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Upon ligand field excitation the cis-dia-
quabis(ethylenediamine)-rhodium(IIT) ion iso-
merizes to the corresponding trans-complex with
a quantum yield of 0.27 mol/Einstein in acidic 1.0
M perchlorate aqueous solution at 25 °C. Under
the same conditions the trans-isomer appears
photoinert.  The  aquahydroxobis(ethylene-
diamine)rhodium(IIT) ions photoisomerize trans
to cis with a quantum yield of 0.61 mol/Einstein
and cis to trans with 0.048 mol/Einstein, whereas
the dihydroxo species are photoinert. The photo-
isomerization has been investigated in the pH
region 0 to 12 and the composition of the
cis/trans-photostationary states is described quan-
titatively as a function of pH. The ethylene-
diamine complexes differ qualitatively in their
photochemical properties from the analogous,
previously investigated ammonia complexes, and
this difference is discussed in relation to the
o-donor strength of the amine ligands.

According to recent theories'™ on ligand-field

(LF) excited states of rhodium(III) and other d°
low-spin complexes, the stereochemical conse-
quences of LF photosubstitution reactions are
related to the nature of the ligand field of the
pentacoordinate intermediate generated by
ligand dissociation from a hexa-coordinate triplet
excited state. This intermediate is capable of
apicallbasal rearrangements prior to deactivation
to the ground state and trapping by a solvent
molecule. In this context, the observation that
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tetraamminerhodium(III) complexes undergo cis
to trans photoisomerizations,2‘5 ie.,

CiS-[Rh(NH:;)4Clz]+ +H20 hv ,
trans-[Rh(NH;)4(H,0)CI]** +CI”

as well as frans to cis photoisomerizations,®” i.e.,

trans-[Rh(NH;)4(OH)CI]* +H,0 2
cis-[Rh(NH;3),(OH),]* +H* +CI

can be explained by the relative energies of the
apical and basal triplet excited-state isomers of
the pentacoordinate intermediate. MO calcula-
tions suggest I* that the isomer with the weakest
o-donor ligand in the apical position has the
lowest energy. Thus, in accordance with the
proposed o-donor strength series OH~
>NH;>H,0>ClI", the more stable excited-state
intermediates in the two above-mentioned photo-
reactions would be apical-[Rh(NH;),Cl]** " and
basal-[Rh(NH;3),(OH)]** ", respectively.

The photochemical behaviour of cis- and trans-
[Rh(NH;)4(H,0),]** confirms that water and
ammonia have comparable o-donor strengths
and that the energy separation between basal-
and apical-[Rh(NH3),(H,0)]** " is small, as LF
excitation of cis- or trans-[Rh(NHz),(H,0),]**
leads to a cis/trans-photostationary state,’
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cis-{Rh(NH;)y(H0), '+ =
v
trans-[Rh(NH3)4(H,0),]**

Substitution of ammonia with other amine
ligands in diaquatetraaminerhodium(IIl) com-
plexes is expected to influence the apical/basal
excited-state equilibrium in accordance with the
water amine o-donor strength difference. The
composition of the cis/trans photostationary
states should therefore correlate with the amine
o-donor strength and in principle be predictable
from the LF spectra.

An investigation of the photochemistry of a
series of diaquatetraminerhodium(IIT) complexes
in which the amine o-donor strength is systemati-
cally varied is therefore of importance in the
evaluation of excited-state properties and proces-
ses of rhodium(III) complexes and of d® low-spin
complexes in general. As the first part of such
studies we here report the results for the cis- and
trans-diaquabis(ethylenediamine)rhodium(III)
ions and their conjugated bases.

EXPERIMENTAL

Matrials. The ethylenediamine (en=1,2-diam-
inoethane) complex cis-[Rh(en),(H,O)(OH)]
$,0¢ was prepared from cis-thgeanlz]Cl%-
(ClO4),, by a literature method.®*!° The precur-
sor to trans-[Rh(en),(H,O)(OH)](ClO,),, trans-
[Rh(en),CL,]NO;, was also prepared by a (some-
what modified) literature method.® Other chem-
icals were of analytical grade.

Synthesis. trans-[Rh(en),(H,0)(OH)](Cl0y),,
for which several methods of preparation have
been suggested,'®!* was prepared and purified
by the following method. A 400 mg portion of
trans-[Rh(en),C,]NO; and 1.0 g of HgO were
dissolved in 60 ml of 0.33 M HCIO, and heated at
reflux for 2 h. Then the volume was reduced to 15
ml by evaporation and the resulting solution
cooled in ice. 10 M NaOH was added slowly until
pH=~10 and the precipitated HgO was removed
by filtration through a G-4 sintered glass filter.
While kept at =0 °C, pH was adjusted by
addition of 5 M HCIO, to =6. The product
formed, crude trans-[Rh(en),(H,0)(OH)]
(ClOy),, was filtered off, washed with ice-cold
water and subsequently with 96 % ethanol then
ether. The crude product (yield 300 mg) was
dissolved in 0.8 ml of 1 M HBr and the resulting
solution was filtered through a G-4 sintered glass
filter. 0.8 ml of an ice-cold saturated aqueous
LiBr solution was added in order to precipitate

trans-[Rh(en),(H,0),}Br;. Yield of this com-
pound after washing with ice-cold absolute etha-
nol was 270 mg. After dissolving the product in
1.0 ml of boiling water, 1.0 ml of a saturated,
aqueous LiClO, solution was immediately added
and pH adjusted to=~6 with 0.2 M NaOH. After
cooling in ice for 2 h, a 200 mg yield of
trans-[Rh(en),(H,0)(OH))(ClO,), was filtered
off and washed as before. This product was
reprecipitated twice by dissolution in 1.0 ml of
0.5 M HCIO, and subsequent adjustment of pH
to=6 with 2 M NaOH. After cooling in ice for 2 h
the product was filtered off, washed with ice-cold
water, then with 96 % ethanol and finally with
ether. A third reprecipitation did not change the
absorption spectrum. Yield 160 mg (30 %).
Anal. C, H, N, Cl.

Absorption spectra. Electronic spectra were
recorded on a Zeiss DMR 21 or a Cary 219
spectrophotometer.

pH measurements. A Radiometer PHM 52
pH-meter with a combination glass electrode
with 1.0 M NaCl in the reference part was used
for the pH measurements. Since all measure-
ments were made in a 1.0 M (H,Na)(ClO,,0H)
medium, the definition pH= —log[H*] was used
throughout by using standardized perchloric acid
in 1.0 M NaClO, as pH standards.

Photolyses. The optical train consisted of the
light source, an Osram HBO 100/2 high pressure
mercury lamp, a light condenser, a heat filter (a 5
cm water-filled cell), an interference filter, a
precision shutter connected to an electronic timer
and lenses focusing the light into the thermostat-
ted photolysis cell. All optical parts and cells
were of quartz (Spindler und Hoyer, Gottingen,
GFR). Photolyses were carried out with
monochromatic light (312 or 334 nm) at 25+0.5
°C. Light intensities were determined by standard
ferrioxalate actinometry.”!’

For all the complex ions under investigation,
experiments were made to ensure that no signifi-
cant thermal reactions (‘“‘dark reactions”) oc-
curred during photolysis.

Calculation of quantum yield. The calculations
of quantum yields were based on spectral changes
at four different wavelengths in principle by
Method B of Ref. 7 with some minor
modifications.'® The molar absorptivities at the
monitoring wavelengths A,,,, are given in Table 3
for the relevant complex ions.

RESULTS

The results reported here are a quantitative
description of the aqueous solution ligand field
excitation photochemistry of cis- and trans-
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Table 1. pK, value for cis- and trans-[Rh(en),(H,0),]>* in aqueous solution.

pKa1 pKa Medium t°C Ref.
trans-[Rh(en),(H,0),]**

443 7.81 0.20 M NaNO; =20 10

4.37 7.64 1.0 M NaClO, 26.4 1

4.33 7.72 0.5 M NaClO, 25 13

4.47 7.91 1.0 M NaClO, 25.0 This work ¢
cis-[Rh(en),(H,0),]**

5.82 7.98 0.01 M NaClO, 25 15

6.09 8.08 0.5 M NaClO, 25 15

6.34 8.24 1.0 M NaClO, 25.0 16°

“ Values used in the present study.

[Rh(en),(H,0),]** and their conjugated bases in
a 1.0 M perchlorate medium at 25 °C. Also
reported is an improved preparation and purifica-
tion procedure for trans-[Rh(en),(H,O)(OH)]-
(ClO,), and the pK, values of this complex
together with the electronic spectra determined
in aqueous 1.0 M (H,Na)(ClO,,0H) solution in
comparison with the same characteristics for the
cis-isomer.

Acid dissociation and ligand field spectra.
Weighed amounts of trans-[Rh(en),(H,0)-
(OH)](CIO,), (between 0.02 and 0.05 mmol)
were dissolved in 25.00 ml of 0.00200 M HCI1O,
plus 1.00 M NaClO, and titrated with 0.0200 M
NaOH in 0.98 M NaClO,. pK,; and pK,, were
calculated by standard numerical procedures '®
from 8 full titration curves (estimated standard
deviation on the pK,-values 0.02) and are com-

Table 2. UV-visible abso lptlon spectra of trans-[Rh(en),(H,0),]** and conjugated bases.

[Ain nm (g in 1 mol"'em™

A'max(amax) Amin(gmin) Medium Ref~
trans-[Rh(en),(H,0),]**
342 ( 64), 262(148) pH=2 10
351 ( 61.6), 274(138) 0.02 M HCIO,4, 1.0 M NaClO, 11
342 ( 66), 272(125) 0.1 M HClO4 12
350 ( 60), 274(130) 0.01 M HCIO, 13
352 ( 58.4), 274(130) 330(51.5), 251(96) 0.10 M HClO4, 0.90 M NaClO, This
work*
trans-[Rh(en),(H,O0)(OH)]**
337 ( 88), 270(158) pH=6 10
343 ( 89), 282(154) 13
344 ( 87), 284(149) 326(79), 244(59) 1.0 M NaClO,, pH=6.2 This
work?
trans-[Rh(en),(OH),]*
346 (199), 297(130) 0.7 M NaOH 14
336 ( 94), 289(154) pH=11 10
338 (136), 290(136) 0.1 M NaOH 12
344 (199), 296(134) 0.01 M NaOH 13
344 ( 97), 295(132) 327(91), 244(48) 0.04 M NaOH, 0.96 M NaClO, This
work?

4 trans-[Rh(en),(H,0)(OH)](ClO,), dissolved in the media quoted.
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Table 3. Spectral characteristics of cis- and trans-diaquabis(ethylenediamine)rhodium(III) ions and
their conjugated bases in aqueous 1.0 M (Na,H)(CIO,,0H) [ in nm (¢ in 1 mol"'em™)].

Complex ion” Amax(&max) Aire (€irr) Amon(€mon)”

cis-[Rh(en),(H,0),]** 318(175), 271(137)  312(166), 334(142) 320(174), 330(155)
cis-[Rh(en),(H,0)(OH)]** 323(203), 280(161)°  312(196), 334(192) 3‘2’38333, 330(202)
cis-[Rh(en),(OH),]* 329(179), 278.5(171) 312(150), 334(177) 2388;8;, 330(179)
trans-[Rh(en),(H,0),]** 352(58.4), 274(130)  312( 71), 334( 52) 333??33, 330( 52)
trans-[Rh(en),(H,0)(OH)**?* 344( 87), 284(149)  312(100), 334( 82) 3385 gg; 330( 80)
trans-[Rh(en),(OH),]* 344( 97), 295(132)  312(109), 334( 97) gggé §§§, 330( 92)

“ Medium for the diaqua complexes: 0.10 M HCIO,, 0.90 M NaClO,; for the aquahydroxo complexes: 1.00 M
NaClO, adjusted to pH=Y(pK, +pK,.); for the dihydroxo complexes: 0.04 M NaOH, 0.96 M NaClO,.
® Amax(Emax) TEpPOTted is that measured for a mixture at pH= 2(pK,, 1 +PK. ), whereas Ai (&) and Apmon(Emon) has
been corrected for the presence of the diaqua and the dihydroxo species. © Shoulder. ¢ ., are the wavelengths
used in the calculations of quantum yields and of the composition of photostationary states and &, are the molar

absorptivities at these wavelengths.

pared in Table 1 with literature values for the
same compound and for its cis-isomer. In Table
2, Amax (Emax) and Ay (&min) for the ligand field
spectra of trans-[Rh(en),(H,0),]**, of trans-
[Rh(en),(H,0)(OH)]** and of trans-[Rh(en),-
(OH),]* are compared with the available litera-
ture data.

cis- and trans-{Rh(en),(H,0),]** photoreac-
tions. LF photolysis of cis-[Rh(en),(H,0),]** in
aqueous acidic 1.0 M perchlorate solution
({H*])=0.010 M) led cleanly and efficiently to
trans-[Rh(en),(H,0),]**. 6.00 ml of a 2.124 -
10 M solution of cis-[Rh(en),(H,0),]** in 0.10
M HCIO,, 0.90 M NaClO, exhaustively photo-
lyzed (4ir=334 nm, light intensity ,=9.08 - 1077
Einstein/min over a front window of 3.5 cm?, 7 h
of irradiation, 25 °C) had the following spectral
characteristics: Amax (Emax)=352 nm (58.9 I/mol
cm); 274(127); Amin(Emin) =330 (52.0); 251 (93)
which within experimental uncertainties are iden-
tical with the spectral characteristics of trans-
[Rh(en),(H,0),]** under the same conditions,
see Tables 2 and 3. An analysis of the product
spectrum (4 characteristic wavelengths, see Table
3) showed that no more than 0.6 % of the
cis-isomer was left in the product solution.
Isosbestic points at 358, 290, 278 and 258 nm
were maintained throughout the photolysis, see
Fig. 1. The photoreaction of cis-

[Rh(en),(H,0),]** under the present conditions
is thus a clean isomerization without any detect-
able competing or secondary reactions of thermal
or photochemical nature.

A T T T T
10 N

L J i L
250 300 350 W00 Mom

Fig. 1. Absorption spectra recorded during 334
nm photolysis at 25 °C of cis-[Rh(en),(H,0),]**
(Amax=318 and 271 nm) in 0.10 M HCIO, plus
0.90 M NaClO, to give trans-[Rh(en),(H,0),)**
(Anax=352 and 274 nm), see Results.
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Evaluation of quantum yields was made from
spectral changes and the results (experiments at
three different acid concentrations and two dif-
ferent wavelengths of irradiation) are seen in
Table 4. No acid concentration or wavelength
dependence was observed and an average value
of @=0.27+0.01 mol/Einstein was calculated for
the cis to trans photoisomerization.

LF photolysis of trans-[Rh(en),(H,0),)**
under the same conditions as the cis-isomer
resulted in very minor spectral changes and a
generous upper limit of @=0.002 mol/Einstein
for a trans to cis photoisomerization was esti-
mated.

The cis/trans ratio in the product solutions
after exhaustive photolysis was <0.006 as calcu-
lated from the product spectrum (see above)
and <0.003 as calculated from (€%, ®yans)/
(8% @ ) (see Ref. 7), and it was concluded that
whereas  cis-[Rh(en),(H,0),]’*  photoisom-
erizes efficiently to the trans-isomer, trans-
[Rh(en),(H,0),]** is photoinert (except for the
possibility of photochemical water exchange !7).

cis- and trans-[Rh(en),(OH),]* photoreac-
tions. Long term LF photolysis of either dihyd-
roxobis(ethylenediamine)rhodium(III) ion in
aqueous 0.04 M NaOH, 0.96 M NaClO, led to
minor and uncharacteristic spectral changes and
these changes did not indicate any photo-
isomerization. The photoisomerization quantum
yield presented in Table 4 for the dihydroxo
species are estimated upper limits.

cis- and trans-[Rh(en),(H,0)(OH)J** photo-
reactions. Aqueous 1.0 M NaClO, solutions of
trans-[Rh(en),(H,0)(OH)]** showed a very high
photoreactivity, whereas cis-[Rh(en),(H,0)-
(OH)]** were but moderately photoreactive.
This indicated a different photochemical be-
havior for the aquahydroxo complex ions in
comparison to both the diaqua and to the
dihydroxo complex ions.

A 9.95 10* M trans-[Rh(en),(H,0)(OH))**
solution with pH=6.00 was photolyzed with 312
nm monochromatic light until no further spectral
changes were observed. Throughout the photo-
lysis isosbestic points at 259, 292, and 366 nm
were maintained. The product solution had a pH
value of 7.00 and the following spectral charac-
teristics: Amax(€max)=322 nm (180 I/mol cm),
Asn(&sn)=280 (139), and Apin(Emin) =246 (83). An
analogous experiment with the cis-isomer (initial
pH=7.30) gave a product solution with pH=7.16

and  Anax(€max)=322 nm (201 Vmol cm),
Ain(n)=280 (164), and Amin(Emin)=247 (110).
Both the spectral and pH changes in these two
experiments indicated trans to cis photo-
isomerization for the trans-isomer and cis to trans
photoisomerization for the cis-isomer. Numerical
analysis of the product solution absorption spec-
tra in combination with solution pH’s at this and
different A;, demonstrated the photoproduct to
be solely [Rh(en),(H,O)(OH)J** in a cis/trans
photostationary state, both isomers in thermal
acid/base equilibria with the corresponding dia-
qua and dihydroxo complex ions.

Quantum yields for the trans to cis photo-
isomerization process were determined from
photolysis of trans-[Rh(en),(H,0)(OH)]** solu-
tions with initial pH=12(pK,+pK,.2). At
pH=6.19 the aquahydroxo ion fraction of the
trans-isomer is 0.963 and 0y 0n), the light
fraction absorbed by this ion, is 0.970 at 334 nm
and 0.966 at 312 nm, respectively, as calculated
from eqn. (1):

8,001

ef,oyomH 1K

8’(?{20)2[1{+]2+6J(§320)(0H)[H+]Ka,1 +£61),Ka,1Ka 2

where €™ are the molar absorptivities of the
different complex ions at the wavelength of
irradiation. The quantum yield for the trans to cis
isomerization, @O had the value 0.61
mol/Einstein (Table 4) as calculated from spec-
tral changes correcting for both inner filter effects
and for cis to trans photoisomerization, cf.
Method B of Ref. 7.

In order to separate the photoreaction of
cis-[Rh(en),(H,0)(OH)|** from that of cis-
[Rh(en),(H,0),)**, photolysis experiments to
establish the cis to trans photoisomerization of
the aquahydroxo ion as well as to determine the
quantum yield of this process were carried out at
pH=8.25. At pH=8.25 the light fractions
absorbed for the three cis-species calculated from
eqn. (1) and the two analogous formulas are
5(H20)2=0'005, 6(H20)(0H)=0'512’ and 5(OH)2=
0.483, respectively. The observed quantum yield
corrected for trans to cis photoisomerization was
@2=0.0232 mol/Einstein at pH=8.25. Correct-
ing this value by eqn. (2).
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Scheme 1.
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the value @{zONOM=( 052 reported in Table 4
was obtained.

cis/trans-Photostationary states. trans-
[Rh(en),(H,0)(OH)J**, cis-[Rh(en),(H;0),]**,
and cis-[Rh(en),(H,0)(OH)J** are each photo-
reactive with respect to isomerization and the
quantum yields for these photoreactions are
shown in Scheme 1. The difference in photoreac-
tivity of the different acid/base-forms of the two
isomers leads to photostationary states in which
the cis/trans composition depends on the product
solution pH.

Solutions of either cis- or trans-
[Rh(en),(H,0)(OH)P** in 1.0 M NaClO, were
adjusted to different pH and photolyzed at 334
nm until no further spectral changes were
observed. The cis-fraction in the exhaustively
photolyzed solutions, s, was calculated for
each experiment by the previously published
method’ from a combination of the pH-value
and the absorption spectrum of the product
solution. In Fig. 2 the experimentally observed
cis-fractions as a function of pH are compared to
that functionality predicted from the quantum
yields of Scheme 1, from the molar absorptivities
at 334 nm (Table 3), and from the pK,-values of
the complex ions (Table 1). The experimental
points for s are seen to agree within ex-
perimental uncertainties with the predicted
curve. For comparison, the function predicted
assuming the photoisomerization quantum yield
of cis-[Rh(en),(H,0)(OH)]** to be zero, is also
shown in Fig. 2. In accordance with the result
mentioned above, it is seen that the cis-
[Rh(en),(H,O)(OH)]** ion indeed is photoac-
tive with respect to isomerization.
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cis-[Rh(en)5(H70)5] "

+

PKqa=6.34| |+H

cis-[Rhlen), (H,0)(0H)] 2"

pKg=8.24 | tH*

cis-[Rh(en),(0H),] *

DISCUSSION

The following discussion will focus mainly on
the differences between the photochemical be-
havior of the bis(ethylenediamine)rhodium(III)
complexes and that of the previously
investigated 7 tetraamminerhodium(III) com-
plexes. Special emphasis will be placed on the
kinetics and the thermodynamics of the excited
state rearrangement processes suggested by the
theoretical model for the photoisomerization
reactions.

In Table 5 the reaction quantum yields for the
photoprocesses of the two series of diaquatetra-

. . . . .
F Weis R §

0.8 ‘69
0.6
0.4+

0.2

1

Fig. 2. ay;s, the cis-fraction in the photostationary
state, after exhaustive photolysis of cis-
[Rh(en),(H,0),]>*, A, or of trans-
[Rh(en),(H,0),]**, 0, at 334 nm in 1.0 M
(Na,H)CIO, at 25 °C as a function of product
solution pH. The full line is calculated from the
independently determined parameters: the quan-
tum yields for the photoisomerization processes
(Scheme 1), and the molar absorptivities at 334
nm (Table 3), in combination with the pK,-values
of the cis- and trans-species (Table 1). The
broken line is calculated from the same para-
meters as the full line but assuming that the
photoisomerization quantum yield for cis-
[Rh(en),(H,0)(OH)** is zero.
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Table 5. Comparison between the photoisomerization quantum yields for bis(ethylenediamine)rho-
dium(III) and the corresponding tetraamminerhodium(III) complexes in aqueous 1.0 M perchlorate

solution at 25 °C.

Photoreaction

Bis(ethylenediamine)”
@ in mol. Einstein™

Tetraammine ©

® in mol Einstein™!

cis-[RhA,(H,0),’* &%
trans-[RhA4(H20)2]3*
cis-[RhA,(H,0)(OH)]*+ 2%
trans-[RhA4(H,0)(OH)]**
cis-[RhA4(OH),]* &
trans-[RhA(OH),]*
trans-[RhA (H,0),>* &
cis-[RhA4(H0),**
trans-[RhA ,(H,0)(OH))** by
cis-[RhA4(H,0)(OH)]**
trans-[RhA(OH),]* &
cis-[RhA4(OH),**

0.27 0.072
0.048 ¢

¢ 0.012
0.61 0.59

c

c

7 A,=(en),; present work. ® A,=(NHj;),; from Ref. 7. © Photoisomerization not detected.

aminerhodium(III) complexes and their conju-
gated bases are compared. There is a qualitative
difference between the two amine series. The
cis/trans-[Rh(NH;)4(H,0),** ions photoisome-
rize to each other forming a product photosta-
tionary state in contrast to the cis/trans-
[Rh(en),(H,0),}** ions of which only the cis-
isomer is active with respect to photoisomeriza-

PHOTOSTATIONARY STATES :

—T T T T T

0.8k Weis ,’/

R L L
12 3 4 5 6 T 8

. ethylenediamine ~complexes

Fig.3. Comparison between s, the cis-fraction
in the photostationary state, as a function of pH
for the tetraamminerhodium(III) (4;,=350 nm,
Ref. 7) and the bis(ethylenediamine)rho-
dium(III) complexes (A;,=334 nm, present
work) in 1.0 M (Na,H)ClO, at 25 °C.

tion. Notably, the situation for the aquahydroxo
species is totally reversed from that for the
diaqua species, as only the trans-isomer of the
[Rh(NH;),(H,0)(OH)]** ions photoisomerizes,
whereas both trans- and cis-[Rh(en),(H,0)-
(OH)]** are photoactive isomerizing to a com-
mon cis/trans photostationary state. None of the
four dihydroxo complexes show, however, any
significant photoactivity. The consequences of
the different photochemical properties of the two
series of aminerhodium(III) complexes on the
photoproduct solution composition are depicted
in Fig. 3. The cis/trans photostationary state as a
function of pH illustrates the behavioral cros-
sover.

The photoisomerization reactions of dihal-
otetraminerhodium(IIT) complexes proceed via
ligand substitution, i.e.>?

CLS"[Rh(Cﬂ)2C12]+ +H20 e

trans-[Rh(en),(H,0)Cl)** +CI” 3)
with the initial chemical reaction suggested '™ to
be ligand dissociation for the lowest triplet
excited state populated by efficient intersystem
crossing from the higher singlet excited state
originally generated in the excitation process.
Photoisomerization of aquaaminerhodium(III)
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complexes is analogous to the photoisomeriza-
tion of the dihalotetraamine complexes initiated
by dissociation of a water ligand as recently
shown for cis-[Rh(NH;),(H,0)CIJ** by isotopic
labelling.'” The dissociative mechanism, which
now draws support from several different types of
experiments, 7124 appears to be generally
operating for this type of photoreactions of d°
low spin complexes. The ensuing discussion of
the photoisomerization of diaqua- and aquahyd-
roxotetraaminerhodium(III) complexes will be
held within the framework outlined by this
model.

The reaction sequences responsible for photo-
isomerization (Scheme 2) of cis-[Rh(en),-
(H,0),P** (X=H,0) and of cis and trans-
[Rh(en),(H,0)(OH)]** (X=0H) follow the ini-
tial excitation of the ground state molecules G
or Gy to their singlet excited states Sgs or
Sirans, Tespectively. The intersystem crossing
generates the corresponding triplet excited states
Tes or Tyans, from which deactivation to the
parent ground states competes with the dissocia-
tion of an HO to form the triplet square
pyramidal pentacoordinated intermediates Ty,qa
or Tpica, Tespectively. The rearrangement be-
tween Tpasa and Tapicay proceeds via the high
energy, trigonal bipyramidal intermediate Trgp,
also in a triplet state. Deactivation of Tyasy OF
Tpica leads to the square pyramidal pentacoor-
dinate ground states Gpagat OT Gapical, Which being
coordinately unsaturated react with a solvent
molecule giving the photoproducts cis or trans-
[Rh(en),(H,0)X]"*, respectively. The energy
difference between the basal and apical square
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pyramidal triplets is essentially a function of the
o-donor strengths of the five ligator atoms, as the
stronger o-donors have a strong site preference
for a basal position.!™ Given the o-donor
Strength series s OOH = Osaturated amine ~ OH,0 >
ocr, the photoisomerization of cis-[Rh(en),-
(H,0),]** is a result of the excited state rear-
rangement

N
(/NA{AN-OHZ

<2
N

“4)

Van)

whereas the photoisomerizations of cis- and
trans-[Rh(en),(H,0)(OH)]** are the result of
the reversible rearrangement

OH
N OH N NY
=D

{

In this context it is important to note that the
excited state lifetimes of these intermediates are
in the nsec region and therefore by several orders
of magnitude too short-lived to attain excited
state acid/base equilibrium with the medium.’

The calculations based on the spectroscopic
parameters have proved successful in the predic-
tion of the stereochemical consequences of
photochemical ligand exchange reaction®>” in-
cluding water exchange reactions.!” They also
offer an explanation for the observed differences
between the photoisomerization of the tetraam-

©®)

(—__;
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Table 6. Energy of the lowest multiplicity allowed ligand field transition (IT]Ef - ‘Alg, pseudo

octahedral symmetry assumed) for cis-[Rh(NH3)4(H,0),]** and cis-[Rh(en),(

conjugated bases.

,0),]** and their

Energy in kK

Bis(ethylenediamine)* Tetraammine®
cis|[RhA4(H,0),** 31.4 30.7
cis-[RhA 4(H,0)(OH)** 31.0 30.4
cis-[RhA4(OH),]* 30.4 29.9

4 A,=(en),, present work. * A,=(NH,),, Ref. 7.

mine- and bis(ethylenediamine)rhodium(III)
complexes. The energies of the 'T,«'A,, transi-
tion (pseudo octahedral symmetry assumed,
Table 6) indicates that ethylenediamine is a
stronger field ligand than ammonia for this class
of compounds, and given that the n-bonding
properties of the two ligands appear identical,”
the ethylenediamine ligand must be a significant-
ly stronger o-donor than ammonia. The more
detailed o-order of the relevant donors is there-
fore oo™ > Oen > Onu, > On,0. Consequently,
the energy difference between the basal and
apical isomers of eqn. (4) must be greater than
the analogous energy difference for eqn. (6) in
which N=NHj:

N OH,
N~l—~onz* N——'—N x ©)
N/ N/ — N/ N/

The small energy difference in eqn. (6) allows the
coexistence of both isomers for the aquatetaam-
mine intermediate, whereas the apical-
aquabis(ethylenediamine)  intermediate, is
energetically favored over its basal counterpart.
Another consequence of the o-donor strength
order is that the energy difference between the
two isomers of eqn. (7) is greater than the
corresponding energy difference of eqn. (5):

OH

N
/N—;—N/Oﬂ*z;:z /N+7 oo

N N N

In this case the basal-hydroxotetraammine is
energetically favored over the apical isomer,
whereas the basal and the apical isomers of the

hydroxobis(ethylenediamine) species have com-
parable energy. These qualitative predictions for
the reactions of eqns. (4) — (7), made on the basis
of spectroscopic parameters, are in agreement
with the observed pattern of photoisomeriza-
tions.

Despite the success and the predictive power of
the purely spectroscopic model,!* other aspects
of the excited state properties and processes have
to be taken into account. For example, the
arguments presented above do not allow any
corrections of the energetics due to the chelate
effect present in the ethylenediamine but not in
the ammonia complexes. Since the energy differ-
ence between products and reactants in the
reactions of eqns. (4) — (7) is apparently very
small, any such perturbation in these systems
might alter the relative energies of the isomers.
However, comment on this point must await the
results of investigations of complexes with chelat-
ing amines having o-donor properties compar-
able to the o-donor properties of ammonia.

The relative rates of deactivation of the basal
and apical triple intermediates may also have
some influence upon the product distribution.??!
For example, photolysis of cis-[Ir(en),Cl,]* leads
to a 10:1 cis—trans mixture of the
[Ir(en),(H,O)CI]** ions significantly different
from the 100 % trans product of trans-
[Tr(en),CL]* photolysis.?® In contrast both trans-
and cis-[Rh(en),Cl,]* give solely® trans-
[Rh(en),(H,0)CIJ** as the photoproduct. These
differences have been?® attributed to the larger
spin-orbit coupling present in the Ir(III) com-
plexes, making the direct deactivation of
[Ir(en),C1]** " intermediates faster than rear-
rangement. Thus, the product ratio indicates that
the basal-[Ir(en),Cl]** " intermediate deactivates
about an order of magnitude faster than basal to
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apical rearrangement. For the Rh(III) analogs,
rearrangement is apparently much faster relative
to deactivation and the same photoproduct dis-
tribution is found for both ions.?* Consistent with
this is the observation that a reexamination of the
photoreactions of cis- and trans-
[Rh(NH3),CIX]** (X=Cl or H,O) shows that the
[Rn(NH3),CI]** " intermediate generated from
either cis-[Rh(NH3),CL]* or cis-[Rh(NH;),-
(H,O0)CIJ** undergoes direct deactivation at a
rate about one-fifth on the rearrangement rate."’

One should keep in mind that not only the
relative energies of the apical and basal excited
state intermediate isomers but also the energy
barrier for their isomerization are functions of
the ligand fields. Thus, it is notable that photo-
aquation of chloride from cis- and trans-
[Rh(en),(NH3)CI}** or photolysis of cis- or
trans-[Rh(en),(NH3)(H,0)>* led to little photo-
isomerization >** at 25 °C, although substantially
greater isomerization was noted when cis-
[Rh(en),(NH3)(H,0)]’* was photolyzed at
50 °C. The interpretation offered was that the
average ligand field of the [Rh(en)(NH3)[**"
intermediate increased the kinetic barrier for
isomerization to a point where deactivation is
much faster at 25°C.2 In this context, it is
interesting that the photoisomerization of cis-
[Rh(en),(H,0),]** goes with a moderately large
quantum yield. Although the extent of isomeriza-
tion relative to deactivation of the basal-
[Rh(en),(H,0)]** " excited state intermediate is
as yet unknown (this depends on determining the
extent of water photoexchange relative to photo-
isomerization), these results indicate that the
apparent similarity of NH; and H,O in their
influence on the relative energies of the square
pyramidal isomers is not as great in determining
the activation barrier for rearrangements.
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