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The phosphorescence and photochemical behavior of the macrocyclic complexes (1,4,7,10,13,16-hexaazacyclo-
octadecane)chromium(lll) (Cr([18]-aneNe)**; 1) and (4,4',4"-ethylidynetris(3-azabutan-1-amine)) chromium(lll) (Cr-
(sen)®*; 2) have been compared to each other and to the complex Cr(en)s®*. For hoth macrocyclic complexes,
phosphorescence from room temperature aqueous solutions is too weak to be observed, contrasting with Cr-
(en)s®*, though both had somewhat longer 77 K lifetimes than Cr(en)s%*. Phosphorescence lifetimes for these
macrocyclics decreased with increasing temperature much faster than for Cr(en)s®* and a conventional extrapolation
based on a fit of reciprocal lifetimes (corrected for the low-temperature contribution) to the Arrhenius equation gave
estimated room temperature phosphorescence lifetimes of a few nanoseconds, consistent with the failure to observe
room temperature emission. Fitting of the nonlinearity of the data seen in these plots suggested that two high-
temperature processes were occurring with estimated activation parameters (E in kJ mol~! and A in s7) for Cr-
([18]-aneNg)®*: E; = 40, A; = 1 x 10%; E, = 24, Ay = 1 x 101 Cr(sen)®; E; = 45, A; = 2 x 10%; E, = 29,
A, = 7 x 101, Cr([18]-aneNg)** was photochemically inert on irradiation. On irradiation into the lowest quartet
ligand field absorption band, Cr(sen)®** photolyzes with a quantum yield of 0.098 + 0.001 at room temperature.
Laser flash photolysis with conductivity detection showed that this photoreaction occurred faster than protonation
of the liberated amine ligand at all practical proton concentrations. The quantum yield for irradiation directly into the
doublet absorption band of Cr(sen)** was 0.077 + 0.003. Photoaquation of A-Cr(sen)®* led to loss of optical
activity and product analysis by capillary electrophoresis showed that both racemic and A-Cr(sen)** photoaquate
to a single main product, trans-Cr(sen-NH)(H,0)**. The product stereochemistry is shown to be consistent with
predictions based on the angular overlap model for Cr(lll) photochemistry, recognizing the additional constraints
imposed by the ligand. The abnormally short room temperature solution lifetime of the doublet state is a result of
a radiationless process that competes with other processes depleting the doublet state. However, this doublet-
state deactivation process does not lead to photoaquation but competes with BISC and photoaquation via the
quartet state, resulting in an unprecedented reduction in photoaquation quantum yield on direct irradiation into the
doublet state.

Introduction number of Cr(lll)trans-cyclam complexes were photoinert,
and this was attributed to the effect of steric rigidity on access
to the photochemical channels of excited-state decay. In other
studies it has been fouh@lithat reaction pathways can be
modified by steric factors associated with the presence of
multidentate ligands. This area has advanced sufficiently to

The availability of macrocyclic complexes has permitted
useful explorations of the effect of ligand constraints on
photochemical pathways and quantum yields. Early work by
Kutal,}? Kane-Maguire’* and co-workers showed that a
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hold out promise that such effects of ligand constraints may mL) was added to the cooled metal containing solution at@0

be usefully employed to alter and control photochemical
behavior including the ability to design photochemically
inert, luminescent complexes.

As one aspect of these studies, Endicott and co-workers

have reported on some interesting exanfplésf complexes
that show large and puzzling variations in their emission

The temperature was raised slowly to 1’Tduring which time a
yellow precipitate formed. Stirring was continued fbh at 170

°C after which the yellow solid was filtered off and washed with
ethanol and ether. After air-drying, it was redissolved in watef (
mL) at 50°C and 2 mL of a saturated solution of sodium bromide
was added. Yellow crystals were obtained on slow evaporation.
The crystals were filtered off and dried under vacuum (yield: 0.28

lifetimes and quantum yields in room temperature aqueousy. o35 mmol: 70%). Anal (calcd (%), found (%)) for [Cr-

solutions. One particularly interesting exaniples the
molecule Cr(ser), a complex analogous to Cr(gf) but

(CisHaoNe)IBrs: C, 26.19, 26.20; H, 5.49, 5.44; N, 15.27, 15.25.
UV/vis (H.0; obsdl (e), lit.28 4 (¢)): 468 (227), 466 (227); 366

in which three of the nitrogen coordinators are required to (92), 361 (103).

remain in a facial configuration by a neopentyl cap. It was

[Cr(sen)]Bg was synthesized in a procedure analogous to the

reported that this molecule had an unusually short emissionabove from the ligand 44" -ethylidyne tris(3-azabutan-1-amine)
lifetime in room temperature aqueous solution. This was which was prepared following a literature procedt}&his gave

attributed to the operation in the doublet excited state of a yellow crystals of [Cr(sen)]Brin 75% yield. Anal (calcd (%), found
very rapid radiationless decay to the ground state, a procesg%)) for [Cr(CiiHsdNe)]Brs: C, 24.55, 24.50; H, 5.58, 5.62; N,

induced by a relaxation of the ligand strain which results

from the twist angles imposed on the ligand by coordination.

15.62, 15.74. UV/vis (HO; obsdi (e), lit.15 4 (¢)): 452 (93), 451
(97); 349 (63), 347 (65).

At the same time, the molecule was reported to photoaquate, 1€ perchlorate and chioride salts of Cr(Senyere obtained
but no data revealing the pathway of this photochemistry by recrystallization of the bromide salt in the presence of an excess

were reported. Because of our interest in this latter aspect
and to further explore the nature of the excited states leading

of the lithium or sodium salt of the desired anio:)g-[Cr(sen)]-
Cl; was obtained as the less soluble salt from selective crystalliza-
tion of thep-tartrate diastereoisomers as descriatthe literature

to photoaquation, we have undertaken a more detailedfor Cr(en)?*, for which the (-)o-[Cr(en}]Cls form, [o]o = 102,

investigation of the photochemical pathway for this molecule.

was assigned the configuration. For {)p-[Cr(sen)]Ch, [a]p =

We have also been able to compare the photophysics of thissze; details of the optical rotation at other wavelengths have been

photoactive nonemissive system to that of a photoinert,

nonemissive systedd,(Cr([18]-aneN)®", where the ligand
is a macrocycle having all of the six secondary nitrogen

publishec?! Preparation of the-{)p-[Cr(sen)]Ck enantiomer using
L-tartaric acid was less successful, producing material wiib £
—22°, but this material was still useful for checking chromato-

coordinators separated by two methylene groups. Along with graphic and capillary electrophoretic separations and retention times.

a study of the photostereochemistry of Cr($énthe results
are reported here.

Experimental Section

Syntheses and Crystal Growth[Cr([18]-aneN)]Brs. The salt
[18]-aneN:3H,SO, (Aldrich) was dissolved in water and made
basic (pH ~ 13) with 2 M sodium hydroxide solution. By
continuously extracting the aqueous solution with chloroform, the
free ligand was obtained as a colorless solid. @8H,0 (0.124
g, 0.5 mmol) was dissolved in 20 mL of dimethyl sulfoxide (dmso)
at 190°C. The volume of the solution was reduced~d0 mL,
and a 0.5 mmol (0.134 g) solution of the free ligand in ethanol (5

(7) Ramasami, T.; Endicott, J. F.; Brubaker, G.JRPhys. Cheml983
87, 5057-9.

(8) Endicott, J. F.; Tamilarasan, R.; Lessard, RCBem. Phys. Letl.984
112 381-6.

(9) Endicott, J. F.; Lessard, R. B.; Lei, Y.; Ryu, C. K.; Tamilarasan, R.
ACS Symp. Sell986 307, 85-103.

UV —Vis Spectra. UV —vis spectra were run on a Philips PU
8740 UV-vis spectrophotometer using 1 cm quartz cells or a Cary
5 UV—vis—near-IR spectrophotometer using a 10 cm quartz cell.
Solutions used were micropore filtered using 0:28 filters to
reduce scattering.

Emission Spectra and Lifetimes Steady-state emission spectral
measurements were made using light from a Hanovia xenon lamp
filtered by a combination of a Bausch and Lomb monochromator
with an infrared filter (Balzers). Emission was detected by using a
Jarrel-Ash 0.25 m monochromator preceded by a Corning 3-71 red
filter and a concentrated potassium dichromate solution of 1 cm
path length to remove light of wavelengths shorter than about 650
nm. The detector was an RCA 31034 photomultiplier with a
modified Keithley 410 electrometer. Emission lifetimes were
measured by using a PTI PL 2300 nitrogen laser for excitation and
following the emission decay using a Jarrel-Ash monochromator/
optical filter/Hamamatsu R928 photomultiplier/Tektronik 2230
oscilloscope combination with a GPIB interface to an ATARI 1040

(10) Endicott, J. F.; Ramasami, T.; Tamilarasan, R.; Lessard, R. B.; Chong, computer. Lifetimes were evaluated by weighted linear regreXsion

K. R.; Brubaker, G. RCoord. Chem. Re 1987, 77, 1—87.

(11) Lessard, R. B.; Endicott, J. F.; Perkovic, M. W.; Ochrymowycz, L.
A. Inorg. Chem.1989 28, 2574-83.

(12) Ryu, C. K.; Lessard, R. B.; Lynch, D.; Endicott, J.J-Phys. Chem.
1989 93, 1752-9.

(13) Endicott, J. F.; Lessard, R. B.; Lynch, D.; Perkovic, M. W.; Ryu, C.
K. Coord. Chem. Re 199Q 97, 65—-79.

(14) Perkovic, M. W.; Endicott, J. B. Phys. Chem199Q 94, 1217-19.

(15) Perkovic, M. W.; Heeg, M. J.; Endicott, J. IRorg. Chem 1991, 30,
3140-7.

(16) Lessard, R. B.; Heeg, M. J.; Buranda, T.; Perkovic, M. W.; Schwarz,
C. L.; Yang, R.; Endicott, J. Anorg. Chem.1992 31, 3091-103.
(17) Endicott, J. F.; Perkovic, M. W.; Heeg, M. J.; Ryu, C. K.; Thompson,

D. Adv. Chem. Ser1997 253 199-220.
(18) Chandrasekhar, S.; Fortier, D. G.; McAuley, lAorg. Chem.1993
32, 1424-1429.

on log(intensity) versus time plots over 1024 channels of decay.
Low-temperature emission lifetimes were measured in a dm€o/H
glassy medium initially at 77 K, which was then allowed to slowly
warm (2 h) to 0°C. While lifetime measurements were taken,
temperatures were continuously monitored using a Perkin-Elmer
Coleman 165 chart recorder with a chromel/alumel thermocouple
embedded in the sample.

(19) Geue, R. J.; Searle, G. Austr. J. Chem1983 36, 927—935.

(20) Galsbol, Flnorg. Synth.197Q 12, 274.

(21) Mackay, I. Ph.D. Dissertation, University of Victoria, 1998.

(22) Demas, J. NExcited-State Lifetime Measuremersademic Press:
New York, 1983.
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Quantum Yield Determinations. Radiation at 436 nm from a
100 W mercury lamp was passed through a Corning CS 7-60 filter
and a 5 cmwater filter to remove the infrared components. The
lamp intensity was in the range {1.0) x 1078 einstein s! as
measured by ferrioxalate actinomet??* Efficiently stirred solu-
tions with 3.8x 103 M concentration of metal complex at pH 3.0
were irradiated in 1 cm cuvettes at 20, and the pH was monitored
by an Ingold LOT combination electrode interfaced to a PDP-11
computer. Standard acid (0.094 27 M HG)Qvas added from a
200 uL stepping motor buret, resolution 0.0&, under program
control in order to maintain constant solution pH and a record kept
of the volume of acid added versus time before, during and after
photolysis. To avoid problems with secondary photolysis, the
solutions were photolyzed to less than 5% conversion. Quantum
yields at 514 nm were measured in the same way on pH 3.0
solutions with 1.0x 10~* M metal complex but using 60 mW
(Scientech 365 digital power meter) of argon ion laser radiation
expanded to 6 mm beam width. The photon flux into the sample Figure 1. Plot of In('(T)) versusT -1 for Cr([18]-aneN)3* and Cr(serd.

was calculated from the power reading, irradiation wavelength and Rate constants in 1:1 dmso/water mediuki(T), corrected for low-
sample absorbance, correcting for window reflections. temperature radiationless _decay contrlbutlon_ are shown as Qr([lS};)ﬁheN

. . solid circles, Cr(serd) solid squares. The fits to the equatida exp(—
For quantum yields at 6_575 nm (514.5 nm Coheren_t Ias_er pUMPING £_/RT) + A, exp(—E/RT), are shown as the dashed and solid lines,
at 2 W, Coherent Radiation Model 590 dye laser with birefringent respectively.
tuning filter, line width 0.25 nm, rhodamine 640 dye, no beam ) ) ) ) ]
expander) the radiation was passed through a 10.3 cm path lengthPut, due to changes in capillary properties, displayed a larger drift
3 mm i.d. thermostated flow cell. The irradiation powers were in OVer several days. The electrophoresis buffers were typically

the range 2640 mW. By using a peristaltic pump, the Cr(s&n) aqueous 50 mMb-tartaric acid solutions adjusted to pH 3.6.0
solution, pH 3.0 and 4.0« 10-2 M in complex was circulated through the addition of NaOH or TRIS base. Usually the buffers

through the photolysis cell and an external compartment containing Were 4.0 mM in DETA (diethylenetriamine), an electroosmotic flow
the pH electrode and the stepper motor buret for acid addition. The inhibitor.

pH-stat method described above was used to measure the proton Polarimetry. Optical rotations ¢]; were measured at= 365,
uptake before, during, and after irradiation. In all the above quantum 405, 435, 546, 589, and 633 nm using a Rudolph Research Autopol

yield measurements, constancy of light flux throughout the experi- Il automatic polarimeter with a micropolarimeter cell of 10 cm
ments was confirmed by continuously monitoring the 8% of the Path length and 2.0 mL volume.

beam reflected by a 45silica window to a silicon photodiode/
digital picoammeter.

Flash Photolysis.Nanosecond flash photolysis was carried out ~ Emission Studies.Both Cr([18]-aneN)*" and Cr(ser)’
using a Spectra Physics Quanta-Ray GCR-11 Neodymium-YAG failed to show emission from room temperature aqueous
laser (50 mJ pulse energy,-% ns pulse-width, 1 pulse$ at solutions. At 77 K, Cr([18]-anely*" and Cr(ser showed
355 nm). About 50 mL of a 1x 102 M complex solution was  emjssjon peaks at 692 and 676 nm, respectively. The Cr-
flowed through a quartz cel! (0% 0.7 x 0.3 cm) using a peristaltic ([18]-aneN)?* emission lifetime at 77 K in dmso/water glass
pump. A DC pulse detection systéhwas used to measure the 2" 165 5 and decreased with increasing temperature,
conductivity changes upon irradiation. : . .

showing the usual low- and high-temperature regimes. A

Product Analysis. A Varian 5000 liquid chromatograph with a inal ial fi he high -
25 cm octadecylsilane RP-HPLC column was employed to separateSNd!€-exponential fit to the high-temperature region gave

cationic mixtures by ion interaction chromatography. Eluents @n apparent activation energy of 34.2 kJ molWh_iCh
consisted of 25 mM tetraethylammonium ion as the competing €xtrapolated to a predicted 293 K lifetime of 3 ns. This short
cation, 25 mM hexanesulfonate as the anion interaction agent, andlifetime is consistent with our inability to observe the
50 mM of the chiral resolving agemttartaric acid. Eluents were  resultant weak room temperature emission. For Cr{sehg
made up with a mixture of 7.5% methanol (HPLC grade) in organo 77 K dmso/water glass lifetime was 153 with an apparent
pure water. The pH of the solution was adjusted-@6 by adding  activation energy for the high-temperature regime of 33.9
either base (NaOH) or additionadtartaric acid. A flow rate of 1.5 kJ mof! and a predicted 293 K lifetime of 2 ns, results
mLS ml'“ W"’r‘f “fsgg’oa“d peaks We\;e d%ﬁcted by _U\élabsorptllon art] consistent with earlier reporté. These behaviors contrast
wavelength o nm using a Vari-Chrom variable wavelength i, that of Cr(eny** with its 77 K dmso/water glass lifetime
detector. . . S
of 120 us, single apparent higher temperature activation

An Applied Biosystems 270A-HT capillary electrophoremeter o
was used with a 5@m capillary of 45 cm length and the injector energy of 46 kJ mof, and room temperature lifetime of

separated by 27 cm from the WUWis detector. Electropherograms O US. i ) . .
were recorded using a Shimadzu C-R5A Chromatopac integrator. More detailed analysis of the high-temperature behavior
Migration times were reproducible withit:1% on a given day  gave the results observed in Figure 1 for the high-temperature
regime with the low-temperature decay rate subtracted out.
(23) Hatchard, C. G.; Parker, C. Rroc. R. Soc. (London) A956 235 Whereas the Cr(eg?)" reciprocal lifetimes corrected for the
>18. low-temperature contribution gave a linear fit to a single

(24) Kirk, A. D.; Namasivayam, CAnal. Chem1983 55, 2428-9. ;
(25) Irwin, G. Ph.D. Dissertation, University of Victoria, 1999. exponential, the data for Cr([18]-angRt and Cr(ser)

Results
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required a double exponential function to fit the curvature
seen in the high-temperature lifetimes. As clearly shown in
Figure 1, both complexes display a “kink” in the temperature
data of the type reported by others and attributed either to
competition between internal and solvent relaxation pro-
cesse¥® or to a glass transitiof?. The data were fit to a
double-exponential function using the proprietary nonlinear
least squares routine of Igor Pro(Wavemetrics). The cova-
riance matrix indicated that the uncertainties in the best fit
were large and that the A and E values resulting were
significantly correlated. Nevertheless reasonable fits, shown
in Figure 1, were obtained with the values ifi kJ mol™
andAin s™) for Cr([18]-aneN)3": E; = 40,A; =1 x 10%;

E, = 24, A, = 1 x 10" The values for Cr(sef) are as
follows: E; =45,A1 =2 x 10%;, E; =29,A, = 7 x 10%,

Photolysis ProcessesFlash photolysis of Cr([18]-  Fiue 2, Proton uptakscurng prtolse 75 o of Crdem 10
aneN;)3+ in 1 x 10°M HCIO“_ Fj'd hot reSUIt_m any :onstantX—axis,glapsed iime. Vertical .arrows show times at which bZam
measurable permanent conductivity change. This was con-shutter was opened and closed. The inset shows the absorption spectrum
sistent with the observed absence of any proton uptake onof C_r(senj+ in the doublet and quartet bands; the doublet absorption
conventional photolysis at 436 nm and confirms that the M&imum is at 675 nm.
complex is inert to photoaquation of amine ligands. (sen§" in the doublet region and its relation to the quartet

Flash photolysis of Cr(sefi) in various HCIQ solutions ~ absorption bands. The proton uptake was linear during
gave an exponential conductivity decrease corresponding tophotolysis, and both pre- and postphotolysis proton uptakes
proton uptake, but the observed lifetime for the conductivity were negligible, allowing easy determination of the extent
change was found to be linearly dependent on the concentra0f photoreaction. The results and calculated quantum yields
tion of the acid present. The proton concentration was are summarized in Table 1, which shows overall quantum
increased from 1x 1073 to 4 x 1073 M, the upper limit yields for proton uptake of 0.09& 0.001 at 514 nm and
fixed by the maximum current rating of the conductivity 0.0774 0.003 at 675 nm. Since wavelength dependence of
pulser, and the observed lifetime decreased from 524 to 163the quantum yield on irradiation into the quartet state would
ns. This indicates that the protonation of the liberated amine be unusual in a complex of this type, the observation that
ligand is the rate-limiting process and that the photoreaction the quantum yield at 514 nm is essentially the same as that
is occurring on a shorter time scale. A plot of reciprocal measured at 436 nm precludes any significant systematic
lifetime versus proton concentration was linear giving a errors. This also provides reassurance as to the accuracy of
protonation rate constant of 1:4 10° M~1s7L, Protonation  the digital power meter as well as the procedures used for
rate constants for other liberated amine groups rérigem power measurement and corrections for window reflections,
0.3 x 10'°to 2 x 109 M~* s7%, so this value for Cr(sefr) etc.
value is beyond the low end of the range. The lowest The lower yield observed at 675 nm is statistically
literature rate constant, 8 10° M~1s7%, was for the complex  significant since the quantum yield difference between the
Cr(en)*" and suggests that lower protonation rate constantstwo wavelengths 514 and 675 nm is more than 10 times the
are to be expected for complexes containing multidentate pooled standard deviation. However, systematic errors could
ligands. This would be expected as photoliberated aminesalso be important. First, for the doublet irradiation experiment
remain tethered to the metal center in the photoproduct for there could be a small mismatch between the doublet
these complexes and therefore encounter greater stericbsorption wavelength measured on a spectrophotometer and
hindrance toward protonation. the dye laser wavelength, calibrated using a monochromator.

Conventional photolysis of Cr(sef)at 436 nm led to  The doublet absorption is only about 5 nm half-width, while
nonlinear proton uptake. The time dependence of the volumethe dye laser line width is specified as 0.25 nm. However, if
of acid added was therefore fitted to a quadratic in time and the laser is not precisely centered on the absorption, an
the initial slope used to calculate the quantum yield of proton @pparently low quantum yield will result. To avoid this error,
uptake, yielding the result 0.1& 0.01 based on six the apparent quantum yield was measured for a range of

valuels nm with the result shown in Figure 3, and the quantum yield

Quantum yields on irradiation into the quartet and doublet Méasurements reported were then made at the micrometer
setting that gave the maximum quantum yield value. The

states were measured by laser irradiation at 514 and 675 nm; JerE
respectively. A typical 675 nm result is shown in Figure 2; second possibility is a wavelength dependence of the power

the inset to the figure shows the absorption spectrum of Cr- Meter reading. However, the device is a bolometer, which
depends on the heat supplied by the incident light to a black

(26) Forster, L. Slnorg. Chim. Actal998 277, 211-218. thermal sensor. For this reason it is most unlikely that this
(27) Waltz, W. L.; Lilie, J.; Lee, S. Hinorg. Chem.1984 23, 1768-75. power reading would show any significant wavelength
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Table 1. Proton Uptake Quantum Yields for Cr(s&hjpt 295 K

irradiation absorbance irradiation 1L 0.094 27 M
wavelength (nm) (mW of incident light) time (s) acid added quantum yield mean and std dev
514 0.05/60.0 160 4.5 0.0983
514 0.05/60.0 176 4.9 0.0973
514 0.05/60.0 160 45 0.0983
514 0.05/60.0 183 5.2 0.0993
514 0.05/60.0 168 4.7 0.0978
0.098+ 0.001
675 0.18/33.0 570 27.6 0.0753
675 0.036/26.0 1221 11.40 0.0786
675 0.090/22 1227 23.8 0.0820
675 0.18/27.5 554 22.8 0.0768
675 0.18/27.5 554 22.0 0.0741
0.077+ 0.003
L L L ! ' was thermally stable, showing no rotation changes under the
0.08- o L conditions of low pH, temperature, and time used in the
o ., photolysis experiments.
[ Ld e e . A .
=.0.06+ - In initial studies?>?®HPLC analysis indicated that several
E .
2 ¢ . photoproducts were formed. More recent analyses using
El 0.044 ¢ B capillary electrophoresis (CE), which gives superior separa-
* . tions, have shown those results to be distorted by interfering
0.02 i chloride or bromide anation processes. The CE studies also

o o o oo 5 revea!ed that the importance of the anation relative t.o
Micrometer setting aquation was enhanced in the HPLC work by the necessity
Figure 3. Plot of observed Cr(seff) photoaquation quantum vyield on to analyze the peaks at 250 nm because of the UV absorption
direct irradiation into the doublet state versus micrometer setting on the Of the methanol component of the HPLC eluent at shorter
dye laser birefringent filter. wavelengths. At 250 nm the relative UV absorption of the
anation products is very significantly stronger than that of
the aquated products, causing the minor artifact peaks to
dominate in the chromatogram and leading to the earlier
confusing and incorrect findings. The aqueous buffer used
in the CE method permits analysis at 210 nm where there
exists higher relative sensitivity for the aquation products.
Use of the perchlorate salt precludes any possibility of
anation, although we found that, with CE analysis at 210
nm, comparable results were obtained with either perchlorate
or halide salts. The results reported here therefore supersede
the earlier reports--28
Photolysis of 5.0x 1072 M rac-[Cr(sen)](CIQ)s; and
Figure 4. Changes in optical rotation af-[Cr(sen)]Ch (1.0 x 102 M A-[Cr(sen)]Bg solutions in 1x 10-3 M HCIO4 with 30 mW
10 i doied e 50 Moo S, 0 3 5a, ©f 458 m radlation, followed by CE analysis, gave the
589, and 633 nm. results shown in Figure 5A,B, respectively. Figure 5A shows
that the A- and A-Cr(sen}" enantiomers were almost
dependence. Supporting this is the manufacturer’s specifica-baseline separated, migrating at 10.3 and 10.5 min, respec-
tion claiming less than 3% variation in detector response overtively. Figure 5B shows that a small amount of thésomer
a much wider wavelength range than was used in this work. was present il\-[Cr(sen)]Bg. Photolysis of these solutions
We therefore conclude that the yield on doublet irradiation resulted in the same two product peaks, a main sharp peak
is genuinely lower than that observed for quartet irradiation. migrating at 12.2 min and a minor broad, indistinct but
Photoproduct Studies.On laser irradiation of Cr(seft) reproducible peak following this at 13 min.
at 488 or 458 nm, the UV/vis spectrum showed changes As a step toward identification of these product peaks,
consistent with production of photoproducts with red-shifted the electropherograms were obtained for the thermolysis of
ligand field maxima. Specifically these were consistent with rac- andA-[Cr(sen)](CIQ)s. To get any appreciable thermal
expectations for substitution of an amine ligand by water product, the solutions had to be heated to reflux temperatures.
and further supported by the proton uptake observed onThe results are shown in Figure 6A,B, respectively. These
photolysis. Figure 4 shows the results obtained on measure-show the same major product as the photolysis experiments
ment of the optical rotation of a solution of resolved Cr- but no evidence of the broad peak. A new small, sharper
(senj" as a function of photolysis time. At all wavelengths peak did grow in at 14 min. An interesting feature of the
examined, there was a decrease in optical rotation propor-
tional to photolysis time. In contrast to this, the complex (28) Kirk, A. D. Chem. Re. 1999 99, 1607-40.
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2.5
1

AA JA/\
] LLJ\
8 14
Migration Time (min)

Figure 7. Comparison of the CE migration behavior of the photoaquation
products ofac-Cr(en)®*, upper trace, with the products of the 48 h thermal
aquation ofrac-Cr(sen§*, lower trace. CE conditions as in Figure 5.

1 L
8 14
Migration Time (min)

Figure 5. Photoaquation product analysis by capillary electrophoresis:
(A) rac-{Cr(sen)](CIQ)s; (B) A-[Cr(sen)]Bs. Complexes 5.0 mM in Xk

103 M HCIO,. Electropherograms are shown diagonally offset for
progressively increasing photolysis times, with 50 mW of light at 488 nm,
of 0, 1, 2.5, and 4 min, respectively, as shown at the start of each curve. A-[Cr(sen)](C|Q)3 with those from A-[Cr(en)g](clo4)3
Major peaks are, in migration sequende,Cr(senf*, A-Cr(sen}*, and which have earlier been identifigthas 28%A-cis-Cr(en)-

photoproduct. CE conditions: buffer, 50 mmbttartrate with 4.0 mM - - P
diethylenetriamine adjusted to pH 5.0; applied voltage, 10 kV; detection (en-H)(OR)*", 7% A-cis-Cr(enp(en-H)(OH)*" , and 65%

wavelength, 210 nm; capillary length, 45 cm; distance to detector, 27 cm. transcr(enh(en_H)(OHz)‘H_

A Discussion
In a series of papers, Endicott and co-workers have

presented data on doublet-state relaxation processes in a
AA 1 variety of Cr(lll) complexes containing ligands that impose
s distorted or strained coordination environments on the metal
‘~5~"ﬁaE center. Several of these molecules have unusually short
0.33 ] )
[ —— S phosphorescence decay lifetimes in aqueous room temper-
B ature solution, and these have been attributed to a rapid

relaxation process that depopulates the doublet state. In a
recent review Endicott summariZéshese studies, claiming

AA | that this thermally activated relaxation process involves a
2.5 | . . . .
s guenching channel for which the critical nuclear coordinate
042 L is a trigonal twist. This conclusion was supported by MM2
L i calculations. These show that, for a series of complexes, there
v 12 is a correlation between the rate constant for relaxation and

Migration Time (min)

Figure 6. Thermal aquation product analysis by capillary electrophore- the change in th? steric energies Of_ the respectlye ligands
sis: (A) rac-[Cr(sen)](CIQ)s; (B) A-[Cr(sen)]Be. Complexes 5.0 mM in when they are twisted around tkig axis by 15 relative to
1 x 1073 M HCIO4. Electropherograms are shown diagonally offset for - their configuration in the ground state of the complex. The

increasing thermal reaction times at the solution normal boiling point. Times ; : : S
are 0, 0.33, 1.5, 5, and 48 h, respectively, in A and 0. 0.42, 1.5, and 2.5 h, major question thgt is addressed but nqt defmmvgly answered
respectively, in B as shown at the start of each curve. CE conditions as in IN these papers is whether or not this relaxation pathway

Figure 5. leads to chemical reaction such as photoaquation or photo-
) isomerization in the molecules where it occurs. It was
thermolysis of A-[Cr(sen)](CIQ)s was thatA-[Cr(sen)]- recognized that solvent association may play a role in

(ClO4)s grew in as the thermolysis progressed. Racemization facilitating the relaxation and hence lead to photoreaction
was efficient, resulting in a near-racemic mixture after about \yhere the ligand constraints permit this. In summary, the
2.5 h of refluxing and (_:omplete racemization within 48 h. pathway of photochemistry in such complexes is not at all
The results presented in Figure 6A show the dateréor clear, and this was a major impetus for the present detailed
[Cr(sen)](ClQ); also to 48 h; both solutions showed no study of Cr(ser.
further changes after continuous reflux for a week. This e present study of the relaxation processes in the
indicated that an equilibrium composition had been reached photoactive complex Cr(sét)supports the earlier repotts
and also demonstrates the remarkable resistance of C¥(sen) o 4 short doublet-state lifetime in room temperature aqueous
to hydrolysis in acidic solution. S . solution, estimated by us as 2 ns at 295 K and by Endicott
As a further step toward product identification, Figure 7
compares the photoproducts obtained from solutions of (29) Cimolino, M. C.; Linck, R. GInorg. Chem.1981, 20, 3499-503.
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et al. as 0.1 ns at 298 K. What is interesting is that the aqueous solution. This implies a requirement to add quencher
photoinert Cr([18]-anely*" behaves in a similar fashion, concentrations that are far too high to be practicable. We
having a doublet lifetime estimated from a single-exponential therefore undertook the much more difficult experiment of
extrapolation as 3 ns at 295 K. These nanosecond valuessomparing the quantum yields of photoaquation on irradiation
are remarkable when compared with the 1.6 ms doubletinto the quartet and doublet states.
lifetime at 293 K of the analogous complex Cr(¢h) Even Such experiments are best carried out with laser light
more striking is the detail of the lifetime behavior as a sources, making sure that the solution absorbances, etc., are
function of temperature. As detailed in Results, both the same or similar at both wavelengths used. Itis also crucial
complexes show nonlinear plots of logarithmic phosphores- to adjust the dye laser wavelength to the center of the narrow
cence decay lifetime versus reciprocal temperature. After doublet absorption band and also to ensure that the absor-
correction for the contribution of the low-temperature bance at the maximum of the doublet absorption is measured
relaxation, the data can be fit in terms of two high- with a spectrophotometer set to a sufficiently narrow
temperature processes, one with an apparent activation energgandwidth to avoid departure from Beer’s law and to obtain
in excess of 40 kJ mot and the other around 30 kJ maél the correct molar absorptivity. Light intensities were mea-
The first of these apparent activation energies is typical of sured absolutely using a calibrated bolometer light meter and
values observed in solution for complexes that apparently monitored continuously during photolysis using a silicon
relax by back-intersystem crossing, suct #se 46 kJ mot! diode light meter, with corrections for window reflections.
reported for Cr(enf". The second is for the additional In these experiments we obtained a quantum yield for
channel studied by Endicott et al. It is interesting to note irradiation into the first quartet absorption band at 514 nm
that this apparent activation energy is of a magnitude similar of 0.098 & 0.001, in excellent agreement with the value
to those reported for some complexes with strong field measured at 546 nm conventionally with chemical actinom-
ligands such as cyanide, in which it is presumed that etry. Parallel experiments using a dye laser with the
relaxation by back-intersystem crossing is energetically wavelength carefully adjusted, Figure 3, to the maximum of
impossible. the doublet absorption band at 675 nm gave the reguit

We therefore agree that there is a fast relaxation process0.077+ 0.003.
in Cr(seny™, but we note that we find a parallel phenomenon  Several studies of analogous complexes with six nitrogen
also in Cr([18]-anely)®*, a photoinert complex. The molecule coordination have found the same quantum yield on quartet
Cr([18]-aneN)®*" in the solid state hass point group and doublet irradiation. A few have reported higher quantum
symmetry32 so the Kepert twist angle in the ground state is Yields for irradiation directly into the doublet state, but to
exactly 30. Unless this point represents a maximum rather find a lower quantum yield on irradiation into the doublet is
than a minimum in the ligand strain profile witB; twist unprecedented. The question immediately arises as to
angle, this does not seem consistent with a pathway thatwhether this result may be the result of systematic errors.
involves a relaxation via a trigonal twist of strain in the As detailed in Results, we have carefully checked for these
ground-state ligand conformation in the complex. It seems and do not believe this to be the situation. We conclude the
more likely that, in this complex at least, the faster radia- lower doublet quantum yield observed is genuine. Examina-
tionless decay process is a result of the distortion from tion of the UV absorption spectrum in the doublet region
octahedral geometry that exists in this molecule. This shown in the inset to Figure 2 and published elsewiere
presumably leads to a mixing of states having doublet and shows that up to about 20% of the absorption at 675 nm
quartet character and in consequence will serve to rendermight be into the underlying tail of the quartet state. If this
ISC to the ground state less forbidden. is so, then the true doublet quantum yield would be

Irradiation of Cr(ser) into the lowest energy quartet state Proportionately lower than 0.08.

at 546 nm using a mercury lamp/interference filter as the ~What does this imply about the pathways of the photo-
light source was found to lead to photoaquation of an amine chemistry? Suppose the doublet-state or a ground-state
ligand and proton uptake with a quantum yield of 00 intermediate derived from it were to be the exclusive
0.01, in excellent agreement with the value reported edflier. Precursor of reaction, possibly associated with the relaxation
However, the interest here was not so much to confirm the Pathway proposed by Endicott and co-workers. Then, unless
earlier measurement but as a first step for exploring the naturethe intersystem crossing yield is unity, the quantum yield
of the excited-state participation in this photochemistry. A on irradiation into the doublet would have to be greater than
popu|ar method used for this purpose has been via studier equal to that on irradiation into the quartet state. Such
of the effect of doublet-state quenchers on the photochemicaleXclusive doublet reactivity is precluded by our results. Given
guantum yield and phosphorescence lifetime or intensity. Forthe experiencé that for other Cr(lll) complexes with six
this complex, however, such an approach is infeasible duehitrogen coordination (a) intersystem crossing yields are

to the nanosecond doublet-state lifetime in room temperaturegenerally in the range of 0.7 to 0.8 and (b) the weight of
evidence supports a back-ISC/quartet reaction pathway for

(30) Lee, S. H.; Waltz, W. L.; Demmer, D. R.; Walters, Rlfforg. Chem. the reaction via the doublet state, we are led to try to model

1) 12985 24,E1C5?>1—d8.Ch Re 1994 129, 195-245 the photochemistry of this complex using the general kinetic
inato, E.Coord. em. .

(32) Chandrasekhar, S.; Fortier, D. G.; McAuley, lAorg. Chem.1994 S.Cher.n.ég for quartet- and doublet-state processes. For

33, 5610. simplicity we assume (a) that prompt ISC and prompt
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Arrhenius equation with order of magnitud factors/

32— Q o X
——1\\\\ activation energies of Z 10" s7%/45 kJ mof?! and 7 x
Mbice = 0.80 y =10 Q°__ p 101 51*1/29 kJ moft? for the two rate constants involveq.
Do porad | Tignn = 0.044 The first set of parameters is consistent with expectations
. —4" Misc=07 for BISC while the second set have a temperature coefficient
} } Mo = 0.25 of the order expected for doublet nonradiative decay
| Monr=0.24 VI Qor =% (comparé® Cr(CN)®). The large uncertainties in the derived
v Arrhenius parameters for the two processes in Crfsen)
‘q,Qirrad = 1.0°0.044/(1-0.770.80) = 0.10 preclude reliable calculation ofsisc = kaisd/(kaisc + konr)

at 295 K, but the implication is that it is less than unity,
consistent with the photochemical results.
— Qq These results confirm that there is a rapid nonradiative
-_— decay process influencing the doublet lifetime in Cr(3&n)

Qo P However, it does not lead to, but competes with, reaction.
TQrxn = 0.044 Finally, the activation parameters for the process leading to
reaction are consistent with expectations for the BISC/quartet
reaction pathway. The nature of this radiationless process

Nbisc = 0/89//!/

|
O -

1.0 D 4" Misc = 0.7 :

|

|

]
|
| Ngnr = 0.25 . . . -
| Monr=0.24 has been assigned as related to a trigonal twist resulting from
\ ligand strain. This seems reasonable for Cr(Eerjut we
‘@Dirrad = 1.0%0.76%0.044/(1-0.7%0.80) = 0.080 note that there is a parallel process occurring in Cr([18]-

_ , — aneN)*" where the high symmetry of the coordinated ligand
Flgu_re 8. Proposed excited-state participation for Cr(§én§Jppel_’ half _calls into question such an explanation.
of diagram shows the pathway and calculation for the quartet irradiation ) - .
quantum yield of 0.10. Lower part of diagram shows the pathway and  Photostereochemistry. Assignment of the main product
calculation for the doublet irradiation quantum yield of 0.08. of the photoreaction agrans-Cr(sen-NH)(HO)** can be
based on the following observations. Here we choose sen-
NH as the designation for a sen ligand with a dangling
protonated arm, and sen-N for the un-protonated precursor.
A single main product peak is observed in the photolysis of
eitherrac- or A-complex, Figure 5. It follows that either

reaction of the excited quartet states are unimportant and
(b) that reaction occurs only via the relaxed quartet excited
state.

Based on the published equati&hf®r the quantum yield
of various processes arising out of the quartet and doublet =" ™ . T
states, together with the simplifying assumptions mentioned this is the trans isomer or else the CE method is failing to

; ; - 4+
above, the quantum yields observed on doublet and quartets‘:"p"j“"jlte the tWO_ enaniiomers oti-Cr(sen NH)(HO).
irradiation can be used to estimate the efficiency of BISC photoproduct. Failure to resolve these product enantiomers
as follows: is most unlikely as the enantiomers of the starting material

are well separated and migrate before the photoproducts. The
Pqirad = Nqreacn™ MsclTaiscqreach(1 ~ Msclaiscd) = photoproducts are therefore expected to be better discrimi-
_ — nated, not less. Consistent with this is the observation that
Nareach (1 — Mscpisc) = 0.098 (1) .
the photoproduct enantiomers of Cr(gh)are well separated
Poinad = Meisoreach(d — Msclpsd) = 0.077  (2) under the same conditions; note also that the trans isomer
elutes more slowly than the cis enantiomers (see Figure 7).
Poirrad Poirrad = Meisc = 0.077/0.098= 0.79 (3) Remember also that production of trans product in the
photolysis is consistent with the loss of optical activity that
In the above equationg, is the efficiency of a process, was observed on photolysis, shown in Figure 4. The weight
defined as the rate constant for a process involving an of this evidence favorgrans-Cr(sen-NH)(HO)*" as the
electronic state divided by the sum of the rate constants for dominant photoproduct.
all the processes occurring from that state. The subscripts Qur efforts to confirm this conclusion by analyzing the
signify the following: Qirrad and Dirraer irradiation into products obtained from thermolysis of Cr(s&njust com-

the quartet and doublet states, respectively, #Sldtersys-  plicated matters, however. On the basis of the stereoretentive
tem crossing, BISG= back-ISC, Qreacr= reaction from  thermal aquation behavior of Cr(lll) complexes, the expecta-
the quartet state. tion was that thermolysis ok-, A-, or rac-Cr(sen§t would

The quantum yields can be then be modeled by the BISC/ give the respectiveis-Cr(sen-NH)(HOY** product(s). We
quartet reaction model with the parameter values shown inshould have then been able to prove directly that the two
Figure 8, where the 0.79 efficiency value for BISC has been cis enantiomers were resolved from each other and from the
rounded to 0.8 and the efficiency of ISC has been arbitrarily trans isomer. Instead the thermal product analyses, shown
assumed to be 0.7, the same agf@r(en}*". Obviously in Figure 6, indicated that the same main product was formed
this modeling is not unique but the correct quantum yields from all three sources and moreover was the same as had
for doublet and quartet irradiation are predicted. Furthermore, been observed in the photolyses, Figure 5.
the observed phosphorescence lifetime in solution in the high-
temperature regime was described by a double exponentiak33) Wasgestian, H. Z. Phys. Chem1969 67 (1—3), 39-50.
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Figure 9. Thermal aquation and isomerization processes in CRsen)

This very unusual result may be partly a result of the fact
that observation of any thermal aquation required refluxing
the solutions for several hours. More importantly, it can be
explained only if isomerization of initially generateis-
Cr(sen-N)(HO)** occurs in competition with protonation and
recyclization to Cr(senJ, a process that may be quite rapid,
leading to a low equilibrium concentration of the cis product.
The resulting trans isomer cannot re-coordinate without prior
deprotonation and isomerization, and this product may

therefore be trapped and is observed in the product analysis.

The observation that racemization occurs efficiently without

no photoproduct

Irwin et al.

/),

7

trans

any major build-up of other aquation products is consistent _. . .

. . . . Figure 10. Angular overlap model symmetry rules and ligand constraints
with such a mechanism for the thermal reaction and is i, the photoaquation of Cr(sét) The figure shows quartet-state excitation
encapsulated in Figure 9. For completeness the figure showsand ligand labilization in the plane of the paper. The neopentyl cap of the
the possibility of racemization via a Bailar twist although 9and restricts loss of secondary nitrogen ligands, marked with the

. . . . . secondary atom symbol “0”, giving ligand nitrogens 1 and 2 as possible
we have no evidence bearing on the contribution of this |eaying groups. As shown in the left part of the diagram, trans attack of an
pathway. In this figure it has also been shown, based on otherentering water ligand on the N1 ligand is prevented by the steric constraints
recent studied of the intermediates in Cr(lIl) photoreactions, described in the discussion. The right part of the diagram shows the feasible

. . . e ligand aquation of the N2 ligand that leads exclusively to the trans aquation
that protonation plays an important role in the stabilization prodyct.
of monodentate aquated species. In further support of this
mechanism is the observation, to be seen in Figure 7, that,with formation of Cr(sentNH),)(OH,),®>" having two pro-
in the equilibrium mixture obtained from thermal aquation tonated dangling primary amine arms.
of Cr(sen}" at long reaction times, there are two small peaks  We now compare these conclusions to expectations based
migrating at the time expected for the cis isomers, just prior on the AOM theor§ 37 for d® complexes; we will use the
to the peak we have assigned as the trans isomer. Althoughsimple pictorial versior®§3 of the model discussed else-
not conclusive, the parallel with the behavior of Cregh)  where. Figure 10 encapsulates the situatiomfeEr(seny".
also shown in Figure 7 is striking and supports the elution |n the upper part of the figure we show the complex in its
order, withp-tartrate mediumA-cis, A-cis, and trans for  ground state with the nitrogen atoms bound to the neopentyl
both of the Cr(en)en-NH)(HO)*" and Cr(sen-NH)(K0)** cap marked with the secondary atom symbol ‘0’. Im-
products. mediately below, left and right, is shown the complex in its

We think it is also significant that the minor broad peak quartet excited state with ag‘erbital occupied, here chosen
seen in the photoaquation data of Figure 5 is absent fromas the orbital in the plane of the diagram. This labilizes the
all the Cr(eny*" analyses and from the Cr(séh)thermal four coordinated nitrogen atoms in that plane, but two are
reaction electropherograms, where the expectation is that onlysecondary nitrogen ligands, constrained from leaving by the
primary amine nitrogen coordination positions will be neopentyl cap. (This constraint may not be entirely effective
aquated. There is also no such peak in the photoaquatioras the product analysis of Cr(sénjndicates that photo-
data for Cr(en*. We conclude that this broad peak most aquation of a secondary amine may be a minor contributor
likely corresponds to a small degree of photoaquation of a as discussed above.) Now consider the remaining two
secondary amine nitrogen of the sen ligand. Our attempts tonhitrogen atoms labeled 1 and 2. The left side of the diagram
prove this by isolation of the resulting product were
unsuccessful. Finally, in Figure 6, a small peak is to be seen(35) Vanquickenbome, L. G.; Ceulemans,JAAm. Chem. S0d978 100,

- o 475-83.
for Cr(sen}*, migrating late at 14 min; thls_may corres_pond (36) Vanquickenborne, L. G.; Ceulemans, @oord. Chem. Re 1983
to thermal loss of a second primary amine of the ligand, 48, 157-202.

(37) Ceulemans, ANATO ASI Ser., Ser. €989 288 221-54.
(38) Kirk, A. D. J. Chem. Educ1983 60, 843-52.
(39) Kirk, A. D. Comments Inorg. Chem993 14, 89-121.

(34) Irwin, G.; Kirk, A. D. Coord. Chem. Re 2001, 211, 25-43.
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shows that loss of N1 would lead to a trigonal bipyramidal another piece of circumstantial evidence for our proposal
intermediate (tbp) in which the two equatorial edges favor- that reaction in this complex occurs exclusively via the
able for ligand entry in the AOM model are subject to quartet state.

constraints on water entry. One is blocked by a ligand arm,  |n summary, we conclude that Cr(s&nhphotoaquates to
while the other is flanked by two secondary nitrogen atoms 3 single main productrans-Cr(sen-NH)(HO)**. The doublet
that, together with the third, are required to rem&inial. state has an abnormally short room temperature solution
The AOM reaction pathway would require them to be |ifetime as a result of a radiationless process that competes
meridionalin the hypothetical producThus the combination  \yith other processes depleting the doublet state. However,
of the symmetry rules and ligand constraints prevents netnjs doublet-state deactivation process does not lead to

reaction by this left-hand pathway. photoaquation but competes with BISC and photoaquation

The right side of the diagram shows that loss of N2 leads 5 the quartet state, resulting in an unprecedented reduction
to a tbp intermediate in which water entry at one symmetry- i, hhotoaquation quantum yield on direct irradiation into the
allowed edge is prevented as, again, it would require yoblet state.

formation of ameridional product. The other edge is free

for water entry and this pathway leads to the trans product. i . . .
I . because any labilized nitrogen atom is prevented, by its

The predictions of the AOM stereochemical model com- . o : )

. . . L attachments to two neighbor coordination sites, from migrat-
bined with the ligand constraints imposed by the neopentyl ind 10 & new position as required in the AOM model. This
cap and the blocking by ligand arms are therefore in complete 9 d f P ” di qt' iod by rel ' i
agreement with our observations and represent another\t’)\loukta:/hOr rap! rdectt)otr m?tlr? n a::c?mpamT )I/re axation
success for the theory. Since the theory is based on an ack o the ground state ot the starting molecule.

assumption of exclusive quartet-state reaction, this providesiC010236J

The photoinert nature of Cr([18]-ang)R" probably arises
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