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The four diastereomers of tris[(+)-3-acetylcamphorato]chromium(III) can be interconverted by photolysis in the ultraviolet 
or visible region with quantum yields of the order of or by thermolysis at temperatures exceeding 100 "C.  Quantum 
yields for formation of product isomem in n-hexane solution from individual starting isomers upon photolysis at 254, 350, 
and 577 nm are reported along with the corresponding rate constants for thermal isomerization at 134 OC. Analysis of 
selected ratios of rate constants and quantum yields indicate that, for cis isomers a t  least, b t h  thermal isomerization and 
photoisomerization proceed primarily by a bond-breaking mechanism in which the intermediate or transition state has 
square-pyramidal coordination with the nonchelate ligand bound in the axial position. 

Thermal isomerization rates of tris(&diketonato)metal(III) 
complexes have been extensively investigated in recent years 
in attempts to establish the mechanisms involved.'-* Two 
distinct processes are generally held potentially responsible for 
intramolecular isomerization of these complexes. These are 
(1) twisting motions in which no metal-ligand bonds are 
broken and in which transition states result from rotation of 
ligands about real, pseudo, or imaginary threefold axes9 and 
(2) processes in which one metal-ligand bond is broken, 
forming five-coordinate transition states. Idealized formu- 
lations of the latter are based on a square-pyramidal (SP) or 
trigonal-bipyramidal (TBP) coordination geometry, and several 
isomers are possible depending upon the location of the 
nonchelate ligand. 

Despite efforts on numerous 0-diketonate complexes, it has 
not yet been possible to establish the relative importance of 
the two basic mechanisms in solution.1° Certain specific 
pathways can be excluded in some cases as the sole process, 
but no single pathway adequately explains the kinetic data.44 
Most evidence favors a combination of bond-breaking 
 pathway^.^,^,^ 

In contrast to the efforts in thermal isomerization kinetics, 
much less is known of the photochemically induced isomer- 
ization of this well-known class of complexes.I1 Indeed, 
relatively little information is available on the general pho- 
tochemical behavior of P-diketonate complexes in solvents 
which are inert with respect to ligand substitution and redox 
processes.' 1-13 Several tris(@-diketonato)chromium(III) 
complexes have been partially resolved using circularly po- 
larized light,l4-l7 and Stevenson has determined quantum 
yields for photoisomerization of tris(2,4-pentanedionato)- 
chromium(II1) and tris( 1,1,1 -trifluoroacetylacetonato)chro- 
mium(II1) in chlorobenzene s ~ l u t i o n . ~ ~ , ~ ~  Recent data for the 
latter complex indicate that geometrical isomerization and 
optical inversion occur upon irradiation of the ligand field band 
at 546 nm, and it was concluded that both bond rupture and 
twisting mechanisms are inv01ved.l~ In an earlier study of the 
closely related complex tris( 1,1,1 -trifluoro-5,5-dimethyl- 
hexane-2,4-dionato)chromium(III) no geometrical isomeri- 
zation was found upon irradiation of the d-d absorption band, 
but a photostationary state in which the isomer proportions 
are similar to those found upon thermal isomerization results 
from irradiation of the ligand bands.18 

Detailed kinetic investigations of the complexes described 
above require at least partial resolution of enantiomeric species 
(A and A) in order to measure racemization rates. Resolution 
of electrically neutral complexes such as (P-dik)3M111 (dik = 
diketonate) is difficult, but this problem can be completely 
avoided by using complexes of chiral P-diketonate ligands, such 
as I, where the ligand is (+)-3-acetylcamphor. Four ste- 
reoisomers (diastereomers) are possible for I; these are des- 
ignated A-cis, A-cis, A-trans, and A-trans. They may be 
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separated completely by silica gel chromatography for M3+ 
= Co3+, Cr3+, Rh3+, and Ru3+, and absolute configurations 
of all four diastereomers in each case are Since 
for a given metal ion a pure diastereomer may isomerize 
thermally or photochemically to generate one or more of the 
remaining three, 12 processes are possible as shown in eq 1. 
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Here the 12 Cj's represent rate constants, k{s ,  for thermal 
isomerization or quantum yields, 4[s, for photoisomerization. 
Since some of these processes are excluded by certain 
isomerization mechanisms, determinations of the C[s are 
expected to provide mechanistic information. 

The present paper describes the kinetics of thermal 
isomerization of tris[ (+)-3-acetylcamphorato]chromium(I1I), 
I, M = Cr3+, hereafter abbreviated Cr(atc)3. The quantum 
yields for photoisomerization as a function of wavelength are 
also presented, and a comparison of thermal and photochemical 
isomerization pathways is made. 
Experimental Section 

Materials. Cr(atc)3 was prepared and separated into its four 
diastereomers as described p rev io~s ly .~~  Spectral grade n-hexane used 
for thermal isomerization and photoisomerization was dried by passage 
through a column of 4A molecular sieves and was stored in dry 
containers. 

Thermal Isomerization. Rates of thermal isomerization of the four 
isomers of Cr(atc)3 were measured using techniques developed earlier 
during a thermal isomerization study of Ru(atc)j.* Sohtions (6.3 
X 10-3 M) of the individual disastereomers in n-hexane were sealed 
in capillary tubes and immersed in an oil bath at 134 OC. Tubes were 
removed a t  15-30-min intervals, and 5-10 pl of the solutions was 
injected into the liquid chromatograph described below. Determination 
of the initial isomerization rates from chromatographic signal areas 
was carried out as described below and as described in a previous 
publication.* 
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The relative abundances of the diastereomers under equilibrium 
conditions were determined in a similar manner. Solutions of each 
diastereomer were heated at 134 OC until no further change in relative 
signal areas could be detected (-36 h). Relative equilibrium 
abundances thus obtained beginning with a given diastereomer were 
found to be in good agreement with those obtained from the other 
diastereomers. 

Photoisomerization. Solutions of the individual diastereomers in 
dry, oxygen-free n-hexane were photolyzed a t  254,350, and 577 nm. 
Concentrations were 3.17 X M (350 
nm), and 3.17 X M (577 nm). In the uv region these con- 
centrations were such that essentially all of the light was captured 
in the I-cm cell path. At 577 nm only 56% of the light was absorbed 
in the 2-cm cell path used; thus a correction for this was necessary 
in determining 6’s. Photolysis in the uv region was carried out using 
a Rayonet RPR-100 reactor equipped with four RPR 3500-A phosphor 
lamps (bandwidth 42 nm) or four RPR 2537-A lamps (low-pressure 
mercury arc). The samples (10 ml) were contained in stoppered 
cylindrical quartz or Pyrex tubes held in a Rayonet MGR-100 
Merry-Go-Round device. Aliquots (100 pl) were removed at regular 
intervals (10 min, 254 nm; 20 min, 350 nm) and injected into the liquid 
chromatograph. Mixing was accomplished by inverting the sample 
tubes just prior to removing aliquots. The concentrations of product 
isomers after each period of photolysis were determined from areas 
of their respective chromatographic signals as described below. 
Photolysis at 577 nm was accomplished using a Sargent-Welch 200-W 
superpressure mercury lamp and a 2-cm cylindrical sample cell. The 
lamp output was filtered by CuC12 and KzCr207 solutions which 
transmit light centered about 577 nm with a -40-nm bandwidth.22 
Aliquots (5 pl) were removed from the sample cell a t  20-min intervals 
and injected into the liquid chromatograph. Mixing was accomplished 
by inverting the cell several times prior to taking an aliquot. 

A photostationary state was attained a t  each wavelength after 
extended photolysis: 254 nm, 4 lamps, 6 h; 350 nm, 16 lamps, 6 h; 
577 nm, 30-50 h. At each wavelength relative isomer abundances 
obtained beginning with a given isomer were in good agreement with 
those obtained from the other isomers. Several unidentified chro- 
matographic signals appeared during this period with photolysis at 
254 nm and are attributed to decomposition products. However during 
the kinetic runs only signals arising from the four diastereomers of 
I were evident. Sample temperatures never exceeded 35 “C during 
photolysis. At this temperature no detectable thermal isomerization 
occurs during the time required to reach photostationary states.23 

The light output of the lamps used at 254 and 350 nm was measured 
by routine ferric oxalate actinometry using the same experimental 
conditions as during photochemical isomerization. For the lamps and 
cylindrical cells used I,’ = 2.40 X einstein/s at 254 nm and 1.61 
X 10-7 einstein/s a t  350 nm, where I; is the light absorbed per unit 
time using a specific cell.24 The visible I; was measured using aqueous 
Reinecke saltZ5 and was found to vary from 0.930 X lo-’ to 1.29 X 
IOW7 einstein/sec, depending upon the lamp used. 

Attempts were made to carry out photoisomerization using the 
200-W superpressure mercury lamp coupled with a Bausch and Lomb 
monochromator. However the light intensity proved far too small 
to effect photoisomerization within practical working time. For 
example, a 24-h photolysis in a 1-cm cell at 254 and 350 nm produced 
less than 2% of product isomers. Photoisomerization also occurs upon 
irradiation with a 70-mW He-Ne laser (633 nm) attached to a Raman 
spectrometer and with direct sunlight. 

Chromatography. All high-pressure liquid chromatography was 
conducted on a Perkin-Elmer Series NFl210 liquid chromatograph 
with a NFLC-250 ultraviolet detector operating a t  366 nm. The 
Cr(atc)3 isomers were separated on a silica gel column (Corasil 11) 
using a 15% (by volume) mixture of tetrahydrofuran in n-hexane a t  
a flow rate of 0.4 ml/min. Retention times were 12 rnin for A-trans, 
14 min for A-trans, 20 min for A-cis, and -50 min for A-cis. 

Preliminary work showed that the four 
diastereomers of Cr(atc)3 give well-separated chromatographic signals 
under the above conditions. After thermal isomerization or pho- 
toisomerization of an initially pure isomer for a short period, the 
chromatogram of an aliquot shows a large signal for the initial isomer 
and one or more much smaller signals for product isomers. Relative 
areas of these signals, after correction for differences in EM values 
for the isomers a t  the wavelength of the detector, are equal to the 
relative isomer abundances. If it may be assumed26 the only products 
of thermolysis or photolysis are the four diastereomers of Cr(atc)3, 

M (254 nm), 1.58 X 

Treatment of Data. 
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the mole fraction of a given product isomer after time t is given by 
Ap/CiAj, where A’s are corrected signal areas. In order to avoid 
secondary reactions during both photoisomerization and thermal kinetic 
runs, isomerization was allowed to proceed only until the combined 
signal areas of product isomers were about 20% of the signal area 
of the initial isomer. Since the original concentration of the initial 
isomer [Io] is known, the concentration of a product isomer at time 
t ,  [PA is 

First-order kinetics were assumed to hold for thermal isomerization 
of Cr(atc)3, since this has been demonstrated for other tris(&di- 
ketonate) complexes of Cr(III)27 and other trivalent ions44 in inert 
solvents. As discussed previously,8 the simple rate expression describing 
formation of a product isomer 

d[P]/dt=ki[I] (3) 

may be integrated if [I] is assumed to remain constant for low 
conversion to products. The rate constants, kj, may be determined 
from slopes of plots of [Pt]/[I] vs. t. These plots are linear and pass 
through the origin for low conversion. Generally 10 data points were 
used in a least-squares evaluation of k .  

Quantum yields for photoisomerization were determined in an 
analogous manner. The rate expression analogous to (3) is 

d [P]/dt = @$a)/ V (4) 
where Vis the cell volume in liters.24 Integration of (4) and use of 
(2) give 

A,- Wi’ 
?Ai [blv (5 1 

and quantum yields can be obtained from slopes of plots of Ap/x:iAj 
vs. t .  Again, these plots are linear and pass through the origin, and 
least-squares treatment of 10 data points was carried out. 

Chromatographic signal areas were obtained by planimetry. 

Results and Discussion 
Preliminary experiments demonstrated that both thermal 

isomerization and photoisomerization of Cr(atc)3 are “clean”; 
that is, the only significant products are the diastereomers of 
Cr(atc)3. Thermal isomerization occurs at temperatures in 
excess of 100 OC, and the temperature chosen for kinetic 
studies gives isomerization at convenient rates. Photoisom- 
erization occurs at a variety of wavelengths, but quantum 
yields in all cases are low. As described in the Experimental 
Section, the light output of a high-pressure mercury lamp 
coupled with a monochromator proved far too low to effect 
isomerization at a useful rate. However the absorption bands 
of Cr(atc)3 are rather broad, so the need for highly mono- 
chromatic light is not as severe as the need for a high photon 
flux. The absorption spectra of the four Cr(atc)3 diastereomers 
are very similar and resemble that of tris(acety1acetonato)- 
chromium(II1). The low-energy band in the visible region of 
the latter complex is assigned to the 4A2, -+ 4T2g transition 
in o h  symmetry,28 but a theoretical treatment of the uv bands 
indicates extensive mixing of charge-transfer and ligand T-T* 
 transition^.^^ The wavelengths chosen for the present in- 
vestigation correspond to excitation of (1) the d-d band (570 
nm), (2) a mixture of MLCT and T-T* transitions at 350 nm 
(the most intense absorption band above 240 nm), and (3) a 
region (254 nm) in which the predominant transition is 
believed29 to be T-T*. 

High-pressure liquid chromatography proved to be a 
convenient method for determining relative isomer abundances 
at various stages of thermal isomerization and photoisom- 
erization. Extremely small amounts mol) of  an 
isomeric mixture give readily observed chromatographic signals 
using the 366-nm detector. 
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Table I. Quantum Yields and Thermal Rate Constants for 
Isomerization of Cr(atc),a 

103@t 1034+. 1 06ki( 134 
i (254 nm) (350 nm) (577 nm) “C), s“ 

1 3.0 i 0.4 
2 8.3 r 1 
3 6.3 i- 0.8 
4 3.5 i. l b  
5 5.9 i 0.6 
6 1 3 . 0 t  1 
7 8.0 i. 0.8 
8 1.5 i O S b  
9 2.2 f 0.2 

10 9.8 i: 1 
11 0.88 f 0.1 
12  1.7 * O S b  

1.1 t 0.2 
2.0 t 0.3 
1.7 t 0.2 
0.55 t 0.3b 
0.70 i: 0.06 
3.2 r 0.4 
2.4 i 0.3 
0.31 ? 0.2b 
1.1 f 0.1 
4.0 i: 0.4 
0.32 i 0.04 
0.39 f 0.26 

0.76 i 0.1 
1.0 f 0.1 
0.47 t 0.06 
0.88 f 0.3b 
0.43 t 0.06 

1.2 i. 0.3 

0.60 * 0.06 
3.5 i: 0.4 
0.13 i 0.04b 
0.17 i: 0.04b 

4.7 i 0.5 

0.21 t 0.05b 

2.9 i 0.6 
13.0 i. 0.8 
15.0 i 0.4 

2.6 i OAb 
1 3 . 0 t  1 
57.0 i. 2 
15.0 _+ 0.7 

3.8 i- 0.4b 
9.3 i 0.5 

4.2 f 0.4 
5.1 i 0.4&’ 

26.0 + 1 

a Determined in n-hexane solution; @i and ki where i = 1-12 are 
for the processes defined in eq 1. 
isomer abundances at  equilibrium (see text). 

Table 11. Relative Abundances of Cr(atc), Isomers at  
Photochemical and Thermal Equilibriuma 

Calculated using relative 

% 

Isomer 254nm 350nm 5 7 7 n m  134°C 

A-cis 9.1 t 1 7.2 i: 2 10.6 i 0.9 11.9 i 0.5 
A-cis 7.7 t 0.6 14.3 2 1 9.1 i 1 13.3 f 0.2 
A-trans 49.8 f 2 46.8 i: 2 51.0 f 1 41.0 i 0.6 
A-trans 33.4 I 1 31.6 1 0 . 4  29.3 * 0.7 34.4 i: 0.6 

a Error limits shown are average deviations from the mean of 

Errors in quantum yields and thermal rate constants are 
attributed primarily to uncertainties involved in actinometry 
and in measuring areas of small chromatographic signals and 
to errors inherent in the assumptions made in treating the data. 
These assumptions are (1) the concentration of the initial 
isomer remains unchanged at low conversion to products, (2) 
isomerization of the products is negligible, and (3) no products 
other than the isomers of Cr(atc)3 are formed. Errors resulting 
from these three assumptions are not all determinate. With 
regard to assumption 3, no species other than isomers of 
Cr(atc)3 could be detected by TLC, HPLC, or absorption 
spectroscopy. However, this does not rule out the presence 
of decomposition products with relatively low E M  values or Rj 
values close to those of the isomers. Concerning assumption 
2, it was pointed out earlier8 that the observed k’s and 6’s could 
contain contributions from two- or three-step routes in eq 1 
and they must be regarded as “apparent” k’s and 4’s. 
However significant product isomerization is expected to 
introduce curvature in the plots of [P,]/[I] and of Ap/CiAi 
vs. t .  This was not observed experimentally in any case. 
Isomerization in all cases was allowed to proceed only until 

four values. 
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the largest signal area of a product isomer was - 10% that 
of the starting isomer in hopes of avoiding problems connected 
with assumption 1 above. 

Thermal Isomerization. Analysis of chromatographic signal 
areas at various times during thermolysis, as described in the 
Experimental Section, gives the 12 first-order rate constants 
ki Ci as defined in eq 1. These are given in Table I. Due 
to inaccuracies in measuring the area of the weak, broad signal 
arising from the A-cis isomer, rate constants k4, kg, and k12 
were calculated using the appropriate relative isomer abun- 
dances under equilibrium conditions (Table 11) and rate 
constants kl, k2, and k3, respectively. Error limits shown for 
the rate constants in Table I represent the averages of de- 
viations of [P,]/[I]t from the slopes of the least-squares lines 
in plots of [P,]/[I] vs. t except for k4, k8, and k12, where errors 
in relative isomer abundances at equilibrium are also included. 

In order to facilitate analysis of these rate constants in 
deducing the mechanism(s) of isomerization, Table I11 was 
constructed. Selected ratios of rate constants expected for 
several plausible mechanistic pathways were determined from 
statistical considerations.6,8 The assumptions were made that 
(1) for bond-breaking mechanisms, any Cr-0 bond may be 
broken with equal probability in forming the transition state 
and (2) no stereoselective effects are operative during for- 
mation of products from the transition state. In Table 111, 
columns 1 and 4 give the ratios of the statistically expected 
rates of formation of inversion (A A) products to the overall 
rates of formation of rearrangement (cis + trans) products. 
Columns 2 and 5 give the ratios of the rate of inversion without 
rearrangement to the rates of all other processes, and columns 
3 and 6 give the ratio of the rate of rearrangement without 
inversion to the rates of all other processes. Experimental 
values of these ratios are presented in Table IV. ‘ 

All twist mechanisms require at least one k to be zero for 
each diastereomer; thus twist mechanisms a-c (Table 111) 
cannot be solely responsible for the thermal isomerization of 
Cr(atc)3. For example, beginning with the A-cis isomer a 
trigonal twist mechanism would require kl # 0 but k2 = k3 
= 0. Therefore bond-breaking mechanisms appear to play a 
dominant role in the thermal isomerization of Cr(atc)3. Two 
k’s must be zero in each case if isomerization occurs solely 
through a TBP transition state (or intermediate) with the 
nonchelate ligand in an equatorial position (mechanism d). 
At least one k must be zero for TBP (axial) and SP (basal) 
transition states, which are kinetically indistinguishable6 
(mechanism e). 

The best fit of statistical and experimental data for a single 
mechanism occurs with mechanism i for A-cis and A-trans 
isomers. This involves a square-pyramidal transition state with 
a nonchelate ligand bound axially and assumes equal prob- 
ability of “primary” and “secondary” torsional motions6 of 

Table 111. Statistical Ratios of Quantum Yields and Thermal Rate Constants for Various Isomerization Mechanismsa 

Cis isomersb Trans isomersb 

(a) trigonal twist m m 0 ce m 0 
(b) rhombic twist 1 0 0 3 2 0 
(c) combined twistC 1.33 0.33 0 4 3 0 
(d) TBP equatorial 0 0 m 0 0 rn 

(e) TBP axial, SP basal 1 0 0 3 2 0 
(f) combined TBPC 0.5 0 1 1.5 1 0.33 
(g) SP axial primary process 1 0.5 0.5 3 2.5 0.17 
(h) SP axial secondary process 1 0 0 3 2 0 
(i) SP axial combined processesC 0.67 0.08 0.62 2 1.4 0.21 

a See text for assumptions made in constructing this table. The symbol C represents @ for photoisomerization or k for thermal isomeri- 
zation as defined in eq 1. c Combined mechanisms assume equal probability of their components. 
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Table 1V. Experimental Ratios of Quantum Yields and Thermal Rate Constants for Cr(atc), 
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Trans isomersu 

C7/(C8 + C9) or 
(‘7 + c9 ) / ( c8  f 

Cis isomersa 

(C, + C,)/(C, + C,) or C,/(C, + C,) or C,/(Cl + C,) 01 

Thermal Isomerization, 134 “C 
A isomers 0.64 i. 0.06 0.10 f 0.02 0.75 1; 0.09 1.9 f 0.2 1.2 f 0.1 0.15 i. 0.02 
A isomers 0.85 i 0.08 0.04 f 0.01 0.22 f 0.03 3.3 i 0.4 2.8 i 0.3 0.14 f 0.02 

C,) or (C,o + c,/(c, + c,) or 
(C, + C,)/(C, + C,) C,/(C, + C,) C,/(C4 + C,) ClZ)/(Cl1 + C1d ClO/(~lI + ClZ) Cl,/(~~O + CIZ) 

Photochemical Isomerization, 254 nm 
A isomers 0.64 c 0.2 0.22 f 0.05 0.89 i 0.2 2.8 c 0.8 2.2 f 0.6 0.15 i 0.06 
A isomers 0.87 f 0.2 0.19 f 0.08 0.36 f 0.08 4.5 i 2 3.8 i 1 0.08 f 0.02 

Photochemical Isomerization, 350 nm 
A isomers 0.76 i 0.2 0.32 i. 0.08 0.69 i. 0.2 2.6 i 0.8 1.8 i 0.6 0.08 i 0.05 
A isomers 0.96 i. 0.3 0.15 f 0.1 0.18 f 0.05 6.7 i. 3 6.2 i. 3 0.07 f 0.02 

Photochemical Isomerization, 577 nm 
A isomers 0.84 t: 0.2 0.52 f 0.1 0.81 i 0.2 2.2 i. 0.7 1.5 i. 0.5 0.12 i 0.05 
A isomers 1.1 f 0.3 0.17 f 0.08 0.08 i 0.02 12.2 i 5 11.7 f 4 0.04 i 0.02 

a The symbol C represents @ for photoisomerization or k for thermal isomerization as defined in eq 1. 

the other ligands in formation of both the transition state and 
the products. Results for the A-trans isomer seem to favor 
mechanism g, which involves an SP axial transition state and 
a predominance of the “primary” process. The experimental 
data for the A-cis isomer do not closely match statistical results 
for any single mechanism in Table 111. However, statistical 
data for an SP axial transition state which assumes a pre- 
dominance of the secondary process (but not excluding the 
primary process) are in fair agreement with the experimental 
results.30 

In summary, the thermal data indicate a predominance of 
bond-breaking processes involving SP axial transition states. 
Small contributions from other processes cannot be excluded, 
however. A more satisfactory match of statistical and ex- 
perimental data would likely be possible using weighted 
combinations of several mechanisms, but the accuracy of the 
data and the assumptions made during statistical analysis of 
the data do not justify this. 

Photoisomerization. Quantum yields for photoisomerization 
of Cr(atc)3 at 254, 350, and 577 nm are listed in Table I. They 
are of the same order of magnitude as previously reported 
quantum yields for photoisomerization of chromium(II1)- 
P-diketonate c o m p l e x e ~ . ~ ~ ~ ~ ~ ~ ~ *  As was the case for thermal 
isomerization, chromatographic signal areas for the A-cis 
isomer were always weak and broad, so 44,48, and 412 were 
determined from measured values of 41, 42, and 43 and the 
appropriate ratios of isomer abundances in the photostationary 
state at each wavelength. This was also done for 411 at 577 
nm. The 12 4’s determined at each wavelength can, in 
principle, be used to infer mechanistic information in exactly 
the same manner as was done for the thermal isomerization 
rate constants. Thus the statistical ratios of rate constants 
determined for various mechanisms in Table I11 apply also to 
corresponding ratios of 4’s. These may be compared with the 
experimental ratios of 4’s at each wavelength, given in Table 
IV. 

Errors shown for photochemical data in Tables I and IV 
are larger than those for thermal data since errors in acti- 
nometry combine with deviations from the slopes of the 
least-squares lines in plots of A,/CiA, vs. time and, in the cases 
mentioned above, with errors in the relative isomer abundances 
in the photostationary state. Table IV reveals a rough sim- 
ilarity among the experimental data for thermal isomerization 
and photoisomerization at all three wavelengths for each cis 
isomer. For the A-cis isomer, the data at 254 nm most closely 
match the statistical values for mechanism i. The trend toward 
larger deviation from statistical values for mechanism i with 
increasing wavelength for A-cis can be accounted for by 

assuming a larger contribution from the primary process in 
an SP axial transition state.30 

For the A-cis isomer the agreement among experimental 
ratios for thermal isomerization and photoisomerization is 
better than the agreement with any single set of statistical 
values in Table 111. However, it appears than bond-breaking 
processes with SP transition states predominate at  each 
wavelength, since appreciable contributions from other 
mechanisms having 0 or m ratios would not result in the 
observed ratios. The observed ratios can be accounted for, 
roughly, by assuming a larger contribution from the secondary 
process with an SP axial transition but small con- 
tributions from other mechanisms cannot be excluded. 

For the A-trans isomer no 4 was found to be zero; thus the 
data indicate a bond-breaking process occurring at all 
wavelengths. The best fit of experimental and statistical data 
assumes an SP axial transition state or intermediate. 

Data for the A-trans isomer are less readily interpreted. The 
agreement between thermal and photochemical data at all 
wavelengths is poor, and experimental quantum yield ratios 
cannot be fit even approximately to any of the statistical values. 
It cannot be ascertained whether the apparent trend (especially 
for 577 nm) of experimental ratios toward the statistical values 
for mechanism a is real. Although the four species here are 
diastereomers and could isomerize by different processes, it 
is unlikely that the processes will differ greatly. Bond-breaking 
processes appear to dominate at  all wavelengths for the other 
three isomers; thus an unusually large contribution from a 
trigonal twist process is not expected for A-trans. Possibly the 
statistical 4 ratios are misleading here since they do not take 
into account intramolecular steric interactions which could 
favor one mechanism over another. There are six non- 
equivalent bonds for trans isomers (Cl symmetry) compared 
to two for cis isomers (C3). Thus the assumptions of equal 
probability of any bond breaking to form the transition state 
and equal probability of reattack at  any available position to 
form products are not so likely to be valid for the trans isomers; 
Le., a stereoselective effect may be important. It is not clear, 
however, why these effects are apparently small for the A-trans 
isomer. 
Summary and Conclusions 

Error limits shown in Tables I and IV for thermal rate 
constants and photochemical quantum yields are believed to 
be realistic determinate errors. As discussed above, inde- 
terminate errors also exist and can be demonstrated by 
comparing ratios of 4’s or k’s, connecting two isomers, with 
the corresponding ratios of the isomer abundances at equi- 
librium (in cases where this relationship was not used to 
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determine a value of 4 or k ) .  In three cases the discrepancy 
is well outside the limits of determinate error. The largest 
discrepancy occurs for A-trans F= A-cis during thermal 
isomerization where k9/k6 = 0.16 and [h-~is], /[A-trans]~~ 
= 0.32. Thus the data presented here should not be used for 
detailed mechanistic arguments in which various mechanisms 
a-i are assigned fractional contributions to the overall 
isomerization. However, the 4’s and k’s are believed to be 
sufficiently accurate that appropriately selected ratios of these 
quantities may be used qualitatively to deduce the general type 
of mechanism involved in isomerization. 

The experimental data presented here, at least for cis 
isomers, show a parallel between thermal rate constant ratios 
and corresponding ratios of photochemical quantum yields at 
each wavelength. The implication is that thermal and pho- 
tochemical isomerizations of A- and h-cis-Cr(atc)3 proceed 
via a common mechanism. Unfortunately, the data for trarls 
isomers are less readily interpreted. 

A number of mechanisms can be eliminated as the sole 
isomerization mechanism in each case, and, with the exception 
of the A-trans isomer for which no further conclusions can be 
drawn, the data strongly suggest both thermal isomerization 
and photoisomerization proceed by bond rupture to form an 
SP axial complex as the predominant intermediate or transition 
state.31 Here light probably serves to break a Cr-0 bond, a 
process which occurs thermally to a measurable extent only 
above 100 ‘C. In both cases formation of products from the 
transition state or intermediate proceeds in a similar manner. 

The quantum yields shown in Table I for 577 and 350 nm 
show a rough parallel in magnitude for most values of i. 
Somewhat larger values are found at 254 nm, but the general 
trends in relative magnitude are qualitatively the same. This 
may indicate that a common excited state is involved in bond 
breaking, at least upon irradiation at 350 and 577 nm. This 
excited state is likely to be one closely related32 to the 4T2g 
state in complexes having Oh symmetry, since appreciable 
Cr-0 bond distortions are expected. Upper excited states 
resulting from irradiation at 350 nm (and possibly also at 254 
nm) are probably rapidly deactivated to this reactive excited 
state. 
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