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Preface

Recently, the importance of metal ions to the vital

functions of living organisms has become increasingly apparent.

It is very significant to investigate the coordination surrounding,

stereochemistry and biological activity for metallo-aminoacids,

-proteins and -enzymes which contain metal ions in order to

investigate the roles of metal ions in vivo on the molecular

level. On the other hand, the role of vibrational spectroscopy

is increasing for investigating surface-conformations of the

complicated vital molecules in relation to their catalytic site.

However, while metallo-aminoacids have already received

considerable attention by means of X-ray analysis and UV and

visible, ESR, NMR and CD spectra, the vibrational spectra of

metallo-aminoacids have rarely been investigated in detail.

Probably, it is rather difficult to analyze the vibrational

spectra of metallo-aminoacids by simple comparison with those

of related complexes and aminoacids, since they frequently take

a complicated polymeric structure. This may be one of the

reasons why the vibrational spectra have been investigated in

less detail than the crystallographic data and the other

spectroscopic data. The author gave his attention to the metal

isotope technique, which is very useful to assign the vibrations

containing displacement of the metal unambiguously. In the
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present thesis, the vibrational spectra of metallo-aminoacids,

on which much interest has been centered in their biological

activities, are dealt with to obtain fundamental and definite

  '
informations concerning the vibrational speetroscopy for

further investigations of metallo-proteins and -enzymes.

     Chapters X -- I[[ deal with the infrared spectra of polymeric

metallo-aminoacid complexes, bis(L--asparaginato)-copper(U) and

                                                '
-zinc(II) and copper(Xl)-- and zine(II)-L-glutamate dihydrates.

                                     '      'I.t has been revealed that the metal isetope technique is very

usefu1 for assigning the metal--ligand stretching vibrations of

the polymeric metal complexes. The difEerence of the metal-

ligand stretching vibrations between trhe copper and zinc

complexes is discussed.

     Chapter IV deals with the infrared spectra of tyans- and

                                                        'eas-bis(D-alaninato)copper(ZI) to aim at clarifying how the

Cu-ligand stretching vibrations are affected by the tyctns--eis

isomerism. The spectral difference between the trans and the

 --ezs isomers was investigated by the normal eoordinate analyses

by using-a complete molecular conformation and the inter- and

       '
intramol'ecular force fields. Additionally, on the basis of

                                        '
the results of chapter IV, the relationship between infrared

                   '
spectrum and trans-eas isomerism is discussed for bis(L-- and

             '
DL-phenylalaninato)copper(II) in chapter V.

     Chapter VI deals with the infrared spectra of bis(L-
                      ttttt
        tt
                                        '
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serinato)--copper(!I) and -zinc(rl) in order to clarify the

                                                     '
difference of the vibrational spectra between gauehe-gauche

and antivauehe serinates in the complexes. The structural

difference is reflected clearly in the skeletal stretching

the COO deformation frequencies but not ±n the Cu--ligand

stretching frequencies. ･

and
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Chapter X

     Infrared Spectra of Bis(IL--asparaginato)copper(II)

X-l Zntroduction

     Much interest has been centered on poiymeric metal complexes

in relation to their roles in eancer chemotherapy and thelr

bioXogical activity.1) Among them, complexes including aminoac±ds

and related compounds may be of interest in reiation to the

roie of metals an vavo and have already received considerable

attention from many investigators.2-5) However, in contrast

with monomeric rnetal complexes of aminoacids, their vibrational

spectra have rarely been ±nvesttgated in detail because of their

complicated structures.' In this chapter, [bis(L-asparaginato)-

eopper(II)]n, [Cu(asn)2]R, was studied as a modei of polymeric

metal complexes ineluding aminoaeids. Metal-ligand stretching

frequencies of [Cu(asn)2]n were assigned by using the metal

isotope techn±que which has been shown to be effective for

identifying vibrations involving the displacement of a metal

atom.6,7) In addition to this technique, the frequency shifts

of AX,AI'-deuteration were useful for making assignments.

-7-



I-2 Experimental

I-2.1 Materials

     Conmercially available L-asparagine monohydrate (asn.H20,

Wako Junyaku) was purified several times by crystal!ization

from water. Deuterated L-asparagine monohydrate (asn-ds.D20)

was obtained from the purified asn'H20 by exchange-reaction with

heavy water (Merck, AG., 99%). [Cu(asn)2]n was prepared from

the purified asn'H20 according to the method of Stephens et aZ.8)

For the preparation of AI,AT'-deuterated cornplexes, anhydrous

cupric acetate was reacted with asn-ds.D20 in heavy water. I'he

                    '
precipitate was filtered, washed with heavy water and dried

under reduced pressure. For the preparation of complexes

containing metal isotopes, 63cuo and 65cuo (oak Ridge National

                                              '
Lab., USA) were converted into the corresponding cupric acetates

by reaction with dilute acetic acid on a milligram scale. The

cupric acetates were reaeted with the asn.H20 in water and the

                              '
resulting solids were washed with water and dried under reduced

pressure. The yield was about 40 mg of both complexes. The

chemieal purity of each complex containing isotopes was checked

by comparing its IR spectrum with that o.f the eomplex containing

metal of natural abundance. The isotopic purities were 99.89 %

for 63cuo and gg.7o % for 65cuo.
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1-2.2 Measurements

The IR spectra were recorded on a JASCO DS-403G IR

spectrophotometer (4000 - 200 em-I). The measurements were

made with solid samples in Nujol, hexachlorobutadiene and

poly(chlorotrifluoroethylene) oil (Merck, AG., Uvasol) mulls.

The frequencies were calibrated by means of the standard

absorptions of polystyrene, indene and water vapor. For

measuring small shifts of band centers due to 63Cu and 65Cu

substitution, the scale of the frequency was expanded ten times

over the desired frequency region, and the measurements were

repeated three times to check the reproducibility of the spectra.

The IR spectra in the region above 400 cm- I of asn·H20,

[Cu(asn)2]n and their deuterated analogues are shown in Fig. 1,

and parts of the expanded spectra are shown in Fig. 2.

1-3 Assignments and Discussion

-zThe pegion above 5JO em

According to neutron diffraction analysis,9) asparagine

takes a zwitterion structure in the monohydrate crystal. In

this structure, the group vibrations of aminoacids and primary

amides can be expected to resemble those of asparagine. By

referring to the frequency shifts on deuteration and the IR

spectra of related compounds, for example alanine,IO) glycine ll )

and acetamide,12,13) these group vibrations were tentatively

-9-
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      Fig, 1. IR Spectra of Asn･H,O and [Cu(asn),]n in the Region above 400cm-'

        A: asn･H,O <-) and asn-d,･D,O (-->; B: ["ACu{asn>2]n {-) and [""Cu{asn-de)2]n {-----).

assigned as summarized in Tabie l. .
                                  '                     '
    Upon complex formation, the -NH3+ group of asn.ff20 is

replaeed by the --NH2 group.8,9) Except for the spectrai ehange

caused by this replacement, the IR spegtrum in this region ox"

[Cu(asn)2]n is expeeted to be similar to that of asneH20, and

the ligand absorptions ean be asstgned to individual vibrations

as shown in Table r by referring to the frequency shifts on

AT,Al'-deuteration and the assignments of asn.H20 and monomeric

      tt



aminoacid compiexes.14-i6) However, there are some noteworthy

spectral changes upon complex formation. One of them is the

spectrai difference between asn.H20 and [Cu(asn)2]n in the

region between 3500 and 2800 em'1. A band at 1520 cm-l of

asn'H20, assigned to the -NH3+ symmetrieal deformation

vibration, vanishes upon eomplex formation. [rwo bands of

asn-ds'D20 assigned to the COO-  stretching vibrations undergo

a high frequency shift by about ZO-20 cm-l upon complex

formation in spite of the fact that the COO- group coordinates

       '
to the Cu atom. The corresponding shift for the undeuterated

compounds is not obviotts because of the interference of the N}{2

and N}I3+ group and water vibrations.

                                                   tt                     '                         '
     In the region above 530 cm-1, no band shows appxeciabie

                                        'shifts on 63cu and 65cu substitution. This result indicates

that none of the vibrations in this region involve disp!acements

                                        '
                                        . .. .1
   tt                                                         tt/                                                           '                          tt                                                         '      '
The ?egion between' 530 and 2oo ein"-Z. ･ ' 'i'

Y
.

     By analogy with the IR spectra of am±noacid complexes,lijmi6)

the Cu-ligand stretching vibrations can be expected in this

region. Strictly speaking, all the copper--ligand stretching

vibrations of [Cu(asn)2]n should be infrared-acttve because the

Cu atom is in a tetragonally distorted octahedral environment

and occupies a Cl site.9) However, since the carboxyl oxygen

                             -11-



and the a-amino nitrogen atoms of each ligand coordinate to the

copper atom in a trans square planar configuration and the two

eu-a' bonds are almost co1inear with the normal to the coordina-

TABLE 1. Infrared Frequencies and Assignments for Asn· H 20 and
[Cu(asn).]" in the Region above 530 cm-1

asn·H2O asn-d.,D2O [Culasn)2J" [Cu(asn-d4)2Jn Assignmentsc)

3443 s 2175 m 3375 vs 2549 s

)
3377 vs 2237 m 3319 vs 2515 s

vNH2 (ND2) or3103 vs 2302 s 3285 vs 2409 m
2951 vs 2493 m 3255 vs 2447 s

vNH3+ (ND3 +) or

2535 s 3175 vs 2387 s
vHoO (DoO)

2570 m 2349 s
2956 w 2925 w 2924 w I'CH2 or vCH

1680 vs 1643 vs 1678 vs 1655 vs vC=O
1643 vs 1605 vs 1640 vs 1624 s v.COO-
_a) 1184 m 1586 s 1199 m, 1183 w {lNH3 (ND2)

1580 s 1169 m _b) ._b) odNH 3+ (ND3+)
1527 s 1082 w _b) _b) OsNH" + (ND3 +)

1430 vs 1442 s 1418 s 1426 m veN
1428 s 1443 m, 1426 s 1443 m, 1430 m oCH 2

1401 m 1400 m 1380 s, 1365 vs 1375 sh, 1366 vs "sCOO-
1363 s 1351 s _a) 1346 m oCH
1316 s 1326 m 1321 sh, 1306 m 1318 w, 1302 m wCH 2

1306 sh 1290 w _a) 1265 vw tCH 2

1236 m 1235w 1254 w, 1226 m 1245 w, 1224 m vskel
1151 m 925 w 1158 s 914 m pNH2 (ND2)
1104 m 749 m _b) _b) pNH3+ (ND3+)
_b) _b) 1135 m 835 m, 750 m tNH 2 (ND2)

1075 m 1051 w 1119 m, 1077 w 1118 w, 1053 w vskel
911 w 984 w 961 w, 935 w 962 w, 945 w vskel
894 w 898 w 896 w 896 w vskel
834 m 822m 872m 859 m pCH 2

808m 480m 804 m 525 m rNH2 (ND2)
685 sh 461 m 669 s 490 m wNH2 (ND,)
670vs 639 m 702 w 646vw oskel
_b) _b) 606 s 430 m wNH2 (ND2)
604 m 574 w 594 sh 568 m oSkel
573 m 582 m 561 sh oSkel
558 m 542m 567 m 545 vw, 535 sh oSkel

a) Hidden by a neighboring band.
b) Not expected.
c) v: stretching; {J: bending; 6: deformation; w: wagging; p: rocking; t: twisting; 't': torsion.

-12-



tion square plane,9) it is a reasonable approximation to

classify the Cu-ligand stretching vibrations into symmetrical

and asymmetrical modes for the Cu atom. The latter can be

expected to be relatively strong in the IR spectrum and to be

sensitive to 63 Cu and 65 Cu substitution, in contrast with the

symmetrical modes.

[Cu(asn)2]n shows strong bands at 459, 450, 391, 360, 318

and 212 cm- I in this region. On simple comparison with the IR

spectra of asu-H20 and [Cu(asn)2]n' the 391, 360 and 318 cm- I

bands seem to correspond to the ligand bands at 390, 352 and

296 em-I, respectively. The 459 and 450 cm-I bands seem to

appear newly upon complex formation and might be due to the Cu­

ligand stretching vibrations. In contrast with expectation.

these bands remain almost unshifted on 63Cu and 65Cu substitu­

tion, but are replaced by two bands at 411 and 427 cm- I on N,N'­

deuteration. This result strongly indicates that the 459 and

450 cm- I bands require displacement not of the Cu atom, but of

the nitrogen atoms. Thus, these bands should be assigned to

skeletal deformation vibrations of the ligands. The frequency

difference of these vibrations between asn.H20 and [Cu(asn)2]n

may be caused by coupling with the Cu-N stretching vibration

and/or the structure change of asparagine upon complex formation.

The 318 and 360 cm- I bands show 2.1 and 1.5 cm-I shifts,

respectively, on 63Cu and 65Cu substitution, and are assigned

-13-



to vibrations involving displacement of the Cu atom. On N~N'-

deuteration, the 318 cm- I band shows a relatively small isotope

shift, but the 360 cm- I band is replaced by a band at 327 em-I.

Accordingly, the former was assigned to the Cu-O asymmetrical

stretching vibrat~on and the latter to theCu-NH2 asymmetrical

stretching vibration. The 391 and 212 cm- I bands are unaffected

by 63Cu and 65Cu substitution, but are replaced by bands at 369

and belm" 200 cm- 1 on N~N'-deuteration, respectively, and were

assigned to skeletal deformation vibrations of the ligands.

I
I
I

§
rJJ
rJJ

E ,
rJJ
C
~
:-
f-

300500

c

200

Wavenumber (em -1 )

Fig. 2. IR Spectra of Asn· H 20 and [Cu(asn)2Jn in the Region between
530 and 200 cm- 1

A: asn·H.o (-I and asn·d,·D,O (-_.--): B: [NACu(asn),Jn (-) and [NACu(asn-d,I,Jn
(----); C: ["Cu(asn),Jn (-) and ["Cu(asn),]n (----1-
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TABLE II. Infrared Frequencies, Isotope Shifts and Assignments
in the Region below 530 cm- l

asn· H 2O asn-d5 ·D2O ['"Cu (asn) 2In LiJlm b) L1I'h(':) Assignments"'

515 ill a) (5skel
5l4.3vw 0.7 e) (5skelor "sCu-ligand
499.7 vw 0.2 e) oskel Or "sCn-ligand

390 m 350 m 458.9 ill 0.1 31 r5skel
352 ill 337sh 450 sh ~O 39 (5skel
296 m 282 ill 390.6 w 0.2 22 r5skel

359.6 ill 1.5 22 v"Cu--NH,
317.6 w 2.1 6 hCn-Ci()C

244 w 233 w 2] 1. 6 ill -·0 e ) ,).skel

a) Hidden by t.he I\"'D z ;.vagging and torsional bands.
b) Shifts of band center on 6JCU and 65CU substitution
c) Shifts on deuteration.
d) v: stretching; a: deformati':Jn.
(;) Not observed, since til'" ':0rfcspGnd.;ng band of lCu(asIl-dd~":n !'i not nbsr[vco or is hiddell

neighboring band.

The symmetrical modes of the Cu-ligand stretching

vibration are expected in chis region. The bands caused from

these vibrations are expected to be weak~nd to show small

isotope shifts on 63Cu and 65Cu substitution, since these

vibrations include a small displcement of the Cu atom. Thus,

two very weak bands at 514 and 500 cm- l , which display

relatively small isotope shifts on 63Cu and 65Cu substitution,

as shown in Table 2, may be assigned to symmetrical Cu-ligand

stretching vibrations. However, the observed magnitudes of

the metal isotope shifts of these two bands is also compatible

with their assignment to skeletal deformation vibrations with

slight contributions by the Cu-ligand stretching vibrations.

Throughout the investigated region, no band assignable to the

-15-



Cu-O' stretehing vibration was observed. The Cu-O' bond-

lengths are too long for their stretching vibrations to be

observed in the region above 200 cm-l. The assignments

discussed above are summarized together with the isotope

shifts in Table I!.
                                                           '                         '
     As discussed above, it is often dangerous to.aFtempt to .

                 tt
identify the Cu-ligand stretching vibrations only by eornparing

the ZR spectra of the complex and the ltgand. Howe'ver, 63cu and

65cu substitution is very useful as a means to assign 'vibrations

that include displacement of a Cu atom of a complicated complex

such as [Cu(asn)2]n, although such substitution is ineffective

for Cu-ligand stretching vibrations that do not include

displacements of a Cu atom. The Cu-ligand stretchlng frequeneies

obtained in this study do not agree weli with those of the

related complexes reported by walter et aZ.,15-17) and compre-

hensively by Herlinger et aZ.,18,i9) and the results of these

authors also differ from each other. Although Walter et aZ.

carried out normal coordinate analysis by assuming a monomeric

chelate model, it seerns desirable to reexamine their assignments

by using the metal isotope technique. .The Cu-O and Cu-N

asymmetrical stretching frequencies of [Cu(asn)2]n aye lower

by about 40 and 80 cm-1 than the Cu-O and Cu-N antisymmetric

stretching frequencies of ofs-Cu(glycine)2.H20, respectively,

although the Cu-ligand bond-lengths of [Cu(asn)2]n and

                                                  '         '
                                               '            '                            -16- ･
                    '



Cu(glycine)2.H20 are not very different from each other.9,20)

These Cu--g!ycine stretching frequenaies are comparable with

those of Cu(glyeine)2.2H20, whose structure was estimated to

                                                         '
be tvans-monomeric by analogy with the structure of Ni(glycine)'

2H2o.14,2!) It is of interest that the Cu-ligand stretching

frequencies of [Cu(asn)2]n are also much lower than those of

tpmans-Cu(glycine)2.2H20, which has the same coordinating

number and tTans-structure as [Cu(asn)2]n. This frequency

difference may reflected the structure difference between the

monomeric and polymeric. strttc.ture through a c.omplicated

vibrational coupling.

.-17-
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Chapter II

                                     '
     Infrared Spectra of Bis(L-asparaginato)zinc(U)

IZ-l Introduction

     Since metallo-aminoacid compiexes are fundainental compov,nds

of metallo-proteins and -enzymes, it is of interest to elucidate

the metal-ligand stretching frequencies of aminoacid'comp!exes.

Zt has been shown in chapter 1 that the metal isotope technique

                                                '
is very useful to identlfy the !R absorption bands dge to the

metal-ligand stretehing vibrations of polymeric metallo-

aminoacid complexes,1,2) such as [bis(L-aspayaginato)copper(II)]n,

which are also of interest because of their biological activities

zEn c.aneer chernotherapy, ete.3-"5) !n this chapter, the metal

isotope technique, 6igzn and 68zn substitution, has been appl";ed

to analyze the IR spectrum of [bis(L-asparaginato)zinc(II)]n.

In order to acquire fundamental data relating to biologieal

materials containing zinc, the Zn-ligand stretching vibrations

have been assigned by referring to the isotope shifts on N,N'-

deuteration in addition to those on 64zn and 68zn substitution.

The assignments appear to be fully conslstent with the

experimental data and may be useful as a basis for further

studies on the binding between zinc and aminoacids.
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II-2 Experimental

II-2.1 lhaterials

     Purified L-asparagine monohydrate and N,Al'-deuterated

L-asparagine rnonohydrate (asn.H20 and asn-ds.D20) were obtained

by "che same manner as described in chapter I. [Bis(L-

asparaginato)ztnc(II)]n, [Zn(asn)2]n, was prepared from the

purified asn.H20 and reagent-grade zinc acetate dihydrate in

                                   '
aqueous solution. The IR spectrum of the resulting solid

coincided completely with that of thd product prepared fTom

ZnC12 according to Stephens et aZ.6) For the preparation of

ru,N'-deuterated complex, [Zn(asn-dg)2]n, anhydrous zinc acetate

was reacted with asn-ds.D20 !n heavy water. The precipitate

was fiitered, washed with heavy wa,ter and dried under reduced

pressure. For the preparation of complexes containing zinc

isotopes, zinc acetates containing 64zn and 68zn, which were

prepared from 64zno and 68zno (oak Ridge National Lab., USA),

                                   '           '
were reacted with asneH20 or asn-ds.D20 on a milligram scale.

The chemical purity of each complex containing zinc isotopes

was checked by comparing its IR spectrurn with that of the

aorresponding complex containing zinc of natural abundance.

The isotopic purities were 99.85 % for 6gZnO and 99.00 % for

68znO.
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II-2.2 Measurements

     The rR spectxa were reeorded on a JASCO DS-403G IR

spectrophotometer (4000 -d 200 cn}-Z). The rneasurements were

                 tt
made with solid samples in Nujol and hexachlorobutadiene (b{erck

                                    '                  tt
AG., Uvasol) mulls. The frequencies were calibrated by the

standard absorptions of poZystyrene, indene and wa-ter vapor.

For measuring small shifts of band centers on 6ijzn and 68zn

(64zn--68zn) substitution, the scale of the firequency was

expanded ten times over the desired frequency regiofi, aud the

measurernents were repeated more than three times to ekeck the

reprodlleibility of the spectra.

                                                     '
     The !R spectra in the region above 40e cm-Z of [Zn(asn)2Lln

and [Zn(asn-ciig)2]n are shown in Fig. 1, and parts of the

              '
expanded spectra in Fig. 2.
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IZ-3 Assignments and Discussion

                                  -z
The ?egion hetueen 4000 and 400 em .

     None of the bands in this region show an appreciable

isotope shift on 64zn-68zn substitution and the bands can be

assigned to the vibrations of asparaginates. The spectral

patterRs of both [Zn(asn)2]n and [Zn(asn-d4)2]n were

essentially similar to those of the corresponding Cu
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complexes,1) although differences of coordination and hydrogen

bonding between the Cu and the Zn complexes produce smalZ

variations in the rR frequeneies and intensities. Taking

account of these variations, all the bands in this region were

assigned to individual vibrations of asparaginates by referring

to the assignments of the Cu complexes and the iso.tope shifts

on iV,AT'-deuteration. The assignments of main bands are

summarized in Fig. 1.

                                 -l
The Tegion between 400 and 200 em .

     According to the X-ray analysis,6) the zinc atom is in a

tetragonally distorted octahedral environrnent constructed by

coordination of a carboxylic oxygen ( O ) and the ct-amino

nitrogen from eaeh asparaginate with bridges of earboxylic

oxygens ( O' ) from neighboring asparaginates. Xn this

        '
environment, the six metal-ligand stretching vibrations are

all infrared-active. However, since two Zn-O' bonds are too

long fer the±r stretching vibrations to be observed in the
        '
region above 200 cm-1, two Zn-O and two Zn-N stretching

                                         '                '
vibrations can be expected in this reglon.

     In the IR spectrum of [Zn(asn)2]n containing zinc of

natural abundance, six bands are observed at 387, 371, 301, 265,

244 and 226 cm-1 in this region. The band centers of the 301,

265 and 244 cm-1 bands show an appreciable isotope shift on
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64zn-68zn substitution, and they are undoubtedly assigned to

the Zn-ligand stretching vibrations including displacement of

the zinc atom. On Ar,ZV'-deuteration, the 387, 371 and 226 cm'1
                                               '           t/
                                                       'bands are replaced by bands at 350, 334 and 216 cm-1,

                              '
respectively, whereas the zinc isotope-sensitive bands show a

small isotope shift. These isotope shtfts on ZV,N'-deuteration

indicate that the Zn-O stretching vibrations are probably not

localized. By analogy with [Zn(glutamate)･(H20)]n'(H20).,2)

                         '                                                     '
it is reasonable to assume that two Zn-O and two Zn-N

                                                 'stretching vibrations couple with one another to produce

complicated vibrations which can be classified into relatively

asymmetrical and symmetr±cal vibrations for the zinc atom,

although one of the Cu-O'  stretchiFg vibrations can probably

                          t ttt t                                                      '                                                  'be regarded as playing a role in this coupling as an additional
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vibration. Since the symmetrical vibration is expected to

contain a very small displacement of the zinc atom, it probably

shows a small shift or no shift on 64Zn-68Zn substitution, in

contrast to a large shift on N,N'-deuteration. Accordingly,

three zinc isotope-sensitive bands at 301, 265 and 244 cm- 1

were assigned to the relatively asymmetrical Zn-ligand

stretching vibrations. A symmetrical stretching band was

assumed to be missing or to be one of the N,N'-deuteration

sensitive bands at 387, 371 and 226 cm- I . The assignments

discussed above are summarized in Table I together with observed

frequencies and isotope shifts.

TABLE I. Infrared Frequencies, Isotope Shifts and Assignments of [Zn(asnl.]n
and [Zn(asn-d'}21n in the Region between 400 and 200 cm-1

[6'Zn (asn}2]na1 L1vm bl [6'Zn (asri.-d.) 2]na1 L1vmb1 L1vhC) Assignmentd1

387.5 w 0 350.8 w 0 37 oskel')
371.4 w 0 335 sh 36 oskel')
302.1 m 2.1 300.1 m 2.0 2 v. Zn-ligand
266.2 m 2.1 262.8 m 2.3 3 II. Zn-ligand
244.6 w 2.5 241.0 w 2.0 4 v. Zn-ligand
266.0 w 0 215.5 w 0 10 oskel')

a} m: medium; w: weak; sh: shoulder.
b) Shifts of band center on "Zn-"Zn substitution.
c) Shifts on deuteration.
d) .: stretching; ~: defonnation.
e) One of these bands may be assigned to v, Zn-Iigand.

The frequency range of the metal-ligand stretching vibra-

tions of [Zn(asn)2]n is lower by about 50 cm- 1 than those of

[Cu(asn)2]n. 1) In spite of a difference in coordination
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strueture, the frequency difference between Cu and Zn

asparaginates is consistent with that of Cu and Zn glutamates,

which are isostructural with each other.2)' This result

                                                     '
suggests that the structure difference does not much affect

the frequency difference between the Cu- and Zn-ligand

stretching vibrations, but the stretching force constant may

do so. rt is of interest that strong eoupling among the Zn-

ligand stretching vibrations exists in [Zn(asn)2]n, in contrast

                        '                                               'to the case of [Cu(asn)2]n.1) However, the eoupling among the

Zn-ligand stretching vibrat!ons is not general for the zinc-

aminoacid cornplexes.

     the Zn-iigand stretching frequencies of [Zn(asn)2]n are

consistent with those of IZn(giutamate)･(H20)]n.(H20)n2) and

[Zn(glycinate)2'(H20)]n.7,8) Considering that the coupling

diseussed above is a result of the frequency similarity among'

the Zn-N and the Zn-O stretching vibrations, it can be

concluded that the Zn-O stretching vibrations appear in the

region between 330 and 230 cm-1 for the polymeric aminoacid

complexes. :n contrast with the assignment in this chapter,

Jackovitz et aZ.9, 10) carried out normal coordinate analysis

                                                            '
and assigned the bands around 160 cm'1 to the Zn-O stretching

vibrations in their comprehensive studies of metallo-aminoacid

complexes. [[he conclusion in this chapter suggests that the

stretching force eonstant for Zn-O bonds is probably much

              '
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larger than that assumed by them.
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Chapter M

     Infrared Spectra of Copper and Zinc Glutamate Dihydrates

M-1 Introduction

     Complexes containing glutamic acid have centered rnueh

interest because of their biological properties,1"-3) and have

been investigated by various methods.4-16) However, it seems

to be rather difficult to analyze the IR spectra of metal

glutamates simply by comparison with those of related complexes

and the ligand moleeule, sinc.e they frequently have a compli-

cated polymeric structure. This rnay be one-of the reasons why

the IR spectra of the metal glutarnates have 'been investigated in

less detail than their X-ray analyses6-10) and EsR spectra.ll-16)

On the other hand, it has been shown 'in the previous chapters

for complicated polymeric complexes, copper and zine

asparaginates, that the metal isotope technique is very useful

to assign the vibrations inciuding displacement of the metal.17)

                                           '
     Tn this chapter, the XR spectra of po!ymeric copper and

zinc glutamate dihydrates, whose structures resemble each othex,

were investigated by the metal isotope technique in order to

study the difference of rnetal-ligand stretching vibrations

between the copper and zinc complexes. The metal isotope shifts

indicated that the Cu-ligand stretching frequencies are higher

by about 50-100 cm-1 than the Zn-ligand stretching frequeneies,
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and the isotope shifts on N,O-deuteration suggested that the

vibrational modes of the metal-ligand stretching vibrations of

the Cu complex are very different from those of the Zn complex.

][-2 Experimental

][-2.1 Materials

Commercially available monosodium L-glutamate monohydrate

(Na·glu, Ishizu Seiyaku) was purified several times by

recrystallization from a mixture of water and ethanol. N~O­

Deuterated monosodium L-glutamate monohydrate (Na'glu-ds) was

obtained from the purified Na-glu by the usual exchange

reaction with heavy water (Merck, AG_, 99%). Copper and zinc

glutamate dihydrates (Cu-glu and Zn-glu) were prepared from the

Na-glu and the corresponding metal acetates_ The IR spectra

of these complexes coincided completely with those of the

complexes prepared from cupric nitrate or zinc oxide according

to the method of Grammaccioli et aZ_6~7) The yield from the

acetate was higher than that from the nitrate or the oxide.

For the preparation of the N,O-deuterated complexes (Cu·glu-d6

and Zn-glu-d6), anhydrous cupric or zinc acetate was reacted

with the Na-glu-dS in heavy water_ The precipitate was filtered,

washed with heavy water and dried over silica gel_ For the

preparation of the complexes containing metal isotopes, 63 CuO ,

65CuO, 64ZnO and 68ZnO (Oak Ridge National Lab_, USA) were
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converted into the corresponding cupric and ztnc acetates

by reaction with dilute acetic acid on a milligram scale.

63eu･glu, 65cu･glu, 64zn"glu and 68zn･gl,u and their N,O-

deuterated complexes were obtained from corresponding acetates

by stmilar methods. The chemical purity of each complex

containing the rnetal isotope was c,hecked by comparing its rR

spectrum with that of the complex eontaining metal etA natural

abundance. The isotopic purities were 99.89 % for 63cuo, .

99.70 % for 65cuo, 9g.8S % for 64zno and gg.3o % for 68zno.

                                          '
                                t tt t ttt t                                                         tt

'II[[-2･.2 Measurements

                                         tt t t tt tt/ tt
     The rR spectra were recorded on a JASCO DS-403G IR ,,

speetrophotometer (4000 - 200 cm-i). The measurements vrere .,

made with solid samples in Nujoi and hexachlorobutadiene (Merck,

AG., Uvasol) mulls. The frequencies were calibrated by use of

the standard absorptions of polystyrene, indene and water vapor.

For measuring small shifts of band centers due to the metal

isotope substitutions (63cu--65cu and 64zn--68zn), the freqpency

scaie was expanded ten-foid over the desired frequency region,

and the measurements were repeated at least three times to

check the reproducibility of the spectra. . '

     ThG IR spectra in the region above 400 cm-] of Cueglu, .

Zn.gl,u and their Al,O-deuterated analogues are shown in Fig. 1

and parts of the expanded spectra are shown in Fig. 2.
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E[-3 Assignments hnd Discussion

                       -z
The region above 500 cpm .

     All the bands of Cu.glu and Zn'glu in this region should

                 '
be assigned to vibrations of glutamate sinee no band in this

region shows an appreciable isotope shift on metal isotope

substitutions. According to the x-ray analyses,6,.7) glutamates

in both Cu.glu and Zn.glu take an extended configuration and

the bond distances and angles resemble each other except for

one of the COO- groups. As expected from this similarity, the

                                                              '
IR spectra of Cu.glu and Cueglu--d6 are essentially similar to
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those of Zn.glu and Zn.glu-d6, as shown in Fig. 1. However,

it should be mentioned that the shapes of some bands of Cu.glu,

for example the NH2 and the OH2 wagging bands, are different

from those of Zn.glu because of small differences of hydrogen

bonding. With attention to these differenees, the absorptions

TABLE I. Infrared Frequencies and Assignments for Cu･glu, CuLglU-d6,

Zn･glu and Zn･glu-d, in the Region above 500 cm"i

Cu･glua} Cu･glu-d6a) Zneg}ua) Zn･glu-d6a} Assignmentsb)

3310 vs

3220 vs,b

2935 sh

l623 vs

1570 vs

1607 vs

1454 m
1407 s

1393 s

1357 m
1340 m
1331 m
1288 m
.1268 m
1210 w
ll92 w
1138 m
1109 w
1066 w
1030 w

 958 m
 952 sh

 883 m
 835 m
 .vec)

 764 m,b
 -c)
 678 m
 641 m
 574 m
 535 w

2480 s

2430 s

2930 w
2920 w
1622 vs

1594 vs

l174 m
1454 m
l4iO s

1393 s
1･359 m

1328 m
l306 w
1254 m
1283 m
1213 m
1174 m
881 m
843 m
ll23 w
1034 m
930 m
923 sh

.d)
816 w
784 w
561 m,b
729 m
 670 m
-d)
550 sh

469 w

3330 vs

3210 vs,b

2930 sh

1610 vs
l573 vs

1596 vs

1456 m
1422 s
1408 s

1359 m
1340 m
1328 m
1285 m
1272 m
1207 m
1188 w
li21 m
1107 m
1065 m
1029 w
953 m
950 sh

874 m
827 m
-c)
753 m,b
-c)
 656 m
 573 m
 512 w
 488 w

:2?8gi

zggg w. ]

1611 vs

1565 vs

1176 m
1459 m
1424 s

1410 s

l359 m
1328 rn

l305 m
1245 m
1286 m
1216 m
1176 m
863 m
 835 m
1119 w
1029 m
957 w
923 m
-d) ･

809 m
778 w
553 m,b
 721 m
 649 m
-d)
 508 sh

 432 w

vOH,(OD,) or vNH,(ND,)

vCH or vCH2

vaC02
vaC02
6NH,(ND,)
fiCH,

v,C02
VsC02

-6CH
6CH
toCH2
toCH2

vCN
tCH,
tCH,
.NH,(ND,)
tNH,(ND,)
vskel

vskel

vskel

vskel

pNH2(ND2)
pcH,
pCH,
tuH,O(D,O)
6CO,
pC02
coC02
6skel

6skel

a>
b)

c)

d)

vs: very strong; s: strong; m: medium; w: weak; vw: very weak; b: broad.

pt: stretching; fi: bending;6: deformation; w: wagging;p: ro¢king; t: twist ing.

Hidden by the H20 wagging band.
Hidden by the D20 wagging band .
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in this region ean be tentatively assigned to ind±vidual

vibrations by referring to the iCrpquency shifts on rc,O-deutgw)ratT'i.on

                                                            'and the assignments of related eompounds`l8ua21) The assigi,,fnen,/'ns

for Cu.glu, Zn.glu, Cueg,lu-d6 and .'." ･glu-d6 are sunmarized tn

Table I together irtth the observea. ' equencie$ and the apprcxi-

                                   '           l-     .

          '
                                 -z
tZVze neesion hetueen 500 and 200 em .

     According te the x-ray analyses,6,7) cueglu and znegzu are

                       'nearZy isostructuxal, and the principal ligands ef both metals

are arranged in the form of an approximately square pyram±de,
             '
tncauding three oxygens and a nitrogen of glutamates and a water

mc:l.ecule. Consequently, five metal-ligand stretching vibrations

can be expected ito be infrared-active for both Cu.glu and Zn.glu.

However, one of the Cu-OOC bonds is too long (2.3 a) for its

stretching vibration to be observed in the region above 200

cm"-1, whereas the Zn atom is approximately equ±distant from aZl

five ligands. Accordingly, four and five metal-ligand

  '
stretching vibrations can be expected for Cu.glu and Zn.glu,

respectively, in this region. .
                                                     '
     For Cu.glu, seven bands are observed at 486, 404, 352, 335,

                             '
279, 270 and 232 cm"-l in this region, as shown in Fig. 2. By

simp!e comparison between the IR spectra of Na.glu and Cueglu,

it is not possible to estimate which bands can be assigned to

                             '         '
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                  '                       '                                         '                                               '
                        '                                                         '
the Cu-ligand stretching vibrations. The reason is that the

skeletal deformation frequencies should be different from those

          '                               'ef Na.glu because of the configuration change of glutamate

upon complex formation. on 63cu-65cu substitution, however,

the centers of the 404, 352 and 279 cm-1 bands shift to the

lower frequency region by about 2 cm-1 and these bands can

undoubtedly be assigned to vibrations including displacement

of the Cu atom. Sinee the 279 cm-i band remains almost

                                                            '
unshifted on ru,O-deuteration, this band can be assigned to a

Cu-OOC stretching vibration. In contrast, the 404 and the 352

cm-1 bands are replaeed by bands at 389 and 329 cm'l, respec-

tively, on ru,0-deuteration, suggesting that the vibrational
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TABLE II. Infrared Frequencies, Isotope Shifts and Assignments for Cu· glu
and Cu· glu-da in the Region between 500 and 200 cm-1

a3CU' glual LlVm bl a3Cu· glu-daal LlVm bl L!vhcl Assignmentsdl

486.1 ill 0 438.2 w 0.5 48 llskel
404.3 w 1.7 389.8 w 1.0 15 vCu-N or vCu-OH 2 (OD 2)

353.0 ill 2.2 330.0 m 0 23 vCu-N or vCu-OH 2 (OD 2)

335 sh ~O e) ,) ~5 llskel
280.0 m 2.1 275.8 ill 1.2 4 vCu-OOC
270 sh ~O 265 sh ~O ~5 llskel
232.4 w 0 220.6 w 0 12 llskel

a) m: medium; w: weak; sh: shoulder.
h) Shift of band center on 13Cu_eaCu substitution.
c) Shift on N ,O-deuteration.
d) ., stretching; 6: defonnation.
e) Hidden by a neighboring band.

TABLE III. Infrared Frequencies, Isotope Shifts and Assignments for Zn·glu
and Zn· glu-da in the Region between 500 and 200 cm-1

a.Zn . glual LlVmbl 64Zn · glu-daal LlVm bl LlVhcl Assignmentsdl

488.7 vw 0 440.0vw 0 49 llskel
461.1 ill 0.5 403.8 w 0 57 6skel
362.2 m 0.5 356.0 m 0 6 6skel
300.5 ill 3.0 291.9 m 2.5 8 vZn-ligand
245 sh ~1 240 sh ~l ~5 vZn-ligand
227.7 ill 1.0 220.2 m 1.5 7 vZn-ligand

a) m: medium; vw: very weak; sh: shoulder.
hI Shift of band center on 114zn_esZn substitution.
c) Shift on N,O-deuteration.
d) v: stretching; 6: defonnation.

modes of these bands include a small displacement of active

hydrogen atoms. Accordingly, these bands were assigned to

either Cu-OH2 or Cu-NH2 stretching vibrations. The 329 cm- 1

band of Cu·glu-d6 assigned to the Cu-ND2 or the Cu-OD2 stretching

vibration shows no appreciable copper isotope shift because of

interference of a skeletal deformation band corresponding to

the band at 335 cm-1 of Cu.glu. No bands assignable to another
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Cu-OOC stretching vibration were observed in this region.

Probably, this vibration is hidden or ineludes too small

displacement of the Cu atom for the metal isotope shift to be

observed.

     As shown in Fig. 2, the ZR $pectrum of ZnRglu is similar

to that of Cu.glu except for the strong band at 227 cm-1. It

seems reasonable that the assignment for Cu-glu may be trans-

Eerrable to Zntglu, However, t"ne shifts ef Zn.glu bands on

IV,0-deuteration are very different -from t'hose of Cueg!u bands

in this region, as shown in Fig. 2. Thls differenee suggests

that the vibrational modes in the regiott are varied by ･

c'hanging the metal from Cu to Zn and thus that the assignments

fo,r Cutglu are not transferrable to zneglu. shifts on 64zn-

68zn substitution are appreciable for bands at 299, 245 and

227 cm'1 of Zn･g]u and at 291, 240 and 220 cm"1 of Zn'glu-d6,

as shown in Fig. 2, and these bands were assigned to the Zn-

ligand stretching vibrations. The frequency shifts of about

5-8 cmny"1 on N,0-deuteration are less than a half of those of

the Cu--OH2 and the Cu-NH2 styetching bands of Cueglu.

Accordingly, these three bands of Zn.glu were assigned to

vibrations caused by complicated coupling of the Zn-OOC

stretching vibrations with the Zn-OH2 and/or the Zn-NH2

stretching vibrations. Zt was difficult to identify other

Cu-OOC stretching bands without any additionai isotope labe!s.
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The assignments discussed above are summarized in Tabies II and

]I[ together with the observed metal isotope shifts.

     As described above, it seems strange that the modes of

coupling among the metal-ligand stretching vibrations are

different between Cu.glu and Zn.glu, even though the complexes

are nearly isostructural.6,7) considering only rnetal-ligand

bonds of around 2.o 21, cu.glu can be approximated as a square

planar coordination structure including two oxygens of glutumate,

whereas Zn.glu ean be regarded as a square pyraTnid includiBg

three oxygens. In this approximation, three Zn-O and two Cu-O

stretching vibrations give }GX3 and MX2 type vib.rational modes,

respect±vely. This may cause the difference of coupling among

the Cu-ligand and the Zn-ligand stretching vibrations. !n

partieular, it is of interest that the Zn-O and the Zn-N

stretching vibrations are not loealized, but couple wlth cme

another. Aecordingly, when the metal-ligand stretching

vibrations are empirically assigned on alternating the metals

in the complexes, care is necessary regarding changes of the

vibrational modes.
                                                                '
     The Cu-OOC stretching frequency of Cu-glu is lower by about

50 cm-l than the cu--Ooc antisymmetric stretching frequencies of

trans--23) and eis--bis-glycinato copper eornp!exes23) and is

comparable with that of polymerie [cu(asparaginate)2]n.17)

This may indicate that polynerization through bridges of ligand

         '
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moleeules plays a role in decreasing the Cu-OOC stacetching

frequency, as pointed out in chapter X.

   ' Tn the case of Zn.glu, since the Zn-ligand $tretching

                   '
vibrations couple with one another, it is d-ifficult to compare

the individuaZ Zn-ligand stretching frequencies with the

localized Zn-O and Zn-N stretching frequeneies of related

complexes. However, the frequency range oi' the Zn-･ligand

stretching bands is comparable with Zn-O stretching frequencies

of polymeric t?ans-bis(glycinato)zinc(II) monohy.drate

              '
investigated by meaRs of zinc, oxygen and nitrogen isotepe

substitutions,24) and is apparentay, different from those of

BL-alanine and DL-leucine zinc complexes studied by the method

of normal coordinate analysis on the basis ef a monorneri.c

model.25,26) since the assignments and structures of the

                                                        'latter twe complexes are not definitive, thi$ frequency

difference cannot be simply concluded to be due to the

differences between polyTner±c and rnonomeric structures.
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Chapter rV

     Infrared Spectra of tT?ans- and eis-Bis(D-alaninato)eopper(Xl)

    '
IV-i rntroduction

     The copper aianinate complex is known to take a tor;ans or

a eis conformationl,2) as shown in Ng. I, and its vibrational

spectrum is of much interest in relation to the tor7ans-eis

isomerism of the square planar rnetal complexes. Jackovitz et

aZ. made vibrational assignments for bis-DL-alaninatocopper on

the basis of the normal coordinate analysis by using a tvans

planar model neglecting hydrogen atoms.3) Herlinger et aZ.

tried to identify the differences of the Cu-ligand stretching

vibrations between the tvans and the cis complexes.U) Recently,

                                      'Percy and Stenton assigned the Cu-ligand stretching bands of

                                            't?ans-bis-L-alaninatocopper by means of !8o- and 152v-substitu-

                                           '
tions5) and corrected the assignments of the previous authors.

However, no comprehensive investigation has yet been done to

resolve the disagreements of the assignments among all the

previous reports. In particu!ar, no work has been carried out

on the pm-deuterated complexes and the cis complex containing

isotopes in order to assign the Cu-ligand stretching vibratiotts.

     This chapter deals with IR spectra of t?ans- and ea$-bis-

D-alaninatocopper and their AZ-deuterated complexes, with the

aim of clarifying how the Cu-ligand stretching vibrations are
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affected by the tr7ans-els isomerism. The Cu-ligand stretching

vibrations were assigned unambiguously by ustng the metal

isotope technique. The normal coordinatG analysis of the

t?ans and the eas complexes was carried out by taking account

of both the intra- and intermolecular forces to confirm the

                                        '                                               '                                                       'empirical assignments. ' ･ '
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IV-2 Experimental

IV-2.1 Materials

     Commerc±ally available D-alanine (D-ala, !shizu Seiyaku)

was recrystallized several times from a mixture of water and

ethanol. Al-Deuterated D-alanine (D-ala--cl3) was obtained from

the purified D-ala by the usual exchange reaction with heavy

water (Merck, AG., 99%). tyans-Bis(D-alaninato)copper(I!),

t-Cu(ala)2, was prepared from the purtfied D--ala acc,ordlng to

the method of Dijkstra.1) For the preparation of AT-deuterated

       '
tvans-complex, t-Cu(ala-d2)2, anhydrous cupric acetate was

reacted with D-ala-d3 in heavy water. The complexes containing

copper isotopes were obtained frorn eupric acetates which were

.mrepared from 63cuo and 65cuo (oak Ridge National Lab., USA)

              '                   'in the sarne manner as described in chapter r. About 20 mg of

each complex was obtained. eis-Bis(D-alaninato)copper(II) and

its isotopic complexes, e-Cu(ala)2, ete., were prepared by

annealing the corresponding tzr7ans-complex suspended in water

or heavy water for three days on a boiling water bath.6)

                    '
The isotopic purities were 99.89 % for 63cuo and 99.70 % for

65cuO･
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IV-2.2 Measurements

     The IR spectra were recorded on a JASCO DS-403G IR

spectrophotometer (4000 - 200 cm-1). The measurements were

made with solid samples in Nujol and hexachlorobutadiene

(Merck, AG., Uvasol) mulls. The frequencies were calibrated

by the standard absorptions of polystyrene, indene and water

                                       'vapor. For rneasuring small shifts of band eenters on 63cu and

65cu substitution (63cu-65cu), the scale of the frequeney was

expanded ten times over the desired region, and the measure-

ments were repeated at least three times t.o check the

reproducibility of the spectra.

     The IR spectra in the region between 4000 and 400 cm-1

are shown in Fig. 2 and parts of the expanded spectra in .Fig. 3.

The observed frequencies are 1･isted in [rables I and II

'together with approximate-intensities, as,signments and

calculated frequencies.
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IV-3 Normal Coordinate Analyses

     According to the X--ray analyses,1,2) both the tifian$- and

eis-complexes take a polymeric structure chained by a weak

bond between copper and one of the carboxylate oxygen atoms

               '
( O' ) of the neighbor±ng alaninates as shown in Fig. 1. The

optical active normal frequencies of these cha±n mDlecules

were calculated by using a program newly written by Machida in

this work for vibrational analysis of the erystals of molecular

and ionic complexes. The method of Harada and Shirnanouchi7)

was adopted by taking account of the effect of the first

derivatives of the intermolecular potential with respect to

the interatomic distances. The eontribution of the Coulombic

    'forees between the atomic charges was treated by Eward's method

as described by Hiraisht.8) The calculations were carried out

on a FACOM M-190 computer at the Data Processing Center of

Kyoto University and an ACOS 1000 cornputer at Okayama

                      '
University Computer Cente.r. The CPU time for calculating a

set of optical active frequencies of t?ans- or eis-Cu(ala)2

was 13 seconds in the ACOS IOOO computer. Assuming the bond-

                                Oo                                                   of ezs-lengths rcHrc1.080 and rNH=i.020 A, the .coordinates

Cu(ala)2 were eonstructed on the basis of the X-ray analysis

by Gillard et aZ.2) and partially modified coordinatesl,9) of

Cu(L-ala)2 were used for t-Cu(ala)2. A modified Urey--Bradley

force field was used with a few valenee type constants of
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torsional and out-of･-pZane bending coordinates. The force

constants related to alaninate were initially transferred from

L--alanine crystal.10) The transferability of these constants

was sufficiently good that the initi,al calculation gave useful

clues to the assignments. The constants related to the Cu-

ligand bonds were taken from those reported by Inomata et aZ.!1)

The stretehing constant, K(CuO'), was used for weak Cu-O'

                                    obonds and was assumed to be. O.ZO mdynlA. The bending and the

                       '
repu!sive constants concerned to the CuO' bonds were initially

assumed to be zero. Ilrhe force constants related to the Cu atom

were mainiy adjusted to improve the frequency fit, and an
                                                        '
interaction eonstant between the C=O stretching and the CH

deformation vibrations was introduced to reproduce the 18o--

induced shifts reported by Percy et aZ.5) The flnal values of

         'the adjusted intramolecular force constants are listed in

                                                 '       '                  '   '                                             'Table

     lnitially, the calcuiation were caTried out by using only

the intramolecuiar foree constants (calculation I). Later,.

                               '                                                       ' '
the intrachain intermolecular forces were ;aken into account

in calcuZation T!. The interchain forces were neglected by

                       'taking account of only two of four asymmetric units in a unit

                                   '
cell of the eis complex. By referring to the previous .

treatments of arninoacid,10,12-15) the intermolecular potential

                     '
was assumed to be the sum of the exp-6 type nonbonded atom-

                                         ' '              '
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atom interaction terms, the Lippincott type hydrogen-bond

stretching terms and the Coulomb interaction terms. [ihe

potential parameters for these terms are the same as those used

   'for ct-glyeine-C--d2 and DL--aianine-ct,B-d4 crystals.13) In

                                     '
calculating the Coulomb interaction terms, the atomic eharges

were estimated by the CNDOIII calculation in which -the Cu atorn

of Cu(ala)2 was replaced by an Mg atom. The limits for the

                                                        '                                                          odirect and the reciprocal lattice sums were taken as 20.0 A

and O.2 a, respectively, with the convergence parameter K = O.2.
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IV-4 Assignments and Discussion

                       -zThe Tegaon 4000 -- 500 em .

     Ail the bands of t-Cu(ala)2, t-Cu(ala-d2)2, e-Cu(ala)2 and

c-Cu(ala-d2)2 in this region show no appreciable shift on 63cu-

65cu substitution and can be assigned to the vibrations

including no displacement of the Cu atom. By referring to the

                        '            'frequeney shifts on N-deuteration and the assignments of previous

authors,3-m5,ZO,ll,16) the bands in this region were assigned to

              '
individuai vtbrations of alaninates. As shown in Tables r and

II, the agreement of the calculated and the observed frequencies

                                   '                                       '                   '                  'was satisfactory throughout the four eomplexes in spite of such

                                   'a crude approximation as to use the same intramolecular force

                         'censtants for the tvans and the ets complexes. [Irhd calgulated

              'L-matrices reveal that the COO bending and rocking frequencies

                         tt tt
of alaninates, a' and b', are larger than those of a" and b",

                                                        '        'as opposed to the COO wagging frequencies. This result

indicates that the conformational differences of alaninates are

                          'reflected sensitively in the COO deformational frequencies.

     Appreciable 15AT- and 180--induced shifts were reported for

                                        '                              tt ttt-Cu(ala)2 by Percy et aZ.5) As shown in Table I, the

calculated 15N--induced shifts agreed well with the reported

                         '
shifts in this region with the use of the simple Urey-･Bradley

force field, while some of the calculated 180--indueed shifts

                 '                                              '
did not follow the reported shifts in the absence of the
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Table I Observed and Calculated

Shifts and Assignments

Deuterated Ana!oguefi in

 Frequencies, ISN--Induced Shtfts. 180--Indueed

'for trans-Cu(D-alaninate)2 and its N.N'-

 the Region between 400e and 500 em'1

t-Cu(ala)2 t-･Cu(als-d2}2

nbs.a)
a15N AIBo

obs.5) obs.5)
Calc.b}

a15N

Calc.

bleo

Calc.

AsstgnmefitsC) obs.a) Calc.b) Ass±gnmentsC>

32Bl

3276

3240

3133

297]

s

s

s

s

m

2924 m

2S68 m

1619 vs

1573 vs

!463 m

l4S2 sh

139S s

1364 s

1387 sh

13e6 w

l296 s

13S4 sh

1339 m

1245 w

1220 w

ll6S m

1149 s

ll19 s

!078 m

1026 m

 970 v-i

 925 m.

 856 m

 850 m

  786 m

  767 m

  706 m

  618 w

  672 m

  602 m

  S71 m

  562 sh

-d)

-d)

-d>

-d)

.d)

-d)

-")

2

3
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 e)

 e)

1.S
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 e)

1.5'

 e)

2

 e)

 e}

 6

 5

6.S

 3

 2

 .d)

".5

3.S

2.5

 e)

 e)

1.S

 .d)

 s

2.S

 7.S

 -d)

-d)'

.d)

.d)

-d)

-d)

..d)

"d)

21

e)

-d)

e)

.d)

 10

'4d)

 9
 13

 e)

 e)

 e>

  2

4.5

4.5

1.S

2.5

2.S

 -d)
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 .d)

 -d)

  8

  s
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 -d)

  2

 12

  7
 -d)

  3292 a'

  3286 a"
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{
  2778 a"

  I643 a'
{

  1633 a"

  1621 a'
{
  l573 a"

  1499 e'
{

  1457 a"

  14S4 a"
{
  14SO at

  13So aT

  i373 a"

  1388 a"
{

  1361 a'

  1348 a"

  1338 a'

  1306 a"

  1300 a'

  1248 e"

  l213 a"

  1161 a"

  li50 a'

  1138 a'
{

  1!14 a"

  1043 a'

  1026 a"

   981 a"
 { 972 a'

   913 a"
 { 903 a'

   S7S a"
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8.9

B.B

4.6

4.7

o.o

o.o

O.1

o.o

o.o

o.o

o.o

O.1

O.2

O.2

3.1

3.2

O.2

o.o

O.1

e.1

e.6

e.1

O.3

O.4

1.6

1.0

2.1

L6
1.0

2.0

5.8

7.3

4.3

 5.2

O.9

 O.l

 O.3

 O.3

 2.9

 2.7

 2.1

 4.2

 l.O

 O.1

 2.3

 2.8

 3.0

 4.9

 9.0

 i.3

 4.1

o.o

o.o

o.o

e,o

o.o

o.o

 o.o

 o.o

 o.o

 o.o

 o.o

 o.o

18.0

22.9

 4.S

 O.3

 O.l

 o.o

 O.1

 O.1

22.8

22.2

 3.9

 4.6

10.5

11.6

 1.9

 1.9

 O.3

 O.6

 1.2

 L5
 L6
 L6
 S.9

 4.7

 L6
 O.7

 5.1

 4.5
 12.S

 !7.2

 6.4

 6.4

 12.9

 8.9
  O.2

  O.3

  8.6

 11.6

 13.1

VaNH2

vaNH2

vsNH2

vsNH2

vsCH3 or

vdCHe or

vCH

vaC02

vaC02

BNH2

evH?

6dCH3

6dCH3

6diCH3

6dCH3

VsC02

VsC02

6sCH3

6sCH3

6CH

6CH

SCH

6CH

tNH2

tN"2

wNH2

ulr"H2

vCN

vCN

pCH3

pCH3

pCH3

pCHs

vskel

vskel

 vskei

 vskel

ac02

 blce2

 BC02

 BC02

 pNH2

 p"IH2

 pC02

 pC02

 eske!

2970 m

2931 m

2S67

24SO

240S

234S

1619

1461

1447

1385

1]90

13S8

1326

1,;88

1190

1141

1107

i076

10 ?O

 926

 9e5

 S53

 830

  76S

  7Sl

  700

  596

  563

  S33

  553

  503

m

s

s

s

vs

m

w

s

sh

s

m

m

s

m

m

m

m

m

m

m

 m

 m

 re

 m

 m

 m

 m

 m

 V)l

}

{

{
{

{

{

{

{

{

{

{
{

t

{

2976

2938

2S98

2873

2872

2B69

2790

2778

2424

2418

2338

2337

1642

1632

IS03

14S7

14S4

14SO

1377

1373

i3S6

1362

1336

 l330

 1264

 1246

 I203

 1171

 lllS

 1101

 1085

 10S8

 1047

 102S

  930
{

  9X9

  910
{
  900

  S78
{

  869

  839
{

  824

  7S9

  747

  706

  609

  S44

  520

  565
{

  SS3

  497

al

at-

aT

at

airi

att

at

all

aT

aTl

at

aTl

al

all

a-

a"

aSt

a-

a-

ail

titt

aT

ate.

a-

al

a-

a-

a-1

at

a-i

al

ae-

 a--

 at

 att

 a-

 ail

 a-

 a'

 atl

 ai

 ail

 al

 al-

 a"

 a-

 at

 all

 alt

 al

 at

vsCH3

vdCH3

vCH

VaND2

vaND2

VsND!

vsND2

vaC02

vate2

6dCH3

SdCH3

fidCHe

6dCH3

vaC02

vaCe2

6sCH3

6sCH3

6CH

6CH

6CH

ecH

BNI)2

sND2

vCN

vCN

pcHs

pCH3

pCH3

pCH3

t)ID2

tND2

vske!

vekel

asND2

 hiND2

 vskel

 vskel

 tuC02

 alC02

 BC02

 SC02

 pND2

 pND2

 pC02

 pC02

 Gskel

or

er

a)

b)

c)

d)

e)

vs: very streng; s: stronS; tu:

ealculation Il, spectes : A, a

vt stretchtng; S: bending; 6:

not reported.
shifted Iess thhn 1.S em'"1.

                     tt
 medium; w: veak; vv: very

' and a" ( see Ftg. 1 ).

deformation; -: waggtng; p:

veak; sh:

 roeking;

shoulder.

t: twisting.
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Table II Observed and Calculated

Cu(D-alaninate)2 and its

Region between 40eO and

Frequencie$ and

 N,N'-Deuterated

5eO em'!

Assign!nents

 Analegues

 for eds-

in the

c-Cu(ala)2
Assigrtmentse)

c-Cu{ala-d2)2

obs.a) Cala.b) ous.a) Calc.b)
AsstgnmentsC)

332S

3230

3120

2980

2950

2920

2B80

2840

16S2

l625

1601

1582

1490

145S

I384

1390

i364

13S2

1312

i284

1238

1226

ll7S

lllS

1097

1065

1043

1024

 929

 920

 860

 778

 769

 720

 687

 649

 630

 56S

 547

 527

s

s

s

m

m

m

W

w

s

vs

vs

vs

W
   }
m

s

sh

m

m

m

m

v

w

m

m

s

m

m

w

w

w

m

rn

m

m

m

m

m

m

m

sh

  3263 b'

  3260 b"

  320S b'
{

  3201 b"

  2960 b'

  2958 b"

  2887 b"
{

  2SB4 b"

  2882 b'
{

  2S71 bT

  2794 b"
{

  27S4 bT

  :, 643 bi

  l640 b"

  1594 b"

  ISB9 bT

f 1471 b'

l 1455 b"

l  14S2 bT
  14So btt

  1370 b"
{

  1364 bi

  13S2 b'
{

  ]363 b"

  1344 b!'

  l334 b'.

  i310 b'

  1280 b"

  1261 b"

  1210 b+

  1144 b"
{

  ll]1 b'

  i12S' b"

  Il14 b'

  10]4 b"

  1022 b'

   990 b,i
{
   897 bt

  920 b'

   903 b"

  873 b'
{
   863 b"

   791 b"

   779 bt

   680 bt

   660 b"

   693 b'

   625 b"

   55S b'

   549 b"

   516 b"

l

l

J

VaNH2

vaNH2

vsNH2

vsNH2

vsCH3

vdCH3

vCH

vaC02

vaC02

B)IH2

BNH2

6dCH3

6dCH3

SdCHs

edCH3

vsC02

VsC02

6sCH3

e$cH3

6cH･

SCH

6CH

6fH

tNH"
   t'

tNH2

u}NH2

:N6:,

;
C
d
i
3
QCH3

pCH]

pCH3

vskel

vskel

vskel

vskel

alC02

tuC02

pNH2

pNH2

BC02

SC02

pC02

pC02

6skel

or

or

2990 m

2960 m

2950 m

29/IO v

2SSO w

2480 $

24]O s

2]iO w

:･ 305 s

l654 vs

1.611 vs

j.478 sh
       }
i452･m ,

13S3 vs

1364 vs

1397 Sh .

]3S2 s.

I320 m

1310 m

l287 m.

1208 m

1187 s

1141 m

1109 m

I059 m

 928 m

 905 rn

 874 m

 844 m

 BIH m

 763 m

 676 m

 623 m

 572 m

 548 m

 525 m

 511 sh

 SOO sh

  2960 bd,

  2958 b'

  2887 b"
{

  2B84 b"

  2382 b:
{

  2871 bi

  ?794 b"
{

  2784 b'

  ?405 b'

  2403 b"

  2320 bi

  2318 bH

  1642 bT

  1640 b"

l ii]'l ::

j

(  1452 b'
  1450 b"

  1371 b"

  l365 bt

  1381 b'{
,

  l362 b"

  1326 b"

  1322 b'

  l27S･b"

  125.5 b'

  11s6 b"

  1179.b'

  N08 b'
{

  llOl b"

  1073 b"
{
  1060 b'

  1045 b'
{
  1039 b"

  92S b"

  923 bi

  911 b'
 { g62 b"

  872 b"
{

  864 bi

  840 b"
 { 820 b'

  779 b"
{
   773 b'

  677 bt

  626 b"

   524 b'

  503 b"

  551 b'

   544 b"

  483 bV

}
:
1

vsCH3

vdCH3

vCH

vaND2

VaND2

VdrU)2

vdND2

vaC02

vaC02

5dCH3

'6dCH3

6dCH3

6dCH3

VsC02

VsC02

6sCH3

6sC.Hl

SCH

5CH

6CH

o'CH.

3ND2

SND2-

vCN

vCN

pCH3

pCH3

pCH3

pCH3

vskel

vskel

tND2

tND2

utND2

wND2

vskel

vskel

diC02

blC02

BC02

BC02

pNI}2

pND2

pC02

pC02

6skel

er

or

a)

b)

c)

vs: very. streng: s: strong; m:

calculation II, species : A, b'

v: stretching; 6: deformation;

medium; w: weak; sh: shou)der.

 and b" ( see Fig. 1 ).

B: bendtng: p: rocking; w: waggtng; t:

   -51-
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interaction constant between the C=O stretching and the CH

deformations. In particular, the CH deformation bands around

                                                             '1300 cm-1 show an appreciable 180-induced shift by about 10

cm-1 ±n contrast tb the small calculated shifts. The interaction

constant was very effective tn reproducing the reported shtfts,

                                '                           'as shown in Table l. ' .

Tal)ie ]I[ Force Constants of Modified VTey-Bradley T.ype and Va].ence Type

Modified Urey--Bradley type foree constants     o( mdynlA )

K(C-O)

K(C-C)

K(C-H)

K<C-N)

K(N-H)

K(Cu-N)

K(cu-o)

K(Cu-O')

K<c)e)

k(N)e)

7.3sa)

2.ooa)

4.2oa)

2.67

s.soa)

o.gsa)

o.ssa)

o.loa)

O.O185

-O.042

H(OCO)

H(OCC)

H(ccN)b)

e(ccu)

H(CCC)

H(CCH)

H(NCH)

H(CNH)

H(HNH)

H(HCH)

O.06

O.31

o.ssa)

o.22a)

o.3oa)

o.2oa)

O.25

O.34

O.54

O.44

E(CuNC)

H(cuoc)

H(HNCu)

E(ocuN)b)

U(OCuN)C)

H(ocuo)d)

R(NcuN)d)

H(O'CuN)

H(o'cue)

o.loa)

o.loa)

o.loa)

o.Ioa)

o.loa)

o.Ioa)

o.loa)

o.osa)

o.osa)

F(OCO)

P(occ)

F(ccN)b)

F(CCN)

P(ccc)

P(CCH)

P(NCH)

F(CNH)

F(HNH)

F(HCH)

2.52

O.70

O.60

O.60

O.30

o.4oa)

O.S4

O.50

e.o2

O.02

F(CuNC)

F(CuOC)

F(HNCu)

F(ocuN)b)

F(oc.N)C)

F(ocuo)d)

F(NcuN)d)

F(O'CuN)

p(o'cuo)

o.2oa)

o.2oa)

O.IO

o.2oa)

O.05

o.osa)

o.osa)

o.osa)

o.osa)

Valence type foree constants ( mdyn-X/rad2 )

:f(wC02, WC02) 1.92 f(TCC, TCC> O.05 f(TCN, TCN) O.05 JP(vsC02, 6CH) O.05

a)

b)

c)

d)

e)

refined values.

foree constants concerning the chelate

used for only the trans complex.

used for only the eis complex.
mdyn.X.

ring.
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The Tegion between 5oo and 2oo en-Z.

     For t-Cu(ala)2, eleven bands assignable to the skeletal

deformation and the Cu-ligand stretching vibrations are

observed in this region. on 63cu-65cu substitution, the

centers of the three bahds at 361, 331 and 320 cm'1 shift by

an amount between 2-3 cm'-1 as shown in Fig. 3. These bands

obviously arise from the vibrations ineluding displacement of

the copper atom. On N-deuteration, the 361 cm-1 band is

replaced by a band at 339 cm-l, while the 331 and 320 cm-1

bands shift by less than 10 cm-1. By referring to these

isotope shifts, the 361 cm-'l band was assigned to the asym-

metrical Cu-N stretching vibration and the 33i and 320 crn"1

bands to t'he Cu-O .stretching vibrations. The ,band at 385 cm'1

                       tt                        '
assigned previously to the Cu-O stretching vibration by Percy

and Stenton5) can now be assigned to the skeletal deformation

vibration including large displacement of carboxylate oxygen

atoms, since this band shows no shifts on 63cu-65cu substitution

and a large shlft on 180-substitution. Previously, the band at

488 cm-1 was assigned to the Cu-N antisymmetric stretching ..

vibration by Herlinger et aZ.4) and Percy et aZ.5) However,

the 488 cm'1 band showed a very small isotope shift on 63cu-

65cu substitution in contrast to a large shift on N-deuteration

and on 15AT-substitution. From these isotope shifts, this band

can be assigned to the Cu-N symmetric stretching vibration

                     '
                         ' -53-
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3 Expanded !R Spectra of t-Cu(ala)2, t-Cu(ala-cZ2)2, e-

   Cu(ala)2 and e-Cu(ala-d2)2 in the Region between 500

   and 2oo cm-1, A : t-63cu(ala)2 ( ) and t-65cu(ala)2

   (--- --); B : t--63cu(aia-d2)2 ( ) and t-65Cu(ala-d2)2

   (----); c : e-63cu(ala)2 ( ) and e-65Cu(ala)2 (-- -);
                                                        '   D : e-63cu(ala-d2)2 ( ) and e-65Cu(ala-d2)2 (----um)･

which includes a large displacement of the nitrogen atoms but

no appreciable displacement of the copper atom.

     For the eis-complex, nine bands are observed in this region

as shown in Fig. 3. Among them, two bands at 375 and 323 cm-1

                                '        'shift appreciably on 63cu-65cu substitution, and could clearly

be assigned to the Cu--alaninate stretching vibrations. The

375 em-1 band is replaced by a band at 358 cm-1 while the 323

-54-



Tabie TV Observed and

   Ass±gnments

 Calculated Frequenctes, !SN-lnduced Shifts, leO-･Induced Shtfts,

for tr,ans--Cu(D-alantnate)2 and its V,N'-Deuterated Analogues ±n

Metal Isotope Sh±fts

the Region belcrw 500

 and

em-l

t-Cu(ala)2 t-cu(ala-d2)2

AmC)

   A15N AIeo
                                Calc.
obs.6) calc. obs.6) Calc. Obs4 '
                              id) xie)

AmC)

obs.a) Calc.b) obs.a) Calc.b)

Obs
    Calc.

' Id) IIe)

Asstgnmentsf)

488

396

38S

361

331

320

303

280

274

213

w

m

sh

m

m

sh

m

w

sh

m

503

436

405

379

346

334

283

275

257

217

6.5

2

 -g)

 h)

2

1

 h)

 2
 -g)

L5

6.2

3.0

2.2

O.6

O.9

O.7

O.4

1.6

O.7

1.1

6.5

4

 -g)

4.5

2.5

 !

7

5

 -g)

9

11.3

 3.2

 S.2

 6.0

 3.2

 4.9

 5.6

 5.9

 3.4

 5.6

O.3

o.s

op

2.0

3.0

N3

o

 o

NO

 o

O.2

o.s

02
1.S

O.1

3.2

o.o

o.i

O.3

o.o

O.2

o.o

O.2

O.8

1.2

3.0

O.1

O.1

O.1

o.o

462 vw

369 m

339 m

322 w

310 sh

301 m

278 w

271 sh

211 m

 477

 417
{

 383

 363

 333

 329

 282

 271

.255

 214

o

O.8

O.7

2.0

N2

o

o

NO

o

 O.1

 1.5
{
 O.5

 L7
 O.1

 IJ
 O.1

O.I

O.1

o.o

 O.1

 o.o
{

 O.9

 O.9

 2.4

 L2
 O.1

O.1

O.1

O.3

v.Ctt-NH2()ID2)

6skel

6skel

vaCu-NH2(ND2)

vsCu-ooc

veCu-coC

6skel

6skel

6skel

6skel

a)

b)

e)

d)

e)

m, medium; w,

calculation II

Am, shifts of

calculatton I

calculatiQn TI

weak; sh, shoulder.

, species A.

band center on 63cu-55cu substitutton.

by ustng only the intramolecular forces.

 by using the ±ntra- and tntermolecular forces,

f)

g)

h)

v. stretch±ng; 6,

not reported.

shtfted less than

deformation.

1 cmLl.

Table V Observed and Calculated

   ets-Cu(D-alantnate)2 and

Frequencies, Metal Isotope Shifts

 its N,ru'-Deuterated Analogues in

and

the

Assignments

Regtop bel,ow

for

 500 cm-1,

c-Cu(ala)2 e-Cu(ala-d2)2

obs.a)

Ame)

Calc.b)

Obs.
Calc. Obs.a)

Id) Ire)

AmC) Assignmentsf)

Cale.b)

Obs.
Cale.

Id) IIe)
    .. ./ lt

483

405

400

375

323

312

278

231

m

m

sh

vw

m

m

m

W

495

398

387

347

332

300

295

246

O.3

o

NO

1.2

2.6

 o

 o

O.1

O.4

O.3

O.4

l.6

2.8

O.1

O.2

O.1

O.4

O.2

o.;,

L8

2.7

O.2

O.2

o.o

456 m

394 m

374 vw

358 w

318 m

310 sh

272 m

225 w

461

378

366

333

328

300

290

234

o.

o.

o

2.

2.

xO

o

 o

8

6

5

5

O.3

l.1

O.9

L5

L9

O.1

O.2

O.2

O.4

e . 8,.

0.6

1.7

2.0

O.1

O.2

O.1

 1.. .
      ' tttt tlt ttttt tt t tt tt tt

 vsCu--NH2(ND2)

, '6skel'

 vsCu-ooc
         ' vhCu-NH2(ND2)

 vaCu-OOC

  6skel

 6skel

 6skel

a)

b)

c)

d)

e)

f)

m, medium; w, weak; vw, very weak; sh, shoulder.

caleulation II, species A.

Am, shifts of band eenter on 63cu-65cu substitution.

calculation I by using only the intramolecular forces.

ealculation II by using the intra- and intermoleeular

v,'stretching; 6, deformation.

forees .
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cm-1 band remains alrnost unshifted on Al-deuteration. Aecordingly,

the former was assigned to the Cu-N asymmetrical stretching

vibration and the latter to the Cu-O asymmetrical stretching

vibration. By referring to the calculated frequencies, the

bands at 483 and 400 cm-1 were tentatively assigned to the

           '
Cu-N and the Cu--O symmetrical stretehing vibrations, respectively.

The frequency shifts of these bands on N-deuteration are

                              '
consistent with this assignrnents.

     The reported 180- and 151V-induced shifts for t-Cu(ala)2

                      '                                                           '               ..
were reproduced well in calculations I and II except for a

very srnall l80-induced shift of the 320 cm-1 band of t-Cu(ala)2･

                'This reported shift seems to disagree with any calculated 180-

2nduced shift. Appreciable isotope shifts on 63cu-65cu

                  tt tt         tt
substitution were predicted only for two frequencies around

   '     tt
340 em-1 in calculation I, whereas three bands showed

                              '        'appreciable shifts in the observed spectrum. In.calculation

ZI, however, the intermolecular forces induced a redistribution

of the eopper isotope shifts among the three bands at 361, 331

                   '                                                          'and 320 cm-1. For the eas complexes, the observed isotope

shifts on 63cu-65Cu substitution were well reproduced by both

                                           '
calculations I and II.

                         '
     As shown in Tables IV and V, the agreement between the

calculated and the observed frequencies in this region was

                                 '
generally good for both the trans and eis complexes. It seems

                             -56-



likely that the intramolecular forces around the Cu atom of

the copper alaninate are not sensitive to the change of

conformation on tTans-cis isomerism.
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Chapter V

           '
     Infrared Spectra of torians-hBis(L-phenylalaninato)copper(II)

     and or-- and B-Bis(DL-pheny2alaninato)copper(rl)

V--.1 Introduc.tion

                               '
     As fundamental complexes o£ metal.l.o-p. rote.ins and -enzymes,

aminoacid-c,opper eompiexes have alreedy. rece2ved ¢.ollsiderabie

attention in relation to their biGlogic.al a,ctivitiesZ,2> and

the yole ot' copper "zln vavo.[il' Arneng t･hem, isomers oi bts(DL-

1;"benyialaninato)c.opper, Cu(DL--phe>2, 'have tbee.n st,ructurally

investigated by means ot' EsRLt') and i:.n£rared5'6)- spectroscopy.

In tli-sese invest, igations, a monomerttc model "nas f'requently been

s,ddopted.5"6)'i Accerdin.2-.'to'ifhe x-.r. in-y analys'e:.,7-l2-)''hcwever,

most copper-amtnoacid comp.lexes take coTupiic-ated polymeric '

structures' in tlhie scZid st-ate. Singe `.･ lpan$-bis(Z-phenyl- '-

                                                         'alaninato)cepper, Cu/OL-p'n' e),2, takes the polymeric structure

s"nown in Fi" g. 1,l3) the monomeric model seems clea'fly inappr･o`

priate. In chapter IV, it has been revealed that polymeric

f.yans-- and e";s--bis(D-alaninato)copper, Cu(D--ala)2, show three

and two appreciably sensittve to 63cu-65cu substitution,

respectively. This chapter describes that the IR spectra of

Cu(L-phe)2 and an isorner of Cu(DL-phe)2 are eonsistent wi'th

those of tr;ans-Cu(D-ala)2 and the IR spectrum of the other

isomer of Cu(DL-phe)2 is consistent with that of eis-Cu(D-ala)2･
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V-2 Experimental

V-2.1 Materials

                                                            '
     Commercially available L- and DL-phenylalanines (Ishizu

Seiyaku) were recrystallized several times from water.

Al--Deuterated L- and DL-phenylalanines were obtained from the

purified L- and DL-phenylalanines by the usual exehange reaction

with heavy water (Merck, AG., 99%). Cu(L-phe)2 and two isomers

of Cu(DL-phe)2 were prepared from the purified L- and DL-

phenylalanines according to the method of Laurie.15) A blue

  '
isomer (ct-form), ct-Cu(DL-phe)2, prepared at roorn temperature

was converted by heating on a boiling water bath into a blue-

violet isomer (B-form), B-Cu(DL-phe)2. For the preparation of

                  '                                                  '
Al-deuterated complexes, Cu(L--phe-d2)2 and Cu(DL-phe-d2)2,.

anhydrous cupric acetate was reacted with the ru-deuterated

                                                     'ligands in heavy water. The IR spectra of Cu(L-phe)2, and ct-

and B-Cu(DL-phe)2 in the region above 680 crn-1 coincided with

those reported by Laurie.15) The complexes containing copper

                                        '
isotopes were obtained from isotopic cupric acetates which were

prepared from 63Cuo and 65CuO (oak Ridge National Lab., USA)
                                               ,
in the manner as described in chapter I. The yield was about

30 mg of the complexes from 7 mg of the isotopic CuO. The IR

spectra of the complexes containing copper isotopes coincided

with those of the complexes containing copper of natural

abundance except for the copper isotope shifts. The isotopic
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purities were 99.89 % for 63cuo and gg.7o % for 65cuo.

                   '
          tt

V-2.2 Measurements

     The IR spectra were recorded on a JASCO DS-403G IR

spectrophotometer (4000 -- 200 em-1). The measureTnents were

made with solid samples in Nujol and hexachlorobutadiene (Merck,

AG., Uvasol) mulls. The frequencies were calibrated by the

standard absorptions of polystyrene, indene and water vapor.

For measuring small shifts of band centers on 63cu and 65cu

(63cu-65cu) substitution, the scale of the frequency was

expanded ten times over the desired frequency region, and the

measurements were repeated at least three times to check the

reproducibility of the spectra.

R))[[[il

Fig. 1

oAo'

2>cu<",)i(IZ

      dyO

  Tor)ans 1O , 13)

 Polymeric tZtr)ctns and

 and Cu(L-phe)2

       oAo'

              Cis12)

Cas Structures for Cu(D--ala)2
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The IR spectra in the region above 500 cm- 1 of Cu(L-phe)2,

Cu(DL-phe)2, and their N-deuterated analogues are shown in

Fig. 2, and parts of the expanded spectra in Fig. 3.

V-3 Assignments and Discussion

-lThe region between 4000 and 500 em

No bands in the region above 500 cm- 1 show an appreciable

isotope shift on 63 Cu_65 Cu substitution except for some bands

asterisked in Fig. 2 which show a small shift of less than 0.5

em-I. This small shift may be caused by a small contribution

of the Cu-ligand stretching vibrations to the vibrations of

phenylalaninates, and all the bands of Cu(L-phe)2, and a- and

I3-Cu(DL-phe)2 in this region were assigned to the vibrations of

phenylalaninates. By referring to the frequency shifts on

N-deuteration and the assignments of previous authors,5,6) most

of the bands were tentatively assigned to individual vibrations

of phenylalaninates. By analogy with trans- and eis-Cu(D-ala)2,14)

small differences of the IR spectra among three complexes were

assumed to be caused by differences of the conformation of

phenylalaninates. The IR spectra of the three complexes in

this region give no clue to the structure of the coordination

around the Cu atom.
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Fig. 2 IR Spectra of Cu(L-phe)2' and a- and S-Cu(:OL.,-phe) 2

in the Region above 450 em-I,

A : Cu(L-phe)2 (---) and Cu(L-phe-d2 )2 (----);

B a-Cu (DL-phe) 2 (--) and a-Cu (DL-phe-d 2 ) 2 (----);

C S-Cu(DL-phe) 2 (---) and B-Cu(DL-phe-d2 ) 2 (----).
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· d-ZThe reg~on between 500 an 200 em

Bis(L-phenylalaninato)copper(II).

According to the X-ray analysis,13) the structure of

Cu(L-phe)2 resembles that of trans-bis(L-alaninato)copper(II).IO)

The copper coordination is a distorted octahedron including a

trans square plane with two additional weak bonds .(Cu-O', see

Fig. 1). Since the copper atom occupies a symmetry site, CI,

in this environment, six Cu-ligand stretching vibrations are

infrared-active. However, two Cu-O' bonds are so long that

their stretching vibrations are probably in the region below

200 cm- I •

Three band-centers of Cu(L-phe)2 at 400, 380 and 339 cm- I

shift appreciably on G3Cu_ GSCu substitution as shown in Fig. 3.

These bands can undoubtedly be assigned to the vibrations

including displacements of the copper atom. On N-deuteration,

the 400 cm- I band shifts to the lower frequency region by about

20 cm- I and hides the 380 cm- I band, whereas the 339 cm- I band

unshifts. Accordingly, the 400 cm- I band was assigned to a

Cu-N stretching vibration and the 380 and 339 cm- I bands to the

Cu-O stretching vibrations. It is consistent with the case of

trans-Cu(D-ala)2 14 ) that three bands of Cu(L-phe)2' two Cu-O

and one Cu-N stretching bands, show an appreciable shift on

G3Cu_ GSCu substitution. The assignments based on the above

discussion are summarized in Table I together with the observed
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frequencies, approximate

63cu--65cu substitution.
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Table I Observed Frequencies, Metal Isotope Shifts and Assignments for trans-Cu(L-phe)z

and its N-Deuterated Analogues in the Region between 500 and 200 cm- 1

t-Cu(L-phe)z t-Cu (L-phe-dz) Z

va) fJ.vm
b)

Assign. c)
va) fJ.vm

b)
Assign. c )

Her1inger et al. 5 ) Present study Present study

470 w a oske1 oske1 466 w a oske1

_d) _e) vsCu-NHz 4481/1;/ 0 vsCu-NDz

400 w 1.2 vaCu-NHz vaCu-NHz 385 TN 1.5 vaCu-NDz

380 sh >1 oske1 vsCu-OOC _d) "sGu-OOG

339 w 2.5 vaCu-OOC vaeu-OOC 336 w 2.0 "aGu-OOC

320 sh 'YO oskel oske1 316 w a oske1

292 1/1;/ a oskel oskel 284 vw 0 cskel

249 vw 0 oske1 or oring. oske1 247 VW a oakel

230 vw a _e) oske1 229 vw 0 oskel

215 sh 'YO _e) Bskel _d) oskel

207 w a _e) oskel 206 w a oskel

a) w, weak; vw~ very weak; sh, shoulder.

b) shifts of band center on 63 Cu_65Cu substitution.

c.) v; 'stretching; 0, deformation.

d) hidden by a neighboriog band.

e) not reported.

a- and s-Bis(DL-phenylalaninato)copper(II).

No X-ray analysis has yet been carried out for a- or S-

Cu(DL-phe)2 to date. Herlinger et al. 5 ) concluded that the

a- and S-forms were monomeric trans- and cis-conformations

(Ci and Cs models), respectively, because the symmetric Cu-O

and Cu-N stretching bands were missing in the IR spectrum of

a-Cu(DL-pheh as opposed to that ofS-Cu(DL-pheh. However,

by analogy with Cu(L-phe)213 ) and Cu(L-ala)210), it seems

likely that the two isomers of Cu(DL-phe)2 take polymeric

structures, not monomeric structures.
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Table II Observed

    and its

 Frequencies,

IV-Deuterated

 Metal Isotope Shifts and,Assignments for a-Cu(DL-phe)2

Analogues in the Region between 500 and 200 cm-l

ct-Cu(DL-phe)2 a-cu(DL-phe-d2)2

va) Av.b)

       c)
Asstgn.

va)

'

Av.b)
       c)
Assign.

Herlinger
et az. e) Present study Present study

479

469

430

421

380

340

328

230

W

sh

sh

W

w

sh

W

vw

o

oso

co

 o

1.0

>1

2.5

 o

6skel

  -d)

6skel

vaCu-NH2

6skel

6skel

vaCu-OOC

6skel

6skel

6skel

vsCu--NH2

6skel

vsCu-OOc

vaCu-ooC

vaCu-NH2

6ske!

478 vw

468 sh

415 sh

400 vw

378 w

,337 vw

320 w

229 vw

o

di

NO

o

1.5

2.0

2.2

o

6skel

6skel

vsCu-ND2

6skel

vsCu-Ooc

vaCu-OOC

vaCu-ND2

     /
6skel

a)

b)

c)

d)

e)

w, weak; vvg, very weak; sh, shoulder.

shifts of band center on 63cu-65cu substitution.

v, stretching; 6, deformation.

not reported, . ''' ,. ･ . , '- ･..
assumingatrans-monomerie model.5) ,
               '
          tt tttt t t t tt ttt / tttt
Tabie"

 Rs,e::--gd,Er,:g:::gi:z:,."e.::i,,::gi:?:,[.P:[E,2..:p:.e:.l:.n:::tZ.iO,;,i.;:,:E?L"'phe'2

B-Cu(DL-phe)2 B-cu(DLLphe--d2)2 ./

va) Avmb)

      e)Assign. va) Avmb)
       c)
,Assign.

Herlinger et aZ.f)
Inomata et aZ.g) Present study Present study

474

424

41S

370

360

322

236

225

vw

W

sh

vw

vw

W

vw

vw

O.2

O.2

NO

lo8

 o

2.3

 o

 o

6skel

vaCu-NH2

vsCu-･Nl{2

6skel

vaCu-OOC

vsCu-ooc

6skel

6skel

benzene ring

6ske.1

  ..e)

vaCu-NH2

6skel

6skel

  -･e)

  -e)

6skel

vsCu-NH2

6skel

vaCu-OOC

vsCu-ooc

vaCu-NH2

6sikel

6skel.

 472

 400

  -d)

･tts

 369

 357

 316

 232

 218

W

W

W

W'

W

vw

vw

e

Oe?

1.5

o

2.2

o

o

6skel -

vsCu-ND2

6skel

vaCu-OOt

vsCu--Ooc

     '
vaCu-ND2･

6skel -

6skel

a)

b)

c)

d)

w, weak; vw, very weak; sh, shoulder.

shifts of band center on 63cu-65cu substitutlon.

v, stretching; 6, deformatton.

hidden by a neighboring band.
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f)

g)

not reported.
assuming a cris--monemerie aK)del.5)

assuming a tms-monomerie model.6)



     As shorm in Fig. 3, the bands of ct-Cu(DL-phe)2 at 380, 340

                 '                                                             'and 328 cm-1 show appreciable lsotope shift on 63cu-65cu

              'substitution. Further, the 328 cm-1 band is replaced by a band

                                                    'at 320 cm-1 while the 380 and 340 cm-! bands remain alTnost

                                                      ttunshifted on IV-deuteration. Accordingly, the 380 and 340 cm-1

bands were assigned to the Cu-O stretching vibrations and the

                                               '
328 cm"-1 band to a Cu-N stretching vibration. The number of

                                   'eopper isotope-sensitive bands for ct-Cu(DL--phe)2 is consistent

with those for tr7an$-polymeric Cu(L-phe)2 and Cu(D-ala)2.2ag)

     For the B--form, two completely different assignments have

                                           'been reported to date as shown in Table M. One was carried

                                   'out by assuming a tTans monomeric square model,6) whereas the

other was based on a eis monomeric square model.5) Because ot-

the ambiguity of the previous assignments, isotope labeling

studies seemed essential.

     The IR spectrum of B-Cu(DL-phe)2 is similar to that of

      'ct-Cu(DL-phe)2 as seen in Fig. 3. However, B-Cu(DL-phe)2 shows

                                                             '
only two appreeiably copper isotope-sensitive bands at 370 and

322 cm-1 whereas ct-Cu(DL--phe)2 shows three. On AT-deuteration,

the 370 cm-1 band remains almost unshifted but the 322 cm-1

         '                                 'band shifts to a lower frequency region by about 10 cm-1.

By referring to these isotope shifts, the former can be

assigned to a Cu-O stretching vibration and the latter to a

Cu-N stretching vibration. It should be rnentioned that the

                                         '
              '  '
                            -68- ･

.!.



nuiriber of copper isotope--sensitive bands for B--Cu(DL-phe)2

is in agreement with ehat of eis-polymeric Cu(D-ala)2.14)

     By referring to the frequency shifts on AT-deuteration and

the assignments for related complexes,14,16,17) the remaining

bands of ct- and B--Cu(D'L--phe)2 in the region between 500 and 200

cm-1 were tentatively assigned to skeletal deformation or Cu-

iigand stretching vibrations involving little displacement of

the Cu atom.

     The assignments in this study are entirely different

from those reported by previous authors5,6) as summarized in

                           '                                                           '
Tables I'I and M. This point suggests that the conventional

                                   'methods used by the previous authors5,6) are frequently

                  'ineffective for assigning metal-ligand stretching vibrations

                                                      /1･ 1/
and give ambiguous assignments for complicated metallo-

aminoacids. In contrast, the shifts on 63cu･-65cu substitution

                                                          '                                                              '
permit the unarnbiguous assignrnent of the vibrations including

                                                            '                                                    'displacement of the copper atom. '

     The Cu-phenylalaninate stretching frequencies of ct- and

                                                    '
B-Cu(DL-phe)2 are not very different from each other as ean be

seen in Tables II and I[[. As discussed above, the number of

copper isotope-sensitive bands suggests that ct- and B-Cu(DL-phe)2

                                                       'take the trans- and eis-polymeric structures, respectively.

The Cu-N stretching frequencies of Cu(L-phe)2 are higher by

about 70 cm-1 than those of or- and B-Cu(DL-phe)2, whereas the
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Cu-O stretching frequencies are comparable with one another.

This result is of interest, suggesting that the Cu-N binding

forces are probably weakened by changing the ligand r"rom

L-phenylalanine to DL-phenylalanine.

          '       '
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Chapter VI

     Vibrational Spectra of Bis(L-serinato)-copper(Ir) and

     -zinc(Ir)

VI-1 Introduction

     Recently, vibrational spectroscopy has been used increas-

ingly for investigating the conformations of complicated vital

                                                  'molecules such as proteins and enzymes.1) The conformations

                                                           '                                      'of aminoaeids on the surface of these vital rnolecules are of

        t ttmuch interest in relation to their catalytic site.2) To provide

                                                        tt                                                       'a basis for such work, it is necessary to study the relationship

    '                                                  'between vibrational spectra and conformations of aminoacids.

However, a given aminoacid which takes a particular conformation

                                                               'in the solid state3-5) often takes several conformations on

complexation with metals.6-13) Metallo-aminoacids, which are

                                 '                                        '
models of the metallo-proteins and --enzymes, are suitable

                                                  '                                                         'subjects for investigating the spectral differences eaused by

the conformational differences of aminoacids.

     This chapter deals with bis(L-serinato)-copper(I!) and

-zinc(IZ) in order to clarify the difference. of vibrational
   '
spectra between gauche-gauche and anta-gauehe serinates

(Fig. 1). The vibrational assignments have been carried out

on the basis of the frequency shifts on metal isotope

                   'substitutions, which are very useful to assign the metal-ligand
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stretching vibrations of complicated metallo-aminoacids. In

order to confirm the assignments, normal coordinate analysis

for the Zn complex was carried out by using a complete

molecular conformation and the inter- and intramolecular force

fields.

VI-2 Experimental

Vl-2.1 Materials

Commercially available L-serine (L-ser, Ishizu Seiyaku)

was purified several times by recrystallization from a mixture

of water and ethanol. N,O-Deuterated L-serine (L-ser-d 4) was

obtained from the purified L:~:Jt::by the exchange reaction ,Yith

heavy water (Merck, AG., 99%). Bis(L-serinato)copper(II).

Cu(ser)2' and bis(L-serinato)zinc(II), Zn(ser)2, were prepared

from the purified L-ser and the corresponding metal acetates.

The IRspectra of these complexes were identical with those

prepared from metal sulfate according to the method of van der

Helm et aZ. 14 ,lS) For the preparation of the N.O-deuterated

complexes, Cu(ser-d3)2 and Zn(ser-d3)2, anhydrous cupric or

zinc acetate was reacted with the L-ser-d4 in heavy water.

The precipitate was filtered, washed with a mixture of heavy

water and ethanol-dl and dried over phosphorus pentoxide under
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reduced pressure. For the preparation of the complexes

containing metal isotopes, 63cuo, 65cuo, 64zno and 68zno (oak

Ridge National Lab., USA) were converted into the correspondiRg

cupric and zinc acetates by reaction with dilute acetic acid

on a milligram scale. 63cu(ser)2, 65cu(ser)2, 64zn(ser)2 and

68Zn(ser)2 and their N,O-deuterated analogues were prepared

                              'from the corresponding acetates in a simiiar way. The ZR

spectrum of each cornplex eontaining a metal isotope coinc,ided

                'with that of the cornplex containing the metal of natural

abundance except for the metai isotope shifts. The isotoplc

purities were 99.89 % for 63cuo, 99.70 % for 65cuo, gg.8s %

for 64zno and gg.3o % for 68zno.

                o ooc
       25.3               82.7                                                    Serl  H2N                                71.9                                            NH2        o
                            HO                 CH20H l6g.7

          21.4 OOC OH       oo                s3.o 6i-i Ser"
   H2N                                        66,4
                   CH20H                                            NH2

         ll.l(8.3) o OOC (6s.l) OH
    O 49.8(3ZO) 56,ZH2N . . ･ 64,g{61,4) Sercu
                CH20H NH2
                '
              '
Fig. i Structures of L-serinate in Cu(ser)2 and Zn(ser)2
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VI-2.2 Measurements

     The IR spectra were recorded on a JASCO DS-403G IR .

spe'ctrophotometer (4000 - 200 cmMl). The measurements were

                             '
made with solid samples in Nujol and hexachlorobutadiene .

(IYferck, AG., Uvasol) mulls. The frequencies were caiibrated

by the standard absorptions of polystyrene, indene and water

vapor. For measuring smaU shifts of band centers on 63cu-65cu

and 64zn-68zn substitutions, the frequeney scale was expanded

                        '
r.en times over the desired frequency region. The measurements

were repeated at least three times to check the reproducibility

of the spectra. The IR spectra of Cu(ser)2 and Zn(ser)2 in ,

  'the region above 400 cm-l are shown in Fig. 2 and parts of the

expanded spectra in Fig. 3. ･ , ',.,..'
..･

...
.. /

                                                           tt                                                     tt
     The Rarnan polarization measurement was carried out by .

using a single crystal of Zn(ser)2 for which the directions of

the eell axes, a, b and c' of the crystal were determined from

an X-ray photograph. The Raman spectra excited by the 488.0.

nm line of a Coherent 52G Ar+ laser were recorded on a JEOL S-1

laser Rarnan spectrophotometer. The output power at the sample

position was ca. 20 rrtW. The observed polarization spectra a,re

                '      '

shown in Fig. 4. ･ ･ '･                                                            '
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VI-3 Normal Coordinate Analysis

     According to the X-ray analysis,lk) Zn(ser)2 takes a

    '
complicated polymerie structure chained by the bond between the

                                                        '
zinc atom and a carboxylie oxygen from neighboring L-serinates.
                  '
The optical active normal frequencies of Zn(ser)2 were

       '
calculated by using the same program as described .in chapter !V.

                                                             eBy assuming the bond-lengths rcH=1.08, rNH=1.02 and roH=1-OO A,

                                                  '
the strueture parameters were constructed on the basis of the

X-ray analysis by van der Helm et aZ.Z4) A modified Urey-

Bradley force field was used with a few valence type cons, ttants.

for the torsional and out-of--plane bending coordtnate$. The

force constants related to L--serinates were initially transferred

from DL-serinel7) and the constants concerned with the copper

atom from Cu(DL-ser)2 reported by Inomata et aZ.!8) The force

eonstants asterisked in Table I were adjusted to improve the

frequency fit. The force constants used in the final calculation

are listed in Table I.

     Initially, the calculation was carried out by using only

the intramolecular forees. After slight adjustment of some
                                            '
force constants, the intermolecular forces were taken into

                                                  14,19-22)account. By analogy with the previous treatments,

the interrnolecular potential was assumed to be the sum of the

                   '
exp-6 type non-bonded atom-atom interaction terms, the'

Lippincott type hydrogenrbond stretching terms and the Coulomb

               '                                          '
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interaction terms. Xn calculating the Coulonib interaction
        '
terms, the atomic charges of Zn(ser)2 were estimated by CNDO/Tr

ealeulation in which the zinc atom of Zn(ser)2 was replaced

by an IYIg atom..The caleulated frequencies in the final

calculation are shown in Table II together with the observed

frequencies. 1]he calculated faetor group splittings were less

than 3 cm'I in the region above 400 cmnyi. These splittings

correspond well to tthe observed ones.

TEable T }fodi.fied Urey-Bradley Type and Valenee Type Foree Constantg

Modtfied Urey-Bradley type foree eonstantsa) (ndynlX)

* K(C--O)

K(C-C')

*
K(C-H)

K(C-N)

t
K(N-H)

K(C-C")

K(C"-O)

K(C"-H)

t
K(9H)

k K(Zn-O)

tK(Zn-N)

tK(zn--O')

7.oob)

2.13'

4.2ob)

2.67

5.2ob)

2.12

2.67S

4.09

6.oob)

o.2ob)

o.4ob)

o.3sb)

H(Oc'o)

±
H(OC'O)

H(C'CN)

H(C'CC")

H(CttCN)

H(CtCH)

H(NCH)

H(C"CH)

H(CNH)

tH(HNH)

H(CC"H)

trc(ct)d)

O.06

o.3sb)

O.65

O.25

O.22

O.16

O.25

O.16

O.34

o.sob)

O.245

o.ob)

*U(ZnNH)

H(ZnNC)

t
ff(oc"c)

ll(HC"H)

H(OC"H)

h(c"oH)

H(znoc')

H(eznN)e)

tH(OZnN)

tH(o'Zno)

tH(O'ZnN)

trc(c")d)

o.iob) "p(oc'o)

O.05 P(OC'O)
o.4sb) p(c'cN,)

O.422 P(C'CC")

O.119 FtC"CN)

o.2sb) p(c,cH)

O.05 F(NCH)

O.05 F(C"CH)
o.osb) F(cNH)

o.o'sb) F(HNH)

o.osb) F(cc"H)

o.ob) "K(N)d)

 4.oob)

 O.70

 O,60

 O.30

O.60

O.36

O.54

O.40

e.so

O.02

O.502

-O.osb)

"p(znNH) o.osb)

F(ZnNC)        o.io

P(OC"C) O.761

F(HC"H) O.076

P(OC"H) O.637

F(C"OH). O.S88

'p(znoc') o.iob)

'F(oznN)C) o.osb)

"'p(oznN) o.osb)

"F(o'zno) o.osb)

tF(o'znN) o.osb)

vhlence type foree constantsa) (mdyn.X/rad2)

f(toC02, tuC02)

±

f(TOH, TOH)

!.92 f(Tcc', Tcc') o.os tf(Tcu, TcN) o.lob)

o.oo4b)

f(TCC", TCC") O.05

a) C, C' and C" denote the methlnb, the carboxylate and the methylene carbon atoms, respecttvely･

b) reftned values.

c) foree constant coneerned in the chelate ring.
d) mdyn･K.
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Vr-4 Assignments

The ?egion mbove 450 en?-Z.

     AU the bands of Cu(ser)2 in this region should be

assigned to the vibrations of L-ser±nates, since no bands shift

appreciably on 63cu-65cu substitution. According to the x--ray

analysis,15) the two serinates in cu(ser)2 are simi!ar to each

                                                           '
other and take a gauehe-gauehe conformation as shown in Fig. 1.

The assignments were given by re£erring to the frequency shi£ts

on AT,0-deuteration and the assignrnents for DL-serine17) and

Cu(DL-ser)2.18) They are summarized in Table H.

     None of the bands of Zn(ser)2 in this region show

                                          'appreciable shifts on 64zn-68zn substitution and the bands are

                              'attributable to serinates. According to the x-ray analysis,24)

                                                           .the two serinates in Zn(ser)2, serl and seru, take the antz-

                   '
gauehe and the gauehe-gauehe conformations, respectively. By

eomparing the rR spectrum of Zn(ser)2 with that of Cu(ser)2,

                            '
the vibrations due to serl can be d±stinguished from those due

to sern. In the region between 1800 and 800 cm"-1, the XR

spectra of Cu(ser)2 and Zn(ser)2 are essentially s±milar to

each other.' However, some bands, for example the NH2 wagging

                                           '
band around 1150 cm-1 and the skeletal stretching bands around

1040 crn-1, split upon changing the Cu atom to the Zn atom.

In order to clarify whether these splittings are caused by

                                                         ttt t
conformational difference between serl and serll, the polarized

                                                   '               '
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2 IR Spectra of Cu(ser)2, Cu(ser-d3)2, Zn(ser)2

   Zn(ser-d3)2 in the Region above 4so 6m-l

   A : Cu(ser)2 ( ) and Cu(ser-d3)2 (------);

   B: Zn(ser)2 ( ) and Zn(ser-d3)2 ( -- )･

600
 ttt
 '  '

 and

Raman spectra of a single crystal of the Zn complex were

analyzed. Since all the spiittings are observed for the

parallel and the perpendieular Rarnan spectra as shown in Fig.

  '
4, these splittings should be due to conformational difference

                               '                                '                        ttbetween serl and serrl, and should not arise frorn the factor

    '                          '                                '                                         ttgroup splitti.pg. rn the infrared spectra between 800 and 720

cm'-1, Cu(ser)2 shows no bands but replacement of the Cu atom
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Table II Observed and Calculated Frequencies and Assignments for Cu(ser)2,

Zn(ser)2 and their N,o-Deuterated Analogues in the Region

between 4000 and 500 cm-1

Zn(ser)2

IRa) Ca1c. b )
Assign. c)

IRa) Ca1c. b )
Assign. c )

3375
3315 vs

vCH(II)

vCH(I)

2909

2927

2975

(

2965

2956

2941

2890 sh

2910 w

2980 sh

2960 m

*

*

*
2880 w

2995 vw

2960 rn
2940 m

vOH(II)

vOH(I)

VaNH2 (II)

vsNH2 (I)

3188

3353

3133

3194

3139

3220 sh

3240 vs

3125 vs

*

*

*

3125 vs

3350 vs

3255 vs
3205 vs

*
2980 vw

2965 sh
2975

2965

vCH(1)

vCH(Il)

2490 vs

*
2500 vs

2451

2436

vOD(I1)

"000 )

2935 rn

*
2930 m

2956

2941

Va CH2(II)

VaCH 2(I)

*
2445 vs
2440 vs

2435 vs

2430 sh

2351

2347

2875 vw

*
2875 sh

2927

2909

*
2320 vs

2390 sh

2335 vs

2271

2267 vsND2 (II)

1660 vs

1626 vs
1600 vs

*

1630 sh

1590 vs

1558 vs

1616

1604

combination­
or overtone

VaC02(II)

VaC02(I)

1660 vs

1624 vs
1597 vs

*

1630 sh

1592 vs

1558 vs

1615

1604

combination­
or overtone

*
*

1452 m

1438 vw

1530d) w

1472 w

1452 w

1437 w

1536

1532

1490

1465

8NH2 (II)

8N1!2 (I)

8CH2(I)

8CH2(II)

combination­
or overtone

*
1452 m

*
1410 m

1353 s

1472 m

1450 m

1409 m

1369 m

1490

1465

1416

1412

1341 eCH'(II)

*
1396 m

1364 vw

*
*

1411 m

1363 m

1351 sh

1415

1412

1354

1336

1330

VsC02(I)

Vs C02(II)

6CH' (II)

tNH2(I)

6CH' (I)

*
1331 m
1315 rn

*

*
1275 rn

1324 m

1313 m

1297 sh

1275 sh

1256 sh

1326

1296

1287

1260

1242

eCH' (I)

",CH2 (I)

tCH2 (1)

tCH2 (I 1)

1328 m 1319 m 1312 tNH2(Il) 1191 m 1217 m 1199 6CH(II)

*
1285 sh
1275 m

*
1240 w

*
1162 s

1295 w

1270 w

1245 w

1199 m

1190 sh

1294

1274

1243

1238

1216

1193

wCH2 (1)

wCH2(II)

tCH2 (I)

tCH2(II)

6OH(I)

60H(Il)

*
*

1130 m
1122 m
1093 m
1085 m

*

*

1180 m

1139w

1117 w

1090 m

1187

1147

1128

1084

1087

1067

vskel (IT)

vskel( 1)

*
1228 w
1208 w

1152 rn

1142 m

1156

1148

wNH2(I)
1045 m

1048 m 1058

1037

vskel< II )
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Table 1'1

1100m {

i

1056 m

:
 99S sh       }
 987 m .

  k

 920 m       }
 912 sh

  k

 866 m

 823 ms

  k

  t

 710 m

 656 m

  t

 631 m

  t

5oe vw

 581 m

530 vw       }
 545 w

  k

 344 w

 308 w

 377 w

 275 w

 255 w

 327 m

 223 w

(continued)

{

11L)J sh

1098 m

I052 m

1039 s

1023 m '

!OOO sh

 994 m

 912 m

 888 m

 857 m

 822 m

 764 m

 728 tu

 654 sh

 637 m

6S4 sh

 572 m

 556 m

510 vw

478 w

42S w

334 w

31S vw

280 w

295 w

2sod) w

230 w

lgsd) w

{

{

{

{

1117

1101

1098

1091

1043

1029

 997

 995

 979

 932

 878

 852

 818

 754

 745

 673

 662

 654

 601

 566

 S26

 478

 449

424

357

329

 299

276

255

251

230

207

6CH(II)

vsk61(II)

6CH(I)

vskel(I)

vskel(II)

vskel(I)

vskel(I) .

vskel(II)

vskel(I)

vskel(II)

pCH2(I)

pCH2(II)

tuC02([I)

alC02(1)

BC02(I)

pNH2(II)

BC02(II)

pNH2(I)

6skel(II)

pC02(I)

pC02(II)

6skel(II)

6skel(II)

6skel(I)

6skel

6skel

6skel or

vMe-ligand

6skel

6skel or

vMe-ltgand

6skel

vMe-ligand

vMe-･ligand

 *

 "

945

 s

993
975

 s

919
901

87S

 k'

 k

846

778

 *

 h

643

S93

 t

552

 *

506

565
552

 t

475.

452

336

302

373

267

252

323

245

214

m

w
W

rn

.m

m

m

vw

m

m

m

m

m
m

m
W

W

w

W

W

vw

W

sh

vw

}

}

}

}

{

1029 m

 994 w

 947 m

 943 sh

 898 m

 862 m

 855 sh

844 w

 827 sh

 777 w

'762 m

 714 m

627 P

S75 m

      '
549 m

545 sh

510 w

490 w

449 w

432 w

41S w

320 w

310 vw

270 w

285 w

 -e)

 -e)

225 w

 .e)

 -e)

{

{

1019

 987

 963

 957

 949

 883

 903

 872

 856

 805

 795

 760

 750

 726

640

604

550

547

526

479

474

426

396

324

308

292

270

249

238

206

199

190

vskel(I)

vskel(I)

vskel(II)

60D(I)
       '
60D(II)

vskel(I)

vskei(II)

tuND2(II)

tuND2(l)

pCH2(I)

pCH2(II)

alC02(II)

utC02(I)

        'BC02(I)

B.Cq2(II)

6skel(II)

pC02(I)

pC02(Il)

pND2(I)

pND2(II)

6skel(II)

6skel(I)

6skel(U)

6skel

6skel

6skel or
   vMe-ligand

vMe-ligand

6skel '
6skel or
   vMe-ligand

vMe-ligand

6skel .

6skel

a)

b)

e)

d)

e)

II;gcll:;YAitrOng; B, strong

v, stretchlng; B, bending;

Raman frequenctes.

not observed.

; m, medium; w, weak

 6, deformation; t,

          -81-

; vw, very

twisting;

 weak; sh,

tu, wagglng;

shoulder; ",

        '
 p. rocking.

not expected.



with a Zn atom gives rise to two bands at 764 and 728 cm"-1

assignable to the COO wagging and the COO bending vibrations,

respectively, of serz by referring to the initiaUy calculated

frequencies and the shifts on IV,O--deuteration. On a similar

basis, the bands of Zn(ser)2 at 822 and 637 cm-1 are assigned

to the COO wagging and bending vibrations, respectively, of

seru. As expected from the conforrnational analogy, the

eorresponding bands of Cu(ser)2 are observed at, 823 and 656

cmma1. The maximum frequeney difference between ser! and serll

    'amounts to 91 cm-1 for the COO bending bands. The assignments

of Zn(ser)2 discussed above are summarized in Table U together

          '
with the observed and the calculated frequencies.

The regaon bettueen 450 and 200 em-Z.･

     According to the x-ray analyses,Z4,15) the coordination

structure of Zn(ser)2 is approximately square-pyramidal while

that of Cu(ser)2 is intermediate between square-pyramidal and

trigonal-bipyranidal. Since the central Tnetal atom occupies

a symmetry site, Cl, in these environments, five metal-ligand

                                  '
stretching vibrations are infrared-active. However, one of

                                         '                                                  '                         '                                               'the Cu-OOC bonds is so long (2.36 a) that its stretching

vibration may not be observed in the region above 200 cmMl.

               '                                                   '
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     For Cu(ser)2, seven bands were observed at 377, 344, 327,

308, 275, 255 and 223 cm-1 as shown in Fig. 3..Previously,

canham et aZ.23) assigned the 377 and 327 cm-1 bands to the

Cu-N and the Cu-O stretching vibrations, respectively. On

63cu--65cu substitution, all the bands in this region excep. t

the 223 cm-1 band show isotope shifts Iarger than O.7 cmml as

                         '
shown in Fig. 3. Sinee the 377 and .327 cm-'1 bands show

relatively large isotope $kift$ by about 2 cm-`1 on 63cu--65cu

substitution and shift to the lower frequency region by about

4 cm-1 on AI,0-deuteration, it. is reasonable to assign these

"nands to complicated vibrations caused 'by coupling between the,

Cu-O and the Cu-N stretching vibrations. By referrtng t,o the

assignments of bis(alaninato)coppef(II),l6) the 255 and the 308

cm'dl bands were assigned to the symmetrical Cli--ligand stretch-

ing vibrations. By analogy with L-ser,24) the three bands at

344, 275 amd 223 em--l were assigned to the skeletal deformation

vibrations. Small isotope shifts of some of them on 63cu-65cu

substitution may be caused by a small contribution of the Cu-

ligand stretching vtbrations. ... .
                                               '
     Zn(ser)2 shows six bands at 425, 334, 320, 295, 280 and
                                                            '
230 cm'-l in the region between 450 and 200 cm'1. As shown in

                                                            'Fig. 2, only the bands at 295 and 230 cm-! show appreciable

isotope shifts larger than 2 cmMl on 64zn-68zn substitution

while the six bands of the Cu complex show similar shifts on

                             -.83-
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3 Expanded XR Spectra of Cu(ser)2, Cu(ser-d3)2, Zn(ser)2

   and Zn(ser-d3)2 in the Region between 500 and 200 crn-1

   A: 63cu(ser)2 ( ) and 65cu(ser)2 (-----);
                       '   B : 63cu(ser-d3)2 ( ) and 65Cu(ser-d3)2 (-----");

   c : 64zn(ser)2 ( ) and 68zn(ser)2 (-------);

   D : 64zn(ser--d3)2 ( ) and 68Zn(ser-d3)2 (------)･

63cu-65cu substitution. By referring to the frequency shifts

on N,O-deuteration, the bands at 295 and 230 cm-1 were assigned

to the Z'n-N stretching vibration and the Zn--O asynmetrical

                                                      '                      'stretching vibration, respectively. The remaining bands were

assigned to the skeletal deformation vibrations by referring

to the frequeney shift on N,0-deuteration and the initial

                                                           '
calculati6n. The conformational difference between serT and

              '
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Table III Observed Frequencies,

    and Cu(ser-d3)2 in the

Metal Isotope Shifts and
                     '
 Region between 450 and

 Assignments

200 cm-1

for Cu(ser)2

        a)
cu(ser)2

Av.b)            a)
cu(serd3)2    b)

AVm AssignmentsC)

377

344

327

308

275

255

 -d)

223

W

W

m

W

w

W

vw

L7

O.7

2.6

L2

LO

O.7

o

373 w

336 w

323 w

302 w

267 w

2S2 vw

245 sh

214 w

1.7

O.6

2.9

O.5

O.4

O.6

wo

o

vaCu-Ooc

6skel

vaCu-OOc

vsCu-ooc

6skel

vsCu-ooc

6ske!

6skel

+

+

+

+

vaCu-NH2(ND2)

vaCu-NH2(ND2)

vsCu-NH2(ND2)

vsCu--NH2(NI)2)

a) m, medium; w, weak; sh, shoulder. ･' ･
b) shifts of band center en 63cu-65cu substitution.

c) v, stretching; 6, deforrnation.

d) hidden by a neighboring band.

Table IV Observed and Calculated Frequeneies, Metal Isotope

          for Zn(ser)2 and Zn(ser-d3)2 in the Region between

Shifts

450 and

and

 200

Assignments

   -l･ cm

Zn(ser)2 zn(ser-d3)2

obs.a) Calc.

   Avmb)

ebs. Calc
obs.a) calc.

  Avtn

Obs.

b)

Calc.

Assignmentse)

425

334

315

295

280

2sod)

230

lgsd)

W

W

vw

W

w

w

w

W

 424

 357

 329

 276

 299

 255{
 251

 230

 207

 o

 o

o

N3

o

2.1

 o.o

 o.o

 O.2

 2.9

 O.6

 O.8{
 1.3

 1.1

 o.o

415 w

320 w

310 vw

285 w

270 w

 .-e)

225 w

 -e)

 396

 324

 308

 270

 292

 249{
 238

 206

 199

o

O.4

o

3

o

 1.6

 o

 o

 o

3

o

{
2
2

o

.o

.1

.2

.4

.5

.9

.7

.4

.2

6skel

6skel

6skel

vZn-NH2(ND2)

6skel

6skel

vzn-ooc

6skel

a)

b)

c)

d)

e)

w, weak; sh, shoulder.

shifts of band center on 64zn-68zn

v, stretching; 6, deformation.

Raman frequencies.

not reported. '

substitution.
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serll is indistinct with respect to their skeletal deformation

                '                      'vibrations because of the complicated coupling with the metal.-

ligand stretching vibrations. The assignments are summarized

                                                       '                            'in Tables ]I[ and IV together with the frequencies and the

       '
isotope shifts.

h=m'
g
:
.

s
E
o
cr

B

A

lOOO 500

        iiJll

    XifvAN i

    -l5oo (cm-') O

Fig. 4 Polar2zed Raman Spectra of Zn(ser)2 Single Crystal

        A : a(ba)b; B : a(bc')b.
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VI-5 Discussion

     As shown in Table IV, the final calculation reproduced

well the observed isotope shifts on 64zn--68zn substitution

                      '                               'supporting the assignments in this work. In this calculation,

the intermolecular force was found te play an essential role

in reproducing the observed shifts. The calculated L matrices

reveal that the Zn-O stretching vibrations couple with most of

the skeletal deformation vibrations. This coupling rnay be one

of the reasons why the skeletal deformation frequencies of

sercu are very dift-erent ffrom these of seru.

  As can be seen in Table "-/I, the agreement between the

calculated and the observed frequencies of Zn(ser)2 and

Zn(ser-d3)2 is satisfactory in spite of the crude approximation

                                              tt                                                         'of using the same force constants for serl and seru. The

agreement indtcates that the frequency diff'erences between serl

                                       '                                                            '                    'and se'rll are due mainly to the conformationai difference, and

                                              '                                                         '
the change of the force constant$ seems to be rather unimportant.

Tlie frequenc.y differences between serl and seru are surmarized

in Table V. The calculated differences follow well the

                                           '
observed trend, inciuding large differences in the COO

deformation and the skeletal stretching frequencies.
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Tab1e V Observed

   serl and

and Calculated Frequency Differences

ser:I in the Region between 1700 and

between

500 cm-1

Obs

Zn (ser)2

.a) ' calc.a)

  zn(ser--d3)2

obs.a) calc.a)
Bandsb)

-32
' Oc)

2
g-
:
i
2
g,g

-- 22

s- 46

-i2
g
2
i
--

g
8
,
,2

-12

 -4

 25

-,2

 
2
2
4
o

,i

-1:

-20

-14

4i

-Z2

-i3,

 40

-34

 22

2
g-4g
--l
8
.-

g
-35

'
1
9
,
,9

-
k
s
, 2

-ll

 19

 25

  4

-15

 24

 --9

 18

  8

-16

-12

  3

-39

 24

-20

 10

-10

 86

 47

  3

  vaC02

. BNH2(ND2)

  BCH2

  vsC02

  6CH'

  tNH2(ND2)

  coCH2

  tCH2

  6OH(OD)

  alNH2 ( ND2 )

  6CH

  v$kel

  vskel

  vskel

  vskel

  pCH2

  tuC02

  BC02

  pNH2(ND2)

  pC02

a)

b)

c)

Frequency difference = v(antivauehe) - v(gauehe-gaLtehe)

v, stretching; 6, deformation; t, twisting;

p, rocking; B, bending.

Raman frequency difference,
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Chapter VII

     Conclusions

                                                            '
[r] The infrared spectrum of bis(L-asparaginato)copper(!I) has

been investigated by means of metal isotope technique. By

referring to the isotope shifts on 63cu-65cu substitution, two

bands at 359 and 318 cm"1 have been assigned to the Cu-ligand

                               '
stretching vibrations. It has been revealed that the metal

isotope technique is very useful for asstgning the metal-

ligand stretehing vibrations, for which conventionai methods

        e-                          .cannot gwe any unlque asslgnments.

[II] The infrared spectrum of bis(L-asparaginato)zinc(II) has

been investigated by means of metal isotope technique. By

referring to the isotope shifts on 6･4zn-68zn substitution,

three bands at 301, 265 and 244 cm'1 have been assigned to the

Zn-ligand stretching vibrations. This result reveals that the

binding force of the Zn--O bond of zinc-aminoacids is much
                        '         '
stronger than consideyed previousiy.

I[[[] The infrared spectra of aopper(II)-- and zinc(!1)--L-

glutarnate dihydrates and their deuterated complexes have been

investigated by means of metal isotope technique. Appreciable

shifts have been observed for bands at 404, 352 and 279 cm-1

      '

                            .91-



of the Cu complex and bands at 229, 245 and 227 cm-1 of the Zn

complex on metal ±ndicate that the Cu-OOC stretch±ng vibration

responsible for the band around 280 cm-1 is localized whereas

the Zn-OOC stretching vibrations couple with Zn-NH2 andfor

Zn-OH2 stretching vibrations.

                    tt              t ttt               /･ '                   '
[IV] The infrared spectra of tor?ans- and eis--bis(D-alanlnato)-

copper(U) have been investigated by rneans of metal tsotope

teehnique. It has been revealed tbat the t"ans-isomer sbows

                                                 --three copper isotope sensitive bands, while the ezs-isomer .

shows two. However, the Cu-ligand stretching frequeneies of

the two conforrners are not much different from each other,,

The normal coordinate analysis by using a cornplete molecular

conformation and the inter- and intramoleeular force fields

indicates that the intramolecular force fields of the tpan$

and the eis isomers differ only slightly from eaeh other.

                                  '                                             ' ttt               tt          '                                '

 [V] The infrared spectra of two isomers of Cu(DL-phenyl-

alaninate)2, the structures of which are unknown to date, have

been dealt with by means of metal isotope technique. Tt has

              '
been revealed that the blue isomer of Cu(DL-phe)2 shows three

 copper isotope sensitive bands, while the blue-violet isomer

                                                        -,
 of Cu(DL-phe)2 shows two. By analogy with ti?ans- and ezs-

 Cu(D-alaninate)2, this result suggests that the blue and the
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blue-violet isomers take the polymeric t?ans and eis structures,

respectiveiy.

   '

[Vr] Metal isotope technique is also effective for assigning

                                          '
the metal-ligand stretching vibrations of bis(L-serinato)-

                                                            '
copper(II) and -zinc(II). 'By comparing the infrared spectrum

of the Zn complex with that of the Cu complex, it has been

                                        '
revealed that the structural difference between t.he anti-

gauehe and the gauehe-gauehe serinates in the Zn complex is

r.efleeted clearly 'in the COO deformation and the skeletal

stretching vibrations. The calculated frequencies and

frequency differences between the two serinates agree well with

the observed ones. This agreement reveals that the frequency

dit'ferences are due mainly to the c.onforrr}ational difference,

and the change of the force const.ants is unimportant.
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