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A comparison of the electronic properties and photochemical reactivity efficiencies for a series of rhodium
dicarbonyl complexes with the general formula XRh(gQyhere X= Cp (#*>CsHs), Cp (35>-CsHiMe), Cg'
(7°-CsHMey), Cp* (7°-CsMes), ind (17°-CoH7), and acac (§H-05), has been achieved. The photochemical reactions

of these molecules have been studied under a variety of experimental conditions, where binucleation, intermolecular
Si—H and C-H bond activation, and ligand substitution processes occur. Modifications of the unique ligand in
this system enable the photoefficiency of the CO dissociation reaction to be substantially changed. The absolute
reaction quantum efficienciegd) are markedly different and strongly wavelength dependent for each of the
molecules studied. The values of, decrease in the order CpRh(GO}y CpRh(CO} > Cp*Rh(CO} >
(acac)Rh(CQO) > (ind)Rh(CO» and vary by over 3 orders of magnitude depending on the complex chosen and
the excitation wavelength employed. The results obtained indicate that the photoefficiencies of these complexes
are predominantly determined by radiative and nonradiative decay processes of neighboring excited states and
the electronic and steric properties of the unique ligand.

Introduction the general formula XMg, where X= #°5-CsHs, 7°-CsMes, or
HBPz*; (Pz* = 3,5-dimethylpyrazolyl), M= Rh or Ir, and L

= CO, H,, C;H4, or PR, has been studied under competitive
ligand-scavenging conditiods, by low-temperature matrix
isolatior? and ultrafast spectroscofyand in low-temperature
liquid noble gase%5 Recently we have performed detailed

Millions of dollars are wasted every year due to the burn off
of methane gas, which is a byproduct of the fossil fuel industry.
Methane gas is an extremely rich energy resource, but unfor-
tunately, it is very difficult to transport in an economical fashion.

It would be advantageous if methane could be converted into a
material that would be more easily utilized. In the early 1980s
a series of compounds were discovered that might assist in ® S?négnf,i’ \g'. DF&'::rheFr’ Béﬁ?ﬁi{ﬁ"ﬂﬁ;&ggzégf ?02)4‘]0&1(2?5
performing this task. A variety of cyclopentadienyliridium W. D.; Feher, F. JOrganometallicsL983 2, 686. (d) Jones, W. D.:
hydride and carbonyl complexes were observed to have the Feher, F. JJ. Am. Chem. Sod984 106 1650. (e) Jones, W. D.;
ability to photochemically activate alkane-& bonds under Feher, F. Jinorg. Chem.1984 23, 2376. (f) Jones, W. D.; Feher, F.
: ) " . J.J. Am. Chem. Sod.985 107, 620.
relatively mild conditions. Subsequently, the photochemical (3) (a) Rest, A. J.; Whitwell, I.; Graham, W. A. G.; Hoyano, J. K.;
mechanisms occurring in these types of organometallic com- McMaster, A. D.J. Chem Soc., Chem. Comm884 624. (b) Rest,
plexes have been the focus of considerable attefAt®dmore A.J.; Whitwell, 1.; Graham, W. A. G.; Hoyano, J. K.; McMaster, A.
complete mechanistic understanding may make it possible to Eéijtzcyhg.“ ,\?%‘?"C%aelgg’.” ;gi?g?:%é_lsébr(ﬁzna%%ﬂetfgff'('2,/')"
better utilize these systems in a wide spectrum of areas, such  Haddleton, D. M.J. Organomet. Chen1986 311, C21. (€) Haddleton,
as homogeneous catalysis, synthetic chemistry, reduction in D. M.; McCamley, A.; Perutz, R. NJ. Am. Chem. Sod.988 110,

; 1810. (f) Bloyce, P. E.; Rest, A. J.; Whitwell, I.; Graham, W. A. G;
greenhouse gases, and extension of energy resources. Holmes-Smith. RJ. Chem. Soc.. Chem. Commasss 846,

A variety of photochemical techniques have been employed () (a) Belt, S. T.; Haddleton, D. M.; Perutz, R. N.; Smith, B. P. H.; Dixon,
in an effort to determine the mechanisms operating in these A. J.J. Chem. Soc., Chem. Commur@87 1347. (b) Belt, S. T.;

; ; ; Grevels, F.-W.; Koltzbucher, W. E.; McCamley, A.; Perutz, RJN.
organometallic systems. The photochemistry of complexes with Am. Chem. Sod 989 111, 8373. (c) Grubbs, W. T.: Dougherty, T.

P.; Heilweil, E. J.Chem. Phys. Lettl994 227, 480. (d) Dougherty,

(1) (a) Rausch, M. D.; Gastinger, R. G.; Gardner, S. A.; Brown, R. K;; T. P.; Grubbs, W. T.; Heilweil, E. Jl. Phys. Cheml994 98, 9396.
Wood, J. SJ. Am. Chem. S0d.977, 99, 7870. (b) Janowicz, A. H.; (e) Bromberg, S. E.; Lian, T.; Bergman, R. G.; Harris, CJBAm.
Bergman, R. GJ. Am. Chem. S0d.982 104, 352. (c) Janowicz, A. Chem. Socl996 118 2069. (f) Bromberg, S. E.; Yang, H.; Asplund,
H.; Bergman, R. GJ. Am. Chem. S0d.983 105 3929. (d) Hoyano, M. C,; Lian, T.; McNamara, B. K.; Kotz, K. T.; Yeston, J. S.; Wilkens,
J. K.; Graham, W. A. GJ. Am. Chem. Sod982 104, 3723. (e) M.; Frei, H.; Bergman, R. G.; Harris, C. Esciencel997, 278 260.
Hoyano, J. K.; McMaster, A. D.; Graham, W. A. G. Am. Chem. (5) (a) Haddleton, D. M.; Perutz, R. N.; Jackson, S. A.; Upmacis, R. K;
Soc.1983 105 7190. (f) Periana, R. A.; Bergman, R. Grgano- Poliakoff, M. J. Organomet. Cheni986 311, C15. (b) Sponsler, M.
metallics1984 3, 508. (g) Wax, M. J.; Stryker, J. M.; Buchanan, J. B.; Weiller, B. H.; Stoutland, P. O.; Bergman, R. G.Am. Chem.
M., Kovac, C. A.; Bergman, R. G. Am. Chem. So02984 106, 1121. Soc.1989 111, 6841. (c) Weiller, B. H.; Wasserman, E. P.; Bergman,
(h) Janowicz, A. H.; Periana, R. A.; Buchanan, J. M.; Kovac, C. A.; R. G.; Moore, C. B.; Pimentel, G. @. Am. Chem. Sod.989 111,
Stryker, J. M.; Wax, M. J.; Bergman, R. Gure Appl. Chem1984 8288. (d) Weiller, B. H.; Wasserman, E. P.; Moore, C. B.; Bergman,
56, 13. (i) Periana, R. A.; Bergman, R. G. Am. Chem. S0d.984 R. G.J. Am. Chem. Sod993 115 4326. (e) McNamara, B. K.;
106, 7272. (j) Arndtsen, B. A.; Bergman, R. G.; Mobley, A.; Peterson, Yeston, J. S.; Bergman, R. G.; Moore, C.BAmM. Chem. S0d999
T. H. Acc. Chem. Red995 28, 154. 121, 6437.
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and (HBPz%)Rh(CO).” Quantitative photochemical measure- o’ \CO
ments have revealed that these systems possess a substantial
wavelength-dependent reaction photoefficiency. The primary (ind)Rh(CO), (acac)Rh(CO),

photoproduced intermediate responsible for intermolecutad C
bond activation has been concluded to be the XRh(CO)
coordinatively unsaturated species, in agreement with the time-
resolved and low-temperature studte® However, the strong
wavelength dependence observed in the ligand substitution

studies has implicated an additional reaction intermediate comparisons between the Cp and Cp* derivatives at two

following excitation in the visible region. Apparently, each of o 4o, wavelengths were obtainé&d!" Second, the effect
these rhodium complexes possesses two ligand field (LF) states

with distinct reactivities. A higher-lying state is accessed via gfereenplﬁsllggﬂt g aetgzcgﬁﬁgtaﬂ',inﬂfﬁr Sn\(l:vg ho?ncwgr? (;Xllg”?r%gaz
excitation at shorter \_Nave!er_]gth?seiz 313 r_lm) and r_esu_lts n cyclopentadienyl complex to the pseudo-square-planar structure
predominantly CO dissociation and effective-B activation, of the (acac)Rh(CQ)(acac= acetylacetonato) complex has
and a lower-lying energy state is populated via excitation at

S S been studied. In all of the systems investigated we have
longer Wave_lengthslgx— 45.8 nm)_, which is understood to Ieaq guantitatively measured the photochemistry at three different
to dechelation of the unique ligand (suggested to be ring

slippage) and inefficient EH activation (see Scheme excitation wavelengths in the 3358 nm region.

While it has been shown that complexes of the general
formula XRh(CO) have a very interesting photochemistry, there
is still much to be learned about the optimum conditions for  Materials. Dicarbonylchlororhodium(l) dimer and dicarbonylbis-
photoreactivity and intermolecular-G4 bond activation chem-  (ethylene)rhodium(l) dimer were obtained in high purity99%) from
istry. Consequently, the objective of this study was to investigate Pressure Chemical Co. and used as received. Acetylacetonatodicar-
the influence on the quantitative photochemistry for a series of bonylrhodium(l) was obtained from Pressure Chemical Co. in high
related molecules (see Figure 1), using a recently developedpurity (>99%). Dicarbonylpentamethylcyclopentadienylrhodium(l) and
photokinetic procedurgHere, we report the results of detailed ~ cyclopentadienylthallium were purchased from Aldrich Chemical Co.
measurements of absolute photoefficiencies for these rhodium™ high purity (97%) and used without further purification. Triethylsilane

dicarbonvl derivatives following three modifications to the "2 obtained from Aldrich Chemical Co. and used after triple distillation
y 9 under nitrogen. Methylcyclopentadienyl dimer was obtained from

. . Aldrich Chemical Co. and freshly cracked prior to synthesis to yield

(6) \(,3) Schultz, RE' S-: IE?HQENYRA-'\?-: Talé;beé' ’\é- J; We"égbs- H.;  the monomer methylcyclopentadiene. Tetramethylcyclopentadienyl-

asserman, £. %, Kyle, K. ., Moore, L. B., bergman, M. potassium was obtained from Aldrich Chemical Co. and used as
Chem. Socl994 116 7369. (b) Bengali, A. A; Schultz, R. H.; Moore, received. Tetrahydrofuran and hexanes used in syntheses were obtained

C. B.; Bergman, R. GJ. Am. Chem. S04994 116, 9585. (c) Bengali, . . ;
A A Arngdttsen, B. A.; Burger, P. M.; Sééhm?z’ R. H.(; )Wei"gr’ B. as reagent grade from Fisher Chemical Co. and were dried and

Figure 1. XRh(CO) systems investigated in this work.
unigue ligand. First, the effect of increased electron-donating

substituents on the cyclopentadienyl ring by different degrees
of methylation has been explored. In our earlier work only

Experimental Section

H.; Kyle, K. R.; Moore, C. B.; Bergman, R. Q2ure Appl. Chem. deoxygenated via sodium/benzophenone and potassium/benzophenone
1995 67, 281. (d) Wasserman, E. P.; Moore, C. B.; Bergman, R. G. distillation, respectively. Spectroscopic gragkexane used in photo-
Sciencel992 255 315. chemical studies was obtained from Aldrich Chemical Co. and used
(7) (a) Drolet, D. P.; Lees, A. J. Am. Chem. $04.999 112, 5878. (b) after deoxygenation via nitrogen purging. Indene was obtained as
Drolet, D. P.; Lees, A. JJ. Am. Chem. Sod 992 114, 4186. (c) technical de590%) f Aldrich Chemical C d freshl
Purwoko, A. A.; Lees, A. JJ. Coord. Chem. Re 1994 132, 155. echnical gradex90%) from Aldrich Chemical Co. and was freshly
(d) Purwoko, A. A.; Drolet, D. P.; Lees, A. J. Organomet. Chem. distilled prior to use. The entering ligacis-cyclooctene was purchased
1995 504, 107. (e) Purwoko, A. A.; Lees, A. Jnorg. Chem.1995 from Aldrich Chemical Co. in high purityX99%). Neutral alumina
34, 424. (f) Purwoko, A. A.; Lees, A. Jnorg. Chem1996 35, 675. chromatographic adsorbant (8200 mesh) and Brockman Activity |
(9) Purwoko, A. A.; Tibensky, S. D.; Lees, A. lhorg. Chem.199§ neutral alumina (86200 mesh) were obtained from Fisher Chemical
35, 7049. (h) Lees, A. JJ. Organomet. Cheml998 554, 1. (i) Co
Dunwoody, N.; Lees, A. JOrganometallics1997 16, 5770. (j) . ) .
Panesar, R. S.; Dunwoody, N.; Lees, Aldorg. Chem.1998 37, The argon and nitrogen gases used for solvent deoxygenation and
1648. synthesis were purchased as high research gra@@.99% purity) and

(8) Lees, A. JAnal. Chem1996 68, 226. were deoxygenated and dried by passage over potassium hydroxide
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(Fisher Chemical Co,5 A molecular sieves, and a pelletized copper solutions were combined via cannula transfer with continuous stirring
catalyst (BASF R3-11, Schweizerhall, Inc.), according to a previously of the receiving solution. The mixture was left to stir overnight at room
described procedufeCarbon monoxide was further purified by passage temperature and resulted in a dark orange/brown slurry. The solvent
throudh a 1 mtube (2 cm diameter) containing the above copper catalyst was removed and the product extracted from the resulting residue with
and then a 25 cm tube (4 cm diameter) containing alternating segmentshexanes. The product was purified via a 20 cm Brockman Activity |
of calcium sulfate ath 5 A molecular sieves. neutral alumina column, eluting with hexane/toluene (50:50 by volume)
Syntheses.The CpRh(CO) CPRh(CO) (Cp = #5°5-CsHsMe), to yield an orange/red oil (0.2 g, 56% NMR (CeDs): 6 1.99 (s,
Cp'Rh(CO) (Cp' = 55-CsHMey), and (ind)Rh(CQy (ind = 5-CoH-) 6H), 2.05 (s, 6H), 5.29 (s, 1H). IR/€o, n-hexane): 2030, 1967 crh
were synthesized by methods previously described in the literature with (it.1° (as liquid) 2039, 1976 cr). UV—vis (dmax N-hexane): 257
modification® Cp*Rh(CO) was obtained from Aldrich Chemical Co.  nm (€ = 9500 M* cm™?), 303 nm ¢ = 3800 M cm™?), 430 nm ¢
and purified via recrystallization from-pentane. (acac)Rh(C®yas =130 Mtcm™).
obtained from Pressure Chemical Co. and used as received. All  (ind)Rh(CO),. A 250 mL single-neck round-bottom flask was
syntheses were carried out under an inert atmosphere unless otherwiseharged with (ind)Rh(Ck+=CHy), (0.25 g, 0.91 mmol) dissolved in
stated. THF and hexanes were freshly distilled prior to syntheses from 100 mL ofn-pentane. This solution was purged with carbon monoxide
their respective sodium and potassium ketyls. Sodium methylcyclo- in a well-ventilated fume hood. The reaction was monitored with IR
pentadienide was generated fresh prior to synthesis via reaction of thespectroscopy, and a clean conversion to the dicarbonyl product was

freshly cracked methylcyclopentadiene with sodium metal in THF.
Sodium indenide was prepared in a similar fashion with freshly distilled
indene. All compounds were synthesized via reaction of either
dicarbonylchlororhodium(l) or bis(ethylene)chlororhodium(l) dimer
with their respective cyclopentadienyl or indenyl salts. Approximately
stoichiometric conditions were followed (a 2:1 mole ratio of salt:dimer).

verified by *H NMR spectroscopy. The product was purified via
precipitation fromn-pentane at-78 °C. A fine yellow powder was
obtained (0.20 g, 80%jH NMR (CDCly): ¢ 5.792 (d, 2H), 6.075 (q,
1H), 7.130 (m, 2H), 7.285 (m, 2H). IRvo, n-hexane): 2048, 1991
cm? (lit. 1%9 (in heptane) 2048, 1990 cry. UV—Vis (Amax N-hexane):
253 nm € = 21152 Mt cm!), 305 nm ¢ = 7856 Mt cm™Y), 340

(ind)Rh(CH=CH,), was prepared in high yield in accordance with a
previously reported procedure in the literatifte.

CpRh(CO),. To a well-stirred solution of dicarbonylchlororho-

dium(l) dimer, [Rh(CO)CI],, in hexanes (0.25 g, 0.64 mmol in 150
mL) was added cyclopentadienylthallium (1.75 g, 6.5 mmol). This
solution was refluxed with stirring under a nitrogen atmosphere for 48
h. The product was purified via filtration and elution of a single bright
yellow band from a 20 cm neutral alumina column with hexanes to
yield a bright yellow oil (0.21 g, 73%):H NMR (CsD¢): 0 5.48 (s).
IR (vco, n-hexane): 2048, 1985 crh (lit.1%2b (as liquid) 2051, 1987
cm1). UV—vis (Amax N-hexane): 221 nme(= 9600 Mt cm?), 284
nm (€ = 3820 Mt cm™1), 320 nm (sh) £ = 390 M~‘cm 1), 420 nm
(sh) € = 78 M~* cm™) (lit.”® 420 nm (sh) ¢ = 78 M~* cm™)).

Cp'Rh(CO).. A 250 mL round-bottom Schlenk flask equipped with

a stirbar was charged with 0.25 g (0.64 mmol) of the dicarbonylchloro- 3 syringe, 50 mL of THF was added to the flask, and the resulting
rhodium(l) dimer, [Rh(COXI].. Using a syringe, 50 mL of THF was  soution was stirred to dissolve the solid. This solution was added via
added to the flask, and the resulting solution was stirred to dissolve cannula transfer to a freshly prepared solution of sodium indenide (in
the solid. This solution was added via cannula transfer to a freshly eycess) in THF. The formation of a brown product was observed on
prepared solution of sodium methylcyclopentadienide (in excess) in mixing. After the solution was stirred for 12 h, the solvent was removed
THF. The formation of a brown product was observed on mixing. After nder vacuum to yield a dark brown residue. The product was extracted
the solution was stirred for 12 h, the solvent was removed under vacuumith hexanes and purified on a 20 cm Brockman Activity | neutral
to yield a dark brown residue. The product was extracted with hexanes gjymina column. Three bands eluted from the column, the first being
and purified on a 20 cm Brockman Activity | neutral alumina column  yejlow, the second red, and the final a dark green. These bands
eluting with hexanes to yield a yellow oil (0.18 g, 58%} NMR corresponded to the mono-, di-, and trinuclear species: (ind)Rh(CO)
(CeDg): 0 1.61 (S,ISH), 5.26 (d, 2H), 5.46 (d, 2H). IR, n-hexane): (ind),RM(COY, and (ind)Rh(COY. The complex (ind)Rh(CQ)pro-
2043, 1981 cmt (lit. 1 (in hexane) 2043, 1981 cf). UV—ViS (imax vided the same data as recorded abd¥eNMR [(ind).Rhy(CO)]
n-hexane): 220 nme(= 9900 M'* cm™), 288 nm ¢ = 3960 M™! (CDCL): 65.57 (d, 4H), 5.815 (q, 2H), 6.955 (M, 4H), 7.155 (M, 4H).
cm™), 400 nm € = 110 M™* cm?). IR [(ind);RN(CO)g] (vco, n-hexane): 1988, 1848 cth IR [(ind)sRhe-

Cp"”"Rh(CO).. A 250 mL round-bottom Schlenk flask equipped with  (CO),] (vco, CH:Cl,): 1854, 1809 cmt (lit.2%9 (in CH,Cl,) 1852, 1805
a stirbar was charged with 0.25 g (0.64 mmol) of the dicarbonylchloro- c¢m-1).
rhodium(l) dimer, [Rh(COXI].. Using a syringe, 50 mL of THF was CpRh(CO)cy. To a well-stirred solution of CpRh(C@)n hexanes
added to the flask, and the resulting solution was stirred to dissolve (0.056 g, 0.25 mmol in 50 mL) was addeis-cyclooctene (cy; 0.03 g,
the solid. In a drybox a second 250 mL Schlenk flask was charged g 26 mmol). This solution was refluxed with stirring under a nitrogen
with potassium tetramethylcyclopentadienide (KsMe,H)] (0.21 g, atmosphere for 72 h. The product was purified via column chroma-
1.31 mmol). This flask was taken out of the drybox, and 50 mL of 5qraphy on a 10 cm neutral alumina column with hexanes. A single
THF was added via syringe to dissolve the potassium salt. The two light orange band eluted off the column due to the CpRh(CO)cy. On
removal of solvent an orange powder was obtained with a single
carbonyl vibrational mode at 1979 ctnin the infrared spectrum. Use
of a 10 cm column ensured elution of any residual of unreacted
cyclooctene.

Cp*Rh(CO)cy. To a well-stirred solution of Cp*Rh(C@)n hexanes
(0.074 g, 0.25 mmol in 50 mL) was addets-cyclooctene (0.03 g,
0.26 mmol). This solution was refluxed with stirring under a nitrogen
atmosphere for 120 h. The product was purified via column chroma-
tography on a 10 cm neutral alumina column with hexanes. A single
light orange band eluted off the column and was identified as Cp*Rh-
(CO)cy. On removal of solvent an orange powder was obtained with
a single carbonyl vibrational mode at 1962 @nin the infrared

nm (e = 5940 Mt cm™?) (lit.2°" (in toluene) 340 nme= 5940 M
cm)).

Cp*,Rh,(CO)s. A solution of Cp*Rh(COJ in hexanes (0.074 g, 0.25
mmol in 50 mL) was refluxed with stirring under a nitrogen atmosphere
for 72 h. The product was purified via column chromatography on a
10 cm neutral alumina column with hexanes. Two bands eluted off the
column, the first orange due to the starting material and the second
darker orange due to the binuclear species (i.e. .Rp{CO)). The
infrared spectrum in a KBr pellet yielded two characteristic bands at
1939 and 1983 cmt which agreed well with the literature reported
values!®

(ind)2Rh3(CO); and (ind)sRh3(CO)s. A 250 mL round-bottom
Schlenk flask equipped with a stirbar was charged with 0.25 g (0.64
mmol) of the dicarbonylchlororhodium(l) dimer, [Rh(CQJ].. Using

(9) Schadt, M. J.; Gresalfi, N. J.; Lees, Aldorg. Chem1985 24, 2942.

(10) (a) Fischer, E. O.; Bittler, KZ. Naturforsch., B1961 16, 225. (b)
Fischer, E. O.; Brenner, K. . Naturforsch., BL962 17, 774. (c)
Hill, R.; Knox, S. A. R.J. Chem. Soc., Dalton Tran$975 2622. (d)
Graham, P. B.; Rausch, M. D.;"$ehler, K.; von Philipsborn, W.
Organometallics1991, 10, 3049. (e) Lyatifov, I. R.; Jafarov, G. M;
Babin, V. N.; Petrovskii, P. V.; Zagoreskii, V. 3. Organomet. Chem.
1989 368 223. (f) Caddy, P.; Green, M.; O'Brien, E.; Smart, L. E.;
Woodward, P.J. Chem. Soc., Dalton Tran498Q 962. (g) Caddy,
P.; Green, M.; O'Brien, E.; Smart, L. E.; Woodward Ahgew. Chem.,
Int. Ed. Engl.1977, 648. (h) Rerek, M. E.; Basolo, B. Am. Chem.
Soc.1984 106 5908. (i) Pradella, F.; Rehorek, D.; Scoponi, M.;
Sostero, S.; Traverso, Q. Organomet. Chen1993 453 283.
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spectrum. Use of a 10 cm column ensured elution of any residual 0.6
unreactectis-cyclooctene. 0.5
(ind)Rh(CO)cy. To a well-stirred solution of (ind)Rh(C®)in

+ A

hexanes (0.069 g, 0.25 mmol in 50 mL) was addescyclooctene |
(0.03 g, 0.26 mmol). This solution was refluxed with stirring under a 031
nitrogen atmosphere for 120 h. The product was purified via column 02+
chromatography on a 10 cm neutral alumina column with hexanes and 01 ¥

eluted as a single light orange band. On removal of solvent an orange
powder was obtained with a single carbonyl vibrational mode at 1981
cmtin the infrared spectrum. Use of a 10 cm column enabled elution
of unreactectis-cyclooctene.

(acac)Rh(CO)cy.To a well-stirred solution of (acac)Rh(CONn
hexanes (0.065 g, 0.25 mmol in 50 mL) was addescyclooctene
(0.03 g, 0.26 mmol). This solution was refluxed with stirring under a
nitrogen atmosphere for 168 h. However, little conversion to product
was observed. A cuvette of the above solution was irradiated with 313
nm light. Slow conversion to product was observed, and after one week
the solvent was evaporated and the residue passed through a micro
neutral alumina column. Two bands eluted with hexanes, the first being
the parent (acac)Rh(C®jyellow) and the second the photoproduct
(acac)Rh(CO)cy (more orange and darker). The infrared spectrum
displayed a singleco mode at 2002 crt, similar to that observed in
the photochemical experiments. The spectral data agree well with
analogous data previously reported in the literatéire.

Equipment and Procedures.Electronic absorption spectra were
recorded on a Hewlett-Packard model 8450A diode-array spectrometer
and stored on a Hewlett-Packard model 82901M disk drive. Spectra
were obtained from solutions held in regular 1-cm quartz cuvettes, and
the reported band maxima reported are considered accurat2 non.
Infrared spectra were recorded on a Nicolet model 20SXC Fourier

transform infrared (FTIR) spectrometer. Spectra were obtained from $ ¥ ¥ ¥ $
solutions using NaCl cells of 0.5 and 1.0 mm path length, and the 300 350 400 450 500 550 600
reported band maxima are considered accurated® cnt?. Infrared Wavelength, nm

carbonyl vibrations observed for the parent and photoproduct complexes Figure 2. Electronic absorption spectra of (A) CpRh(GQJB) Cp*Rh-

during each of the photolysis reactions in solution agree closely with (coy), (C) (ind)Rh(CO), and (D) (acac)Rh(CQ)in deoxygenated
those measured for the isolated complexes. NMR spectra were recordeGy-hexane solution at 293 K.

on a Bricker AM-360 NMR spectrometer. Emission spectra were
recorded on a SLM 48000 fluorimeter which incorporates a Hamamatsu Table 1. Electronic Absorption Bands and Assignments for
R928 photomultiplier tube and photon counting facilities. Low- XRh(CO) Complexes im-Hexane Solution at 293 K
temperature emission measurements were performed using an Oxford Amax, NM €, M1 cmY)
Instruments model DN1704K variable-temperature liquid-nitrogen
cryostat. M —COCT,

A Lexel Corp. model 95-4 argon-ion laser (4W-all lines) was used __omplex B a—m* M—CpCT LF LF
to perform the visible photolyses at 458 nm; incident laser light intensity CpRh(CO) 221 (9600) 284 (3820) 320 (390%20 (78Y
was determined by means of an Ophir Optronics Ltd. external power CPRh(CO) 220 (9900) 288 (3960) 400 (110)
meter with a Nova display. Typically, laser powers between 60 and 90 Cp'Rh(CO) 257 (9500) 303 (3800) 430 (130)
mW were employed, although measurements were also obtained withCp*Rh(CO} 237 (9120) 314 (3800) 438 (152)
much lower powers (2030 mW), and the data were found to be (iNd)Rh(CO} 253 (21200)  305(7860) 340 (5940)
reproducible. The photochemistry was monitored by recording-Uv ~ (8cac)Rh(CQO) 259 (12300) 303 (6750) ~ 357 (5110)
vis and FTIR spectra at regular time intervals throughout the irradiation  a The bands in the region 284814 nm also possess some absorption
procedure (the overall photolysis time took between 4 and 72 h for due to B-typexr—n* and carbonyl rz* character (see ref 14).
each run). Irradiations at 313 and 366 nm were carried out with light b Observed as a shoulder.
from an Ealing Corp. medium-pressure 200 W mercury arc lamp using

interference filters (Ealing Corp., 10 nm band-pass) to isolate the  pyring irradiation and emission experiments, the solution temper-
excitation wavelength. Incident light intensities at 313 and 366 nm were atres were controlled to withi0.1 K by circulating a thermostated
determined by Aberchrome 540 and ferrioxalate actinométy.  ethylene glycolwater mixture through a jacketed cell holder mounted
Throughout photolysis the solutions were rapidly stirred to ensure o an optical rail. Solutions were stringently filtered through Q22
sample homogeneity and a uniform optical density in the light path. wjllipore filters and deoxygenated by purging with prepurified nitrogen
The resultant quantum efficiency values were determined for at least gas for 15 min prior to irradiation. Emission data for solid samples

five readings and were found to be reproducible to withio in all were acquired with the sample oriented at an angle 6fZ to the
cases. The stated uncertainties 610% for the absolute quantum jncident light.

efficiency values incorporate the systematic errors involved in measur-
ing the light intensity. All reactions were also performed in the dark to
assess the extent of thermal processes, which were found to be
negligible under our experimental conditions.

Results

Electronic Absorption Spectra. Figure 2 depicts electronic
(11) Serron, S.; Huang, J.; Nolan, S. ®rganometallics1998 17, 534. absorption spectra of several of the XRh(G@)mplexes, and
(12) Heller, H. G.; Langan, J. Nl. Chem. Soc., Perkin Tran981, 341. the data obtained from all the complexes are summarized in
(13) (a) Parker, C. AProc. R. Soc. London, Ser. ¥953 220 104. (b) Table 1. Typically, the complexes exhibit three absorption bands
Hatchard, C. G.; Parker, C. Rroc. R. Soc. London, Ser. 2956 . :
235, 518. (c) Calvert, J. G.; Pitts, J. IRhotochemistryWiley: New in the region 208-500 nm. The lowest-energy band for each

York, 1966. of the cyclopentadienyl derivatives appears in the visible region
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Figure 3. Emission spectrum of (ind)Rh(C®n deoxygenated C¥€l, solution at 293 K following excitation at 290 nm.

Table 2. Infrared Carbonyl Stretching Bands for the Various XRh(£0Odmplexes and Their Photochemical Products

complex solvent v(CO), cn1t complex solvent v(CO), cn1t
CpRh(CO) n-hexane 2048, 1985 CpRh,(CO) KBr pellet 1984, 1940
Cp:Rh(CO) n-hexane 1981, 1834 Cp*Rh(CO)(SiH n-hexane 1996
CpRh(CO)(SIE)H n-hexane 2012 Cp*Rh(CO)cy n-hexane 1962
CpRh(CO)cy n-hexane 1979 (ind)Rh(C®) n-hexane 2048, 1991
CpRh(CO}» n-hexane 2044, 1981 (indRh(CO) n-hexane 1988, 1848
CpPRh(CO)(SiE$)H n-hexane 2007 (ind)Rh(CO)cy n-hexane 1981
Cp'Rh(CO}) n-hexane 2030, 1967 (acac)Rh(GO) n-hexane 2083, 2014
Cp*Rh(CO} n-hexane 2026, 1963 (acac)Rh(CO)cy n-hexane 2002

of the spectrum, and the corresponding bands for the indenyl substitution by addedis-cyclooctene (eq 3). The reactions (eqs
and acac systems are observed at somewhat higher energies.

Generally, methylation of the cyclopentadienyl ring results in

a red shift for the lowest-energy absorption band. For the Cp & 2

and Cp complexes this band appears as a shoulder with Rh_\Rh/CO
significant overlap of the higher-energy band. However, in ho. CO oc” ﬁ M
the Cp* derivative this band is red shifted further and is a more /

distinctive feature. There also appears to be an increase in the

extinction coefficients of these lowest-energy bands with

increased methylation. Moreover, the longest-wavelength bands @ hv, -CO O

for the indenyl and acac complexes have substantially higher Rh W’ Rh-ilH @
extinction coefficients compared to the other systems. oc/ \co i OC/ \SiEt3

Infrared Spectra. The infrared spectra for all six complexes
exhibit two strong carbonyl stretching vibrational modesd ho. -CO
accompanied by their respective isotope peaks at lower energy \ ((_Fy
(see Figure 3 and Table 2). On increasing methylation of the O
cyclopentadienyl ring, these vibrational modes shift to lower /Rh\ &)
frequency, and the average vibrational frequency of the two ocC o
bands moves from 2017 crh(in the Cp complex) to 1995 cm
(in the Cp* complex). On replacing the cyclopentadieny! ring
by an indenyl group, there is a shifting of theo bands to 1-3), while shown for CpRh(CQ) are representative for all
higher frequency (the average frequency is 2020%gnin the of the XRh(CO) complexes investigated. In the case of the
acac derivative, there is an even greater shift imiggbands binucleation reactions (eq 1), the electronic and infrared spectra
to much higher frequencies (the average frequency is 2049 observed during photolysis clearly indicate the formation of
cmY). metal-bridged tricarbonyl complexes, concordant with previous
Photochemical ReactionsThree different photochemical literature datg?d.79-110%9 These photochemical transformations
reactions (each involving CO dissociation) were observed to were observed to take place slowly (over a period of several
take place in the XRh(CQ@)ystem, depending on the reaction hours); the indenyl and acac complexes underwent especially
conditions. These were a binucleation process (eq 1), silyl slow photochemical reactions. Whens&H was incorporated
hydride activation of added £2iH (eq 2), and photochemical in the solution, SiH bond activation was observed to occur
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Table 3. Photochemical Quantum Efficiencieg.) for Conversion comparison, some clear observations can be made about the
of XRh(CO}, to Their Corresponding Photoproducts in modifications on this system. First, there is a substantial
Deoxygenatea-Hexane at 293 K° reduction in the photoefficiencies at all wavelengths on increased
Gor methylation of the cyclopentadienyl ligand. Indeed, complete

reaction product  Jex= 313 NM Jex= 366 NM Aex= 458 nm methylation of the cyclopentadienyl ring causes a 50% drop in
CoRM(CO)s 030 0078 photoefﬁmenpy on excitation at 3;3 nm an_d an_apprommately
CpRh(CO)(SIEYH 0.29 0.078 0.0032 58% reduction at 366 nm. Th|§ reduction is even more
CpRh(CO)cy 0.30 0.078 pronounced at the longer excitation wavelength of 458 nm
CpPRh(CO)(SIEf)H 0.0023 where there is a 95% drop in photochemical efficiency on
CD:thz(CO)s. 0.15 0.033 replacing Cp by Cp*. Second, replacement of a Cp ring by an
gggﬂggg;g'@"' 061155 00-05324 0.00017 indenyl group produces an even greater reduction in the quantum
(ind)RM(COY 0.019 0.0084 eff|C|enC|_es foIIO\_ng excitation at elther_313 or 36§ nm.
(ind)Rh(CO)cy 0.018 0.0074 Photolysis of the indenyl molecule resulted in an approximately
(acac)Rh(CO) 0.042 0.0082 90—94% reduction in quantum efficiency from that observed
(acac)Rh(CO)cy 0.041 0.0083 in the CpRh(CO) species for the binucleation andis-

2 All values are accurate t10%. The concentration of the entering ~ Cyclooctene substitution reactions following 313 and 366 nm
ligand is 0.05 M in each caseData are taken from ref 7i. excitation. Finally, quantum efficiencies for theeudesquare-

planar (acac)Rh(CQ@)complex reveal a drop in efficiency of

photochemically (eq 2) with the formation of the corresponding approximately 86-89% for the binucleation and photochemical
silyl hydride photoproduct¥:’®" When cis-cyclooctene was  substitution reactions at 313 and 366 nm compared with those
used as an entering ligand, the corresponding monosubstitutedbbtained for the analogous reactions in CpRh(£0)
photoproducts were formed photochemically (e§°33:1%In the
absence of light, the XRh(C@}omplexes were observed to Discussion
be thermally stable under the same experimental conditions. ] ] ) )
Infrared data recorded from the parent complexes and their Electronic Absorption Spectra. This photochemical study,
corresponding photoproducts are summarized in Table 2. With excitations at 313, 366, and 458 nm, is predominantly

Luminescence ObservationsLuminescence measurements concerned with the chemistry arising from the two lowest-energy
performed on the (ind)Rh(C@)complex in deoxygenated gxcned states. Previously, these haV(_e been aSS|g.n.ed as ligand
CH,Cl, at 293 K following excitation at 290 nm resulted in the ~ field (LF) in nature due to the low extinction coefficients and
observation of a structured emission band in the region-300 lack of solvent dependence of their absorption bands, the lack
500 nm (see Figure 3). The emission bagaf = 331 nm) c_>f Iummescence_at low temperature, and the rapid CO dissocia-
displays characteristic—r* emission with features at 313, 331, tive photochemistry originating from these statés> On
348, 367, and 389 nm. This band structure yields an average€xamination of th_e (_1at_a_|n Table 1_and the spectra in Figure 2,
vibrational spacing of 1485 cm which is assigned to the the_re are some similarities that exist for all of these cyclopen-
indenyl ligand's G=C stretching mode. An emission lifetime ~ tadienyl complexes. For each of the XRh(GQX = Cp, Cp,
of 2.5 ns was determined for (ind)Rh(GGOh deoxygenated ~ CP', Cp*) derivatives, the lowest-energy absorption band is
CH,Cl, solution at 293 K: this is also consistent with tie 7* weak and has an extinction coefficient that does not exceed 152
assignment. Similar studies performed on (acac)Rhg@@)y M~ cm . As the cyclopentadieny! ring is increasingly meth-
solid at 293 and 77 K resulted in a weak structured band in the Ylated there is an enhancement in the magnitude of the extinction
region 326-420 nm following excitation at 300 nm; this is again ~ coefficient for this lowest-energy band. Also, methylation of
characteristic ofr—=* emission. The emission spectrum was the ring causes an overall red-shifting of this band, and it appears
found to be independent of the excitation wavelength in the &t longest wavelength for the permethylated Cp*Rh(€O)
region 306-360 nm, but an emission lifetime was not resolved complex. In the case of CpRh(C)a second LF band is
due to light scatter from the sample. observed at higher energjn(a = 320 nm (sh)e = 390 M+

Quantum Efficiencies. Absolute quantum efficiencies() cm™Y); this band is understood to also be present in the
have been determined for each of the binucleation, silyl hydride Substituted Cp molecules but is apparently masked by the
activation, and ligand substitution photochemical reactions in Overlap of higher-energy M- CO and M— Cp charge-transfer
accordance with a previously described photokinetic procédure. features (see Table 1 and Figure®2)>-+/
This method is ideally suited to studying these processes as it Clearly, changing the unique ligand substantially influences
accounts for increasing inner filter effects due to the light the electronic absorption spectra, as exemplified by a comparison
absorption by photoproducts during the progress of the reactions.of the data from the cyclopentadienyl complexes with the
Table 3 summarizes the quantum efficiencies obtained for each(ind)Rh(CO} and (acac)Rh(CQ)complexes. Replacement of
of the investigated reactions in deoxygenatdtbxane at various  the cyclopentadienyl group with an acac or indenyl ligand leads
excitation wavelengths. Two significant observations can be to significantly higher extinction coefficients for the lowest
made: (i) the efficiencies of these systems are substantially absorption bands in these complexes compared to those observed
influenced by changes in the unique ligand, and (ii) there is a in the Cp and methylated Cp ring complexes. This is because
significant wavelength dependence on the efficiency for each in the acac and indenyl derivatives there is a substantial
of the molecules studied. Taking the unsubstituted cyclopen- absorption overlap by the—z* states in this region of the
tadienyl complex, CpRh(CQ®) as the basic template for

(16) Methylation of benzene is known to red shift thesz* B bands (ref

(14) (a) Silverstein, R. M.; Bassler, G. C.; Morrill, T. Gpectrometric 14). Therefore, some contribution to the absorption in this region may
Identification of Organic Compoungd$th ed.; Wiley: New York, be due to a partial overlap with the long-wavelength tail ofither*
1991. (b) Braude, E. ADetermination of Organic Structures by state in Cp*Rh(CQ)

Physical MethodsAcademic Press: New York, 1955. (17) (a) Geoffray, G. L.; Wrighton, M. SOrganometallic Photochemistry

(15) Belt, S. T.; Duckett, S. B.; Haddleton, D. M.; Perutz, R. N. Academic Press: New York, 1979. (b) Lees, AChem. Re. 1987,

Organometallics1989 8, 748. 87, 711.



4448 Inorganic Chemistry, Vol. 39, No. 20, 2000 Dunwoody et al.

spectrumt® For the cyclopentadienyl complexes, the-z* comparing the efficiency data at 458 nm for the two molecules,
absorptions are found at much higher energies, and they do nothe value observed in the Cp* derivative is seen to be
significantly contribute to the absorption in the region of the approximately 5% of that observed in the Cp derivative. These
lowest-energy absorption bands. results again support the notion that the lower state undergoes
Wavelength Dependence of the Photochemistry-rom a different photochemical mechanism that essentially serves to
previous studies it has been concluded that there is a distinctdissipate the energy absorbed by the molecule. The data for
reactivity observed from the two lowest-energy LF excited states excitation at 366 nm also support the idea that the states are
in the CpRh(CO) and Cp*Rh(CO) complexegabi A higher- not exclusively populated because the efficiency data are
energy LF state has been concluded to be responsible for COintermediate between those obtained for 313 and 458 nm
dissociation, and a lower-energy LF state has been postulatedexcitation (see Table 3).
to lead to a photochemicgP — #° ring-slippage (see Scheme Influence of Cyclopentadienyl Ligand Methylation. The
1). The current results lend support to the notion of distinct reduction inge on going from the Cp derivative to the Cp*
photochemical pathways, as revealed by the wavelength-derivative is clearly related to the degree of methylation of the
dependent quantum efficiencies obtained for CpRh¢CGOY cyclopentadienyl ring. It can be seen from the absorption data
the other derivatives under a variety of reaction conditions (see (see Figure 2 and Table 1) that as the Cp ring is methylated the
Table 3). All of the molecules studied exhibit photoefficiencies higher energy LF state is no longer observable and the
which are substantially dependent on the excitation wavelength.absorbance in the 28420 nm region significantly increases.
With the exception of the (acac)Rh(CQOJomplex, the most  This is due to a substantially greater amount of overlap by the
reasonable explanation for this wavelength dependence is thanearby M— CO and M— Cp charge-transfer (CT) states with
photolysis at shorter wavelength leads to the generation of thethe higher energy LF staf&1617The net effect of this is that
16-electron carbony! dissociative product, XRh(CO), whereas on excitation of Cp*Rh(CQ)at 313 nm much less of the total
excitation at longer wavelengths involves a ring-slippage processenergy is absorbed by the upper LF state, and this results in a
(n°— 13).47 For the acac complex, short-wavelength excitation significantly lower reaction photoefficiency (see Table 3).
similarly leads to a CO dissociation product, but longer- Clearly, most of the energy is being absorbed into the CT states,
wavelength excitation leads to ligand dechelation analogous towhich leads to polarization of the molecule, less CO dissociation,
that observed in (HBPzJRh(CO).7¢-h11.19 and effective nonradiative deactivation. However, as noted
It should be noted that, in cases where excitation leads to above, the wavelength dependenceggfis even more pro-
exclusively ring-slippage or dechelation-type processes, anounced for the permethylated system, apparently because there
quantum efficiency ¢;) of zero should be obtained. This is is a greater separation between the two lower-lying ligand field
because such mechanisms do not lead to any dissociative los@bsorption bands in Cp*Rh(C®)In this molecule, almost all
of CO and the photoproduct intermediates are thermally able of the energy appears to be dissipated via the thermal back slip
to revert to starting complex. Hence, the net effect is that they processes and very little CO dissociation actually takes place
effectively result in the dissipation of energy from the excited (the photoefficiency at long wavelength becomes nearly zero).
states with no overall net photochemistry occurring. In our For the CpRh(CO) complex, the results are intermediate
results it is interesting that we still observe finite quantum between those of the Cp and Cp* derivatives. We recognize
efficiency values for each complex studied, although the drop that other photophysical processes may also contribute to the
in ¢¢r at longer wavelength of excitation is very substantial. Our reduction of the photoefficiency values on methylation. In-
explanation for this is that there is substantial overlap between creased vibrational deactivation of the LF excited state can be
the two lowest-lying LF bands and it is not feasible to populate anticipated as the Cp ring is methylated. Here, the number of
one excited state exclusively on excitation at 313, 366, or 458 vibrational modes in the molecule is increased and there will
nm. The absorption band that represents the higher-energy LFbe many more routes for intramolecular nonradiative deactiva-
state (which is responsible for CO dissociation) appears to tion and for intermolecular nonradiative decay via solvent
substantially tail into the lower-energy region, and it is appar- interaction’"
ently still accessed by the excitation at long wavelength. Indeed, Additionally, there is the possibility of a new mechanistic
the electronic absorption spectrum of CpRh(g@\veals that pathway in these methylated Cp derivatives, such as competitive
the two lowest-energy bands appear as shoulders at 320 andntramolecular G-H bond activation (see Scheme 2). Until the

420 nm (see Figure 2 and Table 1). In CpRh(gd) is discovery of intermolecular €H bond activation, it was
obviously not possible to selectively excite into either the upper believed that intramolecular processes were the only ones that
or lower LF states exclusively. existed as they were more favorable entropichfi§® Bearing

However, in the case of the Cp*Rh(C&pmplex, the lower- this in mind, it is certainly possible that thg., values are
energy LF state is significantly red-shifted (see Figure 2) and reduced because of increased intramolecular interactions as the
somewhat separated, so that the higher-energy LF state is no€p ring is methylated®2?' Such interaction has been reported
so readily populated on long-wavelength excitation. This in the literature by Bercaw et al. for bis(pentamethylcyclopen-
observation is clearly supported by tig data (see Table 3).  tadienyl)zirconium dihydride, where one of the methyl groups
Comparing the photoefficiencies at 313 and 458 nm for CpRh- was activated, and in the bis(neopentyltetramethylcyclo-
(CO), and Cp*Rh(C0), the Cp complex shows a reduction in  pentadienyl)zirconium dichloride, where the neopentyl group
¢cr Of less than 2 orders of magnitude, whereas in the Cp* has been reported to be intramolecularly activdtédoreover,
complex this drop is almost 3 orders of magnitude. On matrix isolation work on Cplr(CQ)has led to the postulation
of an »* intermediate, where one of the protons from the
(18) The increased conjugation of the indenide group leads to substantial generated;*-cyclopentadiene is exchanged for the proton of

red shifting of thex—x* E» band and significant absorption in the  the activated Ch3' this observation again provides evidence

lowest-energy region for (ind)Rh(C@(ref 14). Assignments of —* : : :
states have been made, but these orbitals may be considerably mixeqOf intramolecular interaction between the metal center and a

with the orbitals deriving from the transition metal.
(19) Brouwers, A. M. F.; Oskam, A.; Narayanaswamy, R.; Rest, A. J. (20) McAlistair, D. R.; Erwin, D. K.; Bercaw, J. EJ. Am. Chem. Soc.
Chem. Soc., Dalton Tran4982 1777. 1978 100, 5966.
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proton on the cyclopentadienyl ring. An intramolecular mech- slippage process in the indenyl complex would reduce the
anism involving the unique ligand, such as that depicted in photoefficiency, especially at longer wavelengths of excitation.
Scheme 2, could also contribute to the significant lowering of As noted above for the methylated Cp derivatives, the indenyl
the ¢ values (upon 458 nm excitation) in the Cp* complex complex could also be anticipated to have additional vibrational
compared to the Cp complex. This type of mechanism would deactivation modes from the LF excited states, leading to more
effectively trap the photoproduced ring-slipped intermediate and efficient nonradiative return to the ground state and loyer
return it to the parent species via a reverse ring-slippage processyalues. One should again consider intramolecular effects in the
thereby reducing the overall reaction photoefficiency. (ind)Rh(CO)» molecule that might lead to a reduction in

Influence of the Indenyl Ligand. Replacement of the Cp  Photoefficiency. It is well-known that when a slip occurs in a
ring with an indenyl ring dramatically affects the quantitative Cp or ind ring system a buckling occurs with a loss of
photochemistry of the system under investigation. Upon excita- planarity?* However, in the case of the indenyl ring slip there
tion at 313 nm, the Observqﬂr values drop by greater than an is an accompanying aromatization of the six-membered ring.
order of magnitude in comparison with those of the Cp Clearly, if the ring were to bend sufficiently toward the metal
derivative (see Table 3). To explain this, one needs to recognizecenter (see Scheme 3), then there is a possibility of coordination
that in the indenyl complex the LF bands are substantially blue Of the six-membered ring in ay? fashion to the vacant site on
shifted and the upper LF state (responsible for CO dissociation) the slipped£°ind)Rh(CO}) molecule. This would provide steric
may not be as readily accessed even at this relatively high energyhindrance at the metal center and effectively redgige An
excitation of 313 nm (see Figure 2 and Table 1). Also, in the analogous mechanism has been postulated in the thermal
indenyl complex, there may be an additional overlapping chemistry of >-ind)Mo(COXX, where X= Cl, Br, or 122

absorbance at 313 nm due to the neighborirgr* state, which In summary, the results have revealed that in the indenyl
is not the case for the Cp compl&kStrong support for this complex the reaction efficiency is significantly lower than in
idea is provided by the observation of the structureer* the cyclopentadienyl derivatives. This is attributed to ineffective

luminescence band (see Figure 3) and the determination of apopulation of the LF excited states because of substantial overlap
typical z—x* fluorescence lifetime from this complex in room-  of the low-lyingsz—s* state and intramolecular effects involving
temperature solution, which sharply contrasts with the photo- the indenyl group.

physical behavior of the Cp and Cp* complexes where no

luminescence was observed even at 77K¢Consequently,  (21y (a) 0'Connor, J. M.; Casey, C. Ehem. Re. 1987, 87, 307. (b)

for (ind)Rh(CO)}, it can be concluded that a large portion of Merola, J. S.; Kacmarcik, R. T.; Van Engen, D.Am. Chem. Soc.

the energy that might be expected to reach the photochemically(zz) %9)83\/ 188} 32k9- \((C)YBaSOIOl\IL‘emlldJ'oChemlggf éﬁ }2974 64 303
. . . P . I a akatsukl, Y.; Yamazakl, &. Organomet. e s
reactive LF manifold is dissipated via the-7* level. and references therein. (b) Bottomley, F.; Darkwa, J.; White, B. S.

There are, of course, other possible factors that could Chem. Soc., Chem. Commut®82 1039. (c) Hart-Davis, A. J;

; i i i ind)- Mawby, R. J.J. Chem. Soc. A1969 2403. (d) Hart-Davis, A. J.;
contnbutg to thg observgd reduction in photoefﬂqency for (ind) White. C.. Mawby, R. JInorg. Chim. Actal970 4, 441, () White.
Rh(COy, including the increased ability of the indenyl ligand C.; Mawby, R. Jinorg. Chim. Actal97q 4, 261. (f) Jones, D. J.;

to undergo ring-slippagé€. A more effectiven® — 53 ring- Mawby, R. J.Inorg. Chim. Acta1972 6, 157.
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Influence of Dechelation/Rechelation ProcesseSomparing Scheme 4

the quantum efficiency data for the (acac)Rh(€€mplex with

those of any of the cyclopentadienyl derivatives reveals that N\ co

there is also a substantial reduction in the obseguggaalues. hv, 366 nm

The lower quantum efficiencies are again thought to be brought ‘//( 0 L

about by efficient loss of energy into neighboring-7* and

M—CO CT states. Tha—x* state in the acac complexisata C Nl Q¢ e

much lower energy compared to the Cp derivative, and it is O/ o . C "

clear that it is effectively populated following excitation at 313 N J

and 366 nm. The presence of this state is further supported by o

the detection of weak luminescence from solid (acac)Rh§CO) x o /

at room temperature and at 77 K. Although weak, this spectrum C N

is typical of z—s* emission with a structured band in the 430 ! / Neo

530 nm region that is independent of the excitation wavelength ¢

over the 308-360 nm region.

Interestingly, the inefficient photochemistry of (acac)Rh(£0)

appears to be analogous to earlier observations froBRE)- suggesting that a different reaction pathway takes place at

Rh(CO) (Pz = pyrazolyl), which is also a 16 electron stable longer-wavelength excitation. The drop in photoefficiency is

complex andpseudesquare-planar in structure (see below). In understood to be associated with the different nature of the

fact, this pyrazolyl derivative was found to be virtually —reaction intermediates occurring on excitation into the lower-

photochemically inert, yet it readily undergoes thermal substitu- energy absorption bands of these complexes. For the CpRh-

tion as does (acac)Rh(CEOJ 11 However, (acac)Rh(CQ)like (CO), complex, this has been assigned to the presence of a ring-

the other complexes in this study, exhibits a strong wavelength slippage ¢° — 5% mechanism occurring at lower-energy

dependence in its photochemistry, as revealed by the quantunexcitation. A similar argument is put forward for the methylated

efficiencies (see Table 3). This result again suggests that therecyclopentadienyl derivatives, but the reductiongin over the

are two different photochemical reaction pathways taking place. whole wavelength manifold studied is thought to be due to other
factors that lead to enhanced nonradiative deactivation of the

excited state, including increased vibrational deactivation and
@ the possibility of intramolecular agostic interactions. For the
o o w TN /co (ind)Rh(C':O”) complex, aring-slippage intermediate, aleng yvith
H C R 1B R the poss@hty of an |n.tramole.cula12 mteractlon_occurrlng in
N—N co the formation of the slipped;g-ind)Rh(CO} species, may also
@ contribute to the quantitative photochemical observations.
Finally, the quantitative photochemistry of (acac)Rh(£@)

rationalized with the incorporation of a dechelation/rechelation
Indeed, the presence of two different reaction pathways is pathway occurring at long-wavelength excitation.

strongly supported by previous ultrafast and other time-resolved  There is, however, other photophysical behavior that could
spectroscopy investigations and matrix isolation stutféd?  coniribute to lower reaction quantum efficiencies at long
UItrefeet spectroscopy on a picosecond time scale has deteCteravelength. If the lowest-energy reactive level is simply
the initial production of a monocarbonyl solvated product intrinsically less reactive than the upper level, then a wavelength
following high-energy excitationiex = 289 nm). Independent  gependence will result. One possibility is that the upper and
time-resolved infrared (TRIR) studies have detected the forma- \yer Jevels correspond to singlet and triplet LF states. Recently,
tion of an |n.|t|al mopocarbonyl product which subsequently separate photochemical pathways have been observed from
forms the bridged dinuclear species, (agRB(CORu-CO),  |owest-energy singlet and triplet LF excited states of W(LO)

on a microsecond time scale. Matrix isolation studies, carried (| — pyridine and piperidine3* W(CO(en) (en= ethylenedi-

out at excitation wavelengths longer than 280 nm, have detectedamine)n and [CpFeﬁG_ipb)]pi:B (ipb = isopropylbenzene¥:

the formation of the monocarbonyl species and a monodentatey,,reqver, the application of ultrafast spectroscopic techniques
dlca_rbonyl product, Unfortun_ately, uIt_rafast studies were not able a5 facilitated direct identification of reactive singlet and triplet
to directly detect the formation of this monodentate dicarbonyl | excited states in CpMn(C@¥ and CpV(CO).2’ The
SPecies, becau.se. it is only formed effecﬂvely upon long- differences in the reactivities of the singlet and triplet species
wavelength excitation. Scheme 4 summarizes the two postulated

. appear to be brought about by statistical and thermodynamic
photochemical routes for the (acac)Rh(g@pmplex based ;4 0nces in the solvation proce¥s?8 Another possibility is
upon the observed quantum efficiency data and previous

Speciroscopic measurements. that the lowest-lying band in the XRh(C£dystem is actually

Summary of Enerav Dissipation ProcessesSeveral proc- a Rh— CO MLCT transition, rather than a LF band, which
Y gy LIssIp faip ... would certainly account for the reduced reactivity. Recent
esses appear to strongly influence the photochemical reactivity
of these XRh(CQ)derivatives. On higher-energy excitation the

carbonyl dissociation mechanism is predominant, and this is (¢4 é%) 2"2062'9(1'8)' f\:/lo r';?g%foédg Eér?'%osrgagn?-in?)'r 'moé%-e%hf&iggg
characterized by high reaction quantum efficiencies and sup- 567. 10, &» Langlord, & g ' '

ported by ample spectroscopic evidence via earlier ultrafast and(25) Jakubek, V.; Lees, A. Jnorg. Chem, in press.

matrix isolation studies. However, in all the complexes studied (26) é?]fgg; Hl-ilgoééve *fl- -I(-lé);)A\?grllugndlliMA (;BIHr?éfiSMC-C& ﬁg‘t- C*}le?
. L. L . . , H.; Asplund, M. C,; z, K. T,
here, there is a distinct reduction in photochemical efficiencies, Wilkens, M. J.- Frei, H.: Harris, C. BJ. Am. Chem. Sod.998 120,
10154.
(23) The (acagRh(CO)(u-CO) species has been detected via TRIR, (27) Snee, P. T.; Yang, H.; Kotz, K. T.; Payne, C. K.; Harris, C.JB.
personal correspondence with Dr. M. W. George. Phys. Chem1999 103 10426.
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theoretical work on Cr(CQj° and ultrafast studies on Cr(CQ) in a range of related rhodium dicarbonyl derivatives. The
(bpy) (bpy= 2,2-bipyridine° support this notion. Finally, the  differences in the photoefficiencies across this range of com-
distinct reactivities may result from an avoided crossing between plexes have been rationalized by radiative and nonradiative
the potential energy curves of the lower- and higher-energy decay processes of neighboring excited states and the mecha-

reactive levels. Recent calculations on 20)0,3* MnCl- nistic influence of the unique ligand.

(CO)%,%? and Mn(H)(CO)}(H-DAB) (DAB = 1,4-diaza-1,3-

butadiene¥® have provided evidence for this concept. Acknowledgment. We are grateful to the Division of
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