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The ligand field photolysis of cis-P-[M(2,3,2-tet)CIXIn+ (M = Co, Rh; X = C1, H20) and the thermal aquations of cis-a- 
and cis-P-[Rh(trien)Clza+ and cis-P-[Rh(2,3,2-tet)C12]+ were studied in acidic aqueous solution. Photolysis of cis-@- 
[Co(2,3,2-tet)C12]+ and cis+ [C0(2,3,2-tet)Cl(H~O)]~+ leads to trans-[C0(2,3,2-tet)Cl(H~O)]~+ as the only photoproduct 
at efficiences (@ci2 = 0.0083, = 0.0053) typical for cobalt(II1) amine complexes. Photolysis of cis-p-[Rh(2,3,2-tet)C12]+ 
generates ~is-P-[Rh(2,3,2-tet)Cl(H~O)]~+ and trans-[Rh(2,3,2-tet)C1(H20)]2+ with a total chlorine-release efficiency of 
@ = 0.26 and a trans/& photoproduct ratio of about 3/ 1 I ~is-P-[Rh(2,3,2-tet)CI(H~O)]~+ photoisomerizes to trans- 
[Rh(2,3,2-tet)Cl(H20)]2+ (@ = 0.13). A kinetic study of the chloride aquation of cis-a- and cis-@-[Rh(trien)Cl,]+ and 
cis-P-[Rh(2,3,2-tet)C12]+ showed that all three ions aquated with retention of the cis configuration and with pH-independent 
(pH 1-4) pseudo-first-order rate constants (at pH 2, @ = 0.15, and T = 25 "C, kc]- = 1.8 X 16.7 X and 3.7 
X lo4 sd, respectively). The photochemical behavior of cis-@-[M(2,3,2-tet)CIX]+ ions is compared to the photochemistry 
of the analogous trien complexes, and the increased percentage of photoisomerization is justified in terms of a dissociative 
mechanism. 

Introduction 
The stereochemical consequences of the ligand field pho- 

tolysis of Rh(II1) and Co(II1) complexes have become quite 
perplexing, as stereoretentive photolyses' as well as pho- 
toinduced isomerizations2 have been observed for both metals. 
Until recently, the only models which dealt with photoinduced 
stereochemical change in transition-metal complexes were (a) 
an edge-displacement m ~ d e l , ~ ~ , ~  based on the semiempirical 
photolysis rules,4 and (b) a mechanism involving distortion of 
the excited state toward a five-coordinate species with a 
geometry dependent upon the ligands remaining in the primary 
coordination ~ p h e r e . ~  The fundamental difference between 
these empirical models is the former's retention of a t  least 
six-coordinate geometry throughout the reaction, while the 
latter path assumes the existence of a coordinatively unsat- 
urated species a t  some point along the reaction coordinate. 

A more theoretical analysis of the stereochemical conse- 
quences of ligand field excitation of d6 complexes, recently 
presented by Vanquickenborne and Ceulemans,6 also postu- 
lated the existence of five-coordinate species during the 
photolysis. They used an additive point ligand model7 
(APLM) to analyze the orbital energies of the five-coordinate 
species which would remain following photoinduced ligand 
labilization. For the d6 haloammine complexes analyzed, the 
square-pyramid (SP) structure was calculated to be signifi- 
cantly more stable than the trigonal-bipyramid (TBP) 
structure, with the photoproduct resulting from stereospecific 
water attack at the vacant coordination site (trans to the axial 
ligand) in the SP structure. The stereochemical path of a 
photochemical reaction can thus be predicted by the calculation 
of the specific SP species which would predominate. 

A tacit assumption in the Vanquickenborne analysis is that 
the photogenerated five-coordinate species would have a 
sufficient lifetime to allow intramolecular rearrangement to 
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the lowest energy configuration. For cationic complexes in 
a tenaciously solvating and highly nucleophilic medium such 
as water, the existence of coordinatively unsaturated di- and 
trivalent cations for a finite period is open to question. 

In an effort to probe the importance of coordinatively 
unsaturated species in the photochemistry of d6 haloamine 
complexes, we have studied the ligand field photochemistry 
of cis-p-[M(2,3,2-tet)C1XIn+ (M = Co, Rh; X = C1, HzO).8 

As shown in Figure 1, the 2,3,2-tet complexes differ only 
marginally from the previously studied3y5 cis-@- [M(trien)- 
ClX]"+ ions, where photolysis leads to mixtures of cis-@- and 
trans- [M(trien)C1(H2O)I2+. By use of the edge-displacement 
model, the formation of these two photoproducts results from 
the photoinduced labilization of the ligands at either end of 
the axis defined by a primary amine and a coordinated 
chloride. The isomeric composition of the photoproduct then 
reflects the discrimination between amine and chloride loss 
along the photoreactive axis, as chloride loss would lead di- 
rectly to cis-p- [M(trien)C1(H20)]*+ and amine labilization 
would lead to edge-displacement and formation of trans- 
[ M (trien) C1( H,O)] z+, 

The factors which affect the degree of discrimination be- 
tween chloride and amine labilization are unknown, but the 
addition of a methylene group in the central chelate ring would 
not affect the reactivity pattern of an excited state formed upon 
the population of metal-centered orbitals. Thus, if the 
edge-displacement model is valid, photolysis of cis-p-[M- 
(2,3,2-tet)C1XIn+ ions should closely mimic that of the cor- 
responding cis-p-[M(trien)ClX]"+ ions. 

In contrast, if the photochemical reaction proceeds via a 
species of reduced coordination number, addition of a 
methylene group into the chelated amine could have profound 
effects upon the stereochemistry of the photoproducts. The 
trien ligand forms transition-metal complexes almost exclu- 
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C I  CI 

c i s - 8 -  [M(trien)CI2] t c i s - 8 -  LM(2,3,2 - te t )C12]+ 

Figure 1. Structural skeletons of cis-@-[Co(trien)CI,]' and cis-@. 
[Co(2,3,2-tet)C12] +. 

sively in  t h e  cis configuration9 as  extensive steric s t ra in  is 
induced when trien is forced into the trans configuration, while 
the 2,3,2-tet ligand forms a variety of t rans  complexes," and  
work with molecular models confirms that  the extra methylene 
group relieves t h e  s t ra in  inherent in the t rans  trien s t ructure .  
T h i s  difference in t h e  s table  geometries of the  trien and 2,- 
3,2-tet ligands could lead to  differences in  the  geometries of 
the photoinduced five-coordinate excited states, which would 
then be reflected in the stereochemical composition of t h e  
photoproducts. 

As a part of this study on the effects of ligand configuration 
on excited-state reactivity, it  was necessary to  determine t h e  
effects of ligand configuration on ground-state reactivity under 
the conditions used for photochemistry. As a result, kinetic 
studies were  done on t h e  thermal  aquat ions of cis-a- and 
cis-P-[Rh(trien)Clz]+ and  cis-/3-[M(2,3,2-tet)C12]+ (M = Co, 
R h )  in acidic aqueous solution. 
Experimental Section 

Preparation of Complexes. cis-a-Dichloro(triethy1enetetr- 
amine)rhodium(III) Chloride. The method of Johnson and Basolo," 
as amended by Gillard,gb was used to prepare crs-a-[Rh(trien)C12]C1. 
Each sample was recrystallized from HCI before photolysis. The 
electronic spectrum agreed with the previously reported spe~trum:~,"  
given, A,,, 352 nm (e  240), A,,, 292 (210); found, A,,, 352 (235), 
A,,, 292 (195). The infrared spectrum was virtually identical with 
that reported for the cis-a complex." 

cis-&Dichloro( triethylenetetramine)rhodium(III) Chloride. Re- 
peated crystallization of the mother liquor separated from cis-a- 
[Rh(trien)Cl2]CI eventually led to the isolation of cis-@-[Rh- 
(trien)C12]C1.9b The electronic spectrum is similar to that previously 
observed: given, A,,, 350 nm ( t  270), A,,, 300 (290); found, A,,, 
350 (273), A,,, 300 (290). The infrared spectrum was virtually 
identical with that reported for the cis-@ ion. On the basis of the 
infrared and electronic spectra, we estimate any contamination by 
the cis-a ion to less than 5%. 

1,4,8,1l-Tetraazaundecane, The tetradentate ligand was either 
purchased (Eastman Kodak, Rochester, NY) or prepared by the 
method of Van Alpheni2 as modified by A1e~ander.l~ Infrared spectra 
of purchased and synthesized ligand were indistinguishable, as was 
their reactivity. 

trans-Dichloro( 1,4,8,11-tetraazaundecane)cobalt(III) Chloride. The 
synthesis of truns-[Co(2,3,2-tet)Cl2]CI was adapted from Bosnich'si4 
synthesis of trans-[C0(3,2,3-tet)C1~]C1~CoC1~~6H~O (12 g) in CH30H 
(25 mL). The resultant brown-violet solution was oxidized by the 
vigorous passage of air for 3 h. Concentrated HCI (1 3 mL) was added, 
and the solution was heated for 10 min on the steam bath. On 
standing, a t  0 O C  for 1 h, the resultant solution precipitated feathery, 
pale green needles, which were collected and washed with ethanol 
and air-dried. The complex was recrystallized from a minimum volume 
of hot 4 M HCI by the addition of 10 volumes of MeOH. 

cis-~-Dichloro( 1,4,8,1 I-tetraazaundecane)cobalt (In) Chloride. The 
synthesis of cis-@-[Co(2,3,2-tet)C12]C1 is a modification of Bosnich'~'~ 
synthesis of the analogous cis-[Co(3,2,3-tet)CI2]Cl. A mixture of 
truns-[Co(2,3,2-tet)Cl2]CI (4 g), LiC03 (1.5 g), and activated charcoal 
(6.2 g) in 30 mL of H 2 0  was heated on a steam bath for 1 h. The 
violet solution that formed was filtered, concentrated HC1 (10 mL) 
was slowly added to the filtrate, and the resulting solution was heated 
on a steam bath for 5 min. The violet solution was taken close to 
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dryness under vacuum. The violet crystals were collected by filtration 
and washed with methanol. The electronic spectrum of cis-[Co- 
(2,3,2-tet)C12]C1 is A,,, 532 nm (6 86) and A,,, 386 (89), which is 
typical for a cis- [Co(N),CI2]' chromophore. 

cis-Chloroaquo( 1,4,8,11-tetraazaundecane)cobalt(III) Cation. All 
attempts to isolate cis-[Co(2,3,2-tet)C1(OH2)] (NO'), in the solid state 
met with failure. A reported synthesislob of the aquochloro isomer 
could not be repeated. However, the aquochloro isomer was prepared 
by the silver-induced aquation of cis-[Co(2,3,2-tet)CI2]Cl in dilute 
(0.1 M) nitric acid. Two equivalents of A g N 0 3  was added to a 
room-temperature solution of the dichloro ion, and precipitation of 
2 equiv of AgCl occurred. The resultant AgCl was separated by 
filtration, and a solution of known concentration of aquochloro isomer 
was obtained. 

cis-P-Dichloro( 1,4,8,1l-tetraazaundecane)rhodium(III) Chloride. 
The method used for the preparation of cis-a-[Rh(trien)CI2]Clgb was 
adapted for the 2,3,2-tet complex, as LiOH was carefully added to 
a refluxing solution of RhCI3.3H2O (1.0 g) and 2,3,2-tet.4HCI (1.2 
g) until a neutral solution was obtained. The solution volume was 
reduced and the temperature held at  2 OC, and the chloride salt 
crystallized slowly (ca. 4 weeks). The yellow crystals were collected 
by filtration, washed extensively with ethanol, and air-dried. The 
electronic spectrum (A,, 348 nm ( e  218), A,, 295 (241)) is consistent 
with a ~ i s - [ R h ( N ) ~ C l ~ ] '  chromophore. Assignment of the @ con- 
figuration is based upon a comparison of its infrared spectrum with 
that of cis-P-[Co(2,3,2-tet)C12]Cl. In the diagnostic regions used to 
distinguish cis-@ from cis-a trien complexes,16 the two 2,3,2-tet 
complexes had virtually superimpsable spectra. The presence of lattice 
water is indicated by sharp OH stretching bands at  3450 and 3350 
cm-'. Anal. Calcd for C7H22N4C130Rh, [Rh(2,3,2-tet)C12]C1.'/zH20: 
C, 22.2; H,  5.0; N, 14.8. Found: C, 22.7; H ,  5.2; N, 14.7. Before 
kinetic or photochemical study, trans impurities were separated by 
ion-exchange chromatography (Sephadex S P  C-25 resin with 0.2 N 
H2S04 as eluent). 

Kinetic Studies. The rate of thermal aquation was monitored 
spectrophotometrically, and several wavelengths were monitored for 
each complex. Solid material was dissolved in thermally equilibrated 
solvent; the Co aquations were done in dilute perchloric acid, while 
sulfuric acid was used for the Rh(II1) aquations. The ionic strength 
was adjusted with LiC104 and Li2S04, respectively. Infinite time 
absorbances were experimentally determined and rate constants 
calculated from In ( A  - A,)  vs. time graphs. 

Photolyses. Irradiation was done with a 200-W Hg short-arc lamp 
(Illumination Industries Inc.). For the Rh complexes, wavelength 
selection was effected with an interference filter (Baird Atomic) with 
a transmittance maximum at  336 nm and fwhh of 20 nm; incident 
intensities were measured by ferrioxalate actinometry and averaged 
3.0 X einstein/s over a front window area of 2.9 cm2, The 
photochemical efficiencies of the Co complexes were so low that even 
at 2 OC the thermal aquation swamped photochemical changes when 
an interference filter was used. Photon flux was increased by using 
a broad band-pass filter (Corning CS3-72) which transmitted light 
of wavelength greater than 450 nm. As with the Rh complexes, this 
corresponded to the lowest energy ligand field band. Reinekate- 
actinometry was used to estimate incident intensity, which averaged 
9.0 X einstein/s. To reduce interference from thermal reactions, 
a hot mirror (Baird Atomic) was placed in the optical path, and 
photolyses were run at  2 OC. 

The two previously described' graphical 
techniques were used to analyze solute composition: photoinduced 
spectral changes of the cis aquochloro ions were analyzed by a 
two-component scheme, while a three-component, triangular graph 
system was needed for the three species present upon photolysis of 
the dichloro ions. 

Instrumentation. Electronic spectra were recorded on a Beckman 
Acta M IV spectrophotometer. A Radiometer PHM 64 pH meter 
with a GK2320C combined electrode (Radiometer) was used for pH 
measurements, and a F1012Cl Selectrode and a K701 calomel 
reference electrode were used for chloride determinations. Infrared 
spectra were recorded with a Beckman spectrometer on Nujol mull 
samples. 

Results 
Thermal Aquation. In acidic aqueous solution, cis-a- a n d  

cis-P-[Rh(trien)Cl2]' a n d  cis-/3-[Rh(2,3,2-tet)C12]+ undergo 
chloride aquat ion with retention of cis configuration. T h e  

Product Analysis. 
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Table I. Rates of Chloride Aquation of cis-@- and 
cis-@-[ Rh(trien)Cl, 1 + in Acidic Aqueous Solution 

1 04kcis-o, 1 o4kCis+ 
temp, OC 1.1 PH S- 1 S- 

~ 

90 0.15 1.3 9.7 
80 0.15 1.3 4.5 
70 0.15 1.3 1.8 
60 0.15 1.3 0.68 
50 0.15 1.3 
70 0.30 1.3 2.0 
70 0.45 1.3 2.9 
70 0.15 2.1 1.8 
70 0.15 3.0 2.0 
70 0.15 4.0 1.8 

28.5 
14.3 
7.2 
3.6 

16.3 
16.9 
16.2 
16.7 
20.0 

E,, kcal/mol 21 16 
S* (at 80 "C), eu - 17 -27 

Table 11. Rates of Chloride Aquation of cis-P-[Rh(2,3,2-tet)C12]+ 
in Acidic Aqueous Solution 

temp, OC /J PH 104k, S-1 

58 0.30 1.0 0.99 
63 0.30 1.0 1.6 
70 0.30 1.0 3.3 
76 0.30 1.0 4.7 
70 0.30 2.0 3.7 
70 0.30 3.0 3.1 
70 0.15 2.0 3.7 
70 0.03 2.0 3.1 

E, = 19.5 kcal/mol (at 80 "C); S = -20 eu 

I 1 
400 450 500 550 600 

X ( n m )  

Figure 2. Spectral changes induced by ligand field photolysis of 
cis-@- [ Co(2,3,2-tet)C1(H20)] '+ (a). 

cis-a- and cis-@- [Rh(trien)Clz]+ ions aquate to distinct cis 
products, implying retention of the a and @ ligand configu- 
rations in the aquated products. All three ions give linear 
first-order plots for at least 4 half-lives, and representative rate 
constants and activation parameters are given in Tables I and 
11. 

Photolyses. ~is-B-[M(2,3,2-tet)Cl(OH~)]~+. Irradiation of 
the lowest energy ligand field bands of cis-@-[Co(2,3,2- 
tet)Cl(OHz)]2+ and cis-@-[Rh(2,3,2-tet)Cl(OH2)]'+ in acidic 
aqueous solution caused negligible pH or chloride concen- 
tration changes but caused the spectral changes shown in 
Figures 2 and 3. Isosbestics were maintained throughout the 
photolyses, and the intermediate spectra can be generated as 
linear combinations of the initial and final spectra. Com- 
parison of the photoproduced spectra with previously reported 
Co(II1) and Rh(II1) systems allows unambiguous assignment 
of the photoproducts as tran~-[M(2,3,2-tet)Cl(OH~>]~+ (eq 
1). 

cis-@- [M(2,3,2-tet)Cl(OHz)1 '+ - hu 

H30f 
trans-[M(2,3,2-tet)C1(OHz)]'+ (1) 
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A 

I 
300 350 400 

X ( n m )  

Figure 3. Spectral changes induced by the ligand field photolysis of 
cis+ [Rh(2,3,2-tet)C1(H20)]2t (a). 

~18-B-[Rhl2.3,2- Iet )CI; ! ]~ ~ ~ r - ~ - ~ R h l Z , 3 , 2 - t e t l C i  OH21 

Figure 4. Three-component composition analysis for the solutions 
obtained upon photolysis of cis-P-[Rh(2,3,2-tet)Cl2]+. The region 
at  the intersections of lines represents the fractional composition after 
a given photolysis period. 

cis-@-[M(2,3,2-tet)Clz]+. Ligand field irradiation of acidic 
aqueous solutions of cis-@- [M(2,3,2-tet)C12]+ eventually leads 
to the same photoproduct observed upon photolysis of the 
cis-@-aquochloro ions, trans- [M(2,3,2-tet)Cl(OHz)]2+. The 
photoinduced spectral changes are not clean, however, and 
isosbestic points are not observed during the photolyses of the 
dichloro ions. 

The absorption spectra of cis-@-[M(2,3,2-tet)C12]+ could 
be obtained from the starting materials, and the spectra of the 
thermal aquation products, cis-@- [M(2,3,2-tet)Cl(OH2)]2+, 
and the final photoproducts, trans- [M(2,3,2-tet)C1(OH)I2+, 
could be reliably determined (=k3%), so the triangular graph 
technique was used to analyze the composition of the pho- 
tolyzed solutions. As shown in Figure 4, such an analysis 
confirms that both cis-@- and trans-aquochloro ions are 
generated in the photolysis solutions and that formation of 
trans- [M(2,3,2-tet)Cl(OH,)] 2+ as the eventual photoproduct 
must result from secondary photolysis of the cis-@-aquochloro 
ion. 

Generation of cis-@- [Rh(2,3,2-tet)Cl(OH2)] 2+ via thermal 
aquation of the starting material was insignificant, so the 
photoproduct composition represented on the triangular graph 
is an accurate representation of the stereochemical conse- 
quences of ligand field irradiation. In the early stages of 
photolysis, a photoproduct ratio (translcis-@) of 3/1 was 
observed. This ratio was confirmed by quantum-yield de- 
terminations. Photoinduced isomerization of cis-@- to 
trans-aquochloro ion occurs with an isosbestic point at 380 
nm, so analysis of the photoinduced spectral changes during 
the photolysis of cis-@-[Rh(2,3,2-tet)C12]+ at  380 nm gives a 
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which is independent of the isomeric composition of the 
aquochloro photoproducts ( 4  total = 0.26). The thermal 
aquation of the cis-0-dichloro complex to the cis-P-aquochloro 
ion occurs with an isosbestic point a t  366 nm, so determination 
of the quantum yield monitored at 366 nm gives the efficiency 
of photoinduced isomerization to trans-aquochloro ion (dtrans 
= 0.20). This analysis gives a primary photoproduct com- 
position of ((0.20/0.26) X loo=) 77% trans- and 23% cis- 
P-[Rh(2,3,2-tet)Cl(0H2)12f, in excellent agreement with the 
3/1 ratio determined from the triangular plot (eq 2). 

+= cis-p-[Rh(2,3,2- t e t ) C  I(H20))2t 

hw 9.0 13 

( 2 )  

The thermal aquation of cis-P-[Co(2,3,2-tet)Cl2]+ could not 
be ignored, however, for even at 2 'C, thermal formation of 
cis+ [Co(2,3,2-tet)C1(H20)] 2+ was not completely suppressed. 
Using information from a kinetic study of the thermal aquation 
of [Co(2,3,2-tet)CI2]+ under photochemical conditions and 
confining the analysis to the early stages of the photolysis, we 
determined the extent of thermal formation of cis-P- [Co- 
(2,3,2-tet)C1(H,0)l2" during the photolysis period; such 
calculations revealed that the concentrations of cis-P-aquo- 
chloro ion in the photolyzed solution were precisely (*2%) the 
concentrations generated upon thermal aquation. We therefore 
conclude that photolysis of cis-P-[Co(2,3,2-tet)C12] + proceeds 
with virtually complete (at least 98%) isomerization to 
trans-[Co(2,3,2-tet)C1(H2O)I2+ (eq 3). 

CIS - p -CCO ( 2,3,2 - t e  t) c I z J + 

1 Y 
h 

os-p- [R h ( 2,3,2- t et  ) C I 21' n,  

frans-[Rh(2,3.2 -tet)CI(H20)J2+ 0 2 0  

c /s-P- [C0(2,3,2- te t )CI(HzO)]~+ 'c h " j ~ ~ o o o I I  (3) 

oo83 trans -[Co(2,3.2- tet)CI ( H Z O ) ) ~ +  

Discussion 
The thermal aquations of cis-a- and cis+- [Rh(trien)Cl,]+ 

and cis-P-[Rh(2,3,2-tet)Cl2]+ occur with complete retention 
of the cis configuration a t  rates consistent with other cis- 
dichlorotetramine complexes of Rh(II1). A previously 
reported" kinetic study of cis- [Rh(trien)C12]+ did not include 
an  identification of ligand configuration, but comparison of 
kinetics data confirms that the earlier complex had the cis-a 
configuration. As observed with the analogous Co(II1) 
cornplexe~,'~ the rate of chloride loss from the cis-@ ion is more 
rapid than from the cis-a ion, but the difference is less than 
an  order of magnitude (Table I), in marked contrast to the 
differences observed for the analogous Cr(II1) ions.9c In- 
corporation of an additional methylene group has little effect 
upon the thermal behavior, as cis-P-[Rh(2,3,2-tet)C12]+ 
aqbates at a rate and with activation parameters between those 
of the cis-a and cis-0 trien complexes. 

Despite an  earlier kinetic study,18 the rate of chloride 
aquation of cis-P-[Co(2,3,2-tet)C12]+ was also studied, as 
first-hand information about this reaction was necessary to 
accurately subtract its contribution from the photoinduced 
spectral changes. Our study confirmed that the ion photolyzed 
was the same species as that observed by Tobe,l8 as the two 
kinetic studies were in excellent (=k5%) agreement. The 
reaction rate is pH independent between p H  1 and 4, is 
relatively independent of ionic strength, and is not catalyzed 
by Co(I1) at the p H  values studied. The rates and activation 
parameters are also similar to those found for cis-P-[Co- 
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(trien)C12]+;" under identical conditions (pH 1, p = 0.1, 25 
"C) the rate of chloride aquation from cis-/3-[Co(trien)Cl2]+ 
is 1.48 X s-l, compared to a value of 1.2 X lo-' for the 
analogous 2,3,2-tet complex. We conclude that the config- 
uration and detailed structure of the tetramine in the cis 
configuration has only minor effects on the thermal aquations 
of these cis-dichloro complexes of Co(II1) and Rh(II1). 

Photolyses 
The chemical reactions induced by ligand field photolysis 

of cis-P-[M(2,3,2-tet)ClX]"+ ( M  = Co, Rh; X = C1, H20) 
are nonthermal processes. In the absence of radiation, the 
dichloro ions aquate to ci~-P-[M(2,3,2-tet)Cl(OH~)]~+, and 
photoinduced isomerization to tr~ns-[M(2,3,2-tet)Cl(OH~)]~+ 
indicates excited-state aquations. 

The identity of the photoreactive state is not known, even 
though irradiation was always into the lowest energy allowed 
ligand field transition ( 'TI +- lA1). For ions of the series 
[Rh(NH3),X] ,+, photoreaction has been proposed to occur 
from low-lying triplet states populated by rapid intersystem 
c ro~s ing . '~  In view of the similarities in the stereochemistry 
of the ligand field photolysis of these Co(II1) and Rh(II1) 
systems, it is reasonable that states of similar multiplicity are 
involved in both systems and that the higher efficiency of 
Rh( 111) photolyses reflects the larger spin-orbit coupling and 
more efficient intersystem crossing of a second-row transition 
metal. 

Despite the similarities in the thermal reactions of the 
2,3,2-tet and trien complexes of Co(II1) and Rh(III), the 
photochemical reactivities of the 2,3,2-tet ions differ from those 
of the trien systems. Ligand field photolysis of cis-[Co- 
(en),C12]+ and cis-P-[Co(trien)CIJ + leads to both cis- and 
trans-aquochloro  ion^;^,^ photolysis of cis-P-[Co(2,3,2-tet)C12]+ 
occurs with efficiencies typical for a Co(II1) amine complex, 
but there is no detectable photochemical production of cis- 
0-aquochloro ion. Photolysis proceeds with a t  least 98% 
isomerization to truns-[C0(2,3,2-tet)Cl(H~O)]~+. For the 
Rh(II1) complexes, ligand field irradiation of cis+ [Rh- 
(trien)C12]+ leads to both cis-0 and trans-aquochloro ions in 
a trans/& ratio of 1/2,5 while for the 2,3,2-tet ion the trans/& 
photoproduct ratio is 3/1. That is, for both the cobalt and 
rhodium complexes, incorporation of a single methylene group 
in the central chelate chain causes a marked increase in the 
percentage of isomerized trans-aquochloro ion produced in the 
primary photolysis step. 

Interpretation of the stereochemical rearrangements of d6 
complexes cannot be based upon the ligand field and U / R  

bonding schemes developed by Zink.*O These models attempt 
to identify the photolabilized ligand in octahedral complexes 
but do not deal with Stereochemical rearrangement and, in fact, 
make the tacit assumption that stereoretentive aquation occurs 
as soon as the labilized ligand vacates the primary coordination 
sphere. 

The edge-displacement m0de1*~,~ was developed in an at- 
tempt to reconcile the apparent requirement of (at least) 
six-coordination, with the stereochemical rearrangements 
common to d6 photochemistry. This model, involving a 
quasi-seven-coordinate species does account for the formation 
of trun~-[M(2,3,2-tet)Cl(OH,)]~+ upon photolysis of the cis+ 
ions, but it does not easily account for the differences between 
the cis$ trien and 2,3,2-tet complexes. It is not apparent why 
such a minor structural difference should increase the degree 
of discrimination of amine over chloride labilization along the 
photoreactive axis, yet such increased discrimination would 
be required to account for the increased trans/& photoproduct 
ratio observed for both cis-P-[M(2,3,2-tet)C12]+ ions. 

If the requirement of a coordinatively saturated metal center 
is loosened, photoinduced isomerizations are less difficult to 
rationalize. An empirical model, involving concerted ligand 
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Figure 5. Representation of the photoinduced distortions of cis- 
@-[M(2,3,2-tet)ClXIn+ (M = co, Rh; X = C1, H20) which accounts 
for the high percentage of tr~ns-[M(2,3,2-tet)Cl(H~O)]~' photo- 
product. Water attack at (a) would lead to a mixture of cis and trans 
photoproducts, while attack at (b) would lead to pure t r a n s - [ M -  
(2,3,2-tet)C1(H20)l2+. 

loss and distortion of the remaining five-coordinate excited 
state, was proposed for some cis trien and tren complexes of 
Rh(III).5 In addition, a theoretical analysis of Vanquic- 
kenborne and C e u l e m a n ~ ~ ? ~  implies a dissociative mechanism, 
with the distortion of the excited state. treated as a separate 
process after loss of the photolabilized ligand. Within these 
dissociative models, the differences between the trien and 
2,3,2-tet complexes would result from the different geometric 
preferences of the quadridentates, which, in turn, would effect 
the structure of the five-coordinate excited states. 

Thermodynamic data is not available concerning the lowest 
energy configuration of trien and 2,3,2-tet, but preparation 
of trans trien complexes is difficult, and when formed, trans 
trien complexes are generally unstable toward isomerization 
to the cis-@ geometry17. In contrast, the 2,3,2-tet ligand seems 
to prefer the trans geometry, and the synthesis of cis complexes 
is plagued by the readily formed trans species. The preference 
of 2,3,2-tet for the trans configuration (and of trien for cis) 
should then be reflected in the geometry of the photoproduced 
five-coordinate excited state. As represented in Figure 5, a 
trans geometry for the 2,3,2-tet ligand is readily attained 
through distortion toward a SP, with the chloride in the unique 
axial site and the 2,3,2-tet occupying the four equatorial sites. 
Just such a SP structure is calculated6 td be the lowest energy 
configuration for the sterically unconstrained [Rh(NH3)&1l2+ 
species, so the high percentage of trans-aquochloro photo- 
product resulting from the ligand field photolysis of cis+ 
[M(2,3,2-tet)C12]+ (M = Co, Rh) is consistent with the 
calculations of Vanquickenborne.6 The formation of 23% 
~is-@-[Rh(2,3,2-tet)Cl(H,O)]~+ upon photolysis of cis-@- 
[Rh(2,3,2-tet)C12]+ is then attributed to the existence of a 
second SP species (with the chloride in one of the equatorial 
coordination sites) which is in equilibrium with the more 
prevalent SP species with the axial chloride. The lower 
percentage of trans photoproduct observed for the trien 
complexesS must then be attributed to the ligand-imposed steric 
constraints which hinder formation of the normally low-energy 
SP species. 

In terms of the empirical model5 involving concerted ligand 
loss and rearrangement, the distortions necessary to form the 
low-energy SP structure are logical continuations of the 
distortions proposed for the [Rh(tren)ClX]"+ and cis[Rh- 
(trien)ClX]"+ systems. That the distortion should continue 
past the TBP to the SP geometry is again attributed to the 
preference of the 2,3,2-tet ligand for the trans configurations. 
In contrast to the theoretical model, the empirical model does 
not involve the existence of thermally equilibrated SP in- 
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termediates but calls for water attack at some coordinately 
unsaturated species which need not exist long enough to attain 
thermal equilibration. The formation of isomeric Mixtures is 
attributed to water attack from different directions at species 
near a TBP geometry, while isomerically pure photoproducts 
(as upon photolysis of cis-@- [Co(2,3,2-tet)C12]+) result from 
water attack near the vacant site of excited states near a SP 
geometry. The concerted labilization/distortion model avoids 
the problems inherent in postulating the thermal equilibration 
of two coordinatively unsaturated divalent cations in aqueous 
solution. It also accounts for the relative photoinertness of 
both cis-a- [M(trien)C12]+ ions,5 which is not readily explained 
with the theoretical model. 
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