8834 J. Phys. Chem. A997,101, 8834-8838
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The utility of two Rh(lll) diimine complexes, Rh(phefi} and Rh(phi)(phen§* (phen= 1,10-phenanthroline,

phi = 9,10-phenanthrenequinone diimine), as sensitizers for the interconversion of norbornatjieamel (
guadricyclane @) has been investigated using steady-state photochemical and laser flash photolysis (LFP)
techniques. lIrradiation of acetonitrile solutions of Rh(pe&nand N causes slow conversion 1. The
reaction is reversible; irradiation of Rh(pheti)in the presence of leads toN. Irradiation of acetonitrile
solutions of Rh(phi(phen¥" andQ yieldsN. However, this reaction is irreversible; irradiation of the Rh-

(Il complex in the presence dfl fails to afford Q. Irradiation of methanol solutions of either Rh(lll)
complex in the presence &f or Q affords minor amounts of two methanol-C7 adducts but fails to quench
the N—Q interconversion reaction. The results are consistent WittQ interconversion via an exciplex
intermediate. The Rh(lll)-sensitized deazatization of two cyclic azoalkane derivafizesN, Azo-Q) of N

andQ was also investigated. Deazatization was achieved by Rh@ghén) not Rh(phi)(phen§ sensitization.

The results are consistent with a mechanism involving triplet energy transfer, but the involvement of exciplex
intermediates cannot be ruled out. Bimolecular rate constants for quenching of the Rh(lll) excited states by
N, Q, Azo-N, andAzo-Q were determined by LFP.

Introduction conversion oN to Q. Several Cu(l) compounds form ground-

The interconversion of norbornadier¥)(@nd quadricyclane state charge-transfer complexes wilfthat can be selectively
q Y irradiated, resulting in efficient conversion @ (eq 2)7 The

(Q) has attracted considerable interest over the last two decadesl’r(llI)—sensitize d conversion dfl to Q involves the intermediacy

largely due to its potential importance in solar energy stotage. f ted h ¢ I il hich
Triplet-sensitized irradiation dfl results in clean and efficient ~ © excited-state charge-transfer complexes (exciplexes) whic
collapse taQ (eq 3)1°while Ru(bpy)?* (bpy = 2,2-bipyridine)

conversion ¢ ~ 0.9) to the higher energy isomé€.?3 The " : . o
reversion ofQ to N, with the liberation of the strain energy as sensitizes _the conversion of a substituketb theQ derivative
by a classical triplet energy transfer mechanidm.

heat, can be affected by transition metal catalysts. The
conversion ofQ to N may also be facilitated by one-electron

oxidation, followed by valence isomerization@f" to N** (eq Lb A}/g’cu(‘) hy b
1)4-14 Chemically induced dynamic nuclear polarization (Cl- £ o) == Ll - + Cul) (@)

&= O+

. b E L <Ir---N) — Q=+ @)
A . (M
Q+- N+.

Rhodium(lll) diimine complexes are strong photooxidat3?*
_ _ ) For example, Rh(phes)™ and Rh(phi)(phen§" (phen= 1,-
DNP) studies have established the existenc@6fandN* as 10-phenanthroline, phi= 9,10-phenanthrenequinone diimine;
two distinct species and have provided indirect evidence for see Chart 1) possess relatively high excited-state reduction

the valence isomerization reactién® We recently reported  potentials (Eaa = 2.0 V2 and ca. 1.8 ¥ vs SCE,

the direct detection a*" by time-resolved ESR and estimated  respectively). Given the properties of these complexes, they
the rate constant for the valence isomerizatiolNtd (k,i ~ are obvious candidates as sensitizers for NI® system.

106 s71).19 However, there is only a single brief mention of the Rh-

One significant problem with thal/Q solar energy storage  (phen)3+-sensitized conversion & to Q.6
SyStem is the relatively h|gh energy of the eleCtrO-niC excited To gain a better understanding of the energy surfaces
states ofN*320 and the consequent need for high-energy interconnecting\ and Q, we have previously employed two
sensitizers, which typ|Ca”y absorb in the UV region. Since most Cyc”c azoa"(anesAzo_N and AZO'Q (See Scheme 1), as
solar photons lie in the visible at wavelengths longer than 450 gjternate precursors to the norbornadienyl and quadricyclanyl
nm, only a few percent of the solar photons may be harvestedpjradicals By, Bo)? and the azoalkane radical cationsz6-
by the parenN/Q System. A S|gn|f|Cant amount of work has N'Jr, AZO_Q'+) generated by one-electron oxidati®n.The
gone into the development of norbornadiene derivatives and azoalkane radical cations undergo rapid deazatization to afford
sensitizers that absorb visible lightFor example, transition  adical cationdN+ andQ**, leading ultimately to the formation
metal complexes containing coppeiridium,'© and ruthe- of the neutral hydrocarborls and Q.25
niumt12 have been shown to be effective in sensitizing the | this paper, we report results of Rh(lll)-photosensitized
interconversion ofN and Q and deazatization ofzo-N and

T Columbia University. - iti
 Rutgers Universiy. Az0-Q. We have employed two Rh(lll) sensitizers, Rh(phk#&n)

s present address: Merck Research Laboratories, West Point, PA 19486.2Nd Rh(phi)(phen)**, with slightly different photophysical and
€ Abstract published ilAdvance ACS Abstract€ctober 15, 1997. electrochemical properties. Bimolecular rate constants for the
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CHART 1
_|3+

Rh(phen),**
Eo=275V
*Eaiay = 2.0 V (vs. SCE)

Rh(phi)y(phen)®
Epp=20V
*E(aay ~ 1.8 V (vs. SCE)
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quenching of the Rh(lll) excited states ByandQ and the two
azoalkanes were determined by laser flash photolysis (LFP).
The roles of energy transfer, electron transfer, and exciplex
formation are discussed.

Results

Rh(phen)®™-Sensitized Irradiations of N and Q. Steady-
state irradiation A = 300 nm) of dilute acetonitrile solutions
of Rh(pheny®* in the presence @ affordsN in 84% chemical
yield at ~20% conversion. Irradiation of Rh(phef) in the
presence ofN under the same conditions results in the
production ofQ in 77% yield. No products other thax and
Q were detected by GC dH NMR analysis in either case.
The quantum yields for Rh(phefij-sensitized conversion of
Q to N (¢on) andN to Q (¢no) are <0.01 in both cases.

Steady-state photolysis of methanol solutions of Rh(pfien)
in the presence o affordedN (72%) and two additional
products (in 23% combined yield). These products had identical
mass spectra (M = 124; GHg + CH40), consistent with
adducts between the;Chydrocarbon and methanol. Such
adducts have been well documentéd? they are assigned to
ethers1 and 2.27 Irradiation of methanol solutions of Rh-
(phen}3* in the presence dfl yieldedQ (76%) and the same
two methanol adducts (16% combined yield).

OMe
OMe
7
1 2

Rh(phi)(pheny*-Sensitized Irradiations of N and Q.
Steady-state irradiationl (> 400 nm) of dilute acetonitrile
solutions of Rh(phiXphen$* in the presence of) affordsN
in 65% vyield at ca. 50% conversion. Irradiation of Rh(ghi)
(phen§t in the presence dfl under the same conditions resulted
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TABLE 1: Oxidation Potentials, Triplet Energies, and
Bimolecular Rate Constants kg) for Quenching of the
Rh(lll) Excited States by Q, N, Azo-Q, and Azo-N in

Deoxygenated Acetonitrile Solution at 23t 2 °C?

Eonh kf10°M-tst
guencher (Vvs SCE) Er(eV) *Rh(phen)}*" *Rh(phi)(phen§"
Q 0.9% 2.7-3.5 3.1+£0.2 10.1+ 0.4
N 1.5¢ 2.66 15+0.1 0.52+ 0.02
Az0-Q ~2.1¢ 2.43 24+0.1 <0.01
Azo-N ~2.3F 2.60 41+0.3 <0.01

aErrors are reported as twice the standard deviation from the least-
squares analysis of the LFP data according to égpata from ref 31.
¢ Reference 25¢ Reference 3¢ Reference 20.Reference 34.

in slow decomposition o without the formation ofQ or any
other detectable volatile products. Steady-state photolysis of a
methanol solution of Rh(phijphen§* in the presence o®
afforded N (79%) and trace amounts (ca. 1%) of the two
methanol addition products at ca. 70% conversion.

Rh(lll)-Sensitized Irradiations of Azo-N and Azo-Q.
Irradiation ¢ = 300 nm) of an acetonitrile solution of
Rh(phen}3* in the presence ofzo-N affordedQ (82%) and
N (18%) as the sole detected products at ca. 20% conversion.
Photolysis of Rh(pheg}" in the presence ofAzo-Q under
similar conditions yielded (47%) andN (50%). Photolysis
of a methanol solution containing Rh(phgt) and Azo-Q
affordedQ (46%),N (47%), and methanol adductsand2 (7%
combined) at 20% conversion. Similar irradiation of a methanol
solution of Rh(phen§+ andAzo-N yieldedQ (85%),N (14%),
and trace amounts df and2 (~1% combined yield) at 15%
conversion. NeitherAzo-Q nor Azo-N decomposed upon
prolonged irradiation A > 420 nm) of acetonitrile solutions
containig Rh(phi)(phen§™.

Laser Flash Photolysis. Laser flash photolysis (LFP) of
dilute deoxygenated acetonitrile solutions of Rh(pkEraffords
a readily detectable transient absorption centered at 500 nm
which decays with first-order kinetics € 170+ 10 ns). This
transient has been assigned to tH{a,7*) of the Rh(lll)
complex?=23 Addition of N, Q, Azo-N, and Azo-Q caused
the lifetime of the transient to decrease in each case. LFP of
dilute deoxygenated acetonitrile solutions of Rh(glpiien§™
affords a transient absorption centered at 460 nm which decays
with first-order kinetics € = 160+ 10 ns) and has been assigned
to an intraligand charge transfer (ILCT) excited s&iteThe
lifetime of the Rh(lll) excited state was reduced by additions
of N or Q; however, the lifetime of the transient was unaffected
by the addition of up to 0.15 Mzo-N or Azo-Q. Bimolecular
qguenching rate constantky( were determined from plots of
the pseudo-first-order rate constant for decay of the Rh(lIl)
excited statesk{ecay according to eq 4, wherl, refers to the
rate constant for decay in the absence of added quencher. The
guenching rate constants are listed in Table 1.

Kiecay™ Ko + Ky[Q] (4)

Discussion

The two Rh(lIl) diimine complexes sensitize the conversion
of Q to N, and in the case of Rh(phef) the process is clearly
reversible. However, the various reactions may follow different
pathways depending on the photophysical and electrochemical
properties of the sensitizer and quencher molecules. Our
approach has been to tune the properties of the Rh(lll) sensitizers
by changing the ligands. For example, Rh(ph&hpossesses
a higher excited-state energy and a higher excited-state reduction
potential (*Eia-/a)) than Rh(phi)(phen§* (see Chart 1). The
Rh(lll) complexes have short-lived singlet excited st&e’d
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so that only the triplet excited states are intercepted by toacoustic calorimetry experiments indicated that the triplet
guenchers. The quantum yield for intersystem crossing in *Rh- energy ofN (2.66 eV¥° may be somewhat lower; thus, energy
(phen}®™ has been reported to be unity at room temperatire. transfer may be involved in the generation@®fin this case.
Potential reactions of the sensitizers with the donors employed However, classical vertical triplet energy transfer is unlikely to
include electron transfer, exciplex formation, or energy transfer. be important in the Rh(phest)y-sensitized conversion & to
The free energy for electron transfex@) from a donor to an Q, given the low efficiency of the reactiop (< 0.01f compared
electronically excited acceptor may be calculated from the to that obtained with aryl ketone triplet sensitizegs~ 0.9)2

Rehm-Weller equatio® (eq 5), whereE( ) is the excited- The Rh(phen$t-sensitized conversion of to N could
) involve full electron transfer, as the valence isomerization of
AG =Epp+ ~ Epn-a) — B~ €ea (5) Q" to N** (eq 11) has been well documentédé® The

. o . alternative possibility is reaction via exciplex intermediates (eqs
state energyF ) is the oxidation potential of the reduced 13 anq 14). Classical vertical triplet energy transfer can be ruled
acceptor,Epp*) is the oxidation potential of the donor, and ot que to the endothermicity of the process; however, we note
€leais a term to account for ion pairing. The oxidative strength ot nonvertical energy transfer mechanisms have been proposed

of an excited state is conveniently expressed by the excited-4 account for the inefficient triplet-sensitized conversiorQof
state reduction potential (eq &).Given the oxidation potentials 5 N 2

*Ea-m = Eam + Eoo) (6) The excited state of Rh(phef) is quenched efficiently by
’ both N andQ (kg ~ 10° M~ s71) despite the low quantum

of the four donors emp|oyed (Tab|e 1), electron transfer from yields for their interconversion under these conditions. The rate
N andQ to the Rh(lll) sensitizers is clearly exergonic, while ~constant for quenching b@ is twice as large as the value for
electron transfer fromAzo-N and Azo-Q is at least slightly ~ N, consistent with their redox potenti#ls(Table 1) and
endergonic. Rh(phes)' possesses a relatively high excited- indicating the involvement of charge-trans_fer processes. The
state energyH 0 = 2.75 eV)2123 |eading to the possibility ~ duenching rate constants do not correlate with the triplet energies
of triplet energy transfer in competition with electron-transfer of N andQ.
sensitization for the donors employed. On the other hand, Rh- The product studies in neat methanol were key to elucidating

(phi)2(phen§* has an excited-state energgdo = 2.0 eV@* the reaction mechanisms. Under these conditions, any free
that is lower than the triplet energiesif Q, Azo-N, andAzo-Q radical cations (i.eN**, Q*") should be trapped by methanol
(Table 1). with formation of methyl etherd27 the rate of trappingQ*™
Interconversion of Norbornadiene and Quadricyclane. Q by pure methanol is faster than valence isomerizatiddto?’
is inefficiently converted td\ by sensitization involving both  The fact that the formation dfl from Q (and vice versa) is not
Rh(llT) complexes. N is converted inefficiently taQ by Rh- quenched effectively by methanol rules out significant involve-
(phen}?* sensitization in acetonitrile solution, consistent with ment of full electron transfer generating free radical ions.
an earlier preliminary repoft;Rh(phip(phen¥+t-sensitized ir- However, the formation of some methyl ethers {BD%) in
radiation ofN fails to yield Q. both reactions requires the involvement of at least partial charge
Potential reactions of the Rh(lll) sensitizers withand Q transfer. The observation of ethersind2 does not allow one

are summarized in Scheme 2. Plausible mechanisms of Rh-to differentiate between free radical ions and exciplex intermedi-
ates. The ethers may arise byoattack of methanol on free

SCHEME 2 radical ions,N*" and/orQ**, or on anendoexciplex2’ Both
g reactions have precedent: with 1,4-dicyanobenzene as sensitizer,
Rh(ll) — "Rh(li)* (7) N+ and Q** are trapped byexo attack26:27 likewise, with
3 3 1-cyanonaphthalene (CNN) as electron acceptor,eado
Rh(ll)* 4+ D — Rh(lll) + “D* 8) exciplex (or encounter complex) betwedh and CNN is
(D=N,Q) captured from thexoface3?
We formulate the Rh(phes?)-sensitized interconversion of
3 —_—
D* = Qand/orN ®) N andQ via excited-state complexes (exciplexes), fR¥i*
Rh-QJ*, with tantial ch -transfer ch t
3Rh(|l|)* +D— RA(II) + o (10) and [Rh-Q]J*, with substantial charge-transfer character (eqs

13 and 14). Such reactions have precedent; for example, the

N 11 conversion oN to Q, sensitized by an Ir(lll) diimine complex,
Q (11) has been rationalized via an exciplex mechanfi$fxciplex
Rh(Il) + D™ — Rh(lll) + D (12) intermediates have been invoked also in the 1-cyanonaphthalene-

sensitized irradiation dfi?”-32or of anN derivative3® However,
3 * (- oy« the valence isomerization within the complex is inefficient in
Rh(I)* +D = (" Rh(llh)- - -D™7) (13) both directions; thus, the exciplexes preferentially decay to the

("Rh(lll)- - -D**)* —Rh(Ill) + Nand/orQ (14)  Starting materials. 3 |
The Rh(phi}(phen¥+-sensitized conversion @ to N most

(phen}®*-sensitized conversion &f to Q involve triplet energy likely proceeds via exciplex intermediates. Vertical triplet
transfer (eqs 8 and 9) or formation of a (charge-transfer) exciplex energy transfer is ruled out due to the relatively low excited-
(eq 13) which decays in part @ (eq 14). Full electron transfer  state energy of Rh(phiphen§* (Table 1). Electron transfer
generating freé\** (eq 10) followed by valence isomerization from N andQ to the rhodium excited state is predicted to be
to Q' and back electron transfer (eq 12) to yi€dcan be exergonic in both cases. Indeed, the rate constant for quenching
ruled out sinceN** is significantly lower in energy tha@-+.3° of the Rh(phi}(phen§" excited state by is near the diffusion-
Triplet energy transfer is predicted to be an unlikely process controlled limit in acetonitrile, whereas the rate constant for
due to the endothermicity of the reaction; the triplet energy of quenching byN is ~20 times slower, consistent with their

N (~3.0 eVy2 is significantly higher than the excited-state relative oxidation potentiaf. Again, the formation oN from
energy of Rh(phenj" (2.75 eV)21-23 However, recent pho-  Q cannot be quenched in neat methanol, consistent with the
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lack of formation of free radical ions to a significant extent. with the predicted free energies of electron and energy transfer
The key difference appears to be that the [Rhgéhheny+— sensitization.

QJ* exciplex decomposes in part td, while the [Rh(phi)-

(phen§™—N]* exciplex does not yield in detectable amounts.  Summary and Conclusions

Igeazat|?r§t!ont gf AZ?'Nt.and AZO;E' Bg;h azg)t'alk?nes The Rh(phen§t-sensitized irradiation oN or Q results in
undergo efficient deazatization upon Rh(phéhjensitization, inefficient conversion to the respective valence isomer. The

afford_ing Tixture_sd Ofli\l and_dQ. Pr?dut(r:]t stuldies]: alndt LFP valence isomerization most likely proceeds via an exciplex
experlmten sfpro.wde Zydev' er;cet.or g rho eo gecg)n-tor (charge-transfer) intermediate rather than via free radical ions
energy-transfer-induced deazatization (Scheme 3). Elec N6 via vertical triplet energy transfer. This conclusion is based
(i) on the formation of methanol adducts but the inability to
SCHEME 3 . S i,
quenchN—Q interconversion in methanol; (ii) on low quantum
3 * N 3pA o Mk yields forN—Q interconversion in both directions; (iii) despite
Rh((gl)z ;gz)o D~ Rh(1ll) + “*Azo-D (15) the near diffusion-controlled quenching of the Rh(lll) excited
state by bothN and Q; (iv) on the correlation of the -
' by bothN and Q; (i h lati f the *Rh
3 (phen}** quenching rate constants &f and Q with their
Azo-D* — Q (16) idati ials: - ici
oxidation potentials; and (v) on the predicted exergonicity of
5 . electron transfer vs the predicted endergonicity of vertical triplet
Rh(lll)* + Azo-D — Rh(ll) + Azo-D° 7) energy transfer. Rh(phi{phen$* sensitizes the conversion of
Q to N; however, this reaction is irreversible. Irradiation of
Rh(Il) + Azo-D't — Rh(lIl) + Azo-D (18) the Rh(Ill) complex in the presence of fails to afford Q.
Again, the methanol trapping experiments and the bimolecular
Azo-D't — D" (19) quenchin_g rate constants support a mechanism involving the
intermediacy of an exciplex.
Azo-N and Azo-Q were deazatized by Rh(phe#) but not

ot .
Rh(ll) + D Rh(ll) + D (20) Rh(phix(phen¥t sensitization. The results are consistent with
3 . . a mechanism involving classical triplet energy transfer; however,
Rh(lll)* + Azo-D — [Rh- - -Azo-D] (21) the involvement of exciplex intermediates cannot be ruled out.
[Rh- - -Azo-D]* — Q and/or N (22)  Experimental Section
transfer fromAzo-Q to *Rh(lll) is slightly endergonic, whereas Materials and Solvents. Norbornadiene (Aldrich) was
electron transfer fromzo-N is clearly endergonic. On the other passed through activated alumina before use; quadricyclane was
hand, triplet energy transfer from *Rh(pheH) to both azoal- used as received. 3,4-Diazatricyclo[4.2?F]@ona-3,7-diene

kanes is exergonic (Table 3. Triplet (benzophenone, ac- (Azo-N),? 3,4-diazaquadricyclo[6.1.C2€0°%non-3-ene Azo-
etophenone)-sensitized deazatization of #ab-N andAzo-Q Q),%83"Rh(pheny**-3PFK~,28 and Rh(phi}(phen§*-3PR~ 2439
affords Q in ~90% yield?® Thus, the formation of) upon were synthesized according to literature procedures. Acetonitrile
sensitized deazatization of the azoalkanes potentially serves agAldrich spectrophotometric grade) was distilled from calcium
a probe for the involvement of triplet energy transfer (eqs 15 hydride immediately before use. Methanol (Aldrich spectro-

and 16). photometric grade) was used as received.

On the other handAzo-N and Azo-Q show remarkably Product Analysis and Characterization. Gas chromato-
different reactivity upon singlet-sensitized one-electron oxida- graphic analyses were carried out using a Hewlett-Packard 5890
tion25 Azo-Q affordsN exclusively, whileAzo-N affords Q gas chromatograph equipped with a flame ionization detector,

as the major product (809%8). The formation ofQ as major a Hewlett-Packard 3392A integrator, and an HP-1 capillary
product in the Rh(phegd"-sensitized irradiation oAzo-N is column (25 mx 0.2 mm; Hewlett-Packard, Inc.). The GC
consistent with either energy or electron transfer. However, injector port was maintained below 17& to avoid thermal
the comparable yields ™ andQ obtained fromAzo-Q indicate decomposition of the azoalkanes. GC/MS analyses were carried
that both electron and energy transfer processes may beout using a Hewlett-Packard 5890 gas chromatograph equipped
involved. with a HP-5917A mass-selective detector and a HP-1 capillary
Rh(phen}3* sensitizaton in neat methanol does not quench column (25 mx 0.2 mm; Hewlett-Packard, Inc.)*H NMR
the formation ofN and Q; this indicates that, consistent with  spectra were recorded on a Bruker AC80 (80 MHz) NMR
the suggested free energies (eq 5), the deazatization mechanisrapectrometer in acetonitrilds solution. Ultraviolet-visible
does not involve full electron transfer generating free radical absorption spectra were recorded on a Hewlett-Packard HP8452A
ions (egs 1#20). However, the minor additional amounts of UV spectrometer.
methyl G ethers are consistent with the involvement of partial Steady-State PhotolysesThe Rh(phenf-sensitized steady-
charge transfer (exciplexes) as a possible minor pathway (eqsstate photolysis experiments were carried out in a Rayonet
21 and 22). photochemical reactor equipped with six or 12 RPR-300 (300
Both Azo-N and Azo-Q quench *Rh(phen§" with similar nm) lamps. For the Rh(phi{phen§-sensitized photolyses, a
rate constantsk{ ~ 10° M~! s™1) despite their different 150 W Xe lamp was used in conjunction with a glass cutoff
oxidation potentials; indeed, quenching QyandN has rate fiker (A > 400 nm). Solutions containing 0.69.05 M
constants of similar magnitude despite their significantly lower substrate, ca. 1@ M Rh(Ill) complex, and 0.003 Mn-tolunitrile
oxidation potentials (Table 1). This clearly points to the (internal GC standard) in 1x 1 cn? quartz cells were
involvement of energy transfer quenching by the azoalkanes deoxygenated prior to photolysis with a stream of dry argon

(eq 15). for 15 min and sealed with rubber septa. Alternatively,
Sensitization by Rh(phijphen§* failed to cause deazatization —deoxygentated acetonitrild solutions of the substrates, sen-
of either azoalkane. Likewise, bo#kzo-N and Azo-Q failed sitizer, and dichloromethane (internal standard) were irradiated

to quench *Rh(phiphen§* at a measurable rate, consistent in5 mm o.d. NMR tubes. Products were identified'biyNMR,
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GC/MS, and co-injection. Product yields were determined by
GC and!H NMR analysis of the crude photolysates and are

based on disappearance of starting material based on the relative
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