest in the enolate form): formula (A) and the three-dimensional
500 550 600 650 700 750 800 energy-minimized structure (B).
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o o o o
Figure 4. The fluorescence spectrumRiG2 (6.8 x 1075 M in CH,- P i
Clp) and the increase in intensity observed when ex¢tsg5.4 x HN® NH HN™ "NH
10°% M) are added Aex= 435 nm). 0)\:,(&0 o | o
Table 3. Binding of Barbituric Acid Derivatives to Receptétl BB
compounds Ka(M™Y) l

[(DTB-bpy)RuG1)]?* <102

[(DTB-bpy)}RU(G2)]> 3.0x 1062

[(DTB-bpy)Ru(G3)]?* <102

(4,4-(CHs)-bpy)RUG2)]2* 2.8x 1062

[(bpy).RU(G2)]2* 3.1x 10°2 Barbital B-CF; B-C3H, B-C:H;

i b

Barbital 4.5£1 x 102b Figure 6. Barbital derivatives: alkylated, unsaturated, and reduced

BCsHe 47+ 1x 17 tbes

BCsHs 5.3+ 1x 17° YPES.

BCF; 0.7+ 0.3x 1(?P

2 Obtained from fluorescence titration in @El. ® Obtained from acid is |_n the enolate form.(whlch is a conjugated structure with
INMR titration data in CDGJ. a negative charge delocalized over three carbon and two oxygen

acid ring to the organic substituent (d) (see also Figure 8). The &0Ms). Intermediate to weak binding is observed with barbi-
strong binding is attributed to the formation of the enolate form tUric acids that only exist in the keto form. The smallest binding
of the BCF3; and an approximate binding constakt,~ 10¢ occurs for the enol form because it disrupts the complimentary
M~1 can be calculated from the titration data. H-bonding of the guest to the host. In comparison toRb&2

The binding of the different forms of barbituric acids to the complexes where strong binding ki occurs, the barbituric
hostH1 is illustrated in Scheme 4. The strongest binding of acids without ruthenium studied show that both the presence
barbituric acid derivatives tbl1 is observed when the barbituric  of electron withdrawing groups on the barbituric acids
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"RuG2 in CDCl3 RuG2 in DMSO-dg

1 1 1 L 1
3.7 3.6 ppm 3.7 3.5 3.3

31

e

T T
' BCF3 iln CDCl3 BCF3 in acetone-dg

L 1 ! L I 1
3.7 ppm

T
I]?.C3H‘5 iln CDCl3 BC3Hg in acletone~de

36 35 34 ppm 37 36 35 34
Figure 7. NMR of the C-5 protons iBC3Hg, BCF3;, andRuG2 in

different deuterated solvents.

3.7

and the addition of a strong base are required to affect a similarly

strong binding toH1.
Binding of Alkylated Barbitals to Related Receptors. The

binding of barbital and alkylated barbitals to a number of linear
and macrocyclic receptors was studied by Hamilton and co-

workers®@ |n their studies, hosts similar t81 were used with

n-butanamide instead of pivalamide side chains (Figure 1).

Higher binding constants were reported (ranging from-10
106 M~1) for hosts with favorably maximized electronic effects
and alkylated barbitals with no ability to form ketenol
equilibriada

Comparison of the binding data reported fét with those
reported earlier lead to the conclusion that the bulky pivaloyl
groups (used irH1 to prevent aggregation) as well as the

ruthenium polypyridine moiety present additional steric effects

for the H-bonding cavity oH1 and decrease the binding of

Chin et al.

the 2,6-diaminopyridine rings are add®d.Such molecular
assemblies should result in increased binding constants and make
detailed studies of electron transfer and energy transfer across
H-bonding networks possible.

Using 2,6-dicarboxypyridine as part of the molecular design
of H1 is also useful for the attachment of kinetically inert metal
ions such as R, Cd", or 04", to the central pyridyl nitrogen
in order to study intramolecular energy transfer and electron
transfer across these hydrogen bonding networks.

Estimation of Binding Constants from Molecular Model-
ing Calculations. The binding of the guests td1, K'eg, was
calculated by considering the enthalpyk°, instead of the free
energy,AG®, for the association ofi1 with guests (and thus
the prime notation irK'eg). Although theAS’ upon binding
may not be negligible, thAS® of these reactions is expected
to remain roughly the same for the series of reactions studied.
Solvent effects for the different guests were also assumed to be
constant throughout the series. With these approximations, the
binding constants were calculated and used to predict the relative
binding for different guesthost combinations.

The enthalpy change for the formation of the guest-host
complex, guest- H1 (host)— [guestH1], is defined asAH®
= H°[guestH1] — H°(guest)— H°(H1). The binding constants
calculated fronK'eq= e 2HRT at 25°C (RT = 0.592 kcal) and
the H°[guestH1], H°(guest), andH°(H1) obtained from the
energetics of the optimized structures for the guésist
molecules are described below.

The host moleculéll was assumed to have a planar structure
(except for the pivaloyl group). The holsitl structure can be
optimized to either theis or trans-conformation with respect
to the G=0 bonds closest to the central pyridine ring. Only
the cis-conformation can form the experimentally derived 1:1
guest/host complex, while theans-conformation can lead to a
polymeric structure. Theis-conformation (minimized energy
—112.0 kcal/mol) was used even though ttans-conformation
has lower energy (minimized energyl18.1 kcal/mol) and is
therefore more stable than thlés-conformation by~6 kcal/
mol.

In the unsaturate1 and in RuG1, the dihedral angle of
the barbiturate ring and the bipyridine moiety was found to be

H1 to RuG3 as shown in Figure 9. Whereas the more open ~60°, indicating steric interaction between the carbonyl group
structure of the porphyrin barbital with the phenyl spacer can and the hydrogen at the 3-position of the bipyridine rings. A

accomodatélil without these additional steric effects, significant

grossly distorted ring structure results wHeuG1 is introduced

differences were found when the open porphyrin molecules wereinto the cavity ofH1, because the pivaloyl group cannot fit

compared to the sterically hinder&®&uG3. The proximity of
the RU' (bpy), to theH1 cavity and its octahedral geometry are

well into the groove between the two bipyridine ligands of the
Ru'(bpy). Thus, an extremely small binding constant is

therefore responsible for these additional steric effects (comparedcalculated forRuG1 (Table 4). Experimentally the binding
to the planar porphyrin that is connected to the barbital derivative constant was not measurabl¢ ¢ 10 M™4).
by a phenyl spacer at the C-5 carbon). If a spacer such as a For theG2 andRuGZ2, the reduced olefinic minimized bridge

phenyl group is added to thRuG3, similar binding to the
porphyrin barbital and other alkylated barbitals would be

structure takes ais arrangement with respect to the barbiturate
ring so that the bipyridine group is almost stacked on top of

expected. However, the extent to which such a spacer will the barbiturate ring. Upon formation of ti&2 enol or enolate,

reduce the capability of ruthenium polypyridine barbituic acid
derivatives to undergo keteenol equilibria is not known at this
time.

The formation of theRuG2 enolate causes C-5 to change
from sp to s and as a result moves the barbituric ring away
from the bipyridine ligands (Figure 10) which increases the
binding of RuG2 to H1 because of a modified H-bonding
network. The spcarbon formed upon enolization also strength-

the planes of the bipyridine and the barbiturate rings become
perpendicular to each other and therefore relieve the steric
constraints imposed on tfRuG1 conformation (i.e., interacting
with the pivaloyl groups) (Figure 11). The enolate formG#
possesses a mirror plane with a bipyridine group that bisects
the barbiturate ring when the orientation of peripheral bipyridine
groups on the ruthenium are ignored. Therefore, B2
complex fits well into theH1 cavity, resulting in high binding.

ens H-bonding between the negatively charged oxygen atomsin the enol form, the hydroxyl group breaks the symmetry,

and the amide NH’s of the H1 host. Future studies will be
directed toward exploiting the ket@nol equilibria affected by

disrupts the H-bonding between the guest and the host and
results in lower binding (Table 4). Th&3 only exists in the

the ruthenium complex as the steric effects induced by the keto form, because of the replacement of hydrogen by the ethyl
pivaloyl groups are removed and other changes promoted bygroup at the carbon of the barbituric acid ring ®3.
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Figure 8. NMR titration of a 1:1 complexBCF3:H1 with the base, 1,8-big\|N-dimethylamine)naphthalene (proton sponge). Shift in the amide
protons upon binding is labeled on the molecule and on the spectra. e is the signal KpR+tlienethyl of the proton sponge.

Scheme 4A Scheme (Shown for thBCF3 Derivative) for the Binding of Organic Barbituric Acid Derivatives in Their

Different Forms (Keto, Enol, Enolate) to the Hd$1 Showing That the Enolate Exhibits the Strongest Binding and the Enol
Exhibits the Weakest Binding
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The interaction oH1 with RuG2 using the rigid geometry of  binding constants based on the MM2 calculation (with the
RuG3 is expected to improve its binding relative RuG2 to assumptions outlined in the beginning of this section) increase
H1 in its keto form (Table 4). The diethyl group &3 is in the following order: K'e((enol) < K'e(keto) < K'e(enolate)
assumed to have an athns-conformation with the axis of the  (Table 4). Experimental observations agree with the trend
hydrocarbon chain perpendicular to the barbiturate ring. The predicted by these MM2 calculations.
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(A) (B)

Figure 9. Comparison of the environment around the barbital group
in the open porphyrin guest/host system (A) and in the sterically
hindered ruthenium system (B).

H

~/
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~.
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Figure 10. Three-dimensional structure &uG2 in the keto and in
the enolate form showing the relief from steric interactions that enolate
formation causes by changing C-5 fron? $p si# carbon.

Table 4. Calculated Energetics of HosGuest complexes withil
(H = — 112.0 kcal/mol)

energy, kcal/mol

guest H(guest) H(guest-host) AH g ARRT
Gl —83.1 —210.3 —-15.1 1.2x 104
G2 —80.6 —211.7 —-19.1 1.0x 10
G3 —-77.1 —209.4 —-20.3 7.6x 10
Barbital —64.6 —194.6 —18.0 1.4x 108
RuG1 —46.0 —114.7 43.3 1.8 102
RuG2 (keto) —42.9 —160.6 -5.6 1.4x 10
RuG2 (enol) —-52.5 —-164.5 00 1.0
RuG2 (enolate) —54.4 —-177.3 —10.8 7.8x 107
RuG3 —46.1 —165.2 -7.0 13x 10

Role of the Ruthenium Complex. The comparison of the
binding constant foRuG2 and BCF3 with H1 shows that the
ruthenium(ll) complex favors the enolate formation more than

Chin et al.

Figure 11. Three-dimensional structure of tReiG1 complex showing
the steric interaction between the barbituric acid ring and one of the
bipyridine ligands attached to the Ru(ll) complex.

can introduce large steric effects that reduce the binding between
H1 and the alkylated and unsaturated barbital derivatives
through their interaction with the substituents at the two ends
of the 2,6-diaminopyridine groups. Overall enhancement in
binding of more than four orders of magnitude can result from
enolate formation at the barbital ring. In this study the role of
the pivaloyl substituents while useful in enhancing the solubility
of the guest/host complex in weakly polar solvents and
preventing aggregation, also turned out to sterically modulate
the H-bonding association between the guest and the host. Other
groups that can increase or decrease binding are currently under
investigatior?®

Experimental Section

Solvents and Starting Materials. Chloroform was distilled from
CaClh, CH.CI, and triethylamine from Cajl and THF from Na/
benzophenone. For electrochemical experiments, commerciEl i CH
dried over 4A molecular sieves, was used without further purification.
Commercial deuterated solvents were used as received. Théi4,4
t-Bu-2,2-bipyridine®! and cis-(4,4R-bpypRuChk-2H,0 (where R=
H, CH;, t-Bu, and bpy= bipyridine) were prepared as described in the
literature3?2 The 4-methyl-2,2-bipyridine-4-carboxaldehydg and
4-bromomethyl-4methyl-2,2-bipyridine dihydrobromide were pre-
pared by literature proceduré&s.

Instrumentation. HPLC was carried out by using a constant flow
of the buffer (CHCN/H,0/0.1% NaTFA) and monitoring at 254 nm.
1H and**C NMR spectra were obtained at 200 MHz. Chemical shifts
are reported in ppm downfield from tetramethylsilane, and coupling
constants are in hertz. Fast atom bombardment mass spectra (FAB-
MS) were taken at the Biomedical Research Core Facilities, University
of Michigan; m/z values are reported for the protonated molecular ions
unless otherwise indicated. Fluorescence spectra were obtained using
a FluoroMax spectrofluorometer Model Spex 20. In voltammetric
studies a three electrode cell configuration with a glassy carbon working
electrode, a Pt auxiliary electrode, and a SCE reference electrode was
used on a BAS 100A electrochemical analyzer. The reference electrode
was placed in a glass tube separated from the bulk solution by a Vycor
frit. After each determination, ferrocene was added to the sample
solution, and its oxidation was measured voltammetrically for calibra-
tion. The supporting electrolyte in all cases was 0.1 M tetrabutylam-
monium hexafluorophosphate. The sample solutier3—0.5 mM,
were purged with argon for 15 min prior to the measurements. The
reportedE;, values were obtained from the average of the cathodic

the unchanged organic substituents. For the organic substituentand anodic peak potentials at varying scan rates. The redox couples

with electron withdrawing substitutents (€Broups) on the
barbital ring (which enhance enol formation), enolate formation

still requires the addition of a strong base. For the ruthenium

were considered to have Nernstian behavior based on their peak-to-

(31) Sasse, W. H. FOrg. Synth.1966 46, 102.
(32) (a) Sullivan, B. P.; Salmon, D. J.; Meyer, Tldorg. Chem1978

derivatives no base is required to form the enolate. Upon the 17,333, (b) Belser, V. P.; Zelewsky, V. Adely. Chim. Actal98Q 63,

formation of the enolate, both the ruthenium barbituric acid and
barbituric acids with organic derivatives strongly bindHa.

The octahedral structure of the ruthenium complex also plays

a role where the presence of the bipyridine rings closel1o

1675.

(33) (a) Peek, B. M.; Ross, G. T.; Edwards, S. W.; Meyer, G. J.; Meyer,
T. J.; Erickson, B. WInt. J. Peptide Protein Re4991, 38, 114. (b) Strouse,
G. F.; Schoonover, J. R.; Duesing, R.; Boyde, S.; Jones, W. E., Jr.; Meyer,
T. J.Inorg. Chem.1995 34, 473.
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peak separations compared to that of the ferrocene/ferrocenium couple(d, two pyr-H-2,6), 10.43 (s, two CONH); FAB-MS 350 (M H)*.

under the same conditions. Anal. Calcd for G/HisN7O»*H,O: C, 55.58; H, 4.66; N, 26.69.
Binding Studies. The binding interaction between the recepktit, Found: C, 55.48; H, 4.51; N, 25.90.
and various guest compounds was investigated'tsyyNMR and 3,5-Big [6-(pivaloylamino)-2-pyridyl)amino]carbonyl } pyridine,

fluorescence spectroscofy The binding constants were obtained from  H1. To a solution of 0.5 g (1.43 mmol) ¢fP and 0.89 mL (6.4 mmol)

a nonlinear least squares curve-fitting of the data to the binding of triethylamine in 50 mL of anhydrous THF was added 0.35 mL (2.9

isotherms. The protocol used for each technique is detailed below. mmol) of pivaloyl chloride. After stirring at room temperature
The fluorescence binding studies were all performed usingGGH overnight, the reaction mixture was concentrated to a sticky yellow

(freshly distilled from Cak)). The glass apparatus was predried in the solid. Chromatography on silica gel using ethyl acetate/hexane (5:95)

oven just prior to use. To exclude moisture, the sample solutions were as the eluent yielded 250 mg (34%)tét, mp 244-245°C: 'H NMR

kept under an atmosphere of argon by using rubber septa and argon{DMSO-ds) 6 1.25 (s, 18 CH), 7.73 (m, two pyr-H-3, 7.87 (m, four

filled balloons. In a typical binding experiment, a stock solution of pyr-H-4,5), 8.82 (s, pyr-H-4), 9.26 (m, two pyr-H-4,6), 10.84 (s, four

the receptoH1 (~0.5 mM) was added in aliquots of-3.0 uL to a CONH); FAB-MS 518 (M+ H)*.

solution of the ruthenium guest complex¥ M) of known concentra- Preparation of Organic Guest Molecules. 5-[4-(4Methyl)-2,2'-

tion. The increase in emission intensity at 600 nm (for excitation at pinyrigylidene]-2,4,6-(1H,3H,5H)-pyrimidinetrione, G1. 4-(4-Meth-

Aexe = 435 nm) was monitored as a function of host concentration. . > _hipyridyl)carboxaldehyde (74.5 mg, 0.37 mmol) was added to

Addition of H1 was repeated until no further increase in emission 3 pot slurry of 55 mg (0.39 mmol) of barbituric acid in absolute ethanol,

intensity was observed. _ _ and the mixture was heated at reflux overnight. The light yellow
The'H NMR binding studies were carried out in CRQ@Ir CD:Cl, precipitate was collected via filtration, washed with hot water (to remove

solution. In a typical experiment, thel NMR spectrum of the solution  ynreacted barbituric acid), and then washed with absolute ethanol and

of pureH1 (2 mM in 0.5 mL of CDC}) was recorded first, and then  fina|ly ethyl ether. The product was dried under vacumn overnight to

small aliquots (550 uL) of the guest stock solution in CDE(25 give 83.5 mg (73%) of51 as a bright yellow powder, mp 200 °C:

mM, 0.2 mL) were added to the NMR tube via a gas tight syringe. 14 NMR (DMSO-dg) 6 2.50 (s, bpy-4CHj), 6.14 (s, &=CH—), 7.50
The chemical shifts of the amide protons of the host were monitored (4 j =55 H-8), 7.56 (d,J = 5.2, H-5), 8.15 (s, H-3, 8.29 (s, H-3),

as a function of guest concentration. Addition of guest was continued g 6o (d,J = 5.5, H-6), 8.68 (d,J = 5.2, H-6), 10.23 (s, two NH);
until no further shifts in the amide protons were observed. FAB-MS 309 (M + 1)*. -
Molecular Mechanics Calculations. All calculations were carried ! i
- . 5-[4-(4-Methyl)-2, 2'-bipyridyllmethyl-2, 4, 6- (1H,3H,5H)-py-
out using the Molecular Mechanics program (MM2)a part of the rimidinetrione, G2. A slurry of 50 mg (0.16 mmol) o1 in 10 mL

CAChe. WprkSystem (v. 3.8), from CAChe Scientific Co. of DMF was saturated with Hor 30 min and then was treated with
The initial structure of the host or guest moleculewas constructed 1go4, pd/C. After 12 h. the reaction mixture was filtered and then

assuming that the molecule is planar in the conjugated regions. Local .qneentrated to give 32 mg (69%)GR2: 'H NMR (DMSO-de) 6 2.40
minima were avoided by choosing the lowest energy configuration from (o bpy-4-CHs), 3.45 (s, CH), 7.25 (d,J = 4.4, H-5,5), 8.20 (s, H-3,3,
a sequential minimization by varying all the dihedral angles of the inter- g 5q (d,J = 4.4, H-6,8), 11.11-11.25 (two NH): FAB-MS 310 (M
ring bonds in 12 steps. All the N-H and G=C bonds responsible for H)*. -

the hydrogen bonding in the host molecule were oriented toward the 5-Ethyl, 5-[4-(4-Methyl)-2,2-bipyridyljmethyl-2,4.6-(1H,3H,5H)-

center so that the hydrogen bonding network would be intact. The e h
L L pyrimidinetrione, G3. Diethyl 2-ethylmalonate (0.18 g, 1 mmol) was
selected structure was further optimized to within 0.0003 kcal/mol. added to a slurry of 30 mg (1.25 mmol) of NaH in 10 mL of dry DMF.

| L .
The Ril{bpy), group was attached to the bipyridine side of the host Stirring was continued for about 30 min until a clear solution was

molecules, and the coordination environment of this ruthenium was obtained, and then 50 mg (2 mmol) of additional NaH was added. A
taken to be t.hat. O.f the crystal structdfe. - solution of 0.42 g (1 mmol) of 4-bromomethyl-shethyl-2,2-bipyridine
Once the |nd|V|duaI_host or guest ”?O'eC“'eS were Opt'm'zed' the dihydrobromide in 2 mL of DMF was added dropwise. The reaction
oxygen atom Of. the pivotal 8C bond in the barbiturate INg Was - yas allowed to stir for 5 h. Water (2 mL) was added, and then the
brought to 2A dl_stance from the para-H of the central p_yrldme pf the solution was neutralized with 10% aqueous HINQhe crude product,
hostt_ moltﬁcuée W'tdh 4%0(?'..?@”9;6 gftwet' For thfeﬂ;startlngtcoml‘lg- g 4-(4-methyl)-2,2-bipyridy)methyl malonate, was isolated by extraction
uration, the 2, and 4-t's ol the barbiturate ring of the guest molecu'es ., cpy,cl, followed by concentration and then silica gel chromatog-
were placed in the same plane of thg pyndlne ring of the host, and the raphy using CHCI,/EtOAc (8:2) as the eluant, resulting in 0.35 g (95%)
structure was then minimized to a limit of 0.0003 kcal/mol. of a light yellow oil. A solution of the crude product, 60 mg (1 mmol)

Preparation of Host Moleules. 3,5-Bi¢[(6-amino-2-pyridyl)- of urea, and 0.6 mL of ethanolic sodium ethoxide (21% by weight) in
amino]carbonyl} pyridine, HP. A slurry of 3.0 g (17.9 mmol) of 3,5- 10 mL of absolute ethanol was heated at reflux for 2 h. Water (20

pyridine dicarboxylic acid in 2 mL of CHGJ 14 mL of thionyl chloride, mL) was added, and the solution was acidified to pH 1 with 10%
and a drop of DMF was heated at reflux under an inert atmosphere for aqueous HN@ The resulting solution was cooled in the freezer

5 h, resulting in a clear orange solution. The reaction mixturé was o emight and the produ@3 precipitated as a white crystalline solid,
concentrated under vacuum, and the resulting light orange solid wasg 5 g (67%), mp> 270°C: *H NMR (DMSO<s) 6 0.79 (t,J = 7.3

washed with benzene to remove remaining thionyl chloride. The solid CH.CH.). 2.00 (0.J = 7.3. CHCH2). 2.39 (s. bpv-4CH.). 3.22 (s
was redissolved in 50 mL of Gi&l, and was added slowly via cannula CHz) —73_)65 -(d J(i' 4.3 HB) %26 3()d J= 4(3 Hp_)g) 8._13())’ (s. H-'g,’. '
to a vigorously stirred solution of 8.9 g (81.5 mmol) of 2,6- 819’(3 H-3)' 8.50 and 8.57 (two d= 43 H-6 6)7 11.52 (’s WO
diaminopyridine in 6 mL of triethylamine and 200 mL of @&, at 0 NH); FAB-MS 339 M+ 1) ' T '

°C. The reaction mixture was allowed to warm to room temperature Bl':lrbituric Acid Derivativés The 5-cinnamylidenepyrimidone-

and then was stirred for 24 h. The reaction mixture was concentrated
: - ; : '2,4,6-(H,3H,5H)-trione!® (BC3H3) described earlier was reduced to
and the resulting olive green solid was washed with water to remove ! )
9 g BC3Hs with Pd/C (10%) as described fag1l above. The 1-[3,5-

excess 2,6-diaminopyridine and triethylamine hydrocloride. The crude =~ L
X raminopynicl e yiami 4 ! . ditrifluoromethylbenzene]methyl-2,4,64t13H,5H)-pyrimidinetrione

product was purified by crystallization from tetrahydrofuran-heptane, )
affording 4.5 g (72%) oH1 as a light greenish-yellow powder, mp (BCF3) was prepared from 3,5-trifluoromethylbenzaldehyde and bar-

200°C (dec): *H NMR (DMSO-d) 6 5.83 (s, two NH), 6.27 (d,J = bituric acid, followed by reduction with Pd/C (10%) using similar

7.3, two pyr-H-3), 7.40 (m, four pyr-H-45). 8.78 (s, pyr-H-4), 9.15 conditions to those used above f@1 and G2. Barbital was
by ) ( pyr-H-43) (s py ) synthesized as described previou¥lyAll these organic derivatives

(34) A Textbook of Practical Organic Chemistiyogel, A. I., Ed.; John were characterized by NMR in CD£I

W”%)éagg vi':’r?sl:vl Ngﬁcﬁglrgi’kilglsﬁéukownik R R, Wilcox. C. . Am Preparation of Ruthenium Complexes: Ru(4,4di-tert-butyl-
Ch(em) Soc19é8 110 6204 U Ui bpy)2(G1)[PFg]2, RuG1. A slurry of 19.7 mg (0.064 mmol) 061
(36) Allenger, N. L.J. Am Chem. S0d.977 99, 8127. and 39.5 mg (0531 mmOI) mﬂs—Ru(4,4-d|—tert—buty|-bpy)2C|2-ZHZO

(37) Rillema, D. P.; Jones, D. S.; Levy, H. A. Chem. Soc., Chem. in 5 mL of ethanol/HO (70:30) was degassed with argon for 30 min
Commun.1979 849. and then heated at reflux under an argon atmosphere for 8 h, causing
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the color to change from purple to bright orange. The solvent was Pd/C catalyst (10%, 30 mg) was added to the flask, and the reaction
removed by rotary evaporation, the resulting orange solid was redis- was allowed to proceed for 22 h. TReiG2 was purified as described
solved in 2 mL of water, and then a saturated aqueous solution f NH  for RuG1, resulting in 70% yield {40 mg): *H NMR (DMSO-d;): 6

PFs was added. The resulting orange precipitate was cooled in the 1.37 (s, 36 (Ch), 2.49 (s, 3bpy-4CHj), 3.31 (s, CH), 7.20-7.59 (m,
freezer, filtered, and then washed with water and ethyl ether. The crude 12 bpy-H-3,5), 8.56 (s, H:j 8.62 (s, H-6), 8.81 (s, 4 H*46""), 8.94
product was purified by adsorption chromatography on a neutral (s, 2 NH); Neg-FAB-MS 1237 (M- 1)*.

alumina column (2 15 cm) by using CHCN/H,O (8:2) as the eluant, Ru(4,4-di-tert-butyl-bpy) (G3)[PFe]2, RuG3. This complex was
resulting in 50 mg (60%) of the compleRuG1: *H NMR (DMSO- prepared in 60% yield as described aboveRaG1: 'H NMR (CDCly)

dg): 0 1.36 (s, 36 CH), 2.49 (s, bpy-4CHs), 6.02 (s, G=CH), 7.20- 8 0.93 (t,J = 7.3, CHCH), 1.39 (s, 36 Ch), 2.19 (q,J = 7.3, CHr

7.59 (m, 12 bpy-H-3, 5), 8.25 (d, HP8.50 (s, H-6), 879 (s, 4 iy 555 (s, bpy-4CHy), 3.38 (s, CH), 7.20-7.60 (m, 12 bpy-H-

H-6",6""), 10.24 (s, two NH); Neg-FAB-MS 1235 (M- 1)*. 3,5), 8.01 (s, H-9. 8.10 (5. H-6), 8.15 (m, 4 H266"), 8.68 (s, 2 NH):
Ru(4,4-di-tert-butyl-bpy) »(G2)[PFs]2, RuG2. ComplexRuG2 was Neg-FAB-MS 1265 (M— 1)*. -

prepared by two different methods. In the first method, similar to that
described foRuG1, a solution of 40 mg (0.054 mmol) afs-Ru(4,4- .
di-tert-butyl-bpy}Cl-2H,0 and 20 mg (0.064 mmol) a2 in 5 mL Acknowledgment. This work was supported by the U.S.

of 7:3 ethanol/HO was heated at reflux fo8 h under an argon Department of Energy, Division of Chemical Sciences, Office
atmosphere. After precipitation as itsgflt by addition of a saturated ~ of Basic Energy Sciences under contracts DE-FG05-90ER1410
solution of NHPF;, the product was purified on a neutral alumina and DE-FG02-93ER14356. We would also like to thank
column by using CECN/H;O (95:5) as the eluant (24 mg, 60% yield).  Professor C. Wilcox for sending us an early version of his

The second method involved the catalytic hydrogena_tioﬁmml _in program for the determination of binding constants by NMR.
methanol. RUG1[PFg], (56.7 mg, 0.056 mmol) was dissolved in 20

mL of methanol, and then the solution was saturated witliod 1 h. JA971481Y



