4896 Inorg. Chem.1996, 35, 4896-4903

H NMR, EPR, UV —Vis, and Electrochemical Studies of Imidazole Complexes of Ru(lll).
Crystal Structures of cis-[(Im) 2(NHz3)4Ru" ]Br 3 and [(1Melm)esRu"]Cl»*2H,0

M. J. Clarke,* T V. M. Bailey, P. E. Doan,** C. D. Hiller,T K. J. LaChance-Galang]$
H. Daghlian,’ S. Mandal,” C. M. Bastos! and D. Lang’

Merkert Chemistry Center, Boston College, Chestnut Hill, Massachusetts 02167,
Department of Chemistry, Northwestern University, Evanston, lllinois 60208, and Procept, Inc.,
Cambridge, Massachusetts 02139

Receied April 3, 1996

Comparisons of the spectroscopic properties of a number 'Bfd@mplexes of imidazole ligands provide methods

of distinguishing between various types of bonding that can occur in proteins and nucleic acids. In particular,
EPR and'H NMR parameters arising from the paramagnetism df Rhould aid in determining binding sites of

Ru" drugs in macromolecules. Electrochemical studies on several imidazole complexes of ruthenium suggest
that imidazole may serve as a significanticceptor ligand in the presence of anionic ligands. Crystal structures
are reported on two active immunosuppressant complegisg(Im)»(NHz)sRu'"]Brs crystallizes in the triclinic

space groupl (No. 2) with the cell parametes= 8.961(2) A,b = 12.677(3) A,c = 7.630(2) A,a = 98.03-

(2)°, B =100.68(2), y = 81.59(2}, andZ = 2 (R= 0.044). [(IMelm3RU'|Cl,-2H,0 crystallizes in the monoclinic

space groupP2,/n (No. 14) with the cell parametess= 7.994(2) A,b = 13.173(4) A,c = 14.904(2) A3 =
97.89(1}, andZ = 2 (R = 0.052). The average BN bond distance is 2.106(8) A.

Introduction Consequently, the spectroscopic parameters of ruthenium
complexes with imidazole ligands are important in characterizing
the biological interactions of this metal. The contact and dipolar
NMR shifts of the imidazole H5 proton in the serigsns
[L(Im)(NH3)4RU"] have been previously calculated from NMR,
EPR, and crystallographic data. In these complexes, the
. . : magnetic resonance spectra are strongly dependent on the
cis-[(His)o(NHz)sRU'] has been employed as a bridge between n-d%nor/acceptor chara%teristics of L an%lyrevegl a surprising

histidyl |m|dazole§ to Stab'“?e polypeptl(h helices; with correlation between reduction potentials and the difference
molecular mechanics calculations suggesting that the metal may,

. ; X . between the two largest EPRvalues!!
cros;-llnkthrough e_|therthe€_N)r the more sterically h|r_1de_red In some cases, complexes thought to decoordinated
N, site on the imidazole rin§. There is also convincing

: . imidazoled? or purined® have been reported, but they have
ev@enge that the. core of the antltumqr agtgapsr[cu(lm)z- resulted from preparations of carbon-bound ligands, which are
Ru]~, binds to an imidazole in transferrin as it is transported to

the tumor sité. Finally, the recent discovery that nanomolar known to labilize thetrans position. Describing the spectro-
oo Ys ; y o scopic properties of well-characterized imidazole complexes of
concentrations of stable ruthenium(lll) complexes with nitrogen

and nitrogen heterocyclic ligands inhibit the antigen-independent Ru", especially those containingis- and transimidazoles,
9 Cyciic ligant ger P should provide models for probing ruthenium binding and cross-
phase of T cell proliferation points toward an exciting new class

of IMMUNOSUDDIessive agents that are unlike cvelosporin Aand”nking in both proteins and nucleic acids. Herein, we report
FK506L110 upp 9 u yclosp on the following: (1) the magnetic resonance spectra of [(L)-

(NH3)sRU*t, where L is imidazole or methylimidazole, in order
to accurately assign resonances; (2) a comparison of the

Ruthenium complexes with imidazole ligands are of interest
for their antitumor activity’2 for their ability to ligate radio-
sensitizing agents to DNA,and as models for the covalent
bonding of ruthenium to nucleic acids, which occurs most
frequently on the imidazole ring of guanife®® More recently,

T Department of Chemistry, Boston College.

* Department of Chemistry, Northwestern University Spectroscopic properties G- andtrans'[(lm)Z(NH3)4Ru]3+. and
8 Presently at Regis College, Weston, MA. related complexes; (3) the crystal structures of the immuno-
' Procept Inc. suppressantsis-[(Im)2(NH3z)4RuU"1Brz and [(LMelm}Ru']Cl
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L =imidazole, 1-methylimidazole (1Melm), 2-methylimidazole (2Melm), in 2:1 (v:iv) DMF/CHCN. A copper background signal that originated
and 5-methylimidazole (5Melnif;* were prepared by literature  in the cavity was digitally subtracted from all X-band spectra. Because

methods. Anal. Calcd for [(2Melm)(N§ERu]Cl; -2H,0: C, 11.70; the magnets have a limit of 1.5 T, ondyvalues greater than 1.7 could
H, 6.14; N, 23.87; Cl, 25.90. Found: C, 11.77; H, 6.41; N, 23.52; CI, be obtained at Q-band.
25.75. The reaction of 4-methylimidazole (4Melm) with{B{NHs)s- UV—vis spectra were run on a Cary 2400 spectrophotometer.

Ru?*, which was air-oxidized and purified by chromatographic Spectrophotometricky, determinations were madge & 0.1 M LiCl)
separation on a Dowex-50 ion-exchange column to yield [(5Melm)- by systematically varying the pH around the estimatd¢, pnd
(NH3)sRu]Cls, consistently showed a second set of NMR resonances, incorporating the absorbance data as a function of pH in the equation
which tentatively was attributed to a small amount of the other linkage pK, = pH =% log[(Aosn — A)/(As — Apn)], whereAyy is the absorbance

isomer, [(4Melm)(NH)sRu]Cl; (6(H2), —20.7; 6(H5), —2.3; 6(CHs- at a given pH,A; is the absorbance of the protonated form of the
(4)) 14.8). complex, andA, is the absorbance of the deprotonated form. In the
cis-[(Im) 2(NH3)sRu]Cl 3 was prepared by reduction cis-[Ru(NHz)4- case of spectral data containing evidence of tgyalues, absorbance

Cl,]CI*s with zinc amalgam under an argon atmosphere in the presencedata were fit to the equatiofyn = (AfH ]2 + A[H 1Kar + AKaiKaz)/
of a 4-fold excess of imidazole for 3 h. The zinc was then removed, ([H*]? + [H*]Ka + KaiKa2).
and the resulting greenish-yellow solution was oxidized with a 50/50  Electrochemistry was performed or-3 mM solutions in 0.1 M
mixture of 30% HO,/3 M HCI until it turned orange. Addition of LiCl on a BAS 100a instrument or on a potentiostat interfaced to an
acetone precipitated an orange solid, which was dissolved in water andIBM-PS2 running ASYST programs created in this laboratory. Reduc-
loaded onto an SP-C50-Sephadex ion-exchange column. The desiredion potentials were first examined by cyclic voltammetry to ascertain
orange band eluted with 0.4 M HCI was subjected to rotary evaporation the reversibility of each couple and then measured by square wave
and dissolved in a minimum of water. Vapor diffusion of acetone into voltammetry from peak positions relative to an internal standard,
the solution afforded crystals. Anal. Calcd for [(4fHz)sRu]Cla: [(NH3)eRU"M] (57 mV versus NHE). The working electrode was
C,17.50; H, 4.91; N, 27.22; Cl, 25.83. Found: C, 17.75; H, 4.73; N, carbon paste, the reference electrode was Ag/AgCl, and the counter
27.19; Cl, 25.86. UV-Vis (Amaxnm (¢ M~ cm1)): 286 (1390); 310 electrode was platinum wire. Pourbaix data for [§R0)](ClO,)s were
(1914); 438 (253). Conversion to the bromide salt was effected by fit to the equationEpy = E° + 0.0591 log[H*])/([H] + Kap}.
ion-exchange chromatography of [Ru(®k{im),]JCl; on Dowex-50 Molecular Orbital Calculations. IEHT? calculations were per-
eluted with HBr followed by vacuum rotary evaporation of the solvent. formed on a CAChe workstatiéhby using crystallographic coordinates
[(Im) ¢Ru](CIO 4); was prepared through a modification of the method ~ or idealized structurés®with bond distances of the following: Ru
of Beauchamf$ by dissolving 0.5 g of (ImH)[RuGImz] and 1.0 g of Cl, 2.372 A; Ru-NHs, 2.101 A; Ru-Nim, 2.048 A. Odd-electron I[EHT

imidazole in 10 mL of water with heating and stirring at 8D for 45 calculations were run as singlets using a restricted Harffeek
min until the solution turned dark red-brown. While the solution was function. _ _
warm, 2 g of NaCIO, were added with stirring. The solution was Crystal Structures: cis{(Im) »(NH3):Ru]Brs. Pertinent crystal data

filtered hot, before refrigerating overnight. The red-brown powder was for cis{(Im)2(NHz)sRu]Brs are given in Table 1 with crystal coordinates
collected by vacuum filtration, washed with ethanol and diethyl ether, listed in Table S-II (supporting information). Twinned crystalsis-

and dried by pulling air through the fritt. Anal. Calcd for - [(Im)2(NH3)sRu]Brs were grown by slow vapor diffusion of ethanol
N2)sRU](ClO4)3:0.5(GHaN,): C, 27.82; H, 3.11; N, 21.63. Found: C, into an aqueous solution of the compound. A suitable crystal was
27.85; H, 3.28; N, 21.57 H NMR 6 (ppm): H4,5,—1.35,—9.0; H2, mounted on a glass fiber, placed in the beam of a Rigaku AFC5R
—21.6. UV—ViS (AmaxNM (¢ M~ cm™Y): 203 (1.17x 10°), 303 (7.88 diffractometer, and cooled in a stream of.NThe Ru atom and its
x 10%), 401 (1.60x 10°). E° =295+ 3 mV, pH 1-7. pKa = 8.5 first coordination sphere were located by direct methods using the
+ 0.2, Ka2=10.8+ 0.2. SHELXS structure solution package.The remaining non-hydrogen
[(1Melm) sRU](PFe)s and [(LMelm)sRu]Cl2+2H,0 were gifts from atoms were located from difference Fourier maps as were H atoms on
Procept Inc. E° for [(IMelm)sRu"'] was measured to be 288 3 C3, N3, and N4. The remaining hydrogens were placed in calculated

mV (n = 38) between pH 1.7 and 7.5 at= 0.1. At pH 9.2, initial positions (C-H = 0.95 A, N—H = 0.87 A) and were assigned isotropic
cyclic voltammetric scans yielded & of 273 mV; however, this  thermal parameters, which were 20% greater tharBthealue of the
decreased on subsequent scans. Diffraction studies on a few twinnec®toms to which they were bonded. Neutral atom scattering factors and
crystals of [(IMelmyRu](PR); cleaved into single crystals indicated ~anomalous dispersion effects were include g the values forAf’

an octahedral Ru to sit on asdte in the unit cell of the monoclinic ~ andAf" were those of Cromé¥. An empirical absorption correction

space groufiR3 (No. 146), with the cell parameteas= 18.36(3) A,c (w-scan_) was applied during the refinement process, but the final
= 23.47(4) A, = 97.89(1}, andZ = 6; however, refinement was absorption correction was calculated by DIFABS.
poor R = 0.13). [(AMelm) ¢Ru]ClI2*2H,0. Crystals of [(1MelmyRu]Cl*2H,O were

Physical Measurements 'H NMR spectra were obtained in 5 mm all noticeably twinned under polarized light, but were easily cut into
NMR tubes on a Varian Unity 300 MHz FT spectrometer. Exchange- single crystals. These were mounted onto glass fibers and placed in

able protons were removed by dissolving sampte$Q mg) in DO the beam of a Rigaku AFC5R diffractometer. Pertinent crystal data is
followed by lyophilization (three times) before dissolution in-8&7 given in Table 1 with crystal coordinates listed in Table S-llIi
mL of D,O. NMR pKa determinations were performed by adjusting (Supporting information). On the basis of the systematic absences of
the pH (uncorrected) with dilute solutions of NaOD and DCI. hOl (h + I = 2n) and &0 (k = 2n) and the successful solution and

Dispersion-mode EPR spectra were collected under rapid-passagereﬂnement of the structure, the space group was determinedRg;tre

conditions &2 K with both X-band (9.5 GHZ} and Q-band (35 GHz)  (NO- 14). No decay correction was necessary; however, an empirical
spectrometers, which have been described previd@slyThe advan- absorption ¢) correction was applied. Scattering factors and anoma-

tages of using adiabatic rapid-passage conditions for broad EPR signaléOus dispersion effects were inclu_ded as above. The Ruand t.h? majority
have been discussé¥l. All complexes were dissolved 22 mg/mL) of other atoms were located by direct methods, and the remaining atoms

in a 2:1 (v:v) water/ethylene glycol mixture with the pH adjusted to

—6 Wi i ; ; (20) Hoffmann, RJ. Chem. Phys1963 39, 13971412.
5-6 with the exception of [(1MelngRu](PFe)s, which was dissolved (21) CAChe, ZINDO, 1991, Terra Pacific Writing Corp., Beaverton, OR

97075.

(14) Sundberg, R. J.; Gupta, Bioinorg. Chem1973 3, 39—48. (22) Keppler, B. K.; Wehe, D.; Endres, H.; Rupp, Worg. Chem1987,
(15) Pell, S. D.; Sherban, M. M.; Tramontano, V.; Clarke, Mlnbrg. 26, 844—846.

Synth.1989 26, 65—-68. (23) Sheldrick, G.; Egert, E. SHELXS/PATSEE Structure Solution Package;
(16) Beauchamp, A. L.; Anderson, org. Chem1995 34, 6065-6073. Institut fur Anorganische Chemie der UnivergitBammanstr: Gb
(17) Cline, J.; Reinhammar, B.; Jensen, P.; Venters, R. A.; Hoffman, B. tingen, Germany, 1992.
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1991, 113 1533-1537. 2.2 Aand 2.3.1.
(19) Mailer, C.; Taylor, C. P. SBiochim. Biophys. Acta973 322 195- (25) Walker, N.; Stuart, DActa Crystallogr.1983 A39, 158-166.
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Table 1. Crystallographic Dafe for cis—[(Im)2(NHs)4Ru]Br; and [(LMelm}Ru]Cl*2H,O

formula FboCeNgBr;;RU H40C24N12020|2RU
fw 545.06 700.64
T(°C) —59(2) —45(1)
space group, crystal system P1 (No. 2), triclinic P2:/n (No. 14), monoclinic
cell constants
a(d) = 8.961(2) 7.994(2)
b(A) = 12.677(3) 13.173(4)
cA) = 7.630(2) 14.904(2)
o (deg)= 98.03(2) 90
B (deg)= 100.68(2) 97.89(1)
y (deg)= 81.59(2) 90
cell volume (&) 837.0(4) 1554.6(6)
Z (fw/unit cell) 2 2
crystal dimensions (nm) 0.156 0.05x 0.2 (twinned) 0.30x 0.30x 0.40
radiation source CuKaA=1.54178 A CukiAi=1.54178 A
(graphite monochromated)
Cealcd (g/cm3) 2.163 1.497
u (cm™1), rel trans factors 162.79, 0.74.89 61.53,0.731.00
0.044 0.052

R= E (|Fo| - |Fc|)
> IFdl

z 2172 0.064 0.067
RW_ W(lFol - |Fc|) c
> wiFl?
2.13 3.15

wW(|F, | — |F)/o
goodness of fit= (IFol = IFd)

N N

obs — Mparameters

a Reflections withl, > 30(l,) were retained as observed and used in the solution and refinement of the structure. Three standard reflections were
monitored with a limit of 0.2% variation. Function minimiz&av(|F,| — Fc|). * All calculations were performed by using the TEXSAN TEXRAY
Structure Analysis Package, Molecular Structure Corp., 198feighting schemew = 4(F)%/[0%(Fo)?.

HOD HS
trans
5000 1
€
M eni)|
3000 |
H4
H2
1000 | 10 0 -10 -20 -30 -40
. H5
; ; — + cis
270 370 470 570
A (nm)

Figure 1. UV—vis spectra oftis- (bottom) andtrans-[(Im)2(NH3)4-
RuP* (top) in water, pH~ 5.

were found from difference Fourier mag#$’ The non-hydrogen atoms
were refined anisotropically. Hydrogen atoms were included in the

H4
structure factor calculation in idealized positions and included in the
full-matrix least-squares refinement as above. Vkﬁ J ’L___,
; — " o
0

Results 1o 10 20 30 40
Spectra and Electrochemistry A comparison of the UV 3 (ppm)
vis and'H NMR spectra forcis- andtrans-[(Im)(NHz),RU" |3+ Figure 2. 'H NMR spectra ofis- (bottom) andrans- [(Im)2(NHa)a-

is shown in Figures 1 and 2, respectively. Both £\¥s and RuP* (top) in D,O.

IH NMR spectroscopic titrations of these complexes yielded 7.5. The Pourbaix plot for [(IlgRu'"!"] yielded a X, for the
pKa, values for the coordinated imidazoles of 9.10 and 10.50 Ru'" complex of 8.6, which is in reasonable agreement with
for the cis complex and 8.71 and 9.92 for tteans complex. the spectrophotometrickp of 8.5 determined at 316 and 400

Ruthenium(lll,Il) reduction potentials focis- and trans nm. Spectrophotometric titrations monitored at 400 and 500
[(Im)2(NH3z)4RU"]3" are 0.152 and 0.121 V, respectively. When nm revealed Ka2to be 10.8. Spectrophotometric evidence also
both imidazoles are deprotonated, the correspongfngalues indicates a third M, around 13. Since Alessio had raised a

are—0.118 and-0.202 V, respectively. The reduction poten- question about his reported reduction potential tedns
tials for [(Im)sRU"™"] and [(AMelm}Ru""] are 0.295 and 0.283  [(Im).CI,Ru""] (—269 mV)28 which appeared to be anoma-
V, respectively, and are independent of pH between pH 1 and lously high relative to its expected value 1.2 V) as estimated
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Figure 4. ORTEP diagram of [(1MelmRu+.

by Lever's methoéf and others have reported an even higher
value (-0.14 V)§ it was redetermined by square wave voltam-
metry on fresh solutions and new electrode surfaces to2&2

+ 6 mV (n = 34). Other reported reduction potentials of'Ru

Inorganic Chemistry, Vol. 35, No. 17, 199@899

Table 2. Selected Bond Distances (A) around Ru for
cis-[(Im)2(NH3)4Ru]Br; and [(1Melm}Ru]Cl:2H,0

cis-[(Im)2(NH3)4Ru]Brs [(AMelm)sRu]Clx+2H,O
atom distance distance

N1 2.05(1) 2.113(4)

N2 2.051(9) 2.108(4)

N3 2.10(1) 2.098(4)

N4 2.13(1)

N5 2.112(9)

N6 2.11(1)

Nnh;, distances evident for the Rucomplex are in concert with

a number of other structural (average'ReN;m = 2.064 0.02

A) and spectroscopic studies suggesting imidazole to be a
moderater-donor ligand to RU.11.22.28,3833 Thijs effect is not
evident in the Rl structure as the low-spin®delectronic
configuration prevents the metal from acceptineelectron
density from the imidazole. While the reduction potentials for
these complexes and the reported Lever electrochemical pa-
rameter for imidazole suggest that it can also serve as a
mr-acceptor ligand (see below), in the absence of stredgnor
ligands this effect is weak, so that the'RtN, distances are
very near Rli—Nyyz distances (2.114(4) Af The average
Ru—N;m bond distance of the three crystallographically inde-
pendent imidazoles in [(1MelgRu]Cl+2H,0 (2.106(8) A) is
identical within experimental error with that reported for [(kn)
RUJCOs+5H,0 (2.102(2) A)i6

In cis-[(Im)2(NH3)4RU"]Br3 the imidazole ring containing N1
is planar with a mean deviation of 0.01 A and is canted at an
angle of 36.8 to the plane formed by N1, N3, N4, and N6.
The ring containing N2 is planar within a mean deviation of
0.0015 A and forms an angle of 43.@ith the plane defined
by N2, N4, N5, and N6. The angle between the two imidazole
planes is 1125 There is no significant stacking of the
imidazole rings.

In [(IMelm)sRu]CL*2H,0, an inversion center causes op-
posite imidazoles to be in the same plane. The plane of each
imidazole is roughly 90from those of the adjacent imidazoles.
Mean deviations from the plane of the imidazoles ligated
through N1, N3, and N5 are 0.0025, 0.0048, and 0.0008 A,
respectively.

EPR and*H NMR Spectroscopies. EPR measurements and
ligand field parameters are summarized in Table 3, and proton
NMR data are listed in Table 4. Thgvalues obtained for all
ammine complexes in frozen solution match the corresponding
solid complexg values, suggesting that the low-temperature
frozen solution structure is the same as the solid state structure.
The EPR and ligand field parameters (Table 3) were analyzed
by a previously described procediiren the basis of several
mathematical approaches for handling low-spisystems>—40

Since the calculatedsgvalue for [(IMelm}Ru'"'] (Table 3)

imidazole complexes with anionic ligands are also higher than \yas not observed at X- or Q-band fields and the Q-band EPR

those predicted by Lever's method (e.gans[(Im)X(NH3)s-
Ru"!"], whereE® = —25 mV, versus a Lever estimate 6227
mV, for X = SO~ andE°® = 25 mV, versus an estimatec204
mV, for X = CI7).12

Structure. The structures ofcis-[(Im)2(NH3)4RUP™ and
[(1IMelm)sRu?™ are shown in Figures 3 and 4, respectively.
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Table 3. EPRg Values and Estimated Crystal Field Splitting Energies and State Energies in Uiif®ioRuthenium(lll) Complexes with
Imidazole Ligand¥

ligands 01 (g: calcd) axes (@z(g2calcd) axes (gs;(g3 calcd) axes A° & €1° €2 €3
Im(NHa)s 2.98 (2.99) z 2.02 (—2.02) y (0.61) X -0.79 044 -062 074 133
1Melm(NHs)s 2.92 (2.92) z 2.09(2.09) vy (0.63) X -0.72 046 -0.63 074 1.29
2Melm(NHs)s 2.90 (-2.90) z 2.18 (2.18) y (0.51) X 076 044 -060 0.79 1.33
5Melm(NHa)s 2.88(2.86) z 2.19 (2.19) y (0.54) X 074 042 -061 078 1.30
cis-(Im)2(NHs)4 2.88 (—2.87) 2.14 (2.14) (0.65) 0.69 042 -0.63 076 1.26
trans-(Im)z(NHz)4 3.04 (3.05) z 2.20 —2.18) y (0.15) X 097 063 -052 088 1.60
trans-(Im),Cl,° 3.08 (-3.05) 2.38(2.34) (1.10) 203 062 —-165 013 152
trans-(Im™)z(NH3)s¢  2.54 (-2.57) 2.46 (2.46) 1.54<1.57) 2.8 04 -020 286 3.75
1Melms 248(2.48) O  2.48(2.48) | (1.75) I1(2) 375 0.0 -0.16 340 425

aAxis system for ammineruthenium(lll) imidazole complexesakis for hexaimidazole complexes is taken to be the trigonal axis):

A

NH,
%

b3.13, 2.44, and 1.2 according to ref®/alue for electron (rather than hole) formalis#ilhe sign ofV has been arbitrarily taken as positive.
¢Values of¢; are given relative tdly, the lowest lying ligand field configuration in the hole modeA previous assignment of a largk in
cis{(Im)2(NHs)4Ru"]3*, which was based on an erroneous assignment afithaluel! has been changed to be more in line with those of similar
complexes? Fully deprotonated bis-imidazolato complex. (Calculated values were obtained bykusiriy89.) Taken from ref 11.

line shape of this complex closely matches thatti@ins ing ring proton?+—4® Methylation at C2 results in a large
[[(Im)2(NH3)4sRU"], in which a g value of 1.54 is readily = downfield shift for the methyl protons and an upfield shift for
observed, the same covalency reduction paramkter §.89) H5, which is only 2.5 ppm upfield from théiso(H5) of the

was used in fitting thgg value (2.48) for [(IMelmgRu'"']. The parent complex; however, a substantial downfield shift becomes
resulting values foA (3.0) andgs(calcd) are more reasonable evident for H4. These relative changes increase upon ionization
and more in line with the other complexes. Only anealue of the imidazole ring. A similar situation holds for (what is

(2.67) could be measured for the carbon-bound comipés considered to be) methylation at C4, where #{el2) shifts

[CI(Im«©?)(NH3)sRU"]Cl, with a second being evident, but out 6.3 ppm downfield from the parent complex. On the other hand,

of range of the magnet. methylation at N1 leads to an upfield shift for H4, similar to
'H NMR peak assignments in these complexes were madethat for the parent complex.

with the aid of the inverse relationships between the distance  The jsotropic shiftsds) listed in Table 4 represent the shift

from the metal ion and the line shifts and the line broadeffirty.  jnquced by the metal ion through a combination of contact and
Assignments were verified by systematic methylation of the ,seydocontact (dipolar) interactions. The dipolar component

!igands and are in aCC(_)rd with those of the histidyl imi_dazole (daip) Of the isotropic shift was estimated according to the
in pentaammineruthenium(lll) myoglobffi. The H2 assign-  tg|iowing equation for ars = 1/2 electron spin system at 292

ments are also consistent with those for the analogous protony.
i i i i ' 2 2
(H8) in corresponding purine complex®s This resonance has Avg, 177, 2 , gl+g,
» —T (3cos 6 —1)\g, S — +

the broadest line width and is always shifted substantially upfield ¢, 0=
relative to the free ligand (cf., isotropic shifbi{,) values in

Table 4). The H4 resonance is broadened to about the same 3 ., 5 X
degree as H2 but may be shifted either upfield or downfield, Esm (0) cos(2p) (gy - 0))
depending on the site of methylation. The H5 resonance is the
least broadened, but the paramagnetic effect always results in
significant upfield shift. lonization of the imidazole increases
the upfield shift for both H2 and HS5 and enhances line —1, and the g values are given in Table 3 for the compounds

broadening for all resonances. Since ionization increasesSt died® The axis svstem for the ammine imidazole complexes
n-donation from the imidazole, these effects can be attributed > o .- XIS Y ine Imidaz plex

to increased transfer of spin density to the heterocycle is shown in Table 3. Wherever rotational effects are significant or

As expected, the methyl protons at any given position are ¢_cou|d not be reasonably estimated, no valuesifgror dc.n are
generally shifted in the opposite direction from the correspond-

wherer (A) is the Ru-H distance g is the angle formed by the
ahu—H vector and the RuN, axis, ¢ is the angle from the-axis
of the Ru-H vector projected onto they-plane with cos(@) ~

given. As thez-axis in the hexaimidazole complexes was taken as
the crystallographic trigonal J3axis, accurate values @f could

(39) Taylor, C. P. SBiochim. Biophys. Actd977, 491, 137-149. not be estimated owing to the possibility of a 1@lisorder between
(40) Weissbluth, M. InHemoglobin Springer-Verlag: New York, 1974; the C2 and C4 positions in solution.

pp 99-105. : Ay .
(41) Toi, H.; LaMar, G. N.; Margalit, R.; Che, C. M.; Gray, H. B. Am. Rotation about the-axis should have a negligible effect on _
Chem. Soc1984 106, 6213. H5 (@ = 15°), but generates a greater effect on the paramagnetic
(42) NMR of Paramagnetic Moleculeka Mar, G. N., Horrocks, W. D., field for both H4 and H2 § = 40°). The comparison 0diso

Holm, R. H., Eds.; Academic Press: New York, 1973, p 667ff.
(43) Rodriguez-Bailey, V. Ph.D. Thesis, Boston College, Chestnut Hill,

MA, 1992. (45) La Mar, G. N.; Horrocks, W. D.; Allen, LJ. Chem. Physl964 41,
(44) Bertini, I.; Luchinat, C. InPhysical Methods in Chemistrgnd ed; 2126-2134.

Drago, R. S., Ed.; W. B. Saunders Co.: Philadelphia, PA, 1992; pp (46) Bertini, I.; Luchinat, CNMR of Paramagnetic Molecules in Biological

500-566. SystemsBenjamin Cummings: San Francisco, CA, 1986, pp-38.




Studies of Imidazole Complexes of Ru(lll) Inorganic Chemistry, Vol. 35, No. 17, 199@901

Table 4. *H NMR Shifts for Ruthenium(lil) Complexes with Imidazole Ligands

coord joniz ) Odicd Jiso Odip Ocon TP
ligands site site proton (ppm) (ppm) (ppm) (ppm) (ppm) (ms)
Im(NHz)s 3 H2 —27.0 7.54 —34.6 0.96
H4 3.2 6.90 -3.7 1.61
H5 -3.0 6.90 -9.9 14.6 —24.5 9.65
Im~(NHag)s 3 1 H2 —29.2 7.49 —36.7 0.59
H4 31 6.93 -3.8 0.88
H5 -85 6.93 —15.4 1.33
1Melm(NHs)s 3 CHs(1) 25.4 3.51 21.9 1.33
H2 —28.7 7.41 —36.1
H4 31 6.86 -3.8 1.33
H5 —4.0 6.91 —10.9 134 —24.4
2Melm(NHs)s 3 CHs(2) 57.5 2.10 55.4 1.27
H4 175 6.83 10.7
H5 —5.6 6.83 -12.4 13.7 —26.1 0.84
2Melm™(NHs)s 3 1 CHy(2) 63.7 2.13 61.5
H4 20.3 6.75 135
H5 —-17.4 6.75 —24.2
5Melm(NHs)s 3 H2 —40.3 7.43 —47.8 0.91
H4 9.4 6.61 2.8 1.06
CHs(5) 19.0 2.01 16.9 —-11.4 28.3 1.28
5Melm™(NHs)s 3 1 H2 —45.2 7.41 —52.6
H4 12.5 6.63 5.9
CHss) 29.4 2.04 27.4
cis-(Im)2(NHs)4 3 H2 —-27.1 7.54 —34.6
H4 3.2 6.90 -3.7
H5 -3.0 6.90 -9.9
cis-(Im™)2(NHs)s 3 1 H2 —35.6 7.49 —43.1
H4 9.2 6.93 2.3
H5 —25.1 6.93 -32.0
trans-(Im)z(NHz)4° 3 H2 -37.8 7.54 -45.3
H4 9.3 6.90 2.4
H5 -7.4 6.90 —14.3 14.8 —29.1
trans-(Im~)2(NHz) 3 1 H2 —46.1 7.49 —53.6
H4 12.4 6.93 5.5
H5 —36.3 6.93 —43.2
trans-(Im),Cl€ 3 H2 -21.0 7.54 —28.5
H4 —16.0 6.90 —22.9
H5 -5.7 6.90 —12.6 13.2 —25.8
Img 3 H2 —21.6 7.54 —29.1
H4 -1.4 6.90 -8.3
H5 -9.0 6.90 —15.9
1Melmg 3 CHg® 12.2 351 8.7
H2 —18.5 7.41 —25.9
H4 -1.6 6.86 -8.4
H5f 0.8 6.91 —6.2
trans-(IMm)CI(NHa)4 2 H4,5 -14.8 6.90 -21.7 8.49
trans-(Im)HO(NHs)4 2 H4,5 —35.3 6.90 —42.2 2.83
trans-(IM)HO(NHz)4 2 H4,5 —15.6 6.90 —225

2 Free ligand value®. Av,, was measured from the NMR peak by the triangulation method. The relaxation time was estimEted Bs=
1/mAvip. € Taken from ref 119 Taken from refs 6 and 54.Doublet,J = 180 Hz.f Quartet,J = 42 Hz.

values for [(Im)(NH)sRuU"] and the corresponding complexes kinetictranseffect generated by these ligafti¥which causes
with 2Melm/*® which is sterically hindered from rotating, water exchange of the inner-sphere chloride. Consequently,
revealed that H5 is shifted 2.5 ppm upfield with 2Melm relative these spectra vary with time, chloride concentration, and,
to Im (cf., Table 4). In contrast with this, there is a 14.4 ppm especially for the aqua complexes, pH. In these complexes,
downfield change relative to the parent (rotating Im) complex H4 and H5 are symmetry related, so that only a single resonance
when H4 is sterically constrained to lie betweendfseammines is observed, which is approximately the same-€2 ppm) for

in 2Melm. Preliminary studies to treat imidazole rotation both thetrans-chloro andtrans-hydroxo complexe&13 Pro-
exactly show that, while the predicted effects of such rotation tonation to yield therans-aqua species shifts the latter resonance
on the ground electronic states of these compounds arean additional 20 ppm upfield. The peak assigned taithes
extremely complicated, the present treatment yields good chloro complex was identified by adding NaCl, which increased

estimates fobgj, for H5. Even so, an exact calculation &, the intensity of the peak at14.8 ppm and decreased that at
values for the 5-methyl protons remains diffictityet these —35.3 ppm. As spectra of the ylidene tautomeric form of the
are certainly of the same sign as that for H5. As the out-of- free ligands are not availablés, values are calculated from
plane angles for the RtHcn3 vectors are no more than5s° the prevalent tautomer.

from the Ru-H(5) vectors,dqip(CHs(5)) was estimated at the
average position of the methyl hydrogens. _ o
C-Bound Complexes. The spectra of the C2-bound (imid- Spectra. A comparison of the spectrum shown in Figure 1

azolylidene) complexes of imidazole are complicated by the Wwith that listed by Sundberg for [(INHz)sRU* reveals the
previously reported complex, which was formed by allowing
(47) Kurland, R. J.; McGarvey, B. R. Magn. Resonl97Q 2, 286-301. [(Im)(NH3)sRUJ?* to stand in acid? to be thetransisomer rather

Discussion
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than thecisisomer. By implication [(1,3MgKan)(NHz)sRUP,
which is similarly prepared, is also likely to havetans
geometryt® The two maxima evident in the near-UV spectrum
of thecisisomer (relative to one in theansspectrum) probably
derive from d,and de-y2 being nearly equivalent prior to spin
orbit interactions, since each interacts with an imidazole
orbital.

For thecis- andtrans-bisimidazole complexes, respectively,

Clarke et al.

the ability of imidazole ligands to stabilize Rumay be
biologically significant and raises the possibility of a redox
pathway that may act in synergy with inhibition of cyclin-
dependent kinases. Indeed, since at present only ruthenium
complexes are active as metalloimmunosuppressants and the
most active have reduction potentials between 100 and 400 mV,
electron-transfer is probably involved in their activity. A likely
site of metabolic interference is the respiratory redox pathway,

the differences between the first and second ionization constantsvhose ATP production is essential to cell growth.

(ApKa1,2= pKaz — pKagy ApKaz,2-cis = 1.3+ 0.1, ApKaz,2-trans

= 1.1 + 0.1) are greater than the statistical value of 0.60
expected in noninteracting diprotic ionization stebut less
than that in conjugated dicarboxylic acidapKq(fumaric) =
1.5; ApKg(oxalic) = 2.8) or oxo inorganic acids\pK, = ~5).

In the case of [(IMRUP", ApKaz2andApKaz zare both~2.2,
which is also significantly greater than the statistical difference
(0.38) expected between the first twkvalues of a hexaion-

Structure. Since metal ions may bind histidyl imidazoles
through either Ny (N1 in the present numbering system) ar N
(N3), it is possible that metal cross-links érhelical polypep-
tides may utilize both nitrogens5° In the case of cross-links
formed by cis-[(H20)(NH3)4RU"], the structure ofcis-
[(Im)2(NH3)4RU"]3* offers some insight into which may be
preferred. The distance between the two coordinated imidazole
ring nitrogens is 2.90(1) A, and the distances between the

izable complex. In all these complexes, some of the contribution imidazole C4 and C5 (ring numbering) sites on either ring are

to ApKazi 2is probably due to electronic communication between
the imidazole ligands mediated through the metabrbitals.
While the NMR spectra of theis isomer of [(Imp(NH3)s-
Ru*t is very similar to that of [(Im)(NH)sRu]** (cf., Figure 2
and Table 4), that of thdrans configuration is distinctly
differentll These differences arise not only from the different
geometric position of the heterocyclic protons in the magnetic
field of the RY!" but also from theirr interactions with different
d. orbitals. In addition,trans{(Im)(NH3)sRUF" shows a
greater ligand field splitting of thexd orbitals than does the
cis-bisimidazole complex (cfA values in Table 3), leading to
a greater quenching of the spiorbit mixing of these orbitals
in the correspondingrans complex. The result is a ground
state in thetrans complex that has a higher percentage of the
unpaired spin in the, orbital than the ground state in tloés
complex. The differences observed betweendbeandtrans
isomers in their NMR and electronic spectra should facilitate

the following: C4-C4, 5.97(2) A; C4-C5, 4.82(2) A; C5-
C4, 5.46(2) A; C5-C5, 4.17(2) A. Consequently, the best
cross-linking situation for the structure exhibited here to
accommodate the 5.4 A pitch of the-helix’:5! would be
between the Nof one imidazole and the Mf another. While
a preference for histidyl Noinding is expected on a steric basis,
N, binding is quite possible. Indeed, the evidence presented
for N, binding is based upon electronic specdfiét which do
not distinguish between N-bound isomers. TheNMR of
[(5Melm)(NHz)sRuU"13*, which was purified by column ion-
exchange chromatography, suggests that both the 5Melm and
4Melm isomers are present in a ratio of approximately 20:1
(N&:Ng).2 Finally, the NMR spectra of these cross-links (see
below) are consistent with those expected for Ru—N, cross-
links.

IH NMR and EPR Spectra. Because of the effects of
imidazole substituents and other ligands, care must be taken in

such assignments in polypeptide and nucleic acid complexesassigning ring proton resonances to take both peak broadening

of RU" and O¥', in which cross-links of both types are
conceivablé;*

Electrochemistry. The reduction potentials for the hexaim-
idazole ruthenium(lll) complexes and similar datr cis-and
trans[(Im)2(NH3)4RU"]3" suggests that the Lever electrochemi-
cal parameter (g for imidazole in ammine or imine complexes
should be around 0.09 rather than 0222n the other hand,
for complexes with anionic ligan#s?® a significantly higher
value for E (Im) (0.28) seems more appropriate. This may
reflect the ability of the imidazole ligand to function as a weak
m-donor in the presence of-acceptor or noninteracting
ligands and as a-acceptor in the presence of anionmicdonor

and peak position into account. While tbhg, values of the
H2 and H5 imidazole protons are invariably upfield and
consistent in relative magnitude with H2H5 and the relative
line broadening is generally H2 H4 > H5, the relative
positions of the H4 and H5 resonancegrians[(Im)2(NHs)s-
Ru"]3* are inverted relative to those trans-[(Im).Cl;Ru"]~
(cf., Table 4). IEHT calculations show thattimns-[(Im),Cls-
Ru'""], the energies of all four imidazole* orbitals lie between
the ruthenium 43 and g levels, with a minimum energy
separation g4—*) of 1.62 eV. In contrast, only one imidazole
a* level lies in between the§ and g levels in trans
[(Im)2(NH3)sRU"] with a much larger (4.13 eVy§—n* energy

ligands. This is reasonable since the anionic ligands raise theseparation. Consequently, imans[(Im).Cl;Ru"], the four

energy of the Rl d orbitals such that the,drbitals become
closer in energy to the imidazaotef orbitals resulting in greater
7—d, interactiont! This is substantiated by a comparison of
IEHT calculations, which show substantiai;,—dy, mixing in
trans[(Im).Cl;RuU"], such that ¢, becomes partially bonding
in character, whereas significant mixing is not eviderntams-
[(Im)2(NH3)4RU"]. Anion expansion of the d orbitals, coupled
with the imidazoles serving as an electron sink, may facilitate

chloro ligands raise the energy of thg orbitals such that g

interacts with an imidazole* orbital so that the IEHT ordering

of the by orbitals is dy > dy, > dx, whereas in the tetraammine

case the ordering isg> dy, > dyy, which may account for the

changes in the proton resonances between the two complexes.
In [(LMelm)sRuU"]3*, coupling between the methyl and C5

protons aids in assigning the resonances; howeygrior H4

and H5 again inverts between [(IgRu"]3" and [(1Melm}-

the apparent proton-coupled process that has been reported fory!']3+, so that alkylation studies as a means of assigning

this complexé

Since complexes with imidazole ligands appear to be
particularly effective at inhibiting T cell proliferation (e.g., the
ICso for cis-[(Im)2(NH3)sRUP" is 3 nM against CD4 T cells)©

(48) Clark, J.; Perrin, D. DQ. Rev. 1964 18, 300.
(49) Clarke, M. J. Invietal Complexes in Cancer Chemotheraiigppler,
B. K., Ed.; VCH: Weinheim, 1993; pp 129157.

resonances must be interpreted cautiously. As often happens,
the methyl proton resonances are shifted in the direction opposite
the proton at the same ring position. This is due to a direct

(50) Tainer, J. A.; Getzoff, E. D.; Beem, K. M.; Richardson, JJ.SMol.
Biol. 1982 160, 181—217.

(51) Branden, C.; Tooze, Jntroduction to Protein StructureGarland
Publishing, Inc.: New York, NY, 1991.
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(rather than polarized) transfer of spin density onto the methyl ranges from—0.5 to 6.55 ppm, depending on the angle from
protons through their 1s orbitals overlapping with spin delo- thez-axis. This, coupled with the high anisotropy and magnetic

calization through ther system at the substituted carbn.
Methyl substitution at C2 in the pentaammine complexes,
which hinders rotation of the ring, results in a pronounced
downfield shift in diso(H4) which is shifted upfield in the
complexes of Im and 1Melm and somewhat downfield with
5Melm (cf., diso Values in Table 4). The uncharacteristic
downfield shift of thediso(H4) upon C2 methylation may be
accounted for by a combination of steric and electronic effects.
Electron donation involving the methyl group would enhance
electron density at N3 and bonding to the Ru. A C2-methyl
group would also cause steric bending of the-RiB bond to
position the Ru closer to H4, which sits very near an octahedral
face of the metal ion. Such steric modulation of a direct
interaction between H4 and a rutheniwgdrbital would have
a pronounced effect on the contact interaction.

In some cases it has been assumed that ruthenium Iabe”ngciS-[(lm)z(NH3)4Ru'”]CI3 and [(ImRU"]Cl3

relaxation effects should make it possible to map the binding
geometry with nonrotating Rlimidazole complexes.

C-Bound Imidazole. For thetrans-chloro,transaqua, and
trans-hydroxo C2-bound imidazolylidene complexes, an inverse
relationship exists between thedonating properties of the
ligandtransto the ylidene (chloride= hydroxide> aqua) and
both the chemical shift and line broadening. The stronger the
m-donor interaction of th&ransligand, the weaker the-donor
interaction of the imidazolylidene, which decreases the amount
of  spin density transferred onto the heterocycle and thus
decreases the paramagnetic contact interactions.

Conclusions. While imidazole can serve as a weaidonor
ligand}!! it may also serve as a significantacceptor when
anionic ligands are present. The excellent immunosuppressant
activities of the ruthenium immunosuppressant drugs, such as
may well be due

of histidyl imidazole sites on proteins occurs at the imidazole , he imidazole ligands tuning the & reduction potential

N. (N3) site; however, the existence of two sets of resonances
for [5SMelm(NH3)sRU'""] suggests that the imidazole ring of
histidine can also coordinate [(N}d4Ru"] at Ny (N1). Indeed,

the evidence presented fog-soordination in [(His)(NH)sRU" ]

is based upon electronic spectta}which would not distinguish
between N-coordinated linkage isomers. This is a significant
consideration in studies involving long-range electron transfer
to Ru sites on proteins, since binding ag Would change the
overlap function at C5% In a recent approach to stabilizing
a-helices by cross-linking His-imidazoles through bindoig
[(H20)2(NH3)4RU"], N, binding has also been assumed. How-
ever, the crystal structure of [(IB{NH3)4Ru]Br3; suggests that
the best cross-linking situation to accommodate the 5.4 ABitch
of the a-helix” involves binding the I of one imidazole and
the N. of a second! In cross-linkinga-helices througttis-
[(His)2(NH3)4RU"]3*, broadH NMR peaks at 0.56 ang0.78
ppm have been noted.Since neither of these occurs in the
range expected for H2-20 to —30 ppm), the two resonances
probably arise from H4 in two different environments, which
may result from the two linkage isomers.

The dipolar shifts are sufficiently large to be of help in
ascertaining the binding of these complexes to proteins and
thereby determine their mode of action in anticancer or anti-
T-cell therapies. For example, in [(Im)(NHRu"] at 7 A, dgip

(52) Bertini, I.; Luchinat, C. InPhysical Methods for Chemistand ed.;
Drago, R. S., Ed.; Saunders: Ft. Worth, TX, 1992; pp-55688.

(53) Beratan, D. N.; Onuchic, J. N.; Betts, J. N.; Bowler, B. E.; Gray, H.
B. J. Am. Chem. S0d.99Q 112 7915-21.

(54) Anderson, C.; Beauchamp, A. Can. J. Chem1995 73, 471-482.

to a range optimal for biological activity, yet retaining a fairly
small size that can readily interact with redox sites in proteins.
In keeping with the biological properties of the Ru immuno-
suppressants being exquisitely dependent on their electronic
properties, the UVtvis, 'H NMR, and EPR spectra of these
complexes are sensitive to small structural and electronic
perturbations. Such spectroscopic differences should also
readily distinguish betweeris and trans cross-linking to
imidazole rings in both proteins and nucleic acids. When an
alkyl group is at C4 or C5, tht#H NMR appears to discriminate
between imidazole Nand N coordination that may occur on
histidyl imidazoles in proteins. The EPR and NMR parameters
reported here should make it possible to utilize these sorts of
complexes as probes for elucidating some of the factors that
contribute to the efficacy of both the anticancer and immuno-
suppressant ruthenium drugs.
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