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Several chiral octahedral complexes of the general formula [Ru(bpy)2(Lig)][PFs]. (Lig = a ligand that can participate
in s-stacking interactions such as eilatin, isoeilatin, and tpphz) were synthesized in both the racemic and
enantiomerically pure/enriched forms. Nonracemic mixtures of enantiomers of all these complexes exhibit splitting
of the *H NMR spectra (NMR nonequivalence); i.e., each spectrum contains a major and a minor set of peaks. The
origin of this phenomenon is attributed to a fast equilibrium between monomers and discrete dimers held together
by sr-stacking interactions, and it is observed for a wide range of zz-stacking interaction strengths. The NMR
spectrum splitting exhibited by these complexes can be exploited for the evaluation of their enantiomeric excess
simply from the integral ratio, without addition of chiral shift reagents.

Introduction Self-association of chiral species in solution has received
) ] o o ) less attention. There are several reports in the literature of
_ Interaction between chiral species in solution is of pivotal ¢hira| organic compounds that self-associate principally via
importance in many biological and chemical systems, €.9., jntermolecular hydrogen bond&Nonracemic mixtures of
biomolecule recognitioh, supramolecular assemilyand  gnantiomers of these compounds exhibited two sets of
enantioselective catalysisAn important application of the resonances’d NMR nonequivalence), without addition of
interaction of a chiral compound with a chiral auxiliary (e.g., any “external” auxiliary. In solution, these compounds are
chiral solvent or chiral complexing agent) is the determina-

tion of enantiomeric purity by NMR:8 However, using such (5) On the use of chiral NMR solvents, see for example: (a) Lesot, P.;
hiral iliari . t bsolut . t | Merlet, D.; Sarfati, M.; Courtieu, J.; Zimmermann, H.; Luz, Z Am.
chiral auxiliaries 1S not an absolute requirement: In severa Chem. Soc2002 124, 10071. (b) Aroulanda, C.; Merlet, D.; Courtieu,

reports, enantiomeric discrimination was achieved by em- J.; Lesot, PJ. Am. Chem. So@001, 123 12059. (c) Kobayashi, Y.;

; ; A ; ; Hayashi, N.; Kishi, Y.Org. Lett. 2002 4, 411. (d) Kobayashi, Y.;
ploying achiral auxiliary compogndg, e.g., dialkyltin(IV) Hayashi N.: Kishi, Y.Org. Leti. 2001 3, 2253, (e) Hayashi. N.-
reagents, a self-assembled cylindrical host, phosphorus  kobayashi, Y.; Kishi, Y.Org. Lett.2001, 3, 2249. (f) Kobayashi, Y.;
trichloride, and lanthanide iorisThe addition of the auxiliary Hayashi, N.; Tan, C.-H.; Kishi, YOrg. Lett. 2001 3, 2245. (g)

. . . . . - : Meddour, A.; Berdague, P.; Hedli, A.; Courtieu, J.; LesotJPAm.
agent results in diastereoisomeric differentiation, either Chem. Soc1997, 119, 4502. (h) Pirkle, W. H.; Beare, S. D.; Muntz,
permanent or transient. R. L. Tetrahedron Lett1974 26, 2295. (i) Pirkle, W. H.; Muntz, R.

L.; Paul, I. C.J. Am. Chem. Sod.971, 93, 2817.
(6) On the use of chiral lanthanide shift reagents, see for example: (a)

*To whom correspondence should be addressed. E-mail: moshekol@ Cherton, J.-C.; Beaufour, M.; Menguy, L.; Merelli, Bpectrosc. Lett.
post.tau.ac.il. 2002 35, 415. (b) Gupta, A. K.; Kazlauskas, R. Tetrahedron:
(2) Jeffrey, G. A.; Saenger, \Wydrogen Bonding in Biological Structures Asymmetrny1992 3, 243. (c) Axt, M.; Alifantes, J.; Costa, V. E. U.
Springer-Verlag: Berlin, 1991. Chem. Soc., Perkin Trans1®99 12, 2783. (d) Yeh, H. J. C.; Balani,
(2) (a) Zhang, X. X.; Bradshaw, J. S.; Izatt, R. @hem. Re. 1997, 97, S. K,; Yagi, H.; Greene, R. M. E.; Narain, D.; Boyd, D. R.; Jerina, D.
3313. (b) Feringa, B. L.; van Delden, R. Angew. Chem., Int. Ed. M. J. Org. Chem1986 51, 5439. (e) Sweeting, L. M.; Crans, D. C;
1999 38, 3418. Whitesides, G. MJ. Org. Chem1987, 52, 2273. (f) Whitesides, G.
(3) (a) Ojima, I.Catalytic Asymmetric SynthesWiley-VCH: Chichester, M.; Lewis, D. W.J. Am. Chem. S0d.971, 93, 5914. (g) Kainosho,
U.K., 2000. (b)Chem. Re. 2003 103(8). (c) Zanoni, G.; Castronovo, M.; Ajisaka, K.; Pirkle, W. H.; Beare, S. Ql. Am. Chem. S0d972
F.; Franzini, M.; Vidari, G.; Giannini, EChem. Soc. Re 2003 32, 94, 5924.
115. (d) Jacobsen, E. N.; Pfaltz, A.; Yamamoto,Eomprehensie (7) On the use of Pirkle’s alcohol, see for example: (a)"BwnA.;
Asymmetric SynthesiSpringer: Berlin, 1999. Sanchez, M.; Junk, T.; Virgili, AJ. Org. Chem200Q 65, 5069. (b)
(4) (a) Parker, DChem. Re. 1991, 91, 1441 and references therein. (b) Pirkle, W. H.; Beare, S. DJ. Am. Chem. Sod969 91, 5150. (c)
Pirkle, W. H.; Hoover, D. JTop. Stereocheml982 13, 263. (c) Pirkle, W. H.; Adams, P. EJ. Org. Chem1979 44, 169. (d) Pirkle,
Weisman, G. RAsymmetric Synthesiécademic Press: New York, W. H.; Adams, P. EJ. Org. Chem198Q 45, 4117. (e) Gil, J.; Virgili,
1983; Vol. 1, Chapter 8. A. J. Org. Chem1999 64, 7274.
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in equilibrium between monomeric species and aggregates,Experimental Section

which is fast on the NMR time scale. Thus, the NMR signals

represent a weighted average of all the species present i
solution, and for nonracemic mixtures, each of the two sets
of peaks represents the weighted average of all the presen

Materials. Isoeilatin}* A-[Ru(bpyk(eil)][PFs]. (A-1),11P A-
Ru(bpy)(ei][PFg]2 (A-1),***rac-[Ru(bpy)(ieil)][PFe]. (rac-2),**
A-[Ru(bpyk(py)2][di- O,0'-benzoyl-&)-tartrate}12H,O 1> A-[Ru-
Ebpy)z(py)z][di-O,O'-benzoyl-&)-tartrate]12H20,15 1,10-phenan-

species of a given enantiomer. For compounds that eXhibitthroline-5,6,-dione (phendion&5,6-diamino-1,10-phenanthroline

such NMR splitting, the enantiomeric excess can be calcu-

lated directly from théH NMR data, with no need of prior
knowledge of their physiochemical properties.

(phendiamine}! A-[Ru(bpy)k(phen)][PF]2,"> A-[Ru(bpyk(phen)]-
[PFRg] 2,15 andrac-[Ru(bpy)(tpphz)][PF]. (rac-4)18 were synthesized
according to the literature procedures ¢eitilatin; ieil = isoeilatin).

Recently, we have been studying octahedral complexesAll other chemicals and solvents were of reagent grade and used

of the general formula [Ru(bpy(Lig)][PFe]2 (bpy = 2,2-
bipyridine; Lig = eilatin, isoeilatin, dibenzoeilatin), which
form discrete dimers in solution held solely by the seemingly
weak and nondirectionat— stacking interactions via the
eilatin-type ligand~13 These complexes are chiral, existing
as noninterconverting andA enantiomers, and the discrete
dimers they form are in fast equilibrium on the NMR time

scale with their corresponding monomers, as evidenced by
concentration dependence of the NMR chemical shifts. We
therefore postulated that nonracemic samples of these

complexes, and perhaps other complexes that tenestack
in solution, might exhibitH NMR nonequivalence. In this
report we demonstrate, for the first time, that such splitting

without further purification. All the reactions were performed under
an argon atmosphere.

Instrumentation. *H NMR spectra were recorded on a Bruker
Avance 400 spectrometer using the residual protons of the solvent
(CDsCN) as an internal standard @t= 1.93 ppm. CD spectra in
acetonitrile were measured on an Aviv model 202 circular dichroism
spectrometer. Elemental analyses were performed in the micro-
analytical laboratory of the Hebrew University of Jerusalem.

Synthesis. A-Enriched-[Ru(bpy).(ieil)][PFel. (Ae2). A-
[Ru(bpy)k(py):][di- O,0'-benzoyl-(+)-tartrate}12H,0 (104.1 mg,
0.091 mmol) and isoeilatin (30.0 mg, 0.084 mmol) were added to
16 mL of ethylene glycol and heated in the dark to 2@0for 6 h
under argon atmosphere. The dark green reaction mixture obtained
was cooled to RT, and a sat. Ki&q) solution was added until

does indeed take place in enantiomerically enriched mixturesprecipitation of a solid occurred. The solid was isolated by

whose sole intermolecular interactiormisstacking. We show
that the self-association of Ru(ll) complexes featuring a wide
range ofz-stacking interaction tendencies in solution can
be exploited to determine their enantiomeric purity by NMR,
without addition of chiral-shift reagents.

(8) On the use of TRISPHAT, see for example: (a) Lacour, J.; Ginglinger,
C.; Favarger, F.; Torche-Haldimann,Ghem. Commurl997, 2285.
(b) Monchaud, D.; Lacour, J.; Coudret, C.; Frayssel. ©rganomet.
Chem.2001, 624, 388. (c) Amouri, H.; Thouvenot, R.; Gruselle, M.;
Malézieux, B.; Vaissermann, Drganometallic2001 20, 1904. (d)
Planas, J. G.; Prim, D.; Rose, E.; Rose-Munch, F.; Monchaud, D.;
Lacour, JOrganometallic2001, 20, 4107. (e) Brissard, M.; Convert,
O.; Gruselle, M.; Guyard-Duhayon, C.; Thouvenot,Iforg. Chem.
2003 42, 1378. (f) Bruylants, G.; Bresson, C.; Boisdenghien, A,
Pierard, F.; Kirsch-De Mesmaeker, A.; Lacour, J.; BartikNew J.
Chem.2003 27, 748. (g) Caspar, R.; Amouri, H.; Gruselle, M.;
Cordier, C.; Maleieux, B.; Duval, R.; Leveque, Heur. J. Inorg.
Chem.2003 499.
(9) (a) Luchinat, C.; Roelens, 3. Am. Chem. S0d.986 108, 4873. (b)

Heinz, T.; Rudkevich, D. M.; Rebek, Angew. Chem., Int. EA.999
38, 1136. (c) Feringa, B. L.; Smaardijk, A.; Wynberg, HAm. Chem.
Soc.1985 107, 4798. (d) Reuben, J. Am. Chem. Sod.98Q 102
2232. (e) Ajisaka, K.; Kainosho, M. Am. Chem. So&975 97, 1761.

(10) (a) Dobashi, A.; Saito, N.; Motoyama, Y.; HaraJSAm. Chem. Soc.
1986 108 307. (b) Jursic, B. S.; Goldberg, SJ..Org. Chem1992
57, 7172. (c) Cung, M. T.; Marraud, M.; Neel, Biopolymers1978
17, 149. (d) Harger, M. J. RJ. Chem. Soc., Perkin Trans.1B77,
1882. (e) Harger, M. J. B. Chem. Soc., Perkin Trans.1®78 326.
(f) Ghosh, S. KJ. Pept. Resl999 53, 261. (g) Giordano, C.; Restelli,
A.; Villa, M. J. Org. Chem1991, 56, 2270. (h) Tait, A.; Colorni, E.;
Di Bella, M. Tetrahedron: Asymmet§Q997 8, 2199. (i) Girard, C.;
Kagan, H. B.Can. J. Chem200Q 78, 816 and references therein. (j)
Alkorta, I.; Elguero, J.J. Am. Chem. Soc2002 124, 1488. (k)
Williams, T.; Pitcher. R. G.; Bommer, P.; Gutzwiller, J.; Uskokovic,
M. J. Am. Chem. Sod.969 91, 1871.

(11) (a) Rudi, A.; Kashman, Y.; Gut, D.; Lellouche, F.; Kol, i@hem.
Communl1997 17. (b) Gut, D.; Rudi, A.; Kopilov, J.; Goldberg, I.;
Kol, M. J. Am. Chem. So@002 124, 5449. (c) Gut, D.; Goldberg,
I.; Kol, M. Inorg. Chem.2003 42, 3483.

(12) Bergman, S. D.; Reshef, D.; Groysman, S.; Goldberg, I,; KolChem.
Commun2002 2374.

(13) Bergman, S. D.; Reshef, D.; Frish, L.; Cohen, Y.; Goldberg, I.; Kol,
M. Inorg. Chem.2004 43, 3792.
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centrifugation and washed several times with water to remove traces
of salts. The solid was dried in vacuo, and then purified by
chromatography on a Sephadex-CM C-25 column using a gradient
of NaCl(aq)/CHOH = 1/1 as eluent. The mononuclear complex
eluted out of the column as an emerald-green band at ionic strength
0.1-0.15 M NacCl(aq). An additional olive-green band eluted out
at higher ionic strength (0-20.25 M NaCl(aq)) and was identified
as the dinuclear compléR The appropriate fraction was precipitated
by addition of a saturated aqueous KRBlution, filtered, and dried
in vacuo.A¢-2 is obtained as a green solid, in a yield of 45% (39.8
mg). Anal. Calcd (Found) for GHogF1:NgP.Rw2.5H,0: C, 47.83
(47.78); H, 3.01 (2.96); N, 10.14 (10.16). CBDfx M (Ae, cmt
M~1)] 235 (—7.2), 267 (39.2), 288+82.8), 356 {-6.3), 386 (0.1),
415 (—6.6), 432 (3.0), 455¢1.3), 608 (2.9).
A-Enriched-[Ru(bpy).(ieil)][PF¢]2 (Ae-2). This complex was
prepared by the same method described AQf2, using A-
[Ru(bpy)k(py).][di-O,0'-benzoyl-)-tartrate}12H,0 (102.4 mg,
0.090 mmol), and isoeilatin (29.8 mg, 0.084 mmol). The dark green-
brown reaction mixture obtained was handled and purified as
described forAe-2. Again, the grass-green dinuclear complex was
obtained as a byprodutwhich was successfully separated from
Ag2 by ion-exchange chromatography utilizing the same conditions
described forAc-2. Ae-2 is obtained as a green solid, in a yield of
70% (61.9 mg). Anal. Calcd (Found) for 4,gF1NgP.RuU
1.5H,0: C, 48.62 (48.61); H, 2.88 (2.95); N, 10.31 (10.37). CD
[Amax NM (Ae, cmmt M~1)] 235 (5.6), 267 {-39.2), 287 (80.8), 354
(6.0), 384 (-0.4), 414 (5.7), 432+3.5), 455 (2.0), 608 (2.2).

(14) Gellerman, G.; Rudi, A.; Kashman, Yetrahedronl994 50, 12959.
(15) Hua, X.; von Zelewsky, Alnorg. Chem.1995 34, 5791.
(16) Edelmann, M. J.; Raimundo, J.-M.; Utesch, N. F.; Diederich, F.;
Boudon, C.; Gisselbrecht, J.-P.; Gross, Nelv. Chim. Acta2002
85, 2195.
(17) Bodige, S.; MacDonnell, F. Mletrahedron Lett1997, 38, 8159.
(18) Bolger, J.; Gourdon, A.; Ishow, E.; Launay, J.hforg. Chem1996
35, 2937.
(19) Bergman, S. D.; Goldberg, |.; Kol, M. Manuscript in preparation.
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mg, 0.088 mmol), 3 mL of concd 2$0,, NaBr (110.8 mg, 1.077
mmol), and 2.5 mL of concd HN9 The desired complex was
obtained in a yield of 76% (61.4 mg).
Both A-3 and A-3 products featured spectroscopic properties
identical to those reported in the literatigfe.
A-[Ru(bpy)2(tpphz)][PFe]2 (A-4). This complex was prepared
using a modification of the procedure reported for the racemic
compound To a refluxing solution ofA-3 (44.4 mg, 0.049 mmol)
in 3 mL of CH;CN was added a hot solution of phendiamine (20.8
mg, 0.099 mmol) in 10 mL of CEDH, and the reaction mixture
) . . was stirred at 80C for 6 h. The red reaction mixture was cooled
|(=1|$ure 1. Structure and proton numbering of [Ru(beig)I[PFel. to RT and filtered and the solvent removed in vacuo. The solid
residue obtained was triturated with BN and the filtered red
A-[Ru(bpy)a(phendione)][PR]» (A-3). This known complex solution evaporated to dryness to yield the desired complex in a
was prepared using a modification of a published proce#fife: yield of 99% (52.3 mg). Anal. Calcd (Found) forfBi2sF12N10PR U
a cooled solution ofA-[Ru(bpy)(phen)][PR]. (100.0 mg, 0.113  1.5H0: C, 47.41 (47.56); H, 2.80 (3.08); N, 12.56 (12.26). CD
mmol) in 3 mL of concd HSO, were added NaBr (119.7 mg, 1.163  [Amax NM (Ae, M~t cm™)] 268 (26.1), 297 {-86.5), 413 (18.1),
mmol) and 2.5 mL of concd HNQThe reaction mixture was heated =~ 465 (—=12.4).
to 110 °C for 20 min, and then poured into 50 mL of cold sat. A-[Ru(bpy).(tpphz)][PFe]2 (A-4). This complex was prepared
KPFs(aq) solution. The mixture was cooled for 12 h to ensure full as described foA-4, using A-3 (39.0 mg, 0.043 mmol), 3 mL of
precipitation. The brown precipitate was isolated by filtration, CH3;CN, phendiamine (20.0 mg, 0.095 mmol), and 10 mL of
washed with water, and dried in vacuo. The desired complex was CH;OH. The desired complex was obtained in a yield of 96% (44.7
obtained in a yield of 57% (59.2 mg). mg). Anal. Calcd (Found) for £HagF12N10P.RW-1.5H,0: C, 47.41
A-[Ru(bpy)2(phendione)][PF]. (A-3). This complex was pre- (47.30); H, 2.80 (2.86); N, 12.56 (12.51). CBfx nM (Ae, M1
pared as described fax-3, usingA-[Ru(bpy)k(phen)][PFk]. (77.8 cm™1)] 267 (—21.1), 298 (83.8), 413+(17.9), 465 (15.1).

N

T JJ\\}ﬁ{..

1 1 1 1 1 |l I ) v I 1 L) ! 1 1 1
89 88 87 86 85 84 83 82 81 80 79 78 7.7 76 75 74 73 72 ppm

Figure 2. 1H NMR spectra of 3.5 mM solutions df in CDsCN at variousA/A ratios, from top to bottom:A, A/A = 1/9, AIA = 1/3, AIA = 1/1,AIA
= 3/1, AIA = 9/1, andA. The slight differences between the spectra of the two enantiomers and respective mixtures result from minor concentration
variation.

Inorganic Chemistry, Vol. 44, No. 6, 2005 1649
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Table 1. Summary oftH NMR Data of the “Forced Racemization”
Experiment of Complex?

A

".'

A

e

b b

v ww

pm

llilm

1
ppm

Figure 3. NMR signal of the bpy H proton of 3.5 mM solutions of in
CDsCN at variousA/A ratios, from top to bottom (left and right)A and
A before mixing,A/A = 9/1 andA/A = 1/9, AIA = 3/1 andA/A = 1/3,
andA/A = 1/1.

E I T

T
74 73

NMR Dimerization Experiments. Typically, a concentrated
stock solution (ca. 10 mM) of a complex was prepared by accurately
weighing out the dried complex and dissolving it in an accurately
measured volume of GITN (2.00 mL). The concentration depend-
ence of the chemical shifts was studied at constant temperature
measured by the chemical shift of MeOH. Aliquots (80 of the
stock solution were added to an NMR tube initially containing 0.40
mL of CD3CN, and 50uL aliquots of CRCN were added to an
NMR tube initially containing 0.40 mL of the stock solution to
obtain a wide concentration range. The NMR spectra were recorded
after several minutes of thermal equilibration time, following each
addition. The dimerization constants were calculated, on the basis
of the chemical shifts of selected protons, by the method of Horman
and Dreux?!

NMR Forced Racemization Experiments.Typically, a stock
solution (ca. 3.5 mM) of each enantiomer was prepared by

(20) (a) Gillard, R. D.; Hill, R. E. EJ. Chem. Soc., Dalton Tran$974
1217. (b) Kim, M.-J.; MacDonnell, F. M.; Gimon-Kinsel, M. E.; Du
Bois, T.; Asgharian, N.; Griener, J. @ngew. Chem., Int. E200Q
39, 615. (c) Chao, H.; Liu, J.-G.; Jiang, C.-W.; Ji, L.-N.; Li, X.-Y;
Feng, C.-L.Inorg. Chem. Commur2001 4, 45.

(21) Horman, |.; Dreux, BHelv. Chim. Actal984 67, 754.
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o° [ppm]

Ad  integral ratio expected
composition major minor [ppm] major/minor %e&  %ee
A 7.336 100
AIAN=9/1 7.343 7.418 0.075 5.15 68 80
AIA=3/1 7.357 7.407 0.050 2.36 40 50
AIA=1/1 7.385 0
AIN=1/3 7.365 7.416 0.051 2.16 37 50
AIAN=1/9 7.355 7.434 0.079 5.65 70 80
A 7.351 100

a Measured for 3.5 mM CEEN solutions of constant volume (504L).
b Chemical shift of the bpy Fproton.© Calculated from the integral ratio.

Figure 4. Structure and proton numbering of [Ru(bgygil)][PFe]2 (2).
75 -
55 4
35+
= 15+
§
:
g 2, 30 530 630
225 -
-45
-65 =
-85 J
Alnm|
Figure 5. CD spectra of the two isoeilatin complexes derived from

A-[Ru(bpyk(py)2]?* (fine line) and A-[Ru(bpyk(py)]?" (bold line),
recorded in acetonitrile.

accurately weighing out the dried complex and dissolving it in an
'accurately measured volume of @IN (2.00-3.00 mL). The

opposite enantiomers were mixed in different ratios while maintain-
ing the overall concentration and sample volume constantgsD0

The 'H NMR spectra of the various mixtures, and of the pure
enantiomers, were recorded at constant temperature, measured by
the chemical shift of MeOH. The enantiomeric excess was

_ calculated directly from the integral ratios of the major and minor

peaks.

Results and Discussion

Eilatin Complexes. The synthesis, characterization, and
dimerization experiments of both the racemic and enantio-
merically pure forms of the eilatin complex [Ru(bpggil)]-
[PFe]2 (1) (Figure 1) have been reported previouSKAs
expected, both the racemic and the enantiomerically pure
complexes exhibited a single set of peaks in all concentra-
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i
Jo
A
)

e A A

JLL . e e r——)

T I 1 I T T 1 ¥ 1 I ) I T 4 I I 1 T I
9.5 9:4 93 92 91 90 89 88 87 86 85 84 83 82 81 80 79 7.8 7.7 7.6 7.5 74 73 72 7.1 ppm
Figure 6. H NMR spectra ofA«-2 in CD3CN at various concentrations, from top to bottom: 6.34, 5.28, 3.96, 3.24, 2.38, 1.32, and 0.50 mM.

tions (the chemical shift values were concentration-dependent(i.e., the major peak representidlg AA, and AA and the
due to the variation in monomer/dimer composition). To test minor peak representing, AA, andAA, assuming that the
our “z-stacking induced spectrum splitting” hypothesis, we mixture is enriched with thé\ enantiomer), the integral is
performed a “forced racemization” experiment: Stock solu- proportional to the total concentration of a given enantiomer,
tions of A-1 and A-1 (3.5 mM in CD:CN each) were  defined asAr and A+, respectively:
prepared and thetH NMR spectra recorded. Then, mixtures
in different A-1/A-1 ratios (9/1, 3/1, 1/1, 1/3, 1/9) were I, = o([A] + 2[AA] + [AA]) = 0A;
prepared and theitH NMR spectra recorded (Figure 2).
Contamination of one enantiomer with the other resulted in
splitting of the spectra into two peak sets, being most easily
observed for the bpy Hproton?? as shown in Figure 3.
Finally, the 1:1 mixture exhibited a single set of peaks, as
expected from a racemic mixture (Figure 3, bottom). This
experiment demonstrates that indeed nonracemic samples o
1 exhibit 'H NMR nonequivalence induced by their dimer- |Ar — Aql
ization viaz-stacking interactions. % ee= IATAI
Enantiomeric Excess. In solution, three equilibrium T T
processes take place:

I, = o([A] + 2[AA] + [AA]) = aA;
In these equationd; and |, are the integrals of the major
and minor peaks, respectively, arad is an unknown

proportionality constant. The enantiomeric excess is defined
Py the following equation:

100

SubstitutingAr = l1/o and At = l/a yields

A+A=AA 1) =1
% ee=-—+ 2.
C ok g _[aA_[AA] ST Wi
hom ™ ™MAA T TMAA T [A]z - [A]2
Significantly, no prior knowledge dfnomandKetis required
A+ A=AA (2) for evaluating the enantiomeric excess, which can be directly
[AA] calculated from the integral ratios in tAel NMR spectra.

A+ A=AAN Kg=Kj= To the best of our knowledge, this is the first time that such

T AT 3)

[A][[A]

. . : 22) The splitting is most easily observed for the bpygroton because it
Since each peak in the spectrum represents the Welghted is relatively separated from the rest of the spectrum, not because it

average of all three species containing a given enantiomer  exhibits the largest splitting.

Inorganic Chemistry, Vol. 44, No. 6, 2005 1651
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Table 2. Summary oftH NMR Data of the “Forced Racemization”
Experiment of Complex®?

o° [ppm] AS  integral ratio calcd
composition major minor [ppm] major/minor % eé % eé
Ae 9.200 9.100 0.100 4.44 63 60

AdAe=9/1 9.193 9.112 0.081 3.06 51 48
pm pm AdAe=3/1 9.184 9.134 0.050 1.92 32 30

AdAe=1/1 9.164 0
j§r Wgr AdAe=1/3 9.191 9.145 0.046 1.90 31 30
AdAe=1/9 9.204 9.131 0.073 2.85 48 48

Wﬁf
Ae 9.214 9.121 0.093 3.80 58 60
aMeasured for 3.5 mM CEEN solutions of constant volume (504L).
b Chemical shift of the isoeilatin #proton. ¢ Calculated from the integral
ratio. 4 Calculated from the mixing ratio, assuming an enantiomeric excess
of 60% for theA and A forms.

o weakly interacting species. The synthesis, characterization,
and dimerization data ofac-2 have been reported previ-

K|§r Lr Wﬁf jgr ously?® The synthesis of th& andA enantiomers o2 was

attempted employing the methodology introduced by von

Zelewsky et al’® by reacting isoeilatin with the enantio-
merically pure starting materials- and A-[Ru(bpy:(py)z]-

[di-O,0'-benzoyl-&)-tartrate}12H,O. As previously reported
for the racemic comple¥ a mixture of mononuclear and

dinuclear species was obtained, and their separation was
- oo m‘ achieved using cation-exchange chromatography. The mono-
nuclear complexes were isolated as the;PFBalts, and
'\\§ﬁ r Klgﬁgr characterized by circular dichroism (CD) measurements. The
assignments of the Cotton effects are in agreement with the
expected absolute stereochemistry, as predicted by the
exciton theory® The CD spectra demonstrate that the two

mononuclear complexes are of identical optical purity (Figure

5).
The NMR spectra of the two isoeilatin complexes were
' oz 91 ppm recorded in CRCN. As previously described foac-2,3the
Figure 7. NMR signal of the H proton for 3.5 mM solutions of in 'H NMR chemical shifts of the mononuclear complexes
CDsCN at variousA/A ratios, from top to bottom (left and right)Ae and change as a function of concentration and temperature, due
Ae before mixing AJA e = 9/1 andAJA e = 1/9, AdA ¢ = 3/1 andAdA to 7— stacking of the complexes via the isoeilatin moiety.

e = 1/3, andAJA ¢ = 1/1. - o .
andad Surprisingly, when we performed the dimerization experi-

a phenomenon is observed for systems that associate solelynent for the two complexes, we observed two sets of peaks
by z-stacking interactions. with integral ratios ca. 4/1 in the concentration rangelQ

We employed this method to calculate the % ee of the mM, as demonstrated in Figure 6. The two sets of peaks
nonracemic samples @&f the results are summarized in Table exhibit different concentration dependence, the smaller set
1. Itis important to point out that while the calculated % ee exhibiting greater shifts. Further dilution of the samples leads
values are not in perfect agreement with the expected valuego a single set of peaks, reminiscent of that observed for the
according to the formalA/A ratio taken, they represent, racemic complex. On the basis of the above, this phenom-
within the accuracy limits of NMR, the true % ee of the enon is best explained by incomplete enantiomeric purity of
mixture. The inconsistency between the calculated and the two isoeilatin complexes; i.e., they are enantiomerically
expected values arises from the errors in dilution and volume enriched, not enantiomerically pure. To support this hypoth-
measurement, which are estimated to be ca. 10%, and leacsis, we performed a “forced racemization” experiment: 3.5
to A/A mixtures whose real composition differs from that mM stock solutions in CBCN of Ae-2 and Ae-2 (WhereAe
taken formally. An additional source of inaccuracy is partial andA. represent the correspondingandA enriched forms),
overlap of the major and minor peak sets, which can be as well as mixtures of the two in different ratios (9/1, 3/1,

overcome by deconvolution. 1/1, 1/3, 1/9), were prepared and théit NMR spectra
Isoeilatin Complexes.Recently, we have reported that the recorded. As shown in Figure 7, the gradual contamination
mononuclear isoeilatin complesac-[Ru(bpy)(ieil)][PFe]. of one stock solution with the other results in a smaller

(rac-2, Figure 4) exhibits substantially weaker solution integral ratio between the two peak sets, and the separation
stacking thamac-1, although the two ligands are structurally between them is somewhat diminished. Finally, the 1:1

related!® Thus, 2 is a suitable compound for determining
whether the NMR spectrum splitting may be observed for (23) Bosnich, BAcc. Chem. Re<.969 2, 266.
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Enantiomerically Enriched Ru(ll) Complexes

Scheme 1. Synthesis and Proton Numbering &f and A-[Ru(bpy)(tpphz)][PF]2 (4)

‘|2+ —|2+

NaBr phendiamine
—_— —_—
HNO, /H,80, (PPY)Ru CHaCN /CHon  (BPY)2RU
Ha
A- or A-[Ru(bpy)o(phen)][PFgla A-or A-3
Table 3. Summary offtH NMR Dimerization Data of Complex?
A-4 A-4 rac-4
HC HC’ HC HC' HC HC’

Oo(calc) 10.045 9.956 10.047 9.953 10.436 10.089
Oco(calc) 8.758 9.034 8.696 8.956 8.485 8.779
Ko(calc? 1224+ 3 M1 75+5M71 115+ 5M71 67+3M1L 260+ 5M71 110+ 5M71
Kboav) 99424 M1 91424 M1 185+ 75 M1
Khomc 95 M1
Kpef 550 M1

aMeasured in CBCN; calculated chemical shifts at infinite dilutiodg) and at infinite concentratiord(,) are reported in ppm. The dimerization constants
were calculated on the basis of the concentration dependence of the chemical shifts of the* tapth+-#-protons, which are well separated throughout the
entire concentration rangeéThe error was estimated as the range of linearity of the gr&h=(0.996). This also includes the error in concentration.
¢ Calculated as the average betweenKgue values obtained foA- and A-4. ¢ Calculated using the relationshifhe: = 4Kpave) = 2Knom as outlined in
ref 11b.

100 Table 4. Summary oftH NMR Data of the “Forced Racemization”
50 Experiment of Complex?
“ Bl
w0 integral ratio expected
composition major minor Ad [ppm] major/minor % e % ee
= A 9.573 100
= ol AIA=9/1 9.568 9.450 0.118 7.69 77 80
P AIA=3/1 9.549 9.480  0.069 2.43 42 50
AIA=1/1 9.517 0
40 AIA=1/3 9.549 9.477 0.072 2.58 44 50
AIA=1/9 9.562 9.453  0.109 5.35 69 80
-60 A 9.568 100
80 aMeasured for 3.5 mM CEEN solutions of constant volume (504L).
. b Chemical shift of the tpphz Horoton.© Calculated from the integral ratio.

2 [nm]
Figure 8. CD spectra ofA-4 (fine line) andA-4 (bold line), recorded in prepared by the method of von Zelewsky et’alith 63
acetonitrile. and 58% ee, respectively.
mixture exhibits a single set of peaks, as expected from a Other Systems.To obtain further information on the
racemic mixture. This experiment demonstrates that the generality of this phenomenon, i.e., the range of stacking
observed phenomenon indeed results from incomplete enanstrengths for which it is observed, we examined other com-
tiomeric purity of the complexes, and indicates that weak plexes known to exhibit similar solution aggregation, i.e.,
m-stacking interactions are sufficient to induce the NMR tetrapyrido[3,2-a:23-c:3",2"-h:2",3"'-jlphenazine (tpph2}
spectrum splitting. Also, the data show that in the conversion and dibenzoeilatin (dbneth complexes. The complerac-
of the enantiomerically pure starting materials to the isoeilatin [Ru(bpy)(tpphz)f* (rac-4) was previously reported to
complexes partial racemization has occurred, probably dueparticipate inz-stacking induced dimerization in solution via
to the greater steric hindrance at the coordination site of thethe tpphz ligand; however, it was never synthesized in an

isoeilatin ligand. enantiomerically pure form. We synthesized enantiomerically
Since we could not prepare the enantiomerically pure pure tpphz complexes-4 andA-4 by reacting 5,6-diamino-
complexes o2, we do not know the exact values Kfom 1,10-phenanthroline (phendiamine) and the appropriate Ru

andKe.?* However, prior knowledge of these values is not phendione A-3 and A-3) complexes, which were prepared

necessary for the calculation of % ee; the results are by oxidation of the corresponding enantiomerically pire

summarized in Table 2. Apparenti\e2 and Ag2 are and A-[Ru(bpy)(phen)][Pk]. complexes, as outlined in

Scheme 1. The complexes were isolated as thg Béalts,

(24) TheKnomandKnevalues can be estimated as each peak in the spectrum gng CD spectra recorded in acetonitrile confirmed that the
represents the weighted average of all three species containing a given, . . L . . .
enantiomer, so that the dimerization constants calculated from the WO €nantiomers are obtained in identical optical purity
concentration dependence of the chemical shifts of the major and minor (Figure 8). The racemic form ofi was synthesized as
peaks roughly correspond to the homochiral and heterochiral dimers, . . . - 1 . .
respectively. For the estimated values, refer to the Supporting described '.n the I|teratur3é.S|mpIe H NMR chemical shift-
Information. concentration dependence experiments were performed for
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Figure 9. NMR signals of the 4 and H protons for 3.5 mM solutions
of 5in CDsCN at variousA/A ratios, from top to bottom (left and right):
A and A before mixing,A/A = 9/1 andA/A = 1/9, AIA = 3/1 andA/A

= 1/3, andA/A = 1/1.

both racemic and enantiomerically putgas no such data
is available in the literaturé’the results are summarized in

Bergman and Kol

are summarized in Table 4. These results indicate that the
NMR nonequivalence is a general phenomenon that may be
observed for any complex that self-associates, even by weak
sr-stacking interactions. Thus, the enantiomeric purity of these
complexes can be easily assessed by a sitlé&NMR
spectrum.

To gain insight on the degree of racemization that may
occur when the chiral Ru(ll) center in [Ru(bpfpy)2]>*
interacts with a sterically demanding ligand, we reacted
A-[Ru(bpyk(py)z]?" with dibenzoeilatin; the harsh reaction
conditions required (140C, 48 h) for the binding of this
ligand resulted in complete racemization, as evidenced from
the lack of splitting of the NMR spectrum, and its complete
chemical shift identity to a racemic sample of this complex
at identical concentration.

Conclusions

In this work we have demonstrated that splitting of NMR
spectra of enantiomerically enriched systems that undergo
self-association processes is a general phenomenon not
limited to hydrogen-bond interactions. Several systems that
self-associate viar-stacking interactions, either weak or
strong, clearly exhibit this behavior. Most importantly, a
direct assessment of enantiomeric purity of such systems can
be obtained simply from the integral ratio of thd NMR
spectrum, without the addition of any external agents or
comparison to an enantiomerically pure standard. A second
outcome of the current work is the insight it gives on the
degree of racemization around a [Ru(bpy):]?" chiral
center interacting with sterically demanding bpy-type ligands.
We expect that such NMR splitting will be observed for
systems interacting via other types of intermolecular forces
as well.
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Table 3. The results clearly show a similar trend previously discussions, and Dvora Reshef and Reuven Wiener for
observed for the analogous eilatin complexes: There is atechnical assistance.

preference for the formation of a heterochiral, as opposed  sypporting Information Available: Concentration dependence

to a homochiral, dimer in solutiolt? We performed a “forced

of IH NMR chemical shifts, calculation of dimerization constants,

racemization” experiment, as shown in Figure 9; the results 14 NMR spectra of nonracemic mixtures. This material is available

(25) Gourdon et al® have noted thatac-4 exhibitss-stacking in solution;

however, numerical dat&J had not been reported.
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