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Photoinduced isomerization and water exchange of the isomeric tetraamminedia-
quarhodium(III) ions have been studied at 25°C by irradiation at 366 nm. The
quantum yields for the isomerization reactions of cis- and trans-[Rh(NH,),
(OH,),]** in aqueous acidic 1.0 M perchlorate solutions are 0.102 *+ 0.004 and
0.0111 + 0.0007 mol einstein™!, respectively. With the assumption that pho-
toisomerization is accompanied by water exchange in these complexes, the quan-
tum yields for stereoretentive water exchange are 0.041 + 0.004 and 0.0143 +
0.0011 mol einstein™!, respectively. All quantum yields are given per mole of rho-

dium(III) complex.

As a continuation of our studies of the mecha-
nism for photoisomerization of ammineaquarho-
dium(III) complexes,'® we have labelled cis- and
trans-[Rh(NH,),(OH,),]** with oxygen-18, and
we report here the results of a study of the
photochemical water exchange and photoisomer-
ization of these complex ions in acidic aqueous
1.0 M perchlorate solution following ligand field
excitation.

Experimental

Chemicals. The compounds cis-[Rh(NH;),CL]Cl -
iH,0,” trans-[Rh(NH,),CL]Cl-H,0,® cis-[Rh
(NH,),(OH,)(OH)]S,05,’ trans-[Rh(NH,),
(OH,),](C10,),® and Ag(tos)," silver p-toluene-
sulfonate, were prepared as described previously.
98% 'O-enriched H,0 was supplied by Alfa
Products. Other chemicals were of analytical
grade.

Preparation of "*O-enriched tetraamminediaqua-
rhodium(I11) complexes. Enrichment of the com-
plexes with *O was performed by silver ion-as-
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sisted chloride ligand aquation of the correspond-
ing  tetraamminedichlorido  complexes in
®0-water at 70°C, as described in detail previ-
ously.!

Photolysis experiments. These were performed by
continuous photolysis techniques described pre-
viously,® using cylindrical quartz cells thermostat-
ted at 25°C and 366 nm light selected from a
high-pressure mercury lamp by means of a Spin-
dler and Hoyer interference filter. Light intensity
was determined by ferrioxalate actinometry.?
Photoisomerization quantum yields were deter-
mined by photolysis of 5.3 ml portions of ~2 mM
solutions of either cis- or trans-[Rh(NH,),
(OH,),P’*. The photoreactions were interrupted
periodically for spectrophotometric measure-
ments. Water exchange quantum yields were de-
termined by photolysis of 13.0 ml of '*O-enriched
complex solution. 10.0 ml aliquots of the pho-
tolyzed solution were quickly frozen in liquid ni-
trogen and subsequently prepared for mass spec-
trometric analysis by sublimation in vacuum, as
described previously."
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Fig. 1. Absorption spectra of cis- and
trans-tetraamminediaquarhodium(lll} complexes in
aqueous 0.50 M HCIO, + 0.50 M NaClO,.

UV-visible absorption spectra were recorded on a
Cary Varian 219 spectrophotometer.

Mass spectrometric measurements Wwere per-
formed as described previously."

Method of calculation. The method of calculation
has been described in detail in Refs. 13-15. For
the isomerization reactions, visible absorption
spectra of mixtures measured from 250 nm to 500
nm at 10 nm intervals were employed to calculate
reactant and product concentrations in the pho-
tolyzed solutions.” In the last step of the cal-
culations, data for all experiments were pro-
cessed simultaneously to give quantum yields
(Table 1). For the water exchange experiments,
mass spectrometric d-values were converted to
concentrations of coordinated oxygen-18, and the
quantum yields determined for the isomerization
reactions were used in the calculation of the
quantum yields for stereoretentive water ex-
change® (Table 1 and Scheme 1). Examples of
the agreement between observed and calculated
curves are shown in Figs. 2 and 3.
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Results

The UV-visible spectra of cis-and trans-[Rh(NH,),
(OH,),]** are given in Fig. 1, and the absorption
spectra of the photolyzed solutions of each iso-
mer could, at any stage of the photolysis, be ac-
counted for on the basis of linear combinations of
the spectra of the pure isomers. Thermal isomer-
ization was found to be negligible at 25°C. In ex-
haustively photolyzed solutions, minor concen-
trations (~2 % relative to Rh(III)) of ammonium
ions could be detected by Nessler’s reagent,' in-
dicating that ammonia photoaquation following
prolonged irradiation results in the formation of
triamminetriaquarhodium(III). For the photo-
chemical isomerization reactions,

@,
cis-[Rh(NH,),(OH,),J"* =

q)m
trans-[Rh(NH,),(OH,),J**

the estimated quantum yields, ®, and ®, are
given in Table 1. Agreement was found between
the experimental values for the concentrations
calculated from the spectra and those calculated
from the determined parameters, as shown in
Fig. 2. The value for ®, determined in the pres-
ent study agrees with that previously reported,
whereas the value for @, is significantly higher
than the previous value.”? The previous investi-
gation employed irradiation with light of wave-
length 350 nm of poorer monochromicity than
the 366 nm light used in the present study. Con-
sequently, this new value is to be preferred. With
the assumption that isomerization is accompa-
nied by water exchange, the isomerization and
water exchange reaction may be written as shown
in Scheme 1. The quantum yields for stereoreten-
tive water exchange, @, and ®,, were calculated

Table 1. Quantum yields for water exchange and isomerization of cis- and trans-[Rh(NH,),(OH,),]** in aqueous
0.50 M NaCIO, + 0.5 M HCIO, at 25°C following 366 nm irradiation.

Complex Product Quantum yield¥
mol einstein™
cis-{Rh(NH,)(OH,),P** cis-[Rh(NH,)(OH,),* ©, = 0.041(4)
trans-[Rh(NH,),(OH,),I** &, = 0.102(4)
trans-[RN(NH,),(OH,),]** cis-[Rh(NH,) (OH,),]** @, = 0.0111(7)
trans-[Rh(NH;),(OH,),]** @, = 0.0143(11)

2See Scheme 1.

40*

591



M@NSTED AND SKIBSTED

from the water exchange experiments using the
quantum yields ®, and ®, determined from the
isomerization experiments and rate constants for
thermal water exchange (Table 2), and are given
in Table 1. The quantum yields for total water ex-
change are: &% = ®_+ &, = 0.143 * 0.004 mol
einstein”'; @} = ®, + &, = 0.0251 + 0.0008
mol einstein™'. The agreement between the ex-
perimental values and the values calculated from

the quantum yields is shown in Fig. 3.

Discussion

The ammineaquarhodium(III) complexes, cis-
and trans-[Rh(NH,),(OH,),]** and cis- and trans-
[Rh(NH,),(OH,)CI)**** cis/trans-photoisomerize
as a result of ligand field excitation in acidic solu-
tion forming photostationary states. For all of
these complexes, oxygen-18 labelling studies
have shown that photochemical water exchange
occurs with quantum yields larger than those for
cis/trans-photoisomerization.” These observa-
tions can be rationalized by assuming that pho-
toisomerization is a result of water exchange, and
that stereomobile water exchange competes with
stereoretentive water exchange. Similar competi-
tion between stereomobile and stereoretentive li-
gand substitution processes has been found for
cis- and trans-[Rh(NH,),CL,]*, which both give
the photoproduct [Rh(NH,),(OH,)CI]** in the
common cis/trans ratio of 0.22 + 0.03. The same
value is found for the cis/trans product ratio in
the photochemical water exchange in both cis-
and trans-[Rh(NH,),(OH,)CI]**.** The observa-
tion of a common cis/trans photoproduct ratio in-
dependent of both leaving ligand and reactant

T I T

-

00 —
Airr = 366 nm

15976 y einsten 1" g!

% cis-[RhINH;), (OH,), 1"
<y
[

15=960 p einstein | s

L i
10000 15000

Time /s
Fig. 2. Percentage of cis -[Rh(NH,),(OH,),]** during
366 nm photolysis at 25°C of ~2 mM aqueous
solutions of cis- and trans-[Rh(NH,),(OH,),]**,
respectively (0.50 M HCIO, + 0.50 M NaClO,). The
points are experimental values derived from the
multiwavelength spectral analysis of the reaction
mixtures; the solid curves are calculated from the
quantum yields (Table 1), the molar absorption
coefficients at 366 nm (¢* = 38.2 and ™™ = 49.0
M~ ecm™') and the light intensities /.
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stereochemistry has provided strong evidence
that photosubstitution in octahedral d° electron
configuration complexes of this type proceeds via
either a single common excited state intermedi-
ate or a thermally equilibrated system of differ-
ent excited state intermediates, all of reduced co-
ordination number.* According to this model, the
intermediates generated by excited state water li-
gand dissociation from cis-[Rh(NH;),(OH,),]*
and trans-[Rh(NH,),(OH,),]** should deactivate
forming [Rh(NH,),(OH,),]** in a common cis/
trans ratio. The cis/trans photoproduct ratio for
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water exchange in trans-[Rh(NH,),(OH,),]** is
calculated from the quantum yields of Table 1 as
o /P, = 0.77 £ 0.10, a value which, although
rather badly defined, does not differ significantly
from the cis/trans photoproduct ratio ®/®, =
0.40 % 0.06 calculated for water exchange in cis-
[Rh(NH,),(OH,),]**. These results obtained for
the isomeric diaqua complexes are thus not in
disagreement with this model which postulates
the formation of common excited state interme-
diates.

The low efficiency with which the isomeric te-
traamminediaqua complexes exchange water and
photoisomerize makes the cis/trans photoproduct
ratios poorly defined. However, a situation in
which the excited state intermediates do not at-
tain equilibrium entails a cis/trans photoproduct
ratio which is larger for cis- than for trans-
[Rh(NH,),(OH,),)**, and this is clearly not ob-
served. Alternatively, a certain degree of asso-
ciation in the transition state for photochemical
reactions of the tetraamminediaquarhodium(III)
complexes could be postulated. However, the
present results do not justify proposing differ-
ences in the activation process for the tetraammi-
nediaquarhodium(IIT) complexes relative to the
previously investigated rhodium(III) complexes.

The photoproduct [Rh(NH,),(H,O)CI}** is
seen to have a stronger preference for the trans
configuration than [Rh(NH,),(OH,),]’**, as con-
cluded from the cis/trans ratios which are 0.22
and 0.54 (weighted mean of 0.77 * 0.10 and 0.40
+ 0.06), respectively. A mechanism for photoiso-
merization of rhodium(III) complexes in which
pentacoordinate apical and basal tetragonal pyra-
mids are in excited state equilibrium has been
proposed:! 71
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Fig. 3. Concentrations of coordinated '*OH, as a
function of irradiation time. The points are the
concentrations obtained from the mass spectrometric
measurements and the curves are calculated from
the determined quantum yields, the molar absorption
coefficients at 366 nm, the light intensity, the
rhodium(ll) concentration and the degree of
oxygen-18 enrichment. The light intensity, the
rhodium concentration and the degree of enrichment
are 9.60 p einstein I~'s™", 2.20 mM and 83 % for the
cis experiment and 9.73 p einstein I-'s~', 2.38 mM
and 85 % for the trans experiment.

*
apical-[Rh(NH,),X]*** I;£_> basal-[Rh(NH,) XJ***

for which

[cis product] @, &,

X k. (basal)

[trans product]  ®, &, k. (apical)

Table 2. Water exchange in ammineaquarhodium(lll) complexes in acidic aqueous solution at 25°C.

Complex Thermal Photochemical

k¥s™ Ref. ®%mol einstein™'  k9s’ Ref.
[Rh(NH,)5(OH,)]** 8.41(18)x10°¢ 22 0.43(3) 23
cis{Rh(NH,),(OH,),I** 1.50(6)x10~° 11 0.143(4) This work
trans-[Rh(NH,),(OH,),]** 1.42(6)x107° 11 0.0251(6) _ This work
cis-{[Rh(NH,),(OH,)CIJ** 2.38(3)x107%¢ 11 0.66(2) 2.8(7)x10° 3,5
trans-[Rh(NH,),(OH,)CI]>*  3.38(9)x107%¢ 11 0.39(4) 1.8(5)x 108 35

“First-order rate constants based on complex concentration. *Quantum yields based on complex concentration,
cf. Scheme 1. Wavelength of irradiation 366 nm, except for [Rh(NH,);(OH,)]** for which 313 nm light was used.
°Excited state ligand dissociation rate constants obtained from a combination of reaction quantum yields and
luminescence lifetimes. ‘AH};, = 102.9(1.3) and AH;,,; = 99.2(2.0) kdmol™".
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The cis/trans ratio given above can, however,
only be regarded as an experimental determina-
tion of the equilibrium constant K* for the equi-
librium between the basal and the apical isomers
if one assumes equal deactivation rates [k,(basal)
= k,(apical)] for the excited state isomers."”
Such an assumption draws at least some support
from the lack of sensitivity to stereochemistry of
the non-radiative deactivation of the hexacoordi-
nated excited state precursors, which has been
noted for several isomeric pairs of tetraamine-
rhodium(IIT) complexes.** Angular overlap cal-
culations'™* of the relative energies for these
postulated apical and basal tetraammine interme-
diates show that the isomer having the weaker o-
donor strength ligand in the apical position has
the lower energy. Chloride is a weaker o-donor
than ammonia, with water being intermediate,
and the relative values of the estimates K*([Rh
(NH,)CI**) = 022 and K*([Rh(NH,),
(OH,)]***) = 0.54 are thus in agreement with the
result of the angular overlap calculations.

In Table 2, thermal rate constants for water ex-
change in some rhodium(III) complexes are com-
pared with the quantum yields for the corre-
sponding photochemical reactions. The quantum
yields are ratios of rate constants for individual
deactivation processes. For the complexes of
Table 2, excited state ligand dissociation rate con-
stants have been determined only for cis- and
trans-[Rh(NH;),(OH,)CI]**.> At 25°C, the
ground state rate is larger for trans- than for cis-
[Rh(NH,),(OH,)CI}**, whereas the opposite is
true for the excited state rates. Such behaviour
has been termed antithermal; however, for the
present cis/trans pair, it can be estimated from
the activation parameters that the relative order
of the thermal reactivity is reversed at 138°C,
suggesting, at least for these complexes, that the
thermal reactions at elevated temperatures mimic
the light-induced reactions.
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