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The ion-pairing between the chiral- or A-[Ru(bpyk(Hcmbpy)F* (Al or A1) and theA-Trisphat
(A2) (Hcmbpy = 4-carboxy-4-methyl-2,2-bipyridine and Trisphat tris(tetrachlorobenzenediolato)-
phosphate(V)) is investigated in solution by meanstfNMR spectroscopy. The RuTrisphat ion-
pairing adopts two stoichiometries that exchange via a fast dynamic process. The equilibrium constants
K andK' are calculated for the 1/1 and 1/2 Ru/Trisphat stoichiometries. The constant values are in
agreement with Coulombic attractions assisted by-ar stacking between the bpy ligands of the Ru
cation and the aromatic rings of the Trisphat anion. The homochiral pairing is favored as opposed to the
heterochiral one, as shown by the respedtivealues of 4.46< 1P vs 2.05x 10° M2, In the homochiral
ion pair, the cationic and anionic propellers adequately fit to optimizerthtacking interactions and to
lead to a dication sandwiched by two anions at the highest Trisphat/Ru ratios.

In the last decades, chiral resolution of enantiomers from a A-[M(L —L)(eilatin)?" and A-[M(L —L),(eilatin)?* cations
racemic mixture has been one of the major challenges for (Figure 1A)° In a previous work, we reported the X-ray structure
chemists. In the field of coordination chemistry, chiral cations of the dicarboxylic complex [Ru(bpy(H2dcbpy)f*, where a
of octahedral metal complexes have been designed for diversedouble-chained 1D-polymer encloses strong H-bonds. The
functions in biological and chemical systems, including the supramolecule is built from blocks linked to one another via
intercalation of metal complexes into DNAzurther, the metal H-bonds; a block itself results from/a[Ru(bpyk(H2dcbpy)F*
complexes of C-symmetry were involved in asymmetric  cationic unit connected toA-[Ru(bpy)(H2dcbpy)f" cationic
catalysis? etc. In solution, an efficient strategy to separate such unit by two H-bonds of equal distances witfO---O) = 2.60
chiral cations associated with traditional achiral anionss(PF A (Figure 1B)® These two examples provide evidence that
BF4, etc.) consists in exchanging the common anions for chiral despite the electrostatic repulsions between the cationic actors,
versions. The induction of optical activity by chiral anions onto H-bonding andr—x stacking interactions allow such associa-
cationic racemic organometallic substrates has recently regainedions to be tightened.

a new interest. The association of racemic cations with On the other hand, if the charged species are one cation and
enantiopure counterions leads to the formation of diastereomericone anion, the Coulombic attractions may be reinforced by the
ion pairs, which present different chemical and physical above-mentioned interactions if the associates are targeted to
properties. this end.

The field of coordination chemistry reports many examples  Here, we have chosen to study the association between the
where the tight association of charged species proceeds typicallychiral A- or A-[Ru(bpyy(Hcmbpy)ft (Al or Al) and the
from either z—ax stacking interactions or hydrogen bonding. A-Trisphat (A2) (Hcmbpy = 4-carboxy-4-methyl-2,2-bipy-

An interesting example of association via-ir stacking is given ridine and Trisphat= tris(tetrachlorobenzenediolato)phosphate-
through the octahedral eilatin complexes [M{(L) »(eilatin)]?™ (V)) (Scheme 1). No crystal structure has been reported so far;
(M = Ru, Os; L-L = bpy, phen), where eilatin is a heptacyclic thus quantitative information relative to the association is poor.
aromatic ligand with a strong-charactef. The crystallographic  In this work, the stoichiometry of the ion-pairing is examined
structure shows that a heterochiral association is formed betweerby NMR spectroscopy. The association constants are calculated
for each diastereomeric ion pair. The geometry of the pairing
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Figure 1. Association of cationic metallic complexes by eitherx stacking interactions (A) or H-bonding (B).

Scheme 1.

(A)A-Trisphat (A-tris(tetrachlorobenzenediolato)phosphate(V)) and (B)A-[Ru(bpy)2(Hcmbpy)]?* Including the

Atom Numbering?

1

2 Only the anion and cation are given (A and B, respectively)

reactions’ In a previous work, we reported the synthesis, the
characterization, and the chiral resolution of the ruthenium
cationic complexes [Ru(bpy(Hcmbpy)F+ (A1 andA1l), where
one of the bipyridyl ligands carries one carboxylic acid
functionality (Hcmbpy)® We showed briefly and qualitatively
that a homochiral association occurs between AR€risphat
andA-[Ru(bpyk(Hcmbpy)E™. In this work, we have undertaken
a complete investigation of these species in solutiof-blMR

We have decided to work on the diastereomerically pure salts
A1—A2 and A1-A2 using 'H NMR spectroscopy. As the
A-Trisphat anion is a “silent” probe for the proton investigation,
no interspecies signal overlap is possible and the set of
observable signals is readily assigned to the Ru compounds.

Dimerization. Many examples of self-association in solution
and in solid state of cationic octahedral metal complexes with
extended aromatic ligands have been repdtfesince the goal

techniques and are able to get precise and quantitative informa-of our work is to study the RuTrisphat ion-pairing, it was

tion on the homo- and heterochiral ion-pairings. For instance,

necessary to check that no other equilibria (self-association)

the association constants are determined for both homo- andconcurrent with the ion-pair association exist under our experi-

heterochiral assemblies.

(7) (@) Lacour, J.; Jodry, J. J.; Ginglinger, C.; Torche-Haldimann, S.
Angew. Chem1998 110, 2522; Angew. Chem., Int. EAL998 37, 2379.
(b) Lacour, J.; Goujon-Ginglinger, C.; Torche-Haldimann, S.; Jodry, J. J.
Angew. Chem200Q 112, 3830;Angew. Chem., Int. ECR00Q 39, 3695.
(c) Monchaud, D.; Jodry, J. J.; Pomeranc, D.; Heitz, V.; Chambron, J. C.;
Sauvage, J. P.; Lacour, Angew. Chem2002 114, 2423;Angew. Chem.,
Int. Ed 2002 41, 2317. (d) Herse, C.; Bas, D.; Krebs, F. C.irBu T,;
Weber, J.; Wesolowski, T.; Laursen, B. W.; LacourAdgew. Chem2003
115 3270;Angew. Chem., Int. E®2003 42, 3162.

(8) Caspar, R.; Amouri, H.; Gruselle, M.; Cordier, C.; Makux, B.;
Duval, R.; Levégue, H.Eur. J. Inorg. Chem2003 499.

mental conditions, thus avoiding additional species such as
dimers in the solution.

For our purpose investigations, we kept the concentrations
as low as possible for enantiomeric [R&] 1]o and [A-Trisphat]
= [2]o {where [L]o is the known total concentration of Ru and
[2]o is the known total concentration &-Trispha}.

On the contrary, we performed a “forced self-association”
experiment where low and much higher concentration solutions

(9) Draper, S. M.; Gregg, D. J.; Schofield, E. R.; Browne, W. R.; Duati,
M.; Vos, J. G.; Passaniti, B. Am. Chem. So2004 126, 8694.
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Table 1. Diffusion Coefficients for Al in 90/10 CD,.Cl,/ A1+A2 u Me o HS' & HS
CD3CN at Two Monomeric Molar Concentrations (283 K)? Al+A2 = Me o HY' » He
D + AD coefficientx 10° m? s1 45
signal 0.3 mM 9.0 mMm 4p - g
CHDCl, (solvent) 6.15k 0.01 6.23+ 0.01 . o ‘
H3 4.24+0.46 4.614+0.03 - - .
CHs 4.3240.03 4.37+0.01 S 1 . o
aH3 and CH are selected as probes for the Hcmbpy ligand of the chiral “‘b_ 15 4 . .
Ru complex. ¢
£ 20 4 ’
were prepared for both Ru complexes and Trisphat. For the % * R
enantiopure Ru complexe®] NMR spectra recorded af]p = |
= 0.3 and 10.0 mM in a CECI,/CDsCN solvent mixture (90/ : 10 - T S AT - .
10) show no significant chemical shift variation at 283 K. For = i ; t L ¢ i
A-Trisphat, three samples &§ = 0.5, 5.0, and 50.0 mM (same = ¢ Ty
solvents) display identicdiH NMR spectra within the error 004 g ; i ; . X 'y
margin due to the spectral resolution (see Experimental Section). oD 02 04 06 o0z 10
As the state of self-association of a molecule and/or ionic 11,71} +2])

aggregatiot? in solution can also be ascertained from the Fiqure 2. Job plots for theAl + A2 and AL 4+ A2 mixtures

diffusion coel_‘flme_nts, a series of pulsed field gradient NMR Cgrves giving tﬁe variation of chemical shiig in Hz) x [1]o

(PFGNMR) diffusion measurements have been gxecuted for the(M) vs the [L]o/([1o + [2]o) mole ratio are displayed for selected

Alenantiomer, as an example, in the concentration range choselgignals from théH NMR spectra at 283 K. Solid symbols refer to

for the “forced self-association” study (exactflo=0.3and  the A1 + A2 mixture, empty symbols t&\1 + A2. The criteria

9.0 mM). Diffusion constantd), from the’H NMR spectra in for the signals selection are (i) well-resolved signals over the full

the CD,Cl,/CD3CN solvent mixture (90/10) at 283 K are given 0—1 ratio domain and (ii) signals that experience significant

in Table 1. Typical plots of the signal intensity vs the square of frequency change to accurately probe the pairing.

the gradient strength together with the calculated curves (see o )

Experimental Section for details) are displayed as Supporting value of these two stoichiometries (0450.33)/2= 0.415. In

Information. The results show that the concentration dependenceSolution, the 1/1 and 1/2 stoichiometries exist. Due to the fast

of the D values is extremely minor within the explored range. ©&xchange dynamic, a pairing where one Ru species is associated

This indicates that the average level of aggregation of the chiral With one Trisphat1—2) is in equilibrium with a pairing of one

Ru cations remains unchanged from 0.3 to 9 mM. At 0.3 mM, Ru species with two Trispha2¢-1-2). It seems that for such

a state where all the cations would be self-associated is unlikely. °ctahedral metal complexes incorporating bpy aromatic ligands
Consequently, the assumption of a self-association (dimer- for which the e'Iectrons are fully delocalized, th global charge

ization) is precluded in the experimental conditions of the main ©f the system is not strictly reliable for a stoichiometry deter-

study for both species. A chemical shift change is then reliable mination. Then—_ele_ctrons of the bPY Iiggn_ds are partly trans-
for the heterospecies binding. ferred to the cationic metal center via efficient orbital overlaps.

Stoichiometry Determination of the Chiral lon-Pairing. SinceAl signals (vsA1) are the most sensitive to thi2

Prior to any determination of association constant it is essential addition, we expect that tha1—A2 pairing is stronger.

to ascertain the stoichiometry of the Rurisphat complex. This A fsingilt\l/sanOPStarr\tsaSg ?ril;\l;lt?rzscgélsltg%( gc,:ll ugg/rlsoof
has been achieved from NMR data by means of the method of 2>+ & ere prepared (0. 2=e T )-

continuous variations, known as Job’s metRbdhis method ﬁg?;ﬁigoofoagrﬁﬁCha?]t(;(;ﬁsmtgZé\fzﬁﬁgdﬁ;ﬁ %'; dl\(lg'\rAR
involves preparing a series of solutions containing the enan- y 9 P

tiopure Ru A1 or Al) and A-Trisphat in varying proportions go;b(t)a;n c’élLv(\)lldzeﬁdTrésghits:oggegtrgg%n gﬁgegg():r?]'l\ﬂo)'zf’or a
so that the complete range of mole ratios is covered (A]/ cé)n,sténi R.u ’coﬁc,enirz;tio.rl]’[) (séé Ex. érimental .Section for
([1]o + [2]0) < 1 by 0.1 step). The total concentraticljd + p

[2]o remains constant at 2.5 mM for each sample in the@D details). The'H NMR spectra at 283 K are given in Figure 3.
CD4CN (90/10) solvent rﬁixture A brief examination of the two series of spectra highlights

. the different behavior oA1 and A1l upon A2 addition. While
For each series\1 +. A2 andAl + A?)’ NMR spectra at ...the A1 series undergo strong signal frequency shifts (Figure
283K revgal a set of signals that experience qfrequenpy ShlftSB), the Al series are poorly perturbed (Figure 3A). More
as a function .Of thg]l]d([;]o + [2Z]o) ratio. This behavior, important is the discrepancy between the signal splitting of the
previously depicted,is attnbu';ed to a fast exchange process two series whem2 is present at high, 2/1 ratioa1 spectra
betwe_en the free_ Ru enantlome(_fxl( or Al) and the Ru exhibit a number of signals that is adequate with a @al
enantiomer associated with the Trisphat to lead to/the A2 symmetry when associated with2 (1 mM and above)

or A1-A2 diastereomer. '.A‘S expected gnd prewou;ly dgscrlped, Substituted as well as unsubstituted bpy ligand signals are spread
the spectrum corresponding to each diastereomeric pair deviates

from the other, at the same ratio. (10) (a) Beck, S.; Geyer, A.; Brintzinger, H. i€hem. CommuriL999
After the peak frequency is determined, a Job plot is built 2477. (b) Gorman, C. B.; Smith, J. C.; Hager, M. W.; Parkhurst, B. L.;
for three selected signals from each pair (Me;,H8 for A1 Sierzputowska-Gracz, H.; Haney, C. A Am. Chem. So999 121, 9958.

, . . (c) Stoop, R. M.; Bachmann, S.; Valentini, M.; Mezzetti,@rganometallics
+ AZ and Me, H3, HE' for A1 + A2) as shown in Figure 2. 500q 19,'4117.'(d) Chen, Y.: Valentini, M.; Pregosin, P. S.: Albinati, A.

Surprisingly, the curves reach a maximum for a ratio value Inolrg. Chim. Acta2002, 327, 4. (r?) Martinez-Viviente, E.; Preg(;f(;sin,hP. S,
; ; Vial, L.; Herse, C.; Lacour, JChem=—Eur. J.2004 10, 2912. (f) Schott,

on .th? uppgr side of 04 For .the 1/1 and 1/2 Ru/Trisphat D.; Pregosin, P. SOrganometallic2006 25, 1749, and references therein.
stoichiometries, the maximum is centered at 0.5 and 0.33, ""(11)(a) Job, PAnN. Chim.1928 9, 113. (b) Gil, V.. M. Oliveira, N. C.

respectively. The observed value corresponds to the averagel. Chem. Ed199Q 473.
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Figure 3. H NMR subspectra of 0.3 mM solutions &fin CD,Cl,/CD3;CN, 90/10, at varioug\-Trisphat concentrations (283 K). (A)
Titration of A1 by A2. (B) Titration of A1 by A2. Only the aromatic region is displayed.

out; that is, every proton experiences a distinguishable magneticusing a curve-fitting approach. For the 1/1 stoichiometry, the

environment as the amount AR increasesA1 andA2 associate association constant is given as

as an intimate ion pair. On the contrary, the number of signals

in series A is reduced, in agreement with the protons of the 14+42<=1-2 K =[1-2)[1][2]

unsubstituted bpy ligands being rendered “magnetically similar”

by fast rotational motions of the complex in solution. These

“undercrowded” spectra even when th@ concentration is high Only two parametersK and d;-—» (with 91—, being the

indicate that theA1—A2 association is weak. chemical shift of the selected proton in the 1/1 Ru/Trisphat
With the knowledge of the stoichiometries, association pairing), are unknown. Solutions are provided by solving the

constants have been calculated for binary and ternary systemsgyeneral equation in Chart 1.

Chart1

(KI2o + K[1]o + 1) —y{(K[2lp — K[1]o)* + 2K[2], + 2K[1], + 1)
2K

[1-2] =
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Figure 4. NMR data fits considering either the binary system (1/1 Ru/Trisphat) or the ternary system (1/2 Ru/Trisphat) by means of the

WinEgnmr program. Fits for the protons Hffom A1l and H3 from A1l are displayed.

Table 2. Example of the Application of Both Binary and Ternary Models to the NMR Data Sets for theAl + A2 and A1 +
A2 Mixtures in CD,Cl,/CD3CN (90/10) at 283 k

1/2 stoichiometry

1/1 stoichiometry

KM 012 (ppm)  R-factor (%) Ki(M™Y d1-2(ppm) K2(M™1) O2-1—2 (ppmM) K' (M1 R-factor (%)
A1—-A2 6.17 x 17 7.041 0.1355 4.84 108 7.147 9.2x 10t 7.010 4.46x 10° 0.0408
(£30%) (£2%) (£2%)
A1-A2 3.41x 17 8.441 0.0141 1.9% 103 8.418 1.05x 102P 8.443 2.05+ 10° 0.0073
(£6%) (£2%) (£2%)

aH5' and H3 are selected for the calculation of the association constantd of A2 andAl + A2, respectivelyPAs K is not given by WinQENMR,
the error is not known.

The 1/2 Ru/Trisphat stoichiometry includes two equilibrium datal® Moreover, it has been tested for the Ru octahedral cations,
constants: namely, [Ru(Mebpy)]?" paired to classic achiral aniofs.

For each diastereoisomeric pair, the frequency of selected
peaks was determined for the variod$of[2]o ratios. Signals
were chosen according to the following criteria: (i) they remain
“isolated” from other signals over the titration course; (ii) they
experience a significant frequency shift when th2 amount
increases in order to accurately probe the pairing. As an
example, one couple of data fitting is displayed for both
diastereoisomers in Figure 4, and the parameter output values
) . can be found in the Supporting Information. The pertinence of

Four parameters are unidentifieldy( Kz, 01-2, anddz-1-2, the fits for each data set was judged according toRHactor
whered,—1-» is the chemical shift of the selected proton in the (as defined in the Experimental Section). The association
1/2 RulTrisphat pairing), and more complicated cubic equations constants and the calculated chemical shifts are summarized in
are necessary to solve the system. The curve-fitting approachygpje 2. Applying the 1/1 model to the experimental data does

was applied by means of the WInEQNMR progréﬁnThi_s _not lead to a conclusive fit according to the error margirkon
program has been stated to be a valuable tool for elucidating

the association constants within ternary systems from NMR

14212 K, = [1—-2)/[1][2]

1-2+2=2-1-2 K, =[2—-1-2]/[1-2][2]
The association constant is defined as

K' = K,K, = [2—1—2)/[1][2]?

(13) Fielding, L.Tetrahedron200Q 56, 6151.
(14) Fletcher, N. C.; Keene, F. R. Chem. Soc., Dalton Tran$999
(12) Hynes, M. JJ. Chem. Soc., Dalton Tran$993 311. 683.




Homochiral lon-Pairing Assisted hy—sx Stacking Organometallics, Vol. 26, No. 5, 2007155

vsKj. The plot of the calculated curve against the experimental
points shows a dramatic divergence for the highest concentration
of A2 (A1—AZ2 in Figure 4), suggesting a second equilibrium
processes. If the 1/2 model leads to more convincing fits, it is
not adequate with the Job plots when it is considered as the
unique stoichiometry of the pairing in solution. The coexistence
of the two stoichiometries within a fast exchange dynamic is
proposed.

The magnitude order of the association constants is fully Me

consist_ent_ with an ion-pairing assisted bystgcking via the Figure 5. Schematic view of thd2—A1—A2 ion pairing showing
aromatic rings of the partnefsand2, Coulombic forces being the stacking of the bpy ligand df(red) with the halogenated rings

too weak by themselves fpr such a binding. For comparison, of 2 (blue). The ring ofA2 stacking Hcmbpy twists toward the
Keene and co-workét obtained values foK; in the range 50 methylated pyridine of Hcmbpy.

to 130 M1 depending upon the anion associated with [Ru-

(Mezbpy)]>*. In the latter systems, electrostatic factors are  For both A1 and A1 enantiomers, the protons of Hcmbpy
highly predominant to facilitate the association since the anions yndergo the greatest frequency shift as opposed to the bpy
are aliphatic (octanoate) or aromatic limited to one ring protons, in agreement with closer interionic contacts of Hembpy
(benzoate). In the present work, tevalues are at least from  ith 2. The signal splitting within the whole spectrast gives
15- (A1-A2) to 37- (A1—A2) fold higher and the error margins  clear evidence that the three bpy ligands interact wizh This
much lower!® WhenK' is considered, the gap increases (from s not obvious forA1, for which the number ofH NMR signals
120- (A1—-A2) to 260- A1-AZ2) fold higher than the "best”  mimics aDs-pseudosymmetry edifice. Cartography of the impact
K' value from a classical anion). Again, the obtained values of A2 upon the Hcmbpy protons shows that the methy]ated ring
are acceptable for Species in which the aromatic I’ings are notis much more perturbed in contrast to the COOH ring_ The
widely extended. As a comparison, the self-association constantyreference of classical anions for methylated cations is reported
of [Ru(bpyk(tpphz)F* with tpphz, the tetrapyrido[3,2:2,3- by otherst but this trend is debated for the Trisphat farrily.
c:3",2"-h:2",3"-j]phenazine, a heptacyclic aromatic ligand, is  One is reminded thah2 is highly lipophilic but also includes
only ca. 2x 10° M~ This study highlights the predominant  hajogens that can participate in charge-assisted hydrogen bonds.
role of thesr-stacking interactions when enhanced by the similar \we feel that the lipophilicity ofA2 orientates one of its
shape (propeller type) of the involved partners. halogenated rings toward the methylated part of Hcmbpy
More importantly, the preference for the formation of a whetherAl or A1. WhenALl is involved, the other halogenated
homochiral pairing, as opposed to heterochiral, emerges fromrings closely stack with the two unsubsituted bpy. The organiza-
the results of Table 2. This is in line with the reported works tjon of the propellers around a central axis through the\B) (
on the specific chiral recognition &2 to the A-[Ru(4,4-Mez- and Ru A1) atoms as a pearl necklace with alternation of
bpy)s]?* cation’® In terms of geometry, the homochiral pairing  anion-cation—anion is retained for the homochiral assembly
maximizes ther—x interactions since three bpy’s of the Ru  (Figure 5). The stacking becomes poor when the catiohlis
cation stack with three aromatic rings of the Trisphat anion. since the two propellers (namelg1 and A2) are oppositely

This overlap is reduced to one for the heterochiral pairing. turned. In this case, the assembly is less organized.
Calculations show that the first equilibriuniK4) is favored

within the A1-A2 assembly vsA1—A2, while the second
equilibrium (Ky) is similarly reached for both assemblies. We
feel thatK, might increase with the concentration of the metallic
species for the homochiral pairing.

Proposed Structural Geometry for the lon-Pairing. In a
recent workl’ the fluorinated derivatives oA-Trisphat were
synthesized in order to be suitable to the NMR investigation of
the ion-pairing. By means of 1BH and F NMR spectra
completed with 2D'H/°F-HOESY NMR spectra, the topog-
raphy within the preferred homochiral pairing (with[Ru(4,4-
Me,bpy)]%" as cation) has been examined. Conclusions report
that the homochiral associations of the mentiobeegymmetric
salts result from organization of the propeller ions alongGhe

Cl

"O0OH

Conclusion

The chiral ion-pairing of the cationid- or A-[Ru(bpy)-
(Hcmbpy)F" species to the anionid-Trisphat occurs as a
fast exchange process in solution. This dynamic process
exchanges the 1/1 stoichiometry with the 1/2 of the-Rrisphat
pairing, as observed from Job’s method. This result is unex-
pected if only the global charge of the two ions is considered,
but is fully explained by the electronic delocalization over the
full metal species via the metal-to-ligand charge transfer process
completed by ther-conjugation within the bpy ligands. For the
first time, the association constants for thé—A2 and A1—

A2 ion-pairings are quantified. The calculations give reliable
axes overC; axes. and accurate values &f, which corresponds to the equilibrium

h In thg prgent work, thehar;lon IS St?S'SgE]mel.mc V(;’Te associated with the 1/2 Ru/Trisphat stoichiometry. The magni-
the cation isC,. Moreover, the functionalized bpy ligand bears 4o order ofk' is in agreement with Coulombic attractions

aMe and a COOH group capable of I_—I-bqnding. F_rqm the NMR assisted by a— stacking between the bpy ligands of the cation
spectral .analyses, I.e., frequency shift, signal Sp“.tt.mg' and line and the aromatic rings of the anion. More importantly, the
broadening, the structural geometry of the pairing may be homochiral pairingA1—A2 is favored as opposed to the

depicted. heterochiralA1—A2, as outlined by the respectiw€ values

(15) Keene et al. mention that the errors in their valuest&i@%, which (K' = 4.46 x 10° and 2.05x 1C° M™2). Further, in the

. 0, . . . . . . .
could question the 1/2 model for their ionic systems. As no stoichiometry homochlrgl ion pallr,.the Cat'on'c_ anq an'on.'c propellers ad-
determination is reported, we suspect that the model has been chosen orequately fit to maximize the-stacking interactions even when

the( {16%0“ Chargess SSOiCéﬂ(I)m’\ﬁtfy- Chem2005 44 1647 the symmetries ar€; and D3, respectively.
ergman, S. D.; Kol, Minorg. Chem , . o -
(17) Frantz, R.; Pinto, A.; Constant, S.; Bernardinelli, G.; Lacour, J. A schematic view of thé\2—A1-A2 association for 1/2 Ru/

Angew. Chem., Int. EQ005 44, 5060. Trisphat stoichiometry illustrates this supramolecular structure.
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Experimental Section

General Procedures!H NMR spectra were obtained on Bruker
DRX-500 and DMX-500 spectrometers Wi 5 mmZ-gradient
inverse probe at 283 KH NMR experiments were carried out in
the CDCI,/CDsCN, 90/10, solvent mixture with the residual
CDHCI; signal as internal standard (at 5.32 ppm). Partial suppres-
sion of the CDHCJ peak was accomplished by presaturation.

Correia et al.

solutions of A1 or A1l and A2 (2.5 mM) were prepared by
accurately weighing out known amounts of the dried compounds
and dissolving them in the deuterated solvent mixture. Three
milliliters of each stock solution were thus prepared in a cool place
by means of a microsyringe in order to prevent the evaporation of
CD.Cl,. Eleven NMR samples were obtained by mixing different
appropriate volumes oAl or Al with A2. The plot of Ad1[1]o

Each spectrum was obtained with 360 scans, 5000 Hz sweep@adainst the molar ratiox = [1]o/([1]o + [2]o), was built up for

width, 32 K points, 3.75us (3C) pulse, ad 2 s repetition time.
Prior to FT, a 0.3 Hz exponential line broadening was applied to
the FID.

Materials. All solvents used were reagent grade or better. The
complexes [Ru(bpygjHcmbpy)F™ were prepared according to
literature procedure®s® The absolute configurationa @ndA) were
assigned by circular dichroism (CD). The CD spectra recorded in
acetonitrile were compared to those previously repdtieelrisphat

(A-tris(tetrachlorobenzenediolato)phosphate(V)) was synthesized

according to the procedure previously descri8eshd obtained as

each Ru enantiomend; is the frequency shift oAl (or Al) in
presence oA2 relative toA1l (or A1) alone. The Job curves present
a maximum from which thé-to-2 stoichiometry is determined and
zero values ak = 0 andx = 1.

Titration. Six milliliters of stock solutions ofA1 and A1 (0.3
mM) were prepared by accurately weighing out known amounts
of the dried compounds and dissolving them in the,CR/CDs-

CN, 90/10, mixture at cool temperature. In parallel, a mother
solution of A2 (50.0 mM) in cool CHCI; (1 mL) was prepared.

the N(Bu)" salt. Deuterated solvents were used as received. For Eighty microliters of the mother solution was utilized to obtain a
the preparation of the NMR samples, the solvents, products, andfirst dilution at 5.0 mM and a second one at 0.5 mM. Ten eppendorf

glassware were deposited in a cool room°@®) 1 h before their
utilization for the thermal equilibration.

Diffusion Measurements.Experiments were performed farl
at 0.3 and 9 mM (monomeric molar concentration) at a set
temperature of 283 K. Thé1l enantiomer was chosen for the
diffusion investigation, as it is the best “candidate” for pairing to
the A-Trisphat, the assumption of similar aggregation level for both
Al andA1 being realistic. The measurements were carried out using
a bipolar pulse pair longitudinal eddy current delay (BPP-LED)
pulse sequencé,an improved version of the basic gradient echo
(PFG) sequenc®.The gradient shape was rectangular with a length
(0) of 2.0 ms. The gradient strengtfs) was incremented from 5
to 50% of the maximum gradient strengtB{zx = 0.435 T/m) in

steps of 1, 2, and 5% to generate a 20-point set. The diffusion delay
A (delay between the midpoints of the gradients) was set at 105

ms, and the recovery delayat 500us. The number of scans per

vials containingA2, with [2] = 50.0, 20.0, 10.0, 7.0, 5.0, 2.0, 1.0,
0.7, 0.4, and 0.2 mM, were prepared from the mother solution or
the appropriate dilution (additional aliquots of g, are necessary,
50.0 and 5.0 mM tubes excepted), and the solvent was allowed to
completely evaporate at room temperature. Finally, A0®f the

Al or Al solution was injected into each eppendorf, and the mixture
stirred and transferred into the NMR tubes at cool temperature.

Calculation of Association Constants.The general-purpose
computer program WinEQNMR optimizes association constants and
the chemical shifts of the free and associated species within the
different stoichiometries. Th&-factor defined below is usually
considered as the criterion of goodness-of-fit.

R= 100(zvvi(5obs - 5calc)2lzvvi(éob92)1/2

increment was 32 or 256 depending on the concentration, and the

relaxation delay was 10 s. Typical total experimental times were 2
and 20 h for the sample at 9 and 0.3 mM, respectively. Cation
diffusion rates D) were measured using the H3 and Me (Hcmbpy

ligand) H signals, as these peaks are well separated from others

in the spectrum and were compared with that from the residual
CHDCI; solvent signalD values were determined from the curves
giving the signal intensityl (f) au) vsG? (with G = fGnay) according
to eq 1.
I = | e—(y(Smeax)Z(A—(3/3—r/2)D
0

1)

wherel(f) is the observed signal intensity as a function of a fraction
(f) of the maximum gradient strengtB4ay), lo is the signal intensity
without gradient, ang is the gyromagnetic ratio of the observed

nucleus. Theoretical curves were generated using the DOSY

analysis module within NMRPipe, implemented on Silicon Graphics
stations.

Stoichiometry Determination. Job’s Plot. Stoichiometry of the
A1-A2 andA1—A2 pairings was determined using Job’s method
of continuous variatioA! The sum of the initial concentrations]

+ [2]o was held to 2.5 mM (witiL = A1 or Al). The individual
concentrations 1], and P]o were varied to yield mole fractions
from 0 to 1 in increments of 0.1, while the final volume (500

per NMR tube) remained constant along the series. Typically, stock

(18) Lacour, J.; Ginglinger, C.; Grivet, C.; Bernardinelli, &ngew.
Chem 1997 109, 660; Angew. Chem., Int. EA.997, 36, 608.

(19) (&) Wu, D. H.; Chen, A. D.; Johnson, C.J5.Magn. Reson. Ser. A
1995 115 260. (b) Chou, J. J.; Baber, J .L.; Bax, A.Biomol. NMR2004
29, 299.

(20) Stejskal, E. O.; Tanner, J. E. Chem. Physl965 42, 288.

W, = 1 for all points,dpsis the experimentally measured chemical
shift of a selected proton, anid,. is the optimized chemical shift
of the proton after data fitting.

For the binary system (1/1 Ru/trisphaiyys = d1y1 + 61-271-2;
%1+ y1-2 =1 (y1 andyi1—, are the molar fractions df and1—2,
respectively;d; andd,—, refer to the same proton in the free Ru
and in thel—2 complex, respectively)jcar is optimized forl and
for 1—-2.

For the ternary system (1/2 Ru/trisphatdps = 011 + d1-2¢1-2
+ Oo—1-2)2-1-2; X1t x1-2 + Y2—1-2 = 1 (y2—-1—2 IS the molar fraction
of 2—1-2; 6,-1-, the chemical shift of the selected proton in the
2—1-2 complex);dcarc is optimized forl, 1-2, and2—1—2.

Supporting Information Available: The diffusion data foAl
are determined from the plots bfsignal intensity given in arbitrary
units) as a function 062 (with G = fG,acin T/m) for the selected
H3 and Me signals and for the residual CHRGblvent signal.
Experimental data (open circles) and fitted curves (lines) according
to eq 1 are plotted at 9 mM (SMdif). Results are similar at 0.3 mM
(data not shown). The WinEQNMR ouput files containing the raw
data together with fitted parameters are provided for both-A2
and A1—A2 pairings and for the two studied stoichiometries (4
files, SM1: A1—A2 in the 1/1 stoichiometry, SM2A1—-A2 in
the 1/2 stoichiometry, SM3:A1—A2 in the 1/1 stoichiometry,
SM4: A1—-A2in the 1/2 stoichiometry). This material is available
free of charge via the Internet at http://pubs.acs.org.
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