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The infrared spectra of trams- and cis-[bis(D-alaninato)copper(Il)], and their isotopic
complexes containing %Cu, **Cu and deuterium were measured in the region between 4000 and
200cm L. By referring to the isotope shifts on deuteration and ®*Cu and %°Cu substitution, the
bands around 370 and 320 cm ™! were assigned to the Cu-N and the Cu—-O asymmetric stretching
vibrations, respectively, for both the trans and cis complexes. The magnitudes of the copper
isotope shifts are consistent with those calculated from the normal coordinate analysis by using a
complete molecular conformation and an intermolecular force field. The trans-isomer showed
three copper isotope sensitive bands, while the cis-isomer showed two.

Keywords IR spectra; aminoacid; alanine; trans-cis isomerism; [bis(alaninato)copper(II)];
$3Cu-5°Cu substitution; normal coordinate analysis; deuteration; isotope shift; intramolecular
force; intermolecular force

The copper alaninate complex is known to take a trans or a cis conformation®* as shown
in Fig. 1, and its vibrational spectrum is of much interest in relation to the trans-cis isomerism
of the square planar metal complexes. Jackovitz et al. made vibrational assignments for bis-
DL-alaninatocopper on the basis of the normal coordinate analysis by using a trans planar
model neglecting hydrogen atoms.® Herlinger et al. tried to identify the differences of the Cu-
ligand stretching vibrations between the frans and the cis complexes.” Recently, Percy and
Stenton assigned the Cu-ligand stretching bands of frans-bis-L-alaninatocopper by means of
180- and !> N-substitutions® and corrected the assignments of the previous authors. How-
ever, no comprehensive investigation has yet been done to resolve the disagreements of the
assignments among all the previous reports. In particular, no work has been carried out on
the N-deuterated complexes and the cis complex containing isotopes in order to assign the
Cu-ligand stretching vibrations.

The present paper deals with infrared (IR) spectra of trans- and cis-bis-D-alaninatocopper
and their N-deuterated complexes, with the aim of clarifying how the Cu-ligand stretching
vibrations are affected by the trans-cis isomerism. The Cu-ligand stretching vibrations were
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Fig. 1. Structures and Bond Lengths®* of #-Cu(ala), (A) and ¢-Cu(ala), (B)
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Fig. 2. IR Spectra of ¢-Cu(ala),, t-Cu(ala-d,),, c-Cu(ala), and ¢-Cu(ala-d,), in the
Region above 400cm ™!
A, t-Cu(ala), ( ) and ¢-Cu(ala-d,), (------ ); B, ¢-Cu(ala), (

) and ¢-Cu(ala-d,),

assigned unambiguously by using the metal isotope technique. The normal coordinate analy-
sis of the trans and the cis complexes was carried out by taking account of both the intra-
and the intermolecular forces to confirm the empirical assignments.

Experimental

Materials——Commercially available D-alanine (D-ala, Ishizu Seiyaku) was recrystallized several times from a
mixture of water and ethanol. N-Deuterated p-alanine (D-ala-d;) was obtained from the purified p-ala by the usual
exchange reaction with heavy water (Merck, AG., 99%,). trans-Bis(D-alaninato)copper(II), r-Cu(ala),, was prepared
from the purified p-ala according to the method of Dijkstra.?’ For the preparation of N-deuterated trans-complex, -
Cu(ala-d,),, anhydrous cupric acetate was reacted with D-ala-d; in heavy water. The complexes containing copper
isotopes were obtained from cupric acetates which were prepared from ®*CuO and **CuO (Oak Ridge National Lab.,
U.S.A)) in the same manner as reported previously.” About 20mg of each complex was obtained. cis-Bis(D-
alaninato)copper(Il) and its isotopic complexes, c-Cu(ala),, efc., were prepared by annealing the corresponding trans-
complex suspended in water or heavy water for 3d on a boiling water bath.® The isotopic purities were 99.89%; for
$3Cu0 and 99.70% for $*CuO.

Measurements The IR spectra were recorded on a JASCO DS-403G IR spectrophotometer (4000—
200cm ™). The measurements were made for the solid samples in Nujol and hexachlorobutadiene (Merck, AG.,
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TaBLE 1. Observed and Calculated Frequencies, !> N-Induced Shifts, **0-Induced Shifts
and Assignments for trans-Cu(p-alaninate), and Its N,N’-Deuterated
Analogues in the Region between 4000 and 500 cm ~*

t-Cu(ala), t-Cu(ala-d,),
15 18 15 18
Obs.? ébs{g) gb 3.06’ Calc.” éalg éalg Assignments® Obs.¥  Cale.?  Assignments®
328ls —  —9 3922 89 0.0 v,NH 2976 a’
276s  —D 9 338637 88 0.0 v.NH, 2970m {3535 -
DAs  —D D 303Pa’ 46 00 v.NH. 2898’ | v,CH, or
3133s 9 9 33027 47 00 vNH, 2031 m 128738 | vCH,or
Wh3m o e (2762’ 00 0 28722 [ vCH
29382’ 00 00 . 2869 2"’
28962’ 01 0.0 v,CH, or 2790 @’
o o 1287327 00 00 v,CH, or 2867m {3778 5
292%4m O 9
87227 00 0.0 yCH 2450s 24242’ v,ND,
286937 00 00 2405s  2418a”  v.ND,
27902 00 00 23382 v.ND
__d) _d) s
2868 m 277827 01 00 2455 1533727 yND,
16432° 02 180 v,CO 16422°  v.CO
1619vs 2 20 {le33a 02 229 v.CO, 1619vs {1¢3 a7 \'cor
o (16212 31 45 ANH 15032’ 6,CH
I373vs 3 157327 32 03 BNH, 1461 m 93575 5iCH,
o o (129927 02 01 5,CH 14542  &,CH
1463 m 145727 00 00 55CH, 1447w V14502 5CH,
Y . (145427 01 01 5,CH 1377a°  ».CO
1452 sh {12502 01 0.1 55CH, 13855 1j373a7  »CO
1395 s & 9 1380a’ 06 2838 y.CO, 130 sh {13868 SCH,
1364s 15 10  1373a” 01 222 v.CO. 1362a°  6.CH,
13882 03 39 5.CH 1332 SCH
__4) __4d s
1387 sh 13632 04 46 5.CH, 13585 1 11330a’  oCH
1306w 9 9  1348a” 16  10.5 5CH 1326m [ 112642’ OCH
12965 15 13 1338a’ 10 116 5CH 1246 2" 6CH
1354sh 9 9 130627 2.1 1.9 6CH loos  {1203a)  pND,
1339m 2 o 130a 16 19 5CH S Ul7la”  BND.
45w 9 9 12482 10 03 /NH, 41 (11182 VCN
20w 9 2 1213a7 20 06 /NH, 1101 2 yCN
1165m 6 45 116la” 58 = 12 wNH, 1107m 10852’  pCH,
1149 s 5 45  1150a 73 15 wNH, 1076 m  1058a”  pCH,
1138a’ 43 L6 YCN 10472  pCH
s 65 1S {yjjsar s»> 16 YyCN 1050m  1g252°  oCH,
1078m 3 25 10432’ 09 59 pCH, oo m {93087  IND;
1026m 2 25 102627 01 47 pCH, 9192’  (ND,
981 a” 0.3 1.6 pCH 910 a”’ vskel
_d) _d
970 vw {oma 03 07 oCH, 905m {9008’ vekel
913a” 29 51 yskel 8782’  oND
N5m 45 55 Ugp3ar 27 45 vskel 853m {36907  wND
856 m 3.5 —4 878 a”" 2.1 12.5 vskel 830 { 839 a’ vskel
850 m 2.5 —9 850a" 4.2 17.2 vskel m 824 a”’ vskel
B6m 9 8 77520 10 64 »CO, 7%65m  759a°  wCO,
767Tm 5 7502”7 01 64 wCO, 751m 7472’ wCO,
06m 15 11 Pla” 23 129 BCO, 700m  706a”  ACO,
618w —P D 3a’ 28 89 pCO, 506m  609a  BCO.
202" 30 02 pNH, 563m  S44a’  pND
672m 5 2 {e7ar 49 03 oNH, 53m  520a° pND,
602m 25 12 571a’ 9.0 86 pCO, 553 56527  pCO,
571m 7.5 7 557a” 7.3 11.6 pCO, m 553 a’ pCO,
562sh  —& @ 5182’ 41 131 Sskel 503 vw  497a’  oskel

a) vs, very strong; s, strong; m, medium; w, weak; vw, very weak; sh, shoulder.
b) Calculation II, species A, a’ and a’’ (see Fig. 1).

¢) v, stretching; B, bending; 6, deformation; w, wagging; p, rocking; ¢, twisting.
d) Not reported.

¢) Shifted less than 1.5cm ™1,

Uvasol) mulls. The frequencies were calibrated by the standard absorptions of polystyrene, indene and water vapor.
For measuring sthall shifts of band centers on °*Cu and ®3Cu substitution (**Cu~°°Cu), 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.

The IR spectra in the region between 4000 and 400 cm ~* are shown in Fig. 2 and parts of the expanded spectra
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TaBLE II.

in the Region between 4000 and 500cm ™!

Observed and Calculated Frequencies and Assignments for
cis-Cu(p-alaninate), and Its N,N’-Deuterated Analogues

¢-Cu(ala), c-Cu(ala-d,),
Assignments® Assignments?
Obs.? Calc.? Obs.? Calc.?
3325's 3263 b’ v,NH, 200m 2960 b”’
3230 s 3260 b”’ v-NH, 2960m 2958 b’

3205 b’ v.NH, 2887 b”’ y,CH, or
3130 s 3201 b’ v.NH, 2950m {584 5 v;CH, or
2980 m 2960 b’ 2930 w 2882 b’ yCH
2950 m 2058 b . BT b

2887 b’ v,CH, or 2794 b”’
2920m  {Zgg4 b CH, or 2880 w 2784 b’

2882 b’ vCH 2480 s 2405 b’ v,ND
80w g9 2410 s 2403 b v.ND;,
a0 w [ 274D 2310 w 2320 b’ v:ND.

2784 b’ 2305 s 2318 b v.ND,
1652 5 1643 b’ v,CO, 1654 vs 1642 b’ v.CO,
1625 vs 1640 b’ v.CO, 1611 vs 1640 b’ v.CO;
1601 vs 1594 b’ SNH. 1471 b’ 5,CH,
1582 vs 1589 b’ BNH, 1478 shy | 1455 b”’ 5.CH, |
1490 1471 b’ 8,CH, 1452 m 1452 b’ 55CH,

1455 b’ 3,CH, L1450 b 5,CH,
1455 m 1452 b’ 54CH, 1383 vs 1371 b v.CO,

1450 b7 5,CH, 1364 vs 1365 b’ v,.CO.

1370 b”’ y.CO, 1381 b’ .CH
1384 s {1364 b y,CO, 1397sh - 9363 b 5.CH,
1390 <h 1382 b’ 5.CH, 1352 s 1326 b”’ 5CH

1363 b” 5.CH, 1320 m 1322 b’ SCH
1364 m 1344 b’ 5CH 1310 m 1275 b”’ SCH
1352 m 1334 b’ sCH 1287 m 1255 b’ 5CH
1312 m 1310 b’ 5CH 1208 m 1186 b”’ AND,
1284 m 1280 b” 5CH 1187 1179 b’ BND,
1238 w 1261 b”’ {NH, 4l m 1108 b’ YCN
1226 w 1210 b’ /NH, 1101 b yCN

1144 b~ »NH, 1073 b’ pCH,
175 m 1131 b’ oNH, 1109 m 1060 b’ oCH,
1118 m 1125 b YCN losom {10450 pCH,
1097 s 1114 b’ yCN 1039 b’ pCH,
1065 m 1034 b’ pCH, 928 m 925 b vskel
1043 m 1022 b’ pCH, 905 m 923 b’ vskel

990 b’ pCH, 911 b’ ND,

1024 w 897 b’ pCH, g4m 1 gg pr IND.
929 w 920 b’ vskel 844 { 872 b”’ wND,
920 w 903 b”’ vsﬁe% m 864 g' wll:m2

873 b’ vske 840 b”’ yskel

B60m  { ge3p- yskel 818m  { g vskel
778 m 791 b’ »CO, 3m {197 »CO,
769 m 779 b’ »CO, 773 b’ CO,
720 m 680 b’ oNH, 676 m 677 b’ pCO,
687 m 660 b’ pNH, 623 m 626 b’ pCO,
649 m 693 b’ BCO, 572 m 524 b’ pND,
630 m 625 b 5CO, 548 m 503 b’ pND.
565 m 555 b’ pCO, 525m 551 b’ pCO,
547 m 549 b pCO, 511 sh 544 b’ CO,
527 sh 516 b” Sskel 500 sh 483 b”’ Sskel

a) vs, very strong; s, strong; m, medium; w, weak; sh, shoulder.

b) Calculation II, species A, b” and b*’ (see Fig. 1).

c) v, stretching; 6, deformation; 8, bending; p, rocking; w, wagging; ¢, twisting.

in Fig. 3. The observed frequencies are listed in Tables I and II together with approximate intensities, assignments

and calculated frequencies.

Normal Coordinate Analyses

According to the X-ray analyses,® both the frans- and cis-complexes take a polymeric
structure chained by a weak bond between copper and one of the carboxylate oxygen atoms
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(O’) of the neighboring alaninates as shown in Fig. 1. The optical active normal frequencies of
these chain molecules were calculated by using a program newly written by Machida in this
work for vibrational analysis of the crystals of molecular and ionic complexes. The method of
Harada and Shimanouchi® was adopted by taking account of the effect of the first derivatives
of the intermolecular potential with respect to the interatomic distances. The contribution of
the Coulombic forces between the atomic charges was treated by Ewald’s method as described
by Hiraishi.!” The calculations were carried out on a FACOM M-190 computer at the Data
Processing Center of Kyoto University and an ACOS 1000 computer at Okayama University
Computer Center. The CPU time for calculating a set of optical active frequencies of trans- or
cis-Cu(ala), was 13 seconds in the ACOS 1000 computer. Assuming the bond lengths rcy=
1.080 and ryy;=1.020 A, the coordinates of cis-Cu(ala), were constructed on the basis of the
X-ray analysis by Gillard et al® and partially modified coordinates®'? of Cu(r-ala), were
used for -Cu(ala),. A modified Urey-Bradley type force field was used with a few valence
type constants of torsional and out-of-plane bending coordinates. The force constants related
to alaninate were initially transferred from L-alanine crystal.!? The transferability of these
constants was sufficiently good that the initial calculation gave useful clues to the assignments.
The constants related to the Cu-ligand bonds were taken from those reported by Inomata ez
al.'® The stretching constant, K(CuQ”), was used for weak Cu—O’ bonds and was assumed to be
0.10mdyn/A. The bending and the repulsive constants concerned to the Cu~O’ bonds were
initially assumed to be zero. The force constants related to the Cu atom were mainly adjusted
to improve the frequency fit, and an interaction constant between the C = O stretching and the
CH deformation vibrations was introduced to reproduce the ¥O-induced shifts reported by
Percy et al.® The final values of the adjusted intramolecular force constants are listed in Table
IIL.

Initially, the calculation were carried out by using only the intramolecular force constants
(calculation I). Later, the intrachain intermolecular forces were taken into account in
calculation II. The interchain forces were neglected by taking account of only two of four
asymmetric units in a unit cell of the cis complex. By referring to the previous treatments of
aminoacid,'*!*~17 the intermolecular potential was assumed to be the sum of the exp-6 type
nonbonded atom-atom interaction terms, the Lippincott type hydrogen-bond stretching

TabLE III. Force Constants of Modified Urey—Bradley Type and Valence Type

Modified Urey-Bradley type force constants (mdyn/A)

K(C-0) 7359 H(OCO) 0.06 H(CuNC) 0.109 F(OCO) 252 F(CuNC)  0.20°
K(C-C)  2.00° H(OCC) 031 H(CuOC) 0.10° F(OCC) 070 F(CuOC)  0.209
K(C-H)  420° H(CCN)? 0559 H(HNCu) 0.10° F(CCN)® 060 F(HNCu) 0.10
K(C-N) 267  H(CCN) 0229 H(OCuN)® 0.10° F(CCN) 060 F(OCuN)” 0.20?
K(N-H) 550 H(CCC) 0309 H(OCuN)Y* 0.10° F(CCC) 030 F(OCuN)y? 0.05
K(Cu-N) 0950 H(CCH) 020° H(OCuO)® 0.10° F(CCH) 0.40° F(OCuO)® 0.05°
K(Cu-0) 085 H(NCH) 025 H(NCuN)® 0.109 F(NCH) 054 F(NCuN)® 0.059
K(Cu-0’) 0.10° H(CNH) 034 H(O'CuN) 0.05?9 F(CNH) 050 F(O'CuN) 0.05?

x(C)? 0.0185 H(HNH) 0.54 H(O'CuO) 0052 F(HNH) 0.02 F(O'Cu0) 0.05°
K(N)* —0.042 H(HCH) 044 F(HCH) 0.02

Valence type force constants (mdyn- A/red?)
Sf(wCO,, wCO,) 1.92  f(zCC, tCC) 0.05 f(=CN, 7CN) 0.05 f(v.CO,, oCH) 0.05

a) Refined values.

b) Force constants concerning the chelate ring.
¢) Used for only the trans complex.

d) Used for only the cis complex.

¢) mdyn-A.
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terms and the Coulomb interaction terms. The potential parameters for these terms are the
same as those used for a-glycine-C-d, and pL-alanine-a,B-d, crystals.'® In calculating the
Coulomb interaction terms, the atomic charges were estimated by the CNDOY/II calculation in
which the Cu atom of Cu(ala), was replaced by an Mg atom. The limits for the direct and the
reciprocal lattice sums were taken as 20.0 A and 0.2 A, respectively, with the convergence
parameter K=0.2. A list of the atomic charges and coordinates together with the details of the
calculated results is available from the authors on request.

Vibrational Assignments and Discussion

The Region 4000—500 cm !

All the bands of 7-Cu(ala),, t-Cu(ala-d,),, c-Cu(ala), and c-Cu(ala-d,), in this region
show no appreciable shift on **Cu-~®3Cu substitution and can be assigned to the vibrations
including no displacement of the Cu atom. By referring to the frequency shifts on N-
deuteration and the assignments of previous authors,*~¢-12:13-18) the bands in this region were
assigned to individual vibrations of alaninates. As shown in Tables I and II, the agreement of
the calculated and the observed frequencies was satisfactory throughout the four complexes in
spite of such a crude approximation as to use the same intramolecular force constants for the
frans and the cis complexes. The calculated L-matrices reveal that the COO bending and
rocking frequencies 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 ° N- and '®O-induced shifts were reported for t-Cu(ala), by Percy et al.® As
shown in Table I, the calculated ‘> N-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 *20-
induced shifts did not follow the reported shifts in the absence of the interaction constant
between the C=O0 stretching and the CH deformations. In particular, the CH deformation
bands around 1300 cm ™! show an appreciable 80-induced shift by about 10cm ™! in contrast
to the small calculated shifts. The interaction constant was very effective in reproducing the
reported shifts, as shown in Table I.

Transmission (%)

500 400 300 200
Wavenumber (cm™!)
Fig. 3. Expanded IR Spectra of -Cu(ala),, -Cu(ala-d,),, c-Cu(ala), and c-Cuf(ala-
d,), in the Region between 500 and 200cm ™!

A, t-%*Cu(ala), (——) and +%*Cu(ala), (-----); B, +-°*Cu(ala-d,), (—) and r-**Cu(ala-
dy), (-—--); C, ¢-**Cu(ala), (——) and ¢-**Cu(ala), (--—--); D, ¢-**Cu(ala-d,), (—) and ¢-
SSCu(ala~d,), (------ ).
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TaBLe V. Observed and Calculated Frequencies, Metal Isotope Shifts and Assignments
for cis-Cu(p-alaninate), and Its N,N’-Deuterated Analogues
in the Region below 500 cm ™!

c-Cu(ala), c-Cu(ala-d,),
Am® A4m?
Assignments’’
Obs.? Calc.? Calc. Obs.®  Calc.? Calc.
QObs, — Obs.
& 1® @ e
483 m 495 0.3 04 04 456 m 461 0.8 0.3 0.4 v,Cu-NH,(ND,)
405 m 398 0 0.3 0.2 394 m 378 06 1.1 0.8 Jskel
400 sh 387 ca. 0 0.4 0.3 374 vw 366 0 0.9 0.6 v,Cu-O0C
375 vw 347 12 1.6 18 358 w 333 25 15 17 v,Cu-NH,(ND,)
323 m 332 26 2.8 2.7 318 m 328 25 19 20 v,Cu—O0C
312 m 300 0 0.1 0.2 310 sh 300 ca. 0 0.1 0.1 Oskel
278 m 295 0 0.2 0.2 272 m 290 0 0.2 0.2  oskel
231w 246 0.1 0.1 0.0 225w 234 0 0.2 0.1 oskel

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

b) Calculation II, species A.

¢) Am, shifts of band center on **Cu—%°Cu substitution.

d) Calculation I by using only the intramolecular forces.

¢) Calculation II by using the intra- and intermolecular forces.
f) v, stretching; J, deformation.

The Region between 500 and 200 cm ™'

For t-Cu(ala),, eleven bands assignable to the skeletal deformation and the Cu-ligand
stretching vibrations are observed in this region. On *3*Cu—°>Cu substitution, the centers of the
three bands at 361, 331 and 320 cm ™! shift by an amount between 2—3 cm ™! as shown in Fig.
3. These bands obviously arise from the vibrations including displacement of the copper atom.
On N-deuteration, the 361 cm ™! band is replaced by a band at 339cm ™, while the 331 and
320 cm ! bands shift by less than 10cm ~*. By referring to these isotope shifts, we assigned the
361cm ™! band to the asymmetrical Cu-N stretching vibration and the 331 and 320cm ™’
bands to the Cu—O stretching vibrations. The band at 385 cm ™! assigned previously to the Cu-
O stretching vibration by Percy and Stenton® can now be assigned to the skeletal deformation
vibration including large displacement of carboxylate oxygen atoms, since this band shows no
shifts on °3Cu-%3Cu substitution and a large shift on '®O-substitution. Previously, the band at
488 cm ! was assigned to the Cu-N antisymmetric stretching vibration by Herlinger ez al.>)
and Percy et al.®) In this work, however, the 488 cm ~! band showed a very small isotope shift
on %3Cu-%Cu substitution in contrast to a large shift on N-deuteration and on '°N-
substitution. From these isotope shifts, this band can be assigned to the Cu-N symmetric
stretching vibration which includes a large displacement of the nitrogen atoms but no
appreciable displacement of the copper atom.

For the cis-complex, nine bands are observed in this region as shown in Fig. 3. Among
them, two bands at 375 and 323 cm ™! shift appreciably on *Cu~®>Cu substitution, and could
clearly be assigned to the Cu—alaninate stretching vibrations. The 375cm ™! band is replaced
by a band at 358 cm ™! while the 323cm ™! band remains almost unshifted on N-deuteration.
Accordingly, 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 frequen-
cies, we tentatively assigned the bands at 483 and 400cm ™ to the Cu-N and the Cu-O
symmetrical stretching vibrations, respectively. The frequency shifts of these bands on N-
deuteration are consistent with this assignment.
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The reported '"O- and '°N-induced shifts for r-Cu(ala), were reproduced well in
calculations I and II except for a very small **O-induced shift of the 320cm ™! band of ¢-
Cu(ala),. This reported shift seems to disagree with any calculated %0O-induced shift.
Appreciable isotope shifts on ©*Cu—**Cu substitution were predicted only for two frequencies
around 340cm ™' in calculation I, whereas three bands showed appreciable shifts in the
observed spectrum. In calculation II, however, the intermolecular forces induced a re-
distribution of the copper isotope shifts among the three bands at 361, 331 and 320cm ™. For
the cis complexes, the observed isotope shifts on *3Cu-®3Cu substitution were well repro-
duced 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 cis complexes. It seems like-
ly that the intramolecular forces around the Cu atom of the copper alaninate are not sensitive
to the change of conformation on trans-cis isomerism.
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