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A normal coordinate analysis of the tris(1,2-
ethanediamine)-rhodium(I1I) cation, the N-d,,,
C-d,, and N,C-d,, deuterated, and the four
correspondmg N substituted species has been
accomplished as a 37 body problem (including
all atoms). The complex with the three chiral
five-membered rings in the more stable ¢
conformation and the same absolute configura-
tion A as in (+ )ze-[Co(en)s]*+ was selected for
the analysis amon% the four possible combina-
tions of 4,4 absolute configuration with §,4
ring conformation, resulting in Dy symmetry of
the complex ion. By fitting 38 force constants
in the GVFF (General Valence Force Field)
approximation to reproduce more than 500
observed frequencies, the normal modes of
vibration for the observed bands can be de-
scribed in terms of the potential energy distri-
bution (PED) between the symmetry coordi-
nates. The force field and vibrational modes
related to the Rh—N bonds and N—Rh-N
angles are discussed in some detail.

A large amount of data has been collected on
the vibrational spectra of metal chelates of
1,2-ethanediamine (en). However, the inter-
pretation of these results is still very unsatis-
factory and band assignments and interpreta-
tions are usually made without any assistance
from normal coordinate calculations. A partial
calculation considering only the nine skeletal
atoms was performed by Ashley and Torrible !
for Ti(en) tetrahalide complexes and used as
a basis for assigning the IR spectrum in the
region above 300 em™. A more detailed cal-

* Presented in parts at the Nordiske Kemi-
kermede, Umed, Sweden, June 1971.
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culation has been reported by Omura, Naka-
gawa and Shimanouchi? for the IR active
species of several bis(en) metal chelates, but
in this case the force constants were refined
to fit the frequencies especially in the region
below 600 em™. Attempts to give detailed
assignments of IR and Raman spectra based
upon complete normal coordinate calculations
have, to our knowledge, not been published.

In the present paper the results of a complete
normal coordinate treatment of this ion and
seven isotopically labelled species are discussed
with special emphasis on the force constants
and the vibrational modes involving the central
part_of the complex compounds. The IR and
Raman spectra in the solid state and in solution
including polarization measurements of the
Raman bands of the parent molecule [Rh(en);]3+
and the three deuterated species will be dealt
with in separate papers.? The shifts observed
by N isotopic substitution are also included
here. Hence, this is the first of several papers
concerning the vibrational characteristics of
the [Rh(en);]*t cation.

STRUCTURE

By investigation of X.ray powder photo-
graphs of active racemates it was shown by
Andersen ef al.* that (+ )s;,-[Co(en)s]*+ and
(— )sso-[Rh(en)s]*+ have the same absolute
configuration 4. Since a three-dimensional
analysis of (+4 );6-[Co(en);]Cls. H,0® revealed
the ligand conformation to be §, i.e. that the
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C—C direction within each chelate ring is
approximately parallel to the threefold axis
of the complex ion (lel arrangement), the same
must necessarily be true for the rhodium com-
plex in the solid state. The complex has accord-
ingly the symmetry D, with the six nitrogen
atoms of the three ligands bonded nearly octa-
hedrally to the central rhodium atom. The
present calculations have therefore been based
upon a A-(666), or A-lely, model for the
[Rh(en)s*+ ion.

The Cartesian coordinates were constructed
in the following way. The [Rh(en);]*+ ion was
located in a three-dimensional coordinate
system with the rhodium atom ¢n origo and
with the six nitrogen atoms placed upon the
X, Y, and Z axes assuming N —Rh—N angles
of 90°. The unknown coordinates were then
calculated by a vector analytical method ®
applied to one of the ligands only. Transcrip-
tion of (x,y,2) coordinates to the trigonal coor-
dinate system® (z2’,y’,2') proceeded via the
orthonormal transformations

o' =(2/3)iz— 6"ty — 6z
Y =—-2"ly+2-ix
2’=3424+3"4y+3 iz

and finally the coordinates obtained (z'y’,2’)
were rotated +120° around the Z’ axis to give
the coordinates of the two other ligands.

The average Rh—N distance in (+ )q,-tris-
[(—)-trans-1,2-cyclohexanediamine]rhodium
(ITI) nitrate trihydrate was found ? to be 2.08
A, Since the Rh—N bond length was very close
to 1.99 A in both dimethylglyoxime %® and
ethylenimine * complexes, the rounded value
of 2.00 A was adopted in the present calculation.
The values used for the ligand distances and
bond angles are mostly standard values:
r(N-H)=1.01 4, #(C—H)=1.09 4, r (C-C)=
1.53 A, r(C-N)=147 A, /H-N-H=/H-
C-H=111°, /Rh-N-C=105°, /N-C-
C=111°, /Rh—-N-H=115°, /N-C-H=
107°, /Rh—N-C-C=33°,

NORMAL COORDINATE ANALYSIS

The normal coordinate analysis was per-
formed as a 37-body problem using Wilson’s
GF matrix method as treated in the program
of Schachtschneider and Snyder.! The potential

Fig. 1. Internal coordinates of the chelate
ring I. Additional coordinates are: Torsion
around the Rh—N bonds 7, and 7,, the N—C
bonds x, and =#,, and around the C—C bond 4.
Torsion aound the Rh—N bonds (z, and 7,)
have been defined as C—N—Rh—N torsion
within a chelate ring. Torsion around the N —C
bonds (#, and n,) have been defined as Rh—
N-C—C torsion, and around the C—C bond
(4) as N—C—~C~N torsion.

function employed was of the GVFF type
originally developed for hydrocarbons.® ex-
tended to molecules containing the X — CH,—
CH, — X moiety *-!° also present in [Rh(en),]*+.
The internal coordinates of the chelate ring
are shown in Fig. 1, while the internal NRhN
deformation coordinates are separately given
in Fig. 2. The symmetry coordinates listed in
Table 1 were derived making use of the D,
symmetry of the complex. The redundancies

N ITI

Fig. 2. The internal NRhN deformation coordi-
nates. The numbers I, II, and III refer to the
three chelate rings.
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Table 1. Symmetry coordinates for the tris(1,2-ethanediamine)Rh(III) cation. The numbers I,
II, and III refer to the chelate rings. The symbols used are defined in section (c) of this Table for
the chelate ring I and similar expressions are used for the other chelate rings.

(a) Chelate rings

Species 4,

8y~ Sse=[Sx(I) + Sx(II) + Sx(II1)}/V3 (x=4a, b, ¢, d, ..., V)

Species 4,

8, —830=[Sx"(I) + Sx’(IT) + Sx"(II1)]/V3 (x=a, b, 4, e, ..., u)

Species E

S, =[28a(I)-Sa(I1)-Sa(I11)]//8 S, =[Sa/(II)-Sa’(II1)}/vV2

8, =[28b(I)-Sb(II)-Sb(II1)]/v6 S, =[Sb’(II)-Sb’(II1)}/v2

S, =[28e(I)-Sc(I1)-Sc(III)}/V6

S, =[28d(I)-Sd(I1)-Sd(II1)]/v/B S, =[Sd’(IT)-8d"(IT1)]/v/2Z

S, =[28e(I)-Se(I1)-Se(II1)}/v8 8, =[Se’(II)-Se’(III)]/v'Z

S, = [28f(T)-SE(IT)-SEIIT))/VE S, = [Sf'(IT)-SE'(IIT)]/vV'2

8,3 =[28g(I)-Sg(IT) -Sg(111)}/v'8 8,5 =[9g’(I1)-Sg(IT1)}/v'2
8,,=[28h(I)-Sh(II)-Sh(III)}/V6 8, = [Sh’(I1)-Sh’(II1)]/v2

8, =[28i(I)-Si(II)-Si(IIT)}/v 6 S, = [Si"(IT)-Si"(II1))/v'2

8,4 =[28j(I)-Sj(I1)-Sj(II1)]/v'8 8, =[Sj’(I1)-Sj’(IID)]/v'2
Syo=[28k(I)-Sk(II)-Sk(III)]/V6 S,, = [Sk’(I1)-Sk’(IT1)]/v2

Sy = [281(T)-SL(IT)-SYIIT)])/V'8 Syy=[S1'(I1)-SV'(I11)]/v/2

8,y = [Sm(II)-Sm(III)]/v2 8,y =[28m’(1)-Sm’(I1)-Sm’(I11)}/v6
S = [28n(I)-Sn(I1)-Sn(111)]/v/6 S,y = [Sn’(I1)-Sn’(I11)]/v/2

S35 = [So(II)-So(IIT)]/V 2 8,, = [280(I)-So’(I1)-So’(IT1)]/V 6
Sgo=[28p(1)-Sp(11)-Sp(I11)}/V'8 8y, =[Sp’(I1)-Sp"(I11)}/v/2

Sgs = (Sq(II)-Sq(III)]/v'2 843 =[28q’(1)-Sq’(I1)-Sq'(IIT)}/V'6
S, =[28r(I)-Sr(I1)-Sr(II1)}/V 6 Sy, = [Sr'(IT)-Sr'(T11)]/vV 2

Sy = [Ss(IT)-Ss(III))/vV 2 S,, = [28s’(I)-Ss’(I1)-Ss’(II1)}/V 8
Sy =[286(1)-St(II)-St(II1)]/v/ 6 S, = [St/(II)-St’(11T))/vV'2

S0 =[28u(I)-Su(IT)-Su(II1))/V6 8, =[Su’(I1)-Suw’ (I11))/V2

Sy =[28v(I)-Sv(II)-Sv(III)]/VE
(b) Symmetry coordinates involving NRhN deformation (6NRhN)

Species 4,

Sy=[¢1+ s+ ¢a+¢4+ s+ ‘ﬁa]/‘/-(_5
Su=[01+ O:+ 05+ 0,°+0,°+ esc]/\/_e
Sy =[0:+0;+6,—0,°—6,°—0,°1/V'6

Species 4,
Sa1=[¢1— s+ bs— u+ ds— o) /V 6
Species E
Sas=[2¢1+2¢a—¢s_¢a—¢5_¢c]/m
Su= [$s— ¢4+ ¢5‘ ¢e]/2
S=[20,—0,—03+20,°—0,"— 03°]/1/-1§
‘Sn =[0;—0,+0,°— 030]/2
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Table 1. Continued.

(c¢) Local symmetry coordinates of the chelate ring I

Symmetry coordinate
Sa(I)=(L,+L,)/V2
Sa/(I)=(L,— L;)/V2
Sb(I) = (Dl +Dn)/ﬁ
Sb’(I)=(D,— D,)[V2
Sc(I)=R

8d(I)= (d1+ dz +da+d‘)/2
8d’'(I)=(d,+dy—ds—d,)/2
Se(I)=(d,—d;+ds—d,)/2
Se’(I)=(d,—d;—ds+d,)/2
SE(I)= (ry+ry+15+1,)/2
Sf’(I)=(ry+ry—Try—1,)/2
Sg(I)=(ry—ry+rs—r,)/2
Sg'(I)=(ry—ry—rs+1,)/2
Sh(I) = (o, + w,)/V2
Sh/(I)= (w,— 002)/‘/§
Si(I)=(p1+vs)/V2
Si'(I)=(p,— 'Pz)/ﬁ
Sj(I) = (ay+2)/V2
Sj/(I) = (a1 —a3)/V2
Sk(I)=(8,+ 8,)/V2
Sk'(I)=(8,— 6,)/V2
SUI)=(B1+ Ba+ Bs+ Ba)/2
Sl'(I) = (ﬂ1 + ﬂz—‘ ﬂt— ﬂa)/2
Sm(I)= (81— Ba+ Bs— BJ)/2
Sm,(I) = (ﬂ:" .Bn"' ﬂa+ ﬁa)/2
Sn(I)= (714 ya+ s+ 74)/2
Sn'(I)=(y1+ 72— 73— 74)/2
So(I)=(p1— 2+ 7s—74)/2
80’ (I)=(p1—ya—ys+7d)/2
Sp(I)=(&,+ &s+ &5+ &,)/2
Sp'(I)= (e, + &3 — &5— &)/2
Sq(I)=(e;—es+e3—,)/2
8q'(I)=(e,— &s— &3+ £4)/2
Sr(I)=(n1+ 12+ 15+ 14)/2
Sr'(T)=(n1+ ne— 15— 14/2
Ss(I)= (71— na+ 13— n4)/2
S8'(I)=(n,—na— 'ls’i' 74)/2
St(I)= (v, +75)/v/2
St'(I)= (v~ 1)/[V2
Su(l)= (7, + "s;)/\/_2~

Su’'(I) = (1, — m,)[V2
‘Sv(I)=4

Symbol

v, RhN

v, RhN

»,CN

7,sCN

vCC

vy NH

y . NH

vos NH

v, NH

»,CH

vCH

v,sCH

7,CH

6, RhNC

S, RhNC

6 .NCC

asNCC

ONH,

ONH,

6CH,

6CH,

[SKI)+ Sn(I)])/v2 = 6NH,
[SI(I) +Sn’(1)]/vV2 = 6NH,
[Sm(I)+ So(I)]/v'2=¢NH,
[Sm’(I) + 8o’(I)]/v2=¢NH,
[S1(I) - Sn(I)}/v2=wNH,
[SI(I)—8n’(1))/v2 = wNH,
[Sm(I)—So(1)]/v'2=tNH,
[Sm’(I)—So’(I)]/v/2=tNH,
[Sp(I) +Sr(1)]/v'2 = 6CH,
[Sp’(I) + Sr'(1))/v/2 = 6CH,
(Sq(T) + Ss(I)]/v'2=¢CH,
[Sq’(I)+Ss(1)}/v'2=¢CH,
[Sp(1)—8r(I)]/v 2 =wCH,
[Sp’(I) - Sr'(1)]/v/ 2 = wCH,
[Sq(T)— Ss(1)]/v2 = tCH,
[Sq’(T) - Ss'(I)]/v/Z = tCH,
7, RhIN

TasRhN

7,NC

TaeNC

Tece

Description

Symm. RhN stretch .
Asym. RhN stretch
Symm. CN stretch
Asymm. CN stretch
CC stretch

Symm. NH stretch
Symm. NH stretch
Asym. NH stretch
Asym. NH stretch
Symm. CH stretch
Symm. CH stretch
Asym. CH stretch
Asym. CH stretch
Symm. RhNC deformation
Asym. RhNC deformation
Symm. NCC deformation
Asym. NCC deformation
NH, deformation
NH,; deformation
CH,; deformation
CH,; deformation
NH, deformation
NH,; deformation
NH, rock

NH, rock

NH, wag

NH; wag

NH, twist

NH, twist

CH,; deformation
CH, deformation
CH, rock

CH, rock

CH, wag

CH, wag

CH, twist

CH, twist

Symm. RhH torsion
Asym. RhN torsion
Symm. NC torsion
Asym. NC torsion
CC torsion
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Vibrational Spectra of [Rh en,]*+ I 113
Table 2. Valence force constants for the [Rh(en);]*t cation.
Force Constants Group Coordinate(s) Atoms common Value®
type symbol involved to interacting Initial Final
coordinates
Stretch K, CH, C—-H - 4.55° 4.706
Kq NH, N-H - 6.42¢ 5.669
Kx CH,—CH, c—-C - 4.390 3.581
Ky CH,—NH, C-N - 4.97¢ 4.692
Kj, RhN, Rh—-N - 2.314 1.607
Stretch- F, CH, C-H, C—H o} 0.01% 0.0398
stretch Fg NH, N—-H, N-H N o°¢ 0.0307
Fgp CH,-CH,—-NH, CC-C, C—-N c 0.10% 0.391
Fig, RhN, Rh—N,Rh—N,c¢is Rh 0.05¢ 0.260
F1y, RhN, Rh—N, Rh—N, trans Rh —0.0868
Bend Hs CH, <HCH - 0.55% 0.554
H, NH, <HNH - 0.64°¢ 0.547
Hy CH,—CH, <HCC - 0.656% 0.651
H, CH,—NH, <HCN - 0.656° 0.732
H, CH,—NH, <CNH - 0.578°¢ 0.692
Hy CH,—CH,—~NH, <CCN - 1.13% 1.087
Hp Rh—NH, <HNRh - 0.19¢ 0.458
Ho Rh—NH,—-CH, <RhNC 0.777 0.756
Hg=Hp  RhN, <NRhN - 0.207 1.100
Stretch Fgy CH,~CH, C-C, <HCC c-C 0.328° 0.301
bend Fge CH,-CH,~-NH, C-C, <HCN c 0.079% 0.101
Frye CH,—CH,—~NH, C-C, <CCN c-C 0.42% 0.250
Fp, CH,— NH, C—N, <HCN C—N 0.36°¢ 0.473
Fpy CH,— NH, C—N, <HNC C-N 0.16¢ 0.385
Fpn CH,—-CH,—~NH, C-N, <HCC o} 0.141
Fpy CH,—CH,—NH; C—-N, <CCN C—-N 0.42° 0.466
Fro Rh—NH,—~CH,- Rh-N, <RhNC Rh—-N 0.216
Flo Rh—NH,—-CH, C—N, <RhNC C-N 0.0984
Bend- Fy CH,-C <HCC, <HCC c-C —0.021% —0.0324
bend F, CH,—N <HCN, <HCN Cc-N —0.031¢ —0.0218
F, NH,-C <HNC, <HNC C-N —0.05° —0.128
Fg NH,—Rh <HNRh, <HNRh N-Rh 0.0856
Fg=Fp  RhN, <NRhN, <NRhN Rh-N —0.200
at right angles
F'4=Fg RhN, <NRhN, <NRhN Rh—-N 0.200
coplanar
fnt CH,—CH, <HCC, <CCH c-¢ 0.127% 0.0996
Torsion Hy RhN, Rh-—-N - 0.205
H, CH,—-NH, C-N - 0.058¢ 0.060
H/ CH,—CH, c-c¢ - 0.058°¢ 0.127

2Tn units of mdyn/A (stretch constants)mdyn/rad (stretch-bend interaction constants) and mdyn A/(rad)

(bending and torsion constants). ® Refs. 12 and 17. ¢ Ref. 18. 4 Ref. 19. ‘Ref. 2. ! Ref.20.

TA,+44,+11E included here were in the
calculations eliminated directly by the program.
The initial force constants, based on values for
similar molecules !%1-%* are listed in Table
2 for comparison with the final GVF constants.
The calculated frequencies are given in Table 3,
which also includes an approximate description
of the vibrational modes based upon the PED
(potential energy distribution) of each vibration
among the symmetry coordinates. The PED
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among the force constants, KjJ /41! was also
calculated to estimate the significant force °
constants for each vibration, but are not listed
in order to save space.

Treatment of [Rh(en),]*+ under the point
group D, reduces the 105 normal modes of
vibration to the irreducible representation
r=184,(R)+174,(IR)+ 35E(R,IR), where (R)
and (IR) indicate the Raman and infrared
active modes, respectively. The eight isotopic
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species considered here accordingly give us
potentially 144 4,, 136 A4,, and 280 E frequen-
cies, or a total of 560 frequencies which we
have tried to fit to the minimum number of
force constants in an internally consistent
approximation.

Method of calculation. Since the experimental
Raman data included semiquantitative depo-
larization ratios for many bands, it was decided
to perform exploratory calculations of the 4,
block separately and obtain a fit of the cal-
culated frequencies to those of the polarized
Raman bands. The force field obtained was
then transferred to species 4, and E after
having properly utilized the molecular sym-
metry, and a provisional assignment of approxi-
mately one half of the 560 fundamentals made.
Least squares refinements of each species
separately disclosed the presence of inconsisten-
cies which led to the introduction of new inter-
action force constants and revision of the
assigned fundamentals. An examination of
the Jacobian elements indicated that several
of these were very poorly determined while
others were essential to insure satisfactory
convergence. The following constraints were
now made to the calculations. (i) The force
constants were not allowed to deviate beyond
some fixed limits found valid for similar
molecules (vide infra). (ii) The final force field
should as far as possible be truly convergent,
t.e. obtained by allowing all force constants to
vary simultaneously. (iii) The standard error
(excluding NH/ND and CH/CD stretching)
for each species (4,,4,,F) in any of the four
isotopic molecules should not exceed a fixed
limit (1 9% intended). (iv) The number of force
constants should be held as low as possible.
With these constraints it was possible to
assign almost all fundamentals and explain
the significant bands in the observed spectra,
by using a 38-parameter GVFF.

Force field related to RhN, The approach
developed here is based mainly upon the general
considerations by Claassen # to molecules of
formula XY, and the results for hexamine
complexes derived from Ru, Rh, Ir, and Os!®
and Ni.® The vibrations involving Rh—N
stretching could only be fitted satisfactorily by
including the three force constants Ky (Rh—N
stretching), Fiy (bond with a bond at right
angles to it), and F’y; (bond with opposite

bond). No improvement was obtained by
introducing different interaction force constants
Fpy, for interactions within a chelate ring and
interaction between Rh—N bonds of two
different chelate rings. The interaction force
constants Fyg and F;g¢ were found to be small
and omitted in the final calculations.

The force constants for N—Rh~N deforma.-
tion were initially introduced with different
values for deformation within a chelate ring
and deformation between two rings. This was
considered important since all equilibrium
values for N—Rh—N angles were put equal
to 90° which is a reasonable but nevertheless
conjectural value, being at variance with an
A-(4,4,4) (obs) isomer? of the |Rh(-chxn),*+
cation. However, as the calculations proceeded
it became clear that this distinction was not
warranted and accordingly the constraint that
all Ho=Hg was introduced. To be consistent
the interaction constants were constrained in
the same way, t.e. all interactions involving
deformation of the RhN, part of the chelate
were considered equal whether the deformation
occurs within a chelate ring or between two
chelate rings. The force constants He, Fg, and
F’y were now determined by trial and error.
These constraints ensured convergence of the
remaining force field (vide supra). The standard
error of the final set did not exceed 1.1 9, for
each species (4,,4,,E) in any of the eight
compounds.

The description of the low frequency modes
in terms of PED on symmetry coordinates
were not sufficient for an understanding of the
vibrational spectrum of [Rh(en);]*+ in this
region. Accordingly, we finally calculated the
elements of the transformation matrix L,
between the Cartesian displacement vector X
and the normal coordinate vector Q.

RESULTS AND DISCUSSION

Some features considered to be of general
interest will be pointed out from the results of
the normal coordinate analysis. Nevertheless,
in the following discussion it should be kept in
mind that (i) the experimental frequencies used
are not unambiguously classified to their
species from the Raman polarization ratios and
(ii) certain constraints have been imposed on
the force field. Undoubtedly, these sources

Acta Chem. Scand. A 31 (1977) No. 2



of error are only partly counterbalanced by
attempting alternative assignments of funda-
mentals in all cases of reasonable doubt and
systematic attempts to evaluate the significance
of the force field during the calculations as
discussed above.

Potential constants. Let us compare the values
of the initial and the final valence force con-
stants listed in the last two columns of Table 2.
The agreement is very satisfactory for force
constants related to the ethylenediamine ligand
provided allowance is made for the somewhat
larger variation observed for interaction force
constants than for pure stretch and bending
constants. Appreciable changes are noted for
some of the force constants involving the amino
groups (e.g. K4,H, and Fy), but this is easily
understandable as a result of the coordination
to Rh. The changes in Ky and Ky are mainly
the result of the increase in Kgy following
complex formation. From the overall pattern
we may conclude this part of the force field
to be essentially comparable to that of similar
molecules.

Very similar changes have been observed
for the Urey-Bradley force constants of bis(en)
metal chelates® compared with those found
for unchelated aliphatic amines.!®* Thus, for
example, the value of the N—H stretching
force constant was found to decrease from 6.3
mdyn/A in amines to ca. 5.7 mdyn/A in chelated
1,2-ethanediamine. In the GVFF developed
here, Ky decreased from 6.42 mdyn/A in
aliphatic amines to 5.669 mdyn/A in [Rh(en),}*+
in complete harmony. This behaviour is hardly
coincidental but rather reflects a mutual con-
sistence between the present and previous
calculations.

An evaluation of the force field related to
the central part of the [Rh(en);}*+ ion is much
more difficult, since data suitable for compari-
son have not been reported. The differences
between initial and final GVF constants (Table
2) for the RhN, group are therefore largely
due to an unprecedented choice of the initial
value rather than real discrepancies. From an
assignment of five fundamentals for [Rh(NH,),]-
Cl; in the low frequency region, assuming Oj
symmetry and treating the NH; molecules as
single masses, Griffith?® calculated the force
constant for Rh—N stretching, K;, to be
2.3—2.5 mdyn/A and the interaction force
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constant for two Rh—N cis bonds, Fyy, to
be 0.05 mdyn/A. We have attempted to eval-
uate the force field in more detail using the
GVF expressions given by Claassen® with
suitable approximations, but the derived force
constants have in many cases complex solu-
tions and are very dependent on the details of
the sophistication. Such calculations have been
successfully carried out by Muller et al.?? for
the [Ni(NH,),]** ion indicating values of 0.87,
0.12, and 0.00 — 0.01 mdyn/A for Ni— N stretch,
cis Ni—N and #rans Ni—N stretch-stretch
interactions, respectively. The values obtained
here for K;, Kyy, and F'ry of 1.607, 0.250,
and —0.0868 mdyn/A are considered quite
reliable since they depend heavily upon the
assignment of the fundamentals involving
Rh—N stretching which in fact are some of
those most reliable in the experimental material
(¢f: Schmidt and Muller %),

From these results we conclude that K,
decreases somewhat from [Rh(NH,)]*+ to
[Rh(en),]*+ but this trend does not necessarily
reflect a weaker bond in the latter compound
but may be due to an erroneous choice of the
Rh—N bond length in our calculations. The
value of Fy; appears to increase to the fivefold
value on changing the ligand from NH, to
1,2-ethanediamine, but if we consider instead
the ratio Kj/Fpy it compares favourably
with [Ni(NH,),J**. In short, the values are
not unreasonable, but unsatisfactory for deduc-
tions regarding the detailed nature of the bonds
in the complex.

The GVF constant for N—Rh—N deforma-
tion was found to be 1.10 mdyn A/(rad)s,
considerably higher than the corresponding
values for [Ni(NH,)]*+ 2 and for dimethyl-
glyoxime chelates!® which are in the range
0.10—0.30 mdyn A/(rad)®. However, in the
UBFF approximation the appropriate range
for 1,2-ethanediamine chelates is 0.16—0.40
mdyn/A (in-plane bending) and 0.53—0.90
mdyn A (out-of-plane bending)  suggesting the
value obtained here to be significant. The
numerical values of the interaction force
constants Fg and F'¢ and of the force constant
for Rh—N torsion are also considerably higher
than expected from other complex compounds 2
and suggest a considerable stiffening of [Rh-
(en);]3+. The high values of the bending force
constants Hpg and He and of the interaction
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force constant Fp=0.209 mdyn/rad (cf.2
[Ni(NH,),]*+: 0.09 mdyn/rad) suggest a strong
chelation of the ligand.

Normal modes mainly confined to the ligand.
From the results given in Table 3 the following
values seem to be typical for 1,2-ethanediamine
bonded to Rh3+: §CH,; 1470 cm™, wCH, 1370
em™! and 1330 cm™?, tCH, 1230 and 1330 ecm™,
and oCH, 820 and 980 cm™. The results of
free 1,2-ethanediamine based upon cis C,,
symmetry,?®* later proved incorrect, 3%
correspond to the following ranges: &CH,
1445—1469, oCH, 1298-1318, tCH, 880—
1360, and ¢CH, 761 — 815 cm™. The only major
discrepancy concerns the assignment of a tCH,
mode to 880 cm™ in free 1,2-ethanediamine %
which appears to be too low. Previous assign-
ments of the modes in [Rh(en);]*+ complexes
have been based upon the results of N-deutera-
tion %% using polarized radiation.®

Our calculations confirm the coupling between
the two amine groups of 1,2-ethanediamine to
be much smaller, and the separation between
the in-phase and the out-of-phase combina-
tion usually does not exceed 50 cm™. The
following regions are typical for 1,2-ethanedi-
amine chelated to Rh3t+: SNH, 1600—1610
em™, tNH,; 12901310 em™?, oNH, 1165 — 1185
cm™!, and pNH,; 730—-780 cm™. As before,
these regions apply only to modes which are
reasonably localized; they may easily be dis-
placed by 100 em— upon coupling with neigh-
bouring modes. The dNH, mode in [Rh(en),]*+
chelates has been attributed by other authors
to bands in the 1500—1600 cm™ region.?*
This can hardly be correct since ? (i) the bands
in this region (in contrast to the results de-
scribed recently by Gouteron *) disappear by
removal of the coordinated water, (ii) the bands
are not observed in solution (¢f. Krishnan and
Plane %) and (iii) these assignments disagree
with the results of the normal coordinate anal-
ysis, which consistently place them above
1600 cm™.

The C—C and C—N stretching vibrations in
[Rh(en)s]*+ are coupled to other vibrations,
but the C—N stretching modes are usually
found in the region 1020 — 1070 em™. Previous
assignments have been based upon comparison
with free 1,2-ethanediamine, and locate the
modes in question within the region 1000 —- 1100
cm™1,28,29

Normal modes mainly confined to the central
RhN, region. The six rhodium-nitrogen stretch-
ing coordinates form a basis with the reduced
representation: 4,+ A4,+ 2E of the point group
D;,. Previous investigations *»* have identified
the symmetrical Rh—N stretching vibration
of species 4, as the very strong Raman band
at ca. 545 cm-1. Our calculations confirm this
band to consist mainly of y»,RhN (68 9,), but
weakly coupled to the SNCC (11 9%) and JRhNC
(14 %) deformational modes. Inspection of
the L matrix shows that stretching of the RhN
bonds is followed by a closing of the RhNC
angles and opening of the NCC angles in such
a way that the distance between the rhodium
atom and the midpoint of the C—C bond is
almost unaltered. It should be noted that this
band is unambiguously identified by the major
shift on N substitution (Table 3). It has
recently been proposed 2 that the other strong
fundamental of species 4 , in the 280 — 320 cm™!
region of the Raman spectra of tris(ethylene-
diamine) complexes (t.e. »,, at 272 cm™)
should have substantial RhN stretching char-
acter. This is not confirmed by our calculations,
which indicate the contribution of »RhN
to this band to be only 12 9%,

Our calculations show that two bands near
450 cm! in [Rh(en),]*+ attributed * to species
A, and E can be assigned as the fundamentals
vgs and vg. The former of these arises from
vosRhN (84 9) coupled to SNCC (14 %), z.e.
corresponds to an almost pure Rh—N stretch-
ing vibration of species 4,. This was previously
assigned #-%° to bands at ca. 100 em™! higher
frequencies.

One of the Rh—N stretching vibrations of
species F was attributed * to a band near 500
em™, but this band was assigned by Gouteron *°
to a a ligand deformation. The major shifts
observed on ¥N substitution (Table 3) leave
no doubt that this band must arise mainly
from Rh—N stretching. However, the calcula-
tions indicate that in addition to YRhN (64 9)
the PED contains NCC (13 %) and SJRhNC
(14 %), and accordingly the fundamental com-
prises both proposals mentioned above. The
other Rh—N stretching vibration of species
E is calculated to lie around 290 ecm™, which
complies with a weak band in the spectrum
of [Rh(en);}*+ but may very well need future
revision since the *N shifts are not decisive.
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The remaining fundamentals of this region
show no features of special interest. However,
it should be mentioned that the fundamental
4y Of species 4, was previously attributed to
Rh-N stretching #*-° while our calculations
indicate mainly ring deformation coupled to
CH, rocking. On successive removal of 1, 2, and
3 hydrogen atoms with KNH, this band is
displaced towards higher frequencies.”® Since
coordination of ethylenediamine anions is
undoubtedly much stronger than coordination
of neutral ethylenediamine, this shift merely
reflects the increase in force constants for
SRhNC and JONCC following deprotonation.
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