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Structures and stabilization due to stacking of ternary copper(ll) complexes containing an aromatic amino acid
(AA) and an aromatic diamine (DA), Cu(AA)(DA), have been investigated by potentiometric, spectroscopic, and
X-ray diffraction methods. For the systems with AA para-X-substitutedL-phenylalanine -XPhe; X = H,

NO,, OH, NH,) and DA= 2,2-bipyridine (bpy) or 1,10-phenanthroline (phen), the difference absorption spectra
in the region 326-400 nm exhibited a peak assignable to the charge transfer interaction between the aromatic
rings of DA andL-XPhe, the intensity being in the order Bt OH > H > NO, with respect to X. The stability
constants of Cu(AA)(DA) determined for AA pL-XPhe (X=F, Cl, Br) and.-XPhe (X= NHa, NO,, I) at 25

°C andl = 0.1 M (KNGQgy) indicated that stabilization of CL{XPhe)(DA) relative to Cu(-Ala)(en) (Ala= alanine;

en = ethylenediamine) is in the order Br OH > Cl ~ NH, > NO, = H = F. The structures of [Cu{NHy-
Phe)(bpy)INQ-H20 (1), [Cu(L-Tyr)(phen)]CIQ-2.5H,0 (2), [Cu(L-Phe)(phen)]GBH,O (3), and [Cu(-Phe)-
(bpy)]ClO4-H20 (4), isolated as crystals, were determined by the X-ray diffraction metigdairthorhombic,
P2:2:2;, a = 10.292(1) Ab = 13.576(4) A,c = 14.407(1) AV = 2012.9 B, Z= 4, R= 0.037,R, = 0.038;

2, orthorhombicP2:2:2;, a = 18.20(2) A,b = 32.63(1) A,c =8.14(1) A\v=14833 B, Z=4,R=0.111,R,

= 0.087;3, monoclinic,P2;, a = 11.738(2) Ab = 16.301(1) Ac = 11.795(1) A8 = 102.01(1}, V = 2207.4

A3, 7z =2,R=0.045,R, = 0.035;4, monoclinic,P2;, a = 9.954(2) A,b = 24.179(3) A,c = 9.780(2) A8 =
107.32(13, V = 2257.1 B, Z = 4, R = 0.065,R, = 0.060. All of the complexes have a similar distorted
square-pyramidal structure around the central Cu(ll) ion. Whéed2 have a structure involving aromatic ring
stacking in the solid staté, has a structure without it an®lhas both types of structures in the unit cell.
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and may be regarded as a step toward self-organization ofThis paper deals with the modes of aromatitomatic interac-

molecules® Metal ions enable orientation of molecules
through coordination, affect their electron density by through-

tions, the effects of substitutents X on the structure and stability
of the ternary complexes, and their relevance to biological

metal interactions, and thus favor intramolecular interactions processes.
between selected groups in selected directions, and this may ] )
be regarded as a basic aspect of discrimination of moleculesEXperimental Section

and catalytic functions. Mixed ligand metal complexes with

Materials. Cu(NGs)2-3H;0, Cu(ClQ),-6H,0, bpy, phen,-Phe, and

interacting biomolecules may, therefore, serve as models forL-Tyr were purchased from Nacalai Tesque, an#lH,Phe and
metalloenzyme active sites and the sites of molecular recogni-L-NO,Phe were purchased from Sigma. All reagents used were of the

tion!t With these points in mind, we have been studying
ligand—ligand interactions in ternary metal complexes involving

highest grade available.
Preparations of Ternary Complexes. The [Cu(AA)(DA)]* com-

stacking interactions in and around the metal coordination sphereP/exes were prepared according to the following procedures. (a)

as biological models and as cases of self-assembly. On the basig.
of electronic and NMR spectra and stability constants, we
concluded the existence of stacking interactions in ternary metal

(M) complexes containing an aromatic amino acid (AAhe,
Tyr, Trp, etc.) and an aromatic diamine (BA2,2-bipyridine
(bpy), 1,10-phenanthroline (phen), etc.), M(AA)(DA) (M
Cu(ll), Pd(I1)), in solution? X-ray crystal structure analyses

U(NG;)2*3H,0 (1.21 g, 5 mmol) and bpy (0.78 g, 5 mmol), each
issolved in agueous methanol, were mixed witNH.Phe (0.90 g, 5
mmol) and NaOH (0.20 g, 5 mmol) in water, and the mixture was
heated to complete dissolution. The crystals which separated on
standing at room temperature were collected and recrystallized from
aqueous methanol to give the analytically pure complex QK-
Phe)(bpy)]NQ-H.O (1). (b) For isolation of the ternary complexes
containingL-Tyr or L-Phe, Cu(ClQ),:6H,0, L-Tyr-HCI or L-Phe, and

of some ternary complexes containing aromatic amino acids DA (DA = phen or bpy, 5 mmol each) were dissolved in aqueous
substantiated the conclusion from the solution studies and furthermethanol, and an agueous solution of NaOH (0.40 g, 10 mmol) was

revealed the precise modes of aromaticomatic interactions?

Intermolecular stacking interactions have been established for

nucleotides and Pt(ll) complexes with aromatic ligands in
solution and in the solid stalé. As expected, the interactions

added to the mixture. The crystals of [Cti{yr)(phen)]CIQ-2.5H,0

(2) and [Cu(-Phe)(bpy)(HO)]CIO4-H,0 (4) were obtained according
to procedure a. (c) The ternary complex with AA L-Phe, [Cu(-
Phe)(phen)]GBH,O (3), was obtained from an aqueous solution of
[Cu(L-Phe)(phen)(KHD)]NOs:H20 (5) (2.53 g, 5 mmol) in the presence

are.dependent on the structures of the aromatic rings and maypf acetylcholine chloride (1.82 g, 10 mmol) and crystallized according
be interpreted as due to the interaction between the molecularto procedure a.

orbitals®® Ring substituents also have influences on the
stability of stacked structures; stacking of Tyr is more effective
than that of Phe in Cu(AA)(DA), and conversion of the Tyr

Spectral Measurements. Absorption spectra were measured in the
range 256-800 nm with a Shimadzu 3101PC recording spectropho-
tometer in a 1-, 10-, or 50-mm path length quartz cell. Samples were

phenol OH group to the phosphoester group by phosphorylatlon prepared by d|SSO|V|ng the isolated ternary CU(”) COmpIeXeS, the

drastically decreases the stability due to the hydrophilic nature

of the negatively charged phosphoester moléty.Certain
biological processes are regulated by modification of the Tyr

side group by phosphorylation, whose observed effect on

concentrations being adjusted at 2 or 0.2 mM (1=ML mol dnT3)
with respect to Cu(ll). Circular dichroism (CD) spectra of the
complexes were measured with a JASCO J-40CS spectropolarimeter
in a 10-mm path length quartz cell for 1 mM aqueous solutions.

pH Titrations. pH titrations were carried out according to the

intermolecular stacking interactions has been proposed as a basigrocedure previously reportéél. Aqueous solutions of AA= L-XPhe
for understanding molecular recognition and biological regula- (X = NH,, NOy, I) andbL-XPhe (X= F, Cl, Br) and binary and ternary

tion of reactiong2a.b.e.15

In order to get detailed information on the structure depend-

Cu(ll) systems containing AA and/or DA were titrated with 0.1 M
carbonate-free KOH at 28C andl = 0.1 M (KNQ;3). Cu(NGs), (0.02

ence of stacking interactions in metal complexes, we studied M) was standardized by chelatometric titration with 0.02 M EDTA

the ternary copper(ll) complexes, Cu(AA)(DA) (AA L-XPhe
(Phe with a substituent X= NH,, NO,, OH and halogens in
the para-position of the benzene ring); DA bpy, phen), by
potentiometric, spectroscopic, and X-ray diffraction methods.
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H.; Yamauchi, OBull. Chem. Soc. Jprl994 67, 131-137.
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standardized against standard zinc (JIS primary standard). Measure-
ments of pH values were made with an Orion EA920 pH meter
equipped with a Beckman 39321 glass electrode and a 39419 double-
junction reference electrode. The pH meter was calibrated with NBS
standard buffer solutions (pH 4.008, 7.413, and 9.180 at'@p
Conversion of the pH meter reading pHo the hydrogen ion
concentration [H] was made in a manner reported previou$lyhe
conversion factor 1®"/[H*] being 0.885 under the present conditions.
The apparent ion product of water, gK= pHu — log[OH], was
determined to be 13.88. Because of the low solubility.-dPhe in
water, titrations of theL-IPhe-containing systems were made at
concentrations<0.2 mM. All other titrations were made for-2 mM
solutions.

Calculation of Stability Constants. The stability constant for the
species CHAA) o(DA)(H)s, Bpqrs is defined by the following equation
(eq 1, charges are omitted for clarity):

pars

pCu+ gAA + rDA + sH ﬁ<=’ Cu,(AA)((DA)(H)s (1)

_ [Cu,(AA) ((DA) (H)]
P [CulPlAA] YDA]H]®

wherep, g, r, ands are the moles of Cu, AA, DA, and H in G{AA) 4
(DA)(H)s, respectively. The data points collected in the pH rang&®

(16) (a) Yamauchi, O.; Seki, H.; Shoda, Bull. Chem. Soc. Jpri1983
56, 3258-3267. (b) Sigel, H.; Zuberliler, A. D.; Yamauchi, OAnal.
Chim. Actal991 255 63-72.
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Table 1. Crystal Data for [Cu(-NH.Phe)(bpy)INQ-H20 (1), [Cu(L-Tyr)(phen)]CIGQ-2.5H,0 (2), [Cu(L-Phe)(phen)CIBH.O (3), and
[Cu(L-Phe)(bpy)(HO)ICIO4H:0 (4)

[Cu(L-NHzPhe)(bpy)INQ-

[Cu(L-Tyr)(phen)CIQ]-

[Cu(L-Phe)(phen)-CH
©)

[Cu(L-Phe)(bpy)(HO)ICIO.-

H.0 (1) 2.5H:,0 (2) 3H0 (3 H.0 (4)
formula CuQ@NsCigHo CUN:zOg 5C1H25Cl CUuN:zO5Co1H24Cl CuCIO/N3CyoH1g
formula weight 478.95 567.42 497.44 483.37
color greenish blue blue blue blue
crystal size/mm 0.%0.2x 0.3 0.15x 0.05x 0.05 0.2x 0.1x 0.1 0.5x 0.5x 0.5
crystal system orthorhombic orthorhombic monoclinic monoclinic
space group P2:2,2; P212:2; P2, P2;
alA 10.292(1) 18.20(2) 11.738(2) 9.954(2)

b/A 13.576(4) 32.63(1) 16.301(1) 24.179(3)
c/A 14.407(1) 8.14(1) 11.795(1) 9.780(2)
o/deg

pldeg 102.01(1) 107.32(1)
yldeg

VIA3 2012.9 4833(6) 2207.4(4) 2247.1

A 4 8 4 4

DJg cnr? 1.581 1.559 1.497 1.429

MA 0.710 73 (Mo ko) 1.541 78 (Cu k) 1.541 78 (Cu k) 1.541 78 (Cu k)
ulemt 11.32 28.19 28.60 28.01
F(000) 988 2328 1028 988

scan method w—20 w—20 w—20 w—20
20mad{deg 60 119.8 120.2 120.2

no. of reflctns used 2529 2850 2400 3147

R 0.037 0.111 0.045 0.065

Ry 0.038 0.087 0.035 0.060

Table 2. Selected Bond Lengths (A) and Angles (deg) of
[Cu(L-NH2Phe)(bpy)INQ-H20 (1)

Bond Lengths

were used for the calculations. The Ifgys values were calculated
by using a computer program SUPERQUXDvith the aid of a
FACOM M-170F computer at the Nagoya University Computation

Center. The stability constants for some binary complexes and the ~ Cu—0O(1) 1.956(3) CuN(1) 2.003(4)
hydrolysis constants for Cu(ll) were taken from the literatidre. Cu—N(2) 1.997(4) Cu-N(3) 2.005(4)
X-ray Structure Determinations. Crystallographic data for com- Cu—N(5) 2.334(3)

plexes 1, 2, 3, and 4 are listed in Table 1. X-ray diffraction Bond Angles

measurements were made at room temperature with the use of a Rigaku O(1)-Cu—N(1) 171.5(1) O(1yCu—N(2) 92.0(1)
AFC-5R diffractometer for Complexés 3, and4 and an Enraf-Nonius O(l)—CU—N(S) 837(1) N(l)—CU—N(Z) 808(1)
CAD4 diffractometer for comples. Cell dimensions for each analysis N(1)—Cu—N(3) 100.9(2) N(2}-Cu—N(3) 153.3(1)
were determined from the setting angle values of 25 centered reflections. cy—0(1)-C(11) 114.8(3) CuN(1)—C(1) 125.3(3)
Intensity data were collected hy—26 scans for unique portions of Cu—N(1)—C(5) 114.7(3) Cu-N(2)—C(6) 115.0(3)
reciprocal space and corrected for Lorentz, polarization, and absorption Cu—N(2)—C(10) 125.1(3) CuN(3)—C(12) 106.8(3)

effects. The structures were solved by heavy-atom methods and refined

by full-matrix least-squares methods. All non-hydrogen atoms were Table 3. Selected Bond Lengths (A) and Angles (deg) of
assigned anisotropic displacement parameters. All hydrogen atoms[CU(L-Tyr)(phen)(HO)]CIO.-2.5H,0 (2)

were assigned isotropic displacement parameters and were constrained Bond Lengths

to ideal geometries with €H = 0.95 A. Final difference Fourier Cu(A)—0(1A) 1.94(2) Cu(B¥0(1B) 1.95(2)
syntheses showed no chemically significant features, the largest being Cu(A)—N(1A) 1.99(2) Cu(B¥N(1B) 2.01(2)
close to the metal or heavy atoms. Scattering factors and anomalous Cu(A)—N(2A) 1.88(2) Cu(B)Y-N(2B) 2.03(2)
dispersion terms were taken from ref 19. Data reduction and structure  Cu(A)—N(3A) 1.98(2) Cu(B)}-N(3B) 2.00(2)
solution and refinement were carried out on a Micro VAX Il computer Bond Angles

by using the SDP program systé&hfor 1 and on an IRIS Indigo O(LA)-Cu(A)-N(1A) 173.6(9) O(1B)Cu(B)-N(1B) 170.7(8)

computer by using the teXsan program systefor 2, 3, and4. O(1A)-Cu(A)-N(2A)  92.0(8) O(1B}-Cu(B)-N(2B)  89.1(9)
The sel_ected bond lengths and angles f_or compléx@s3, and4 O(1A)-Cu(A)-N(3A)  83.5(7) O(1B}-Cu(B)-N(3B) 82.2(8)
are listed in Tables 2, 3, 4, and 5, respectively. N(1A)—Cu(A)—N(2A)  84(1) N(1B)-Cu(B)-N(2B) 84.8(9)

N(1A)—Cu(A)-N(3A)  98(1) N(1B)-Cu(B)~N(3B) 101.4(9)
N(2A)—Cu(A)-N(3A) 161.8(4) N(2B)-Cu(B)-N(3B) 160.2(8)
Cu(A)-N(1A)-C(1A) 133(3) Cu(B}-N(1B)-C(1B) 134(2)
Cu(A)-N(1A)-C(5A) 115(2) Cu(B)}-N(1B)-C(5B) 113(2)
Cu(A)-N(2A)—C(6A) 112(2) Cu(B)}-N(2B)—C(6B) 109(2)
Cu(A)-N(2A)—C(10A) 131(2) Cu(B}-N(2B)—C(10B) 129(2)
Cu(A)-N(3A)—C(13A) 103(2) Cu(B}-N(3B)—C(13B) 106(2)

Results and Discussion

Absorption and CD Spectral Properties. The ternary
complexes Cu(-XPhe)(DA)NG; in aqueous solution showed

(17) Gans, P.; Sabatini, A.; Vacca, A.Chem. Soc., Dalton Tran£985
1195-1200.

(18) (a) Odani, A.; Yamauchi, QNippon Kagaku Kaishi987, 336-344.
(b) Brookes, G.; Pettit, L. DI. Chem. Soc., Dalton Trank977, 1918-
1924. (c) Pettit, L. DJ. Chem. Soc., Dalton Tran$982 485-486.
(d) Fischer, B. E.; Sigel, HJ. Am. Chem. Sod98Q 102 2998-
3008. (e) Anderegg, GHelv. Chim. Actal963 46, 2397-2410. (f)
Sylva, R. N.; Davidson, M. RJ. Chem. Soc., Dalton Tran4979
232—-235. (g) Odani, A.; Yamauchi, Qnorg. Chim. Actal984 93,
13-18.

(19) International Tables for X-ray Crystallographipers, J. A., Hamilton,
W. C., Eds.; Kynoch: Birmingham, U.K., 1974;Vol. IV.

(20) Enraf-Nonius Structure Determination Packa@®P, Enraf-Nonius:
Delft, The Netherlands, 1985.

(21) teXsan Crystal Structure Analysis Packaddolecular Structure
Corporation (1985 and 1992).

several peaks in the UV region and adl absorption peak at
605-613 nm at neutral pH. The difference spectra that were
obtained by subtracting the spectra for 1:1:1 Cu{DA—L-
alaninate and-XPhe from the spectrum for CL{XPhe)(phen)-
NOs; gave a weak broad peak at 32000 nm, which is
ascribable to the charge transfer (CT) between stacked aromatic
rings in the complexe®. As shown in Figure 1, the absorption
intensity around 350 nm increased with the increase of the
electron donating ability of th@ara-substituent groups (the
difference spectrum for CLYNO,Phe)(phen) exhibited a nega-
tive peak), the order being NOK H < OH < NH,. The
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Table 4. Selected Bond Lengths (A) and Angles (deg) of
[Cu(L-Phe)(phen)(kO)]CIO4-3H0 (3)

Bond Lengths
1.968(8) Cu(B)O(1B)
2.02(1) Cu(By-N(1B)
1.988(9) Cu(B)-N(2B)
2.046(8) Cu(ByN(3B)

Bond Angles

163.2(3) O(1By-Cu(B)—N(1B)
90.6(4) O(1B)-Cu(B)—N(2B)
82.6(3) O(1B)-Cu(B)—N(3B)
83.1(4) N(1B)-Cu(B)—N(2B)
98.7(4) N(1B)-Cu(B)—N(3B)
161.8(4) N(2By-Cu(B)—N(3B)
130.1(9) Cu(B}N(1B)—C(1B)
Cu(A)—N(1A)—C(5A) 112.1(9) Cu(B}N(1B)—C(5B) 109.0(8)
Cu(A)—N(2A)—C(6A) 111.8(8) Cu(ByN(2B)—C(6B) 114.0(8)
Cu(A)—N(2A)—C(10A) 118(1) Cu(B)}-N(2B)—C(10B) 128(1)

Cu(A)—N(3A)—C(13A) 105.9(6) Cu(ByN(3B)—C(13B) 109.4(8)

Cu(A)-O(1A)
Cu(A)-N(1A)
Cu(A)-N(2A)
Cu(A)-N(3A)

1.953(9)
2.04(1)
2.02(1)
1.986(9)

O(1A)—Cu(A)—N(1A)
O(1A)—Cu(A)—N(2A)
O(1A)—Cu(A)—N(3A)
N(1A)—Cu(A)—~N(2A)
N(1A)—Cu(A)—N(3A)
N(2A)—Cu(A)—N(3A)
Cu(A)-N(1A)—C(1A)

161.8(4)
91.7(4)
81.9(4)
82.0(4)

101.6(4)

169.7(4)

131.1(9)

Table 5. Selected Bond Lengths (A) and Angles (deg) of
[Cu(L-Phe)(bpy)(HO)ICIOsHz0 (4)

Bond Lengths

Cu(A)—0O(1A) 1.94(1) Cu(By0O(1B) 1.92(1)
Cu(A)—N(1A) 1.96(1) Cu(By-N(1B) 2.06(1)
Cu(A)—N(2A) 2.01(1) Cu(By-N(2B) 2.00(1)
Cu(A)—N(3A) 2.00(1) Cu(ByN(3B) 1.99(1)
Cu(A)—0(1W) 2.50(1) Cu(B)0O(2wW) 2.27(2)
Bond Angles
O(1A)—Cu(A)—O(1W) 88.5(5) O(1ByCu(B)-O(2W) 90.0(5)
O(1A)—Cu(A)—N(1A) 173.9(5) O(1B}Cu(B)-N(1B) 172.0(5)
O(1A)—Cu(A)—N(2A) 94.9(5) O(1By-Cu(B)-N(2B) 92.6(5)
O(1A)—Cu(A)—N(3A) 82.2(5) O(1B)-Cu(B)-N(3B) 86.9(5)
O(W1)—Cu(A)—N(1A) 97.4(5) O(W2)-Cu(B)—-N(1B) 93.5(5)
O(W1)—Cu(A)—N(2A)  90.7(5) O(W2)-Cu(B)-N(2B) 92.6(5)
O(W1)—Cu(A)—N(3A) 98.2(5) O(W2)-Cu(B)—-N(3B) 92.2(5)
N(1A)—Cu(A)—N(2A) 83.6(6) N(1B)-Cu(B)-N(2B) 80.1(6)
N(1A)—Cu(A)—N(3A)  98.3(6) N(1B)}-Cu(B)-N(3B) 100.1(5)
N(2A)—Cu(A)—N(3A) 170.6(6) N(2B)-Cu(B)-N(3B) 175.2(6)
Cu(A)—O(1A)—C(11A) 117(1) Cu(B}O(1B)-C(11B) 114(1)
Cu(A)—N(1A)—C(1A) 130(1) Cu(ByN(1B)—-C(1B) 124(1)
Cu(A)—N(1A)—C(5A) 115(1) Cu(ByN(1B)-C(5B) 112(1)
Cu(A)—N(2A)—C(6A) 112(1) Cu(ByN(2B)—-C(6B) 116(1)
Cu(A)—N(2A)—C(10A) 130(1) Cu(B)}-N(2B)—C(10B) 123(1)
Cu(A)—N(3A)—C(12A) 108.5(9) Cu(ByN(3B)—C(12B) 112(1)
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Figure 1. Difference absorption spectra indicating charge transfer

between the aromatic diamine and phenyl rings in 1:1:1 Cu(ll)/phen/
XPhe systems. Total concentration [Ga]2 mM.

Table 6. Solvent Effects on CD Spectral Magnitudes of
[Cu(AA)(DA)I(NO3)

DA

bpy phen

Amad A€l Amad Aedl

AA solvent nm  Aemax % nm Aémax %

L-NH2Phe HO 585 —-1.18 13.6 597 —-1.07 13.1
ANego 583 —1.02 590 -—-0.93

L-Tyr H.O 5900 —-1.21 16.5 598 —-1.05 114
ANego 583 —1.01 590 -—-0.93

L-Phe HO 587 —-1.04 20.2 596 —-0.91 154
ANgo 582 —0.83 591 -0.77

L-NO,Phe HO 597 —-1.02 314 602 —-0.88 27.3
ANgo 588 —0.70 596 —0.64

a A€r = (Aemax(Hzo) - AGmax(ANeo)) X 100/A€max(H20) bANeo =
60 v/v % acetonitrile-water.

as 60 v/v % acetonitritewater (ANsg), which is in accordance
with the decrease of the CT band intensity mentioned above.
The extent of the CD magnitude decrease at the maximum
wavelength Ae, defined as pAe (H20) — Ae (ANgo)]-100/Ae

enhanced intensities for the Cu(AA)(bpy) systems in water are (H,0), approximately corresponds with the electron-withdrawing
reduced in less polar solvents, indicating that the population of properties of thepara-substituents, X= OH < NH, < H <
the intramolecularly stacked species decreases with decreasingyo, (Table 6).

solvent polarity. Cu(-XPhe)(DA)NG; in aqueous solution

Stability Constants for the Ternary Complexes. The

exhibited a negative CD maximum near 590 nm at neutral pH stability constants logqsfor the binary and ternary complexes,

due to the e-d transition (Table 6). For ternary complexes of

Cuy(AA) o(DA)(H)s, determined at 28C andl = 0.1 M (KNOy)

oligopeptides and amino acids, the CD magnitude has beengre summarized in Tables 7 and 8, respectively. Species
known to be an additive function of the magnitudes of the gjstribution curves calculated from the stability constants

component binary complexes in the absence of ligdigéand
interactions, but it deviates from the additivity when through-
space or through-metal ligardigand interactions exigge.23.24
The deviation from additivity is interpreted as being due to

increased asymmetry arising from limited side chain motion.

The magnitudes in water\e (H20), of the negative peak of
Cu(L-XPhe)(DA)NG; are reduced in less polar solvents, such

(22) (a) Yoshino, H.; Morita, F.; Yagi, KJ. Biochem.1972 71, 351~
353. (b) Yoshino, H.; Morita, F.; Yagi, Kl. Biochem1972 72,1227—
1235. (c) Naumann, C. F.; Sigel, H. Am. Chem. Sod974 96,
2750-2756.

(23) (a) Tsangaris, J. M.; Martin, R. B. Am. Chem. Sod97Q 92, 4255~
4260. (b) Martin, R. BMet. lons. Biol. Syst1974 1, 129-156.

(24) (a) Yamauchi, OJ. Mol. Catal 1984 23, 255-261. (b) Yamauchi,
O.; Nakao, Y.; Nakahara, Bull. Chem. Soc. Jpri975 48, 2572-
2578. (c) Yamauchi, O.; Odani, A. Am. Chem. So0¢981, 103 391—
398. (d) Yamauchi, O.; Odani, Anorg. Chim. Actal985 100, 165~
172.

indicate that the ternary species Cu(AA)(DA) predominates at
pH > 5 (>90% at pH> 6 for 1:1:1 Cu(ll)L.-NH,Phe/bpy (1
mM)). Preference of ternary complex formation may be
evaluated by the stability constants according to the following
relationships:

10Alogk

Cu(XPhe)X+ Cu(DA)

Cu(XPhe)(DA)+ Cu (2)

Cu(XPhe)(en)t Cu(Ala)(DA) ==
Cu(XPhe)(DA)+ Cu(Ala)(en) (3)

whereA log K refers to the stabilization of the ternary species
relative to the original complexes Cu(XPhe) and Cu(DA) (DA
= bpy or phen), whereas lo§ denotes the stabilization of
Cu(XPhe)(DA) relative to Cu(XPhe)(en) or Cu(Ala)(DA).
Table 9 summarizes th& log K and logK values calculated
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Table 7. Stability Constants lo@uqs for Proton-Ligand and Cu(ll}-Ligand Complexes at 25C andl = 0.1 M (KNOy)

species AA species DA
pagrs L-NH.Phe bpL-FPhe bL-CIPhe bDL-BrPhe L-IPhe L-NO.,Phé L-Phé L-Tyr® L-Ala® pgrs erp bpy pherf

0101  9.158(2) 8.918(2) 8.894(1) 8.869(2) 9.020(1) 8523  9.194 10.142 9.82 0011 9.976 4503 4.95

0102 13.620(1) 10.956(4) 10.978(6) 11.062(6) 11.291(4) 11452 19.170 12.16 0012 17.148

0103  15.522(6) 21.051 1010 10523 810 9.25
1101 17.99 1020 19.505 13.44 16.00
1100  7.874(5) 7.403(3) 7.314(7) 7.340(6) 7.623(4)  7.421  7.931 10.64  8.33

1202 34.90

1201 25.47

1200 14.470(5) 13.825(3) 13.818(6) 13.898(5) 14.987(6) 13.712 14.834 1536 15.27
aReference 18& Reference 18I% Reference 18c Reference 18c: Reference 18b.

Table 8. Stability Constants lo@pqs for Ternary Cu(ll) Complexes
Cu(AA)(DA) at 25°C andl = 0.1 M (KNOs)

species DA

AA pars en bpy phen
L-NH,Phe 1110 17.689(1) 16.560(3) 17.791(3)
pL-FPhe 1110 17.373(2) 16.065(2) 17.181(1)
pL-ClPhe 1110 17.303(3)  16.292(1)  17.381(2)
pL-BrPhe 1110 17.191(2) 16.424(2) 17.502(2)
L-IPhe 1110 18.32(1) 16.716(2)  17.892(2)
L-NO,Phée 1110 17.170 16.015 17.004
L-Phe 1110 17.746 16.513 17.570
L-Tyr 1111 27.772 26.838 28.00?
L-Ala 1110 17.949 16.116 17.13%

a Reference 184&. Reference 12z Reference 18g.

Table 9. A log K and logK Values for Cy(AA) ((DA)Hs Systems
at 25°C andl = 0.1 M (KNOy)

species AlogK log K
AA pars en bpy phen bpy  phen

L-NH.Phe 1110 -0.708 0.586  0.667 0.704 0.920  Figure 2. Structure of [Cu(-NH2Phe)(bpy)t (1). The nitrate ion, water

oL-FPhe 1110 -0.553  0.562  0.528 0.525 0.626  molecule, and hydrogen atoms were omitted for clarity.
pL-ClPhe 1110 -0.534 0.878 0.817 0.822 0.896

o.-BrPhe 1110 -0.672 0984 0912 1.066 1.129 c(188)  c178)
L-IPhe 1110 018  1.00  1.02 023 0.39 Q&
(-NO,Phe 1110 —0.774  0.494 0333 0.678 0.652

L-Phe 1110 -0.708 0482 0.389 0.600 0.642

L-Tyr 1111 —-0.741 0748 0761 0.899 1.047

L-Ala 1110 -0.904 —0.314 —0.449 0.000 0.000

from the stability constants listed in Table 8. Thelog K
values are 0.331.02 for DA = bpy and phen and-0.77 to
0.18 for DA = en and exhibit a stability sequence depending
on the substituent X of AA, the order being-IBr > Cl > OH

> NH;z > F > H &~ NO,, where the anomalous values for=X

I may be due to the unusually high stability constant for.Cu(
IPhe) as compared with the other racenpihalo derivatives.
The logK values (0.23-1.13) gave the stability sequence Br C(98) o(1WB)

> OH > Cl~ NHz > NO; > H > F > . Both A log K g.nd Figure 3. Structure of one of two crystallographically independent
log K values show that the ternary complexes are stabilized by mojecules of [Cu(-Tyr)(phen)(HO)]* (2). The perchlorate ion, water
stacking interactions and that the intensity of the difference molecules, and hydrogen atoms were omitted for clarity.

spectral peak that is observed in the near-UV region reflects [CU(L-Tyr)(phen)(HO)]" complexes2A and 2B, having es-

the strength of stacking as a complex stabilizing factor. - . .
Molecular Structures of Isolated Complexes. Figures 2 sentially the same structure. Each Cu(ll) ion coordinates the
: two nitrogen atoms of phen and the amino nitrogen and

and 3 show perspective views of completemnd2. The central . . A
carboxylate oxygen atoms ofTyr in the equatorial positions

Cu(ll) ion in complex1 has a tetrahedrally distorted square- i -

pyramidal geometry, with the two nitrogen atoms of bpy and E:CU(A)_OSA)__ }3342(2?& A, guéA)—N(lﬁé) —_1.9;(32% é\
thea-amino nitrogen and carboxylate oxygen atoms-dfH,- ¢ U(A)_'\:( A) = t (2) A an _U(A‘}N( AA) = 1.98(2)

Phe at the equatorial positions and the nitrogen atom of the fr;gT(%)e)E\ZAcirEBfﬁ((gg)oil?og (12.)9,5&(2;n d %ﬂ((%—mggg
p-amino group of a neighboringNH,Phe molecule at an axial —2.00(2) A ’for complex2B) and one Waier oxygen at an axial

osition. The bond lengths in the Cu(ll) coordination plane =
?Cu—o(l)z 1.956(3) A, %wN(l) _ 2_00(324) A Cu—N(Z)E position (Cu(Ay-O(1WA) = 2.24(2) A for complex2A and

1.997(4) A, and CuN(3) = 2.005(4) A) agree well with those Cu(B)-O(1WB) = 2.25(2) A for complex2B), the resulting
reported for five-coordinate Cu(ll) complexes, and the axial (25) Orpen. A. G.. Brammer, L.: Allen, F. K. Kennard, O.- Watson, D.

Cu—N bond length (CeN(5) = 2.334(3) A) is also within G.; Taylor, R. InStructure CorrelationBurgi, H.-B., Dunitz, J. D.,
the reported valuels:2> The crystal contains two independent Eds.; VCH: New York, 1994; Vol. 2.
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C(19A)

C(18A)

crany  CO2A)

C(17A) %cnn)

C(16A)

Figure 5. Structure of one of two crystallographically independent
molecules of [Cu(-Phe)(bpy)(HO)]" (4). The perchlorate ion and
hydrogen atoms were omitted for clarity.

b C(18B)

structure. Figure 5 shows a perspective viewAf where each

C(178) % C(198) Cu(ll) ion coordinates bpy andPhe (Cu(A}O(1A) = 1.94(1)

A, Cu(A)—N(1A) = 1.96(1) A, Cu(A>N(2A) = 2.01(1) A,

N(3B) C(16B C(208) Cu(A)-N(3A) = 2.00(1) A, Cu(By-O(1B) = 1.92(1) A,

dN Cu(B)—-N(1B) = 2.06(1) A, Cu(B}-N(2B) = 2.00(1) A, and
C118)_J~rT s C. A C(21B) Cu(B)—-N(3B) = 1.99(1) A) in the square plane in the same
cuse) manner as above and one water molecule at an axial position
, 8 co48) (Cu(A)—O(1W) = 2.50(1) A and Cu(B}O(2W) = 2.27(1) A)
@ W = ; to form a square pyramid. The bond lengths around the Cu
B) = QB) 0(28) atom agree well with those reported for five-coordinate Cu(ll)

. . . complexeg® The side chain aromatic ring ofPhe is located
Figure 4. Structures of two crystallographically independent molecules imatel dicular to th dinati | d
of [Cu(L-Phe)(phen)Cl (3) with (a) stacked and (b) unstacked forms. approximately perpendicular to the coordination plane, an

The chloride ion, water molecules, and hydrogen atoms were omitted &lthough there is no intramolecular stacking, it is located above
for clarity. the bpy of the symmetrically related complex molecule. The

coordination geometry being described as a square pyramid.PPY ligand in trn is stacked with the bpy ligand of a

All complex structures exhibit the intramolecular stacking ”e'ghb(?”'?g complex_. In this connection, the S'd.e c_haln
between coordinated DA andNH.Phe orL-Tyr. The side aromatic ring of.-Phe in5 extends away from the coordination

chain aromatic ring of the amino acid in both complexes is Plane without stackirgj and that in a similar complex reported
located approximately parallel to the coordination plane with V&Y _rec;;ntly, [Cu(-Phe)(phen)]CI@H;O, is also without

the intramolecular stacking, with the average spacings of 3.46 Stacking:

Afor 1and 3.27 and 3.38 A fd2A and2B, respectively. The Substituent Effects on Absorption and CD Spectra and
distances are comparable with those for (CTifp)(bpy) (Trp Molecular Orbitals. The intensity of the difference spectra

= tryptophanate}3c Cu(L-Trp)(phen)t3aPand Cu(-Tyr)(bpy)+2e around 320 nm that is observed for the ternary systems increases
with the distances of 3.67, 3.51, and 3.35 A, respectively. A with the electron-donating properties of the substituent X of
close contact between the Cu(ll) ion and the carbon atom of L-XPhe. In line with this, the CD magnitude decreaae;,

the side chain aromatic ring is observed {€G(14)= 3.30 A corresponds with the electron-withdrawing ability of X. For

in 1, and Cu(A)--C(16A) = 3.03 A and Cu(B}-C(16B) = example, the CD spectral change for the Cu{lJNO,Phe-

3.18 A in 2A and 2B, respectively). bpy system has Ae; value of 31.4% for X= NO, while it is
Interestingly, comple$ contains two different form8A and 20.2% for X=H (Table 6). This suggests that in the complexes

3B, in the unit cell (Figure 4)3A involves the intramolecular ~ with aromatic ring stacking, coordinated DA, which is electron
aromatic ring stacking an8B does not. The copper coordina- deficient, serves as a CT acceptor, whereas the side chain
tion sphere of these complex cations (Cu{&)(1A) = 1.968(8) aromatic ring of coordinated amino acids acts as a CT donor.
A, Cu(A)—N(1A) = 2.02(1) A, Cu(A>N(2A) = 1.988(9) A, However, the relationship between the CT band intensity and
Cu(A)—N(3A) = 2.046(8) A, and Cu(A)CI(A) = 2.486(4) A the distance between the stacked rings is not straightforward.
for 3A and Cu(B)-O(1B) = 1.953(9) A, Cu(By-N(1B) = The strength of the— stacking interactions in [Cu{XPhe)-
2.018(10) A, Cu(B)-N(2B) = 2.04(1) A, Cu(B}-N(3B) = (phen)]r, as seen from the solvent effect on the CD magnitude,
1.986(9) A, and Cu(B}CI(B) = 2.563(4) A for3B) are similar  may be explained by molecular orbital calculations by the

to those ofl and2, one chloride ion instead of an amino nitrogen  axtended Hokel molecular orbital (EHMO) methd&performed
or a water molecule occupying an axial position. The mode of

the aromar'ltlc rg\g sathkmg Ir:]ter.%cnog BA IS efssenngllyztge (26) Ruiz-Ramirez, L.; Martinez, A.; Gasque, Acta Crystallogr 1988
.Same as.t f"lt It and2, and the S'. € chain con ormat.'on . C44, 628. X-ray analysis o6 performed in the present study %ave
is very similar to that of4, described below. The side chain the same structureCrystal data Monoclinic, P23, a = 5.777(4) A,
aromatic ring of the amino acid BA is stacked approximately Ej 204(583&723A'C—:ogd33682‘4) éﬁ; 27-61(‘(117, \¥I= ,1104-930&, z
parallel to the coordination plane with the average spacing of .2 R=0.056.R, =0.070, for 3159 observed reflectionis{ So(1)].

. ) Important bond lengths are as follows: -€0(1) = 1.937(4) A, Cu-
3.39 A. There is also a close contact between the Cu(ll) ion N(1) = 2.029(5) A, Cu-N(2) = 2.013(4) A, Cu-N(3) = 1.971(4) A,

and the carbon atom of the stacked aromatic ring (Cel@{16A) and Cu-O(1W) = 2.223(5) A.
=3.33 A) (27) Abdel-Rahman, L. H.; Battaglia, L. Polyhedron1996 15, 327—
' : . . 334.
The crystal of4 contains two independent [QuPhe)(bpy)-  (28) (a) Hoffmann, RJ. Chem. Phys1962 36, 2179-2189. (b) Hoffmann,

(H20)]" complexes4A and 4B, having essentially the same R.J. Chem. Phys1963 39, 1397-1412.
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Figure 6. Frontiersz ands* molecular orbitals and energy levels of the [Cu(pher(a)]™ and p-X-toluenes (X= NH,, OH, H, NGy).

by using the program coded by Kitalda.0On the basis of the  therefore, that the stacking occurs throughstker* interaction
consideration of the symmetry properties of orbitals, the overlap between the HOMOJ) on the benzene ring and the LUMO

between ther andsr* molecular orbitals with the same signsis  (z*) on the phen ring, which is in line with the conclusion from
considered to affect the—x* transition and its probability: the spectra.

The stronger the interaction between them, the higher the Interpretation of Structural Differences Due to Substit-

transition probability. The calculations were made for [Cu- uents. From the structural information described above, we
(phen)(-Ala)]* (Ala = alanine) angbara-X-substituted toluenes

found some differences in intramolecular stacking interactions
(p-X-toluene; X= NH,, OH, H, NO,), which are considered  between the five complexes. Complexésand 2 involve
as models for XPhe, by assuming the idealized geometries ofintramolecular stacking, wheredsand5 do not. On the basis
the molecules and the most probable-@®ubond length® with of the spectral properties and EHMO calculations, this difference
the use of the atomic orbital parameters reported by Hoffmann may be regarded as mainly due to the different substituents in
et al3® We found that [Cu(phen){Ala)]* has a large distribu-  the benzene ring of Phe. Such a substituent effect has been
tion of the lowest unoccupied molecular orbital (LUMOg*{

reported for the complexes involving halophenyalaniffend
on the phen ring, which was energetically attracted by the centralthe synthesis of their peptides by thermoly%imut there has
metal atom, and thgi-X-toluene has a large distribution of the

been no discussion from the viewpoint of molecular orbitals.
highest occupied molecular orbital (HOMOp)(on the benzene

On the other hand3 exhibits some remarkable structural
ring, as depicted in Figure 6. The results indicate that a new features. This complex has two typical structures in the solid

bonding orbital is formed by the—z* interaction between these  state, one with intramolecular stacking and the other without
frontier orbitals, because their signs agree well with each other it, which shows that the side chain conformation of Phe is
when the aromatic rings are stacked to form the same structuresaffected by the anions, axial ligation, and packing in the crystal.
as established by the present studies. A systematic increase imhe finding suggests that Phe is intermediate in terms of the
the energy level of the HOMOSs with the increase of the electron- ability of intramolecular stacking in ternary Cu(ll) complexes.

donating ability of the substituents was noticed fpiX- Concluding Remarks and Biological Implication. Spectral,
toluenes: The energy level increase of the HOMOs decreasesequilibrium, and X-ray studies have shown that intramolecular
the energy difference between the HOMO and LUMO and thus aromatic ring stacking occurs between thara-substituted
favors the CT between them, which results in a more effective phenyl ring of XPhe and coordinated DA in Cu(XPhe)(DA) in
stacking interaction between the benzene ring and the phen ringsolution and inl, 2, and 3A in the solid state. In biological
of [Cu(phen)(-Ala)]*. The changes in the charge transfer bands systems, Phe is important in many ways, some of which are
(Figure 1) reflect this situation. The more intense CT band for protein stabilization, electron transfer, and formation of a
complexl, as compared with that of the other complexes, may hydrophobic environment, which may be due to the intermediate
be explained as due to a more favorable structufefof orbital stability of the stacking it undergoes. According to the crystal
interactions and thus the—x* transition. It may be concluded,  structures of proteins, aromatiaromatic interactions between
Phe residues more favorably occur through the edge-to-face
(29) Kitaura, K. Personal communication of the unpublished program to stacking rather than the face-to-face stackthe former of
Ee";ibﬁj‘l'%‘gﬁ%‘fﬂzrf’vere made with the use of an Epson PC-286V \hich may be regarded as a Ebt interaction, an interaction
(30) (a) Summerville, R. H.; Hoffmann, R. Am. Chem. Sod.976 98,
7240-7254. (b) Hoffmann, D. M.; Hoffmann, R.; Fisel, C. R.Am.

(31) Imaoka, Y.; Kawamoto, T.; Ueda, M.; Tanaka, Appl. Microbiol.
Chem. Soc1982 194, 3858-3875. Biotechnol.1994 40, 653-656.
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between partially positively charged hydrogen atoms of the Phe may be versatile and preferred for protein stabilization and
aromatic ring and partially negatively charged carbon atoms of formation of a hydrophobic environment. Serrano et al.
the other interacting ring?2® Preliminary results of ouab initio concluded from the studies on mutated ribonuclease barnase
density functional molecular orbital calculations on [GU¢p)- that Tyr—Tyr and Phe-Phe interactions make identical contri-
(bpy)(H0)]* indicated that bonding orbitals are formed between butions to protein stability, although Tyr is preferred at the face
Cu(ll) and the indole ring of Trp and between the Cu(ll)- of the a-helix that is exposed to the solveit.

coordinated bpy and the indole rifig. Stacking involving the On the basis of the present findings, we infer that aromatic

Trp indole ring and coordinated DA or other coordinated inys yith a large electron density difference prefer face-to-

aromatic rings, such as a phenolatg molety, Is consml_ered to beface stacking whereas those with a small difference prefer edge-
strong due to a large electron density difference and is actually to-face stacking.Ab initio molecular orbital calculations on

fohund Imt protglr;s; |r?ﬂ?ala;:rtlpsethomdque, tr?e. Cy-cof?rd;patled ternary Cu(ll) complexes will afford more information and
phenolate moiety with :a thioetner side chain IS etlecliVely o\, qantiate our experimental results.

stacked with an indole ring of a neighboring Trp residue.
However, such a strong stacking may not be favorable for certain
biological reactions requiring rapid orientation of molecules

involved in stacking. The fact that stacking has been detected
for 1 and 2, both having a substituent with a higher electron

density on the phenyl ring, suggests that Trp and Tyr residues
tend to undergo face-to-face interactions with other aromatic
rings whereas Phe is more likely to be involved in edge-to-
face interactions. Since protein structures are rigid and
therefore, orientation of aromatic side chains must be limited
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