Acta Chemica Scandinavica A 33 (1979) 19-29

Vibrational Spectra and Provisional Assignment of the
A(666)-Tris(18,25-cyclohexanediamine)iridium(III) Cation

Spectra

G. BORCH,* P. KLEBOE® and P. H. NIELSEN®

a Chemistry Department A, The Technical University of Denmark, DK-2800 Lyngby, Denmark,
® Department of Chemistry, University of Oslo, Oslo 3, Norway and ¢ Chemical Laboratory 11,
The H. C. Orsted Institute, DK-2100 Copenhagen, Denmark

Dedicated to Jannik Bjerrum on the occasion of his 70th birthday

The infrared and Raman spectra of A(ddd)-tris-
(18,2S-cyclohexanediamine)iridium(III) chloride (A-
chxn;IrCly) and the corresponding N-deuterated
compound (N-d,-A-chxn;IrCl;) have been studied
in the solid state and in aqueous solution in the
region below 4000 cm~'. Assuming D;-symmetry
of the complex ion, a provisional assignment of the
fundamental vibrations of species 4, and A, is
given, based upon the Raman depolarisation ratios
and the relative intensities of the infrared and
Raman bands. The results of a vibrational analysis
using a 54-parameter generalized valence force field
(GVFF), partly transferred from cyclohexane and
the tris(1,2-ethanediamine)rhodium(lII) cation, sup-
port the assignments. A complete interpretation of
the spectra including the fundamentals of species
E is proposed on this basis. Certain remaining
problems which will have to be clarified in future
work are discussed.

The bidentate ligand 1S,2S-cyclohexanediamine
(chxn) and its optical antipode are representatives
of the substituted 1,2-ethanediamines. Several stereo-
chemical studies of these compounds have ap-
peared, notably Corey-Bailar ! conformational anal-
ysis of five-membered chelate rings in metal com-
plexes ? and chiroptical studies ** correlating abso-
lute configurations of analogous coordination com-
pounds. Several crystal structures of such com-
pounds are known ® and have given a basis for these
correlations. Furthermore, the antitumor activity
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of platinum(Il) complexes with these ligands has
been tested ®7 and it shows significant antileukemic
activity. However, the vibrational spectra of chxn
complexes are not known.

In previous papers®~'° the vibrational spectra
of the A(866)-tris(1,2-ethanediamine)rhodium(III)
cation (A-en;Rh(III)) were investigated. A normal
coordinate analysis (NCA) of the parent ion and
seven isotopically labelled species using a 38 param-
eter GVFF allowed an assignment of all the funda-
mental modes. The present study dealing with the
A(666)-tris(1S,25-cyclohexanediamine)iridium(III)
cation (A-chxn;Ir(IIl), Fig. 1) forms an extension of
this work, but is more complex because of the
larger ligands. Therefore, to test the application of
the GVFF developed for A-en;Rh(III), this force
field was combined with GVFF values for the
cyclohexane ring. An NCA was derived for A-chxn;-
Ir(I1I) based upon the most readily identified funda-
mentals of species 4, and A4,. The results, together
with the predicted fundamentals of species E, are
presented in this paper.

STRUCTURE

Crystal structures of Ir(chxn); complexes have not
yet been determined by diffraction methods. Thus,
symmetry and molecular parameters were transfer-
red from analogous structures, eg. the crystal
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structure ! of the congeneric ( — )sgo-[Co(+ chxn); -
Cl; pentahydrate. The compliex ion in this com-
pound has approximately D;-symmetry and the
absolute configuration A(666). The absolute con-
figuration of the two carbon atoms in the ligand is
S in agreement with a previous synthetic correla-
tion® and the cyclohexane rings have chair con-
formations. We have assumed that the preferred
chair conformation of chxn in the complex ion is
maintained in solution (¢f. '"H NMR evidence !?
that chair conformation with diequatorial position
of the amino groups is also maintained in the free
or substituted ligand in solution). Moreover, by
using the method of “active racemates”,!® Andersen
et al.'* concluded from X-ray powder photographs
that (—)sgo-[Co(+chxn);]** and (—)sgq-[Ir-
(+chxn);]** have the same absolute configuration,
viz. A(666). Hence the calculations in the present
work have been based upon a A(d36) or A(lel;)
structure assuming D,-symmetry (Fig. 1).

The technique for establishing the equilibrium
configuration of the A-chxn,Ir(III) cation in car-
tesian coordinates was described previously.® Since
the octahedral radii of Ir®* and Rh3* are quite
similar,'s the choice of bond distances and angles
was based upon known structures of chxn,Rh(III)
complexes !¢!7 (C—C: 1.53 A, C—N: 148 A,
Rh—N:2.08 A, tetrahedral angles of the chxn ring).
The N—Rh—N angles were chosen to be 87°.!!
Finally, the values C—H: 1.093 A, N—H: 1.01 A,
H-C-H: 109°28', and H-N—-H: 111° were

Fig. 1. The A(660)-tris(1S,2S-cyclohexane(“chair”)-
diamine iridium(III) cation viewed along the trigonal
axis.

chosen in agreement with previous calculations on
tris(1,2-ethanediamine)rhodium(II) cation.® We
hope to improve these values in a forthcoming
paper.

EXPERIMENTAL

A-chxnger13.aq was prepared as described by
Galsbel.'® The analogous N-deuterated compound
was obtained by dissolution in D,O followed by
evaporating the excess D,0 in a vacuum desiccator
at room temperature. From spectra obtained in
aqueous solution it appears that the exchange of
hydrogen with deuterium at 20 °C is complete within
6 h. The spectra of the corresponding anhydrous
compounds were obtained by drying the alkali
halide pellets at 100—150 °C over P,O5 in vacuo
until no further changes could be observed in the
spectrum (ca. 24 h). The pellets containing the
anhydrous complex appear to be quite stable to the
exposure of moisture from the air and we had no
difficulties in obtaining reproducible spectra from
different samples. However, the IR spectrum of A-
chxn;IrCl3.aq changed somewhat in the regions
around 1600 and 820 cm™! in different alkali
halide discs and in Nujol mull as indicated by
intervals in Table 2.

The instrumental equipment and techniques
employed in observing the Raman and infrared
spectra have been described elsewhere.® In addition,
some of the infrared spectra were recorded on a
Perkin Elmer spectrophotometer 580 covering the
region 4000—180 cm™! and on a Bruker Model
114C fast scan Fourier transform spectrometer in
the range 400 —40 cm .

NORMAL COORDINATE ANALYSIS

The normal vibrations were calculated for the
A-chxn;Ir(IIT) and N-d,,-A-chxn,Ir(I1I) cations as
a full 67 body problem assuming D; symmetry.
The 195 normal vibrations belong to the following
irreducible representations: 334,(R)+324,(IR)+
65E(R,IR). The NCA was performed as described
for the tris(1,2-ethanediamine)rhodium(III) cation.®
This paper should also be consulted for a descrip-
tion of the internal and symmetry coordinates and
the initial force field which was transferred as far
as possibie in the present calculations. Additional
information on the cyclohexane rings is available
from the investigations of Wiberg and Shrake '° on
cyclohexane and three deuterated species. Their
procedure and final GVFF is compatible with
ours,® both based upon the method developed by
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Snyder and Schachtschneider.2° In order to preserve
the transferability of the GVFF the symmetry
coordinates used for the A-chxn,Ir(III) cation were
constructed to include all the local and cyclic
redundancies (144, + 84, + 22E). These were elimi-
nated automatically by the program during the
calculations.

From the observed IR and Raman spectra it was
possible to select many bands which would be
ascribed as fundamentals of species 4; and A,
from the Raman depolarisation ratios or the IR
and Raman band intensities. However, an ex-
ploratory NCA indicated the fundamentals of
species E to overlap extensively those of species
A, and A,. Therefore calculations on the 4, and

Table 1. The final valence force constants for the
A-chxn,Ir(III) cation.®

Symbol Symbol

according  Value® according  Value®
to Ref. 8 to Ref. 19

K, 4.739 Ky 4.138
K, 5354 H, 1.255
Ky 4.408 H, 0.202
Kp 3722 K, 4570
K, 1.906 H, 0.681
F 0.107 H, 0.537
Fyp 0.188 Fx 0.236
Fpy —0.08 Few 0.441
H, 0.519 Fg, 0.301
H, 0.745

H, 0.712

H, 0.493

H, 0436

H, 1.571

H,=H, 1150

H, 0.664

Fr, 0318

Fo, 0.380

Foy 0435

Fo. 0.629

, ~0.169

) 0.089

Fy=F,  —0266

F,=F, 0074

H, 0.246

H, 0.161

% All other valence force constants were transferred
from Refs. 8 and 19. ®In units of mdyn/A (stretch
constants); mdyn/rad (stretch-bend interaction con-
stants) and mdyn A/(rad)? (bending and torsion con-
stants).
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A, blocks were done simultaneously until a satis-
factory assignment was made. Using the converged
GVFF the fundamentals of species E could be
predicted and compared with the experimental
results. Provided all the remaining relatively strong
bands could be assigned to species E by this pro-
cedure, the NCA was considered satisfactory. Only
those force constants which appeared necessary to
ensure a reasonable good fit between the observed
and calculated frequencies were included in the
iterative procedure. The remaining force constants
were fixed at the values obtained previously.®-!° By
allowing the 35 force constants listed in Table "1
to vary, a rapid convergence was ensured with a
standard error between the observed and calculated
frequencies of less than 0.75 9 for each of the four
blocks considered, (4; and A, for A-chxn,Ir(III)
and N-d,,-A-chxn;Ir(Ill)). The calculated fre-
quencies with approximate descriptions are listed
together with the observed frequencies in Tables 2
and 3, which also include the tentative assignments
of the fundamentals of species E.

Despite the limitations imposed on the calcula-
tions the final force field (Table 1) falls within the
range of known values from related molecules. We
consider first the force constants related to the
chelate rings listed in the first column of Table 1.
By analogy to complex formation with NH,, the
replacement of Rh(III) with Ir(IIl) is predicted 2
to increase the strength of the metal-ligand bond.
Thus, the corresponding stretching force constants,
K, increases from 1.607 mdyn/A in the tris(1,2-
ethanediamine)R(III) cation® to 1.906 mdyn/A in
the A-chxn,Ir(IIl) cation. The corresponding in-
crease in H, (0.76 - 1.57 mdyn A/(rad)?) and
FL,(022-0.63 mdyn A/(rad)?) indicate an in-
creased resistance to bending of the metal -N—~C
angle (w). On the other hand, the added electron
density in the metal-ligand bond should be followed
by a decrease in the donor part of the ligand. It is
satisfactory, therefore, that the force constants
pertaining to the C—NH, group (H,, Hy, K4, Kp)
all decrease from the Rh(III) to the Ir(IIT) complex.
The force constants of the cyclohexane ligand rings
(listed in the second column of Table 1) cannot be
directly compared with those of cyclohexane.!®
The changes caused by substitution with the amino
groups are uncertain, and the NH, —CH—~CH—
NH, moiety has been treated as part of the
chelate,® while the remaining part of the cyclo-
hexane rings has been treated according to Ref. 19.
However, the substantial increase in the force
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Fig. 2. The infrared (top, KI pellet) and Raman (middle, solid) spectra of A(ddd)-tris(1S,2S-cyclohexane-
diamine)iridium(III) cation and the infrared (bottom, K1 pellet) spectrum of the corresponding N-d, , species.
The water peaks at 3460 and 1625 cm™! in the bottom spectrum were caused by humidity in the KI.
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constant for C—C—C bending (H,, 1.08—1.26
mdyn A/(rad)?) from cyclohexane to the chxn ligand
may be explained by an increased stiffness of the
cyclohexane ring when involved in chelate forma-

tion.

RESULTS AND DISCUSSION

23

The IR and Raman spectra of A-chxn;IrCls.aq
and the IR spectrum of N-d,,-A-chxn;IrCl;.aq are
shown in Fig. 2. The observed frequencies of the
parent compound are listed in Table 2, which
includes a full assignment and description of the

Table 2. Observed and calculated (calc) vibrational frequencies (cm ™~ !) of the A(686)-tris(1,2-cyclohexane-
diamine)iridium(III) cation with tentative assignments of the spectra and description of the fundamentals.

Infrared® Raman®'P
calc® Assignment and dclcriptiond Predicted for species Ed
Solid Solid Solution Solid Solution Polari- (PED, %)
hydrate anhydrous Hzo hydrate "z° sation
3460s,br 34058s,br Hy0
32408, br 3205vs 32108,br 3225m,br,sh 3255s,br {gi:g \\l'%:i;, 3::::;:;:; )
[ Ve~ %9+ YNH,
3170vs,br  3170vs,sh 3160s,sh 3160m,br {g::; :i; . ::::::;:; j
3120s,sh  3120m,sh
3070vs, br 3105m,br
2955ve 2956vs 0.35 2958 Vja), VCH(96) h
2950s, sh 29608 2951s 2948 Vyga,, VCH(98)
2935vs 29358,sh 2936m,sh 2934s ‘*’ 2935s,8h D? 2932 ll‘ul, \)CH(9B)
2922s,8h 2920w, sh 2328 ;'g;:g: :',g:gg(’”
2908m, sh 2905s, 8h 2912w,sh  2907s 2915s 0.3 2923 Vs'x' Ve (99) o V.IO-V", vYcu
2897w, sh
28728 28768 o.1s {2879 :'Gl:i: ‘;gag;;
2868m, sh 28658 2872m {g::?, :ig:gz yenisal
28588 2862w,sh  2862m,sh
1625s,8h 1629w, sh 1630s,br Hy0
16008 1608w,8h  1608m, br {}:gg :::};, f::ﬁ::; }v.o,vu, Sm,
1570-1602vs 1591m,br 1581w,sh H0
1473w,8h 1470m 1473w,8h  1477w,8h 1474vw,sh D? 1479, ¥g,, douy(97)
14648 14658 1467m  1466m 1467w,sh D2 o4 "'a;g; fg:;&gg; 1467, vgy, dCH,(99)
14568, sh 1449m
14498 14428 14548 14518 14548 0 {i:g; ::g:gz ﬁg:;:g;; :gg: :’:;: gg:ﬁ{g;
1402m 1404m 0.65 1409 V) a;, chx(58), tNH,(26) 3
1402m 1392m 1405m 1396 V,,a,, chx(70), tNH,(30)
1390vw 1390w, sh 1391w,sh D
1370m, sh 1372w 1373w 13748 13748 0.5 1370V ,a;, chx(59), tNH,(24)
1363m 1357m 1363vw 1363w, sh 1368w,sh 1351 V‘saz, chx(99)
1346m 1351m 0.65 1340 Vjja;, chx(80), tNHj(23) EVg6-VYoqr Chx, tNH,
1345m 1349m 1348m 1336 Y ga,, chx(69), NH,(36)
1336w, 8h 1341w,sh  1340w,sh 1336vw,sh  1340vw,sh
1313w 1317vw 1314w 1315vw p? 1324 Y ,a,, chx(100)
1305w 1304m 1308w 1305vw p?
1300w 1298w, sh 1281 Vj;a,, chx(80), tNH,(18)
1283w,br,sh  1283w,sh 1278 Vyea), chx(88) /
1264w, sh 1270m,8h  1272w,sh 1263vs 1264vs P? 1266  Yja), chx(100) 1265, Vg, chx(100)
12538 1253vs 12618 1248vs 12478 D 1260, Vyg, WNH,(75)
1234w 1238w,sh  1243w,sh 1239w,sh 1237w,8h 1234 Y ga,, chx(90) 1232, ¥y,, chx(94)
1220w, 8h 1227w, sh 1226w, 8h
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Table 2. Continued.

Infrared® Rmn"b
Calc® Assignment and d.-crlpnond Predicted for species g4

Solid Solid Solution Solid Solution Polari- (PED, %)
hydrate anhydrous uzo hydrate "z° sation

12208 1220m P? 1218 V17|l, UNH2(57) ,» chx(32)
1215m 1215m 1218m 1218 V‘9.2, HNHZ(SB) + chx(44)

1189w, sh 1185w 0.5 1189 \luul, chx(69), WNH,(27) Vsa"'lol' chx, WwNH,
1171vs 1l64vs 1173vs 1175m,br 1175w, br D? 1178 Vso'z' chx (84), dNHz(.lJ)
1160m,sh 1157w,sh 1152w 1152vw 1162 V51az, chx (90) , WNH, (16)
1134w 1134w, sh 1135w 1137m 1137m 1132w D? 1148, \'102, VCN(25), chx(49)
1130w 1129w 1126vw

1110vw 1112w,sh

1097w 1095w 1095w 1107m 1097m 0.1 1121 VYjga,, chx(67), YCN(19)
1080w 1075w 1082vw lo80vw? 1084w, sh P2
10628, sh 1066m,sh  1062vs 1067vs D? 1066 V;za,, chx(59), YCN(40)
10578 1057vs 10618 1049ve 1056vs o 1069 Vyoa), chx(97) 1052, Vg5, chx(88), VCN(14)
1032vw, sh 1026w 1034vw 1038 V21a1, chx(90), YCN(16)
1022 V,,a,, chx(51), VCN(46) Vio4~ Y106+ chx, VCN
1017vs 1023vs 1020vs 1013w 1020vw o? 1011 v22al) Chxis3)) voN(e9)
954m 953m 955m 956m D 970, "107' YCN(54), chx(49)
s szaw SR T 330 Yior XD e
900w, sh 900w 900w 901w D
891w 890w 890vw 895vw 887  Yiqay, chx(100) 885, V),,, chx(100)
871m 8688 871vw 870w,sh  D? 867 Vgay, chx(87)
851m 850m 8528 8558 0.14 851  Wya;, chx(98) Ve Vi chx
8298
813-823m 8228
790m 792m p? 799 Vo5, chx(67), QNH,(28)
792m 791m 786 Vg,a,, @QNH,(89) V113-Y1150 QNHy, chx
769vvw 763w, sh 7728 7628 0.1 760 Yyga). QNHy(58), chx(36)
748vvw 745w 756m 750w,sh P2
737vw, br 730vw, sh 740w, sh
655vw P
650vvw 645vw,br 640vw
620vw 618w 614m 6198 o3 {833 "::g: Vi benel38) o, v, v 1eN070)
605vvw 608vw 603w, sh 606w,sh  D? 600, V), chx(84)
579m,sh 579m 578m 580m D 583 Vggay, Y, IrN(67), dchel(dl) 588, V.4, chx(46), dchel(23)
567m . 565m 565w 567w,sh D
552vw, sh 540vw 545vvw 558 Vyga;, chx(53), bchel(27)
530w, sh 528w 527vw,sh  P?
515m,sh
5088 5058 slave s03va 0.17  $02  Vga;, chx(86) 5. :ﬁ?;: et e o
470vw P
460vw, sh 460vvw 452vw,sh D 453 Voay, chx(83)
4378 4378 4368 4388 o 418, Vy,,, chx(65),V, 1rN(27)
420vw 422vw 425w,sh
398vw
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Infrared® Raman®'P
calc® Assignment and dclcnpuond Predicted for species E

Solid Solid Solution Solid Solution Polari- (PED, %)
hydrate anhydrous Hzo hydrate "20 sation
375s 375m, sh 382w 385vw 388 V125, chx(58), dchel(17) 385, V) ,,, chx(38), dchel(38)
362s 366s 360w 365vw 358 v}o‘l' chx (88) 357, 1123, chx(91)

360s,sh
337w,sh 339w 335w,br 340vw
3038 3008 313w 312w D 316, V,,, $chel(43), chx(25)
291s 2928 290vw D 285 Vea2r dchel(54), chx(30)
264m 258m, sh 260vw 266vw D? 268 V38, &chel(96) 270, V54, bchel (35), chx(30)
241m 241m,sh 240vvw D? 233 Yo33,, Schel(3s5), chx(32)
230m 232m 233w,sh 230w D 224, V¢, échel(45), chx(32)

216vw,sh 211w D?

200vw, sh 198m 198m 0.15 199 Vypay. bchel(s6), V,IsN(17) 195, V) ,,, V, IrN(38)
173s 175vw
158m, sh 156vw 162vw 165, V)54, $chel (42), chx(41)
132s 132vw 130vw 130 Veady: Schel (77)
118m,sh 118vw
97w, sh 95 Vy3a;, échel (45), chx(35)
80w, sh 84, V),9, bchel(sd)

4 Vgsags bchel(92) 37, Y30, échel(50) ,IrN(39)

a

tween 1600 and 4000 cm™! have been omitted.

The following abbreviations have been used: s, strong; m, medium; w, weak; br, broad; sh, shoulder.

Weak bands in the region be-

b The depolarisation ratios are given in cases where they can be accurately determined (? = 0.75 corresponds to a fully depolarised

band). In other cases the following abbreviations have been used: D = depolarised; P, polarised.

€ Iteration based upon species A and A, of A-t:hxn:,l:tc].3 and N-dn-e-chxnslrcla.

9 Abbreviations: V= stretching; é- deformation; Q- rocking; t = twisting; T = torsion; chel = vibrations of the chelate ring;

chx = vibrations of the cyclohexane ring including hydrogen atoms, and, as subscripts, s = symmetric, and as = antisymmetric. The

potential energy distribution (PED, x,, = 1005“5&/3*) is stated only for significant contributions.

fundamentals of species 4, and A4, together with the
calculated values. In the last column of Table 2, the
main features of the fundamentals predicted for
species E are summarized. Quite similar data are
given for N-d,,-A-chxn;IrCl; in Table 3.

The spectra of A-chxn,;IrCl; exhibit two strong
and broad bands at 32053255 cm ™! and 3160—
3170 cm ™! due to the antisymmetric and symmetric
NH, stretching modes, respectively. The corre-
sponding ND, stretching modes are observed in the
region 2200—2400 cm~!. As anticipated, the ap-
pearance of the CH stretching region between 2850
and 3000 cm™! is almost identical in the spectra
of the parent (Table 2) and N-deuterated (Table 3)
molecules. The four strong, polarised bands ob-
served in the Raman spectra near 2955, 2935, 2915
and 2875 cm™! supposedly originate from the
fundamentals vy —v,(a,) with overlap between vg
and v,. Corresponding bands in the spectrum of

Acta Chem. Scand. A 33 (1979) No. 1

cyclohexane '? are found in the range 2936 —2853
cm™ . Our NCA reveals that v, near 2955 cm™! is
due to CH stretching of the >CH —NH, groups,
while the remaining fundamentals in the range
2935—2875 cm™ ! correspond to stretching of the
>CH, groups.

The NH, scissors are all assigned to the band near
1600 cm ™!, partly obscured by bands due to water
occurring in the region 1570—1630 cm ™ !. Complete
deuteration shifts this mode to ca. 1210 cm™! which
is close to the strong broad D,0O band at 1200
cm™!. The NH, twisting and wagging modes are
assigned to bands in the 1340—1410 cm™' and
11501260 cm™' regions, respectively. The cor-
responding ND, modes are coupled extensively
with each other and with vibrations of chxn, and
occur in the region 850—1160 cm™!. The NH,
and ND, rocking modes are found at 760 — 800 and
590—635 cm ™, respectively.
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Table 3. Observed and calculated (calc) vibrational frequencies (cm ™ !) of the N-perdeuterio-A(685)-tris(1,2-
cyclohexanediamine)iridium(III) cation with tentative assignments of the spectra and description of the

fundamentals.
Infrared® Raman®'®
caic® Assignment and d-lcriptlcnd Predicted for species gd
solid solid solution Solid Solution Polari= (PED, %)
hydrate anhydrous 2 hydrate 2 sation
2957vs 2956vs 0.25 2958 ¥,a;, YCH(96) 1
2954s,sh 2958m,sh  2950s 2948 Vy,a,, YCH(98)
2939s 2939s,sh  2940s,sh 2940vs 2938m D? 2932 02.1, vcH (98)
2925  Vyca,, YCH(99)
2924s,sh 2924s 2933 vg:.g: Vel {100)
2908m, sh 2908m,sh  2912m,sh 2908s 2914s 0.2 2923 vya), VCH(99) rv“--).,s, VcH
2870  V,a,, YCH(99)
2872vs 2873vs 0.1 28es v;-}: CH(99)
2868 Vj,a,, YCH(99)
2863s 28608 2872m F 3 "3;‘21 Ve (99) J
24058 2404 v, V__ND, (97)
621" syp2
98
23648, br 23788 2368m 2403 v§gh;. VigND3(98)
2330w, sh 23308, 8h Vi~ Vig. VND,
2311 Yja V_ND, (97)
2273s 22808, sh 2286m 2307 "Zoi;- v:uog(sn
2240vs
1475w, sh 1468m, sh 1475w, 8h 1479, Yy, §cH, (98)
1466m,sh 1467w 3 1467 Vga,, bcu,(100)
1465m, sh 14638 1462m,sh 1467 V,a,, $CH,(100)
’ hl P 2 Ya1-Va3 dcH,(100)
1453 a, H, (99)
14528 1446m 14538 14508 1452vs p? {“53 ,:2}2' kuguoo)
1431m,sh 14388 1436m, sh
1420w, sh 1420w,sh  1419w,sh  1419vw
1386m 1475m 1385m 13798 13868 0.7 1384 Vjqa), chx(99) W
1370w, sh 1362w 1368m, sh 1368m D 1373 VY 3a,, chx(100)
1353 ¥;,a,, chx(100)
1347w 1345w 1349w 1343w 1348w 0.7 1325 v::.%: Shx (100)
[Vaa~Yoo: chx
1325w 1327w 1327w 1325w 1328w 0.3 1325 Vj,a,, chx(100)
1299 V,ca,, chx(100)
1305w 1302m 1305w 1306w 1306w [ {1291 V;g-i: Chx(96)
1269w 1275w 1265w 1267w, 8h 1268w, sh 1266 ¥),a), chx(100) J
1251vw 1248w 12488 12538 o 1264, V), chx(100)
1225w 1226w 12288 12308 D 1235 Vyga,, chx(99) h
1215 ¥yca), Jnoi(n) s
1209vw 1202w 1206vw 1210m,sh 1208 Vijaj, chi(73), dND,(22)
1207 V)31 chx(88)
1204 ¥5a3, #ND,(61), chx(30)
12008, br 12008,br P D,0 Vy,-Yg chx, éND,
1190w 1190w
1178m 1185m,sh 1183w 1185w
1171m 1177m 1167w, sh 1166 VY,ga,, chx(100)
1155m 1152m 1150w 11588 1159vs 0.5 1147 Vyja;, chx(65), tND,(14) _J
1125w,sh 1124w
1120w 1116w 1129vw  1133vw 1133vw
1100w 1098w 1102w 1099w, br 1102m 0.5 1095 W ga), chx(89)
1064m 1061m 1065w 10688 10708 b 1066V ,a,, chx(65), VCN(34) Vog-Yo1+ Shx, VCN, W/tND,
1052m 1047m 1055w 1054s,sh 1057s,8h D 1050 ¥ga;, VCN(69), WND, (30)
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Table 3. Continued.
Infrared® Raman®'®
calc® Assignment and dclcripticnd Predicted for species E
Solid Solid Solution Solid Solution Polari~ (PED, V)
hydrate anhydrous D,0 hydrate D0 sation
1030m, sh 1033s,8h 1032vw 1025vw,bxr P2 1042 VYy,a), chx(97) 1038, V4, chx(100)
1008s 1015vs 10108 1022vw 1022 Vg a,, YON(52), t/WND,(31)
999vw 1000 V,,a;, chx(90), ND,(22)
980m 972m 980vvw 983 Y528y, END,(52), chx(32)
945m, sh 944m, sh 945vw 950w 0.7 945 Y5385, WD, (54) Vio3-V10s Shx, VCN, W/tNDy
934s 9328 928m 928m 0.7 925 Vya;, WND,(37), chx(35)
913m 9228 914vw,sh 914w 0.7 917 Vg, chx(88)
910m, sh
878w 876m 889w 880w D? 878 \’5552, chx(94)
860m 860w, sh 856m,sh 862vw 2 k44 "5::;: Chx(12). wNDy(25) 851, V), chx(8l)
852w
846w 844m 8485 848vs 0.12 841 V,,43; chx(90) 846, V)),, chx(80)
824m 827w 823vw D?
774w, sh
760m 765m 7678 765vs 0.2 768 Vysays chx(78), @ND,(13) 764, Yi13, chx(79), QND,(13)
756w, sh 755m, sh D
720m, sh 720vw 720vw
709w 712m
680w 682m 677vw,br 679vw
668vw, sh 650vw 667vw D?
642vw,sh P
635w,br 628w 633, V)4, QND,(72)
612vw 613w 620w 624 Vsq82, PND, (60)
600vw, sh 606w P 611 Vygay, GND,(73)
593vw, sh 590w, sh 590w, sh 599 Vygay, chx(68), pND, (22) {g‘,’g ;’:ig en2iae)
573w, sh 575w, sh 577m 5748 0.15 557 Vyqay, VoIrN(54), Schel(47)
552m 555m 552w 552w D 557, V)17, ViglrN(34) ,chel (u3)
534w, 8h
528m 528m 523w 530vw o 527 Vegay: VpgIrn(49), dchel(4) 527, V)4, chx(34), QND, (22)
500vw 504w 499w, sh 518 V,g8). chx(40), @ND,(15)
483m, sh 487m 481s 480vs 0.13 495 Vog8y, chx(77), VgIrN(1l) 496, V)19, chx(71), V, IxN(16)
468m 4748 470m,sh D 475, V5o, dchel(53), chx(45)
457w, sh
451vw,sh 455w 445w D
4298 4328 4278 4268 D 437 Yooazs Chx(72), VY, IrN(20) 393, M, chx(53),V, 1rN(30)
422m,sh 422m,sh
412w,8h 408vw 405vw p?
346m,sh 350m, sh 357vw 365vw HH “,'gé:i i I 354, Y5, chx(46),V, IrN(17)
338m 341m 335vw 335vw 351, V)53, chx(94)
336m, sh
2928
2843 2858 283vw 288, V),,, Schel(4d)
242m 250m 257 Vgoay, dche1(64) 260, ¥),5. Schel(33), chx(27)
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Table 3. Continued.

Infrareda® Raman®'P

Solid
hydrate

Solid
anhydrous

Solution Solid
ch hydrate

Solution
DZO

Polari-
sation

calc® Assignment and description? d

(PED, %)

Predicted for species E

239w 239w
237m
220vw

219vw D?

193w 196m 0.17
171s
156m 160w, br D
134m, sh 128vw
1168 116vw
96m, sh

77w, 8h

232 V;,2,, Schel(78)
228 Vg38,, chx(39), Schel(26)
206, ¥),6, $chel(46),V,, IrN (28
194 Vya), Schel(1n) 187, Vy,,.8chel(39),y,, 1rN(20)
161, V),q,bchel (43), chx(41)
126 Vg,a,, chel(82)
94 Vyya), échel (47), chx(46)
83, ¥),9,bchel(67), chx(26)
45 Vesage $chel (93) 16, vuc,tcnuus),‘ruu(n)

3:b:ced Lo footnotes to Table 2.

Between 810 and 830 cm™! in the spectrum of
A-chxn,Ir(IIl) and between 680 and 720 cm ™! in
the spectrum of N-d,,-A-chxn,Ir(III), 2—3 rather
strong bands are observed in the IR spectra without,
or with very weak counterparts in the Raman
spectra. These bands are very sensitive to the state
of hydration of the complex compound. The NCA
predicts no bands in this region, and we cannot at
present give any explanation of their origin.
Provided the strong, polarized Raman line at 762
cm~! in the spectrum of A-chxn,Ir(IIT) has been
correctly assigned, it appears improbable that they
are due to rocking modes of the amino groups. If
these bands should be dependent on the anion,
they might arise from N—(H)—Cl stretching (cf.
the ethylenediammonium halides 22).

The vibrations of the cyclohexane ring (chxn) are
difficult to describe in simple terms, but the gross
features are quite similar to those for cyclohexane.®
According to the NCA the CCH deformation
vibrations of the >CH—CH < group give rise to
the bands between 1350 and 1410 cm~!. The CN
stretching modes should contribute heavily to the
bands found in the 1020—1070 cm™! range in
agreement with the corresponding bands in A-
en;Rh(IMI), calculated to occur near 1030 and
1060 cm™!.2

In the region below 700 cm ™, the three strong,
polarized Raman lines at 619, 503, and 198 cm ™!
in the spectrum of A-chxn;IrCl; must be assigned
to fundamentals of species A;. In the spectrum of
N-d,,-A-chxn;IrCl; they occur at 574, 480 and
196 cm ™!, respectively. However, according to the

NCA, the deuteration shift of the band mainly
involving symmetric Ir—N stretching should be
almost 75 cm™! while the highest shift observed is
619—574=45 cm™!. All attempts to obtain agree-
ment between the observed and calculated shifts,
e.g. by introducing different assignments and various
interaction force constants, were unsuccessful.

Although the spectra of 1,2-ethanediamine com-
plexes of Ir(III) and Rh(IIlI) are generally very
similar?3 the symmetric metal-nitrogen stretching
mode is expected at higher frequencies in the
iridium than in the rhodium complex.’* We as-
signed the Raman lines at 619/574 cm ™! to v,4(a;)
since the force field indicated a substantial con-
tribution of v,IrN to this band. However, this as-
signment leads to the surprising result (Tables 2 and
3) that the strongest Raman bands at 503/480 cm ™!
should originate in a deformational vibration of
the cyclohexane ring. This appears surprising since
in cyclohexane (D;4-symmetry) the ring bending
modes have?® low intensities. In the complex ion
with local C,-symmetry of the ligands and an
overall D;-symmetry, a strong induced transition
dipole moment parallel to the C; axis would be
expected for a collective motion of the six carbon
atoms of the ligands (¢f. Fig. 1), thus producing a
strong Raman band. On the other hand, the cal-
culated shift on deuteration is only 7 cm™! in
contrast to the experimental value of 23 cm™!.
Without '*N substitution, which would locate the
vIrN vibration with certainty,’ it is at present not
possible to solve this problem unambiguously.

In the case of A-en;RhCl, the Rh—N stretching
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frequencies® " !° are found in the order v,RhN
(4,)>v,,RhN (E)>v,RhN (4,), while the corre-
sponding Ir—N stretching frequencies of Tables 2
and 3 follow the order v,JIrN(4,) at 619 cm™!,
v, JIN(E) also at 619 cm™!, and v, IrN(4,) at 580
cm™!. From Table 2 it can be seen, that the band
near 580 cm™ ! is strong both in IR and in Raman
and should rather be assigned as v, JIrN(E). The
band at 565 cm ™!, strong in the IR, but weak in the
Raman spectrum, might be assigned to v,,IrN(4,).
However, if this alternative is adopted, it appears
impossible to obtain a reasonable assignment of the
corresponding bands in the spectra of N-d,-A-
chxn,;IrCl; compatible with the NCA. An explana-
tion must wait for an unambiguous identification
of vJIrN as discussed above.
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